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Studies on the Factors Determining Molecular Structures of 1,2-

Dihaloethenes, 1,2-Dihalodiazenes and Analgesic Peptide Derivatives.

ABSTRACT

The interaction of a drug on its targeting receptor has been described using the “key and lock”
concept in which the molecular structure of a drug plays a critical role. The chemical definition of
molecular structure is the three-dimensional arrangement of the atoms and chemical bonds which
constitute a molecule. In this thesis, the discussions were made on the determining factors of a
molecular structure for simple molecules (1,2-dihaloethenes and 1,2-dihalodiazenes) and for rather
large bioactive peptide, using the theoretical chemistry with orbital-orbital interaction and the structural
biochemistry with the NMR experiments.

In the first half of this thesis, the factors determining the thermodynamically stable molecular
structure are discussed on the 1,2-dihaloethene (XHC=CHX, X = F, CI or Br) and 1,2-dihalodiazene
systems (XN=NX, X = F, CI or Br). The “cis-effect” is the puzzling phenomenon, in which the cis-
isomer is thermodynamically more or equally stable compared to the corresponding trans-isomer in
some molecules with a double bond. In order to clarify the predominant factor of the cis-effects in the
1,2-dihaloethene and 1,2-dihalodiazene systems, the energetic effects of intra-molecular
hyperconjugations and steric repulsion in each molecular system were theoretically estimated using the
natural bond orbital (NBO) theory. Although 1,2-dihaloethenes and 1,2-dihalodiazenes were the
electronic isosteres, the dominant factor of their cis-effects was completely opposite by each system. In
1,2-dihaloethene systems, the LP effect (halogen lone pair delocalization into the antibonding orbitals

of C=C bond) was the dominant factor of the cis-effect. Meanwhile, the cis-effect in the 1,2-

i



dihalodiazene systems originates mainly in the antiperiplanar interactions (AP effect) rather than the
LP effect. Moreover, the greater AP effect in the 1,2-dihalodiazene systems makes the N'—X' bond
easier to cleave (longer N—X bond length) and the energetic level of N-Br bonding orbital in 1,2-
dibromodiazenes was found higher than that of the nitrogen lone pair, indicating the significant
instability of this molecule. The importance of these discussions is quantitative elucidation of the
dominance of hyperconjugative mechanisms, especially lone-pair-related hyperconjugations, over the
steric effects on the electronic and energetic view of a simple and general molecular structure, such as
1,2-dihaloethene and 1,2-dihalodiazene systems, to determine their thermodynamically stable
molecular structures. This quantum-chemical concept regarding the orbital-orbital interactions could be
a guide to new aspect of modern organic chemistry to understand diverse molecular phenomena. Since
many bioactive ligands have a double bond whose cis-trans configuration is crucial for their bioactivity,
the discussions on the thermodynamically stable configuration of these simple molecules can provide
the important information on the proper molecular structure of the bioactive ligands.

In the latter half of this thesis, the discussion was made on the three-dimensional molecular structure
of bioactive peptide derivatives in relevance to their biological activities. The study was made on the
series of bifunctional peptide derivatives that act as agonists for opioid receptors and as antagonists for
neurokinin-1 (NK1) receptors. These compounds were designed and synthesized for a potential
application as analgesics in various pain states and characterized using cell-membrane-based
radioligand binding assays and isolated-tissue-based functional assays. The structural optimization was
performed on the fifth residue and C-terminus of the lead peptide TY001 (H-Tyr-D-Ala-Gly-Phe-Pro-
Leu-Trp-0O-3,5-BzI(CF3),) to find the potent bifunctional peptide derivatives. Moreover, in order to
provide new insight into the determining factors of their membrane-bound molecular structure, which
might play an important role in the ligand-receptor binding and further biological behavior,
dodecylphosphocholine (DPC) micelle-bound three-dimensional structures of obtained potent peptide

derivatives (TYO00S: Tyr-D-Ala-Gly-Phe-Met-Pro-Leu-Trp-O-3,5-BzI(CF3),; TY027: Tyr-D-Ala-Gly-
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Phe-Met-Pro-Leu-Trp-NH-3,5-BzI(CF3),; and TY025: Tyr-D-Ala-Gly-Phe-Met-Pro-Leu-Trp-NH-Bzl)
were determined based on the 2D NMR studies. Although their differences of the primary sequences
were limited in the C-terminal benzyl moiety, the obtained NMR structures were unexpectedly
different for each compound depending on their unique C-terminus. In particular, the effect of removal
of trifluoromethyl groups was significant, resulting in a structural change of the whole molecule from a
tandem-f-turn conformation (TY005 and TY027) to a better-defined helical conformation (TY025).
Therefore, trifluoromethyl groups at the C-terminus could be considered as the determining factor of
the entire three-dimensional molecular structure of these analgesic peptide derivatives. Interestingly,
TYO025 showed different biological charactor compared to those of TY005 and TY027, with more
potent opioid agonist activities as well as lower NK1 antagonist activities, in direct relation to the
compound-specific molecular structures in DPC micelles. The simultaneous consideration of the
micelle-bound structures and bioactivities provided in this study demonstrates the usefulness of this
approach in explaining biological differences due to a “small” modification of a ligand. It was also
suggested that this change in the three-dimensional molecular structure of ligand had an important
relevance to the ligand-receptor binding to yield the bioactivities at the opioid and NK1 receptors.
Through these discussions, this thesis could provide important insights and basic information of the
factors determining a molecular structure to understand wide-range of chemical phenomena at the
molecular level to control their properties and characters, especially for understanding the ligand’s

binding at the targeted receptor and for efficient and rational design of next generation drug candidates.
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ABSTRACT (in Japanese)

Studies on the Factors Determining Molecular Structures of

1,2-Dihaloethenes, 1,2-Dihalodiazenes and Analgesic Peptide Derivatives.

1,2- 1,2-



VSEPR)

VSEPR C H C H
C H AP effect
VSEPR 1,2- 1,2 cis-effect
Cis-effect cis trans
1,2 (XHC=CHX, X = F, CIl or Br) 1,2
(FN=NF) VSEPR cis
trans
cis trans
Natural Bond Orbital NBO)
1,2 1,2
1,2 1,2 cis
trans NBO
cis trans
1,2 C=C
LP effect) AP effect
LP effect AP effect cis LP effect
trans cis LP effect
1,2 1,2
LP effect AP effect cis trans
1,2 AP effect LP effect

vi



AP effect

cis-trans

N

1,2

1,2
N X X =F Clor Br)

1,2

vil

C

X



Met- Tyr-D-Ala-Gly-Phe-Met D-Pen
DPDPE Tyr-cyclo[D-Pen-Gly-Phe-D-Pen] u
MOR 0 DOR

Ki =10 nM, hDOR; 3700 nM, rMOR

DPDPE
DOR
DPDPE D-Pen’  D-Pen’ S
DOR MOR
DOR
1 NKI L-732,138 Ac-Trp-O-3,5-BzI(CF3), Ki = 0.73
nM, hNK1 3,5-BzI(CF3), 3,5-bis-trifluoromethylbenzyl
C N
NK1 L-732,138
L-732,138 N
L-732,138 N

Cbz-Pro-Leu-Trp-0-3,5-BzI(CF;), NK 1

viil



0OA) NK1
OAP: Tyr-D-Ala-Gly-Phe N

NK1 NAP: Pro-Leu-Trp-A-3,5-Bzl(B),, A = O or NH, B = H or
CF; C 0
OA NK1 C NAP
OAP 3 TYO005: Tyr-D-Ala-Gly-Phe-Met-

Pro-Leu-Trp-O-3,5-BzI(CF3),;  TY027:  Tyr-D-Ala-Gly-Phe-Met-Pro-Leu-Trp-NH-3,5-BzI(CF3),;

TY025: Tyr-D-Ala-Gly-Phe-Met-Pro-Leu-Trp-NH-Bzl 3,5-BzI(CF3), 3,5-bis-
trifluoromethylbenzyl TYO005
NK1 OA C CF;
NK1
OAP OA OAP
C
DPC)
NMR CF; TY005 TY027

B CF; TY025

X



CFs

1,2

1,2



ACKNOWLEDGMENTS

I would like to thank several extraordinary people who allowed this fruitive study to complete for the

Ph.D. program.

I am sincerely grateful to Prof. Shuji Tomoda for giving me his professional guidance along the
degree program. I am especially thankful for the generous support of Prof. Victor J. Hruby in the
variety of fields from the scientific discussions to the training of my English skills. Their support,
patience and guidance have provided the stable platform on which these studies could be initiated and
completed. I also would like to show my largest appreciation for the kind generosity of my advisory
committee consisting of Prof. Takayuki Kawashima, Prof. Kazuo Tachibana, Prof. Kaoru Yamauchi
and Prof. Hayato Tsuji. I would like to dedicate this thesis to the memory of Prof. Henry “Hank” I.
Yamamura who passed away peacefully on the evening of September 4, 2008.

I would like to thank Prof. Keiichiro Ogawa, Prof. Michio Iwaoka, Prof. Takatoshi Senju and Prof.
Daisuke Kaneno for kind advice and support in the theoretical works presented in the first half of this
dissertation. I believe that I can’t complete this work without their constant suggestions and leadings. I
also appreciate for the indispensable support and help from my outstanding collaborators, Prof. Frank
Porreca, Prof. Henry 1. Yamamura, Prof. Josephine Lai, Prof. Todd W. Vanderah and Prof. Neil E.
Jacobsen during my stay in the University of Arizona. I thank the Arizona PPG team members,
including Prof. Padma Nair, Prof. Josef Vagner, Dr. Shou-wu Ma, Dr. Edita Navratilova, Peg Davis
Sharif Moye, Suneeta Tumati, and Tally Largent-Milnes for their professional efforts as well as for
academic, practical and social advice with the warmest friendships. At one time or another, I performed
experiments with them and include these works in the latter half of this dissertation.

I would like to thank for generous help and support from Ajinomoto Co., Inc., including Dr.

X1



Kunisuke Izawa, Dr. Takashi Tsuji, Mr. Hiroaki Takano, Mr. Masataka Shoji and Mr. Koichi Fujita, to

have treasurable and invaluable research opportunities.

I especially wish to thank my supportive family members. My parents, Hajime and Akiko
Yamamoto, helped me to develop my personality and provided my academic education. The biggest
thank-you to Naomi, a partner of my life and the best supporter of my research, has been contributing
on the completion of this work with her kind and indispensable help. Her contribution has encouraged
and supported me greatly.

Finally, I would be very pleased if this thesis repaied even a small part of the many contributions

made by my friends.

xii



LIST OF ABBREVIATIONS

Abbreviations used for amino acids and designation of peptides follow the rules of the [UPAC-IUB
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gradient-corrected correlation functional
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Becke88—Perdew86 gradient corrected functional

bovine serum albumin
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MP4(SDTQ) fourth-order Moller—Plesset perturbation theory with account for single,
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Chapter 1

Introduction



1.1. Introduction

The interaction of a drug on its targeting receptor has been described using the “key and lock”
concept in which the receptor is a lock that only a certain drug (key) can fit in for inducing the
biological actions.! However, many drugs are not as specific as a key and interact with more than one
type of receptor and influence physiological or biochemical processes that were not targeted. This
leads to undesirable side-effects of drugs, or toxicity. Therefore, pharmaceutical companies have been
paid huge efforts to find a specific “key” with a proper molecular structure which binds exclusively to
their intended receptor to eliminate possible adverse effects. An appropriate structure of drug is also
necessary for its proper delivery to the targeting cells or organs, based on the pharmacokinetics of a
drug including absorption, metabolism, distribution and excretion. Therefore, the molecular structure
of a drug is the critical regulating factor for these two important biochemical properties; the specific
binding at the targeting receptor and the effective drug-delivery.

The chemical definition of molecular structure is the three-dimensional arrangement of the atoms
and chemical bonds which constitute a molecule. Several intrinsic molecular characters and properties,
such as stability, reactivity, polarity or magnetism, are derived from the molecular electronic state
which originates from the molecular structure. > In the host-guest molecular recognition, including a
formation of inclusion compound and a ligand-receptor docking to yield bioactivities, the molecular
structure also plays a critical role. In fact, the medicinal chemist often experiences that the proper
modification of molecular structure in the biologically active ligand significantly improves the
bioactivity. Such a relationship between molecular structure and bioactivity is called the “structure-
activity relationship (SAR)” which is one of the most important concepts in the pharmaceutical
science.! According to this concept, it is really important to understand the molecular structure of a

ligand from the functional group level to the whole molecular conformation, for obtaining a highly



bioactive drug candidate.

From the quantum-chemical views, a molecular structure could be predicted with the molecular
orbital (MO) theory as the maximum stabilizing interactions of the valence orbitals.* Therefore,
various quantum-chemical models were addressed to date to explain the structure of a molecule.
Among them, the valence shell electron pair repulsion (VSEPR) theory is one of the widely-accepted
models, since this theory could explain many chemical phenomena with a simple rule.”* > The basic
assumption of this theory is that “a molecular structure is determined as a result of the exchange
repulsion between a pairs of electrons in the valence shell of a central atom”. A rotational barrier of
central carbon-carbon bond in ethane (C,Hg) between the stable ‘staggered’ conformation and the
unstable “eclipsed’ conformation (roughly 3 kcal mol™) is one of good examples.” ¢ Generations of
chemistry students have been taught that energy barriers like those found in ethane arise from steric
effects (exchange repulsion) related to repulsive interactions between the neighboring C—H...C—H
bonds based on the VSEPR theory. However, this energetic barrier could also be explained reasonably
with the electron delocalization (hyperconjugative theory) in which the antiperiplanar-type electron
transfer from a bonding orbital of C—H to an antibonding orbital of the neighboring C—H stabilizes the
staggered conformation.® As such, even for an internal rotational barrier of a simple ethane, the origin
has been discussed for decades.

The “cis-effect” is the physicochemical phenomenon in which the cis-form of a molecule with a
double bond often shows higher thermodynamic stability than the corresponding trans-isomer.”** This
phenomenon is clearly against the VSEPR theory, since the exchange repulsions between two
neighboring substituents should be larger in the cis-isomers compared to the ones in the trans-isomers.
In the first half of this dissertation, the discussion will bee made on the origin of the cis-effects in 1,2-
dihaloethenes (XHC=CHX, X = F, Cl or Br)* and 1,2-dihalodiazenes (XN=NX, X = F, Cl or Br)*?*
to provide new theoretical insights to support the importance of the hyperconjugative mechanisms

rather than the exchange repulsion in these systems to determine the thermodynamically more stable
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molecular structures. Because of their structural simplicity and generality, the discussion made in this
thesis regarding the orbital-orbital interactions can be a guide to new aspect of modern organic
chemistry to understand larger and more complex molecular systems. In fact, many bioactive
compounds have a double bond whose configuration has the critical importance in their
bioactivities.**>® Therefore, this discussion regarding the thermodynamically stable configuration of
these simple molecules with a double bond can provide important and basic insights on the proper
molecular structure of the bioactive compounds.

In the latter half of this thesis, the discussion was made on the entire three-dimensional molecular
structure (molecular conformation) of a bioactive ligand in relevance to their biological activities.
As mentioned above, the substitutions or replacements of functional groups in a bioactive compound
could yield some shifts of the biological activity, according to the SAR concept. In fact, the
substitution or replacement of a functional group could change the three-dimensional molecular-
structure of a ligand, leading to the perturbation of ligand’s affinity on the corresponding receptor to
change the biological activities.' Therefore, many studies have been conducted to estimate the
bioactivity of a molecule based on its three-dimensional molecular structural information." However,
the molecular structure of a ligand observed in aqueous solution is generally different from the
docking conformation at the receptor and obtaining the X-ray crystal structure of the ligand-receptor
complex is far from easy.

One of the well-developed methodologies to evaluate the three-dimensional molecular structure of a

31, 32

ligand at their targeting receptor is the docking calculation. The first step of the docking

calculation is so-called homology modeling which develops a three-dimensional model of the targeted

receptor from an amino acid sequence based on the structures of homologous proteins.** **

In this step,
an X-ray structure of a protein possessing high homology with the targeted receptor was used as the

conformational template. Then, the binding site of the targeted receptor was estimated. At the final

step, the ligand was docked onto the estimated binding site to calculate the docking conformation of

4



ligand-receptor complex.” The most important process in this docking procedure is the estimation of
three-dimensional structure of targeted receptor with high reliability. Along with the recent
development of computational technology and calculation algorithm, the accuracy of docking
calculation has been improved if an X-ray structure of protein with high homology to the targeted
receptor could be available. However, the reliability of the calculated docking conformation is
insufficient if the appropriate template could not be obtained. Moreover, it is still difficult to perform a
reliable docking calculation for a ligand with high flexibility.’®>” Therefore, the effect of the three-
dimensional molecular structure of highly flexible ligand, including a peptide, on their bioactivities
still remain ill-defined and further study should be needed.

In order to obtain the structural information regarding the interaction between receptor and peptide
ligand, the membrane-bound conformation of the ligand, which binds to the membrane-associated G-
protein coupled receptors (GPCRs), was thought. Many GPCRs, including opioid receptors and NK1
receptors, have their ligand binding sites in or near the trans-membrane (TM) domains.***! Since the
docking event of such a receptor and a ligand must take place near the membrane, ligand-membrane
interactions should be important, and this research topic has been occasionally explored for decades.*”

44-47

* In fact, it has been pointed out that the membrane promotes ligand-receptor docking, and that

the ligand adoption into membrane followed by membrane-catalyzed two-dimensional search should
be more efficient than the three-dimensional ligand-receptor binding through solvent space.* **°
Moreover, most of the amino acid sequences of the TM domain of these receptors as well as of their
ligand-binding site are lipophilic. Hence, understanding ligand-membrane interactions and membrane-
bound structures of flexible ligands is indispensable for further insight into their diverse biological

#39 Based on these considerations, it was hypothesized that the three-dimensional

behaviors.
molecular conformation of a ligand in membrane might be related to its docking conformation on the

receptor. In the light of this hypothesis, the factors determining the three-dimensional molecular

structure in membrane were studied using two-dimensional NMR experiments in the membrane-

5



mimicking dodecylphosphocholine (DPC) micelles,’" >

in relation to their observed bioactivities.
The compounds for these NMR experiments were chosen through the extensive SAR study based on
the lead peptide TY001 (H-Tyr-D-Ala-Gly-Phe-Pro-Leu-Trp-O-3,5-BzI(CF3),), which was designed

as the bifunctional compound for the opioid agonist and NK 1 antagonist activities to be a novel pain-

relieving drug candidate.



Chapter 2

Studies on the Factors Determining
Thermodynamically Stable Molecular Structure of
1,2-Dihaloethenes and 1,2-Dihalodiazenes: the

Origin of Their “cis-Effect”



2.1. The Origin of cis-Effect in 1.2-Dihaloethenes: The Quantitative Comparison of

Electron Delocalizations and Steric Exchange Energies.

2.1.1 Background

The interaction between two electronic orbitals has been attracting the attention in modern organic
chemistry, because of their important roles in the molecular structure, stability and reactivity.* >* Two
major quantum models based on the orbital-orbital interactions have been advocated to dictate the
structural stabilization of molecules; the VSEPR (valence shall electron pair repulsion) theory and
hyperconjugation (electron delocalization).”®> The former is destabilizing force explained by Pauli
exclusion principle, in which pairs of electrons can not occupy the same space. The latter one arises
from electron transfer from one occupied orbital to another unoccupied orbital, which leads to the
stabilization of the molecule. Both of these interactions exist in a molecule to have an effect on their
energetic stability, structure and reactions. Therefore, the discussions have been made to determine
which force is the dominant factor in many molecular systems. One of the good examples is the
ongoing discussion about the origin of rotational barrier of ethane.* **** Both of the orbital
interactions could give a reasonable explanation on its rotational barrier, but most of the textbooks
explain that the origin is attributed to the exchange repulsion.”* > However, in recent years, some
scientists have begun to believe that this rotational barrier comes mostly from the attractive
hyperconjugation between the C-H bonds and not from repulsive steric repulsion.”> > "% As such,
even for the simple ethane, the discussion on the dominant factor of rotational barrier still does not
have dinitive conclusion.

1,2-Dihaloethenes (XHC=CHX; 1: X = F, 2: Cl and 3: Br) are also simple molecules with the
characteristic energy differences between their two isomers. According to the Pauli exclusion
principle, electronically more condensed cis-isomers should be less stable than the corresponding
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trans-isomers. However, it was reported that the cis-isomers are experimentally more stable than the
trans-isomers (1 and 2) or that both have almost the same stability (3).” > % This phenomenon is

called “cis-effect”, and its origin has been discussed over 40 years.” >

In this work, it is believed that
this phenomenon is the key for understanding the dominant orbital-orbital interaction in a molecule to
determine the thermodynamically stable molecular structure. With this motivation, the study was
performed on the energetic origin of their cis-effect.'” 12

In this section, high level ab initio and density functional theory (DFT) calculations with the natural
bond orbital (NBO) analysis® " > """ were conducted to estimate the hyperconjugations and steric
exchange energies in the cis- and trans-isomers of 1-3, to provide a convincing clue for the origin of

the cis-effect. The orbital phase theory’>™

was applied for further understanding about their internal
hyperconjugation. The obtained results obviously showed that the cis-stabilizing hyperconjugations in

the 1,2-dihaloethenes overwhelms the counteracting steric exchange energies, giving rise to their cis-

effect.

2.1.2. Theoretical Details
2.1.2.1. Computational Methods

All ab initio and DFT calculations including NBO analysis were performed with Gaussian 03
program packages.* Geometries for those calculations were edited using Spartan program package®.
Pre-NBO orbitals were plotted using Orbplot 2.0.** These initial structures were optimized at HF,
MP2, B3LYP and B3PWO1 level using 6-311++G(3df,3pd) basis set with 6D option. The single-point
energies were calculated at MP3/6-311++G(3df,3pd), MP4(STDQ)/6-311++G(3df,3pd) and BP86/6-
311++G(3df,3pd) levels on MP2-opmitized structures, to accurately evaluate the influence of electron
correlations on the cis-frans energy differences. Furthermore, the NBO 2nd-order perturbation

68-71 85-87

analysis as well as the natural steric analysis was performed at MP2/6-
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311++G(3df,3pd)//MP2/6-311++G(3df,3pd) level to quantitatively determine the energetic
contributions of each orbital-orbital interactions. Natural population analysis (NPA) was also

calculated at the same level to confirm the dominant factor of the cis-effect in terms of the electronic

69, 70

population. Frequency calculations were performed on all the optimized geometries to avoid

imaginary frequencies in all the 1,2-dihaloethenes 1-3.

11-13,62, 88 -
0 s

NBO 2nd-order perturbation energy (), which is often applied to organic molecules

expressed by the following formula,

2
i

Sj —&;

Ezzqi

where, g; is the electron population of the ith donor orbital, & and & are the energy levels of the ith
and jth orbital, and Fj; is the (i, j) element of the Fock matrix which can be approximated in terms of

overlapping two corresponding NBOs.

2.1.2.2. Orbital Phase Theory

The orbital phase theory has been shown to underlie the stabilities of various chemical systems

through the delocalization process.””™!

According to the principle, the orbital phase of cyclic orbital
interactions is an important factor in promoting orbital-orbital interactions. The requirement for orbital
phase continuity to stabilize the molecule through the effective delocalization process is as follows: (a)
the electron-donating orbitals (denoted by D-D) should be out of phase; (b) the accepting orbitals
(denoted by A-A) should be in phase; and (c) the donating and accepting orbitals (D-A) should be in
phase.

Trans-1,2-dihaloethenes has through-bond & orbital interaction in which two halogen = lone pairs (p

and q) interact with n-bonding and antibonding orbitals of the N=N bond (r and ') (Figure 2.1.1). As

can be seen in Figure 2.1.1a, the orbitals p, q, and « are occupied by two electrons in the ground state

10



G. The process of delocalization from the halogen w lone pair into the © antibonding orbital of the
C=C bond (nx;~7cc ), in which one electron of p or q moves into the vacant " orbital, is denoted as
p-n or q-n interaction (T; or T,). From the point of view of orbital interactions, delocalizations are
achieved via the mixing process of G with the T; or T, state. Moreover, the locally excited state (E) is
formed when one electron in the m-orbital subsequently shifts into a singly occupied p or q orbital of
T, or T,, which are denoted as m-p or m-q interactions. Consequently, the cyclic -G-T;-E-T,-
configuration (or -m-p-m -q- interaction) occurs in the trans-1,2-dihaloethenes. In this configuration,
halogen lone pairs (p and q) and the ® bonding orbital of C=C (m) are clearly electron-donating
orbitals (denoted as D) and only the m-antibonding orbital of C=C (") is an acceptor orbital (denoted
as A). Hence, stabilization via through-bond electron delocalization is more effective when the orbital
phases of these donors and acceptors are continuous, but as depicted in Figure 2.1.1b, the orbital
continuity is not satisfied in this through-bond system of trans-1,2-dihaloethenes.

However, the mechanism in cis-1,2-dihaloethene systems is different because the consideration of
through-space interactions between two halogen lone pairs is required. This cis-specific interaction
could be denoted as p-q interaction in Figure 2.1.2a, in which one electron of a doubly occupied p/q
orbital moves into a singly occupied q/p orbital. The existence of this interaction changes the
mechanism of the electron delocalization system and the triangle interaction, -G-T1-T»- (-n"-p-g-), is
newly provided (Figure 2.1.2b). According to Figure 2.1.2¢c, the -G-T;-T,- configuration is clearly
continuous. Because of this speculation, halogen © lone-pair delocalization into the m-antibonding
orbital of the C=C bond (n-LP effect: an—mcc*) in cis-1,2-dihaloethenes could be predicted to be
greater than in trans-isomers. In this model, the smaller energy gap between the halogen m lone-pair
and the m-antibonding orbital of C=C bond (denoted as AE in Figure 2.1.2d) strengthens the -G-T;-T»-
(-n"-p-q-) type triangle interaction, while the larger AE weakens the corresponding triangle

interaction.” Similar models could be provided for the o-LP effect system of 1,2-dihaloethenes as
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well as for the 1,2-dihalodiazene systems whose orbital-orbital interactions are discussed in the next

section.

\C=C‘/
H/TC 8_8\)('8 q
o
p-m p_l_—H_’T—H_ T-p
— q —1_n* q
Mt s
G qn* p —T—“* q n-q E
o

Figure 2.1.1. Through-bond interactions in the n-LP effect of trans-1,2-dihaloethenes. (a) Mechanism

of electron delocalizations, (b) cyclic orbital interaction, (c) orbital phase discontinuity.
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Figure 2.1.2. Through-space interactions in the n-LP effect of cis-1,2-dihaloethenes. (a) Mechanism

q-T

p—H—IAE +H-q

0
p (D) q(D)

(d)

of electron delocalizations, (b) cyclic orbital interaction, (c) orbital phase properties. (d) The energy
gap (4E) between halogen  lone pair (p and q) and antibonding orbital of C=C bond (n") changes the
strength of triangle orbital interaction -p-n*-q-. The large energy gap leads to the weakened orbital

interaction (up; denoted as wavy line), while the small energy gap results in the strengthened orbital

interaction (below; denoted as bold line).
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2.1.3. Results and Discussions
2.1.3.1. Geometries and Single-Point Energies

The geometry optimizations of 1-3 were performed with HF, MP2, B3LYP and B3PW91 methods
using 6-311++G(3df,3pd) basis set and obtained structural parameters are listed in Table 2.1.1. The
available experimental spectral data for 1-3 are also shown in the same Table.

The discussion was begun with 1,2-difluoroethenes (1) because they are the simplest and widely
investigated molecules, in which the cis-form of 1 was experimentally determined to be 0.78 + 0.04
kcal mol™' more stable than the corresponding trans-isomer. A comparison of these experimental
values with HF-optimized geometries is far from satisfaction because all of the bonds of HF structures
were exceedingly shorter than those of experiments. On the other hand, the remaining three optimized
geometries (B3PW91, B3LYP, and MP2) agreed well with the experiment (Table 2.1.1). This result
dictates that the electron correlation plays a critical role on the molecular structures of 1. Similarly, in
1,2-dichloroethenes (2) and 1,2-dibromoethenes (3), the HF methods predicted far shorter dc-¢ lengths
(1.305-1.309 A) than the experiments (1.332-1.36 A), while the other methods (B3LYP, B3PW91 and
MP2) showed good fit to the experimental structural parameters. This tendency dictates the necessity

of post-SCF methods in geometry optimizations of these compounds (1-3).
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Table 2.1.1. Structural parameters for 1,2-dihaloethenes 1 (F), 2 (Cl) and 3 (Br).”

cis trans
method”  dec dcx dcn Occn Ocex dc—c dcx  den  Gecn Becx
HF 1.305 1.313 1.069 122.27  122.92 1.304 1.318 1.070 12490 120.50
MP2 1.327 1.335 1.078 122.27  122.50 1.326 1.341 1.078 125.10 119.92

B3LYP 1321 1339 1.079 122.82 122.62 1320 1344 1.079 12532 120.25
(F) B3PW91 1321 1332  1.081 12232 12291 1320 1337 1.081 125.09 12035
expl. 7 1.330(11) 1.342(5) 1.099(6) 124.1(4) 122.02)

expl. ¢ 1324 1.345(5) 1.089 124 119.6(4)
HF 1309 1715  1.069 120.07 125.67 1306 1.723 1.069 123.68 121.80
2 MP2 1334 1706  1.079  120.03 12448 1332 1715 1.079 123.09 121.39
D B3LYP 1325 1721 1.079 12036 12537 1322 1731 1.078 123.80 121.79
B3PW91 1325  1.709  1.081 120.18 12523 1323  1.718 1.080 123.51 121.82
expl.” 1.337(4) 1.717(2) 1203) 124.02) 1.332(8) 1.725(2) 124(3) 120.8(6)
HF 1308  1.874  1.070  120.01 12659 1305 1.886 1.068 12430 121.66
3 MP2 1334 1.865 1.080 120.00 12530 1331  1.875 1.079 123.65 121.25
() B3LYP 1322 1.886  1.079 120.53 12624 1319  1.899 1.077 124.77 121.45
B3PW91 1323  1.872  1.081 12045 12595 1320 1.883 1.079 12438 121.56
expl.¥?  1.36(3) 1.87(2) 124(2)

“ Structural parameters (d; distance and @ angle) are given in A and degree. * all geometry optimizations were performed with 6-
311++G(3df,3pd) basis set. ¢ Electron diffraction data: Ref. 89. ¢ Experimental errors were derived from the literature (Ref. 90) and its

appendix. ¢ Infrared spectra data: Ref. 91/ Electron diffraction data: Ref. 92. ¢ Electron diffraction data: Ref. 93.
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Further evaluations of the four theoretical methods used in the structural optimizations were made
in terms of their calculated energy differences between the cis- and trans-isomers of 1,2-dihaloethenes
(1-3) (Table 2.1.2; the positive number indicates the cis-preferable energetic difference). The
experimental energy difference in 1,2-difluoroethenes (1) is nicely reproduced in the calculated results
regardless of the theoretical method used in the optimization (0.77-1.00 kcal mol™"), indicating that
post-SCF method is not significantly important for the cis-trans energy gap in 1. However, careful
selection of the calculation method has to be made in the cases of 2 and 3. The HF level calculation
showed that their trans-isomers were more stable than the corresponding cis-isomers (—0.31 and —1.28
kcal mol™" for 2 and 3, respectively), which is clearly inconsistent with the experimental data (0.44 +
0.09 and 0.09 + 0.24 kcal mol ™', respectively). Although two DFT results, BSLYP and B3PW91,
showed better energy differences than the HF method, they still predicted that the trans-1,2-
dibromoethene was more stable than its cis-counterpart (—0.71 and —0.47 kcal mol ™', respectively).
However, the consideration of electron correlation through the MP2 method provided the results
closer to the experiment than the DFT calculations. In fact, the MP2-optimized cis-form of 3 was
found to be 0.28 kcal mol™' more stable than its trans-form. Accordingly, comparing the three post-
SCF methods used in the geometry optimizations from the energetic viewpoint, the MP2-structures
were chosen as the best ones. Therefore, following single-point energy calculations with several post-
SCF methods were performed on the MP2 geometries.

As seen in Table 2.1.2, the MP3 energetic differences didn’t show good agreement with the
experiment in 1,2-dibromoethenes (3), but the result for 1,2-dichloroethenes (2) was improved from
that of MP2 calculation. While, the very high MP4(SDTQ) level calculations with 6-311++G(3df,3pd)
basis set reproduced the experimental values of 1-3 almost perfectly (0.89, 0.54 and 0.04 kcal mol™
for 1, 2 and 3, respectively). Especially, the good agreement in 1,2-dibromoethenes 3 is noteworthy
because no literature ever confirmed this subtle cis-effect, in which experimental errors exceeded the

cis-trans energy difference (0.09 + 0.24 kcal mol ').These results clearly proved that the cis-1,2-
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dibromoethene has almost same stability as that of corresponding trans-isomer in spite of the repulsive
forces between two bromine atoms, and high level electron correlation method is necessary to
reproduce the experimental value.

A comparison of structural data at MP2 level showed three interesting trends (Table 2.1.1): First,
the CCX angles (Occx) of cis-isomers (122.5°: 1, 124.5°: 2 and 125.3°: 3, respectively) are greater
than those of trans-isomers (119.9°: 1, 121.4°: 2 and 121.3°: 3, respectively) in all the 1,2-
dihaloethenes. As for the bond lengths, cis-isomers (1.327 A: 1, 1.334 A: 2 and 1.334 A: 3,
respectively) have longer dc—c than corresponding trans-isomers (1.326 A: 1, 1.332 A: 2 and 1.331 A:
3, respectively). Adversely, C—X bond lengths dc.x are longer in trans-isomers (1.341 A: 1, 1.715 A: 2
and 1.875 A: 3, respectively) than in cis-isomers (1.335 A: 1, 1.706 A: 2 and 1.865 A: 3). In fact, these
structural tendencies based on the MP2 structures are also found in all the other geometries including
calculated and experimental ones. These structural trends might imply the origin of the cis-effect, and
NBO 2nd-order perturbation analysis at MP2/6-311++G(3df,3pd)//MP2/6-311++G(3df,3pd) level was

performed to evaluate their energetic element(s) (Table 2.1.3).
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Table 2.1.2. Relative electronic energy differences (including the ZPE) between cis- and trans-1,2-

dihaloethenes 1 (F), 2 (Cl) and 3 (Br) (kcal mol ™).

Optimized Single point 1(F) 2 (CD 3 (Br)
HF HF 0.83 —0.31 ~1.28
B3PW91 B3PW91 0.88 0.24 —0.47
B3LYP 0.77 0.09 -0.71

BP86 0.87 0.37 —0.41

B3LYP MP2 0.99 0.76 0.27
MP3 0.76 0.24 ~0.29

MP4(SDTQ) 0.90 0.54 0.04

BP86 0.77 0.30 —0.37

MP2 MP2 1.00 0.80 0.28
MP3 0.76 0.23 —0.38

MP4(SDTQ) 0.89 0.54 0.04

exp. ” 0.78£0.04 0.44+0.09 0.09 +0.24

“ All the calculations were performed with 6-311++G(3df,3pd) basis set. ” The difference in electronic

energy between the cis-trans isomers; Ref. 23.

2.1.3.2. Natural Bond Orbital 2nd—Order Perturbation Analysis

According to the results of NBO 2nd-order perturbation analysis, four types of the important
hyperconjugations, antiperiplanar (AP), synperiplanar (SP), c-lone pair (c-LP), and nt-lone pair (-LP)
effect, were identified to describe the mechanism of the cis-effect in 1,2-dihaloethenes 1-3
(Figure.2.1.3). The energy difference of the ith and jth orbital (& - &) and Fock matrix elements (Fij)
of two interacting orbitals, both of which were used in the energetic calculation of NBO 2nd—order

perturbation analysis, are found in the Tables 2.1.4 and 2.1.5.
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Table 2.1.3. NBO 2nd-order perturbation analysis of cis- and trans-1,2-dihaloethenes 1 (F), 2 (Cl) a

nd 3 (Br) (kcal mol™)”

Periplanar effect

AP effect SP effect Total
7.93 1.56 0.23 0.10
cis . . . N 19.64
(ocu>ocr ) (ocr20cn ) (Ocuocn ) (Ocr2>0cF )
1 4.59 2.78 1.43 c
(F) trans . ) . . 17.60
(ocu2ocn ) (ocr20cr ) (ocu6cr ) (Ccr>0cn )
Anp? =424 Asp?=-2.20 Anpasp ¢ = 2.04
9.62 3.28 0.79 0.03
cis N . N N 27.44
(ocu2occr ) (oca2ocn ) (ocu>0ocn ) (cca>occr )
2 5.65 6.17 0.58 0.14
(€D . . ) . 25.08
trans (ocu=6cw ) (Sca0occr ) (6cu>0ccr ) (Gca0cn )
Aap?=2.16 Asp?=10.20 Anpasp ¢ = 2.36
10.55 4.02 0.94 0.06
cis N . N N 31.14
(ocu20ocsr ) (ocr0cn ) (6cu0cn ) (Ger>0cBr )
3 5.85 8.09 0.44 0.37
(Br) . . . . 29.50
trans (ocu=>0cw ) (Ocr>0cBr ) (Gcu>0cmr ) (Gcr>0cH )
Aap?=1.26 Asp?=0.38 Anpasp ¢ = 1.64
LP Effect
nc_)GCC* nn—>ncc* Total b
cis 8.89 25.77 69.32
(11:) trans 8.12 24.00 64.24
1.54 3.54 Ap?=5.08
cis 7.86 25.41 66.54
(021) trans 6.79 22.88 59.34
2.14 5.06 Ap?=7.20
cis 5.97 20.73 53.40
(é’r) trans 5.18 18.22 46.80
1.58 5.02 Ap?=6.60

“ at MP2/6-311++G(3df,3pd)//MP2/6-311++G(3df,3pd). AP: antiperiplanar effect; SP: synperiplanar
effect. ” Total value of periplanar effects or LP effects. The values are doubled because two sets of the
same interactions exist. © — denotes the negligible interactional energy less than 0.02 kcal mol™. ¢ Axp,

Asp and Arp denote the cis-frans energy difference in the total value of each interaction.
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Table 2.1.4. (& - &) values (the energy difference of the ith and jth orbital) of NBO 2nd-order

perturbation analysis in cis- and frans-1,2-dihaloethenes 1-3 at MP2/6-311++G(3df,3pd)//MP2/6-

311++G(3df,3pd) level (a.u.).

1 (F)
Isomers Periplanar Effects LP Effects
AP Effects SP Effects nc—>c5cc* nn—>1ccc*
cis OCH>OCF Ccr>0cH OCH™OCH OCF>OCF
1.33 1.92 1.37 1.87 1.47 0.84
trans OCcH™>OCH OCF0CF OCHOCF OCcF>0cH
1.37 1.86 1.32 - 1.47 0.84
-: the NBO 2nd-order perturbation energy was less than 0.02 kcal mol™
2 (C)
Periplanar Effects LP Effects
Isomers + ¥
AP Effects SP Effects Ns—>0cc n;~>7cc
cis OCH™>OcCl OcclOcH OCH™>OCH Occl>occr
1.14 1.59 1.39 1.34 1.29 0.62
trans OcH™>OCH Cccloccr CcH™>Occr occl0cH
1.40 1.32 1.14 1.58 1.30 0.62
3 (Br)
Isomers Periplanar Effects LP Effects
AP Effects SP Effects n6—>ccc* nn—mcc*
cis GCH_)GC'Br'* GCBr_)GC'H'* GCH_)GC'H'* GCBr_)GC'Br'*
1.06 1.52 1.41 1.17 1.26 0.58
trans OCcH™>OCH OCBr— OCBr OCH>OCBr OCBr > OCH'
1.42 1.15 1.06 1.51 1.26 0.58

20



Table 2.1.5. F(i, j) (the (i, j) element of the Fock matrix) of NBO 2nd-order perturbation analysis in

cis- and trans-1,2-dihaloethenes 1-3 at MP2/6-311++G(3df,3pd)//MP2/6-311++G(3df,3pd) level (a.u.).

1 (F)
Isomers Periplanar Effects LI: Effects _
AP Effects SP Effects Ns—>Gcc n;~>7ce
cis Gen=>Gep Ger>G0mH Gen=>oom Ger>Gep
0.092 0.049 0.016 0.012 0.102 0.133
rans Gen=6en GerGer GenGer GerG0mH
0.071 0.064 0..039 - 0.098 0.128
-: the NBO 2nd-order perturbation energy was less than 0.02 kcal mol™
2 (C)
Isomers Periplanar Effects LP*Effects _
AP Effects SP Effects Ns—>0cc N, ~>7ce
cis oen—=>ocar Sca>Gen Gen=oen Sca=> et
0.092 0.065 0.030 0.006 0.090 0.113
trans Gen=>oen Gea=>ocar Gcn=Gccr Gea>Oen
0.079 0.081 0.023 0.013 0.084 0.108
3 (Br)
[somers Periplanar Effects LP*Effects _
AP Effects SP Effects Ns—>0cc N> 7cc
cis Gen=>GoRr G Gen Gen=>oom Gepr>GCRr
0.095 0.070 0.032 0.008 0.077 0.099
trans Gen=>oom GeBr>GeBr Gen=>Gomr G Gen
0.081 0.086 0.019 0.210 0.072 0.093
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Figure. 2.1.3. Definitions of the lone pair (n, and n,) delocalization effect (c- or n-LP effect), the
antiperiplanar hyperconjugation effect (the AP effect) and the synperiplanar hyperconjugation effect

(the SP effect) within the NBO framework for cis-1,2-dihaloethenes (X=F, CI or Br).

ScH

(A) (B)

Figure. 2.1.4. pre-NBO interactions of ccy=Gcp hyperconjugation for cis- (A) and trans-1,2-
difluoroethenes (B). The hyperconjugation is anti-periplanar (AP) interaction in the cis-isomer
whereas the corresponding frans-isomer has syn-periplanar (SP) interaction. Orbital contours were
calculated from the same level for both isomers and the overlap of two orbitals were hatched for

clearity.
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The first two are antiperiplanar and synperiplanar ch—GC’X’* (X, X’=H, F, Cl or Br) interactions
across the C=C bond (AP and SP effects), in which doubly occupied orbital of C-X bond (X =H, F, CI
or Br) was interacted with the adjacent unoccupied orbital of C’-X’ bond (X’ = H’, F’, CI’ or Br’). The
2nd-order perturbation energies for these periplanar type hyperconjugations are given in Table 2.1.3
which shows that the magnitudes of each SP effects are uniformly less than 1.5 kcal mol” and much
smaller than those of AP effects (1.56-10.55 kcal mol™). This predominance of AP effects over SP
effects could be explained by the orbital overlaps. As seen in Figure 2.1.4, the overlap of the main
lobe of the C-H bonding orbital (ccpy) with the antibonding orbital of C’-X’ bond (ccx: ) in the cis-
isomer (AP effect) is much greater than one in the corresponding trans-isomer (SP effect) (Please see
Fjj values in the Table 2.1.5). Due to the electronegativity of fluorine atom in 1, ocr has much lower
orbital energy and thus less ability as an electron donor than ¢y, while the oep could be better
electron acceptor than GC’H’* for the same reason. Therefore, the most significant combination of
occupied and unoccupied orbitals to be interacted is ccy—=>ocr . In fact, the most efficient AP effect
in 1,2-difluoroethene (1) was GCH—)GC’F’* in the cis-isomer (7.93 kcal molfl) and total amount of AP
effect made cis-isomer 4.24 kcal mol™' more stable than the corresponding frans-isomer. As halogen
atom becomes less electronegative, the energetic level of C—X bonding orbital (ccx) gets higher.
While, the larger halogen atom provides weaker bonding energy and longer length of C—X bond,
leading to the smaller energetic gap between the ocx and the ocx: . Therefore, as halogen atom gets
heavier, both the electron donating ability of c¢cx and accepting ability of oox get larger, and thus
the energetic values of Gcy=>Gex’ interactions in cis-isomers get greater (9.62 and 10.55 kcal mol™
for X = CI and Br, respectively; the energetic differences of two orbitals are available in Table 2.1.4).
These changes of energy levels in the bonding and antibonding orbitals of C-X bonds also could be
confirmed from the energetic values of Gex=6cx in the trans-isomers which increased as the

halogen atom got larger (2.78, 6.17 and 8.09 kcal mol™' for X = F, Cl and Br, respectively), leading to
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the gradually decreasing cis-preference energy of AP effect (4.24, 2.16 and 1.26 kcal mol ™' for X =F,
Cl and Br, respectively). As a result, the summation of AP and SP periplanar effects made cis-isomers
2.04, 2.36 and 1.64 kcal mol™' more stable than the trans-isomers for 1, 2 and 3, respectively.
Accordingly, these periplanar effects were proved to be one of the important origins of the cis-effect.
Second and more important ones are the ¢ and © halogen lone pairs delocalizations into ¢ and «
C=C antibonding orbitals (LP effect). The ne=>6cc (o-LP effect) interactions were the cis-preferable
by 1.54, 2.14 and 1.58 kcal mol™' for X = F, Cl and Br, respectively. The energetic amount of this
interaction in 1,2-difluoroethenes (1) was the largest among the 1,2-dihaloethenes 1-3 (8.89 kcal mol ™
for cis- and 8.12 kcal mol™" for trans-isomer), presumably because of their shortest C—X bond lengths
which led to the largest orbital-orbital overlaps. The influence of the nn—>ncc* (m-LP effect)
interactions were found to be noteworthy, because they stabilized the cis-isomers more than the
corresponding frans-isomers by 3.54, 5.06 and 5.02 kcal mol ™', respectively. Furthermore, the total
energetic differences of o- and ©-LP effects (5.08, 7.20 and 6.60 kcal mol ™', respectively) were greater
than those of periplanar effects (2.04, 2.36 and 1.64 kcal mol', respectively), and thus the LP effect
could be treated as the major origin of the cis-effect in all the 1,2-dihaloethenes 1-3. Moreover, the
total energetic amount of these LP effects (69.32, 64.24, 66.54, 59.34, 53.40 and 46.80 kcal mol ' for
cis-1, trans-1, cis-2, trans-2, cis-3 and trans-3, respectively: Table 2.1.3) was apparently greater than
those of periplanar effects (19.64, 17.60, 27.44, 25.08, 31.14 and 29.50 kcal mol 'for cis-1, trans-1,
cis-2, trans-2, cis-3 and trans-3, respectively). Those great influences of the LP effect could be seen in
their structural parameters, because the LP effect seemed to elongate more the C=C bond lengths and
made the C—X bond lengths shorter in the cis-isomers. The larger LP effect as well as the greater
repulsive forces (dipole-dipole and Pauli repulsions) between two halogen atoms invoked wider CCX
angles in the cis-isomers than in the trans-isomers. In fact, those structural trends could be seen in all

the calculated and experimental geometries of 1-3 (Table 2.1.1). The reason why the o- and n-LP
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effects were greater in cis-isomers than in trans-isomers was clearly elucidated with the orbital phase
theory, as explained in the Section 1.1.2.2. Total summations of periplanar and LP effects of cis-
isomer exceeded those of trans-isomer by 7.12, 9.56 and 8.24 kcal mol ™' for 1, 2 and 3, respectively,
which suggests that these hyperconjugation effects is the incontestable driving forces to produce the
cis-effect.

Following the NBO 2nd-order perturbation analysis, natural population analysis (NPA) was
performed to estimate the importance of those electron delocalization systems from a different
perspective. As can be seen in Table 2.1.6, all the carbon atoms in the trans-isomers had more positive
charges than those in the cis-isomers. While, the halogen atoms in the trans-isomers were found to be
more negative than those in the cis-isomers. This observation clearly indicated that the more halogen
lone pair electrons moved into carbon atoms in the cis-isomers, which could be taken as the obvious
evidence of greater LP effect. Moreover, the positive charges of chlorine and bromine atoms in both
cis- and trans-isomers in 2 and 3 might show that those heavy halogen atoms act as good electron
donors, as supporting the predominance of LP effects.

In order to obtain the steric exchange contribution to the 1,2-dihaloethene systems, the natural

- . 8587
steric analysis

was applied on 1-3 (Table 2.1.7). In 1,2-difluoroethene (1) with the smallest
halogen atoms, total amount of steric exchange energy in the cis-isomer was slightly (0.30 kcal
mol ") greater than that of frans-isomer. However, as halogen atom becomes larger, the cis-trans
difference of steric exchange energies increased steadily (3.94 and 5.56 kcal mol' for 2 and 3,
respectively), primarily owning to the interatomic repulsion of the two halogen atoms in the cis-
isomers (0.83, 2.85 and 3.34 kcal mol™' for 1, 2 and 3, respectively). As a consequence, the
differences of total steric exchange energies were frans-stabilizing by 0.30, 3.94 and 5.56 kcal mol™’
for 1, 2 and 3, respectively, which obviously counteract against cis-preferable hyperconjugation

mechanisms, especially in the compounds with larger halogen atoms. However, it should be noted

that the amounts of steric exchange energies were apparently smaller than those of hyperconjugations
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(7.12, 9.56 and 8.24 kcal mol™' for 1, 2 and 3, respectively), suggesting that the steric repulsion
might not be an essential factor of cis-trans energetic differences in the 1,2-dihaloethene systems, but
as a mere subordinate mechanism. As a consequence, the summation of the cis-trans energetic
differences in the hyperconjugations and steric exchange energies were 6.82, 5.62 and 2.68 kcal mol
' for 1, 2 and 3, respectively, which gradually decreased as the halogen atom got larger. Although
some other frans-stabilizing forces, such as dipole-dipole moment and electrostatic repulsion, might
be expected, this energetic tendency in the framework of NBO analysis successfully reproduced the

one in the experimentally observed cis-trans energetic gaps for 1-3 (Table 2.1.2).%

Table 2.1.6. Natural population analysis of cis- and trans-1,2-dihaloethenes 1 (F), 2 (Cl) and 3 (Br)

(au).”

atom cis trans Acis-trans b

C 0.2204  0.2232  —0.0028

(11:) F —03813 -03847  0.0034
0.1609  0.1615 —0.0006

C 02193 —02089 —0.0104

(él) Cl 00147 00051  0.009
02046 02038  0.0009

C  —02973 —02839 —0.0134

(1;) Br 00873 00745  0.0128

0.2100 0.2094 0.0006
“ at MP2/6-311++G(3df,3pd)//MP2/6-311++G(3df,3pd). b Adis-rans denotes differences between cis-

and frans-isomers
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Table 2.1.7. Natural steric analysis of cis- and trans-1,2-dihaloethenes 1 (F), 2 (Cl) and 3 (Br) (kcal

mol ")
total steric steric exchange
exchange energy between
energy two lone pairs
cis 81.29 0.83
(;) trans 80.99 0.67
Acis-trans 0.30 0.16
cis 77.20 2.85
((Zjl) trans 73.26 0.69
Acis-trans 3.94 2.16
cis 71.57 3.34
(Igr) trans 66.02 0.41
Acis-trans 5.56 2.93

“ at MP2/6-311++G(3df,3pd)//MP2/6-311++G(3df,3pd). b Adis-trans denotes differences between cis-

and frans-isomers

2.1.4. Summary of the Section

The MO calculations were performed to estimate the contribution of hyperconjugations and steric
exchange energy in the energetic difference of cis- and trans-isomers of 1,2-dihaloethenes
(XHC=CHX; 1: X =F, 2: Cl and 3: Br). According to the NBO 2nd-order perturbation analysis, two
types of hyperconjugations were found important: the periplanar interactions between C—X bond (X=
H, F, Cl or Br) and C’—X’ bond (X’= H’, F’, CI’ or Br’) locating at a anti or syn position across the
C=C bond (AP and SP effect); the second and greatest one was the electron delocalizations from
halogen lone pairs into ¢ and 7 antibonding orbitals of the C=C bond (LP effect). This greater LP
effect in the cis-isomer was clearly explained with the orbital phase theory, i.e., the cyclic orbital
interaction was continuous only in the cis-isomers of 1-3. While, the steric exchange energy was found

as a trans-stabilizing force especially for the 1,2-dihaloethenes with large halogen atoms, based on the
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natural steric analysis. However, the total energetic gain of steric exchange energies was apparently
less than those of cis-preference hyperconjugations for all the 1,2-dihaloethenes. Therefore, the
periplanar and LP effects could be regarded as the origin of cis-effect and the latter was the
predominant one. The cis-trans differences in the bond lengths and atomic charges supported the fact.
The central point of this section is that the hyperconjugation has the largest responsibility for the cis-
trans energy differences as well as for determining the thermodynamically more stable molecular

structure in 1,2-dihaloethene systems.
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2.2. Theoretical Investisations on the Thermodynamic Stability of cis- and trans-

Isomers in 1.2-Halodiazenes

2.2.1. Background

The nitrogen—nitrogen double bond is popular in textbooks for general organic chemistry. Several

2,3,5

diaryl azocompounds are widely used as dyes and pH indicators. Diethyl azodicarboxylate

(DEAD) reacts with phosphine to form an important intermediate in the Mitsunobu reaction.”**®
Azobisisobutyronitrile (AIBN) is a frequently used radical initiator, which decomposes into nitrogen
and two cyanoisopropyl radicals when it is heated or light-irradiated. As such, many molecules
possessing an N=N bond are known to be stable under normal conditions and are used for many
purposes. Thus, the understanding of their electronic structure as well as the factors determining their
geometries has been important and has been studied for decades. 1,2-Difluorodiazenes (FN=NF; 4)
are known to be the only stable dihalodiazenes. A trace of 1,2-dichlorodiazenes (CIN=NCI; 5) seems
to have been detected,99 but nothing has been reported on 1,2-dibromodiazenes (BrN=NBr; 6),

199101 “and Schneider'” independently calculated the

experimentally and theoretically. Morokuma
dissociation energy barriers of 1,2-difluorodiazenes (4) and 1,2-dichlorodiazenes (5), and reached the
same conclusion; the former ones (4) had large barriers for N-F bond cleavage, while those of N—Cl
bond in the 1,2-dichlorodiazenes (5) were small and they instantaneously decompose into nitrogen gas
and two chlorine radials. Their discussions on the potential energy surface of 2 were comprehensive
and reasonable, but the critical explanation for the chemical weakness of the N—Cl bond was missing.
Because of their availability and simple molecular structures, 1,2-difluorodiazenes (4) are well-

studied molecules possessing an interesting chemical feature called the “cis-effect,” which has been

known for 40 years.”> '®* The cis-effect of 4 is a physicochemical phenomenon in which its cis-isomer
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was experimentally reported to be more stable than the corresponding trans-isomer by 3.050 + 0.400

kcal mol'.* Furthermore, even though no experimental results have been reported, previous
calculations showed that the 1,2-dichlorodiazenes (5) also have the cis-preferable energetic gap
between the two isomers (6.8 kcal mol™').** Since the cis-isomers of 1,2-dihalodiazenes are
electronically more condensed and have greater dipole—dipole repulsion between the two N—X bonds,
this phenomenon is obviously at odds with the valence-shell electron-pair repulsion (VSEPR) theory
and hence the origin of this mysterious cis-effect has been a long-standing question in the field of
basic chemistry.”> > Wolfe insisted that the sum of the repulsive forces among two nitrogen lone pairs
and two N—F bonds was greater in the frans-isomer, which led the cis-isomer to be more stable.'**'%
Epiotis performed the Hartree-Fock (HF) level calculations with 4-31G basis set and qualitatively
ascribed the cis-effect to two delocalization mechanisms: the nitrogen lone-pair delocalization into the

antibonding orbital of the neighboring N—F bond, (nn—onp ; AP effect) and the out-of-plane lone-

pair delocalization of F (ng;) into the antibonding m-orbital of the N=N bond (npn—mNNv*; n-LP effect).
However, the contributions of these delocalization mechanisms were not evaluated quantitatively.*" **
197" Skancke indicated that mt delocalizations including npn—mNN* were the origin.108 Recently, Anders
performed high-level post-SCF calculations (MP2, B3LYP and BP86) with 6-311++G(3df,3pd) basis
set and concluded that the cis—trans energy difference came from the lone pair—lone pair repulsion,
antiperiplanar interactions, and Coulombic repulsion or attraction between diazene substituents.”* As
such, a number of theories and calculations have been independently or qualitatively performed to
explain this phenomenon, but the origin of the cis-effect in 1,2-dihalodiazenes is still controversial.
Here, high-level ab initio and density functional theory (DFT) calculations have been combined

72-81

with natural bond orbital (NBO) analysis® °"* > "' and orbital phase theory to quantitatively

investigate this puzzling cis—trans energy gap in 1,2-dihalodiazenes (XN=NX; X = 4: F, 5: Cl or 6:

11,12

Br), just as shown in the cis-effect on 1,2-dihaloethenes, where the dominant factor was halogen

30



lone pair delocalized into the antibonding orbitals of the C=C bond (LP effect, please see the Section
2.1). The origin of their cis-effect could be considered as the factors determining thermodynamically
stable molecular structure in these systems. The unsubstituted 1,2-diazenes (HN=NH: 7) were used as
reference compounds because previous infrared and near-ultraviolet absorption spectrum showed that

109-113

the trans-isomer of 7 was the most stable isomer and several theoretical calculations proved the

24, 114 . . .
’ Moreover, the electronic structures of 1,2-dihalodiazenes

trans-preference energy difference.
were extensively examined from the viewpoint of orbital—orbital interactions to clarify the reason for
the particular instability of 1,2-dibromodiazenes (6) compared to the reported degradability of 1,2-
dichlorodiazenes (5), and the fair stability of 1,2-difluorodiazenes (4). For further understanding of the
electronic structures of 1,2-dihalodiazenes 4-6, their calculated trends in the geometries and orbital-
orbital interactions were compared to those of the 1,2-dihaloethenes which were the electronic

isosteres to the 1,2-dihalodiazenes (please see the Section 2.1).!" '

2.2.2. Theoretical Details
2.2.2.1. Computational Methods

All the ab initio and DFT calculations including NBO analysis were performed using the similar
procedure for the 1,2-dihaloethenes (Section 2.1.2.1) . The geometries for the calculations were
edited using the vi text editor or Spartan program package.® These initial structures were optimized at
HF, MP2, B3LYP, and B3PWO1 levels using very large 6-311++G(3df,3pd) basis set with 6D option.
Then, single-point energies were calculated on B3LYP-optimized structures to accurately evaluate the
influence of the electron correlations on cis—trans energy differences. Furthermore, NBO 2nd-order
perturbation analysis® ¢ * 7! were performed at the BP86/6-311++G(3df,3pd)/B3LYP/6-
311++G(3df,3pd) level to quantitatively determine the contributions of two-electron—two-orbital

interactions. Natural population analysis (NPA) was also performed at the same level to confirm the
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mechanism of the cis-effect from the viewpoint of the electron population.” " Frequency calculations
were performed on all the optimized geometries to avoid imaginary frequencies in all the 1,2-

disubstituted and unsubstituted diazenes 4-7.

2.2.3. Results and Discussions
2.2.3.1. Geometry Optimization

It has been reported that a high-level theoretical method with sufficient electron correlation should

24,115, 116
> In fact,

be conducted to reproduce the experimental geometries of 1,2-difluorodiazenes (4).
optimized structures of 4 at the HF level gave far shorter N-F (1.323 and 1.324 A for cis- and trans-
isomers, respectively) and N=N bonds (1.189 and 1.186 A, respectively) than the experimental
parameters (N—F bonds: 1.384 or 1.409 A for cis-isomer, 1.398 A for trans-isomer; N=N bonds: 1.214
or 1.209 A for cis-isomer, 1.224 A for trans-isomer) (Table 2.2.1). On the other hand, the remaining
three geometries based on the post-SCF methods, MP2, B3LYP, and B3PW91, were clearly closer to
the experiment and proved the strong influence of electron correlation on both the N-F and N=N
bonds. Among these structures, MP2-optimized ones had rather longer N=N bonds (1.229 and 1.238 A
for cis- and trans-isomers, respectively) and shorter N—F bonds (1.375 and 1.373 A, respectively)
compared to the experimental results, presumably because of the overestimation of electron
correlation. The applied DFT methods, B3LYP and B3PW91, showed good agreement with the
experimental geometries, but the B3LYP structures were chosen for further single-point energy
calculations, since the reliability of this method has already been reported for 1,2-difluorodiazene

system (4).''® The structure optimizations were also conducted at the same level for 1,2-

dichlorodiazene (5), 1,2-dibromodiazene (6) and the reference compound 1,2-diazene (7) (Table 2.2.1).
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Table 2.2.1. Calculated bond length and angles of 1,2-substituted and unsubstituted diazenes, XN=NX

(X=F, Cl, Br or H)*

% Method cis trans
N=N N-X Z/N-N-X N=N N-X ZN-N-X
HF” 1.189 1.323 114.6 1.186 1.324 107.5
MP2° 1.229 1.375 114.2 1.238 1.373 104.9
B3LYP? 1.209 1.387 115.1 1.216 1.381 105.8
(;) B3PW91° 1.209 1.373 115.1 1.216 1.368 105.9
BP86° 1.218 1.402 115.8 1.232 1.402 104.9
expl.? 1.214(5)  1.384(10)  114.5(5)
expl.® 1.209 1.409 114.4 1.224 1.398 105.5
HF” 1.184 1.719 122.0 1.186 1.716 111.2
5 MP2° 1.221 1.755 121.2 1.241 1.740 108.5
(Cl)  B3LYP® 1.191 1.795 122.6 1.206 1.782 109.5
B3PW91° 1.196 1.764 122.2 1.211 1.753 109.5
HF’ 1.169 1.913 124.0 1.175 1.906 111.3
6 MP2° 1.194 1.980 123.9 1.222 1.946 108.4
(Br)  B3LYP? 1.167 2.022 125.3 1.179 2.017 109.6
B3PW91° 1.174 1.977 124.7 1.188 1.973 109.6
HF” 1.210 1.015 112.9 1.208 1.012 108.1
MP2° 1.254 1.035 111.6 1.255 1.030 105.8
(IZD B3LYP? 1.235 1.039 112.9 1.236 1.033 107.0
B3PW91° 1.232 1.038 112.8 1.233 1.033 106.9
expl/ 1.252(2)  1.028(5) 106.51(28)

“ Structural data are given in angstrom and degrees. ”, 6-311++G(3df,3pd) basis set was used. ¢ 6-
311++G(3df,3pd) basis set was used, Ref. 24. ¢ Microwave spectroscopy data, Ref. 117. ¢ Electron

diffraction data, Ref. 118./ Infrared absorption spectra data, Ref. 119.

For the obtained B3LYP optimized structures, N=N bond length of cis-1,2-diflurodiazene (1.209 A)
is shorter than that of the corresponding trans-isomer (1.216 A), both of which showed good
agreement with the experiments (1.214 or 1.209 A for cis-isomer, 1.224 A for trans-isomer,
respectively) (Table 2.2.1). On the other hand, N—F bond length in the cis-isomer (1.387 A) is longer
than its trans-counterpart (1.381 A) (experimental values: 1.384 or 1.409 A for cis-isomer, 1.398 A for
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trans-isomer). These structural trends were clearly opposite to the 1,2-dihaloethenes where C=C bonds
in the cis-isomers and C—X bonds in the trans-isomers were longer than those in the other isomers
(Section 1.1)."""'* Changes in their structural parameters might imply differences in their electronic
states. The NNF angles in the cis-isomer like those in 1,2-dihaloethenes are greater and indicate the
existence of repulsive forces (N-F dipole moment repulsion and lone pair/lone pair repulsion) or
hyperconjugation mechanisms possessing structural influences on the molecules (Section 2.1).'" '?
These trends were also found in both the 1,2-dichlorodiazenes (5) and the 1,2-dibromodiazenes (6)
with the N=N bonds being shorter going down the periodic table: N=N bond lengths are 1.209, 1.191,
and 1.165 A in cis-4, cis-5, and cis-6, respectively. The same trend was found for their trans-isomers
(Table 2.2.1). Moreover, it should be noted that the molecules possessing larger halogen atoms have
wider NNX angles: 115.1, 122.6, and 125.3° in cis-4, cis-5 and cis-6, respectively. Their trans-isomers

also showed the same tendency (Table 2.2.1).

2.2.3.2. Cis-trans Energy Differences

Subsequent single-point energy calculations were performed on the B3LYP/6-311++G(3df,3pd)
geometries using a variety of methods (Table 2.2.2). In the 1,2-difluorodiazenes (4), the HF
calculations showed poor results compared to the experimental value (Table 2.2.2), even with the very
large 6-311++G(3df,3pd) basis set. This result indicated that the electron correlation, which might
have a relationship with van der Waals forces, has a strong influence on the cis—trans energy
difference. As Jursic''* and Anders** described, the BP86 method, a non-local DFT, reproduced the
experimental energy difference almost perfectly. All of the MP2, B3LYP, and B3PWO1 level
calculations were good, but they were not comparable with the BP86 result. MP4(SDTQ) and
QCISD(T), which are extremely high-level ab initio methods, provided a similar energy difference as
MP2 and B3LYP calculated methods.
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Table 2.2.2. Calculated cis—trans energy differences (including the ZPE) of 1,2-substituted and
unsubstituted diazenes, XN=NX (X=F, Cl, Br or H) (kcal mol ™', the positive number indicates cis-

preference)

Method * 4(F) 5(C) 6(Br) 7(H)
HF * -1.82 -3.03 -3.14 -6.07
B3LYP ¢ 1.67 414 473 -5.03
B3PWOL?Y 164 416 477 —-5.08
MP2 © 130 375 536 542
MP4(SDTQ)“ 1.85 436 6.15 -5.14
QCISD(T)¢ 143 352 463 -5.06
MP4(SDTQ)¢ 171 420 578 -5.18
QCISD(T)® 137 358 470 -5.07

BP86° 305 7.04 819 —-4.62
f 3.050 £
expl. 0.400

“ All single point energy calculations were performed using 6-311++G(3df,3pd) basis set. ° HF/6-
311++G(3df,3pd) optimized geometries were used. © B3LYP/6-311++G(3df,3pd) optimized
geometries were used. ¢ B3PW91/6-311++G(3df,3pd) optimized geometries were used. ¢ MP2/6-

311++G(3df, 3pd) optimized geometries were used.” Ref. 23.

Based on the energies calculated at the BP86 level, cis-1,2-dichlorodiazene was 7.04 kcal mol™!
more stable than the corresponding frans-isomer, consistent with the electronic energy difference of
6.8 kcal mol ™' reported by Anders.** Furthermore, 1,2-dibromodiazenes (6) show the largest 8.19 kcal
mol ! cis-preference energy difference, implying that the cis—trans energy gap increased as the size of
the substituted halogen atoms increased. The 1,2-diazenes (7) showed good agreement with

109113 The calculated trans-

experiments in which the frams-isomer was the most stable one.
preference energy difference in 7 was 4.62 kcal mol ' which was close to the previously reported

energy difference of 4.9 kcal mol™' based on the high-level theoretical method.** These opposing

results among 1,2-dihalodiazenes (4-6) and 1,2-diazenes (7) clearly imply that their substituents play
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key roles in energetic conversion between their cis- and trans-isomers.

2.2.3.3. Natural Bond Orbital 2nd-Order Perturbation Analysis

In order to determine the dominant factors in their cis—trans energy differences, the NBO 2nd-order
perturbation analysis was performed at the BP86/6-311++G(3df,3pd)//B3LYP/6-311++G(3df,pd)
level (Table 2.2.3).

First, the delocalization of halogen lone pairs into the antibonding orbitals of the N=N bond (LP
effect) was found to be an important cis-stabilizing mechanism for 1,2-dihalodiazenes (4—6) (Figures
2.2.3 and 2.2.4), as explained above with the orbital phase theory, (the cyclic orbital interaction was
continuous only in the cis-isomers of 4-6; please see the Section 2.1.2.2). Moreover, the heavier
halogen atom provides the smaller orbital-orbital energy gaps for the nx;=>7n interactions (m-LP
effect) (Table 2.2.4), leading to the stronger -G-T;-T»- (-n-p-q-) type triangle orbital interactions and
the larger cis-stabilizing energies. However, the overlap of m halogen lone pair (nx;) and =«
antibonding orbital of N=N bond (tan ) decreased due to the longer N—X bond length as the halogen
atom got heavier (see the Fock matrix element F; in Table 2.2.4). This decrease in the orbital-orbital
overlap gave smaller energetic gain through the n-LP effect. Consequently, the energy differences of
n-LP effect were 3.44, 3.02, and 2.80 kcal mol ™' cis-preferable for 4, 5, and 6, respectively. On the
other hand, the IlXG—)GNN'* interaction (o-LP effect) only stabilized the cis-isomer in 1,2-
difluorodiazenes (4) by 3.14 kcal mol ™', but it worked as a stabilizer for the trans-isomers relative to
the cis-isomers in 1,2-dichlorodiazenes (5) and 1,2-dibromodiazenes (6) (their trans stabilizing effects
are 0.68 and 1.60 kcal mol ™" for 5 and 6, respectively). These results for the o-LP effect were clearly
at odds with orbital phase theory (please see the Section 2.1.2.2.), but this exception might be

ascribable to the difference in N—X bond lengths between the two isomers. The combination of longer
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N-X bond lengths and condensed halogen G-lone pairs led to smaller orbital-orbital overlaps in the
cis-isomers compared to those in the frans-isomers. In fact, the N-X bonds in the cis-isomers were
longer than those in their trans-forms, especially in the compounds with heavier halogen atoms.
Collectively, the total amount of o- and n-LP effects was cis-preference by 6.58, 2.34 and 1.20 kcal
mol ' for 4, 5 and 6, respectively (Table 2.2.3). Clearly, these LP effects play effective roles in the cis-
effect, especially for 1,2-difluorodiazenes (4). 1,2-Diazenes (7), possessing no halogen lone pairs,
could not gain any stabilizing energy via LP effects. This should be an important reason for trans-

preference in this molecule.

Table 2.2.3. NBO 2nd-order perturbation analysis calculations for 1,2-substituted or unsubstituted

diazenes, XN=NX (X=F, Cl, Br or H) (kcal mol )"

AP&SP effects” LP effect”
X . . . . Total
nN=ONx Onx~ ONY Sub}]otal Nxs—>ONN- Ny TINN- Subtotal?
cis 15.40 2.04 34.88 493 16.61 43.08
(;) trans 2.83 6.40 18.46 3.36 14.89 36.50
A° 16.42 6.58 23.00
cis 20.83 3.60 48.86 2.10 11.54 27.28
(él) trans 0.46 12.70 26.32 2.44 10.03 24.94
A° 22.54 2.34 24.88
cis 19.46 10.79 60.50 0.66 6.67 14.66
(B6r) trans 0.13 21.45 43.16 1.46 5.27 13.46
A° 17.34 1.20 18.54
cis 7.04 1.63 17.34 - - -
(17{) trans | 1.72 6.03 15.50 i i i
A° 1.84 - - - 1.84
“ BP86/6-311++G(3df,3pd)//B3LYP/6-311++G(3df,3pd). ” antiperiplanar and synperiplanar

interactions. ¢ the delocalization of halogen lone pairs into the antibonding orbitals of the N=N bond.
total value of AP&SP effects or LP effect. The values are doubled because two sets of same
interactions exist. A denote cis—trans energy difference in the total value of AP&SP effects or LP

effect.
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Figure 2.2.3. Definitions of the halogen lone pair (nx, and nx,) delocalization effects (o- or mn-LP
effect), the antiperiplanar interaction (AP effect), and the synperiplanar interaction (SP effect) within

the NBO framework for cis-XN=N’X" (X, X’=F, Cl or Br) or cis-YN=N’Y" (Y, Y’=F, CI, Br or H).

NE—>ONN' NN—ON'F' ONF—ONF'
o-LP effect n-LP effect AP effect SP effect

Figure 2.2.4. The fluorine lone pair (nps and ng;) delocalization effect (o- or m-LP effect), the
antiperiplanar interaction (AP effect), and the synperiplanar interaction (SP effect) as pre-NBO
interactions calculated at the BP86/6-311+G(3df)//B3LYP/6-311+G(3df) level for cis-1,2-
difluorodiazene. Orbital contours were calculated at the same level for two interacting orbitals in each

scheme.

Second, the most important hyperconjugation was found to be the ny—onx interaction in which
two orbitals were located at the advantageous antiperiplanar position only in the cis-1,2-
dihalodiazenes (AP effect: Figures 2.2.3 and 2.2.4), due to the larger orbital-orbital overlaps
compared to the corresponding synperiplanar interaction (SP effect) in the trans-isomers. Another
periplanar-type interaction oxx=>onx yielded smaller stabilizing energies in 4 and 5 than those of

nN—>GNva* interactions, to make their trans-forms more stable than the corresponding cis-isomers by
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8.72 and 18.2 kcal mol_l, respectively. As such, the combinations of ny and GNva* were the most
effective periplanar-type hyperconjugations in 4 and 5, because of the smallest energy gaps between
two interacting orbitals (Table 2.2.4). Here, an interesting trend was found in the ('SNX—)GN'X'*
interactions: the stabilizing energy through this hyperconjugation increased as the halogen atom
increased in size (Table 2.2.3). As clearly seen in Table 2.2.4, this trend mainly came from both the
greater orbital—orbital overlaps (Fock matrix element, Fj;) and the smaller energy differences between
two interacting orbitals (&-&) as the substituted halogen atom increases in size. It should be noted that
the difference in orbital energy level (&-&) in the GNBr—)GNvBr'* interaction was smaller than that in
ny—ongr in 1,2-dibromodiazenes (6) (Table 2.2.4), indicating that the energy level of bonding
orbitals ong; 1s higher than that of nitrogen lone pair nn. This “strange” calculated result might be the
theoretical evidence for the non-existence of 1,2-dibromodiazenes (6), because of the instability of N—
Br bonds. Thus, even though 1,2-dibromodiazenes (6) have no imaginary frequencies at any level of
calculation, 6 could be regarded as imaginary molecules. In 1,2-dichlorodiazenes (5), the orbital
energy level of ny was calculated to be slightly higher than that of onc (0.08 and 0.07 a.u. for cis- and
trans-isomers, respectively, Table 2.2.4), but their differences were far smaller than those for stable
1,2-difluorodiazenes (4) (0.33 and 0.30 a.u., respectively), implying that N—CI bonds are barely bound
and the stabilities of 1,2-dichlorodiazenes (5) are very delicate. This observation for 5 is consistent

) o . 100, 101
with Morokuma’s ab initio calculations™ .
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Table 2.2.4. Fock matrix elements (F;) and orbital-orbital energy differences (&-¢&) of AP, SP and LP
effects in 1,2-substituted or unsubstituted diazenes, XN=NX (X = F, CI, Br or H) via NBO 2nd

perturbation analysis (a.u.)"

£ cis trans
nN_)GN'X'* GNX_)GN'X'* NXc2ONN’ DXz TINN’ NN=0Nx  ONX=ONX' Nxc>ONN' Nxg > TINN'
4(F) 0.081 0.038 0.059 0.061 0.036 0.066 0.047 0.058
5D 0.089 0.041 0.038 0.043 0.014 0.075 0.040 0.040
6 (Br) 0.085 0.058 0.023 0.032 0.007 0.080 0.033 0.028
7(H)  0.063 0.034 b b 0.032 0.065 2 b
. cis trans
K nN—>GNva* GNX_*)GN'X' an_)GNN’* nXﬂ_*)TENN’ DN_)GN'X'* GNX_)GN'X'* nXG_ZGNN’ an_ZTENN’
4(F) 053 0.86 0.96 0.27 0.55 0.85 0.91 0.27
5(CH 046 0.54 0.93 0.19 0.48 0.55 0.93 0.19
6 (Br) 044 0.36 0.98 0.18 0.44 0.37 1.04 0.18
7(H)" 071 0.86 b b 0.74 0.87 b b

“BP86/6-311++G(3df,3pd)//B3LYP/6-311++G(3df,3pd). " no halogen atoms

Compared to the antiperiplanar-type interactions (AP effect), all of the corresponding synperiplanar
interactions (SP effect) were small due to their smaller orbital-orbital overlaps (Table 2.2.3 and 2.2.4),
and thus they could be classified as secondary periplanar hyperconjugation for the energetic difference
between cis- and trans-isomers. As such, the AP effect is more important than the SP effect and the
total amount of these periplanar interactions is greater in the cis-isomers for all the 1,2-dihalodiazenes
(4: 16.42; 5: 22.54; 6: 17.34 kcal mol *, respectively: Table 2.2.3). The combination of these strong
periplanar-type hyperconjugations in the 1,2-dihalodiazene systems obviously promote the triple
bond-like nature of the N=N bond and make the N'-X' bond easier to cleave. In other words, these
periplanar interactions could be considered as an “intra-molecular Sy2 type reaction” in which the

nitrogen lone pair is regarded as a nucleophile to attack the adjacent N'—X’ bond. As a result, strong
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periplanar interactions could promote the decomposition of 1,2-dihalodiazenes to yield N, and two
halogen radicals, %% just as an AIBN decomposes into nitrogen gas and two cyanoisopropyl radicals,
especially for the ones with larger halogen atoms. In fact, shorter N=N bond lengths and longer N—X
bond lengths in all of the cis-isomers of 4—6 could be seen as the structural expression of electronic
dominance of these periplanar interactions, especially AP effects, as the primary origin of the cis-
effect in 1,2-dihalodiazene systems (Table 2.2.1). Furthermore, the enhanced triple bond-like nature of
the N=N bond should ensure that the nitrogen atom is close to sp hybridization, resulting in wider
NNX angles as found in the geometries obtained for 4—6.

However, in the case of 1,2-diazenes (7), the cis-stabilizing energy difference of AP and SP effects
drastically decreased to only 1.84 kcal mol ™. This significant difference compared to that in the 1,2-
dihalodiazenes (4-6) could be ascribed to the higher ony orbital energy level than those of onx (X=F,
Cl or Br) due to the higher electronegativity of the halogen atoms. This difference yielded a larger
orbital-orbital energy gap (&-¢) for both periplanar-type ny—> ong and ong—>Onm hyperconjugations
which led to a smaller amount of stabilizing energy on 1,2-diazenes (7) compared to their halogenated
derivatives 4—6 (Tables 2.2.3 and 2.2.4). These small periplanar effects as well as the non-existence of
an LP effect in the simple 1,2-diazenes (7) were ascribable to the trans-preference energy gap between
the two isomers.

The additional natural population analysis (NPA) calculations showed apparent existence of N—X
dipoles in 4-7 (Table 2.2.5), which repel each other only in the cis-isomers to produce the cis-
destabilizing energies. Furthermore, the NPA results supported the dominance of periplanar-type
interactions, because all of the nitrogen atoms in the cis-isomers had more positive charges than those
in the corresponding trans-isomers for all 1,2-dihalodiazenes (4—6) and 1,2-diazenes (7) (Table 2.2.5).
This tendency implied that the nitrogen atoms in the cis-isomers were better electron donors than those

in the corresponding trans-isomers for 4-7 due to the dominant delocalization from the nitrogen lone
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pair to the antibonding orbital of N-X (X = F, Cl, Br or H). Interestingly, this trend was completely
opposed to the results for 1,2-dihaloethenes in which the LP effect was the major origin of the cis-
effect and the carbon atoms in the cis-isomers had more negative charges than those in the
corresponding frans-isomers (Section 2.1).'" '* Furthermore, as mentioned above, the cis—trans
difference in the structural parameters also showed opposite tendencies between the 1,2-
dihalodiazenes and the 1,2-dihaloethenes, reflecting the difference in their dominant hyperconjugation
mechanisms to determine their geometrical characteristics. Thus, although the 1,2-dihalodiazenes were
electronic isosteres to the 1,2-dihaloethenes, the electronic structure and geometrical natures of the
two isomers were found to be completely opposite. This reversion seems to be due to the strong
electron-donating effect of the nitrogen lone pairs compared to the ordinary covalent bonds (C—H or
C-X; X =F, Cl or Br) in 1,2-dihaloethenes. The longer N-X bond length compared to the C—X bond
could also contribute to the difference in the hyperconjugative systems, owing to the production of a
smaller LP effect in the 1,2-dihalodiazene systems compared with those in the 1,2-dihaloethenes. As a
result, 1,2-dihalodiazenes have a larger AP effect than LP effect, whereas 1,2-dihaloethenes show a
greater LP effect than AP effect, but both of these molecules have an apparent cis-effect through lone-
pair hyperconjugation mechanisms which work as counterparts against existing repulsive forces in the
cis-isomers. Moreover, these differences in the electronic structure of 1,2-dihalodiazenes and 1,2-
dihaloethenes might have a critical influence on their thermodynamic stability and existence under

normal conditions.
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Table 2.2.5. Natural Population Analysis of 1,2-substituted or unsubstituted diazenes, XN=NX (X=F,

Cl, Br or H)*

X  atom cis trans AP
4 N 0.20631 0.18856  0.01775
(F) F  -0.20631 —0.18856 —0.01775
5 N  -0.08340 -0.13522 0.05182
(ChH Cl 0.08340 0.13522 -0.05182
6 N  -0.07207 -0.12570 0.05363
(Br) Br  0.07207 0.12570 -0.05363
7 N  -0.27376 -0.29482 0.02106
(H) H 0.27376  0.29482 -0.02106
“ BP86/6-311++G(3df,3pd)//B3LYP/6-311++G(3df,3pd) level. » A denotes differences between cis-

and frans-isomers

In order to obtain the steric contribution to the 1,2-dihalodiazene systems, the natural steric

87 was applied on 4-7 (Table 2.2.6). The result showed some cis-destabilizing steric

analysis
exchange energies between the halogen lone pairs (1.94, 3.06 and 2.45 kcal mol™' for 4, 5 and 6,
respectively). The total amounts of intra-molecular steric repulsion energies were estimated to be 0.00,
—2.82, —0.15 kcal mol™' for 4, 5 and 6, respectively (positive number indicates cis-destabilizing
energy). Although they have some effects on the cis-trans energetic difference for 4-6, the amounts of
steric repulsion energies were far smaller and had only the secondary influences on their cis-trans
energies compared to those of hyperconjugations. Therefore, these results strongly supported the
energetic dominance of hyperconjugations on the 1,2-dihalodiazene systems 4-6. On the other hand,
the steric exchange energy of unsubstituted diazene 7 was cis-destabilizing by 2.27 kcal mol™' which

was comparable to the energetic amount of hyperconjugations (1.84 kcal mol', Table 2.2.3),

indicating the relatively small contributions of hyperconjugations in this system.
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Table 2.2.6. The total steric exchange energy of cis- and trams-1,2-substituted or unsubstituted

diazenes, XN=NX (X=F, Cl, Br or H) (kcal mol )"

Total steric steric exchange
exchange energy between
energy halogen lone pairs
4 cis 82.83 2.58
(F) trans 82.83 0.64
A’ 0.00 1.94
5 cis 79.37 3.48
(Cl) tralzs 82.19 0.42
A —2.82 3.06
6 cis 76.48 2.55
(Br) trans 76.63 0.10
A’ —0.15 2.45
7 cis 40.09 -
(H) trans 37.82 -
A’ 2.27 -

“calculated at the BP86/6-311++G(3df,3pd)//B3LYP/6-311++G(3df,3pd) level using the natural steric
analysis. ” A denote cis—trans energy difference (the positive number indicates larger steric repulsion

in the cis-isomer compared to the corresponding trans-form). “ no halogen atoms.

2.2.4. Summary of the Section

The cis—trans energy differences in 1,2-dihalodiazenes (halogen = F, Cl or Br) were investigated
using the ab initio and DFT calculations. It was found that not only 1,2-difluorodiazenes (4) and 1,2-
dichlorodiazenes (5), but also 1,2-dibromodiazenes (6) have the cis-preferable energy differences of
3.15, 7.04, and 8.19 kcal mol™', respectively, at the BP86/6-311++G(3df,3pd)/B3LYP/6-
311++G(3df,3pd) level calculations. According to subsequent NBO 2nd-perturbation analysis, the
combined cis-preference energies, namely the periplanar effects (AP&SP effects: 16.42, 22,54, and

17.34 kcal mol ™" for 4, 5 and 6, respectively) and the halogen lone pair effects (LP effect: 6.58, 2.34
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and 1.20 kcal mol™"), stabilizes the cis-isomers by 23.00, 24.88 and 18.54 kcal mol ™', respectively,
compared with their frans-counterparts. These large stabilizing energies for the cis-isomers should
override various repulsive destabilization energies, such as Pauli repulsion between the halogen lone
pairs and the electrostatic repulsive forces between the N-X (X = F, CI or Br) dipoles, to produce the
cis-effect in the 1,2-dihalodiazenes. The fact that the parent diazene (HN=NH) exists exclusively as
the trans-form may suggest that the AP effects (nn—owr ) alone could not cause cis-preference. In
addition, extraordinarily high energy levels of N-Br bonding orbitals in 1,2-dibromodiazenes (6) were
found to indicate their non-existence as a result of strong interactions, which decreased the bonding
character between nitrogen and bromine atoms, while the N-F bond in 1,2-difluorodiazenes (4) was
calculated to be stable and the N—CI bond in 1,2-dichlorodiazenes (5) was degradable. These
observations are in good agreement with previous experimental and theoretical results that 1,2-
difluorodiazenes were found to be stable under normal conditions, 1,2-dichlorodiazenes was barely
exist, and 1,2-dibromodiazenes have never been reported to date. These results and discussions could
provide an important insight on the factors determining the thermodynamically stable molecular
structures in these systems. Moreover, these findings, primarily derived from hyperconjugations, could

also provide the basic information to elucidate the electronic structure of various molecules.
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Chapter 3

Relationships of Molecular Structure and Biological
Activities on the C-terminal Modified Peptide
Derivatives for delta/mu Opioid Receptor Agonists and

Neurokinin-1 Receptor Antagonists
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3.1. Biological Evaluations of bifunctional C-terminal modified peptides for o/u

opioid receptor agonists and neurokinin-1 receptor antagonists

3.1.1. Background

The opioid receptors are membrane-bound G-protein coupled receptors (GPCRs) and classified
into at least three subtypes (u, 0 and x, and possibly others) with endogenous peptides as their ligands

such as endorphin, enkephalin and dynorphin.*® 2% 12!

It is well-known that an opiate, which is an
agonist for these opioid receptors, produces analgesia, generally by the reduction of central autonomic
and endocrine responses to a pain stimulus. The ¢ opiates have the strongest analgesic potency with
several disadvantages such as constipation, respiratory depression, dysphoria, opioid-induced

tolerance development and addiction.'** %

While selective ¢ opioid agonists showed several potential
clinical advantages over their 4 counterparts, since the analgesia mediated through the J receptors is
likely accompanied with fewer these adverse effects, although their potency is less than that of the u
receptor agonists. Therefore, understanding the binding property of selective J opiate has been
important, and selective ¢ opioid agonists with enhanced efficacy and no tolerance should be expected
as novel and potent candidate for next generation analgesic drugs.

Substance P is a preferable ligand for NK1 receptor and a major neurotransmitter of pain signals.

124 Moreover,

Interestingly, NK1 knockout mice did not show the rewarding properties for morphine.
the co-administration of opioid agonists and NK1 antagonists showed enhanced antinociceptive
potency in acute pain states and in prevention of opioid-induced tolerance in chronic preclinical
trials.'*>"'?’ These results suggested that contributions from pronociceptive signaling through the NK1
receptor can play a significant role in the outcome of analgesic actions of opioids acting at opioid

receptors.">"*? Such interactions of pro- and antinociceptive activity may have an anatomical basis as

the expression of the NK1 and opioid receptors as well as the neurotransmitters show a significant
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degree of overlap in the central nervous system.'”® '**'3° Thus, the opioid and NK1 receptors were
expected to exist in the same synaptic cleft and play important roles for pain signal transmission
(Figures 3.1.1 and 3.1.2). Therefore, bifunctional compounds possessing selective ¢ opioid agonists

together with the NK 1 antagonist activity could be a promising strategy to find potent analgesics."*® '’

Sensory
Receptor ] = Central Nerve
Periphery I gystem (CNS)
Dorsal Root
Ganglion (DRG) Thalamus
: Spinal
/ . cord
Pain signal Sensory |
axon |
I
Synaptic
cleft I
I
Figure 3.1.1. Nociceptive transmission pathway
l Pain signal

(A) (B)

Opioid
Receptor

8

N

0.5 m —— dendrite ————— NK1

Receptor

Pain signall
Figure 3.1.2. (A) The electron micrograph of spinal dorsal horn neurons which construct the synaptic
cleft and have an important role in the pain signal transmission. (B) Schematic view of the synaptic

cleft in relevance to the bifunctional concept of opioid agonist and NK 1 antagonist.
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In view of these discussions, novel chimeric molecules have been designed to possess two
structural moieties for both J-selective opioid agonist and NK1 antagonist pharmacophores. These
chimeric molecules should be easier to administer and have lower risk of drug-drug interactions than
co-administration of two different drugs, and are expected to have enhanced and concerted
antinociceptive potency without the development of analgesic tolerance. To date, some molecules are
already reported to have both &/u opioid agonist and substance P antagonist activities."”*'** However,
their activities are extensively biased for one of the receptors, and no molecule had sufficient and
balanced activities for both of opioid and NK1 receptors. In the molecular design, H-Tyr-D-Ala-Gly-
Phe sequence was chosen for the opioid agonist part which is a substituted “message” sequence of
enkephalins (H-Tyr-Gly-Gly-Phe), but with the second amino acid being D-Ala. This sequence has

high metabolic stability,'*'

and has been used in several potent opioids including the J selective
agonist DADLE and the superpotent 6/ dual agonist biphalin (Figure 3.1.3)."*""'** As for the NK1
receptor antagonist part, the moiety from the 3,5-(bistrifluoromethyl)benzyl ester of N-acylated

tryptophan was chosen (Figure 3.1.3).4" 14314

Modeling studies revealed that the two aromatic groups
of L-732,138 (Ac-Trp-O-3,5-BzI(CF3),;), which is one of the most thoroughly studied 3,5-
(bistrifluoromethyl)benzyl esters of N-acylated tryptophan, binds to His'” and His** of human NK1
receptors and bulky substituents seemed to be tolerated on the N-terminal acetyl moiety.*' In fact, its
derivative Cbz-Pro-Leu-Trp-O-3,5-BzI(CF3),, which has two more amino acids capped with a Cbz
group at the N-terminal, maintains good affinity for NK1 receptors.'** '*> Considering the reported
structure-activity relationship (SAR) studies, the Pro-Leu sequence seems to have a positive influence

on antagonistic activity at the NK1 receptor."** '*> According to these considerations, the Pro-Leu-

Trp-0O-3,5-BzI(CF3), was used as the NK1 receptor antagonist structural pharmacophore.
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1 2 3 4 5
DADLE H-Tyr-D-Ala-Gly-Phe-D-Leu

1 2 4 4 ' 2_ 1
Biphalin: H-Tyr-D-AIa-GIy%Phe-NH-NH-Phe-GIyS-D-AIa-Tyr-NH2

L-732,138: Ac-Trp-O-3',5'-BzI(CF3),

Cbz-Pro-Leu-Trp-0-3',5'-BzI(CF3)»

A%

NK1 pharmacophore

i 1 2 3 4 5 6_ 7

connecting two .\ 1y Aj3.Gly>Phe-Pro-Leu Trp-X

pharamacophores Y
Opioid pharmacophore

Y
X =0, NH or NMe; Y =H or CF3

NK1 pharmacophore

Overlapping two H-Tyrl-D-AI%—Gly?:PhéXxxE)-ProqLeuzTrpqO

pharamacophores Y
Opioid pharmacophore
Y
Xxx = Phe, D-Phe, Gly, Leu, Met, Met(O), Nle and N-Me-Nle

Y =Hor CF3

Figure 3.1.3. Design of bifunctional peptides possessing sequences for both &/p opioid agonist and

neurokinin-1 antagonist.

In this section, the synthesis and SAR studies were reported on the bifunctional peptide TY001
(H-Tyr-D-Ala-Gly-Phe-Pro-Leu-Trp-O-3,5-BzI(CF3),), in which two pharmacophores were simply
connected into one molecule with a single bond (Figure 3.1.3). The optimization was first focused on
its C-terminus, where the NK1 antagonist pharmacophore was incorporated, because of the interest on
the shift of biological behaviors in the presence or absence of highly lipophilic two trifluoromethyl
groups. The connecting position of two pharmacophores was another part to be optimized, because of

its important role as an “address” region for both of opioid agonist and NK1 antagonist activities.
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3.1.2. Results and Discussion
3.1.2.1. Synthesis of Peptide Derivatives Using Solution Phase Chemistry

The bifunctional peptides were synthesized using stepwise solution phase PyBOP/HOBt-
chemistry (Figure 3.1.4). The synthesis was started from the coupling reaction of Boc-Pro-Leu-OH
and tryptophan 3,5-(bistrifluoromethyl)benzyl ester hydrochloride followed by deprotection of the Boc
group using 4 M hydrogen chloride in 1,4-dioxane. '**'** After subsequent chain elongation, the 3,5-
(bistrifluoromethyl)benzyl ester of the tetra- or penta-peptide structure was obtained to be coupled
with Boc-Tyr-D-Ala-Gly-OH. The final crude peptides were obtained upon treatment of trifluoroacetic
acid to remove the protecting groups. Peptide intermediates were isolated by precipitation from cold
ether or petroleum ether, and the obtained final crude peptides were purified by RP-HPLC to give pure

(>98%) peptides.

H-Trp-O-3',5'-BzI-(CF3),
H-Pro-Leu-Trp-0-3',5'-Bzl-(CF3)»
H-Phe-Xxx-Pro-Leu-Trp-0-3',5'-Bzl-(CF3)2 ‘j
Boc-Tyr-D-AIa—GIy-Phe-Xxx-Pro-Leu-Trp-O-s',5'—Bz|-(CF3)2j °
H-Tyr-D-AIa—GIy-Phe-Xxx-Pro-Leu-Trp-O-S',5'-Bz|-(CF?,)24j =

Xxx = Phe, D-Phe, Gly, Leu, Met, Met(O), Nle, N-Me-Nile or a covalent bond
(a) (i) Boc-Pro-Leu-OH, PyBOP, HOBt, DMF, 2h.; (ii) 4 M HCI / 1,4-dioxane, 2h. (b) Stepwise
chain elongation using PyBOP/HOBt and 4M HCIl / 1,4-dioxane chemistry with Boc-Phe-OH and
Boc-Xxx-OH. (¢) (i) Boc-Tyr-D-Ala-Gly-OH, PyBOP, HOBt, DMF, 2h.; (ii)) 4 M HCI / 1,4-
dioxane, 2h. (d) TFA, 1h.

Figure 3.1.4. Synthesis of bifunctional peptides using solution phase chemistry.
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3.1.2.2. Synthesis of Peptide Derivatives Using Solid Phase Chemistry on 2-Chlorotrityl Resin.

A series of peptide derivatives also were obtained through a two-steps synthetic approach (Figure
3.1.5). The first step was the synthesis of Boc-Tyr(tBu)-D-Ala-Gly-Phe-Pro-Leu-Trp(Boc)-OH or
Boc-Tyr(tBu)-D-Ala-Gly-Phe-Met-Pro-Leu-Trp(Boc)-OH as shared intermediates using N-Fmoc
chemistry on a 2-chlorotrityl resin, which is a common support for batch SPPS of protected peptides
with a free C-terminal.'*® First, Fmoc-Trp(Boc)-OH was introduced on a resin in the presence of DIEA
in DCM. Resin-bound Fmoc-Trp(Boc) was treated with 20% piperidine/DMF to remove a N*-Fmoc
protecting group. Couplings of the following amino acids were carried out with standard in situ
activating reagents used in routine Fmoc SPPS with HCTU, in the presence of DIEA, to generate Cl-
HOBt esters. The resin-bound Boc-Tyr(tBu)-D-Ala-Gly-Phe-Pro-Leu-Trp(Boc) obtained was cleaved
off the resin with 1% TFA in DCM in 30 min. The protected peptide was obtained after evaporation
followed by precipitation with chilled petroleum ether. The resulting white solid was washed twice
with chilled petroleum ether, then dried under vacuum to give the protected peptide with good purity
(87 and 99% for Boc-Tyr(tBu)-D-Ala-Gly-Phe-Pro-Leu-Trp(Boc)-OH and Boc-Tyr(tBu)-D-Ala-Gly-
Phe-Met-Pro-Leu-Trp(Boc)-OH, respectively) and moderate yield (75 and 57%, respectively: based on

the substitution of the resin).
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Boc-Tyr(tBu)-D-Ala-Gly-Phe-Xxx-Pro-Leu-Trp(Boc)-O—@
Boc-Tyr(tBu)-D-Ala-Gly-Phe-Xxx-Pro-Leu-Trp(Boc)-OH
R

H-Tyr-D-AIa-GIy-Phe-Xxx-Pro-Leu-Trp-YAQ

Xxx = Met, Nle or a covalent bond
Y =0, NH, NMe; R =H, CF3

b gt gt gt

J'910p

(a) Fmoc-Trp(Boc)-OH, DIEA, DCM, 2h. (b) Stepwise chain elongation using HCTU / 20%
piperidine chemistry. (¢) 1% TFA in DCM, 30min. (d) benzyl bromide or 3,5-
bis(trifluoromethyl)benzyl bromide, Cs,CO;, DMF, 2h. (e) benzyl amine or 3,5-
bis(trifluoromethyl)benzyl amine or (3,5-Bis(trifluoromethyl)benzyl)methylamine, CI-HOBt, EDC,
DMF, 1h. (f) 82.5% v/v TFA, 5% water, 5% thioanisol, 2.5% 1,2-ethanedithiol, 5% phenol, 1h.

Figure 3.1.5. Synthesis of bifunctional peptides using solid phase chemistry on 2-chlorotrityl resin.

The second step was esterification or amidation of the protected intermediate followed by side-
chain deprotection in the solution phase. The esterification was performed employing cesium
carbonate to form the cesium salt of the protected peptide to react with benzyl bromide or 3,5-
bis(trifluoromethyl)benzyl bromide.'**'** The crude esters were obtained by one hour treatment with
the cleavage cocktail (82.5% v/v TFA, 5% water, 5% thioanisole, 2.5% 1,2-ethanedithiol and 5%
phenol) to quench the highly stabilized carbocations released from permanent protecting groups. Some
acid mediated hydrolysis of C-terminal benzyl ester occurred during the final cleavage, but the purities
of the final crude peptides were still moderate to good (67 ~ 84%). For the amidation, standard
EDC/CI-HOBt coupling chemistry with two equivalents of reactant amine was used. The crude amides
were obtained with 98% to quantitative yield and good purity (75 ~ 93%). The crude peptides were

purified by RP-HPLC (>99% purity).
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3.1.2.3. Characterization of Synthesized Peptide Derivatives

The final peptides were characterized and their purities were confirmed by analytical HPLC, 'H-
NMR, HRMS and TLC (Table 3.1.1 and Table 3.3.1; Table 3.3.1 is displayed at the end of this
chapter). '"H-NMR studies showed that cis/trans isomerization at the Pro residue was found in some of
the synthesized peptides. The ratio of two amide rotamers and their assignments are available in Table

3.3.1 at the end of this chapter.
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Table 3.1.1. Sequence and analytical data of bifunctional peptide ligands

D m/z . HPLC” TLC®
Sequence M+ H) log k' Ry

Obs. (ESI)  Calc. A B) (@O d) ()
TY001 H-Tyr-D-Ala-Gly-Phe-Pro-Leu-Trp-O-3,5-BzI(CF;), 1079.4466 1079.4495 19.03 7.36 0.13 0.71 0.77
TYO011 H-Tyr-D-Ala-Gly-Phe-Pro-Leu-Trp-O-Bzl 943.4719 9434764 1582 342 0.18 0.71 0.77
TY008 H-Tyr-D-Ala-Gly-Phe-Pro-Leu-Trp-NH-Bzl 942.4879 9424942 13.80 4.28 0.07 0.57 0.78
TY010 H-Tyr-D-Ala-Gly-Phe-Pro-Leu-Trp-NMe-Bzl 956.5035 956.5188 1497 497 0.11 0.58 0.81
TYO012 H-Tyr-D-Ala-Gly-Phe-Pro-Leu-Trp-NH-3,5-Bzl(CF3), 1078.4626 1078.4616 16.83 6.27 0.11 0.67 0.81
TYO013 H-Tyr-D-Ala-Gly-Phe-Pro-Leu-Trp-NMe-3,5-Bzl(CF3), 1092.4783 1092.4806 17.98 6.76 0.13 0.68 0.81
TY003 H-Tyr-D-Ala-Gly-Phe-Phe-Pro-Leu-Trp-O-3,5-BzI(CF3), 1226.5139 1226.5151 20.12 11.75 0.16 0.77 0.82
TY007 H-Tyr-D-Ala-Gly-Phe-D-Phe-Pro-Leu-Trp-O-3,5-BzI(CF3), 1226.5127 1226.5151 20.95 13.26 0.19 0.72 0.88
TY006 H-Tyr-D-Ala-Gly-Phe-Gly-Pro-Leu-Trp-O-3,5-BzI(CF;), 1136.4745 1136.4681 1846 10.16 0.04 045 0.72
TY004 H-Tyr-D-Ala-Gly-Phe-Leu-Pro-Leu-Trp-O-3,5-BzI(CF3), 1192.5286 1192.5307 19.51 1142 0.23 0.81 0.79
TY005 H-Tyr-D-Ala-Gly-Phe-Met-Pro-Leu-Trp-O-3,5-BzI(CF3), 12104810 1210.4871 19.21 11.14 0.14 0.73 0.79
TY023 H-Tyr-D-Ala-Gly-Phe-Met(O)-Pro-Leu-Trp-O-3,5-BzI(CF3), 1226.4786 1226.4820 1691 949 0.06 044 0.62
TY018 H-Tyr-D-Ala-Gly-Phe-Nle-Pro-Leu-Trp-O-3,5-BzI(CF3), 1192.5291 1192.5307 19.70 11.64 021 0.79 0.82
TY019 H-Tyr-D-Ala-Gly-Phe-N-Me-Nle-Pro-Leu-Trp-O-3,5-BzI(CF;), 1206.5489 1206.5464 19.94 11.94 0.20 0.79 0.85
TY027 H-Tyr-D-Ala-Gly-Phe-Met-Pro-Leu-Trp-NH-3,5-Bzl(CF3), 1209.3055 1209.5031 17.29 7.94 0.09 0.67 0.58
TYO025 H-Tyr-D-Ala-Gly-Phe-Met-Pro-Leu-Trp-NH-3,5-Bzl 1073.3096 1073.5283 14.14 4.19 0.14 0.67 0.55

“ High-resolution mass spectroscopy using electrospray ionization (ESI) method

retention time)/solvent retention time]. All the peptide derivatives showed > 98% purity. (A) 10-90% of acetonitrile containing 0.1% TFA
within 40 min and up to 95% within additional 5 min, 1 mL/min, (B) 30-70% of acetonitrile containing 0.1% TFA within 20 min and up to

95% within additional 5 min, 1 mL/min. “(I) CHCl;: MeOH : AcOH =90 : 10 : 3, (IT) EtOAc : n-BuOH : water : AcOH=5:3:1: 1, (Ill)

n-BuOH : water : AcOH=4:1:1.
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3.1.3. Structure Activity Relationships
3.1.3.1. The In Vitro Assay Systems

Three different biological-assay systems were used for evaluating the synthesized peptides: cell-
membrane-based radioligand binding assays (“binding assays”), cell-membrane-based GTPyS binding
assays (“GTPyS binding assays”) and tissue-based assays. The cell-membrane-based radioligand
binding assays characterized the binding affinity of the test compound at the corresponding receptor,
but the assays could not provide any information related to an agonism or an antagonism of the test
compound. The cell-membrane-based GTPyS binding assays were used to determine the stimulative
activity (ECso) and potency (Emax) of the test compound at the level of receptor-G-protein using the
GTP analogue guanosine—S’—O—(3—[3SS]thio)triphosphate ([3SS]GTPy). These GTPyS binding assay
systems could give the result only when the test compound was an agonist at the tested receptor. These
two assay systems were performed on homogenated cell-membrane which stably expressed the
corresponding receptors and provided the information about the molecular-level ligand-receptor
interaction of the test compound. In the tissue-based assays, mouse vas deferens (MVD) and guinea
pig isolated ileum (GPI) were used for testing both the agonist and antagonist activity of the
compound. Different from the cell-membrane-based assays, the potential of tested compound was
evaluated with the tissue-level response (muscular contraction of the tissue was used as the index), so
the MVD and GPI assays could be considered as the closer systems to in vivo compared to the cell-
membrane-based assays. It should be noted that the pharmacokinetical properties of the test compound,
such as enzymatic cleavability and membrane permeability, might have more influences in tissue-
based assays compared to the cell-membrane-based assays, since opioid and NK1 receptors exist in the
nerve plexus of used tissues. Collectively, the combination of cell-membrane-based radioligand

binding, GTPyS binding and tissue-based assays could provide their biological figures as an agonist
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from the molecular-level and tissue-level standpoints. As for the characterization of their antagonist
activities, both the radioligand binding and tissue-based assays should be required.

Therefore, for the estimation of opioid agonist activities, the opioid receptor binding affinities of
the synthesized bifunctional peptides were evaluated using human J-opioid receptors (hDOR) and rat
u-opioid receptors (tMOR) with the cells that stably express these receptors.”*® ' 1*8 PH]DPDPE and
[PHIDAMGO were used as their radioligands, respectively. Their agonist efficacies were determined
by GTPyS binding assays on the same transfected cells to the radioligand binding assays. '*® '#"- 1%
The tissue bioassays (MVD and GPI) also were performed to characterize agonist function of the
peptides at § and u opioid receptors. 2% 147148

As for the affinity at the rat and human NK1 (rNK1 and hNK1) receptors, receptor binding assays
also were used on the transfected Chinese hamster ovary (CHO) cells that stably express rNKI1 or
hNK 1 receptors, using ["H]substance P as the standard radioligand."**'** To estimate their antagonist
activities against substance P stimulation on the NK1 receptors, tissue bioassays using the GPI were
performed in the presence of naloxone to eliminate all the opioid-derived activities."*® '** All the

synthesized peptides were confirmed to have no or negligible agonist activities against substance P

stimulation at the tested concentration.

3.1.3.2. Structural Optimization at the C-terminus.

As shown in Table 3.1.2, the lead peptide TYO001 had good binding affinity for both the human
and rat NK1 receptors and exhibited functional antagonism against substance P stimulation in guinea
pig ileum (Table 3.1.4, Ke = 3.6 nM, GPI). Compared to [.-732,138, TY001, whose sequence was
longer than that of L-732,138, showed much less selectivity between the human and rat NK1 receptor
homologs (35-fold selectivity for the human NKI receptor vs. 200-fold selectivity in the case of
L732,138). Peptide TY001 also had moderate binding affinities at the DOR and MOR with 3.6-fold -
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opioid selectivity over u-receptor (K; = 50 and 180 nM, respectively). In the MVD, GPI and GTPyS
binding assays, the opioid agonist activities of TY001 were consistent with the binding assays (Tables
3.1.3 and 3.1.4). Interestingly, the removal of the two trifluoromethyl groups from TYO001 (TYO011, H-
Tyr-D-Ala-Gly-Phe-Pro-Leu-Trp-O-Bzl) resulted in increasing opioid affinities especially at the MOR
(K; =31 nM, DOR; 29 nM, MOR), suggesting the importance of trifluoromethyl groups for the opioid
affinities (Table 3.1.2). In the functional tissue assays, both the activities in the MVD and GPI assays
of TYO011 also were increased from those of TY001 (ICso = 40 nM, MVD; 74 nM, GPI). However, the
removal of trifluoromethyl groups at the C-terminal ester resulted in reduced antagonist activities for
the NK1 receptors, indicating much more critical role for the trifluoromethyl groups for the substance
P antagonist pharmacophore. In fact, TY011 showed the decreased affinities at the NK1 receptors
from those of TY001, and these results were consistent with the Ke value in the GPI assay (K; = 270

nM, rNK1; K; = 100 nM, hNK1; Ke = 150 nM, GPI).
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Table 3.1.2. Binding affinities of bifunctional peptides at &/ opioid receptors and NK1 receptors

D . hDORY, ) . rMORY, Ki(u) . hNK1, . INK1, Ki(rNK1)
[’HIDPDPE *HIDAMGO® /KA(J) [*H]Substance P* [*H]Substance P/ /K(hNK1)
LogICs¢®* K, (nM) LoglCs®* K, (nM) LogICs¢* K, (nM) LogICsy® K; (nM)
TY001  —-7.0+0.10 50 6.4 +0.20 180 36 -100+0.14 0.046  —8.3+0.06 1.6 35
TY01l -72+0.14 31 -72+0.17 29 0.94 -6.7+0.07 100 —6.1 £ 0.04 270 2.7
TY008  —7.7+0.09 10 -89+0.09 0.65 0.065 -7.5+0.03 14 30+£9.9 %" - -
TY010 -6.8+0.24 77 -7.0+033 46 0.60 —8.5+0.04 1.6  33+£76 %" - -
TY012  -6.8+0.08 72 —-7.7+0.21 9.5 0.13 -89+006 061 ~7.0 £ 0.06 33 54
TY013  —6.5+0.09 31 -7.8+0.13 6.8 022 -8.5+0.06 1.4 ~7.7+0.03 6.1 4.4
TY003 -7.5 +0.14 15 ~7.2+0.10 28 1.9 -104+0.03 0021 -8.5+0.07 0.88 42
TY007 —6.7 +0.13 93 -6.1+0.15 3830 4.1 -8.6+0.04 1.3 ~8.0+0.10 3.0 2.3
TY006 -7.1 £0.06 36 -7.2+0.15 27 0.75 -10.5+0.04 0.016 —-8.5+0.02 1.0 63
TY004 -8.0+0.07 5.0 -7.3+0.07 23 47 -105+0.04 0016 —-8.6+0.13 0.80 50
TY005 -82+0.06 28 ~7.1+0.11 36 13 -99+025 0082  -9.0+0.10 0.29 3.5
TY023 -79+0.04 438 ~7.9+0.07 55 1.1 —125+0.13 0.00015 -9.1+0.02 0.20 1300
TYO018  —8.4+0.15 1.8 ~7.7+0.05 9.7 54  -96+0.04 0.14 -8.7+0.19 0.60 43
TY019 —6.8+0.13 77 —-6.5+0.09 140 1.8 -8.8+0.03 0.82 -8.5+0.03 0.71 0.86
TY027 -88+ 0.07 0.66 —7.4 + 0.05 16 24 -109+0.10 0.0065 -7.6+ 0.05 73 1100
TY025 —9.1+ 0.09 044 -84+ 0.03 1.8 41 -84+042 320 -56+ 0.06 700 220
Biphalin’ 2.6 1.4 0.54
DADLE/ 1.3 16 12
L-732,138 -8.8+0.02 073 —6.4+0.12 130 180

“ Competition analyses were carried out using membrane preparations from transfected HN9.10 cells that constitutively expressed the ¢ and u
opioid receptors, respectively. ” Ky = 0.45 = 0.1 nM. “Kgq = 0.50 + 0.1 nM. ¢ Competition analyses were carried out using membrane
preparations from transfected CHO cells that constitutively expressed the human or rat NK1 receptors. ¢ K4 = 0.40 + 0.17 nM. 'Ky = 0.16 +
0.03 nM. € The ICsy + standard errors are expressed as logarithmic values determined from the non-linear regression analysis of data collected
from 2 independent experiments (4 independent experimental values per drug concentration). The K; values are calculated using the Cheng and

Prusoff equation to correct for the concentration of the radioligand used in the assay. ” Inhibition % at 1uM. ‘Ref.1507 Ref.151
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Table 3.1.3. Opioid agonist functional activities in [*>S]GTPyS binding assays

D — MR d Rt  EC4(/EC5(0)
LogECsg ECso (nM)” Emax (%) LogECs ECso (nM)®  Emax (%)
TY001 -7.5+0.28 35 16 £ 0.7 -6.8+0.24 140 26 + 2 4.0
TY011 -7.1+0.14 85 131 + 6 -74+0.21 36 66 + 4 0.42
TY008 —-7.8+0.28 17 56 £ 6 824044 0.71 100 + 16 0.067
TY010 —-6.8=+0.16 150 70 £ 4 -7.5+0.36 29 120 £ 16 0.19
TY012 -7.1+0.13 80 161 £+ 7 -72+0.26 57 61 £ 4 0.71
TY013 —69+0.21 120 137 £+ 7 -7.1+0.17 72 72 £ 3 0.60
TY003 —7.7+0.20 21 39+2 -72+0.18 59 36 +2 2.8
TY007 —7.8+0.36 17 23+£2 -6.5+0.38 350 24+3 2.0
TY006 —7.3+0.24 50 34+3 -7.4+0.20 42 36+3 0.84
TY004 —-8.1+0.18 9.6 43 +£2 -7.5+0.16 33 45+3 34
TY00S —-85+0.21 2.9 45+3 -7.5+0.09 32 42£2 11
TY023 —-8.7+0.20 1.8 52+3 -7.5£0.12 34 49+2 19
TY018 —84+0.11 4.0 130 £4 -7.6+0.06 28 120 £2 6.9
TY019 —6.4+0.27 360 290 £28 -6.8+0.08 150 114 +£3 0.42
TY027 -8.1+ 0.14 8.9 58 £2 -73+ 0.31 29 65 4 33
TY02S -8.6+ 0.13 2.6 290 £28 7.7+ 0.18 21 47 8.1
Biphalin -9.0+0.17 1.1 83 - - -
DADLE -8.8 + 0.14 1.6 79 £3 -7.8 £0.12 17 69 +2 11

“ [**S]GTP-y-S binding analyses were carried out using membrane preparations from transfected cells that constitutively expressed the
respective opioid receptor type. ® The log ECsy + standard error are logarithmic values determined from the non-linear regression analysis of
data collected from 2 independent experiments. “ The ECsq value is converted from the respective log ECs. “The Emax value is the saturable,
maximum level of [*>S]GTP-y-S binding in the cell membranes upon incubation with the peptide, expressed as [Net [*>S]JGTP-y-S bound /

basal [*° S]GTP-y-S bound] X 100 + standard error.
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Table 3.1.4. Functional assay result for bifunctional peptide ligands at opioid and Substance P receptors

ID Opioid agonist” Substance P antagonist”
MVD (), ICso (nM)’ _GPI (), ICsy(nM)’ IC5o(GPI)/ IC5o(MVD)  GPL Ke (nM)*
TY001 400 £ 23 520+ 40 1.3 36+1.1
TYO011 40+4.4 74 £ 25 1.9 150+ 17
TYO008 50+10 13+£3.3 0.26 26+3.9
TYO010 41 £8.6 9.0+0.5 0.22 59+ 18
TYO012 45+6.3 350+£91 7.8 8.5+2.1
TYO013 150 £ 26 52+94 0.35 69+1.1
TYO003 910 £ 190 7% at 1luM* > 1.0 14+49
TYO007 410 £110 9% at 1uM* > 24 70+ 7.1
TYO006 170 +£ 26 380 + 28 2.2 54+14
TY004 100 + 25 340+ 71 34 19+5.0
TYO005 22+1.2 360 £130 16 25+8.8
TYO023 33+£7.0 150 £51 4.7 7.8+4.0
TYO018 17+2.4 370 £ 65 22 7.9+19
TYO019 190 £21 12% at 1uM © >53 46+1.2
TYO027 15+2.0 490 + 29 33 10+2.1
TYO025 4.8 +£0.35 61+9.6 13 99+28
Biphalin 27+1.5 8.8+0.3 3.2 -
DADLE’ 0.27 +£0.06 24 +£5.3 90 -
L-732,138 - - - 250 + 87

“Calculated from four isolated tissues (n = 4). ° Concentration at 50% inhibition of muscle concentration at electrically stimulated isolated
tissues. “ Contraction of isolated tissue relative to initial muscle contraction with KCI at antagonist concentration tested. ¢ Inhibitory activity
against the Substance P induced muscle contraction in the presence of 1 uM naloxone, Ke: concentration of antagonist needed to inhibit

Substance P to its half activity. The Ke values were obtained from full concentration-effect curve for Substance P in the absence and

presence of the test compounds in the presence of 1 uM naloxone to block opioid effects on the tissue. “ Ref.151
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In contrast to the large decreased activities of the C-terminal benzyl ester derivative without
trifluoromethyl groups (TYO011) for the substance P antagonist activity, the Ke value of its benzyl
amide derivative (TYO008, H-Tyr-D-Ala-Gly-Phe-Pro-Leu-Trp-NH-Bzl) was 26 nM, which was 6 and
10 times more active than those of TY011 and L-732,138, respectively (Table 3.1.4). Since TY008
had only low affinity for the rNK1 receptor (30% inhibition at 1.0 uM), the species difference between
the guinea pig and the rat should be enhanced from that of TY011 (more than 40-fold). As expected
from the result of GPI assay, TY008 showed a good affinity at hNK1 (K; = 14 nM). Surprisingly, the
opioid activities of TY008 showed large increases from those of both TY001 and TYO011, especially at
the MOR (Table 3.1.2). Its affinity at the DOR was 10 nM and subnanomolar-level affinity was found
at the MOR (K; = 0.65 nM), which were consistent with the results in the GTPyS bindings (ECso = 17
nM, DOR; 0.71 nM, MOR) and the tissue assays (ICso = 50 nM, MVD; 13 nM, GPI) (Tables 3.1.3 and
3.1.4). These results indicated that TY008 was expected to work as a potent bifunctional peptide with
u-preferable opioid agonist and substance P antagonist activities in humans, but not in rats. However, a
simple N-methylation in the C-terminal amide of TY008 (TY010, H-Tyr-D-Ala-Gly-Phe-Pro-Leu-
Trp-NMe-Bzl) decreased affinities at both the ¢ and x opioid receptors (K; = 77 nM, DOR; 46 nM,
MOR) from those of TY008 and this biological trend was maintained in the GTPyS binding assays.
Contrary to the membrane-based assays, TY010 showed good potencies in the tissue-based MVD and
GPI assays (ICso = 41 nM, MVD; 9.0 nM, GPI) (Table 3.1.4). The functional activity of TY010 as a
substance P antagonist was more than two times lower than TY008 (Ke = 59 nM, GPI), though its K;
value at hNK1 was improved (1.6 nM). These biological results of the compounds with C-terminal
modification (TYO008, 010 and 011) proved that the C-terminus may regulate opioid activities and
selectivities, although it is structurally apart from the opioid pharmacophore, and trifluoromethyl
groups played a critical role for it.

Although whose opioid selectivity was u-selective, the introduction of amide at the C-terminus

improved the bioactivities in the benzyl amide derivative TY008. Thus, the 3,5-bis(trifluoromethyl)-
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benzyl amide derivative (TY012, H-Tyr-D-Ala-Gly-Phe-Pro-Leu-Trp-NH-3,5-BzI(CF3);) was next
prepared. It also showed a u-selective binding affinities with nanomolar-level affinity at the MOR and
a moderate affinity at the DOR (K; = 72 nM, DOR; 9.5 nM, MOR) (Table 3.1.1). However, in the
tissue assays, ICsy value in MVD assay (45 nM) was better than that in the GPI assay (350 nM).
Therefore, TY012 could strongly bind at the MOR, but its functional activity to regulate a u opioid
signal in the tissue was apparently decreased. As for its substance P antagonist activity, ligand TY012
had decreased affinities at both the hNK1 and rNKI1 receptors from those of the C-terminal ester
TY001 (K; =0.61 and 33 nM, respectively) (Table 3.1.2). In the GPI assay, the substitution of a benzyl
ester to amide with trifluoromethyl groups showed less influence on substance P antagonist activity
compared to the results of TY008 and TY011 (Ke = 3.6 nM for TY001, 8.5 nM for TY012) (Table
3.1.4). Finally, the N-methylation in the C-terminal amide of TY012 (TYO013, H-Tyr-D-Ala-Gly-Phe-
Pro-Leu-Trp-NMe-3,5-BzI(CF3),) was also tested. Relatively small difference (less than 2.5-fold) were
found in the binding affinities at rMOR, hDOR and hNK1 receptors from those of TY012. For opioids,
TYO013 showed moderate binding at the DOR and good affinity for the MOR (K; = 31 nM, DOR; 6.8
nM, MOR), and this trend was maintained in the ICsy values in MVD and GPI assays (150 and 52 nM,
respectively), although its functional activities were relatively low in the GTPyS binding (ECso = 120
nM, DOR; 72 nM, MOR). The binding affinity of TY013 at the hNK1 receptor was two times less
than that of TY012 (K; = 1.4 nM), but its Ke value in the GPI assay with substance P stimulation was
6.9 nM, which was almost equipotent to TY012 (Tables 3.1.2 and 3.1.4).

As a consequence of the modification on TY001 (H-Tyr-D-Ala-Gly-Phe-Pro-Leu-Trp-O-3,5-
BzI(CF3),) at its C-terminus, where the NK1 antagonist pharmacophore was incorporated, not only
NKI1 antagonist activity but also opioid activity and selectivity were shifted. The opioid agonist
activities of TY008 (H-Tyr-D-Ala-Gly-Phe-Pro-Leu-Trp-NH-Bzl), which had benzyl amide moiety
with no trifluoromethyl groups, was improved from those of TYO001, but its opioid selectivity was

changed into u-preference. The affinity of TYO008 for hNK1 receptor was decreased from that of
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TYO001 and it showed almost no affinity at the rNK1 receptor. TY012 (H-Tyr-D-Ala-Gly-Phe-Pro-
Leu-Trp-NH-3,5-BzI(CF3),) was also found as a potent bifunctional peptide derivative with opioid
agonist and substance P antagonist activities whose opioid selectivity was still d-selective in the tissue

assays.

3.1.3.3. Structural Optimization at the Connecting Position of Two Pharmacophores.

Next position to be optimized was the connecting position between two pharmacophores in
TYO001, since this position was considered as the “address” region which could be fine-tuned for both
of the opioid agonist and NKI1 antagonist activities as well as their selectivities. Based on the
“overlapping pharmacophore” concept, one amino acid residue was inserted in between the two
pharmacophores (Figure 3.1.3). First, two newly designed peptides, H-Tyr-D-Ala-Gly-Phe-Phe-Pro-
Leu-Trp-0O-3,5-BzI(CF3), (TYO003) and H-Tyr-D-Ala-Gly-Phe-D-Phe-Pro-Leu-Trp-O-3,5-BzI(CF;),
(TY007), in which both on opioid agonist structure (H-Tyr-D-Ala-Gly-Phe) and on NK1 antagonist
moiety (Pro-Leu-Trp-O-3,5-BzI(CF;), were fused into one molecule with Phe or D-Phe as an
“address” residue for both the pharmacophores. Interestingly, the binding affinities of TY003 at both
o/u opioid receptors were in the 10 nM range with 1.9-fold J-opioid selectivity (K; =15 nM, J opioid;
28 nM, u opioid) (Table 3.1.2). Peptide TY003 also showed potent and slightly J-selective opioid
agonist efficacies in the GTPyS binding assays with the ECs values of 21 and 59 nM at the DOR and
MOR, respectively (Table 3.1.3). The binding affinity of TY003 at hNK1 and rNK1 was improved
from those of TY001 (Table 3.1.2, 0.021 and 0.88 nM, respectively). Moreover, the GPI assay
demonstrated that TY003 acted as an effective antagonist against substance P stimulation (Ke = 14
nM) (Table 3.1.4). It should be noted that TY003 had excellent affinity at rat NK1 receptors as well as
good functional activity using guinea pig ileum tissue, which means that TY003 had substance P

antagonist activities in animal models for both of the species. Moreover, the affinity and bioactivity of
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TYO003 were greatly improved over those of L-732,138 whose ICsy value for the hNK1 and rNK1 was
0.73 and 130 nM in radioligand binding assays, respectively, and whose Ke value in the GPI tissue
was 250 nM. Even though the peptide TY003 was not very ¢ opioid selective, these results clearly
demonstrated the success of the rationale of the overlapping-pharmacophore concept. However, the
peptide possessing a D-amino acid in position 5 (TY007) was found to have drastically lower affinities
than TY003 (K; = 93 nM, DOR; 380 nM, MOR; 1.3 nM, hNK1; 3.0 nM, rNK1), which suggested that
the amino acid residue in position 5 was critical for the binding affinities, and the L-form was
preferred over the D-form. It is reasonable to expect the position 5 of these peptides to play an
important role not only at NK1 receptors, but also at J/u opioid receptors, since it can act as an
“address” element for the NK 1 antagonist pharmacophore as well as an “address” region for the opioid
receptor.'*" 14> 192 Considering these results, the synthetic effort was focused on optimizing the
position 5 of TY003 to find a bifunctional compound possessing potent NK1 antagonist activity and
effective d/u opioid agonist activities together with better J-selectivity. First, Gly which is the simplest
amino acid was introduced at position 5 of TY003 (H-Tyr-D-Ala-Gly-Phe-Gly-Pro-Leu-Trp-O-3,5-
BzI(CF3),; TY006). Although the binding assays (Table 3.1.2) of TY006 showed lower affinity for 0
opioid receptors (K; = 36 nM) than did TY003, the affinities at both ¢ opioid and NK1 receptors were
maintained (K; = 27, MOR; 0.016 nM, hNK1; 1.0 nM, rNK1). The opioid agonist activities of ligand
TY006 in the MVD and GPI assays were much higher than expected from the binding assay results
but were not greatly improved from the results of TY003 (ICs0=170 and 380 nM, respectively). The
antagonist activity of TY006 against substance P stimulation in the GPI tissue assay also was higher
than that of TY003 (ICso = 5.4 nM). These improvements in tissue assays might indicate that the
aromatic side chain at position 5 led to low activity or to metabolical instability, and thus Leu and Met
were chosen for the next substituents (H-Tyr-D-Ala-Gly-Phe-Leu-Pro-Leu-Trp-O-3,5-BzI(CF3),;
TY004 and H-Tyr-D-Ala-Gly-Phe-Met-Pro-Leu-Trp-O-3,5-BzI(CF3),; TY005). In these modifications,

the 1-5 residues of two peptides (H-Tyr'-D-Ala>-Gly’-Phe*-Leu’ of TY004 and H-Tyr'-D-Ala’-Gly’-
pep y y y
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Phe*-Met’ of TY005) were similar to the endogenous opioid peptides Leu-enkephalin (H-Tyr-Gly-
Gly-Phe-Leu-OH) and Met-enkephalin (H-Tyr-Gly-Gly-Phe-Met-OH), both of which have potent
opioid activities as well as d-opioid receptor selectivity. As can be seen in Table 3.1.2, binding affinity
at DOR of TY004 was improved from that of TY006 (K;= 5.0 nM) and its K; value at MOR was 23
nM with 4.7-fold J receptor selectivity over u opioid. The agonist activities of ligand TY004 in the
GTPyS binding assays showed a similar tendency, with ECsy values of 9.6 and 33 nM, respectively
(3.4-fold o selectivity). This J selectivity was maintained in the MVD and GPI assays (3.4-fold). The
affinities at the NK1 receptors of TY004 were retained relative to TY006 (K;= 0.016 and 0.80 nM for
hNK1 and rNK1, respectively) with slightly decreased antagonist activity in the GPI assay (ICso= 19
nM). In the case of peptide TY005, there was a large increase in ¢ opioid activity (K;= 2.8 nM), and
13-fold o selectivity was seen over MOR in the binding assays. The agonist activities for both DOR
and MOR in GTPyS binding assays were consistent with the results of the binding assays (ECso= 2.9
and 32 nM, respectively). Moreover, ligand TY005 showed excellent functional opioid agonist activity
in the MVD assay (ICsp= 22 nM) with better selectivity over that of the GPI assay (16-fold). Although
the substance P antagonist activity of TY005 in the GPI assay was less than that of TY006, it still
retained good activity (Ke = 25 nM) with effective affinities for the NK1 receptors (K;= 0.082 and
0.29 nM for hNK1 and rNKI1, respectively). Moreover, the Ke value of TY00S in the GPI assay
against substance P stimulation was almost equivalent to its ICsy value in the MVD assay against
opioid stimulation. Therefore, the peptide TY00S could be considered as a highly active, highly
balanced and ¢ selective bifunctional compound for the d/u opioid and NK1 receptors. Next, further
modifications were made in position 5 on TY005. Improved activities and J selectivity were sought.
The oxidized form of ligand TY005 at Met’, H-Tyr-D-Ala-Gly-Phe-Met(O)-Pro-Leu-Trp-O-3,5-
BzI(CF3;), (TY023), was synthesized and tested since it has been reported that methionine oxidation

153, 154

enhances opioid activities as well as ¢ selectivity for enkephalin analogues. In fact, this

modification led to better binding affinity at the MOR than that of TY00S (K;= 5.5 nM), but a
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decreased K; value at DOR which led to almost equivalent affinities at both ¢ and  opioid receptors (d
selectivity: 1.1-fold). As for the ECsg values in the GTPyS binding assays, ligand TY023 unexpectedly
showed the highest agonist activity at ¢ opioid receptors with the best 0 selectivity (19-fold). However,
this good o selectivity was decreased to 4.7-fold in the tissue-based MVD and GPI assays (ICso= 33
and 150 nM, respectively). The affinity of ligand TY023 at the hNK1 and rNKI receptors increased
from that of TY005 (K;= 0.00015 and 0.20 nM, respectively), and its substance P antagonist activity
in the GPI assay was also improved (Ke = 7.8 nM). Nle, which is a general bioisostere of Met, also
was introduced at position 5 of the sequence (H-Tyr-D-Ala-Gly-Phe-Nle-Pro-Leu-Trp-O-3,5-
BzI(CF3),; TY018). In the receptor binding assays, ligand TY018 showed the best affinity for DOR
(K;= 1.8 nM) and its K; value at MOR was less than 10 nM (9.8 nM; 5.4-fold ¢ selectivity). In the
GTPyS binding assays, the J selectivity of TY018 was moderate (6.9-fold) just as in the receptor
binding assays. However, the J selectivity showed a distinct increase in tissue assays (22-fold), in
which ICsy value in the MVD assay was better than that of TY005 (17 nM). The hNK1 and rNK1
affinities of TY018 were decreased, while its substance P antagonist activity was increased from that
of TY005 (Ke = 7.9 nM). Finally, the N-methylation of Nle’ of TY018 (H-Tyr-D-Ala-Gly-Phe-N-Me-
Nle-Pro-Leu-Trp-O-3,5-BzI(CF3),; TY019) was tested, since a d selective and potent enkephalin
analogue has been reported with N-methylation at position 5."°°"" However, although this
modification led to the best substance P antagonist activity in the functional assay (Ke = 4.6 nM),
ligand TY019 showed a significant decrease of binding affinities at both DOR and MOR as well as
agonist activities in the GTPyS binding assays, with low ¢ selectivity (1.8 and 0.4-fold, respectively).
These results show that the introduction of N-methyl amino acid at position 5 decreases the activities
not only at opioid receptors but also at NK1 receptors.

Consequently, TY005 was chosen as the best compound because of its good ¢ selectivity in all in
vitro and tissue assays as well as the high affinity and activity at the ¢ opioid receptor among the

optimized bifunctional peptides at the fifth residue. Although the antagonist activity of TY005 against
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substance P stimulation in the GPI assay was moderate among the peptides tested, this activity should
be enough since it was 12-fold more potent than L-732,138, whose biological activities in vivo were

. . . . . 125. 1 1
reported in several models with different species of animals.'>> '>% 1%

3.1.3.4. In Vivo Biological Activity of TY005

As discussed above, TY005 was considered as the highly active, well-balanced and o0 selective
bifunctional compound for the é/u opioid and NK1 receptors. Thus, the anti-nociceptive efficacy of
this compound was evaluated to confirm the proof-of-concept via intrathecal administration in male
Sprague Dawley rats (Figure 3.1.5). This assay gave encouraging results. Peptide TY005 showed a
distinct anti-nociceptive effect with excellent dose-dependency (Figure 3.1.5). Moreover, throughout

the in vivo studies, TY005 showed no sign of toxicity at any concentration tested.
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— vehicle (n=6)
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*p<0.05

Paw Withdrawal Latency + SEM (sec)

Figure 3.1.6. Antinociceptive effect of bifunctional peptide TY00S (H-Tyr-D-Ala-Gly-Phe-Met-Pro-
Leu-Trp-O-3,5-BzI(CF3);) in male Sprague Dawley rats. Naive animals were given bifunctional
peptide, TY00S5, intrathecally and subsequently tested for response to noxious thermal heat via infrared
stimulation. Fifteen minutes after the introduction of TYO00S5, the peak effect (shown here) was
observed. Compared to vehicle, the bifunctional peptide significantly increased the paw withdrawal

threshold in response to thermal stimulation, indicating an antinociceptive effect (p<0.05).

3.1.3.5. Structural Optimization at Both of the C-terminus and the Connecting Position of Two

Pharmacophores.

Finally, all the obtained SAR information were combined and further optimization was performed
on the C-terminus of TY005 which has a Met’ as the key amino acid residue for the J-opioid
selectivity and had potent analgesic activities in vivo. The C-terminus of TY00S was modified based
on the SAR on TYO001 to give two novel derivatives (Tyr-D-Ala-Gly-Phe-Met-Pro-Leu-Trp-NH-3,5-

BzI(CF3),; TY027 and Tyr-D-Ala-Gly-Phe-Met-Pro-Leu-Trp-NH-Bzl; TY025) (Table 3.1.1).
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Compared to the subnanomolar-level affinities of the C-terminal ester derivative (TY005) at the
rNK1 receptor, the C-terminal amide derivative (TY027) was 25 times less potent, but still showed
binding affinities in the nanomolecular range (K; = 7.3 nM) (Table 3.1.2). The binding affinity at the
rNK1 of TY025, which had no trifluoromethyl group in the C-terminal benzyl moiety, was decreased
to a K; = 700 nM. However, in the functional assay using the GPI to examine their antagonist activities,
the Ke value for TY025 (10 nM) was similar to that for TY027 (9.9 nM) and better than that for
TYO005 (25 nM) (Table 3.1.7). Several factors, such as membrane permeability and metabolic stability
might be responsible for this inconsistency, but one good explanation should be provided by the
known species difference between rat and guinea pig NK1 receptors.'® It is well known that the
human NK1 receptor has higher homology to the guinea pig NKI1 receptor than to the rat or mouse
NK1, and some NK1 antagonists have a large species difference.'® In fact, TY025 showed a 220
times better K; value at the hNK1 receptor (3.2 nM) compared to the value at the rNK1 receptor.
Surprisingly, TY027, which is the C-terminal benzyl amide with two trifluoromethyl groups, showed
the largest difference between the affinities at the rNK1 and at the hNK1 (1100-fold), and the K; value
for the hNK1 receptor was 6.5 pM suggesting that this analogue would be very potent in humans.
Therefore, substitution of the C-terminal ester of TY005 for an amide gave rise to increased species
difference at the human and rat NK1 receptors.

For the ¢ and u opioid agonist activities, TY027 showed 24-fold J selectivity, as expected from
the existence of Met’,*® with four-fold higher affinity at the DOR (K; = 0.66 nM) and two times
higher affinity at the MOR (K; = 16 nM) than TY005 (Table 3.1.2). It is interesting again that a small
modification at the C-terminus, which is far from the opioid agonist pharmacophore, can influence the
opioid activities so much. The elimination of two trifluoromethyl groups led to further increased
affinity at both the DOR (K; = 0.44 nM) and the MOR (K; = 1.8 nM) with 4.1-fold oJ-selectivity. The
binding affinity results correlated well with the in vitro GTPyS binding assays, and the functional

assays using GPI and MVD tissues (Tables 3.1.3 and 3.1.4).
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Here, TY027 showed potent activity in the MVD assay with the best J selectivity (ICso = 15 nM
in MVD and 490 nM in GPI). The ICsy value of TY025 in the GPI assay (ICso = 61 nM) was a large
increase from those of TY005 and TY027, with the best ICsy value in the MVD assay among all the
synthesized bifunctional peptides (4.8 nM). Therefore, TY025 was found to be a bifunctional peptide
possessing potent agonist activities for opioid receptors and moderate 0 opioid selectivity together
with a nanomolar level hNK1 antagonist activity. On the other hand, TY027 was characterized as a
very efficient hNK1 antagonist with potent and 0 selective opioid agonist activities, which also has
nanomolar level affinity at the rNK1 receptor. Thus, TY027 can be considered as another promising
candidate for an analgesic drug. Though both TY027 and TY025 have different biological profiles,

they are expected to be potent analgesics for pain control in humans.

3.1.4. Summary of the Section

A series of bifunctional peptides with opioid agonist and NK1 antagonist bioactivities were
designed with the concept of connecting or overlapping two pharmacophores. TY001 (H-Tyr-D-Ala-
Gly-Phe-Pro-Leu-Trp-0O-3,5-BzI(CF3),) was synthesized as the lead peptide possessing the opioid
agonist pharmacophore in the N-terminus and NK1 antagonist pharmacophore in the C-terminal half.
The extensive structure-activity relationship (SAR) studies were performed on TYO001 to find a potent
bifunctional peptide with high J-opioid selectivity as a novel candidate of analgesic drug for several
pain states. The first-phase optimization was performed on the C-terminus of TY001 to show that the
C-terminus acted as not only a critical pharmacophore for the NK1 antagonist activities, but as an
address region for the opioid agonist pharmacophore which is structurally distant from the C-terminus.
The second-phase optimization was done on the fifth residue which was inserted in between the two
pharmacophores and serves as an address moiety for both receptor recognitions. The substitution of

fifth residue had critical effects on both of activities at opioid receptors and NK1 receptors. Among the
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optimized peptides on the position, TYO005 (H-Tyr-D-Ala-Gly-Phe-Met-Pro-Leu-Trp-O-3,5-
BzI(CF3),) had excellent agonist activity for both ¢ opioid and u opioid receptors with good J opioid
selectivity, and excellent antagonist activity for NK1 receptors. Moreover, TY005 showed efficient
and dose-dependent anti-nociceptive potency in vivo to confirm the proof-of-concept of the
bifunctionalization. The final-phase structural tuning was focused on the C-terminus of TYO00S to
yield two novel peptides TY027 (Tyr'-D-Ala’-Gly’-Phe*-Met’-Pro®-Leu’-Trp®-NH-3,5-BzI(CF3),) and
TY025 (Tyr'-D-Ala’-Gly’-Phe*-Met’-Pro®-Leu’-Trp®-NH-Bzl). The bioactivities of TY025 and
TY027 were evaluated and they both were found to be potent bifuctional peptides. It should be noted
again that the structural modifications were limited only in their NK1 pharmacophores, but the
bioactivities were shifted both for opioid and NK1. Interestingly, the biological activities of TY025
showed different trends from those of TY005 and TY027, with more potent d/u opioid agonist
activities as well as lower NKI1 antagonist activities, in direct relation to the removal of two
trifluoromethyl groups in the C-terminus. The important result is that not only was the NK1 antagonist
activities changed (the pharmacophore located at the C-terminus where the structure was modified),
but also the opioid agonist activities (the pharmacophore was at the N-terminal half which was
structurally preserved for all three derivatives) were shifted due to the local removal of trifluoromethyl
groups, suggesting the large influence of these groups on both the bioactivities. In the light of these
structure-activity relationship studies, the following NMR structural studies were performed on the
highly bioactive peptide derivatives, TY005, TY027 and TY025 as reported in the next section, to
figure out the factors determining their three-dimensional molecular structure which might be related

to their observed biological activities.
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3.2. The Small and Local Modification in the C-terminus of Bifunctional Peptide

Led to Large Structural Change That Are Relevant to the Shift of Bioactivities

3.2.1. Background

The importance of peptide conformation (or three-dimensional molecular structure) has become
increasingly appreciated recently, as their biological importance has been widely recognized.'®'™'®> As
for the conformation of small and linear peptides, such as the endogenous opioid peptide enkephalin'®
and its analogues,*”>° have been thought to form “random” conformations in aqueous solution due to
their high flexibility.'®” However, in the presence of trifluoroethanol (TFE) or membrane-mimicking
surroundings, they could have structured conformations, since their secondary structural elements can
be stabilized by the environmental effects.* " ' 1% Therefore, the circumstances surrounding such a
peptide should be important especially for their conformational definitions.'”

Many G-protein coupled receptors (GPCRs), which are the typical membrane-bound proteins, have
their ligand binding sites in or near the lipophilic trans-membrane (TM) domains.***! Since the
docking event of such a receptor and a ligand must take place near the membrane, ligand-membrane

42,43

interactions should be important, and this research topic has been explored for decades. In fact, it

45-47,171

has been pointed out that the membrane promotes ligand-receptor docking, and that the ligand

adoption into membrane followed by membrane-catalyzed two-dimensional search should be more

efficient than the three-dimensional ligand-receptor binding through solvent space (Figure 3.2.1).* #

Hence, understanding ligand-membrane interactions and membrane-bound structures of ligands is

indispensable for further insight into their diverse biological behaviors.**°
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Figure 3.2.1. The interactive model of peptide ligand and membrane-bound protein.

The opioid and NKI1 receptors are both GPCRs which have significant importance in pain signal
transmission, and their ligand binding sites are found in or near the TM domains.***' As reported in the
previous section, the bifunctional peptide derivatives, which act as opioid agonists and NKI1
antagonists, have been developed. The extensive discussions were made on their structure-activity
relationships (SAR) which were based on their primary sequences (Section 3.1). However, their three-
dimensional molecular structures in membrane and compound-membrane interactions should also be
important for further understanding the biological activities of ligands both in vitro and in vivo. In the
previous section, Tyr'-D-Ala*-Gly’-Phe*-Met*-Pro®-Leu’-Trp®-0-3,5-BzI(CF3), (TY005), which has a
Met’ as the key amino acid residue for the d-opioid selectivity and showed potent analgesic activities in

136. 149. 172 \yas modified into two derivatives (Figure 3.2.2). The ester moiety of TY005 was

vivo,
changed into amide connection to yield TY027 (Tyr'-D-Ala*-Gly’-Phe*-Met’-Pro°-Leu’-Trp®-NH-3,5-
BzI(CF3),) which had improved affinities for DOR, MOR and hNK1 receptors with decreased affinity
at tNK1 receptor. The ¢ opioid selectivity of TY027 (24-fold over x opioid) also was improved
compared to that of TY005 (13-fold). While, the removal of two trifluoromethyl groups in TY027
(TY025; Tyr'-D-Ala*-Gly’-Phe*-Met’-Pro°-Leu’-Trp®-NH-Bzl) gave rise to the significantly increased

agonist activities for MOR, resulting in decreased ¢ selectivity to 4.1-fold compared to TY027. The

affinities of TY025 at NK1 receptors were lower than those of TY005 and TY027.
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Figure 3.2.2. Sequence of the bifunctional ligands synthesized and examined

In fact, the main intension for these structural modifications was to seek for induced conformational
changes in the presence of lipid media, and to examine the influences of such changes on manipulating
bioactivities. Therefore, the NMR conformation of TY005, TY027 and TY025 was determined in
aqueous solution with membrane-mimicking perdeuterated dodecylphosphocholine (DPC) micelles.
Fluorescence experiments as well as additional NMR studies using paramagnetic agents also were
performed to determine the difference in membrane-compound interactions.

In this section, the new findings, that small and local structural modifications which were made only
at the C-terminus of peptide sequence induced large conformational changes in membrane-mimicking

DPC micelles,”" >* 17 was reported in the direct relevance to their observed biological activity shifts.

3.2.2. Results and Discussion.
3.2.2.1. Secondary Structure Analysis Based on Assigned "H NMR.

NMR experiments were performed to obtain structural information in DPC micelles with previously
reported procedure.”’>* Two-dimensional NMR studies including TOCSY, DQF-COSY and NOESY
were performed on all three bifunctional peptide derivatives in pH 4.5 buffer (45 mM CD;CO,Na/HCI,

1 mM NaNs, 90% H,0/10% D,0O) with 40-fold perdeuterated DPC micelles. At concentrations above
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the critical micelle point, DPC forms micelles with an aggregate number of 50 to 90, corresponding to
one or two peptide molecules per micelle.'”” All '"H chemical shift assignments of TY005, TY027 and
TY025 can be found in Table 3.3.2 at the end of this section.

The NOESY data showed the reasonably good quality as seen in Figure 3.2.3 (Side-chain region and
HN-H" region of the NOESY spectrum were also found in Figure 3.3.1 at the end of this section). A
total of 136, 155 and 184 non-redundant NOE restraints were used for TY005, TY027 and TYO025,
respectively, based on the NOESY cross-peak volumes including sequential (50, 63 and 72,
respectively), medium-range (2-4 residues; 31, 36, and 46, respectively) and long-range (1, 0 and 3,
respectively) restraints. The distribution of these restraints along the peptide chain is shown in Figure
3.2.4D. Only one dihedral angle restraint was used: the Leu ¢ angle in TY025. The total numbers of
restraints were 136, 155 and 185, respectively (15.1, 17.2 and 20.4 per residue). The large numbers of
NOE:s per residue for small and linear peptides suggest that the peptide derivatives exist in well-defined

conformations in the DPC micelles.
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Figure 3.2.3. Fingerprint (HN-H%) region of the NOESY spectrum of (A) TYO00S, (B) TY027 and (C)
TY025 in DPC micelles. Intraresidue H'-H” NOE cross-peaks are labeled with residue number, and
arrows indicate the connectivity path from N-terminal to C-terminal. X9 represents the cross-peaks

derived from the corresponding C-terminal H" and benzyl protons.

The interresidual NOE connectivities and the 3JHN_H[1 coupling constants of all of the peptide
derivatives are illustrated in Figure 3.2.4. The C-terminal benzyl moiety of TY027 and TYO025 are
represented as residue 9. The *Jin.nqe coupling constants for all residues in all three peptide derivatives
were within the range of 6-8 Hz except for Leu’ in TY025. This is most likely due to conformational
averaging of the peptides in solution.'”® The observed NOE patterns, including dan(i, i + 1), dan(i, i +
1) and some medium-range (i, i + 2 or 3) connectivities, suggest the possibility of A-turn structures' "’
around residues 1-4 in all three peptide derivatives as well as around residues 5-8 in TY027. A few
longer-range dy~(i, i + 3) and dyn(i, i + 4) connectivities found in TY02S indicate the existence of a

helical structure'” in this molecule, consistent with its H* CSI pattern (Figure 3.2.4C).
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Figure 3.2.4. Diagram of H"-H* coupling constants, NOE connectivities, and H* chemical shift index
(CSI) for (A) TY005, (B) TY027 and (C) TY025. The H* CSI  was calculated using the random-coil

180, 181

values reported by Andersen et al. Reference . The residual interresidue NOE distance restraints

of TY005 (left), TY027 (middle) and TY025 (right) (D). Each column shows the sequential (i, i + 1;
open), medium-range (i, i + 2-4; hatched) and long-range restraints (i, i + >4; filled), respectively. The

residue Bzl or 9 stands for the respective C-terminal moieties.
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3.2.2.2. Structural Calculations.

The 20 structures with the lowest total energies after rMD refinement were used to represent the
structure of the peptide derivatives in DPC micelles. Since the experimental NOEs and 3JHN_H(, were the
averaged values in the NMR experiment time course, the obtained low-energy structures did not
correspond to a single conformation under these experimental conditions. However, the ensemble of an
appropriate number of obtained structures provides sufficient structural figures based on the “averaged”
or “dynamic” view of the conformations. Thus, statistics for the 20 best structures were performed as
shown in Table 3.2.1. The average restraint violation energies were low (2.48, 2.95 and 1.13 kcal mol™
for TY005, TYO027 and TY025 respectively), with average maximum NOE distance violations of 0.17,
0.11 and 0.11 A with no dihedral angle violations. The 19 structures were aligned with the most stable
structure using all backbone atoms (Figure 3.2.5a), only the backbone atoms of residues 1-4 (Figure
3.2.5b) or 5-8 (Figure 3.2.5¢c). The backbone rmsd’s of the 19 structures with respect to the most stable
structure were 1.80, 1.14 and 0.19 A for TY005, TY027 and TY025, respectively, for all residues. The
rmsd values are significantly decreased if alignment is carried out only on the backbone atoms of
residues 5-8 (TYO005: 0.75; TY027: 0.45; TYO025: 0.04), indicating that the C-terminal half is much
better defined by the NMR restraints than the N-terminal half (residues 1-4). This may be due to greater
flexibility in the N-terminal portion. The decrease in rmsd going from a flexible ester (TY005) to a
more rigid amide (TY027) linkage at the C-terminus was expected, but the much larger decrease

resulting from removal of two trifluoromethyl groups of TY027 (TY025) was surprising.
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Figure 3.2.5. Ensembles of the best 20 calculated structures in 40-fold DPC micelle / pH 4.5 buffer for

(A) TYO005, (B) TY027 and (C) TY025 with the lowest restraint energy, aligned on backbone atoms of
residues (a) 1-8 ,(b) 1-4 and (c¢) 5-8, from N-terminal (up in the left image) to C-terminal (down). Only
backbone atoms with the C-terminal benzyl moiety were illustrated in (a), (b) and (c) for easier

comparison, and the most stable conformers (d) are shown with all non-hydrogen atoms.

In Met-Enkephalin (Tyr'-Gly>-Gly’-Phe*-Met’-OH) and Leu-Enkephalin (Tyr'-Gly*-Gly’-Phe’-
Leu’-OH), which form the basis for the design of the N-terminal portion of peptide sequence of TY005,
TY027 and TYO025, a f-turn structure was often found between Tyr' and Phe’ by several methods
including X-ray crystallography and NMR spectroscopy in the environments which mimic the

. 182, 183
membrane bilayer. "~

In the cases of peptide derivatives TY005 and TY027, a distance of less than
7 A between the C, of D-Ala’ and the C, of Met’ was observed in 15 of the best 20 structures for

TY005, and in all 20 structures for TY027, whereas the A-turn between Tyr' and Phe* was found only 5
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and 3 structures in the best 20 structures of TY005 and TY027, respectively (Table 3.2.2)."** This
result implied the existence of an alternative f-turn in the residues 2 to 5 for both TY005 and TY027,
and all of them were classified as Type IV (“distorted”) f-turn by their backbone dihedral angles. A
second f-turn structure was found from Pro® to the C-terminal benzyl moiety (residue 9) in which the
distance between the Co(Pro®) and the benzylic carbon (CH,) of the C-terminus was less than 7 A in 17
and 19 of the best 20 structures for TY005 and TY027, respectively (Table 3.2.2). For peptide
derivative TY027, 6 of 19 turns found in TY027 were classified as Type I f-turns, and a hydrogen
bond between the H" of residue 9 and the carbonyl oxygen atom in Pro® was observed in 9 of the 19
(Table 3.2.3), The C-terminal ester (TY005) showed only distorted f-turns in this region, with no
hydrogen bonds, consistent with the larger backbone rmsd observed for C-terminal half (0.75 A vs 0.45
A for TY027). These implied that the secondary structure elements were consistent with the observed

NOE connectivities (Figure 3.2.4).
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Table 3.2.1. Structural statistics

Compound TY005 TY027 TY025
final 20 most stable final 20 most stable final 20 most stable
structures structure structures structure structures structure

rmsd from NOE dist restraints (A)” 0.025 + 0.004 0.028 0.027 + 0.004 0.016 0.016 £ 0.001 0.016
rmsd from backbone ¢ angle restraints (deg)” - - - - 0.0£0.0 0.0
NOE dist restraints violations

>0.01 A 13.9+2.5 11 14.6+1.5 14 142 +1.1 15

>0.1 A 25+14 3 39+1.2 3 1.0£0.0 1

max dist violations (A) 0.17 £0.04 0.22 0.16 £0.02 0.13 0.11+0.00 0.12
dihedral backbone angle violations

>0.1° - - - - 0+0 0

-1 c c K K 0+0 0

max dihdral violations (deg) - - - - 0+0 0
rms deviation from ideal geometry”

bond length (A)° 0.0061 +0.0004 0.0063 0.0052 +0.0002 0.0052 0.0035 + 0.00004 0.0035

bond valence angles (deg)’ 2.14+£0.11 2.16 1.78 £0.05 1.72 1.25 +£0.003 1.25

out-of-plane angles (deg)® 3.57+0.63 3.25 2.73 £0.40 2.90 1.54 £0.09 1.45
AMBER energies (kcal mol™) 9.08

restraint” 248 £0.67 2.78 2.95+0.58 241 1.13+0.07 1.20

bond stretching 2.07£0.22 2.20 1.42 +£0.08 1.40 1.68 £0.02 1.70

bond angles 19.28 £ 1.84 19.49 12.8+0.8 11.89 14.28 £0.22 14.00

dihedral angles 12.24+1.9 9.54 9.57+1.61 7.99 14.52 £0.38 14.53

planarity 1.63+1.11 1.15 0.74 £0.33 0.61 0.19+£0.03 0.17

van der Waals' -11.65+3.1 —-12.61 -12.23+14 —-13.80 -17.4+£0.75 —-18.41

electrostatic’ -9.6 £0.91 -9.93 -11.5+0.68 -11.84 -9.59 £ 0.41 -9.82

Total 13.25+2.12 9.08 —0.01 £2.25 —4.44 3.14+0.78 1.61
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Table 3.2.1. Structural statistics (continued)

atomic rmsd (A): final 19 structures v.s. most stable structure

TY005 TY027 TY025
backbone all non- backbone all non- backbone all non-
atoms hydrogen atoms hydrogen atoms hydrogen
(N, C%, C) atoms (N, C%, C) atoms (N, C% C) atoms
Calculated on whole molecule 1.80+£047 2.72+092 1.14+043 2.09+0.64 0.19+£020 0.84+0.28
Calculated only on 1-4 res. 1.11£054 249+1.12 1.05+0.63 216098 0.14+0.30 0.32+0.66
Calculated only on 5-8 res. and C-terminus 0.75+£026 1.82+090 045+0.38 1.02+0.25 0.04+0.01 0.76+0.42

“ The total number of NOE restraints were 136 for TY005, 155 for TY027 and 184 for TY025, respectively. ” Two backbone ¢ angle restraints

were applied only on 3. © no restraints used. Y Derived from the rMD calculations using the AMBER force field in DISCOVER. ¢ The number of

bond length were 160 for TYO005, 161 for TY027 and 155 for TY025, respectively. / The number of bond valence angles were 285 for TY00S, 287

for TY027 and 275 for TY025, respectively.  The number of out-of-plane angles were 36 for TY005, 36 for TY027 and 37 for TY025,

respectively. * Calculated with force constants of 25 kcal mol” A and 100 kcal mol™ rad? for the NOE distance and dihedral angle restraints,

respectively. ' Calculated with the Lennard-Jones potential using the AMBER force field and a 12 A cutoff. / Calculated with a distance-dependent

dielectric constant (e = 4r).
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Table 3.2.2. Number of structures with less than 7 A distance between alpha carbons of i th and (i + 3)

th residues.”

Residues  Tyr'-Phe' DAla>Met’  Gly’-Pro® Met>-Trp®  Pro®-Bzl’

TY00S 5 15 0 0 17
TY027 3 20 0 0 19
TY025" 0 2 20 20 18

“ Out of the best 20 calculated structures. Bzl stands for the cross-peaks derived from the
corresponding aromatic protons of benzyl moiety (residue 9). ® Helical structure was found, in which

no f-turn structures should not be defined according to the original definition. Ref. 184.

Table 3.2.3. Observed hydrogen bonds”

Molecule No.”  Donor Acceptor Distance (A)° Angle (deg)”

TY005 14 Leu’ HY Met’ O 1.91+ 0.07 141.1 £ 6.0
Bzl HY  Pro® O 2.16+ 0.11 1585+ 1.9
TY027 7 Gly HY  Tyr' O 2.05+ 0.11 137.8+ 8.1
Trp® HY  Met® O 2.04+ 0.02 1323+ 1.1
TYO025 No hydrogen bond observed

“ The hydrogen bonds which were observed in more than five structures were listed. ° The number of
structures of the final 20 for which the listed hydrogen bond is observed. © The distance is the mean
proton-oxygen distance (+ SD) in the structures for which a hydrogen bond is observed. ¢ The angle is
the mean N-H- - -O angle (+ SD) in the structures for which a hydrogen bond is observed. © Amide

proton of C-terminal benzyl moiety.

Comparing the tandem f-turn structures of TY005 and TY027, the peptide with no trifluoromethyl
groups in the C-terminus (TYO025) showed significantly different structural properties. First, the
backbone of TY025 had a well-defined helical structure, consistent with the NOE connectivities and

CSI values (Figure 3.2.5). It is noteworthy that not only the C-terminal half of TYO02S5, but also its N-
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terminus was found to be quite structured (Table 3.2.1). Thus, removal of two trifluoromethyl groups
from the C-terminus led to a drastical conformational change for the whole molecules from tandem /-
turn structures to a helical structure (Figure 3.2.5).

This well-defined structure of TY025 was also confirmed by the Ramachandran plot and angular
order parameters (Figure 3.2.6)."" In the Ramachandran plot of TY025, only seven clear spots,
corresponding to the respective residues 2-8, were found. Among them, only Gly® has positive ¢ angles
in all of its 20 best structures. On the other hand, the corresponding Ramachandran plots for TY005
and TY027 showed more scattered views together with the positive ¢ angles for Gly’ (10 structures in
TY005 and 3 structures in TY027), Phe* (3 structures in TY005), Met® (13 structures in TY005 and 20
structures in TY027) and Leu’ (1 structures in TY005 and 6 structures in TY027) in the seven L-amino
acids and some of D-Ala” (3 structures in TY005 and 3 structures in TY027) have negative ¢ angles. It
is interesting that Met® of TY005 and TY027, located between two S-turns, had frequent positive ¢
angles. As for the angular order parameters, both the parameters for ¢ and y angles in TY025 were
close to 1 in all the residues, whereas TY005 and TY027 had smaller values in some residues,
implying a better-defined structure for TYO025 than for TY00S and TYO027, especially in the N-

terminus where no structural modification was made.
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Figure 3.2.6. The D-Ala” (crosses), Gly® (open circle) and Met® with positive ¢ angles (circled) were
indicated in the Ramachandran ¢,y plots for (A) TY00S, (B) TY027 and (C) TY025 for residues 2-7 of
20 final structures. Angular order parameters for ¢ (D) and y (E) angles calculated from the 20 final
structures for TY005 (open circles), TY027 (filled squares) and TY025 (crosses). For calculating the w
angles of Trp®, Non-carbonyl oxygen atoms of the C-terminal ester (TY005) and nitrogen atoms of C-

terminal amide (TY027 and TY025) were used instead of N (i + 3), respectively.

Based on the NMR structural analysis, it is clear that the limited modifications at the C-terminal
moiety gave rise to several changes in the conformations of the peptide derivatives TY005, TY027 and
TYO025 in the presence of membrane-like DPC micelles. The change of ester (TYO005) into amide
(TY027) resulted in a better-defined conformation especially in the C-terminal portion of the peptide,

and a more rigid S-turn structural element with intramolecular hydrogen bonds was found for residues
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6-9 of TY027. The removal of the trifluoromethyl groups from the C-terminus of TY027 (TY025)
induced much larger changes in the three-dimensional structures which changed from a tandem f-turn
(TYO005 and TY027) to a structured helical conformation, implying a large influence of trifluoromethyl
groups on the conformations of the entire molecules in the lipid environment. Since the structural
modifications were limited only to the C-terminus, it is not clear how simple electrostatic or steric
changes of these modifications affects the conformations of the entire molecule. Because the molar
ratios of TY005, TY27 and TY025 were low compared to DPC, they presumably form complexes with
lipid molecules and thus induce perturbations in the interaction between the compound and micelles
due to their unique C-terminus. It might be suggested that the highly lipophilic and electronegative
trifluoromethyl groups induced such a perturbation, if these trifluoromethyl groups interact with the
core of micelles which mostly consists of lipophilic and electrostatically neutral hydrocarbon chains.
The ester-to-amide substitution, in which the oxygen atom (hydrogen-bond acceptor) was replaced to
the nitrogen with a proton to be a hydrogen-bond donor, also can introduce some changes in the
interactive mode between these compounds and membrane-like micelles. Therefore, the interaction of
compound with DPC micelles might be compound-specific which is consistent with the different three-
dimensional molecular structures of each compound. In order to confirm these implications, further
NMR experiments using paramagnetic agents as well as fluorescence experiments were performed to

estimate such differences in the membrane-compound interactions.

3.2.2.3. Fluorescence Study

It is well known that the intrinsic fluorescence spectrum of the indole ring in tryptophan shifts to
shorter wavelength (“blue shifted”) as the polarity of the solvent surrounding the tryptophan residue
decreases, and this blue shift is a good index to monitor the lipophilicity of the environment close to the

tryptophan.'® '®” The fluorescence of Trp® in TY005, TY27 and TY025 was measured in the presence
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and absence of DPC micelles, in order to examine the interaction between the peptides and membrane-
like micelles. The fluorescence spectra in DPC micelles were compared to the spectra in the EtOH-
buffer solution (EtOH : pH 7.4 HEPES buffer = 1 : 1), which was chosen as the standard since the
solubilities of the peptide derivatives TY00S, TY27 and TY025 in aqueous media were too low to run
the experiment (Table 3.2.4)."®® The emission spectra were obtained by excitation at 290 nm to avoid
excitement of the tyrosine residue.

Obvious blue shifts of fluorescence spectra from the standard solution were observed in all three
peptide derivatives (6 nm, TYO00S; 10 nm, TY027; 10 nm, TYO02S, respectively, Figure 3.2.7),
implying that the indole ring in Trp® at the C-terminal of all peptides was buried inside the micelles,
and that the peptides have strong interactions with the lipophilic core of the micelles, at least in the C-
terminus.

Because poorly water-soluble peptides TY005, TY27 and TY025 were easily dissolved at
millimolar concentration in the presence of micelles, strong interactions between the peptide
derivatives TY005, TY27 and TYO025 and micelles were also suggested (Table 3.2.4). Among
compounds TY005, TY27 and TY025, TY005 showed a smaller blue-shift than TY027 and TY025,
suggesting that the surroundings near the indole ring of Trp® in C-terminal ester (TY005) were less
lipophilic than was the case for the C-terminal amides (TY027 and TY025), both of which had better-
defined structures in DPC micelles than TY005 (Table 3.2.1). Therfore, the lipophilicity near Trp® was
mostly influenced by ester-amide substitution rather than the removal of trifluoromethyl groups, and
the lipophilic environment at the C-terminus might have some responsibility for the structured

conformations of the peptide derivatives.
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Figure 3.2.7. Fluorescence spectra of (A) TY005 (B) TY027 (C) TYO025: the spectra were recorded
at 500 pg/mL at 290 nm excitation in 40-fold DPC micelle / pH 7.4 HEPES buffer (solid line) or

EtOH : pH 7.4 HEPES buffer = 1 : 1 solution (broken line).

Table 3.2.4. Solubility and lipophilicity of peptide derivatives

N Tipophilicit
“ POPTEY Solubility"
logD74"  AlogP” (ng/ml)
TY00S  >40 5.74 <02
TY027  >40 5.45 <02
TY025 3.6 3.97 1.1

“ Logarithm of octanol/saline distribution coefficient in 0.05 M HEPES buffer in 0.1 M NaCl solution. ®
Calculated with ALOGPS 2.1 software. See references '**'*°. ¢ solubility in 0.05 M HEPES buffer in

0.1 M NacCl solution.

3.2.2.4. Paramagnetic Broadening Studies on "H NMR.

To obtain further information about the interaction between peptide derivatives TY005, TY27 and
TY025 and DPC micelles, a nitroxyl spin-label, 5-doxylstearic acid (5-DOXYL), and Mn*" ions
(MnCl,) were used to induce selective broadening of NMR resonances close to the paramagnetic

49,191
probes.”

The cross-peaks of protons exposed to an aqueous exterior are broadened or disappear due
to the paramagnetic effect of Mn®", while cross-peaks of protons located inside the micelles and close

to the phosphate groups of DPC are broadened by the free radical on the doxyl group, which is bound
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to carbon 5 of the stearic acid.”' The paramagnetic effects of these agents on the peptide resonances
were studied by comparing TOCSY spectra in the presence and absence of the paramagnetic agents,
and all peaks were classified into three categories according to their sensitivities to the paramagnetic
agents: missed by 5-DOXYL only (in the micelle, but not deeply buried); missed by both Mn*" and 5-
DOXYL (the proton is at or near the surface of micelles ) and preserved by either agent (deeply buried
in the micelle) (Figure 3.2.8). In fact, none of the 'H resonances were missed by Mn®" only, indicating
a strong association with the micelle for all three derivatives.

For all three peptide derivatives TY005, TY27, and TY025, nearly all of the HY related cross-peaks
were categorized as sensitive to both Mn>" and 5-DOXYL, implying that the peptide backbones are
located at or near the surface of micelles. On the other hand, most of the side-chain resonances were
missed only by 5-DOXYL or were non-sensitive to either agent. Thus, generally, the backbones of
TY005, TY27, and TYO025 lie close to the surface with their side-chains buried in the micelles.
However, there is one notable exception to this general observation: the H" resonances of Met’ in
TY005, TY27, and TY025 were affected only by 5-DOXYL, implying that the protons are not exposed
to the surface of the micelles. Moreover, the side-chain cross-peaks of Met’ in only TY005 were
missed by either paramagnetic agent, indicating that Met’ side-chain of TY005 was exposed to the
surface of micelle, whereas those of TY027 and TY025 were sensitive only to 5-DOXYL, indicating a

different orientation in the side-chain of Met’.
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phase not missed by the phase-specific radical probe (Mn>" or DOXYL). X9 represents the cross-peaks
derived from the corresponding aromatic protons of benzyl moiety. The resonances with asterisk (*)

are DPC or 5-DOXYL derived ones. Spectra were compared from the same noise level.
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The sensitivity of side-chain protons to broadening by 5-DOXYL provides insight into their
portioning in depth in the micelles. The cross-peaks of two different aromatic protons (para and ortho)
in the C-terminal benzyl moiety were eliminated in TY005 and TY027 by 5-DOXYL, but the
resonance of TY025 were preserved in spite of the hydrophobic trifluoromethyl group in TY005 and
TY027. On the other hand, the cross-peaks of the aromatic protons of Trp® were unaffected in TY005,
but were sensitive to 5-DOXYL for TY027 and TYO025. Therefore, the C-terminal benzyl moiety
(TY005 and TY027) and Trp® (TY027 and TY025) appear to be located close to the phosphate moiety
of DPC micelles, but the Trp® of TY005 and the C-terminus of TY025 were rather deeply buried into
the micelles.

The important implication from these paramagnetic experiments was that all the compounds TY005,
TY27 and TYO025 showed different orientations at each C-terminus in DPC micelles. Thus, both of the
modifications, the ester-to-amide substitution and the removal of trifluoromethyl groups, was shown to
change the interaction between compound and membrane-like micelles, as suggested from the NMR

conformations of TY005, TY027 and TY025.

3.2.2.5. The Relationships of Molecular Conformation in DPC Micelles and Biological Activities.

Finally, in order to evaluate the biological influences of three-dimensional molecular structures in the
presence of membrane-mimicking micelles and compound-micelles interactions, the relevance of the
bioactivities of peptide derivatives to the obtained conformations was examined.

One important change due to the substitution of C-terminal ester in TY005 for an amide (TY027)
gave rise to increased species difference at the human and rat NK1 receptors (Table 3.1.2). This
substitution changed hydrogen-bonding interactions and planarity of the C-terminus which might
induce a conformational change in the lipidic surroundings as found in the NMR conformations (Figure

3.2.5). The summation of these changes could explain the activity shifts at the NK1 receptors. As found
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in the comparison of TY027 and TY025, the existence of two trifluoromethyl groups at the C-terminus
plays an important role in the affinities for both rNK1 and hNK1 receptors (Table 3.1.2). Since the 3,5-
dimethyl-substituted analogue of L-732,138 (L-708,568) was reported to have 16-fold reduced affinity
for the human NK1 receptor as compared to L-732,138,*' one good explanation of the influence by
trifluoromethyl introduction was that the electronegative phenyl ring at the C-terminus might be
preferred by NK1 receptors.'*® Another possibility is that the induced conformational changes to a
well-defined helical structure due to the trifluoromethyl groups interfered with the binding of the
compound at the NK1 receptor.

For the 0 and u opioid agonist activities, TY027 showed 24-fold ¢ selectivity, as expected from the
existence of Met’,*® with four-fold higher affinity at the hDOR and two times higher affinity at the
rMOR than TYO00S. It is interesting that the modification was made only in the C-terminus, which is
far from the opioid agonist pharmacophore, but large shift in the opioid activities were observed (Table
3.1.2).

It should be noted again that TY027, which had the better-defined conformation in DPC micelles
than TY005, showed increased opioid activities, although the primary sequences for opioid agonist
pharmacophore were exactly the same for both of TY005 and TY027 (Figure 3.2.2). Moreover, the
elimination of two trifluoromethyl groups (TY027 to TY025) led to further increased affinity at both
the DOR and the MOR with 4.1-fold J-selectivity, although this compound also had the same sequence
for opioid pharmacophore at the N-terminus. As discussed above, TY025 had a structured helical
conformation in DPC micelles, whereas TY005 and TY027 showed f-rich conformations. Furthermore,
the interactions between the compounds and the membranes were found different for compounds

TYO005, TY027 and TYO02S.
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3.2.3. Summary of the Section

The results in this section show that even small and limited structural modification in the ligand
could induce relatively large changes in their three-dimensional molecular structures from a f-structure
to a helical conformation in membrane-mimicking DPC micelles, together with significantly shifted
biological activities. In addition, the reported data suggest that the removal of trifluoromethyl groups
from the C-terminus induced much larger changes in the three-dimensional conformations than the
substitution of the ester to amide, implying a large influence of lipophilic and electronegative
trifluoromethyl groups on the three-dimensional molecular structure in a lipid media. The important
finding of this section is that the substituent in the C-terminus, especially a trifluoromethyl group,
played a critical role in determining the three-dimensional molecular structure of the tested peptide
derivatives in pseudo-membrane with the direct relevance to their observed bioactivities, suggesting the
importance of their membrane-bound states in biological behaviors. These findings provide significant
information regarding the nature of peptide drug-membrane interactions as well as the specific driving
force to use three-dimensional molecular structures to manipulate bioactivities, both of which could be

make an useful guide to new aspects of modern medicinal chemistry.
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3.3. Experimental Section

3.3.1. Materials.

All amino acid derivatives, PyBOP and HOBt were purchased from EMD Biosciences (Madison,
WI), Bachem (Torrance, CA), and Chem Impex International (Wood Dale, IL). Myo-[2-"H(N)]-
inositol; [Tyrosyl—3,5—3H(N)] D-Ala2—Mephe4—gly0ls—enkephalin (DAMGO); [Tyrosyl—2,6—3H(N)]—(2—D-
Penicillamine, 5-D-Penicillamine) enkephalin (DPDPE); [*H]-substance P; and [*°S]-guanosine 5'-(y-
thio) triphosphate (GTPyS) were purchased from Perkin Elmer (Wellesley, MA). Bovine serum
albumin (BSA), protease inhibitors, Tris and other buffer reagents were obtained from Sigma (St. Louis,
MO). Culture medium (MEM, DMEM and IMDM), Penicillin/ Streptomycin and fetal calf serum
(FCS) were purchased from Invitrogen (Carlsbad, CA). Perdeuterated DPC was purchased from
C/D/N Isotopes (Quebec, Canada). ACS grade organic solvents were purchased from VWR Scientific
(West Chester, PA), and other reagents were obtained from Sigma-Aldrich (St. Louis, MO) and used as

obtained.

3.3.2. Procedure for the Preparation of Peptide Derivatives Using Solution Phase Chemistry:

TYO001, 003, 004, 005, 006, 007, 018, 019, and 023.

H-Pro-Leu-Trp-0-3,5-Bzl(CF3),"HCI. Boc-Pro-Leu-OH (2.05 g, 6.41 mmol) and H-Trp-O-3,5-
BzI(CF;),"HCI (2.76 g, 6.41 mmol)'** '** were dissolved in DMF (20 mL). HOBt (865 mg, 7.69
mmol), PyBOP (3.33 g, 7.69 mmol) and NMM (1.42 g, 14.1 mmol) were added to the solution at 0°C.
After stirring overnight at room temperature, saturated aqueous sodium bicarbonate was added to the
solution and most of the organic solvent was removed under reduced pressure. The residue was

extracted with ethyl acetate three times followed by washing with saturated aqueous sodium chloride.

The solution was dried over anhydrous sodium sulfate. The solvent was evaporated and the crude
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peptide was precipitated in cold petroleum ether, centrifuged and dried under reduced pressure. The

obtained solid was dissolved in 4 M HCI in 1,4-dioxane (5 mL) at 0°C. After stirring for 1h at r.t., the

solution was concentrated under vacuum. Saturated aqueous sodium bicarbonate was added to the
residue and extracted with ethyl acetate three times followed by washing the combined solution with
saturated aqueous sodium chloride. The solution was dried over anhydrous sodium sulfate and
concentrated under reduced pressure. The obtained residue was purified chromatography by silica gel
(DCM : MeOH =100 : 2 to 100 : 10). The residue was dissolved in dichloromethane (10 mL) and 4 M

HCI in 1,4-dioxane (3 mL) was added at 0°C. The precipitate was centrifuged, dried under reduced

pressure to obtain the title compound (2.40 g, 55.4%).

"H-NMR (DMSO-dy) &: 0.78(3H, d, J=5.5 Hz), 0.81(3H, d, J=5.5 Hz), 1.33-1.42(2H, m), 1.50-
1.60(1H, m), 1.65-1.73(1H, m), 1.74-1.89(2H, m), 2.16-2.27(1H, m), 3.10-3.26(4H, m), 4.10-4.20(1H,
m), 4.40(1H, dd, J=7.5, 15.5 Hz), 4.58(1H, dd, J=7.0, 14.5 Hz), 5.16(1H, d, J=13.5 Hz), 5.24(1H, d,
J=13.5 Hz), 6.96(1H, dd, J=7.5, 7.5 Hz), 7.05(1H, dd, J=7.5, 7.5 Hz), 7.20(1H, s), 7.33(1H, d, J=8.5
Hz), 7.47(1H, d, J=8.0 Hz), 7.96(2H, s), 8.07(1H, s), 8.46(1H, bs), 8.60-8.68(2H, m), 9.98(1H, bs),
10.93(1H, s).: MS (ESI) 641 (MH)"

H-Tyr-D-Ala-Gly-Phe-Xxx-Pro-Leu-Trp-O-3,5-BzI(CF3),"TFA (Xxx = Phe, D-Phe, Gly, Leu,
Met, Met(O), Nle, N-Me-Nle or a covalent bond). H-Pro-Leu-Trp-O-3,5-BzI(CF3),"HCI was coupled
stepwise with 1.1 eq of Boc-Xxx-OH, Boc-Phe-OH, and Boc-Tyr-D-Ala-Gly-OH using the standard
PyBOP/HOBt procedure to afford crude H-Tyr-D-Ala-Gly-Phe-Xxx-Pro-Leu-Trp-O-3,5-
BzI(CF;), TFA. In every coupling, PyBOP (1.2 eq), HOBt (1.2 eq), and NMM (2.2 eq) were used in
DMF. After the coupling was completed, saturated aqueous sodium bicarbonate was added to the
solution and most of the organic solvent was removed under reduced pressure. The residue was
extracted with ethyl acetate three times followed by washing with saturated aqueous sodium chloride.

The solution was dried over sodium sulfate. The solvent was evaporated and the crude peptide was
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precipitated in cold ether or cold petroleum ether, centrifuged and dried under reduced pressure. The
obtained N*-Boc-protected peptide was treated with 4 M HCI in 1,4-dioxane (for Boc-Xxx-OH and
Boc-Phe-OH) or TFA (for Boc-Tyr-D-Ala-Gly-OH). After the deprotection was completed, the
solution was concentrated and the crude peptide was precipitated in cold ether, centrifuged and dried
under reduced pressure. The yields of obtained crude peptides through these couplings were as
follows: H-Tyr-D-Ala-Gly-Phe-Pro-Leu-Trp-O-3,5-BzI(CF3),"TFA (TY001), 61%; H-Tyr-D-Ala-Gly-
Phe-Phe-Pro-Leu-Trp-O-3,5-BzI(CF3)," TFA (TY003), 96%; H-Tyr-D-Ala-Gly-Phe-Leu-Pro-Leu-Trp-
0-3,5-BzI(CF3),' TFA (TY004), 63%; H-Tyr-D-Ala-Gly-Phe-Met-Pro-Leu-Trp-O-3,5-BzI(CF3),' TFA
(TY005), 61%; H-Tyr-D-Ala-Gly-Phe-Gly-Pro-Leu-Trp-O-3,5-BzI(CF3),"TFA (TY006), 66%; H-Tyr-
D-Ala-Gly-Phe-D-Phe-Pro-Leu-Trp-O-3,5-BzI(CF3), ' TFA (TY007), 60%; H-Tyr-D-Ala-Gly-Phe-Nle-
Pro-Leu-Trp-O-3,5-BzI(CF3),"TFA (TYO018), 55%; H-Tyr-D-Ala-Gly-Phe-N-Me-Nle-Pro-Leu-Trp-O-
3,5-BzI(CF3),"TFA (TY019), 49%; H-Tyr-D-Ala-Gly-Phe-Met(O)-Pro-Leu-Trp-O-3,5-BzI(CF3)," TFA

(TYO023), 67%. Pure peptides were obtained following RP-HPLC purification, then lyophilized.

3.3.3. Procedure for the Preparation of Peptide Derivatives Using Solid Phase Chemistry on 2-
Chlorotrityl Resin: TYO001, 005, 008, 010, 011, 012, 013, and 018.

H-Tyr-D-Ala-Gly-Phe-Xxx-Pro-Leu-Trp-Y-3,5-BzI(R),"TFA (Xxx = Met, Nle or a covalent
bond; Y = O, NH or NMe; R = H or CF3).

Boc-Tyr(tBu)-D-Ala-Gly-Phe-Pro-Leu-Trp(Boc)-OH. The peptide was synthesized manually by
the N*-Fmoc solid-phase methodology using HCTU as the coupling reagents. 2-Chlorotrityl resin (2.0
g, 1.56 mmol/g) was placed into a 50 mL polypropylene syringe with the frit on the bottom and
swollen in DMF (20 mL) for 1 h. The resin was washed with DMF (3 x 15 mL) and then with DCM (3

x 15 mL). Fmoc-Trp(Boc)-OH (1.2 equiv) was dissolved in 30 mL of DCM, and then DIEA (5 equiv)
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was added. The reaction mixture was transferred into the syringe with the resin, then shaken for 2 h.
The resin was washed three times with DMF (15 mL) and three times with DCM (15 mL), and then
with DMF (3 x 15 mL). The Fmoc protecting group was removed by 20% piperidine in DMF (1 x 2
min and 1 x 20 min). The deprotected resin was washed with DMF (3 x 15 mL), DCM (3 x 15 mL)
and then with DMF (3 x 15 mL). Fmoc-Leu-OH (3 equiv) and HCTU (2.9 equiv) were dissolved in 30
mL of DMF, then DIEA (6 equiv) was added. The coupling mixture was transferred into the syringe
with the resin, and then shaken for 2 h. All the other amino acids, Pro, Phe, Gly, D-Ala and Tyr were
consecutively coupled using the procedure described above, using the TNBS test (all the amino acids
except for Phe) or chloranil test (only for Phe) to check the extent of coupling. In case of a positive test
result, the coupling was repeated until a negative test result was obtained. The resulting batch of the
resin-bound protected Boc-Tyr(tBu)-D-Ala-Gly-Phe-Pro-Leu-Trp(Boc) was carefully washed with
DMF (3 x 15 mL), DCM (3 x 15 mL), DMF (3 x 15 mL), and DCM (3 x 15 mL), and dried under
vacuum. The dry resin was placed in 10 mL fritted polypropylene syringes and swollen with DCM for
1 h. The peptide was cleaved off the solid support with 1% v/v TFA in DCM (30 mL) for 30 min, and
most of the organic solvent was removed under vacuum. The obtained crude peptide was precipitated
out by the addition of chilled petroleum ether (45 mL) to give a white precipitate. The suspension was
centrifuged for 20 min at 7000 rpm, and then the liquid was decanted off. The crude peptide was
washed with petroleum ether (2 x 50 mL), and after the final centrifugation, the intermediate peptide
was dried under vacuum (2 h) to obtain the title compound (1.99 g, 57.0%). The purity of the final
products (99.8%) was checked by analytical RP-HPLC using a Hewlett Packard 1090m system (230
nm) on a reverse phase column (Vydac 218TP104 C-18 4.6 X 250 mm, 5 um). The peptide was eluted
with a linear gradient of aqueous CH3CN/0.1% CF3;CO;H (30-100% in 40 minutes) at a flow rate of
1.0 mL/min. The crude peptide was used for next reactions without further purification. MS (ESI)

1109 (MH)". The NMR data are found as a table at the end of this chapter.
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Boc-Tyr(tBu)-D-Ala-Gly-Phe-Met-Pro-Leu-Trp(Boc)-OH. The title peptide was prepared using
the same method as described for Boc-Tyr(tBu)-D-Ala-Gly-Phe-Pro-Leu-Trp(Boc)-OH. The yield of
obtained crude peptide was 75% and the purity of the final crude products was 87% (RP-HPLC, 230
nm, Vydac 218TP104 C-18 4.6 X 250 mm, 5 um). 'H-NMR (one isomer was found in DMSO-dg):
0.79(3H, d, J=6.6 Hz), 0.84(3H, d, J=6.6 Hz), 1.10(3H, d, J=6.6 Hz), 1.24(9H, s), 1.26(9H, s), 1.38-
1.41(2H, m), 1.61(10H, s), 1.70-1.77(3H, m), 1.80-1.94(3H, m), 2.01(3H, s), 2.42-2.47(2H, m),
2.67(1H, d-d, J=3.6, 13.2 Hz), 2.75(1H, d-d, J=9.6, 13.8 Hz), 2.87(1H, d-d, J=4.2, 13.2 Hz), 2.94(1H,
d-d, 2.4, 13.2 Hz), 3.04(1H, d-d, 8.4, 15.0 Hz), 3.14(1H, d-d, 4.8, 15.0 Hz), 3.48-3.53(1H, m), 3.54-
3.63(2H, m), 3.68(1H, d-d, J=5.4, 16.8 Hz), 4.15(1H, d-d, J=6.0, 12.0 Hz), 4.20-4.30(2H, m), 4.32(1H,
d-d, 3.6, 7.8 Hz), 4.48-4.55(2H, m), 4.58(1H, J=7.2, 14.4 Hz), 6.83(2H, d, J=7.8 Hz), 6.92(1H, d,
J=8.4 Hz), 7.12(2H, d, J=7.8 Hz), 7.14-7.24(7H, m), 7.30(1H, t, /=7.8 Hz), 7.47(1H, s), 7.87-7.92(2H,
m), 7.98-8.08(4H, m), 8.30(1H, d, J=7.2 Hz). MS (ESI): 1262 (M+Na)".

H-Tyr-D-Ala-Gly-Phe-Pro-Leu-Trp-0-3,5-Bzl(CF3),"TFA (TY001). Boc-Tyr(tBu)-D-Ala-Gly-
Phe-Pro-Leu-Trp(Boc)-OH (150 mg, 0.135 mmol) and 3,5-bis(trifluoromethyl)benzyl bromide (104
mg, 0.338 mmol) were dissolved in DMF (2 mL). Cesium carbonate (220 mg, 0.676mmol) was added
to the solution at 0 °C. After stirring for 2 h at r.t., saturated aqueous sodium bicarbonate (50 mL) was
added to the solution, and extracted with ethyl acetate (30 mL) three times. The combined organic
phases were washed with 5% aqueous citrate and saturated aqueous sodium chloride (50 mL each),
and dried over sodium sulfate. The solvent was evaporated and the protected peptide was precipitated
in cold petroleum ether (PE, 45 mL). The PE suspension was centrifuged for 20 min at 7000 rpm, and
then the liquid was decanted off. The crude peptide was washed with petroleum ether (2 x 50 mL), and
after the final centrifugation, the intermediate peptide was dried under vacuum. The obtained protected
peptide was treated with 83% v/v TFA, 5% water, 5% thioanisole, 2.5% 1,2-ethanedithiol and 5%
phenol (1.5 mL, 1 h). The crude peptide was precipitated out by the addition of chilled diethyl ether

(45 mL) to give white precipitates. The suspension was centrifuged for 20 min at 7000 rpm, and then
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the liquid was decanted. The crude peptides were washed with diethyl ether (2 x 45 mL), and after the
final centrifugation, the peptides were dried under vacuum (2 h). The resulting white residues (116 mg,
quantitative) were dissolved in 3: 1 mixture of acetonitrile and distilled water (5 mL), and the
insoluble impurities were removed by passing the solutions through syringe filters (Gelman

Laboratory, Ann Arbor, MI, Acrodisc 13 mm syringe filter with 0.45 UM PTFE membrane). Final

purification was accomplished by preparative RP-HPLC, then lyophilized.

H-Tyr-D-Ala-Gly-Phe-Met-Pro-Leu-Trp-O-Bzl'TFA (TY005). The title peptide was prepared
using the same method as described for H-Tyr-D-Ala-Gly-Phe-Pro-Leu-Trp-O-3,5-BzI(CF3),"TFA
(TYO001). The yield of obtained crude peptide was 95%.

H-Tyr-D-Ala-Gly-Phe-Pro-Leu-Trp-O-BzI'TFA (TY011). The title peptide was prepared using
the same method as described for H-Tyr-D-Ala-Gly-Phe-Pro-Leu-Trp-O-3,5-BzI(CF3),"TFA (TY001).
The yield of obtained crude peptide was 98%.

H-Tyr-D-Ala-Gly-Phe-Nle-Pro-Leu-Trp-O-Bzl-'TFA (TYO018). The title peptide was prepared
using the same method as described for H-Tyr-D-Ala-Gly-Phe-Pro-Leu-Trp-O-3,5-BzI(CF3),"TFA
(TYO001). The yield of obtained crude peptide was 98%.

H-Tyr-D-Ala-Gly-Phe-Pro-Leu-Trp-NH-Bzl'TFA (TY008). Boc-Tyr(tBu)-D-Ala-Gly-Phe-Pro-
Leu-Trp(Boc)-OH (50 mg, 0.045 mmol) and CI-HOBt (8.7 mg, 0.054 mmol) were dissolved in DMF
(1 mL). Benzylamine (5.8 mg, 0.090 mmol) and EDC (10.4mg, 0.054 mmol) were added to the
solution at room temperature and stirred until the starting material disappeared in TLC; then saturated
aqueous sodium bicarbonate (50 mL) was added. The reaction mixture was extracted with ethyl
acetate (30 mL) three times. The combined organic phases were washed with 5% aqueous citrate and
saturated aqueous sodium chloride (50 mL each), then dried over sodium sulfate. The solvent was
evaporated and the crude peptide was precipitated in cold petroleum ether (45 mL). The product was

twice dispersed in cold petroleum ether, centrifuged and decanted, then dried under reduced pressure.
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The obtained protected peptide was treated with 82.5% v/v TFA, 5% water, 5% thioanisole, 2.5% 1,2-
ethanedithiol, and 5% phenol (1.5 mL, 1 h). The crude peptide was precipitated out by the addition of
chilled diethyl ether (45 mL) to give a white precipitate. The resulting peptide suspensions were
centrifuged for 20 min at 7000 rpm, and the liquid was decanted. The crude peptides were washed
with diethyl ether (2 x 45 mL), and after a final centrifugation, the peptides were dried under vacuum
(2 h). The resulting white residues (53 mg, quantitative) were dissolved in a 3 : 1 mixture of
acetonitrile and distilled water (1 mL), and the insoluble impurities were removed by passing the

solutions through syringe filters (Gelman Laboratory, Acrodisc 13 mm syringe filter with 0.45 uM

PTFE membrane). Final purification was accomplished by preparative RP-HPLC. The pure title
compound was obtained after lyophilization.

H-Tyr-D-Ala-Gly-Phe-Pro-Leu-Trp-NMe-BzI'TFA (TY010). The title peptide was prepared
using the same method as described for H-Tyr-D-Ala-Gly-Phe-Pro-Leu-Trp-NH-3,5-BzI'TFA
(TY008). The crude peptide was obtained quantitatively.

H-Tyr-D-Ala-Gly-Phe-Pro-Leu-Trp-NH-3,5-BzI(CF3),"TFA (TY012). The title peptide was
prepared using the same method as described for H-Tyr-D-Ala-Gly-Phe-Pro-Leu-Trp-NH-3,5-
BzI'TFA (TY008). The yield of obtained crude peptides was 98%.

H-Tyr-D-Ala-Gly-Phe-Pro-Leu-Trp-NMe-3,5-BzI(CF3),"TFA (TYO012). The title peptide was
prepared using the same method as described for H-Tyr-D-Ala-Gly-Phe-Pro-Leu-Trp-NH-3,5-Bzl"'TFA
(TY008). The crude peptide was obtained quantitatively.

H-Tyr-D-Ala-Gly-Phe-Met-Pro-Leu-Trp-NH-3,5-BzIl(CF3), TFA (TY027). The title peptide was
prepared using the same method as described for H-Tyr-D-Ala-Gly-Phe-Pro-Leu-Trp-NH-3,5-Bzl' TFA
(TY008). The crude peptide was obtained quantitatively.

H-Tyr-D-Ala-Gly-Phe-Met-Pro-Leu-Trp-NH-Bzl- TFA (TY025). The title peptide was prepared

using the same method as described for H-Tyr-D-Ala-Gly-Phe-Pro-Leu-Trp-NH-3,5-Bzl'TFA (TY008).
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The crude peptide was obtained quantitatively.

3.3.4. Characterization of Peptides.

Coupling and deprotection reactions were monitored by TLC. Preparative RP-HPLC was performed
on Waters Delta Prep 4000 with Vydac 218TP C-18 column (22 x 250mm, 10-15 pum, 42-57% of
acetonitrile) or Waters XTerra C-18 column (19 x 250 mm, 10 um, 40-60% of acetonitrile). The
purified peptides were characterized by HRMS, TLC, analytical HPLC and 'H-1D-NMR. Sequential
assignment of proton resonances was achieved by 2D-TOCSY NMR experiments.'*> High-resolution
mass spectra were taken in the positive ion mode using ESI methods at the University of Arizona Mass
Spectrometry Facility. TLC was performed on aluminum sheets coated with a 0.2 mm layer of silica
gel 60 Fys4 Merck using the following solvent systems: (1) CHCIs: MeOH : AcOH =90 : 10 : 3; (2)
EtOAc : n-BuOH : water : AcOH=5:3:1:1;and (3) n-BuOH : water : AcOH=4:1:1. TLC
chromatograms were visualized by UV light and by ninhydrin spray followed by heating (hot plate).
Analytical HPLC was performed on a Hewlett Packard 1100 with Waters NOVA-Pak C-18 column
(3.9 x 150 mm, 5 um). 'H-1D-NMR spectra were recorded on a Bruker DRX-500 spectrometer. 2D-
TOCSY NMR spectra were performed on a Bruker DRX-600 spectrometer equipped with a Smm
Nalorac triple-resonance single-axis gradient probe. The NMR experiments were conducted in DMSO-
de solution at 298 K. Spectra were referenced to residual solvent protons as 2.49 ppm. The processing
of NMR data was performed with the XwinNmr software (Bruker BioSpin, Fremont, CA) and the
Felix 2000 package (Accelrys Inc., San Diego, CA). In TOCSY experiments, the TPPI mode'” with
MLEV-17 Mixing Sequence'”* were used with a mixing time of 62.2 ms, at a spin-lock field of 8.33
kHz. TOCSY spectra were acquired with 2k complex pairs in t; and 750 FIDs using a 90°-shifted sine-

squared window function in both dimensions.
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3.3.5. Cell Lines.

For opioid receptors, the cDNA for the human ¢ opioid receptor (DOR) was a gift from Dr. Brigitte
Kieffer (IGBMC, Illkirch, France). The cDNA for the rat p opioid receptor (MOR) was a gift from Dr.
Huda Akil (University of Michigan, MI). Stable expression of the rat MOR (pCDNA3) and the human
DOR (pCDNA3) in the neuroblastoma cell line, HN9.10 were achieved with the respective cDNAs by
calcium phosphate precipitation followed by clonal selection in neomycin. Expression of the
respective receptors was initially verified and the level of expression periodically monitored by
radioligand saturation analysis (see below). All cells were maintained at 37°C, with a 95% air/ 5% CO,
humidified atmosphere in a Forma Scientific incubator in Dulbecco's modified Eagle's medium
(DMEM) with 10% bovine serum albumin (BSA) and 100 U mL penicillin/100 pg mL streptomycin.
For the NKI receptor, the hNK1 and rNK1/CHO cell line were obtained from Dr. James Krause
(University of Washington Medical School, St. Louis, MI). Expression of the receptor was verified as
previously described by Krause.'”> All cells were maintained at a 37° C, 95% air and 5% CO»,
humidified atmosphere, in a Forma Scientific incubator in Ham’S F12 with 2.5 mM HEPES, 10% fetal

bovine serum and 100 U mL penicillin/100 pg mL streptomycin/ 500 pg mL Geneticin.

3.3.6. Radioligand Labeled Binding Assays.

For opioid receptors, crude membranes were prepared as previously described'”® from the
transfected cells that express the rat MOR (rMOR) or the human DOR (hDOR). The protein
concentration of the membrane preparations was determined by the Lowry method and the membranes
were stored at -80°C until use. Membranes were resuspended in assay buffer (50 mM Tris, pH 7.4,
containing 50 pg/mL  bacitracin, 30 pM  Dbestatin, 10 upuM  captopril, 100 pM
phenylmethylsulfonylfluoride (PMSF), 1 mg/mL BSA). The dissociation constant (Ky4) of tritiated [D-

Ala®, NMePhe’, Gly’-ol]-enkephalin ("H]JDAMGO) at the tMOR and that of tritiated c[D-Pen’, D-
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Pen’]-enkephalin (’H]DPDPE) at the hDOR were as previously described.'*” For competition analysis,
ten concentrations of a test compound were each incubated, in duplicates, with 50 pg of membranes
from rMOR or hDOR expressing cells and the Kd concentration of ["HIDAMGO (1.0 nM, 50
Ci/mmol), or of ["H]DPDPE (1.0 nM, 44 Ci/mmol), respectively. Naloxone (10 puM) was used to
define the non-specific binding of the radioligands in all assays. . The samples were incubated in a
shaking water bath at 25°C for 3 hours, followed by rapid filtration through Whatman Grade GF/B
filter paper (Gaithersburg, MD) pre-soaked in 1% polyethyleneimine, washed 4 times each with 2 mL
of cold saline. For the NK1 receptor, competition binding assays for the NK1 receptor were carried out
on crude membranes prepared from transfected CHO cells expressing the rat NK1 receptor. Ten
concentrations of a test compound were each incubated, in duplicates, with 50-100 pg of membrane
homogenate and 0.3 - 0.4 nM [*H] substance P (135 Ci/mmol, Perkin Elmer) in 1 mL final volume of
assay buffer (50 mM Tris, pH 7.4, containing 5 mM MgCl,, 50 ug/mL bacitracin, 30 uM bestatin, 10
uM captopril, 100 uM phenylmethylsulfonyl fluoride (PMSF) at 25 °C for 20 min. Substance P at 10
uM was used to define the non-specific binding. Membrane concentrations used in the assay were
within the tissue linearity range. The ['H] substance P concentration was selected based on the
saturation binding experiments which showed a high affinity binding with K4 = 0.16 £ 0.03 nM. The
incubation times correspond to the binding equilibrium as determined from the kinetics experiments.
The reaction was terminated by rapid filtration and washed as described above. The filter-bound
radioactivity was measured by liquid scintillation counting (Beckman LS 6000SC). Log 1Cs, value for
each test compound was determined from non-linear regression analysis of data collected from two
independent experiments performed in duplicates (40 independent experimental values) using
GraphPad Prizm 4 software (GraphPad, San Diego, CA). The inhibition constant, K;, was calculated

from the antilogarithmic ICs, value by the Cheng and Prusoff equation.

106



3.3.7. [*SIGTPyS Binding Assay.

The method was carried out as previously described.'”® Membrane from transfected rMOR or
hDOR cells (10 pg) in a final volume of 1 mL of reaction mix (50 mM Hepes, pH 7.4, | mM EDTA, 5
mM MgCl,, 30 uM GDP, 1 mM dithiothreitol, 100 mM NaCl, 0.1 mM PMSF, 0.1% BSA, 0.1 nM
[SSS]GTPyS) was incubated with various concentrations of the test drug for 90 min at 30 °C in a
shaking water bath. Reactions were terminated by rapid filtration through Whatman GF/B filters (pre-
soaked in water), followed by 4 washes with 4 mL of ice-cold wash buffer (50 mM Tris, 5 mM MgCl,,
100 mM NaCl, pH 7.4). The radioactivity was determined by liquid scintillation counting as above.
Basal level of [*>S]GTPyS binding was defined as the amount bound in the absence of any test drug.
Non-specific binding was determined in the presence of 10 uM unlabeled GTPyS. Total binding was
defined as the amount of radioactivity bound in the presence of test drug. The effect of the drug at
each concentration on [*°S]GTPyS binding was calculated as a percentage by the following equation:
[Total bound- Basal]/ [Basal - Non-specific]x100. Data were analyzed by non-linear least-squares
regression analysis using GraphPad Prism4 using data collected from 2 independent experiments. The
ECs for a test drug is converted from the logarithmic ECsy value derived from the best fit curve, and
the maximum stimulatory effect is expressed as Emax + standard error

For both radioligand and [*>S]GTPyS binding, two independent experiments were adopted as the
standard procedure for the initial evaluation of all compounds using cell lines, each compound
typically on multiple receptor types, to determine both affinity and biological activity. These initial
analyses were designed to identify trends of structure-activity relationship as rapidly as possible and
were not intended for determining geometric mean values of K; or ECso. The data pooled from 2

independent experiments indicated that the data are reproducible.
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3.3.8. Guinea Pig Isolated Ileum Assay.

The in vitro tissue bioassays were performed as described previously.'*”'* Male Hartley guinea
pigs under ether anesthesia were sacrificed by decapitation and a non-terminal portion of the ileum
removed and the longitudinal muscle with myenteric plexus (LMMP) was carefully separated from the
circular muscle as described previously.'”” These tissues were tied to gold chains with suture silk and
mounted between platinum wire electrodes in 20 mL organ baths at a tension of 1 g and bathed in
oxygenated (95:5 0,:CO,) Kreb's bicarbonate buffer at 37 °C and stimulated electrically (0.1 Hz, 0.4
msec duration) at supramaximal voltage. Following an equilibration period, compounds were added
cumulatively to the bath in volumes of 14-60 uL until maximum inhibition was reached. A baseline
PL-017 was constructed to determine tissue integrity and allow calculation of antagonist activity
before opioid analogue testing began. If no agonist activity was observed at 1 uM, a repeat PL-017
dose-response curve was constructed to test for antagonist qualities.

All testings for substance P antagonist activities were performed in the presence of 1 uM naloxone
to block opioid effects on the tissue. Two minutes after naloxone was added to the bath, the test
peptide was added. Four minutes after naloxone was added, the test dose of substance P was added to
the bath, the peak height was noted and the tissues were washed. Possible agonist activity of the
analogue also was observed during this period. Testing was stopped at 1 mM concentrations of the test

compound.

3.3.9. Mouse Isolated Vas Deferens (MVD) Assay.

The in vitro tissue bioassay was performed as described previously.'*” '* Male ICR mice under
ether anesthesia were sacrificed by cervical dislocation and the vasa deferentia was removed. Tissues
were tied to gold chains with suture silk and mounted between platinum wire electrodes in 20 mL

organ baths at a tension of 0.5 g and bathed in oxygenated (95:5 O,:CO,) magnesium free Kreb's

108



buffer at 37 °C and stimulated electrically (0.1 Hz, single pulses, 2.0 msec duration) at supramaximal
voltage as previously described."”® Following an equilibration period, compounds were added to the
bath cumulatively in volumes of 14-60 pL until maximum inhibition was reached. Response to an I1Csg

dose of DPDPE (10 nM) was measured to determine tissue integrity before test compound testing.

3.3.10. Analysis of the GPI and MVD Assays.

For opioid data analysis, percentage inhibition was calculated using the average tissue contraction
height for 1 min preceding the addition of the agonist divided by the contraction height 3 min after
exposure to the dose of agonist. ICsy values represent the mean of not less than 4 tissues. 1Csp and Epax
estimates were determined by computerized nonlinear least-squares analysis (the pharmacological
statistics package FlashCalc: Dr. Michael Ossipov, University of Arizona, Tucson, AZ). For substance
P data analysis, the height of the maximum peak produced during the control substance P dose-
response curve was used as a 100 % response and other values calculated as a percentage. Ke values
represent the mean of not less than 4 tissues and determined by computerized nonlinear least-squares

analysis (FlashCalc).

3.3.11. Experimental Procedure: In Vivo Determination of Antinociceptive Activities of

Bifunctional Peptide TY00S (H-Tyr-D-Ala-Gly-Phe-Met-Pro-Leu-Trp-0-3,5-Bzl(CF3),).

Male Sprague Dawley rats (200-225 g) were obtained and cared for under the University of Arizona
IACUC standards. Food and water was available ad libitum. All preparations and testing were
performed in accordance with the policies and recommendations of the International Association for
the Study of Pain, National Institute of Health and Animal Care at the University of Arizona.
Intrathecal catheter implantation: Rats were anesthetized using ketamine/xylazine 100 mg/kg i.p. and

placed in a steriotaxic head holder. The cisternum magnum was exposed and an 8§ mm catheter was
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implanted, as described,'”” terminating in the lumbar region of the spinal chord. Animals were
allowed to recover for 5 days. Compound administration: SuL of each treatment was given followed 1
puL air bubble/ 9uL saline push. Infrared thermal testing (IR, behavioral): Rats were allowed to
acclimate within Plexiglas holders for baseline testing (pre- and post- nerve ligation/ exposure) for 20
minutes. A mobile radiant heat source was used to direct heat to the left hind paw. Paw withdrawal
latencies were measured in seconds, with an automatic shutoff of the heat source at 33.8 seconds. On
test days, animals were administered a treatment and tested with radiant heat, every 15 minutes after
said administration. Paw withdrawal latencies were calculated and expressed as the Mean Withdrawal

Latency = SEM in Prism (by Graph Pad Prism4).

3.3.12. NMR Spectroscopy in DPC Amphipathic Media.’" **

All NMR spectra were recorded on a Bruker DRX600 600 MHz spectrometer with 5 mm Nalorac
triple-resonance single-axis gradient probe. The peptide concentration for the NMR experiments varied
from 3.5 to 4 mM. The samples were prepared by dissolving the peptide in 0.5 mL of 45 mM sodium
acetate-d; buffer (pH 4.5) containing 40 equivalents of dodecylphosphocholine-d3s and 1 mM sodium
azide (90% H,0/10% D,0) followed by sonication for 5 min. Two-dimensional double quantum
filtered correlation (DQF-COSY), nuclear Overhauser enhancement spectroscopy” (NOESY), and

total correlation spectra'”?

(TOCSY) were acquired using standard pulse sequences and processed using
XwinNmr and Felix 2000 (Accelrys Inc, San Diego, CA). The mixing time for NOESY spectra was
450 ms. All 2D spectra were acquired in the TPPI mode with 2k or 1k complex data points in t, and
750 real data points in t;, and the spectral processing used 90°-shifted sine bell window functions in
both dimensions. For suppressing the H,O signal, the 3-9-19 WATERGATE pulse sequence was
used.””! Experiments were conducted at 310 K, and referenced to the H,O shift (4.631 ppm). Coupling

constants (*Jxi.ie) Were measured from 2D DQF-COSY spectra by analysis of the fingerprint region.

The matrix rows of each of the upper and lower halves of a cross-peak were summed to give an
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antiphase 1D spectrum, which was fitted using a 5-parameter Levenberg-Marquardt nonlinear least-

I to a general antiphase doublet. The analysis yielded two independent

squares protoco
determinations of the J coupling and line width for each cross-peak, one from the upper half and one
from the lower half, and the one with better fitted curve was used for structure calculations. Cross-peak
volumes for determination of distance restraints were measured using the Felix 2000 software. In the
radical experiment using Mn”", a stock solution of 5 mM MnCl, was prepared and added to the sample
to achieve a total concentration of 200 uM in Mn®". The DPC micelles with 5-DOXYL stearic acid

were prepared as the same procedure with about 1 mg mL™ of 5-DOXYL stearic acid but sonicating for

30 min.

3.3.13. Conformational Structure Determination.

The methods used for structure calculations have been described previously.’" > The volumes of the
assigned cross-peaks in the 2D NOESY spectrum were converted into upper distance bounds of 3.0, 3.8,
4.8, or 5.8 A. For overlapping cross-peaks, the distance categories was increased by one or two levels,
depending on the qualitative estimate of the extent of overlap. Pseudoatoms were created for
nonstereospecifically assigned methylene protons with a correction of 1.0 A applied to their upper
bound distances.”® In addition to the distance constraints, ¢ dihedral angle constraints derived from
3JHN_Hu coupling constants were set to between —90 and 40° for 3JHN_HOS 6 Hz and to between —150 and
—90° for 3JHN_HOP 8 Hz. Dihedral angle constraints of 180° + 5° for peptide bonds (w) were also used to
maintain the planarity of these bonds.

Simulated annealing molecular dynamics analysis was done for all the peptides to obtain an
ensemble of NMR structures using the NOE-derived distance constraints and dihedral angle (¢)

constraints using the DGIT*"?

program within the software package Insight IT 2000 (Accelrys Inc., San
Diego, CA). Solvent was not explicitly included in the calculations. All the embedded structures
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successfully passed the simulated annealing step and were minimized using the consistent valency
force field (CVFF) (Accelrys Inc.). The 50 structures with the lowest penalty function were further
refined by two rounds of restrained molecular dynamics (rMD) using the all-atom AMBER force field

204207 ysing the standalone DISCOVER ver. 2.98 program

with additional parameters for fluorine atom,
(Accelrys Inc.). A 12.0 A cutoff for nonbonded interactions and a distance-dependent dielectric
constant (4r) were used. All amide bonds were constrained to frans conformation by a 100 kcal mol™
rad? energy penalty. The distance constraints and dihedral angles (¢) constraints were applied with a
force constant of 25 kcal mol™ A and 100 kcal mol rad™ were applied, respectively. After 100 steps
of steepest descents minimization and 1000 steps of conjugate gradient minimization on the initial
structures, an rMD equilibration at 500 K was performed for 1.5 ps, during which a scale factor of 0.1
was applied to the experimental restraint force constants. During the next 2 ps, full values of the
experimental restraint force constants were applied. A further 1 ps rMD simulation was run at 500 K,
and the system was then cooled to 0 K over 3 ps. After another 1 ps at 0 K, 100 cycles of steepest
descents and 2000 steps of conjugate gradient minimization were performed. The final 20 structures

with the lowest energies were used for the analysis. All calculations were performed on a Silicon

Graphics Octane computer.

3.3.14. Fluorescence Emission Spectra.

The Fluorescence spectra were recorded on a Cary Eclipse fluorescence spectrometer (Varian,
Darmstadt, Germany). Emission spectra were obtained by excitation at 290 nm and recorded in the
wavelength range of 310-420 nm with continuous stirring at 25°C. A scan step was 1 nm and scan
speed was 120 nm min™'. Excitation and emission bandwidths were set at 5 and 10 nm, respectively.

The peptide concentration was 500uM in HEPES buffer (10 mM HEPES, 150 mM NaCl, 1 mM NaN3,
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0.1 mM EDTA, pH = 7.40) with 40-fold DPC or standard solution (EtOH : HEPES buffer = 1 : 1)."®

At least two scans were accumulated and averaged for each spectrum.

3.3.15. Octanol/saline Distribution (logD7.4).136

HEPES buffer (0.05 M HEPES buffer in 0.1 M NaCl, pH 7.4, 500 uL) was added to 2 mg of peptide
and mixed with 500 pL of 1-octanol. The sample was shaken at r.t. for 12 h to allow equilibrating. The
sample was centrifuged at 6500 rpm in a VanGuard V6500 (GlaxoSmithKline, Research Triangle Park,
NC) for 15 min. The layers were separated and each layer was centrifuged once again. The peptide
concentrations in the obtained layers were analyzed by HPLC (30-70% of acetonitrile containing 0.1%
TFA within 20 min and up to 95% within additional 5 min, 1 mL/min, 230 nm, Vydac 218TP104 C-18
column). The logarithm of 1-octanol / saline distribution (logD7.4) was calculated as the ratio of peptide

concentration in the 1-octanol and saline phases.

3.3.16. Solubility.

HEPES buffer (0.05 M HEPES buffer in 0.1 M NaCl, pH 7.4, 500 nL) was added to 1 mg of peptide.
The sample was vortexed for 30 sec, sonicated for 5 min, shaken at r.t. for 2 h, and then allowed to be
stayed overnight to equilibration. The sample was filtrated with an Acrodisc Syringe Filter (13 mm,
0.45 um pore, PTFE membrane, Pall Life Sciences, East Hills, NY). The peptide concentration of the
obtained filtrate was analyzed by HPLC (30-70% of acetonitrile containing 0.1% TFA within 20 min

and up to 95% within additional 5 min, 1 mL/min, 230 nm, Vydac 218TP104 C-18 column).
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Table 3.3.1. 'H Resonance Assignments of bifunctional peptides in DMSO at 298K.

H-Tyr- D-Ala-Gly-Phe-Pro-Leu-Trp-0-3,5-Bzl(CF3)2"TFA (TY001);
2 amide bond rotamers at the Pro® N, ca. 7:1 ratio; * H-NMR (DMSO-d) &:

AA

NH

o

p

misc.

Tyr1

D-Ala?

Gly®

Phe*

Pro

Leu

Trp

3,5-
Bn(CF),

8.06/8.10(3H,
bs)

8.50/8.60(1H,
d, J=6.5 Hz)

8.14/8.25(1H,
t, J=5.5 Hz)

8.23(1H, d,
J=8.0 Hz)

7.84(1H, d,

J=8.5 Hz)

8.41(1H, d,
J=6.5HY¥z)

3.93-4.05(1H, m)

4.28-4.33(1H, m)

3.59/3.55(1H, dd,
J=6.0, 17.0 Hz),
3.70/3.73(1H, dd,
J=5.5,16.5 Hz)

4.63-4.70(1H, m)
431-4.35/4.14-
4.17(1H, m)
4.30-4.38/4.25-

4.28(1H, m)

4.56(1H, dd, J=7.0,
14.0 Hz)

2.84(1H, dd, /=7.0, 11.5
Hz), 2.90(1H, dd, J=6.5,
11.5 Hz)

1.05/1.10(3H, d, J=7.0 Hz)

2.73(1H, dd, J=9.5, 14.0
Hz), 2.98(1H, dd, J=3.5,
14.0 Hz)

1.69-1.77/1.69-1.73(1H, m),
1.89-1.96/1.69-1.73 (1H, m)

1.37(2H, dd, J=7.5, 7.5 Hz)

3.15(1H, dd, J=6.5, 15.0
Hz), 3.21(1H, dd, J=6.5,
15.0 Hz)

6.70(2H, d, J=8.0 Hz: PhH), 7.02(2H, d, J=8.5 Hz: PhH),
9.33(1H, bs: PhOH)

7.12-7.30(5H, m: PhH)

1.77-1.91/1.57-1.62(2H, m: yCH,), 3.45-3.52/3.33-3.38(1H,
m: 8CH,), 3.56-3.64/3.22-3.26(1H, m: 8CH,)

1.53-1.65(1H, m: yCH,), 0.78/0.72(3H, d, J=6.5 Hz: CH,),
0.80(3H, d, J=6.5 Hz: 5CH,)

6.95(1H, dd, J=7.5, 7.5 Hz: Ind5), 7.05(1H, dd, /=7.0, 7.0
Hz: Ind6), 7.15(1H, s: Ind2), 7.32(1H, d, J=8.0 Hz: Ind4),
7.46(1H, d, J=7.5 Hz: Ind7), 10.88(1H, bs, IndNH)

5.12(1H, d, J=13.0 Hz: CH,Ph), 5.22(1H, d, J=13.5 Hz:
CH,Ph), 7.93(2H, s: PhH), 8.06(1H, s: PhH)
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H-Tyr-D-Ala-Gly-Phe-Pro-Leu-Trp-O-Bzl'TFA (TY011);
2 amide bond rotamers at the Pro® N, ca. 7:1 ratio; ' H-NMR (DMSO-d) &:

AA NH o B misc.

. 2.84(1H, dd, J=7.0, 13.5 Hz), 6.70(2H, d, J=8.5 Hz: PhH), 7.02(2H, d, J=8.5 Hz:
Tyr 8.06 3H,bs)  3.93-4.03(1H, m) 2.90(1H, dd, J=6.5, 13.5 Hz) PhH), 9.33(1H, bs: PhOH)

| 8.51/8.60(1H, _
D-Ala 6. J~6.5 Hz) 4.27-4.32(1H, m) 1.05/1.10(3H, d, J/=7.0 Hz) .
3.59(1H, dd, J=6.0,
Gl 8.16/8.23(1H, 16.5 Hz),
y t, J=5.5 Hz) 3.70/3.74(1H, dd, i i
J=6.0, 17.0 Hz)

. 8.23/8.25(1H, 2.74(1H, dd, J=9.0, 13.5 Hz), )
Phe 6. J~7.5 H2) 4.61-4.71(1H, m) 2 00(1H, dd, J=4.5, 14.0 H2) 7.10-7.33(5H, m: PhH)
Pro® ) 4.31-4.36/4.13- 1.71-1.77/1.70-1.76(1H, m), 1.78-1.90/1.59-1.61(2H, m: yCH,), 3.47-3.52(1H, m:

4.16(1H, m) 1,91-1.96/1.70-1.76(1H, m) 8CH,), 3.56-3.63(1H, m: 5CH,)

6 7.86/8.21(1H, 4.33-4.40/4.25- 1.55-1.68(1H, m: yCH,), 0.83/0.76(3H, d, J=6.5 Hz:

Leu d, J/=8.0 Hz) 4.29(1H, m) 1.36-1.48(2H, m) 8CH,), 0.86(3H, d, J=6.5 Hz)
6.99(1H, dd, J=7.5, 7.5 Hz: Ind5), 7.08(1H, dd, J=7.5,
T 833(1H,d,  4.56(1H,dd,J=6.5,  3.12(1H,dd,J=7.5,14.5Hz), 7.5 Hz: Ind6), 7.16(1H, s: Ind2), 7.34(1H, d, J=8.5 Hz:
P J=7.0 Hz) 14.0 Hz) 3.19(1H, dd, J=6.5, 14.5 Hz) Ind4), 7.48(1H, d, /=7.5 Hz: Ind7), 10.86(1H, bs,
IndNH)
4.97(1H, d, J=13.0

Bzl - Hz), 5.02(1H, d, - 7.10-7.33(SH, m: PhH)

J=12.5 Hz)
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H-Tyr-D-Ala-Gly-Phe-Pro-Leu-Trp-NH-Bzl 'TFA (TY008);
2 amide bond rotamers at the Pro® N, ca. 5:1 ratio; ' H-NMR (DMSO-d) &:

AA

NH

o

B

misc.

Tyr

D-Ala?

Gly’

Phe*

Pro

Leu®

Trp

Bzl

8.05/8.09(3H,
bs)

8.52/8.60(1H,
d, J=6.5 Hz)

8.16/8.23(1H, t,
J=5.5 Hz)

8.23/8.25(1H,
d, J=8.0 Hz)

7.96/8.27(1H,

d, J=6.5 Hz)

7.84/7.82(1H,
d, J=8.0 Hz)

8.36/8.43(1H, t,
J=5.5 Hz)

3.94-4.04(1H, m)

4.28-4.33(1H, m)

3.59 (1H, dd, J=6.0,
16.0 Hz),
3.70/3.73(1H, dd,
J=5.5,16.5 Hz)

4.63-4.70/4.48-
4.53(1H, m)

4.29-4.34/4.10-
4.14(1H, m)

4.23-4.33/4.15-
4.18(1H, m)

4.57(1H, dd, J=7.5,
14.0 Hz)

2.84(1H, dd, J=7.5, 14.0 Hz),
2.90(1H, dd, J/=7.0, 13.5 Hz)

1.05/1.10(3H, d, J=7.0 Hz)

2.74/2.95(1H, dd, J=9.5, 14.0
Hz), 2.98/3.27(1H, dd, J=4.0,
14.0 Hz)

1.69-1.76/1.67-1.75(1H, m),
1.90-1.98/1.67-1.75 (1H, m)

1.40(2H, dd, J=7.5, 7.5 Hz)

3.03/3.01(1H, dd, J=7.5, 14.5
Hz), 3.15/3.10(1H, dd, J=6.0,
14.5 Hz)

6.70(2H, d, J=8.0 Hz: PhH), 7.02(2H, d, J=8.0 Hz:
PhH), 9.33(1H, bs: PhOH)

7.05-7.30(5H, m: PhH)

1.76-1.90/1.55-1.58(2H, m: yCH,), 3.45-3.51/3.17-
3.25(1H, m: 5CHy), 3.56-3.63/3.32-3.35(1H, m: CH,)

1.55-1.65(1H, m: yCH,), 0.83/0.77(3H, d, J/=6.5 Hz:
0CH,), 0.88/0.86(3H, d, J=6.5 Hz: 3CH,)

6.96(1H, dd, J=7.5, 7.5 Hz: Ind5), 7.06(1H, dd, J=8.0,
8.0 Hz: Ind6), 7.09(1H, s: Ind2), 7.33(1H, d, J=8.0 Hz:
Ind4), 7.56(1H, d, J=7.5 Hz: Ind7), 10.88(1H, bs,
IndNH)

4.15-4.25/4.25-4.32(2H, m), 7.05-7.30(5H, m: PhH)
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H-Tyr-D-Ala-Gly-Phe-Pro-Leu-Trp-NMe-Bzl-TFA (TY010);
2 amide bond rotamers at the Pro® N, ca. 7:1 ratio (read from NH-DAla),
2 amide bond rotamers at the BzIN, ca. 2:1 ratio (read from IndNH-Trp);

! H-NMR (DMSO- db) &:

AA NH o B misc.
| 2.83(1H, dd, /=7.8, 13.8 Hz),  6.69/6.70(2H, d, J=7.8 Hz: PhH), 7.002H, d, J=8.4
Tyr 8.06(3H, bs) 3.96(1H, m) 2.88(1H, dd, J=6.6, 13.8 Hz) Hz: PhH), 9.33(1H, bs: PhOH)
> | 8.50/8.59(1H, _
D-Ala 4, J=72 H) 4.26-4.33(1H, m) 1.03/1.09(3H, d, J=6.6 Hz) -
3.56-3.63 (1H, m),
Gly’ 8.1 ;i i’i“ng)l’ b 3.69/3.74(1H, dd, - -
: J=6.0, 16.8 Hz)
8.22/8.20/7.68( 4.63-4.70/4.22- 2.75/2.90/2.83(1H, dd, J=9.6,
Phe* 1H, d, J=7.8 4.25/4.50-4.56(1H, 13.8 Hz), 2.92-3.08/3.12- 6.90-7.30(5H, m: PhH)
Hz) m) 3.16/2.78-2.90(1H, m)
Pro’ 4.34-4.39/4.13- 1.77-1.88/1.62-1.65(1H, m),  1.88-1.95/1.80-1.86(2H, m: yCH.), 3.50-3.57(1H, m:
. 4.17(1H, m) 1.95-2.03/1.73-1.78 (1H, m) 3CH,), 3.58-3.67(1H, m: 5CH,)
Leu$ 7'19é/ 7&83/:%245( A ‘3"73/2';'5‘2‘/ ;‘;(IIH 1.44/1.41/1.452H, dd, J=7.2,  1.60-1.65/1.60-1.62/1.42-1.45(1H, m: yCH,), 0.81-
2 S e 20 2 e g 7.2 Hz) 0.90/0.76-0.79(6H, m: 5CH,)
Hz) m)
6.96/6.88(1H, dd, J=7.2, 7.2 Hz: Ind5), 7.05/7.03(1H,
8.22/8.20/8.18/ dd, J=7.2, 7.2 Hz: Ind6), 7.12/7.12/7.07/7.07(1H, s:
Trp’ 8.16(1H, d, 3 fi77/ ‘;'918‘(11‘?1’{‘;" 2'90‘3'05((111;’ “rg) 3.11-3.25 Ind2), 7.33/7.32(1H, d, J=8.4 Hz: Ind4),
J=7.8 Hz) 6 1% ’ 7.55/7.35/7.54(1H, d, J=8.4 Hz: Ind7), 10.86/10/82(1H,
bs, IndNH)
Bzl - - - 2.68/2.66(3H, s, NCH;), 6.90-7.30(5H, m: PhH)
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H-Tyr-D-Ala-Gly-Phe-Pro-Leu-Trp-NH-3,5-Bzl(CF3)2"TFA (TY012);
2 amide bond rotamers at the Pro6 N, ca. 6:1 ratio (read from Hy-DAla);

! H-NMR (DMSO-db) &

NH

p

misc.

Tyr

D-Ala?

Gly®

Phe*

Pro

Leu

Trp

3,5-
Bl’l(CF3)2

8.05/8.10(3H,
bs)

8.49/8.58(1H,
d, J=7.8 Hz)

8.14/8.24(1H, t,
J=5.4 Hz)

8.22(1H, d,
J=1.8 Hz)

7.91/8.20(1H,
m)

7.95(1H, m)

8.59(1H, t,
J=6.0 Hz)

3.92-4.00(1H, m)

4.28-4.33(1H, m)

3.52-3.63(1H, m),
3.68/3.70(1H, dd,
J=5.4,16.8 Hz)

4.62-4.67(1H, m)
4.30-4.34/4.14-
4.17(1H, m)
4.24-4.28/4.18-

4.22(1H, m)

4.52(1H, dd, J=7.2,
13.8 Hz)

2.83(1H, dd, J=7.2, 13.8 Hz),
2.88(1H, dd, J=6.6, 13.8 Hz)

1.03/1.08(3H, d, J=6.6 Hz)

2.71(1H, dd, J=9.0, 13.8 Hz),
2.95(1H, dd, J=3.6, 13.8 Hz)

1.65-1.74/1.68-1.74(1H, m),
1.87-1.96/1.68-1.74 (1H, m)

1.40/1.43(2H, dd, J=7.2, 7.2
Hz)

3.02(1H, dd, J=7.2, 14.4 Hz),
3.14(1H, dd, J=5.4, 14.4 Hz)

6.69(2H, d, J=8.4 Hz: PhH), 7.00(2H, d, J/=8.4 Hz:
PhH), 9.32(1H, bs: PhOH)

7.12-7.28(5H, m: PhH)

1.75-1.86/1.53-1.58(2H, m: yCH,), 3.44-3.52/3.21-
3.25(1H, m: 8CHy), 3.56-3.64/3.31-3.36(1H, m: 3CH,)

1.51-1.64/1.38-1.41(1H, m: yCH,), 0.79/0.73(3H, d,
J=6.6 Hz: 6CH,), 0.83(3H, d, J=6.6 Hz: 5CH,)

6.93(1H, dd, J=7.2, 7.2 Hz: Ind5), 7.03(1H, dd, J=7.2,
7.2 Hz: Ind6), 7.09(1H, s: Ind2), 7.30(1H, d, J=7.8 Hz:
Ind4), 7.52(1H, d, J=7.8 Hz: Ind7), 10.80(1H, bs,
IndNH)

4.35(1H, dd, J=5.4, 9.6 Hz: CH,Ph), 4.45(1H, dd,
J=5.4,10.2 Hz: CH,Ph), 7.89(2H, s: PhH), 7.94(1H, s:
PhH)
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H-Tyr-D-Ala-Gly-Phe-Pro-Leu-Trp-NMe-3,5-Bzl(CF3)2'TFA (TY013);
2 amide bond rotamers at the Pro® N, ca. 9:1 ratio (read from NH-DAla),
2 amide bond rotamers at the BzIN, ca. 3:1 ratio (read from IndNH-Trp);

1 H-NMR (DMSO-db) &:

AA NH o B misc.
! 2.84(1H, dd, J=8.5, 145Hz),  6.70(2H, d, J=8.5 Hz: PhH), 7.02(2H, d, J=8.5 Hz:
Tyr 8.06(3H, bs) 3.98(1H, m) 2.90(1H, dd, J=7.0, 14.5 Hz) PhH), 9.32(1H, bs: PhOH)
2 | 8.49/8.58(1H, _
DA’ | T,y 42T433(H, m) 1.05/1.10(3H, d, J=6.5 Hz) -
3.55-3.62 (1H, m),
Gly* St' lji i%sl({lzl){ 3.70/3.75(1H, dd, - -
I J=6.0, 16.5 Hz)
8.25/8.23/7.66( 2.68-2.75/2.78-2.85(1H, m),
Phe? 1H, d, J=7.5 4'235'24('17;)1/ 4£)8' 2.94-3.04/2.78-2.85/3.04- 7.15-7.30(5H, m: PhH)
Hz) DA 3.08(1H, m)
433.4.37/4.16. 1.86-1.92/1.60-1.64(1H, m: yCH,), 1.94-2.00/1.60-
Pro’ - A 19(1H, m) 1.75-1.83/1.74-1.79(2H, m) 1.64(1H, m: yCH,), 3.49-3.57(1H, m: 3CH,), 3.60-
S 3.67(1H, m: 5CH,)
Lot 7'1811/ 7('18‘5]/57' 156( 4.32-4.40/4.25- 1.38-1.44/1.40-1.45/1.33- 1.56-1.67/1.40-1.45(1H, m: YCH,), 0.84/0.77(3H, d,
"Hyy 4.30(1H, m) 1.38(2H, m) J=1.5 Hz: §CH,), 0.87/0.82(3H, d, J=7.5 Hz: 5CH,)
8.35/8.32/8.30/ 6.97/6.88(1H, dd, J=7.5, 7.5 Hz: Ind5), 7.07/7.02(1H,
- SITOH. 4, 490500 (H.m)  295303(1Hm),3.113.23 dd, J=7.5, 7.5 Hz: Ind6), 7.13/7.12(1H, s: Ind2),
P =80 Hr) o . (1H, m) 7.34/7.30(1H, d, J=8.0 Hz: Ind4), 7.54/7.53(1H, d,
' J=8.0 Hz: Ind7), 10.83/10/80(1H, bs, IndNH)
3,5- 2.77/2.79(3H, s, NCHs), 7.85(2H, s: PhH), 7.98(1H, s:
BH(CF3)2 ) ) ) PhH)
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H-Tyr-D-Ala-Gly-Phe-Phe-Pro-Leu-Trp-O-3,5-BzI(CF;),"TFA (TY003);
Only one isomer was found; ' H-NMR (DMSO-d;) §:

AA

NH

o B misc.
2.78(1H, dd, J=8.5, _ _ - .
Tyr' 8.05(3H, bs) 3.93-4.20(1H, m) 14.0 Hz), 2.89(1H, dd, 6.70(2H, d, J=8.5 glé}lzlfg)’bz;olfl%ﬁ)d’ J/=8.0 Hz: PhH),
J=8.5, 14.0 Hz) ) e
2 8.53(1H, d, -
D-Ala 7.5 Ha) 4.31-4.40(1H, m) 1.06(3H, d, J=7.0 Hz) -
Glv? 8.17(1H,t,  3.59(1H, dd, J=5.5, 16.5 Hz),
y J=6.0Hz)  3.69(1H, dd, J=5.5, 17.0 Hz) i -
2.69(1H, dd, J=9.5,

4 7.89(1H, d,

Phe - 4.50-4.59(1H, m) 14.0 Hz), 2.89-2.96(1H, 7.12-7.29(5H, m: PhH)
J=9.0 Hz) m)

5 8.45(1H, d, _ 2.90-2.95(1H, m), 2.96- )
Phe J=8.0 Hz) 4.65(1H, dd, J=6.5, 12.5 Hz) 3.06(1H, m) 7.12-7.29(5H, m: PhH)

6 1.80-1.88(1H, m), 1.89- . )
Pro - 4.28-4.39(1H, m) L 97(1H, m) 1.69-1.80(2H, m: yCH,), 3.40-3.51(2H, m: 5CH,)

; 7.87(1H, d, 1.53-1.64(1H, m: yCH,), 0.74(3H, d, J=6.5 Hz: 5CH,),
Leu J=8.5 Hz) 4.31-4.40(1H, m) 1.34-1.42(2H, m) 0.79(3H, d, J=6.0 Hz: 5CHy)

8.40(1H. d 3.15(1H, dd, J=6.5, 6.95(1H, dd, J=7.5, 7.5 Hz: Ind5), 7.05(1H, dd, J=7.5, 7.5
Trp® j:7 0 H’z)’ 4.51-4.60(1H, m) 15.0 Hz), 3.21(1H, dd,  Hz: Ind6), 7.17(1H, s: Ind2), 7.32(1H, d, /=8.0 Hz: Ind4),
’ J=6.5, 14.0 Hz) 7.46(1H, d, J/=8.0 Hz: Ind7), 10.88(1H, bs, IndNH)
3,5- ) i i 5.12(1H, d, J/=13.5 Hz: CH,Ph), 5.21(1H, d, /=13.0 Hz:
Bn(CF3), CH,Ph), 7.90(2H, s: PhH), 8.05(1H, s: PhH)
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H-Tyr-D-Ala-Gly-Phe-D-Phe-Pro-Leu-Trp-O-3,5-BzI(CF;),"TFA (TY007),
2 amide bond rotamers at the Pro® N, ca. 1:1 ratio; ! H-NMR (DMSO-dy) 6:

NH

o

B

misc.

Tyr

D-Ala?

Gly®

Phe*

D-Phé’

Pro

Leu

Trp

3,5-
Bn(CF;),

8.03/8.07(3H, bs)

8.50/8.56(1H, d,
J=1.5 Hz)

8.13-8.21(1H, m)

7.79/7.88(1H, d,
J=1.5 Hz)

8.66/8.68(1H, d,
J=8.0 Hz)

7.82/8.27(1H, d,
J=1.5 Hz)

8.29/8.63(1H, d,
J=9.0 Hz)

3.93-4.03(1H, m)
431(1H, qua, J=6.5
Hz)

3.50-3.71(2H, m)

4.44-4.50/4.58-
4.64(1H, m)

4.36-4.44/4.71(1H,
m/dd, J=6.5, 13.0
Hz)

4.22-4.28/4.84-
4.88(1H, m)

4.20-4.27/4.42-
4.48(1H, m)

4.50-4.58(1H, m)

2.78-2.92(2H, m)

1.03/1.05(3H, d, J/=7.0 Hz)

2.26-2.34/2.50-2.58(1H, m), 2.48-
2.53/2.72-2.80(1H, m)

2.71-2.76/2.75-2.81(1H, m), 2.90-
2.89(1H, m)

1.65-1.70/1.94-1.99(1H, m), 1.77-
1.82/2.12-2.18(1H, m)

1.35-1.46(2H, m)

3.09-3.22(2H, m)

6.70(2H, d, J=8.5 Hz: PhH), 7.02(2H, d,
J=8.0 Hz: PhH), 9.33(1H, bs: PhOH)

7.07-7.30(5H, m: PhH)

6.88-6.92, 7.07-7.30(5H, m: PhH)

1.62-1,65/1.63-1.69(1H, m: yCH,), 1.70-
1.77/1.70-1.75(1H, m: yCH,),3.48-3.55/3.45-
3.49(1H, m: 8CH,), 3.12-3.15/3.35-3.40(1H,

m: 6CH,)

1.52-1.62(1H, m: yCH,), 0.75/0.77(3H, d,
J=6.5 Hz: CH,), 0.80/0.81(3H, d, J=6.5 Hz:

3CH,)

6.94(1H, dd, J=7.5, 7.5 Hz: Ind5), 7.05(1H,

dd, J=8.0, 8.0 Hz: Ind6), 7.17(1H, s: Ind2),
7.31(1H, d, J=7.5 Hz: Ind4), 7.41/7.46(1H, d,
J=7.5 Hz: Ind7), 10.86/10.88(1H, bs, IndNH)

5.08/5.10(1H, d, J=13.0 Hz: CH,Ph),
5.17/5.19(1H, d, J=13.0 Hz: CH,Ph),
7.90/7.91(2H, s: PhH), 8.05(1H, s: PhH)
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H-Tyr-D-Ala-Gly-Phe-Gly-Pro-Leu-Trp-0-3,5-BzI(CF;), " TFA (TY006),
2 amide bond rotamers at the Pro® N, ca. 2:1 ratio; ! H-NMR (DMSO-dy) 6:

AA NH a B misc.
1 2.84(1H, dd, J=7.0, 13.5 Hz), 6.70(2H, d, J=8.0 Hz: PhH), 7.02(2H, d,
Tyr 8.05(3H, bs) 3.92-4.03(1H, m) 2.90 (1H, dd, J=6.5, 13.5 Hz) J=8.5 Hz: PhH), 9.33(1H, bs: PhOH)
D-Ala> 852(”;;} J=70 4.28-4.33(1H, m) 1.06(3H, d, J=7.0 Hz) )
; 3.57-3.65(1H, m), 3.67-
Gly 8.13-8.20(1H, m) 3 75(1H, o) - -
. 2.25(1H, dd, J=10.0, 13.5 Hz), _
Phe 8.01-8.06(1H, m)  4.53-4.65 (1H, m) 2073 07(1H. m) 7.12-7.24(5H, m: PhH)
G 827/8.11(1H, t, 3.83-3.94/3.29-3.38(1H,
Y J=5.5 Hz) m), 3.90-4.00(1H, m) . -
1.67-1.73/1.76-1.84(1H, m: yCH,), 1.91-
Pro® - 4.30-4.35/ ‘:1';4)3'4'45(11{’ 1.78-1.87/1.69-1.75(2H, m)  1.99/2.10-2.18(1H, m: yCH,), 3.40-3.53/3.35-
3.44(2H, m: 5CH,)
0.75/0.76(3H, d, J=6.0/5.0 Hz: 5CH,),
Leu’ 7.91/825(1H, d,  4.28-4.33/4.37-4.44(1H, 1.32-1.43(2H, m) 0.793H, d, J=6.5 Hz: 5CH,), 1.50-1.60(1H,
J=8.5 Hz) m) )
m: yCH,)
6.96(1H, dd, J=7.5, 7.5 Hz: Ind5), 7.05(1H,
_ dd, J=7.0, 7.0 Hz: Ind6), 7.17(1H, s: Ind2),
Trp® 8'2‘9/:87'501%;’ d, 4.52-4.60(1H, m) 33 12‘;((11}}11 ‘3‘31’ ‘§:66'55’ lli'%%zz))’ 7.32(1H, d, J=8.0 Hz: Ind4), 7.45/7.47(1H, d,
: : » 46, /=05, 14. J=7.5/5.5 Hz: Ind7), 10.86/10.88(1H, bs,
IndNH)
1s. 5.11/5.14(1H, d, J=13.5 Hz: CH,Ph),
Ba(CF), - - - 5.20/5.22(1H, d, J=13.0 Hz: CH,Ph),

7.92/7.94(2H, s: PhH), 8.05(1H, s: PhH)
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H-Tyr-D-Ala-Gly-Phe-Leu-Pro-Leu-Trp-O-3,5-BzI(CF;), TFA (TY004);

Only one isomer was found; * H-NMR (DMSO-dj) &:

AA NH a B misc.
| 6.71(2H, d, J=7.5 Hz: PhH), 7.03(2H, d, J=8.0 Hz: PhH),
Tyr' | 8.12(3H, bs) 4.00(1H, bs) 2.84-2.93(2H, m) 9.49(1H, bs: PhOE)
| 857(1H, d, 1.06(3H, d, J=6.5
D-AW® | 4.28-4.38(1H, m) H) -
; 3.61(1H, dd, J=5.0 16.5 Hz),
Gly 8:20(1H, m)  3'2>(1H, dd. J=5.0, 17.0 Hz) - .
s 2.68-2.78(1H, m), .
Phe 7.91(1H, m) 4.48-4.59(1H, m) 5.903.00(1H. m) 7.12-7.27(5H, m: PhH)
s | 839(1H, d, 0.86(3H, d, J=7.5 Hz: CH,), 0.88(3H, d, J=7.0 Hz: 5CH,),
Leu 26,5 Ha) 4.50-4.61(1H, m) 1.41-1.49(2H, m) L57-1.67( H, m: L)
Pro® - 4.27-4.40(1H, m) 1.71-1.85(2H, m) 1.81-1.96(1H, m: yCH,), 3.10-3.25(2H, m: 5CH,)
;| 7.85(1H, d, 0.76(3H, d, J=6.0 Hz: CH,), 0.79(3H, d, J=6.0 Hz: CH,),
Leu 7.5 Ha) 4.30-4.44(1H, m) 1.30-1.38(2H, m) LS1-1.60( H, m: 1L
8 33(1EL d 6.96(1H, dd, J=7.0, 7.0 Hz: Ind5), 7.05(1H, dd, J=7.5, 7.5 Hz:
Trp® 27,5 Ha) 4.50-4.59(1H, m) 3.18(2H, ) Ind6), 7.17(1H, s: Ind2), 7.33(1H, d, J=8.0 Hz: Ind4), 7.46(1H,
: d, J=8.0 Hz: Ind7), 10.87(1H, bs, IndNH)
3,5- ] ) ] 5.12(1H, d, J=13.0 Hz: CH,Ph), 5.21(1H, d, J=13.5 Hz:
Bn(CFs), CH,Ph), 7.93(2H, s: PhH), 8.04(1H, s: PhH)
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H-Tyr-D-Ala-Gly-Phe-Met-Pro-Leu-Trp-O-3,5-BzI(CF3)," TFA (TY005);
Only one isomer was found; * H-NMR (DMSO-d) 6:

AA NH o B misc.
2.86(1H, dd, J=6.5, 9.5 _ , _ ,
Tyr' | 8.05(3H, bs) 3.93-4.13(1H, m) Hz), 2.89(1H, dd, 6.69(2H, d, J=8.0 1323’;(’}115)1)78',0;}%%)‘1"] 8.0 Hz: PhH),
J=6.5,9.5 Hz) : » OS2
> | 8.55(1H, d, -
DAl | 28 4.28-4.39(1H, m) 1.06(3H, d, J=7.0 Hz) -
Gl 8.19(1H,t,  3.63(1H, dd, J=6.5 16.0 Hz),
y J=5.0Hz)  3.71(1H, dd, J=6.5, 16.0 Hz) . .
2.74(1H, dd, J=9.5,
Phe* Gz;(élﬁ;)l’ 4.50-4.59(1H, m) 13.0 Hz), 2.90- 7.17-7.25(5H, m: PhH)
: 2.99(1H, m)
s | 841(1H, d, 1.75-1.81(1H, m), , ,
Met 20.5 Tiz) 4.59-4.66(1H, m) 189-1.95(1E, m) 2.45-2.51(2H, m: yCH,), 2.03(3H, s: SCH;)
6 1.68-1.74(1H, m), 1.75-1.81(1H, m: yCH,), 1.85-1.92(1H, m: yCH,), 3.52-
Pro . 4.28-4.39(1H, m) 1.92-1.98(1H, m) 3.61(2H, m: 5CH,)
;| 7.88(1H, d, ) ] 1.52-1.61(1H, m: yCH,), 0.76(3H, d, J=6.5 Hz: 5CH,),
Leu 8.0 Ha) 4.27-438(1H, m) 1.31-1.37(2H, m) 07OGH. 4. J=6.5 Ha: 5CH,)
8 39(1H, d 3.14(1H, dd, J=6.5,9.5  6.96(1H, dd, J=7.5, 7.5 Hz: Ind5), 7.07(1H, dd, J=7.0, 7.0
Trp® 1275 Ha) 4.50-4.59(1H, m) Hz), 3.20(1H, dd, Hz: Ind6), 7.17(1H, s: Ind2), 7.32(1H, d, J/=8.0 Hz: Ind4),
: J=6.5,9.5 Hz) 7.47(1H, d, J=7.5 Hz: Ind7), 10.86(1H, bs, IndNH)
3,5- 5.11(1H, d, J=13.0 Hz: CH,Ph), 5.21(1H, d, J=13.5 Hz:
Bn(CF;), . . . CH,Ph), 7.92(2H, s: PhH), 8.05(1H, s: PhH)
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H-Tyr-D-Ala-Gly-Phe-Met(O)-Pro-Leu-Trp-O-3,5-BzI(CF3),"TFA (TY023),
2 amide bond rotamers at the Pro® N, ca. 10:1 ratio; * H-NMR (DMSO-dy) §:

NH o

p

misc.

Tyr

D-Ala?

Gly®

Phe*

Met(0)’

Pro

Leu

Trp

3,5-
Bn(CF;),

8.08/8.11(3H, bs) 3.98(1H, bs)
8.54(1H, d, J=7.0

H) 4.29-4.36(1H, m)

3.57-3.65(1H, m), 3.65-

8.26-8.35(1H, m) 3.78(1H, m)

8.01(1H, d, J=8.0

Ha) 4.52-4.57(1H, m)

8.44-8.49/8.48-
8.51(1H, m) 4.61-4.73(1H, m)
- 4.29-4.33(1H, m)

7.91/8.25(1H, d,

8.5 Hy) 4.29-4.36(1H, m)

8.38/8.21(1H,d,  4.51-4.57/4.47-4.52(1H,
J=6.5 Hz) m)

2.83-2.94(2H, m)

1.07(3H, d, /=7.0 Hz)

2.74-2.80(1H, m), 2.93-3.00(1H,
m)

1.85-1.93(1H, m), 2.02-2.10(1H,
m)

1.65-1.72(1H, m), 1.93-2.01(1H,
m)

1.30-1.40(2H, m)

3.15(1H, dd, J=7.5, 14.5 Hz),
3.21 (1H, dd, J=6.5, 15.0 Hz)

6.70(2H, d, J=8.0 Hz: PhH), 7.02(2H, d,
J=8.5 Hz: PhH), 9.38(1H, bs: PhOH)

7.13-7.28(5H, m: PhH)

2.66-2.74(1H, m: yCH,), 2.77-2.84(1H, m:
yCH,), 2.50(3H, s: SCH;)

1.71-1.79(1H, m: yCH,), 1.78-1.87(1H, m:
yCH,), 3.51-3.57/3.46-3.51(H, m: CH,),
3.51-3.57/3.55-3.60(H, m: 5CH,)

0.76(3H, d, J=5.0 Hz: 5CH,), 0.79(3H, d,
J=6.5 Hz: 5CH,), 1.50-1.62(1H, m: yCH,)

6.96(1H, dd, J/=7.5, 7.5 Hz: Ind5), 7.05(1H,

dd, J=7.5, 7.5 Hz: Ind6), 7.17(1H, s: Ind2),
7.32(1H, d, J=8.0 Hz: Ind4), 7.46(1H, d,
J=8.0 Hz: Ind7), 10.88(1H, bs, IndNH)

5.12/5.21(1H, d, J=13.5 Hz: CH,Ph),
5.21/5.29(1H, d, J=13.5 Hz: CH,Ph),
7.92/7.99(2H, s: PhH), 8.05(1H, s: PhH)
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H-Tyr-D-Ala-Gly-Phe-Nle-Pro-Leu-Trp-O-3,5-BzI(CF5),"TFA (TYO018);
Only one isomer was found; * H-NMR (DMSO-dj) &:

AA NH a B misc.

| 2.84(1H, dd, J=7.5, 13.5 Hz), 6.71(2H, d, J=7.5 Hz: PhH), 7.03(2H, d,
Tyr 8.05(3H, bs) 3.98(1H, bs) 2.91(1H, dd, J=7.0, 13.5 Hz)) J=8.5 Hz: PhH), 9.33(1H, bs: PhOH)

D-Ala’ 853(1%3’ J=7.0 4.29-4.36(1H, m) 1.07(3H, d, J=7.0 Hz) ]
g 3.62(1H, dd, J=5.5, 15.0
Gly? 8'19(1%5’ =60 1) 371010, dd, J=5 5, ; ;
15.0 Hz)

4 7.92(1H, d, J=8.0 2.73(1H, dd, J=10.5, 15.0 Hz), _
Phe H2) 4.53-4.59(1H, m) 2.90-3.00(111 m) 7.13-7.28(5H, m: PhH)
NS 832(1H, d, J=7.5 4.45(1H,dd,J=7.0,13.0 1.46-1.52(1H, m), 1.60-1.68(1H,  0.80-0.88(3H, m: £CHs), 1.16-1.30(4H, m:

Hz) Hz) m) vCH,, 6CH,)

6 1.69-1.80(2H, m: yCH,), 3.42-3.51(1H, m:
Pro - 4.33-4.38(1H, m) 1.80-1.93(2H, m) 5CHL), 3.51.3.60(1EL. 1t 3CH))

. 7.83(1H, d, J=8.5 0.76(3H, d, J=6.5 Hz: 5CH,), 0.79(3H, d,
Leu Hz) 4.26-4.39(1H, m) 1.31-1.38(2H, m) J=5.5 Hz: CH,), 1.52-1.60(1H, m: yCH,)

6.96(1H, dd, J=7.5, 7.5 Hz: Ind5), 7.05(1H,

s 8.38(1H, d, J=7.0 3.14(1H, dd, J=7.0, 14.0 Hz), dd, J=7.5, 7.5 Hz: Ind6), 7.17(1H, s: Ind2),

Trp Hz) 4.52-4.55(1H, m) 3.20(1H, dd, J=7.0, 15.0 Hz) 7.32(1H, d, J=8.0 Hz: Ind4), 7.46(1H, d,
J=8.5 Hz: Ind7), 10.86(1H, bs, IndNH)
35 5.11(1H, d, J=13.5 Hz: CH,Ph), 5.21(1H, d,
Br(CEy) - - - J=13.5 Hz: CH,Ph), 7.93(2H, s: PhH),
32 8.04(1H, s: PhH)
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H-Tyr-D-Ala-Gly-Phe-N-Me-Nle-Pro-Leu-Trp-O-3,5-BzI(CF;3),"TFA (TY019),
2 amide bond rotamers at the Pro® N, ca. 10:1 ratio; * H-NMR (DMSO-dy) §:

AA

NH

o

B

misc.

Tyr

D-Ala?

Gly®

Phe*

NS

Pro

Leu

Trp

3,5-
Bn(CFs),

8.05/8.09(3H,
bs)

8.54/8.60(1H,
d, J=7.0 Hz)

8.23/8.24-
27(1H, t/m,
J=5.5 Hz)

8.35(1H, d,
J=8.5 Hz)

7.82(1H, d,
J=8.0 Hz)

8.22/8.31-
8.33(1H, d/m,
J=6.5 Hz)

3.97(1H, bs)

4.30-4.38(1H, m)

3.69(2H, d, J=5.5 Hz)

4.95/4.97-5.01(1H,
dd/m, J=8.0, 16.0 Hz)

5.09-5.13(1H, m)

4.17-4.22/4.24-4.28(1H,
dd/m, J=2.5, 8.0 Hz)

4.26-4.32(1H, m)

4.52(1H, dd, J=7.0, 14
Hz)

2.81-2.93(2H, m)

1.03-1.10(3H, m)

2.74-2.81(1H, m), 2.96-3.03(1H, m)

1.40-1.48(1H, m), 1.60-1.68(1H, m)

1.66-1.72/1.67-1.82(1H, m), 1.83-
1.92/1.85-1.93(1H, m)

1.32-1.42(2H, m)

3.14(1H, dd, J=7.5, 15.0 Hz),
3.21(1H, dd, J=6.5, 15.0 Hz)

6.71(2H, d, J=8.5 Hz: PhH), 7.03(2H, d,
J=8.5 Hz: PhH), 9.32(1H, bs: PhOH)

7.13-7.28(5H, m: PhH)

0.80-0.88(3H, m: £CHy), 1.13-1.35(4H, m:
yCH,, 6CH,)

1.60-1.68/1.75-1.80(1H, m: yCH,), 1.72-
1.78/1.79-1.85(1H, m: yCH,), 2.86-2.97/3.23-
3.28(1H, m: 6CH,), 3.31-3.39/3.43-3.48(1H,

m: 6CH,)

0.73-0.76(3H, m), 0.77-0.81(3H, m), 1.52-
1.56(1H, m: yCH,)

6.96(1H, dd, J=7.5, 7.5 Hz: Ind5), 7.06(1H,

dd, J=7.0, 7.0 Hz: Ind6), 7.15(1H, s: Ind2),
7.32(1H, d, J=8.0 Hz: Ind4), 7.45(1H, d,
J=7.5 Hz: Ind7), 10.87(1H, bs, IndNH)

5.11(1H, d, J=13.0 Hz: CH,Ph), 5.20(1H, d,
J=13.5 Hz: CH,Ph), 7.90(2H, s: PhH),
8.03(1H, s: PhH)
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H-Tyr-D-Ala-Gly-Phe-Pro-Met-Leu-Trp-NH-3,5-BzI(CF;),"TFA (TY027);
Only one isomer was found; * H-NMR (DMSO-ds) §:

AA NH o B misc.
1 6.69(2H, d, J=7.2 Hz: PhH), 7.01(2H, d,
Tyr 8.04(3H, bs) 3.93-4.00(1H, m) 2.80-2.92(2H, m) N Hot Phit, 0 A1 be: PhOI)
D-Ala? 8'50(“11_1’2‘)1’ S8 408433310, m) 1.04G3H, d, J=6.6 Hz) ;
- 3.60(1H, dd, J=5.4,
Gly’ 8'17(“:{ § J=60 16 8 Hy), 3.69 (1H, dd, ; ;
Z J=5.4,16.2 Hz)
) 2.72(1H, dd, J=9.6, 13.8 Hz), ,
Phe 7.93-8.00(1H, m)  4.50-4.55(1H, m) 2892 95(11. 1 7.13-7.28(5H, m: PhH)
s 838(1H,d,J=7.2  4.59(IH,dd,/=7.8,  1.70-1.80(1H, m), 1.86-1.94(1H, , .
Met ol 44Tt i 2.42-2.47 (2H, m: yCHy), 2.02(3H, s: 5CHj)
Pt ) 4284331 M,y 1O3168(IH, m), 18S-192(1H,  1.66-1.84(2H, m: yCHy). 3.50-3.60(2H, m:
m) SCHy)
] 421(1H, dd, J=8.0, _ 1.53-1.61(1H, m: yCH,), 0.76(3H, d, J=6.6
Leu 7.95-8.02(1H, m) 150 110 1.38(2H, dd, J=7.2, 7.2 Hz) T SCHo. 0 850H. 3 1266 T SCH)
6.94(1H, dd, J=7.8, 7.8 Hz: Ind5), 7.04(1H,
, 7.92(1H, d, J=7.8 3.01(1H, dd, /=78, 144 Hz),  dd, J=8.4, 8.4 Hz: Ind6), 7.08(1H, s: Ind2),
Trp Hz) 4.50-4.55(1H, m) 3.13(1H, dd, J=5.4, 14.4 Hz) 7.30(1H, d, J=8.4 Hz: Ind4), 7.51(1H, d,
J=7.8 Hz: Ind7), 10.88(1H, bs, IndNH)
432(1H, dd, J=5.4
35- 8.57(1H, t, J=6.0 > dd, J=5.4, . ,
B, o 16.2 Hz), 4.44(1H, d, ; 7.88(2H, s: PhH), 7.94(1H, s: PhH)

J=6.6, 15.6 Hz)
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H-Tyr-D-Ala-Gly-Phe-Pro-Met-Leu-Trp-NH-BzI' TFA (TY025);
Only one isomer was found; * H-NMR (DMSO-ds) §:

AA NH o B misc.
' 2.85(1H, dd, J=7.5, 14.0 Hz), 6.70(2H, d, J=7.0 Hz: PhH), 7.02(2H, d,
Tyr 8.03(3H, bs) 3.93-4.02(1H, m) 2.89(1H, dd, J=7.0, 14.0 Hz) J=8.5 Hz: PhH), 9.31(1H, bs: PhOH)
| 8.55(1H,d,J=7.5  4.33(1H, dd, J=6.5, 6.5 _
D-Ala Ha) Ha) 1.06(3H, d, J=6.0 Hz) -
y 3.62(1H, dd, J=6.0, 17.0
Gly’ 8'19(“;’ ; J=60 4,), 3.70(1H, dd, J=6.0, - -
z 16.5 Hz)
s 797(1H,dd,  4.56(1H, dd, J=7.0,14.0  2.74(1H, dd, J=9.5, 13.5 Hz),
Phe J=1.5 Hz) Hz) 2.95(1H, dd, J=5.5, 15.0 Hz) 7.05-7.28(5H, m)
Mot 8AL(IH, 4, /=75 461(1H,dd, /70,145 175-182(1H,m), L8O-LOT(IH, o o &on o ep s 5 003H, 5: 5CHy)
Hz) Hz) m)
_ 1.82-1.88(1H, m: yCH,), 1.90-1.99(1H, m:
Pro’ - 4.33(1H, ‘Ii{d;)J 6.5.65 1.70-1.80(2H, m) yCH,), 3.49-3.55(1H, m: 5CH.), 3.55-
3.62(1H, m: 5CH,)
6 8.01(1H, d, J=7.5 _ 1.55-1.64(1H, m: yCH,), 0.80(3H, d, J=6.5
Leu Ha) 4.19-4.25(1H, m) 1.41(2H, dd, J=7.0, 7.0 Hz) o 6CH,), 0.863HL 4. J=6.5 Ha: 5CEL)
6.97(1H, dd, J=7.5, 7.5 Hz: Ind5), 7.03-
- 783(1H,dd,  4.56(1H, dd,=7.0,14.0  3.02(1H, dd, J=7.5, 15.0 Hz), 7.08(1H, m: Ind6), 7.09(1H, s: Ind2),
P J=8.0 Hz) Hz) 3.15(1H, dd, J=6.0, 14.5 Hz) 7.34(1H, d, J=8.0 Hz: Ind4), 7.55(1H, d,
J=8.0 Hz: Ind7), 10.88(1H, bs, IndNH)
Bzl 8.33(1H, £, /=6.0 4.18-4.30(2H, m) - 7.05-7.28(5H, m)

Hz)
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Boc-Tyr(t-Bu)- D-Ala-Gly-Phe-Pro-Leu-Trp(Boc)-OH;
2 amide bond rotamers at the Proé N, ca. 7:1 ratio (read from NH-Phe),
2 amide bond rotamers at the —CO-IndN, ca. 5:1 ratio (read from Ind2 Trp);

! H-NMR (DMSO- db) &:

AA NH o B misc.
6.82(2H, d, J=7.8 Hz: PhH), 7.11(2H, d, /=7.8 Hz:
Tyr! %93/:689;%5’ 4.08-4.15(1H, m) 2'60‘2'7}£;Ij’ T;),gzﬁzs)(m, dd, PhH), 1.60(9H, s: (CH3);COPh), 1.23(9H, s:
S e (CH3);CO(CO)N)
7.98-8.02/7.96-
D-Ala’ 7.98/8.01- 4.22-430(1H, m) 1.05-1.12(3H, m) -
8.04(1H, m)
796-8.02/8.04-  203:003.59-
Gly’ 8.07/8.10- 3-63(1H, m), - -
8.14(1H, m) 3.67/3.70(1H, dd,
: ’ J=6.0, 17.4 Hz)
2.63-2.74/2.80-2.83(1H, m)
4 8.17/7.71 (1H, 4.60-4.68/4.48- s ,
Phe 4, J=7.8 Hz) 4.5O(1H, 1) 2.93/2.84(1HI:I(Z131,J 42,132 7.12-7.25(5H, m: PhH)
432-4.36/4.03 1.89-1.96/1.69-1.72(2H, m: yCH,), 3.40-3.47/3.21-
Pro’ - 2o/ 1.70-1.86/1.53-1.60(2H, m) 3.25(1H, m: 3CH,), 3.55-3.63/3.32-3.36(1H, m:
4.07(1H, m) SCHL)
2
6 7.85/8.14(1H, 4.25-4.33/4.19- _ 1.60-1.64/1.39-1.42(1H, m: yCH,), 0.81/0.74(3H, d,
Leu d, /=7.8 Hz) 4.22(1H, m) LAV1.45 (20, dd, J=7.2, 7.2 H2) 6 6 1,0 5CHY), 0.85/0.83(3H, d, J=6.6 Hz: 5CH,)
7.20-7.25(1H, m: Ind5), 7.30(1H, dd, J=7.2, 7.2 Hz:
. 8.01-8.07(1H, 3.05(1H, dd, J=8.4, 15.0 Hz),  Ind6), 7.48/7.47(1H, s: Ind2), 7.59(1H, d, J=7.8 Hz:
Trp m) 4.50-4.60 (1H, m) 3.15(1H, dd, J=4.8, 15.0 Hz) Ind4), 7.98-8.03(1H, m: Ind7), 1.26/1.27(9H, s:

(CH3);CO(CO)N)
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Table 3.3.2. 'H Resonance Assignments for Micelle-Bound Bifunctional Peptides with 40-fold DPC in 90%

H,0/10% D,0, 45mM CD;CO;Na, ImM NaNj; at 310 K

H-Tyr-D-Ala-Gly-Phe-Met-Pro-Leu-Trp-O-3,5-Bzl(CF;),"TFA (TY005), 3.8 mM, only for the major isomer, d:

AA NH a B misc.
Tyr' 4.26 3.09, 3.20 2,6H: 7.18, 3,5H: 6.93
D-Ala’ 8.69 4.20 1.22

Gly’ 8.52 3.86,3.96

Phe* 7.89 4.70 3.15,3.20 2,6H: 7.32, 3,5H: 7.35, 4H"

Met’® 8.17 4.69 1.96, 2.05 y:2.45,2.51, CHs: 2.08

Pro® 4.45 1.59,2.20 y: 1.78,1.90, 8: 3.61, 3.71

Leu’ 7.84 4.44 1.59 v: 1.59, 5: 0.86

Trp8 8.11 4.73 3.34,3.47 Ind2: 7.42, Ind4: 7.52, Ind5: 7.13, Ind6: 7.00, Ind7: 7.48
3,5-Bn(CF5), 5.02, 5.08 2.6H: 7.70, 4H: 7.76

-Tyr-D-Ala-Gly-Phe-Met-Pro-Leu-Trp-NH-3,5-BzI(CF;)," TFA (TY027), 3.5 mM, only for the major isomer, 5:

AA NH o B misc.
Tyr! 428 3.11,3.22 2,6H: 7.20, 3,5H: 6.93
D-Ala? 8.71 424 1.22

Gly’ 8.56 3.86, 3.96

Phe’ 7.82 4.68 3.13,3.19 2,6H: 7.27, 3,5H: 7.34, 4H"

Met® 8.07 4.55 1.91 v: 2.40, CH;: 2.01

Pro® 436 1.18, 2.01 y: 1.56, 1.69, 3: 3.44, 3.60

Leu’ 8.35 4.18 1.71 y: 1.61,8:0.92, 0.98

Trp® 7.40 4.67 3.31,3.47 Ind2: 7.40, Ind4: 7.37, Ind5: 6.83, Ind6: 7.10, Ind7: 7.51
3,5-Bn(CF5), 8.03 4.41,4.52 2.6H: 7.85, 4H: 7.75

H-Tyr-D-Ala-Gly-Phe-Met-Pro-Leu-Trp-NH-BzI-'TFA (TY025),4.0 mM, only for the major isomer, 5:

AA NH o B misc.
Tyr! 4.20 3.04,3.13 2,6H: 7.11, 3,5H: 6.85
D-Ala? 8.62 4.17 1.14
Gly® 8.47 3.78,3.88
Phe* 7.73 4.60 3.04,3.11 2,6H: 7.19, 3,5H: 7.26, 4H"
Met® 7.94 4.41 1.79 y:2.31,2.37, CHy: 2.04
Pro® 423 0.78, 1.83 y:1.23,1.50, 8: 2.97, 3.43
Leu’ 8.46 4.05 1.67 y: 1.55,8: 0.85, 0.93
Trp® 7.14 4.61 3.23,3.54 Ind2: 7.36, Ind4: 7.53, Ind5: 6.96, Ind6: 7.10, Ind7: 7.48
Bzl 7.42 4.17,4.33 2.6H: 7.14, 3,5H: 7.09, 4H"

“: not observed. Ind# represents the corresponding resonances in indole ring of Trp.
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Figure 3.3.1. Side-chain region (upper row) and H"-H" reagion (bottom) of the NOESY spectrum of (A)

TY005, (B) TY027 and (C) TY025 in DPC micelles.
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Figure 3.3.2. Fingerprint (H"-H®) region of the DQF-COSY spectrum of (A) TY005, (B) TY027 and (C)
TY025 in DPC micelles. Intraresidue HY-H" cross-peaks are labeled with residue number. X9 represents the

cross-peaks derived from the corresponding C-terminal H" and benzyl protons.
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4.1. Conclusions.

The molecular structure determines various properties and characters of a molecule or a group of
molecules, including the binding properties of a bioactive ligand on the targeted receptor. In this thesis, the
discussions were made on the determining factors of a molecular structure from the various standpoints (the
theoretical chemistry with the orbital-orbital interaction and the structural biochemistry with the NMR
experiments). In the first half of this thesis, the importance of electron delocalization, especially the lone pair
delocalization of heteroatoms, was suggested in understanding molecular structures and electronic states of
1,2-dihaloethenes and 1,2-dihalodiazenes. This quantum-chemical concept regarding the orbital-orbital
interactions could be a guide to new aspect of modern organic chemistry to understand diverse molecular
phenomena. Moreover, such a discussion of the thermodynamically stable configuration of these simple
molecules can provide important information on the proper molecular structure of bioactive ligand, since cis-
trans configuration has a significant effect on the biological behaviors in many bioactive ligands.”*>** The
latter half of this thesis has shown that only a small and local substitution of a functional group on a peptide
ligand, such as the introduction of trifluoromethyl groups at the C-terminus, determines the entire
conformation of bioactive ligand. It was also suggested that this change in the three-dimensional molecular
structure of ligand had the important relevance to the ligand-receptor binding to yield the bioactivities at the
opioid and NK1 receptors.

Through these discussions, this thesis could provide important insights and basic information of the factors
determining a molecular structure to understand wide-range of chemical phenomena at the molecular level to
control their properties and characters, especially for understanding the ligand’s binding at the targeted
receptor. The decreasing number of approved new drugs in this few years has become a large problem not
only for the pharmaceutical market, but for suffering patients who really need new and effective drugs. The

information provided in this thesis could be applied for the efficient and rational design of a novel ligand to

be a next generation drug candidate.
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