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PREFACE 

Bond energies of normal covalent bonds in a molecule are 
50-110 kcal mol~1. Weaker intramolecular forces, such as the 
Coulombic force, the hydrogen bond, and the van der Waals force 
determine shape and behavior of molecules. Among the latter, the 
hydrogen bond is certainly one of the most important. Evidence has 
gradually accumulated that forces weaker than the ordinary hydrogen 
bond, the CH/O, CH/N, OW/n, and NH/71 interactions, are also 
important. Among these, the CH/tc interactions which has recently 
gained attention in the consideration of a variety of molecular phe¬ 
nomena, is dealt with in this treatise. The “CH/7i bond” is the weakest 
among the hydrogen bonds, but has been found in a variety of 
substances to play important roles in their physical, chemical, and 
biological properties. The term “CH/7i interaction” has been accepted 
because of its usefulness in describing the interaction between CH 
groups and 7z>systems, which is considerably stronger than expected 
from a mere dispersion mechanism. 

In a variety of chemical and biochemical phenomena, we often 
encounter CH/7T proximate structures or arrangements in molecules. 
Attractive interactions operating between CH and n in such cases 
could be understood as a combined effect of known interaction forces, 
(Coulombic, charge transfer, dispersion, so-called “hydrophobic,” 
etc.), and may most appropriately be termed as CH/7i interaction. In 

v 
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Chapter 3 we define the term CH/ti interaction in more detail. We 

hope that this book will clarify the use of this term and develop a 

common understanding of the CH/n interaction. 

The possible role of the CH/ti interaction in the conformation 

of molecules was first inspired by discussions with Professor 

Naoya Nakagawa (Tokyo University of Electrocommunications). 

We greatly appreciate his foresightedness. We are deeply indebted 

to Professor Eiji Osawa (Toyohashi University of Technology), 

one of the pioneers of this field, for encouraging us to write this 

book and for his advice and information during the writing. Sincere 

thanks are also due to all members of the authors’ research groups for 

their skill and enthusiasm in carrying out the work described in this 

book. 

We thank Dr. Kazuaki Harata (Institute of Biosciences and Bio¬ 

technology) and Professors Rocco Ungaro (Universita di Parma), 

Katsuyuki Ogura (Chiba University), and Kazunori Odashima 

(University of Tokyo) for their crystallographic data and helpful 

discussions. Discussions with the following professors were also useful: 

the late Gunter Snatzke (Rhur-Universitat Bochum); Sir Derek H. R. 

Barton (Texas A & M University); J. Fraser Stoddart (University of 

Birmingham); Andree Marquet (Universite Paris 6); Hugh Felkin 

(Institut de la Chimie de Substances Naturelles, CNRS); Christian 

Roussel (Universite Aix-Marseilles III); Andrew Streitwieser, Jr. and 

the late William G. Dauben (UCB); Paul R. von Schleyer (University 

of Georgia); Michinori Oki (Okayama Science University); Hiizu 

Iwamura, Hisashi Okawa, and Yasuhiro Aoyama (Kyushu Univer¬ 

sity); Takayuki Shioiri (Nagoya City University); Shinichi Ueji (Kobe 

University); Yoichi Iitaka, Shigeo Iwasaki, Yoshinori Satow, and Keiji 

Kobayashi (University of Tokyo); Yutaka Fukuda (Ochanomizu Uni¬ 

versity); Mikio Nakamura (Toho University); Tadashi Endo (Aoyama 

Gakuin University); Yumihiko Yano (Gunma University); Kenji 

Fujimori (Tsukuba University); the late Norio Kunieda (Osaka City 

University); Drs. Jun Uzawa, Kaoru Tsuboyama, and Sei Tsuboyama 

(Institute of Physical and Chemical Research); Sinichi Kondo 

(Institute of Microbial Chemistry); Ken Nishihata, Yoshio Kodama, 

Shoji Zushi, and Yasuo Takeuchi (Meiji Seika). 

Information from the following was invaluable: Professors Helmut 

Sigel (Universitat Basel), Max F. Perutz (MRC), Hideki Masuda 

(Nagoya Institute of Technology), Hiroyasu Imai (Hokuriku Univer¬ 

sity), Toshimasa Ishida (Osaka College of Pharmacy), Hiroshi Shimizu 

(Gifu College of Pharmacy), Seiki Saito (Okayama University), 
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Kazuaki Yamanari and Tatsuya Kawamoto (Osaka University), 

Shohei Inoue (Tokyo Science University), and Akira Mori (Kyushu 

University) and Drs. Akira Tohara (Teikyo University), Yoshinobu 

Nagawa (Institute of Biosciences and Biotechnology), Kazumasa 

Honda (Institute of Materials and Chemical Research), Hiroshi 

Kimura (Mitsubishi Electric), Yoshihisa Inoue (Green Cross), and 

Naoyuki Amaya (Nihon Oil). Help from Professor Alan P. Marchand 

(University of North Texas) and Ms. Janet Teague-Nishimura in the 

editing of the manuscript, and assistance from Professors Kazuhisa 

Sakakibara and Hiroko Suezawa (Yokohama National University), 

and Kazue Yasufuku and Setsuno Igarashi (Meiji Seika) in the prep¬ 

aration of the manuscript was gratefully appreciated. We thank 

Drs. Yuzuru Akamatsu (Meiji Seika) and Tomio Takeuchi (Institute 

of Microbial Chemistry) for encouragement. M. N. in particular 

wishes to express his deep gratitude to Emeritus Professors Shigeru 

Oae (Tsukuba University), Yuzo Inoue (Kyoto University), Teiichiro 

Ito (Nihon University), and Koshiro Umemura (Toho University), 

and to Dr. Tomoko Shomura (Meiji Seika) and Kazuhiko Otomo 

(Nankodo). Without their kind help and encouragement, it is certain 

that this book could not have been completed. 

Motohiro Nishio 

Minoru Hirota 

Yoji Umezawa 
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CHAPTER 1 

INTRODUCTION 

1.1. IMPORTANCE OF WEAK MOLECULAR 
INTERACTIONS 

The properties of organic compounds have been described as the 

consequence of various kinds of chemical interactions—attractive or 

repulsive, strong or weak. Strong covalent bonds bind the atoms 

together in a molecule, whereas weak noncovalent interactions are 

important in deciding the shape, or conformation, of the molecule. 

Noncovalent forces also play an important role in chemical reac¬ 

tions and molecular recognitions, and in regulating biochemical 

processes. Specificity and efficiency in these chemical processes 

are achieved by intricate combinations of weak intermolecular inter¬ 

actions of various sorts. 

Dispersion, or van der Waals force, is the weakest among the many 

types of secondary interaction forces. It arises from fluctuating 

charges caused by the nearness of molecules, independent of their 

polarity, and produces nonspecific attraction. The strength of the 

dispersion force depends sharply upon the distance between the inter¬ 

acting groups, and it is inversely proportional to the sixth power of 

distance (1/r6). 

1 



2 INTRODUCTION 

1.1.1. Hydrogen Bonds 

Among intermolecular interactions, the hydrogen bond1 is one of the 

most abundant, especially in the dynamic processes involved in bio¬ 

chemical reactions. The enthalpy of the hydrogen bond between 

proton donor groups such as OH or NH (hard acids) and electro¬ 

negative atoms such as O or N (hard bases) is within the range of 

3-7 kcalmol-1.2 In the past few decades, evidence has accumulated 

to show that other attractive forces (2-4 kcalmol-1), weaker than the 

ordinary hydrogen bond, are also ubiquitous, including XH/n (X = O 

or N: hard acids versus soft bases)3 and CH/n (n = lone pair electrons: 

soft acids versus hard bases) interactions.4 

In recent years, it has gradually become accepted that a still weaker 

attractive force, the CH/n interaction,5 exists in a variety of chemical 

• and biochemical phenomena. We may regard the CH/71 interaction 

as the weakest hydrogen bond occurring between a soft acid (CH) 

and a soft base (7r-electrons). Energy from the hydrogen-bond-type 

interactions decrease approximately in the order hydrogen bond 

> XH/7C CH/n > CH/71. The CH/71 interaction has been suggested 

only recently.6,7 The enthalpy of a one-pair CH/n interaction is 

presumed to be less than 1 kcalmol-1. A unique feature of this kind 

of attractive force is that a number of CH groups may participate 

simultaneously in the interaction with a 71-base. Total energy of the 

interaction may be increased by simultaneously organizing CHs 

and/or 7i-groups into favorable structures. This point is crucial in 

understanding the role of weak secondary forces. Another character¬ 

istic, which is important when considering biochemical processes, is 

that the CH/tc interaction can play its role in aqueous media as well as 

in nonpolar media. 

1.1.2. Examples of the CH/71 Interaction 

The following example illustrates how the CH/71 interaction works in 

a dynamically interacting system. 

If a pair of different classes of compounds recognize each other, they 

sometimes assemble spontaneously. Thus, Stoddart et al. reported 

a synthesis of catenanes8 from dimethylated /Tcyclodextrin (DM-/1- 

CD) and polyethers 1. Table 1.1 lists the stability constants Ka and free 

energies of complexation — AG° for the intermediate 1:1 complexes 
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(pseudorotaxanes)9 formed between DM-jS-CD and a series of sub¬ 
strates 1 designed for the catenation.10 

RO o 
Ar 

OR 

1 

Table 1.1 indicates that complexation occurs more strongly as the 

effective surface of the aromatic ring of the ligand increases. Upheld 

proton NMR chemical shift changes are shown for H3 and H5 of 

the glucose moiety of DM-/1-CD on complexation, indicating that 

the aromatic part of the guest is close to the inner walls of the 

cyclodextrin; this was supported by NOE experiments. A catenane 

product 2 was obtained by cyclizing 1 (Ar = 4,4'-dihydroxybiphenyl) 

and DM-j5-CD (Fig. 1.1). Its crystal structure revealed that the aro¬ 

matic unit of the synthetic macrocycle was included in the CD cavity 
and close to the CH groups inside the wall. 

TABLE 1.1. Association Constants Ka and Free Energies of 

Complexation — AG° of 1 (R = H) with DM-/J-CD (in 

D20, 25°C) 

Ka — AG° 
Ar (mol 1) (kcal mol CISa 

1,4-Dihydroxyphenyl (A) 350 3.50 -0.17 
1,5-Dihydroxynaphthyl (B) 1180 4.20 -0.16 
2,6-Dihydroxynaphthyl (C) 2800 4.70 -0.17 
4,4'-Dihydroxybiphenyl (D) 37300 6.25 - 0.20 

C, III -O o 
£ L B c D 

a Complexation-induced shift (A(5/ppm) for H3 of DM-/J-CD. 
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DM-fi-CD/1 complex catenane 2 

Figure 1.1. CW/n interactions (dotted lines) in DM-/1-CD/1 complex and 

catenane 2. 

1.2. HISTORY 

1.2.1. Activated C-H Groups Interact with rc-Bases 

It was first recognized that a CH group interacts favorably with 

a 7r-base when Tamres, in 1952, showed that aromatic compounds 

behaved as electron donors in the interaction with chloroform.11 

Thus, benzene and its analogs dissolve in chloroform exothermically. 

An aromatic compound which gave a higher heat of mixing with 

chloroform induced a larger shift in the infrared (IR) frequency of the 

O-D stretching band of the deuterated methanol. In 1956, Huggins 

and Pimentel found, by measurement of IR spectra, that the inter¬ 

action of chloroform with benzene showed behavior consistent with 

the criteria for hydrogen bond systems.12 

In 1957, Reeves and Schneider13 showed, on the grounds of nuclear 

magnetic resonance (NMR) experiments, that the interaction of 

chloroform with benzene and olefins was a type of hydrogen bond. 

Nakagawa and Fujiwara14 observed a high-field shift in the proton 

resonance of an ethinyl hydrogen of phenylacetylene by dilution with 

benzene; they attributed the phenomenon to a complex formation of 

the ethinyl CH with the aromatic 7r-system. Richards and Hatton15 

found that the ethinyl proton of propargyl chloride and phenylacety¬ 

lene showed high-field shifts on dilution with aromatic solvents such 

as benzene or toluene.16 

1.2.2. An Activated Methyl Group Interacts with 7i-Bases 

In 1960, the interaction of acetone with benzene was studied by 

Schaefer, Schneider, and Buckingham by means of NMR measure¬ 

ments.17 Nakagawa and Fujiwara,18 and Shimizu19 suggested, on the 



1.2. HISTORY 5 

grounds of NMR, that the methyl groups in acetic acid, acetonitrile, 

nitromethane, and toluene derivatives interact with the solvent ben¬ 

zene. Yoshida and Osawa pointed out the possibility, by refracto- 

metric analyses, that ethyl acetoacetate and diethyl malonate form 

complexes with aromatic compounds.20 However, this type of inter¬ 

action was not considered to be typical and seems to be possible only 

when a CH3 or CH2 is next to an electron-withdrawing group such 
as halogens, carbonyl, or a phenyl group. 

1.2.3. Ordinary alkyl Groups May Interact with 7i-Systems 

In 1960, Pimentel and McClellan stated that “ ... there surely remains 

some tendency for H bonding in methyl chloroform, and it might be 

observed in kinetic processes because of the extreme sensitivity of the 

reaction rate to the activation energy. This line of argument could be 

extended to C-H bonds in alkanes, aromatics, olefins ... 

In the late 1970s, the existence of an attractive interaction between 

alkyl groups and rc-bases was suggested, on the grounds of a confor¬ 

mational study on a series of compounds (R-X-Y-7i).7,21 In many cases 

the alkyl group (R in Fig. 1.2) has been shown to position itself close 

to the 7r-group (e.g., C6H5). Comparison of the experimental results 

with those obtained from molecular mechanics calculations22 led the 

authors to propose that a weak but attractive force, the CH/tc inter¬ 

action, was working between an alkyl group and a 7r-system. 

The suggestion found theoretical support in MO calculations for 

several supramolecular systems.23 Calculations showed CH-tz; lin¬ 

ear geometry to be the most stable (Fig. 1.3). 

In such arrangements, one of the C-H bonds orients itself above 

an sp2 carbon to give maximum overlap between the relevant orbi¬ 

tals. For the methane/ethylene supramolecular system, the contri¬ 

bution from the charge transfer (n -> a*) has been calculated to be 

Figure 1.2. Preferred conformation of compounds, R-X-Y-71. 



6 INTRODUCTION 

Figure 1.3. Preferred geometries for CH/7T interaction. 

Figure 1.4. Stereochemical arrangement of the groups (CH vs. n) allowing 

enhancement of the CD intensity. 

most important, the dispersion interaction being the second most 

important.24 

Support for the contribution of charge-transfer interaction has 

come from considerations of the optical rotatory strength of un¬ 

saturated compounds (Fig. 1.4).25 Thus, an appreciable enhancement 

in CD intensity has been shown to occur only when the geometrical 

arrangements of the groups allowing CH/n interaction is stereo- 

chemically possible.26 

In 1980, Okawa et al. pointed out the possible importance of CH/n 

interaction to explain the stereoselectivity found in several coordina¬ 

tion compounds. Preferential formation of one of the diastereoisomers 

has been observed for a series of metal complexes of 3-/-menthyloxy-l- 

phenyl-l,3-propanediones (Fig. 1.5).27 

They interpreted the results in the context of the CH/tc interaction. 

Thus, in the transition state, interaction of the /-menthyl group with 

the phenyl group is favored to give rise to selective formation of the 

cis-A product. The stereoselectivity became greater when the phenyl 
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Figure 1.5. Stereoselective formation of diastereomeric complexes. 

Figure 1.6. Toluene complex of a p-t-butylcalix[4]arene (stereo view).30 

group was replaced by a naphthalene moiety and when the 7t-density 
of the aromatic ring increased by introduction of an electron-donating 
group to the aromatic group. 

A suggestion for a possible role of the CH/n interaction in supra- 
molecular chemistry was made in 1984, by Ungaro et al., in an X-ray 
crystallographic study of a toluene complex of p-f-butylcalix[4] 
arene.28 It was reported that the methyl group of toluene was shown 
to point toward the cavity of the macrocycle, which is lined with many 
7r-electrons, while the f-butyl groups of the host sandwiched the 
toluene aromatic ring (Fig. 1.6).29 

The findings were followed by force-field calculations for a pyridine 
complex of a p-f-butylcalix[4]arene derivative,31 supporting the CH/n 
interaction hypothesis. Several papers have since appeared on a variety 
of molecular species with presumed CH/7i-interacted structures.5,32 
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1.3. SCOPE OF THE MONOGRAPH 

In the following chapters we discuss experimental results and consider 

the theoretical backgrounds which explain the possible relevance of 

the CH/tt interaction. The nature and characteristics of the CW/n 

interaction is discussed in comparison with those of other types 

of weak interactions of a similar nature. As for the consequences, 

possible implications in conformations, chiroptical phenomena, and 

molecular recognition are emphasized. The molecular recognition 

includes selectivity in chemical reactions, supramolecular chemistry, 

and specificities in protein/ligand complexes. Chapter 10 is devoted to 

coordination chemistry and Chapter 12 presents future prospects. 
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CHAPTER 2 

EVIDENCE AND METHODS OF 
DETECTION 

Evidence for a weak molecular interaction can be obtained from 

various types of measurements, classical as well as modern spectro- 

metric means. Infrared (IR) spectra1 reveal the specific involvement of 

hydrogen atoms as the perturbation on their vibrational modes in the 

molecular complex, and often give evidence about the putative XH/rc 

bonding. In the early days, it was the most popular method among 

many spectroscopic means for detecting weak molecular forces such 

as hydrogen bonding. Nuclear magnetic resonance (NMR) spectro¬ 

scopy2 reveals the electronic environment of the hydrogen atom and 

provides the most useful means of detecting weak interactions. A high- 

or low-field shift in proton resonance demonstrates that the hydrogen 

is in a specific orientation relative to the 7r-electron system, thus 

verifying the XH to be complexed with the 7r-system. Optical rotatory 

dispersion3 (ORD) or circular dichroism (CD) spectrometry, if appro¬ 

priately used, may serve as a reliable tool for studying the nature of 

the interaction. Dipole moment4 and molecular jet spectroscopy5 

show the presumed conformation of molecules and provide indirect 

evidence. Equilibrium constants in the complex formation also give 

evidence for the presence of weak molecular forces. Other techniques 

include classical methods such as thermochemical measurements. 

The distance between atoms is an important criterion regarding the 

formation of a bond. A putative weak bond can thus be detected by its 

11 
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\ 

deviation from the normal van der Waals distance. The necessary 

information in searches of such anomalous atomic distances is ob¬ 

tained by X-ray or neutron diffraction studies. However, their applica¬ 

tion is limited to the interactions within crystals. Crystallographic 

data, when combined with the appropriate spectral and other data, 

may give the most reliable conclusion concerning the participation of 

weak intermolecular forces. 

2.1. INFRARED SPECTROSCOPY 

Intramolecular CH/71 interactions in solutions could readily be detec¬ 

ted by NMR spectroscopy. However, the CH/7r-interacted conformers 

are short lived and we can observe only the average behavior of free 

and CH/7r-interacted conformers by NMR. 

In contrast, IR spectroscopy allows us to observe them individually. 

Generally speaking, a conformer has its own characteristic modes 

of vibration, which are different in some respect from any other 

conformer, and can be chosen for the quantitative determination of 

each conformer. Thus, every stable conformer (whose lifetime is longer 

than ca. 10“10 sec) shows its own absorption bands, distinct from 

those of other conformers. This implies that the free and the interacted 

species in the hydrogen bond and other weakly interacting systems 

can be observed distinctly by IR but not by NMR. Therefore, IR 

spectroscopy was employed as the method to study hydrogen bonding 

and other weak interactions. 

Since CH/tc interactions are similar in many respects to hydrogen 

bonding, discussions on their IR spectroscopic behaviors must start 

from a comparison with hydrogen bonding; IR spectra of hydrogen- 

bonded systems have been studied extensively. Assignment of 

vibrational modes and the effect of hydrogen bonding has been estab¬ 

lished unambiguously.6 Let us consider a hydrogen-bonded system 

R-X-H • • • Y-R', where X and Y are electronegative atoms such as O, 

N, S or halogen. Hydrogen bonding perturbs several vibrational 

modes of these molecules. Several types of these vibrational modes are 

illustrated in Figure 2.1. 

In weakly hydrogen-bonded systems, including CH/7r-interacted 

ones, only the X-H stretching absorptions have been employed to 

detect its participation and to quantitatively determine the amount of 

the hydrogen-bonded species. The effect of hydrogen bonding on the 

other modes of vibration is often subtle and can be obscured by other 
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Intramolecular motion 

/X—TT-Y-R' 

R 

/X—H{- Y-R1 
R 

/X—H - -Y-R' 

R 
Intermolecular motion 

(RX—H> - { Y-R) 

t( RX—ty-J(--Y-R')t 

X-H stretching 
(low freq. shift) 

X-H in-plane bending 
(high freq. shift) 

X-H out-of-plane bending 
(high freq. shift) 

H—Y hydrogen bond stretching 
(very low freq.) 

H—Y hydrogen bond bending 
(very low freq.) 

Figure 2.1. Vibrational modes of R-X-H •Y-R' hydrogen bond that may 
be used as the probe for hydrogen bonding. 

effects. In the case of a CH/rt interaction, it is, however, difficult to 

assign the C-H stretching absorption bands of the free and the 

7t-bonded species. Absorptions in the C-H stretching region are com¬ 

plicated and many absorptions overlap;7 this prevents the selection 

of any of the appropriate key bands. To overcome this difficulty, 

2H-isotopomers are conveniently used because (1) C-D stretching 

absorption moves toward the lower frequency from the C-H stretch 

region owing to the mass effect, which allows us to differentiate the key 

bands from the other C-H absorptions and (2) no interfering absorp¬ 

tion bands appear in the 2400-2000 cm ”1 region where the C-D 

absorption appears. 

2.1.1. Frequency Shifts and Intensity Enhancements 
of C-H Stretching Bands 

In a hydrogen-bonding system XH/Y (where X-H is a hydrogen 

donor and Y is a hydrogen acceptor), the X-H stretching absorption 

band of the hydrogen-bonded species shifts toward the lower fre¬ 

quency in comparison with the free species, and at the same time 

broadens out. The trend becomes more dominant as the hydrogen 

bond becomes stronger. The frequency shift can be observed regard¬ 

less of whether the hydrogen bonding interaction occurs intra- or 
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6— 8+ 6— 

yX—H Y—R' 

R 
Coulombic 

yx -w—V—R' 
R 

Charge transfer 

la lb 

Figure 2.2. Low-frequency shift of X-H stretching band due to the charge 
transfer contribution to hydrogen bond. 

intermolecularly. The shift is due to the weakening of the X-H bond 

caused by hydrogen bond formation, which can be interpreted as the 

charge transfer (see Fig. 2.2, the canonical structure 1). 

In sharp contrast, intramolecular hydrogen bonding involving C-H 

bond CH/X (X = O, N, S, etc.) accompanies a high-frequency shift of 

the C-H absorption band.8 The low-frequency shift is rather small 

even in the intermolecular CH/X interaction.9 In a CW/n interaction, 

the C-H stretching band behaves quite similarly to the CH/X hydro¬ 

gen bonding—a small low-frequency shift in the intermolecular case 

and a large higher-frequency shift in the intramolecular case. 

An example of intermolecular CD/71 interaction (CDCl3-arene) is 

given in Table 2.1.10 Similar Av-values for the OH/7t interaction are 

6-7 times as large as the CH/7t cases: 38 cm-1 for CH3OH-C6H6 and 

75 cm-1 for CH3OH-C6Me6. 

The terminal CH groups of acetylenes were also shown to behave as 

proton donors by measuring their infrared C-H stretching bands. The 

dimer formation of RC=CHn and the association of benzoylacety- 

lenes12 with aromatic solvents were attributed to the formation of 

TABLE 2.1. Frequency Shifts (cm ’) in the C-D Absorption 

Band of CDC13 in Neat Aromatic Compounds 

Solvent vCD (free) Av ( ^free ^interacted) 

Gas phase 
CC14 2252 0 
c6h6 2247.5 4.5 
m-C6H4Me2 2247 5 
C6Me6 2244 8 
c6h5ci 2249 3 
c6h5ch3 2247 5 
l,3,5-C6H3Me3 2246.5 5.5 
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intermolecular CW/n interaction on the basis of the frequency shifts 

of the acetylenic CH bands. Huggins and Pimentel13 reported that 

the intensity of the C-D stretching band of chloroform-d in benzene 

and mesitylene showed significant enhancement, which indicates the 

formation of a CD/n complex. 

Intramolecular interaction of the CH group to a 7i-group usually 

causes a high-frequency shift of vc_H band. Similar high-frequency 

shifts are often observed when the C-H bond is compressed by steric 

congestion.14 Typical examples of steric compression effect are given 

in Figure 2.3a. 

(a) 

Figure 2.3. High frequency shift of C-H stretching bands, (a) Unusually high 
frequency CH absorptions due to steric compression of C-H bonds, (b) 
Ab initio calculations on C-H/n proximate conformers. (Non-bonded H • • • C 
overlap populations are given in parentheses.) 
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TABLE 2.2. C-D Stretching Frequencies of Ketones 

R-CO-CDMe2 

R vCD (cm *) R vCD (cm *) 

Ph 2191, 2156 CMe3 2195, 2182 
PhCHMe 2177, 2136 CHMe2 2182, 2154 
PhCH2 2153, 2134 CH2Me 2168, 2130 
PhCH2CH2 2157, 2130 ch3 2167, 2130 

The C-D stretching frequencies of several 2-propyl-2-d ketones are 

given in Table 2.2. As is easily understood from the table, the C-D 

frequencies of alkyl ketones (right column) tend to increase as the 

steric congestion in the molecules increases. Similar high-frequency 

shifts are observed with aryl- or aralkyl-substituted derivatives 

(R = Ph or aralkyl) in the left column. The band at the higher 

frequency (2177 cm -1 for R = CHMe) is assigned to the CH/7r-inter- 

acted conformer on the basis of the electronic effect by the p-sub- 

stitued groups (Section 2.1.2). Thus, the high-frequency shift in the 

intramolecularly CH/7t interacted molecules can be ascribed to the 

steric compression of a CH group in the interacted conformers. How¬ 

ever, the fact seemed contradictory to the hydrogen-bond-like delocal¬ 

ization effect and needed to be pursued further. 

Our recent MP2/6-31 G* calculations gave a support on this as¬ 

signment. The vibrational frequency of the CH bond opposing to the 

7i>orbital were calculated with the CH/7i proximate conformers of 

1-pentene and 1,5-hexadiene (Fig. 2.3b). The stretching frequencies of 

C-H groups proximate to 7i-systems were calculated to be higher than 

those of the stretched conformer. Simultaneously the non-bonded 

bond populations involving these CH become considerably positive. 

This fact can be crucial evidence for the above assignment of C-H 

stretching bands. 

2.1.2. Determination of the Thermodynamic Quantities 
of CH/it Interaction by IR Spectroscopy 

Infrared Spectroscopy provides a very straightforward method of 

determining the equilibrium constant from the ratio of the amounts of 

the free and the interacted species by Eq. 2.1. 

I'Cjnt = [interacted]/[free] = a(A-JAf) (2.1) 
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In this equation, A{ and A{ are the integrated intensities of the key 

bands for interacted and free species, respectively, and a is a constant 

representing the ratio of the intrinsic molar intensities of the two 
bands. 

An example in which deuterium-labeled derivatives was applied is 

given below.1? The C-D stretching absorptions of the free and the 

CD/n interacted rotamers of a series of substituted 1-phenylethyl 

isopropyl-1-^ ketones 2 were measured, from which the relative 

formation constants (Krel = [2in,]/[2free]) were determined as given in 

Table 2.3. The temperature dependence of the intensities allows us to 

determine the formation constant as a function of temperature, from 

which the enthalpies and the entropies of the complex formation 

can be obtained by the van’t Hoff equation (Eq. 2.3) based on 
Gibbs-Helmholtz equation (Eq. 2.2). 

(dlnKp/dT)p = AH/RT2 

In K = - (AH/R)T~1 + (AS/R) 

(2.2) 

(2.3) 

x x 

— irec 

The slope of the Xrel versus o plot (Fig. 2.4) is negative and the 

formation constant (Xrel) tends to increase as the substituent X be¬ 

comes more electron-donating. 2HNMR chemical shifts of these 

ketones move toward the higher fields as the substituent becomes 

more electron-donating. The high-field shift can be attributed to the 

increase in the population of the CH/jr-interacted conformation in 

which the CH group above the aromatic nucleus receives a diamag¬ 

netic anisotropy effect by the ring current. 

Another example is benzyl f-butyl ketone. The carbonyl absorption 

band of this ketone is asymmetric, having a maximum at 1716.5 cm -1 

and a shoulder at 1704.5 cm-1 (Fig. 2.5). The absorption band can be 

separated into two component peaks. The stronger band at the higher 

frequency (1716.5 cm-1) is assigned to the Ph/Buf anti conformer on 

the basis of (1) the solvent effect on the relative intensities showing that 

it is the more polar conformer (calculated dipole moments for anti and 
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TABLE 2.3. Relative Formation Constants and CD In Interaction 
Enthalpies from IR Data (in CC14) and 2H-NMR Data (in CC14) of 
/7-XC6H4CH(CH3)COCD(CH3)2 

X 

Infrared vCd 
2H-NMR 

(<5/ppmr Vint/cm 1 Vfree/Cm 1 ^int/^free (^rel) 

no2 2174 2135 1.10 - 5.30 
Br 2174 2135 1.29 - 5.36 

Cl 2175 2136 1.41 - 5.36 
H 2177 2136 1.59 - 5.37 
C2H5 2176 2136 1.54 - 5.37 

ch3 2176 2136 1.59 - 5.38 
nh2 2175 2135 1.64 — 

fl2H chemical shifts given by parts per million downfield from external CDC13 
standard. 

Figure 2.4. Substituent effect on the relative abundance of the CH/7t inter¬ 
acted species in p-XC6H4CH(CH3)COCD(CH3)2. 
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e/I cm'1 mol'1 

Figure 2.5. Carbonyl stretching absorption bands of anti (free) and gauche 

(CH/7T interacted) conformers of benzyl t-butyl ketone. 

gauche are 2.81 and 1.35 D, respectively), and (2) the general trend seen 

in the high-frequency shifts of carbonyl groups proximate to aromatic 

7r-electrons due to electrostatic repulsion. There are two more pieces 

of evidence: variable temperature measurements of the intensities 

of these two bands gave a good linear logK versus T-1 relation 

(r = 0.99), from which AH = 0.25 kcal mol-1 (in CC14 solution)16 was 

obtained by using Eq. 2.2, which agrees well with the calculated steric 

energy difference of MM2 of 0.18 kcal mol-1. 

2.2. NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY 

The ordinary hydrogen bond is known to shift the proton resonance 

to the lower magnetic field; the low-field shift has been rationalized as 

the effects of the electric field and the magnetic anisotropy caused by 
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the lone-pair electrons on the hydrogert-accepting atom. The proton 

magnetic resonance signal of CHC13, however, is known to shift to the 

higher field in aromatic solvents. The phenomenon has been ascribed 

to the diamagnetic anisotropy effects of the ^-electrons in the aromatic 

ring. This serves to indicate the presence of a specific type of inter¬ 

action between a CH and a 7r-system. 

2.2.1. Rotamer Populations of Triptycene Derivatives—An 
Example of Long-Lived Rotamers 

Oki et al.17 studied the effect of substituents on rotamer populations 

of a series of 9-benzyltriptycene 3. Rotational barriers separating the 

conformers 3a and 3b (Fig. 2.6) are high enough to give individual 

NMR signals for synclinal (sc) and antiperiplanar (ap) conformers and 

the equilibrium constant was calculated as the ratio of their intensities. 

Table 2.4 summarizes the results. Introduction of a group (X) into 

the benzyl group affected the sc versus ap ratio; the highest value was 

recorded for X = NMe2, while the lowest was obtained for X = N02. 

The opposite was seen on varying the substituent Y, which is located 

para to the methyl group of the benzeno ring; the increase in the 

electron-withdrawal properties of Y increased the sc/ap ratio. The 

trend can be rationalized only if we assume that the CH/71 interaction 

is playing a role. 

sc ap 

3a 3b 

Figure 2.6. Rotamers of 9-benzyltriptycene. 
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TABLE 2.4. Equilibrium Constants of the Rotational Isomers (sc/ap) of the 

Triptycene Derivatives 3 at 54°C in CDC13 

X/Y ch3 H COOCH3 CN 

N(CH3)2 

H 2.30 (1.08) 

2.87 

2.22 (1.01) 4.09 (0.98)b 3.42 (1.05) 

no2 1.52 

“In parentheses are differences in enthalpy (kcal mol *) between the rotamers esti¬ 

mated by the MM2 method. 

fcFor X = COCH3. 

2.2.2. Chemical Shift Anomalies or ASIS in Proton NMR 

Reeves and Schneider18 examined the association of chloroform with 
aromatic and olefinic solvents by ‘HNMR spectroscopy. The 1H sig¬ 
nal of chloroform shifted upheld significantly in benzene, toluene, or 
mesitylene. This implies the presence of a specific interaction between 
chloroform and the solvents. This type of shift of <5Ch in aromatic 
solvents has been extensively studied and is known as the aromatic 
solvent-induced shift (ASIS),19 as shown in the Bovey model (Fig. 2.7). 

This leads to the conclusion that the hydrogen atom in chloroform 
should be located, on average, close to and just above the plane of the 
aromatic ring 4. 

Cl 

C1v- 
C— — Him min. 

/ 
Cl 

4 

An appreciable upheld shift of the ethinyl proton of phenylacetylene 
occurs on dilution with benzene, and was attributed to the complex 
formation of the solute with the solvent benzene.20 The effect of 
benzene on proton resonances of a variety of compounds bearing 
a methyl group was further pursued.21 The difference (A<5 = <5b — <5C) 
in the chemical shift of the methyl group in benzene (<5b) in 
reference to the shifts in carbon tetrachloride (<SC) was taken as a 
measure of complex formation. The AS (Table 2.5) was related to the 
CH acidity of the methyl group. 
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Figure 2.7. The Bovey model for the magnetic anisotropy of benzene. 

TABLE 2.5. Methyl Proton Resonances in Carbon Tetrachloride 

(<5C) and Benzene (<Jb) 

$a 
UC <5b A(5 ((5C - <5b) 

Acetone 0.68 0.24 0.43 

Acetophenone 1.12 0.72 0.40 

Acetic anhydride 0.74 0.25 0.49 

Methyl iodide 0.72 0.09 0.63 

Acetonitrile 0.53 -0.43 0.97 

Nitromethane 2.88 1.75 1.13 

" Parts per million downfield from internal cyclohexane. 

A good linear relation was obtained between A<5 and the Hammett’ 

ct for p- and m-substituted toluenes (X-C6H4CH3, X = N02, CN, Cl, 

H, Me, OH, NH2, Fig. 2.8). 

The ASIS has been treated quantitatively in order to obtain in¬ 

formation concerning thermodynamic quantities of CH/7T complexes. 

Even though we cannot observe the NMR signals of the free and the 

interacted species separately, the equilibrium (formation) constants 

can easily be determined by the measurement of the NMR chemical 

shifts when the exact chemical shift values of the free and the 
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Figure 2.8. The Hammett plot of the benzene-induced shifts (AS) of CH3 

signals for p- and m-substituted toluenes, X-C6H4CH3. 

interacted (complexed) species (<50 and Sc, respectively) are known. 

The chemical shift <5 of the equilibrium mixture is expressed as 

the weighted mean of those of the free and the CH/7t interacted 

species: 

s = s0( 1 -p) + scp (2.4) 

where p is the mole fraction of the interacted species. This method 

has been applied to determine the Kinl for intermolecular CH/rc 

systems. 

The method for the determination of the formation constant 

by NMR spectroscopy is well established and has long been known.22 

If we assume that only the 1:1 complex (C) is formed by the 

CH/7T interaction, the formation constant Kint can be evaluated 

by a combination of Eqs. 2.4 and 2.5 from the high-field shift 

of <5d. 
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H 

Z 

R R 

CHXYZ + X, Y, Z: 
electronegative groups 

(D) (A) (C) 

Kint = pcD/[cD(l - p)(cA - pcD)] (2.5) 

where cD and cA are the initial stoichiometric concentrations of the CH 

donor (D) and the 7r-base (acceptor, A), respectively. The mole fraction 

p can be calculated by Eq. 2.4 from the observed chemical shift S of 

the CH donor in the CH/7i interacted system, if we could estimate 

the intrinsic chemical shift of the CH/7r interacted complex (<5C). 

The <5C values were evaluated experimentally by an extrapolation 

method. The formation constants at various temperatures gave the 

enthalpies and entropies of formation by use of the van’t Hoff plot, 

from which AH and AS can be obtained by Eq. 2.3.23 

2.2.3. Lanthanide-Induced NMR Chemical Shifts 

Lanthanide-induced shift (LIS) has been applied to determine the 

conformations of organic molecules bearing a functional group capa¬ 

ble of forming complexes with the lanthanide shift reagent (LSR).24 
The method is based on the McConnell-Robertson relationship 

(Eq. 2.6),25 which describes the dependency of LIS on the distance (r) 

and the direction (k) from the lanthanide ion (Ln3+): 

(LIS), = K{3 cos2 Ki - l)/rt3 (2.6) 

where rf is the length of the vector joining the paramagnetic center 

(lanthanide ion, Ln3+) and the ith nucleus (iVj), and Kt is the angle 

between this vector and the principal magnetic axis of Ln3+ 

(Fig. 2.9).26 

Studies on the conformations of a series of compounds with the 

general structure PhCH(Me)-X-R and PhCH2-X-R27 have sugges¬ 

ted that the conformations bearing a synclinal R/Ph relationship 

predominate in the rotameric equilibria in this series of compounds. 

Thus, Kodama et al. wrote a program28 to calculate LIS from the 

NMR signals of flexible molecules such as C6H5CH(Me)-X-R, 
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Figure 2.9. Procedure for the simulation of LIS. 

according to Eq. 2.6. The approximations are (1) the contact shift was 

neglected and (2) the contribution from the nonaxial term of the 

dipolar field was neglected. Conformation of the molecule was de¬ 

scribed by a single set of coordinates and the values for the nuclei of 

a-methyl, alkyl, and phenyl groups were computed with various geo¬ 

metries and then averaged. As to the geometry of the LSR-substrate 

complex, the best-fit X-O-Ln angle (6, 120-140°) and O-Ln distance 
o 

(.R, 3.2-3.4A) were searched by a trial and error method (Fig. 2.9). 

Structural parameters and LIS data were then input for the calcu¬ 

lation, and the conformations of the molecules were varied, by rotat¬ 

ing stepwise the C(phenyl)-C-X-0 torsional angle (i//), to examine the 

agreement of the computed values with the experimental ones of LIS. 

The Hamilton agreement factor (AF, Eq. 2.7)29 was used to assess the 

agreement between the calculated and the observed LIS data. 

AF = [E(LISobsd - LIScalcd)2/X(LISobsd)2]1/2 (2.7) 

Figure 2.10 gives AF profiles plotted against the O/Ph torsional angle 

(if/) for C6H5CH(Me)-SO-R 5 (R = Bu'). A distinct AF minimum has 

been observed at \j/ around 190° and 310°, respectively, for threo- and 

eryt/iro-sulfoxides.30 The LIS results (Fig. 2.11) agree with those 

obtained by X-ray crystallography (Section 2.4.1). It therefore follows 

that the torsional angles as obtained above reflect the geometry of the 

molecules in solution, namely, the t-butyl group prefers to lie close to 

the phenyl group, in contrast to the generally held idea that the bulky 

group (f-Bu and Ph) should be separated as far as possible in the stable 

conformations. 
Similar AF/i/t profiles were obtained for lower alkyl homologs 5 

(R = Me, Et, Pr1).31 Further, the generality of the phenomenon 
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O 

erythro 

threo 

Figure 2.10. AF profiles plotted against the O/Ph torsional angle (t/d for 

(RR/SS) threo and (RS/SR) erytfiro-l-phenylethyl t-butyl sulfoxides. 

Figure 2.11. Solution conformations of a diastereomeric pair of sulfoxides 

5 (R = Bu‘). 

was explored for molecules with related structures.32 Figure 2.12 

illustrates similar treatments of tfireo-C6H5CH(Me)CHOH-R 6 

(Fig. 2.13). Rotamer A (sc-R/Ph, ap-R/Me) is the most preferred 

throughout the series.33 

The LIS results above for 5 and 6 are in accord with other 

methods: X-ray crystallography, and 13C chemical shifts, NMR 
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Figure 2.12. AF profiles plotted against the R/Ph torsional angle ((f)) for 

1-phenylethyl alkyl carbinols 6 with the threo configuration. 

H 

mcy6j-h 
R OH 

R^^TH 

A ri ri 

A c B 

Figure 2.13. T/zreo-C6H5CH(Me) CHOH-R 6. 

spin-coupling data, circular dichroism data, and dipole moment 

measurements. The experimental results are internally consistent and 

point to the conclusion that the alkyl/phenyl sc conformers are gener¬ 

ally preferred. A similar conclusion has been obtained for compounds 



28 EVIDENCE AND METHODS OF DETECTION 

bearing a 7i-group other than C6H5, such as CH=CH2 or 

CMe=CH2.34 

2.2.4. Nuclear Overhauser Effect 

The nuclear Overhauser effect (NOE)35 is a convenient method to find 

out the nuclei located proximate to each other. The magnitude of 

NOE is dependent on the distance between the two nuclei, but not on 

the bond connectivity. The NOE enhancement is closely related to 
the dipole-dipole relaxation interaction, which tends to decrease as a 

function of r~6 (where r is the internuclear distance). The magnitude 

of enhancement decreases quickly as the internuclear distance in¬ 

creases (i.e., a very short-range effect). When the nucleus S was 

saturated by irradiation and the nucleus I was observed, the enhance¬ 

ment fi(S) can be expressed by Eq. 2.8. 

m = K(ys/yi)r-6 (2.8) 

where ys and yj are the gyromagnetic ratios of the nuclei S and I, 

respectively. Thus, NOE is a powerful method to detect the “through- 

space” proximity of two atoms which may be separated by several 

bonds. In the CH/71-interacted conformation, the CH proton is 

located close enough to one or several aromatic C or H atoms to show 

a considerable NOE enhancement. 

Many CH/71: interacted compounds showed NOE enhancements of 

the aromatic H signal(s) when the donor H atom was irradiated. It is 

difficult to estimate the absolute value for the population of the CH/7T 

interacted conformer by an NOE experiment. However, comparison 

of the magnitudes of NOE through a series of similar compounds 

allows us to estimate trends.36 Intramolecular CW/n interaction de¬ 

pends critically on the conformation and can persist only in CYl/n 

proximate conformers. When the CH/71 proximate conformer is real¬ 

ized, a significant part may be involved in the CH/7i interaction if it 

leads to some stabilization of the conformer. The NOE enhancements 

of aromatic protons induced by irradiation of the donor CH proton 

are given in Table 2.6 for several series of compounds capable of 

forming intramolecular CH/71 interaction. 

As is easily seen from Table 2.6, the NOE enhancement 

[/Har(Hdonor)] becomes stronger as the substituent becomes more 

electron-donating. 
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TABLE 2.6. The NOE Enhancements [/Har(HCH)/%] of Aromatic Protons37 
Induced by the Irradiation of CH Donor Proton (italicized) 

Me 

c\ /Me 
0 —C-Me 

\ 
H 

xmO 
Me H—C—Me 

-?• Me^" VMe 

C—N N ' C—C 
// \ «2 || 

O Me O 

7 8 9 

X X X 

CH30 H Br ch3o H no2 ch3o h no2 
7.4 4.6 4.4 3.2 2.9 1.5 0.5 0.7 0.4 

x^IH 
0 _/ 

\ 
H 

X 

0 — 
\ 

H 

10 11 

X X 

ch3o ch3 h Cl no2 ch3 H Cl 
4.2 3.4 3.0 2.8 2.2 4.2 3.8 3.2 

The trend is most clearly revealed in a series of benzyl formates 10, 

of which/H r(HCHo) versus er plot are shown in Figure 2.14. Their NOE 

enhancements [/h.^Hcho)] are dependent on the electronic properties 

of p-substituents in contrast to those of benzyl protons [/Ha(FlcHo)], 
which are almost conformation-(hence, substituent)-independent 

throughtout the series [/Ha(HCHo) = 1-8% for X = CH30 and 1.9% 

for X = N02]. The /ha^HchoV/h^Hcho) ratio increases as the sub¬ 
stituent becomes more electron-donating, suggesting that the CH/71: 

contiguous conformer 10a (Fig. 2.15) should become more favorable 

in this order. A similar but slightly more significant trend of the 

substituent effect was observed with substituted 1-phenylethyl 

formates 12. 
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lnfHa 
1.6 

1.4 

1.2 

0.8 

1.0 

MeO Me H Cl NO n e mcu me n 
0.6-, 7 , 

Li_L_L 

0.0 0.5 

a 

Figure 2.14. Logarithm of NOE versus a plot for p-substituted benzyl 

formates 10. 

o 
10b 10a 

Figure 2.15. The CH/7T contiguous 10a and stretched conformers 10b of 

benzyl formate. Average Ha/Hformyl distances are nearly the same between 

10a and 10b. 

If we compare the NOE enhancements [/Ha(HCHo)] of the series 

of isopropyl compounds [C6H5CH2YCH(CH3)2] capable of forming 

five-membered intramolecular CH/71 interactions (Table 2.7),38 the 

CH/7t interacted conformer is suggested to increase in the order 13 
(Y = CO) < 14 (Y = NCH3) < 7 (Y = O). This sequence agrees with 

the increasing order of electronegativity of the connecting group Y, 

suggesting that more positively charged and, hence, acidic hydrogen 

atom forms stronger CH/71 interactions with a 71-base. 

The formyl CH groups of the aldehyde 16 and the formate ester 

10,11 are assumed to be more acidic than the isopropyl CH of the 

ketone; this is reflected in their larger NOEs. Intramolecular CH/n 
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TABLE 2.7. NOE Enchancement [/naroni(CH)] by 

Five-Membered CH/7I Interaction" 

J naron 
,(Hdonor)/% 

Compound R = H R = CH3 

C6H5CHRC(=0)CH(CH3)2 13 1.4 
C6H5CHRN(CH3)CH(CH3)2 14 3.7 4.8 
C6H5CHROCH(CH3)2 7,12 4.6 5.5 
C6H5C(=0)N(CH3)CH(CH3)2 15 4.8 
C6H5CHRCH2CH=0 16 1.7 
c6h5chroch=o 10,11 3.0 3.8 

“ Donor H atoms are shown by the bold letters H. 

interaction of these series of compounds are considerably enhanced by 

introducing an alkyl (usually methyl) substituent on the benzyl carbon 

atom. Thus, the 1-phenylethyl series (R = CH3) is always more favor¬ 

able than the benzyl series (R = H) in forming the CH/71 interaction. 

2.3. CIRCULAR DICHROISM 

Molecular orbital calculations have been applied to the interpretation 

of the effect of CH/71 interactions on the chiroptical properties. The 

charge-transfer interaction between the CH group and 7r-system 

should induce asymmetric deformation of the 77-electron cloud when 

the CH group approaches from a direction other than that of the 

plane of symmetry. In this way, CH/71 interaction can induce an 

additional optical rotatory power of the (n, n*) transition of the 

71-system (ethylenic, dienic, and aromatic chromophores). This hy¬ 

pothesis has been confirmed by the calculations of the rotational 

strengths in some optically active CH/zr interacted systems. 
Rotational strengths R can be calculated by using the Rosenfeld 

equation (Eq. 2.9):39 

R = Im{<Tg/r|T'e><'I'e|m|T'o>} (2-9) 

Here, Im means imaginary part. T'o and *Fe are the wave functions of 

the ground and the excited states related to the transition in question, 
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and iu and m are the electric and magnetic dipole moment operators, 
respectively. Equation 2.9 was developed into atomic orbital terms suit¬ 
able for the application to semiempirical MOs, giving finally Eq. 2.10: 

R = l- 7.313 x 103/(£j - £i)]<4>i|V|0j><<£j|r x V|^> (2.10) 

where 

= Xl^CiXxilviXi) 
r s 

<0jlr X Wi> = SZCirCjs<Zjk X ^IZi> 

2.3.1. CD Spectra of Olefins 

Exomethylene steroids40 show significant enhancement in the Cotton 
effect amplitude of a n—n* transition when an axial methyl group is 
present allylic to the double bond. In such an arrangement, a CH/7t 
interaction can occur. For instance, 4-methylene-5a-androstane 17 
and 6-methylene-5a-androstane 18 have an axial methyl group 
capable of intramolecular CH/n interaction with exocyclic ethylenic 
7i-bonds. 

Me Me 

The rotational strengths of these compounds have in fact been 
found to be much greater than the molecules lacking the 19-axial 
methyl group in accordance with our expectation.41 Let us compare 
4-methylene-5a-androstane 17 with 4-methylene-5a-estrane 19. Their 
geometries are expected to be similar, but the 19-methyl group in the 
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TABLE 2.8. Rotational Strengths (R) and CD Data (As)42 of Some 
Exo-Methylene Steroids 

Compound A E/eV Aobs/nm R/1040 esu A Rin, A^obs AA8int 

17 6.01 204.4 - 40.71 -4.10 - 10.5 - 6.4 
18 6.08 203.8 - 36.61 -4.1 
19 6.05 205.0 + 0.93 + 12.10 + 4.2 + 4.5 
20 6.07 204.1 - 11.17 -0.3 

former may enter into through-space interaction with the 4-methylene 

group. The effect of CH/71 interaction on the optical rotatory power 

should operate in a through-space manner, and can be measured as the 
difference between the rotational strengths of the corresponding andros- 

tanes (bearing 19-CH3) and estranes (void of 19-CH3). The calculated 

rotational strengths and the observed CD data42 are given in Table 2.8. 

The contribution by CH/71 interaction (APint) can be assumed to be 

evaluated as the difference of R between the interacted and non- 

interacted systems; thus, by substracting the R of methylene-estrane 

(18 or 20) from that of corresponding methylene-androstane (17 or 

19). The calculated rotational strengths R, as well as APint, agree 

qualitatively with the observed CD data (Aeobs and AAaint), and the 

changes in Ae by the introduction of a 19-methyl group could be 

rationalized by taking into account the perturbation on the (n, n*) 
transitions via a through-space CH/71: interaction. Simple model calcu¬ 

lations on the methane (as the CH-donor)/ethylene (as the 71-base) 

supramolecular system have been carried out. A nonzero induced 

rotational strength was obtained when the CH bond was located off the 

symmetrical plane of the ethylene molecule. As both components are 

achiral, the calculated rotational strength of the n, n* transition should 

be originated from the chiral distortion of the 7r-electron distribution 

by the interaction with a CH bond of the methane molecule. 

2.4. X-RAY CRYSTALLOGRAPHY 

Distance between atoms is a good criterion regarding the formation of 

a weak bond. The CH/71 interaction, if present, must therefore be 

reflected in the crystallographic data, as deviations from the normal 

van der Waals distance. 
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2.4.1. Crystal Structures of a Diastereomeric Pair 
of Sulfoxides 

Iitaka et al. determined the crystal structures of a diastereomeric pair 

of l-(p-bromophenyl)ethyl r-butyl sulfoxide 5 (R = Bu1, X = Br).43 In 

both compounds, one of the methyls in the r-butyl group has been 

found to lie close and above the benzene ring (Fig. 2.16 and Table 2.9). 

The distances between one of the methyl carbons (CMe2) in the 

r-butyl group and the aromatic ipso carbon (C1) are very short; 3.24 

and 3.32 A, respectively, for the (SR)/(RS) and (SS)/(RR) diastereomer. 

These values are much shorter than the value expected from the 

van der Waals contact (ca. 3.7 A: 2.0 A for CH3 and 1.7 A for Csp2). 

Figure 2.16. Stereo view of l-(p-bromophenyl)ethyl r-butyl sulfoxides 5. 

Thick lines: (SR) isomer; thin lines: (RR) isomer. 

TABLE 2.9. Csp}/Csp2 Interatomic Distances 

of a Diastereomeric Pair of l-(p-Bromophenyl)- 

ethyl t-Butyl Sulfoxides 

(SR)/(RS) 
A 

(SS)/(RR) 
A 

C1-C(Me2) 3.24 3.32 
C2-C(Me2) 3.68 3.61 
C6-C(Me2) 3.61 3.74 
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2.4.2. Crystal Structures of Several Organic Compounds 

Short H/C interatomic contacts are often found in a variety of mole¬ 

cules including natural organic compounds. For instance, the crystal 

structure of levopimaric acid44 contains a H/Csp2 distance much 

shorter (C17H/C8 2.52 A) than the sum of the van der Waals distances 

of the relevant atoms. A number of short interatomic contacts have 

also been noted45 between a CH and a sp2 carbon in crystallographic 

data of triterpenes such as lumisterol (2.74 A: C18H/C8),46 pyro- 

calciferol (2.75 A: C18H/C8),47 and isopyrocalciferol (2.57 A for 

C18H/C8).48 The distance calculated by assuming van der Waals 

distances is between 2.9 and 3.1 A (1.2.-1.4 A for H and 1.7 A for Csp2) 

for H/CSP2. 

HOOC 

levopimaric acid 

R 

HO 

lumisterol 
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Figure 2.17. 1,5-dimethylnaphthalene (Cambridge Structural Database49 
refcode DIMNAP, stereo view). Dotted lines indicate CH/Csp2 contacts. 

Figure 2.17 shows CH/Csp2 contacts (< 2.9 A) found in the crystal 

structure of 1,5-dimethylnaphthalene determined by neutron diffrac¬ 

tion.49 A molecule is shown to be surrounded by many other 1,5- 

dimethylnaphthalene molecules with CH/% interactions. 

2.5. MISCELLANEOUS METHODS 

Conformational analysis50 of simple organic compounds may provide 

information, though indirect, for the occurrence of attractive interac¬ 

tions between interacting groups. Such information has been obtained 

by spectral means such as ORD/CD and molecular jet spectrometry, 

or dipole moment measurements. More information can be obtained 

from the substituent effect on a variety of experimental systems, such 

as stereoselectivity in coordination chemistry and substrate specificity 

of inclusion complexes. 

2.5.1. Dipole Moments 

If a molecule has two large noninteracting dipoles and if their relative 

orientation varies as a function of torsional angle defining the con- 

formers, the dipole moment can be a good probe to find the preferred 
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conformation. The dipole moment of a molecule can usually be 

determined by measuring the dielectric constant of its solution dis¬ 
solved in a nonpolar solvent. 

The method is quantitative, or at least semiquantitative, in most 

cases. The accuracy of this method depends on the precision of the 

component bond moments and the accuracy of the estimated geo¬ 

metry of the assumed conformers. Since dipole moment is a vector 

quantity, the dipole moment of the mixture of conformers p is de¬ 

scribed in terms of Eq. 2.11 in terms of mole fractions (p,) and the 

dipole moments (p,) of component conformers. 

P = (PiPi + P2P2 + P2P2 + • • • )1/2 

(2.11) 

The dipole moments were determined for a series of p-substi- 

tuted 1-phenylethyl r-butyl sulfoxides, p-Y-C6H4CH(CH3)SOBut.51 

Table 2.10 lists the data, together with the calculated dipole moments, 

on the basis of the geometries from MM and bond moment values in 
Table 2.11. 

The dipole moment of the (P.R)/(S,S)-sulfoxide increased on replace¬ 

ment of the substituent Y from H to Br and then to N02. This is 

reasonable, because the group moment of Y increases in this order. 

The substituent effect for the (,RS)/(S.R)-diastereomers is anomalous 

in that the dipole moment decreases at first and then increases. The 

behavior is rationalized by assuming that the angle between S-O and 

Carom“Y dipoles is greater than the right angle for (PS^ST^-sulfoxide 

(Fig. 2.18). This conclusion was reached by other spectral means and 

crystallographic determinations [O/Ph torsional angle 50° and 168°, 

respectively, for p-Br-(RR)/(SS)~ and (PS)/(5P)-sulfoxides]. 

Dipole moments are useful when the orientation of the component 

bond (or group) moments are fixed. Thus, the method was applied to 

determine the predominant conformers of benzyl and 1-phenylethyl 

ketones. The preferred conformations of these ketones were also 

tabulated in Table 2.10. As to 1-phenylethyl ketone, the Ph/Bu' 

gauche conformer (A'), favorable for CH/n interaction, was shown to 

be predominant. Benzyl r-butyl ketone seemed to exist as an equilib¬ 

rium mixture of the two conformers D' and E\ The ap-conformer 

which is unable to have CH/7r interaction was shown to predominate 

over the sc-conformer in this case. However, the energy difference 
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TABLE 2.10. Dipole Moments of Benyzl t-Butyl Sulfoxides and Benzyl 

t-Butyl Ketones /;-XC6H4CHRZC(CH3)3 

Compounds 

Configuration 

Dipole Moment 
(D) Estimated Conformed 

X R Z Obsd. Calcd. Dipole X-ray MM 

Sulfoxides 

H H SO 3.90 3.85 E D 

Br H so 4.72 4.61 E E 
no2 H so 6.44 6.62 E 
H Me so (RR/SS) 3.84 3.75 A A 

Br Me so (RR/SS) 4.23 4.23 A A 

no2 Me so (RR/SS) 5.69 5.91 A 

H Me so (RS/SR) 3.86 3.28 A + B, C A 

Br Me so (RS/SR) 3.42 3.31 A + B, C A 
no2 Me so (RS/SR) 4.26 3.29 A + B, C 

Ketones 

H H c=o 2.57 2.81 E' + D' E' 
Cl H c=o 3.68 3.82 F + D 
H Me c=o 2.49 2.51 A' A' 

Cl Me c=o 2.55 2.53 A' 

"Conformers: (A), (B), and (C) for (RR/SS) isomer of the sulfoxide are shown. For (RS/SR) 

isomer, O should attach at the asterisked positions (*). 
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TABLE 2.11. Bond Moment Values (m) Used for the Calculations 

Bond or Group 

(+M-) m/D 

Bond or Group 

(+M-) m/D 

H-C 0.0 c-s 0.90 

c-c6h5 0.35 C-C6H4Br(p) 1.53 

c-c6h4no2(p) 4.00 S-O (sulfoxide) 3.00 

(RR/SS) (RS/SR) 

Figure 2.18. Conformations suggested for sulfoxide diastereomers by dipole 

moment measurements. 

between the two conformers is relatively small. Assisted by the 

favorable entropic contribution, a considerable amount of the sp- 

conformer was shown to exist by IR spectroscopy. 

2.5.2. Formation Constants 

A chemical reaction should be favored when the product or the 

transition state is stabilized by this type of interaction.52 Rate data 

and formation constants53 may therefore provide evidence for the 

presence of the CH/7T interaction. 

2.5.2.1. Substrate Specificity of Caiix[4]resorcarenes. Aoyama 

et al. studied the specificity of calix[4]resorcarene derivatives 21a-21c 

with a series of ammonium salts and t-butanol (Table 2.12).54 
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HO 

HO 

OH 

OH 

21 

TABLE 2.12. Binding Constants (K mol !) for the Complexation of 21 

with Various Guests in DzO at 25°C 

Guest N + H4 MeN + H3 Me2N+H2 Me3N + H Me4N + Me3COH 

21a (X=H) 1 1 3 30 160 4 
21b (X=CH3) 1500 19 
21c (X=OH) 1800 24 

The stability of the complex has been shown to increase with 

progressive methylation of the ammonium chloride guest. This cannot 

be a consequence of a mere bulk or simple electrostatic effect, since the 

replacement of X in the host from H 21a to a more electron-donating 

group, such as CH3 21b or OH 21c, resulted in remarkable increases in 

the stability of the complexes. This is consistent with the expectation 

that orbital interaction becomes more prominent if the 7r-electron 

density of the aromatic ring increases. Trimethyl ammonium ion 

(Me3N + H, K = 30) was shown to be more specific than t-butyl 

alcohol (Me3COH, K — 4) as a ligand. This is understandable because 

the complexing ability of the guest will increase if the hydrogens in 

CH3 become more electron deficient (Fig. 2.19, X = C or N+). 

2.5.3. Vapor Pressure Measurement 

Similar to hydrogen bonding, CH/n interaction will stabilize compo¬ 

nents easier in solution than in their pure state. This causes evolution 

of heat upon mixing. Evolution of heat lowers the energy of solution 
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R 

Figure 2.19. Complexation of 21 with Me3XR (X = N+ or C). 

Figure 2.20. Schematic illustration of C6H6-CHC13 binary mixture. 

and, as a result, the vapor pressure of components becomes lower than 

that predicted by Raoult’s law. An example is given in Figure 2.20. 

Depression of vapor pressure in comparison to the ideal solution 

attests to the operation of an attractive CH/rt interaction between 

chloroform and benzene. 
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2.5.4. Other Classical Methods 

Tamres reported that an aromatic compound which gave out large 

heat on mixing with chloroform also showed a large shift in frequency 

of the O D stretching band of deuterated methanol (CH3OD).55 Since 

the shift of the O-D stretching mode is related to hydrogen bonding, 

this can be considered as evidence that the heat of mixing is caused by 

the formation of a hydrogen bond. They also found the association of 

aromatic compounds with chloroform to occur in a 1:1 ratio. 
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CHAPTER 3 

QUANTUM-MECHANICAL 
TREATMENT OF CH/tt 
INTERACTION 

3.1. INTRODUCTION 

The CH/tt interaction is one of the weakest extremes of the so-called 

“weak molecular interactions.”1,2 Weakly interacting systems have 

been treated by molecular orbital calculations with various degrees of 

approximation. The quantum chemical treatment can be classified 

into two categories: the variational and the perturbational methods.3 

3.1.1. Theoretical Treatments of Weak Molecular 
Interactions 

In the variation method, a whole interacting system (R ••• S) is treated 

as a supermolecular system and solved by using various versions of 

molecular orbital theory. In the case of intramolecular interaction, the 

variational method is usually adopted. The interaction energy (A£) 

can be evaluated as the difference between the sum of the energies of 

the components (R and S) and the total energy (£total) of the interacting 

system (R ••• S). The interaction energy can be formulated as follows: 

A£ = £total - (£R + Es) (3.1) 

The interaction energy is generally a small difference between very 

large energies; nevertheless, the A£ values come out quite correctly 

46 
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as a result of compensation of errors between interacting and non¬ 

interacting systems. Thus, ab initio calculations4,5 of various degrees of 

approximation have given reliable interaction energies in most cases. 

The CH/rc interaction is often assumed to be very weak hydrogen 

bonding, in which the contribution of the dispersion force plays an 

important role. In such a situation, the electron correlation must be 

included, which deters reliable calculations of the large systems. Fea¬ 

tures of CH/7r and other weak intramolecular interactions obtained by 

unsophisticated types of calculations should hence be regarded as of 

qualitative value. Some examples are given in Section 3.3. 

The second method for the theoretical treatment of a weakly inter¬ 

acting system is based on the perturbation theory. A modification of 

the perturbation calculation, as proposed by Morokuma et al.6,7 and 

later by Kollman,8 has been widely applied as an alternative practical 

method to analyze such interacting systems. This technique evaluates 

the interaction energy as the sum of (1) electrostatic (Coulombic) 

interaction Ec, (2) polarization (induction Ex and dispersion ED), (3) 

exchange repulsion £ER, (4) charge-transfer interaction (delocaliza¬ 

tion) ECt, and (5) cross terms, which allows us to discuss the origin of 

interaction quantitatively: 

AE = Eq T Ei T £er T Ed T £ct T £ (cross terms) (3-2) 

3.1.2. Evaluation of Component Interaction Energy Terms 

3.1.2.1. Coulombic Interactions. Hydrogen-bond-like weak inter¬ 

actions are originated to a large extent from electrostatic terms, which 

comprise a long-range force. Distribution of charge in a molecule can 

be reproduced by the positive-point charges at the positions of nuclei 

and the negative charge of electrons described by the wave functions. 

The Ec term arises from the Coulombic interaction within the static 

charge distribution, which can be approximated by the multipole 

expansion. In effect, the interaction energy can be expanded into inter¬ 

action terms between point charges and multipoles; the Ec term 

involves the charge-charge (r_1 term), charge-dipole (r~2 term), charge- 

quadrupole (r-3 term), dipole—dipole (r 3 term), dipole-quadrupole 

(r-4 term) and so on: 

Ec = q*qs/r + (l/r2)[^fR^s cos ds + <js^Rcos0R] + (3.3) 

In the case of CH/rc interaction, dipole-quadrupole interaction can 

be an important term among various Coulombic terms. Assuming 
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Figure 3.1. Bar quadrupole in the benzene molecule. 

Figure 3.2. The most stable orientation of the benzene quadrupole relative to 
the dipole [C(-)-H( + )]. 

that the charge distribution in benzene is a bar-quadrupole, as illustrated 

in Figure 3.1, Nakagawa et al.9 concluded that the most stable orienta¬ 

tion of the benzene ring relative to the dipole (shown by the arrow) is 

T-shaped, as shown in Figure 3.2. The dipole-quadrupole interaction was 

estimated to be about 14 times as large as the interaction between the 

permanent dipole (C-H) and the induced dipole (C6H6) of the same 

system when CH and C6H6 are located at their closest distance. 

3.1.2.2. Inductive and Dispersion Interactions. In addition to 

the static Coulombic interaction, the electric charges in the approach¬ 

ing molecules (R and S) can cause a mutual dynamic deformation of 

their electron distributions, inducing an extra interaction between the 

molecules. This sort of interaction produces an attractive force which 

is proportional to the polarizabilities of the interacting molecules. 

The interaction between charge-induced dipole and charge is called 

inductive interaction and can be expressed by Eq. 3.4: 

Ei= - (l/2)aR{gs2A4 + /%2[3cos20s + l]/r6 + ••• } 

- (l/2)as{gR2/r4 + /iR2[3cos20R + l]/r6 + ••• } (3.4) 
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Similarly, the interaction between the two induced dipoles (multi¬ 
poles), Ed, is expressed by Eq. 3.5: 

E» = - C6/r6 - C8/r8 - C10/r10- (3.5) 

where C6, C8, and C10 are appropriate constants, and all terms 

produce additional attractive forces; ED is called dispersion energy 

and corresponds to the attractive term of the well-studied van der 

Waals interaction, which is dominated by the r~6 term. Hence, ED is 

expected to be a short-range interaction. The van der Waals inter¬ 

action potential has been described by Lennard-Jones empirically in 

terms of distance between nonbonded particles (Eq. 3.6): 

Evdw = — a/r6 + b/rn (n = 9-12) (3.6) 

The r 6 term was related to the polarizabilities (aR and as) and the 

ionization potentials (/R and /s) of the interacting systems R and S by 
London:10 

E» = - (3/2) (aRocsA6) [/r/s/(/r + W (3.7) 

It is quite laborious and time-consuming to calculate dispersion 

interactions accurately by molecular orbital theory involving electron 

correlation. However, they can be estimated by a simple second-order 

perturbation treatment given by Eq. 3.8:11 

occ unoc occ unoc 

E0 = - 4£ X X X (ij/kl)2/[£ij(R) - Ekl(S)] (3.8) 
i(R) j(R) k(S) 1(S) 

3.1.2.3. Delocalization or Charge Transfer Interaction. Delocal¬ 

ization interaction is assumed to operate over a relatively short range 

and plays some role in weak interactions like CH/n if the distance 

between the interacting H and Csp2 atoms is less than the sum of van 

der Waals radii and if the geometrical arrangements of the CH and 

7z>system is suitable. This interaction has often been treated as a per¬ 

turbation between the interacting systems (R and S) rather than by the 

variational method.12 The perturbation calculation is based on the 

independent MO calculations on R and S, thus, is far less time- 

consuming than the full calculation on the whole system. If we assume 
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that the interaction occurs between the atom r of molecule R and the 

atom s of molecule S, the delocalization energy due to this interaction 

can be evaluated by Eq. 3.9: 

occ unoc 

EdC,„c = E E (Cr„C«kA/J„)2/(Et - £«) 
k n 

(CT from S to R) 

occ unoc 

+ E E (CImC„A/ir,)2/(£m - E,) 
m 1 

(CT from R to S) (3.9) 

where Crm and Crn refer to the coefficients of occupied and unoccupied 

MOs of R and Csk and Csl refer to those of occupied and unoccupied 

MOs of S, respectively. If we assume that R and S are XH donor and 

7r-acceptor, respectively, the first term of Eq. 3.9 becomes the largest 

and the charge-transfer from S to R becomes the most important. 

Thus, in a simple perturbation model for CH/n interaction, only the 

interaction between the highest occupied 7i-orbital and antibonding 

(a*) orbital of X-H group is taken into account and the interaction 

energy is given by Eq. 3.10: 

£deioc = (SrsAP)2/(EK - Ecu*) (3.10) 

This implies that the charge-transfer (partial electron transfer) from 

the 7i-system to XH occurs during the process of interaction, and 

a very weak covalent bond is formed. Since the interaction energy 

increases as the energy difference A£( = En — £xh*) decreases, both 

the fall of £Xh* caused by introducing an electronegative group on the 

X atom and the rise of En caused by introducing an electron-donating 

group on the 7r-system will favor the interaction. 

3.1.2.4. Similarity with Hydrogen Bonds. Just like hydrogen 

bonding, CH/7r interaction is defined phenomenologically to give 

a general rationalization to the widely observed affinity of C-H 

hydrogen atoms and 7r-electron systems. To gain a deeper understand¬ 

ing of the nature of CH/7r interaction, both interactions are character¬ 

ized quantum chemically by comparing the above-mentioned energy 

terms. 
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TABLE 3.1. Energy Terms Contributing to Hydrogen Bonding and Relevant 

Interactions" 

XH/Y Interaction OH/Ob NH/ttc CH/Ob CH/tt'' 

Coulombic (ES) - 10.5 -2.5 -0.5 -0.14 
Delocalization (CT) -2.4 -0.9 -0.72 
Polarization (PL) -0.6 -0.1 -0.02 
Exchange repulsion (ER) 6.2 0.5 0.24 

Total (H-bond energy) -7.8 -3.5 - 1.1 -0.88 

“ Energy terms are given in kcalmol-1. 

b K. Morokuma, Acc. Chem. Res., 10, 294 (1977). 

c M. F. Perutz, Phil Trans. Roy. Soc., A, 345, 105 (1993). 

d T. Takagi, A. Tanaka, S. Matsuo, H. Maezaki, M. Tani, H. Fujiwara, and Y. Sasaki, 

J. Chem. Soc., Perkin 2, 1015 (1987). 

In a XH • • • Y hydrogen bond, the attractive force that holds the 

donor H and acceptor Y atoms in an unusually short distance is 

known to originate from a cooperative effect of the Coulombic, the 

delocalization, and unusually small repulsion forces. The magnitudes 

of these terms were evaluated with the intermolecular hydrogen bond¬ 

ing of water by Coulson,13 and more recently by Morokuma (as given 

in Table 3.1). In the case of OH/O, a relatively small repulsion term 

(ER) allows the approach of (O) H and O atoms far within the sum of 

their van der Waals radii. 
The electrostatic stabilization energy (ES) decreases abruptly in the 

order OH/O > CH/O > CH/n. In contrast, the delocalization energy 

(CT) decreases only moderately in this order, and becomes most 

important in the CH/rc interaction. The figures in Table 3.1 show that 

the CT term in CH4/C2H4 is approximately one-third as large as in 

a very strong hydrogen bond. Because the (C)H • • ■ X distance in the 

CH/O and CH/tc interacted systems are not significantly shorter than 

the sum of their van der Waals radii, the ER term does not contribute 

seriously. 

3.1.3. Geometrical Preference of CH/7i Interaction 

The geometrical arrangement of the interacting CH and n compo¬ 

nents should be important since the overlap integral occurs in 
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Figure 3.3. Geometrical arrangement of interacting X-H bond and 2p- 
orbital. (a) General noncoaxial approach and (b) coaxial approach (dark and 
white lobes denote occupied and unoccupied orbitals, respectively). 

Eq. 3.10. The vacant antibonding C-H orbital stretches outside the 

hydrogen atom along the C-H axis. The counterpart 7t-orbital (essen¬ 

tially the 2/vorbital of carbon) has a well-known dumbbell shape and 

stretches perpendicular to the 7z>plane. The magnitude of an overlap 

integral should be a function of both distance and orientation of these 

two orbitals.14 

In the simple case, the integral can be expressed by the angle of the 

intersecting axes of XH and p-orbitals (6) and the distance (d) in 

Figure 3.3a. When the XH group approaches coaxially from the 

direction perpendicular to the 7i-molecular plane (as in Fig. 3.3b), the 

stabilization energy becomes maximum. Examples of CH/7T interacted 

systems are given in Section 3.2. 

3.2. MOLECULAR ORBITAL CALCULATIONS OF CH/n 

AND OTHER WEAK INTERACTIONS 

3.2.1. Intermolecular CHIn Interactions 

The concept of CH hydrogen bonding between an acidic C-H group 

and an aromatic compound was first introduced in order to interpret 
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the aromatic solvent-induced shift of the 'H-NMR spectra of certain 

organic compounds bearing acidic CH group.15 Ever since such 

compounds as chloroform and other tri(negative atom)-substituted 

methanes have been shown to interact with 7i-bases, a number of 

model calculations have been carried out on binary systems consisting 

of CH acid and 7r-bases with the aim of characterizing the interaction 

involved. The calculations usually involved chloroform, hydrogen 

cyanide, acetylene as the acidic C-H component, and ethylene, acety¬ 

lene, benzene as the ^-component. 

3.2.1.1. Electrostatic Interaction Models. As in other discussions 

on weak hydrogen bonds, the conclusions on the nature of the CH/7T 

interaction are somewhat controversial. Some focus on the import¬ 

ance of electrostatic force and others stress the participation of 

delocalization force. Price and Stone16 evaluated the minima of 

electrostatic energies for benzene-acetylene, s-tetrazine-acetylene, 

“benzene dimer,” and several other bimolecular systems by using sets 

of distributed multipoles obtained from ab initio wave functions of 

the components (the Buckingham-Fowler model17). In the benzene- 

acetylene system (Table 3.2), the geometry in which the acetylenic CH 

is directed to a C-C bond of benzene is shown to be the most stable, 

giving a stabilization energy as high as — 2.1 kcalmol-1. Similar 

calculations on the s-tetrazine-acetylene system showed that the 

CH/N (lone pair) hydrogen-bonded geometry is the most stable. 

A T-shaped geometry is given to the benzene dimer l.18 The T-shaped 

acetylene dimer 2 was also shown to be the most stable by ab initio 

calculation.19 

l 2 
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TABLE 3.2. Minima of the Buckingham-Fowler Potential for the 

Acetylene-Benzene System" 

Geometry Distance (A) 
Energy 

(kcal moF1) 

H-bonded to C-C of ring (I) 
(perpendicular) 

4.1 -2.1 

H-bonded to triple bond (II) 
(perpendicular) 

4.9 - 1.3 

H-bonded to triple bond (III) 
(coplanar) 

4.9 -0.8 

Edge to edge (IV) 
(perpendicular) 

4.7 - 1.2 

“ Geometries are shown in Figure 3.4. 

x/A 

Figure 3.4. The minimum electrostatic energy structures for the benzene- 
acetylene van der Waals complex. Structures I-IV correspond to the struc¬ 
tures in Table 3.2. (In structure I, the acetylene molecule is located 4.1 A 
above and perpendicular to a C-C bond of the benzene molecule.) 
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3.2.1.2. Charge-Transfer Interaction Models. On the other hand, 

the CH/7i complex has been assumed to be a weak charge-transfer 

complex. Nakagawa et al. reported the interaction energy for the most 

stable methane-benzene system to be - 0.8 kcalmol-1 by CNDO/2 

calculations."0 Recently, more elaborate calculations were reported 

on CH4-C2H2 (acetylene) 3 and CH4-C2H4 (ethylene) binary systems 

by Takagi et al.21 The report includes an ab initio calculation using a 

4-31 G basis set on the CH4-C2H4 supermolecular system 4 in which 

one of the C-H bonds of methane is fixed perpendicular to the 

molecular plane of C2H4 and directed to the center of the C=C bond, 

while optimizing the intermolecular distance Rcc. The energy min¬ 

imum is located at Rcc = 4.4 A in the case of CH4-C2H4 (ethylene). 

The results were analyzed by employing Morokuma’s variational 

method.6 The large CTB^A in comparison with the CH4-C2H6 case 

implies that the charge-transfer from ethylene to methane contributes 

greatly to stabilizing the CH4-C2H4 molecular system (Table 3.3), 

whereas the charge-transfer in the opposite direction (CTA^B) contrib¬ 

utes little to the stabilization of the interacting system. The most stable 

geometry of CH4-C2H2 and CH4-C2H4 binary systems thus obtained 
are illustrated in Figure 3.5. 

MP2-4/6-31G* or 6-311G** calculations were recently reported on 

acetylene-CH4_„Cl„ bimolecular systems22 and the T-shaped geom¬ 

etry 3 was again shown to be the energy minimum (Table 3.4). The 

density-functional theory also gives energy minima of similar geome¬ 

tries except for the C2H2-CH4 system. 

TABLE 3.3. Calculated Energies (in kcal mol-1) and Optimized 

Intermolecular Distances (/?Cc) for the CH4(A)-C2H„ (B; n = 2, 4, 6) 

Systems0 

B RcC/nrn Tint Ec Ei cta^b ctb.a Ed 

C2H2 0.44 -0.66 -0.13 -0.01 -0.02 -0.52 -0.19 

c2h/ 0.44 -0.88 -0.14 -0.02 0.00 -0.72 -0.24 

c2h6 0.50 -0.24 -0.08 0.00 -0.08 -0.08 -0.19 

0 £int, stabilization energy in reference to the isolated A and B; £c, Coulombic energy; 

Ei, polarization energy; CTA^B and CTB_A, charge-transfer energy due to electron 

migration from A to B and B to A, respectively; ED, dispersion energy. 

b Perpendicular distance between the carbon atom of A and the molecular axis of B 

(Fig. 3.5). 

c Calculation on geometry 4. 
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H 
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H-C=C-H 

H 

H 

H H 

H H 

Figure 3.5. Energy minimum structures of CH4-C2H2 (acetylene) and 
CH4-C2H4 (ethylene) binary systems. 

TABLE 3.4. Structural Parameters and Interaction Energies 

for Several C2H2/H-donor Systems 

H-Donor Calculation CH-7t/A 
A Eint 

(kcal mol “') 

ch4 MP2/6-31G* 3.080 -0.10 

MP4/6-311G** 3.151 -0.19 
HCN HF/6-311G** 2.826 - 1.64 

MP4/6-311G** 2.652 - 1.76 
CH3CI MP2/6-31G* 2.852 -0.55 
CH2C12 MP2/6-31G* 2.622 - 1.31 
CHCI3 MP2/6-31G* 2.495 - 1.82 

3.2.2. Intramolecular CH/n Interactions 

In molecular orbital calculations (1) the bond populations (bond 

orders) between nonbonded (CH/n interacted) atoms become a critical 

measure of the presence and the strength of an intramolecular inter¬ 

action and (2) the total energy becomes a way to measure the stabil¬ 

ization of the system by the interaction. 

For example, intramolecular OH/71 interaction in norborneol 5 was 

verified by STO-3G calculations with full optimization of geometry.23 

The calculations showed that the syn-cis isomer capable of forming 

intramolecular OH/71 hydrogen bond is the most stable. The attractive 

OH/71: interaction was indicated by the elongated OH bond lengths 

(R0h) and the shift of OH stretching frequency as given in Table 3.5. 
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TABLE 3.5. Energies and Some Geometric Parameters of Norborneol 
Isomers by Ab Initio Calculations 

Isomer syn-cis syn-trans anti-cis anti-trans 

H 
1 H 

H 
\ 

K" X +0" 

1 H 

IS 
5a 5b 5c 5d 

AE (kcal mol- x) 

Ron (nm) 
vOH (cm-1) 

- 1.68 
9.906 
3601 

+ 1.56 
9.876 
3639 

(0) 
9.884 
3630 

+ 0.38 
+ 9.875 

3639 

The frequency shift of vOH compares well with the observed shift 
of the open-chain analog, viz. vfree is 3635 cm-1 and vin, is 3596 cm-1 
for CH2=CHCH2CH2OH.24 The bond order between “nonbonded” 
OH • • • C=C in 5a is as high as 1.8 x 10-2, by far the largest among 
isomers 5b-5d. 

As for the intramolecular CH/7T interaction, ab initio 4-31G//STO- 
3G calculations on the several conformers of l-phenyl-2-propanol 
6 showed that the most stable conformer is the OH/71 interacted 
phenyl/methyl anti (and phenyl/OH gauche) geometry Cqh/ti (Table 
3.6), and the OH/% interaction energy was estimated to be 
2.2 kcal mol -1. Experimentally, the presence of two different conform¬ 
ers was detected by IR spectroscopy. The energy difference between 
them was determined to be 1.0 kcal mol-1 from the temperature 
dependence of the intensities of the OH infrared absorption bands at 
3626 cm-1 (free) and 3604cm-1 (OH/71 interacted). In the conformer 
Coh/to a small positive bond population (1.62 x 10-2) was assigned to 
the bonding interaction between the OH proton and a ring carbon atom. 

Similar positive-bond populations were observed between the 
methyl protons and aromatic carbon atoms of CH/71 interacted 
phenyl/methyl gauche conformers A and B. The population analysis 
gave positive bond populations between nonbonded H in methyl and 
aromatic C atoms (0.48 x 10 - 2 and 0.74 x 10- 2 for conformers A and 
B, respectively), about one half of the OH/7i interaction. This suggests 
participation of the delocalization or charge-transfer force between 
CH3 and the 71-electrons of the aromatic ring in the CH/71-proximate 

conformers A and B. 



58 QUANTUM-MECHANICAL TREATMENT OF CH/tc INTERACTION 

TABLE 3.6. Relative Energies" (AE; in reference to Me/Ph a/>-conformer C) 

and Populations of Several Stable Conformations of l-Phenyl-2-Propanol25 

C6H5CH2CH(CH3)OH 

6 

Conformer 
Ph/OH 
Ph/CH3 

SC sc ap 

sc ap sc 

Ph Ph Ph 

HW'H 

OH 

B 

AE (kcal mol 3) 
Populations 

C(Ph)mean atom 
OH/Ph bond (x 102) 
CH3/Ph bond ( x 102) 

0.64 0.00 

6.167 
-0.03 
+ 0.48 

6.159 
0.02 
0.03 

-2.20 + 0.38 

6.171 
+ 1.62 
+ 0.03 

6.161 
-0.02 
+ 0.74 

“ AE, in reference to Me/Ph ap-conformer C. 
b Hypothetical Ph/CH3 ap-conformer without OH/n interaction. 

a-Phellandrene, (R)-5-isopropyl-2-methyl-l,3-cyclohexadiene 7,26 

is another example of an intramolecularly CH/n interacted system. 

MMP2 calculations27 showed six energy minima (A-F in Fig. 3.6). 

Ab initio 4-31G//STO-3G calculations with full geometry-optimiza¬ 

tion were carried out starting from these geometries. 

H 10 

H,6 

Hi7^(l7^H19 r 
^C2 

^cf "c3- 

. I I 
C6 /CKh 

tl13 

H 12 

H 
'c5 1113 H26 

15 lf- \ / 
H14 C8-Cio — H25 

^1 \ 
c9 h24 

h21^ | h23 
h22 

7 
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When a hydrogen atom of isopropyl group is located within the 

sum of the van der Waals radii from a sp2 carbon, and the relative 

arrangements of the CH bond to the aromatic ring is appropriate 

(small 9 in Fig. 3.3), CH/rc interaction is expected to occur. The 

nonbonded CSp2-H pairs within 2.95 A (= 1.70 of sp2 carbon + 1.25 of 

CSP3-H hydrogen) in the six energy minima are given in Table 3.7. 

Nonzero and positive bond populations were observed between 

the proximate C/H pairs whenever 9 is small. The C(4)/H(20) pair 

of conformer F has a negative bond population, because H(20) is 

Figure 3.6. Six conformers of a-phellandrene 7. 

TABLE 3.7. Overlap Populations (iVCH) Between Proximate Nonbonded 

Csp2 . H Pairs in the Six Stable Conformers of a-Phellandrene" 

Conformer CV-H Pair Nch d( A) 0/(deg) 

A C(l)-H(23) 8.80 x 10~3 2.80 17.5 
C(4)-H(22) 1.13 x 10“2 2.86 21.1 
C(4)-H(26) 5.51 x 10“3 2.85 43.8 

B C(3)-H(25) 5.18 x 10~3 2.95 29.6 
C(4)-H(20) - 2.28 x 10“4 2.62 49.8 
C(4)-H(25) 9.93 x 10”3 2.81 23.5 

C C(l)-H(20) 1.18 x 10-2 2.86 26.5 
C(4)-H(20) 7.11 x 10~3 2.79 44.2 
C(4)-H(23) 1.18 x 10“2 2.61 25.0 

D C(4)-H(25) 6.91 x 10”3 2.77 43.2 

E C(4)-H(20) - 1.19 x 10“3 2.73 54.3 
C(4)-H(26) 2.42 x 10“4 2.79 83.6 

F C(4)-H(22) 7.58 x 10“3 2.75 39.8 
C(4)-H(20) -4.63 x 10”3 2.72 87.0 

By 4.31G calculations. 
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located approximately on the nodal plane (6 = 87.0°) of the p-orbital 

of C(4). 

The nonbonded Csp2-H overlap population (NC...H) is sensitive 

to 0 (Fig. 3.3), as shown in Figure 3.7. The plot suggests that the 

coaxial approach of the CH donor is the most favorable to the CH/n 

interaction. 

The frontier molecular orbitals of the interacting system are sugges¬ 

tive as well: HOMO and LUMO of this molecule are essentially 

7r-type contaminated with small amounts of the s-orbitals of hydro¬ 

gen and saturated carbon atoms, and the mixing of the isopropyl 

McH(non'b°ndecD 

Figure 3.7. Angular dependency of nonbonded Csp2...H overlap populations 

in six stable conformers of a-phellandrene. 
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hydrogen orbitals is more visible whenever the molecule takes on 

a conformation capable of a CW/n interaction. The interaction was 

also shown to accompany some perturbation in the CH bonding 

electrons. In conformer A, the CW/n interacting C(10)-H(26) bond is 

slightly weaker than, for example, the C(10)-H(24) bond, which is void 

of such interaction, as shown by their bond populations, 0.769 versus 

0.777. This result indicates that the CH/71 bonding interaction is 

caused by partial charge-transfer from the 7t-donor to the C-H accep¬ 

tor, or electronic excitation from occupied 7i-orbital to unoccupied 
antibonding C-H a* orbital. 

3.3. SUBSTITUENT EFFECTS AS PROBES TO ASSESS 
THE NATURE OF CH/tt INTERACTION 

As the CH/tt interaction is extremely weak, it is difficult to observe 

the perturbation of physical properties caused by this interaction. 

Therefore, IR, NMR and other spectroscopy, as well as X-ray crystal¬ 

lography, could not be applied in the same manner as the cases 

of typical hydrogen bonds. For example, infrared hydrogen bond 

shift of CH stretching absorption is very small even in the interaction 

of chloroform and Tr-bases. With intramolecular cases, reverse high 

frequency shift is often observed. In proton NMR studies, expected 

hydrogen bond shift is obscured by the strong high field shift due to 

the magnetic anisotropy induced by the aromatic ring. 

In these circumstances, substituent effects on both CH and 

7T counterparts should give crucial evidence for the weak bond 

formation via charge-transfer interaction. Electron-withdrawing sub¬ 

stituents on the CH carbon lowers level of antibonding CH orbital 

and electron-donating substituents on the n system should raise 

the highest occupied n orbital; both the substituent effects favor the 

CH/7T interaction by narrowing the energy gap of the interacting 

orbitals. 

3.3.1. Electronic Substituent Effects on the Aromatic 
7t-Systems 

The electronic substituent effect on the equilibrium and the enthalpy 

of formation of weak bonding can be a good criterion to learn about 

the nature of interaction. As discussed in the previous section (3.2), 
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partial charge-transfer from the highest occupied 7t-orbital to the 

lowest unoccupied <r*-orbital of the CH bond is assumed to contribute 

to the stabilization of a CH/rc interaction. If all other circumstances, 

especially sterie conditions, were similar, the interaction would be 

facilitated by elevation of the HOMO (n) level and lowering of the 

LUMO (CH a*) level.28 From this point of view, electronic substitu¬ 

ent effects were examined and compared with similar effects on typical 

hydrogen bonding29 (Table 3.8). 

In cases of intramolecular CH/n interaction, a favorable substituent 

effect should lead to an increase in the CH/ft interacted conformer. 

In Chapter 2, the presence and abundance of these eonformers 

were observable by various spectroscopic methods. The solution 

conformations are generally determined by IR, JH, and 13C NMR 

spectra.30 

The upfield shift <5CH can be attributed to an increase in the CH/k 

interacted conformation: the CH group interacting with the aromatic 

nucleus suffers from a diamagnetic anisotropy effect by the ring 

current. Thus, the substituent-dependent upfield shift of the chemical 

shifts (<5h) indicates the presence of a CH/71 interacted conformer. In 

other cases, NOE enhancements of aromatic protons by the irradia¬ 

tion of the donor CH allowed estimation of the abundance of the 

CH/7T interacted eonformers. This effect is caused by the charge 

transfer (delocalization) character of the interaction,31 and can be 

rationalized by the fact that the HOMO of a more electron-rich 

7z>system donates electron more efficiently to the LUMO of a CH 

group.32 However, the increase in electron density also favors the 

Coulombic interaction by increasing the negative charge of the 

7r-system as well. 

In the case of intermolecular interaction between chloroform 

and aromatic hydrocarbons, enthalpies of CH/7T complex forma¬ 

tion (Table 3.9) increases in the order of C6D5C1 < C6D6 < p- 

C6D4(CD3)2 < C„D5CD3 < o-C6D4(CD3)2 < C6(CH3)6.33 Methyl 

TABLE 3.9. Enthalpies and Entropies of CH/n Complex Formation in 

Ternary CHC13 (H-Donor)-Arene (H-Acceptori-CCh (Solvent) Systems 

Arene C6D5C1 C6D6 C6D5Me C6D5Me2 C6Me6 C10D8 

— AH (kcal mol-1) 1.52 1.89 2.09 
AS (cal mol-1 K_1) 8.8 8.7 9.6 

2.21 
10.2 

2.98 1.73 
9.0 5.6 



3.3. SUBSTITUENT EFFECTS AS PROBES 65 

TABLE 3.10. The Electron Densities on CH Hydrogen Atoms 

and the Energies of the <r*-Orbital of the CH Groups of Various 

CH Donors from PM3 Calculations and Their CH/71 

Interaction Enthalpies with C6D6 

CH-Donor Cn/ea Ea. (eV) — AH (kcal mol *) 

CCI3CHO 0.081 1.55 2.2 

CHBr3 0.138 2.71 2.0 

CHCI3 0.104 2.59 1.9 
CH2C12 0.075 3.09 1.6 

CH(OCH3)3 0.069 2.82 1.0 

0 e = 1.602 x 10 19 C (charge of an electron). 

groups donate electrons to the aromatic ring, while the chlorine atom 

is electron-withdrawing. The order agrees with the order of increasing 

electron density of the aromatic ring. The entropies of the chloro- 

form-arene complex formation are within a relatively narrow range 

from — 8.7 to — 10.2 cal mol-1 K_1, except for the case of naphtha¬ 

lene. Thus, the formation of the intermolecular CH/7T complex is 

governed by the enthalpy of formation. 

3.3.2. The Electronic Effects in CH Donors 

The CH/71 interaction is perturbed also by the electronic properties of 

the CH donor, in addition to the steric effects mentioned before. Table 

3.10 lists the charge densities (CH) and LUMO CH cr*-orbital energies 
(.Eg*) of five CH donors together with the formation enthalpies of 

a CH/71 complex with C6D6. The electronegative group on carbon 

attracts the CH bonding electron pair toward the carbon atom and 

increases the positive charge on H, as supported by the (H values. The 

positive charge, in turn, strengthens the Coulombic interaction. 

The low Eg* of CCl3CHO appears to increase the charge-transfer 

interaction.34 
The conclusion of this section is summarized as follows: (1) electro¬ 

negative substituents on the CH carbon atom intensify the CH/7i 

interaction and (2) electron-donating substituents on the 71-system 

favor CH/tt interaction. 
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3.3.3. Steric Effects in the Intramolecular CH/n Interacted 
Systems 

As in the case of intramolecular hydrogen bonds, the strength of 

intramolecular CH/n interaction and the relative abundance of the 

interacted species are affected by the topological distance (i.e., number 

of intervening bonds) between the CH and the n group (“ring size” 

effect) and also by the steric hindrance and conformational effects. 

If we assume a priori that in alkylaromatics the CH group inter¬ 

acts with the p-orbital on the ipso carbon in counting the ring 

size (Fig. 3.8), the interaction forming a five-membered ring is the 

most favorable.35 This trend agrees with many intramolecularly 

hydrogen-bonded systems and is thought to be entropically more 

favored than the longer chain homologs which form larger-membered 

rings. 

Introduction of one or two methyl groups on an a-carbon atom 

always assists the CH/n interaction. However, the MM calculations 

showed that this comes, to a larger part, from the repulsive force 

betwen alkyl (CHRR' in Fig. 3.8) and methyl on a-carbon which 

li 12 13 

14 15 

(more favorable) <-> (less favorable) 

Figure 3.8. Effects of the ring size and the introduction of a-alkyl group(s) on 

the CH/n interaction. 
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destabilizes the CH3/CHRR' gauche conformer, and as a result, the 

conformer capable of CH/7T interaction is favored. In short, CW/n 

interaction is sterically more favored in 1-phenylethyl derivatives than 

their benzyl analogs.36 

3.4. NATURE OF THE CH/tt INTERACTION 

3.4.1. CH/n Interaction from the Viewpoint of the 
Hard-Soft-Acid-Base Concept 

Using the hard-soft-acid-base principle,37 Klopman28 correlated the 

interaction between acids and bases to the LUMO energies of acids 

and the HOMO energies of bases. The LUMO energies of CH acids 

were obtained by MO calculations; those of methane and chloroform 

are + 0.8 and — 1.2 eV respectively. The values are within the range of 

a soft acid, as shown in Figure 3.9. The HOMO energies of aromatics 

are in the range from — 6.61 eV (pentacene) to — 9.25 eV (benzene), 

£/eV 
hard 

+6 - Al3+ 
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+4 

+2 

0 
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X
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J 

Figure 3.9. HOMO and LUMO energy levels of hard and soft acids and 

bases. 
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\ 

and those of ethylene, tetramethylethylene, and acetylene are — 10.5, 

— 8.27, together with the delocalized electron distribution in these 

molecules, and — 11.4eV, respectively.38 These orbital energy data 

strongly support the fact that the CH/71 interaction may be considered 

as a soft acid/soft base type, in which the Coulombic interaction is 

less important than the charge-transfer (delocalization) interaction. 

Klopman derived the following equation in order to evaluate the 

interaction energy between acid S and base R (whose MO coefficients 

are referred to as s and r, respectively, 

A E=- qrqs/rTS + 2(ChrClsA£)2/(£h - £,) (3.11) 

wherein the suffixes h and 1 denote the HOMO of 7!>base and the 

LUMO of CH-acid, respectively. 

In other words, the interaction should be frontier-controlled, which 

implies that the second term of Eq. 3.11 contributes to the stabilization 

of a CH/71 interaction.The Coulombic term (the first term of Eq. 3.11), 

which controls the hard acid/hard base interaction, decreases sharply 

as the polarity of the solvent increases. Thus, the Na-Cl bond energy 

in the gaseous state is as high as 125 kcalmol-1, but is dissociated 

easily in water, because of the high dielectric constant (D = 84 at 15°C) 

of water which weakens the ionic bond drastically. In contrast, the 

orbital-controlled interaction term (the second term in Eq. 3.11) is not 

perturbed by an increase in the polarity of the solvent. This is reflected 

in the fact that the CH/71 interaction is persistent in both nonpolar 

and highly polar solvents. This implies that the CH/ti interaction can 

persist even in aqueous media and play an important role in many 

biological systems. Examples of CH/7t interaction in biological 

molecules are given in Chapter 11. 

3.4.2. Summary 

In conclusion, the CH/71: interaction can be described as a weak 

hydrogen bonding in which the dispersion contribution is relatively 

large. The features of CH/71 interaction in comparison with other types 

of hydrogen bonding are summarized in Table 3.11.39 

CH/71: interaction is often confused with hydrophobic interaction. 

However, the former has many characteristics common to the hydro¬ 

gen bond and can be considered as the weakest type of hydrogen 

bond. 
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CHAPTER 4 

COMPARISON WITH OTHER 
TYPES OF WEAK MOLECULAR 
INTERACTIONS 

4.1. CH/Y HYDROGEN BONDS 

If CH/tt interaction is hydrogen-bond-like, the CH group should be 

able to act as a hydrogen donor to the other acceptors of hydrogen 

bonding. The CH/Y (Y: electronegative atom, mostly O or N) inter¬ 

action1,2 will be briefly reviewed in comparison with the CH/71 

interaction. 

4.1.1. Intermolecular CH/Y Interaction in Solutions 

Hydrogen bonding of chloroform and other haloforms with oxygen- 

centered hydrogen acceptors has long been known. Before the con¬ 

cept of hydrogen bonding came into chemistry, the association of 

chloroform with acetone was suspected.3 The ability of CH groups 

as hydrogen donors was critically surveyed by Allerhand and 

Schleyer 4 They measured the infrared CH absorptions of a large 

number of CH donors in the presence and absence of hydrogen 

acceptors. In carbon tetrachloride solutions containing strong 

hydrogen acceptors, namely dimethyl-d6 sulfoxide and pyridine-d5 

(Fig. 4.1), CH stretching absorption bands of the CH/O and CH/N 

complexed species appeared at frequencies lower than that of the free 

species. 

73 



74 COMPARISON WITH OTHER TYPES OF WEAK MOLECULAR INTERACTIONS 

The IR absorptions of CH-donor/hydrogen bond acceptor/CCl4 

systems are shown in Table 4.1.5 Haloforms and other tris(negatively 

substituted)methanes form CH/Y (Y = O, N) interacted complexes. 

Judging from the hydrogen bond shift (Av = vfree — vinteracted), the 

strength of CH/Y hydrogen bond decreases in the order: 

CHC13 > CHI 3 > CHBr3. Some bis(negatively substituted)methanes, 

such as chloroacetonitrile, can be hydrogen donors to oxygen- 

centered acceptors. The effectiveness of electronegative groups in 

activating the CH donor decreases in the following order (by IR Av 

X,Y,Z; Electronegative groups 

Figure 4.1. Intermolecular CH/O and CH/N hydrogen bonding. 

TABLE 4.1. CH/O and CH/N Hydrogen Bonding of Various CH-Donors 

with Dimethyl-</6 Sulfoxide and Pyridine-</5 (in CC14 Solutions) 

Av (cm *) 

CH-Donor Vfree (cm *) 0.95 M DMSO 2 M Pyridine 

Br2CHCN 2998 80 113 

C12CHCN 2987 66 92 

CHBr2CBr3 2993 58 87 

CHBr3 3031 50 82 

CHClBr2 3027 43 — 

CHC12CC13 2986 41 64 

chi3 3011 40 55 

chci3 3020 29 46 

CHC1=CC12 3084 41 45 

1,2,4,5-C6H2C14 3092 40 42 

ich2cn 2968 23 — 

cich2cn 2966 15 30 

BrCH2C=CH 3311 102 110 

CH3(CH2)3C=CH 3315 82 — 
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TABLE 4.2. The CH Hydrogen Bonding Between 1-Octyne and 
Hydrogen Acceptors 

H-Acceptor K (1 mol-1 at 25°C) — AH(kcalmol *) 

Acetone 0.14 1.5 
Acetonitrile 0.16 1.8 
Pyridine 0.21 2.0 

criterion): CN > CBr3 > CC13 > Br > I > Cl > COOR > CHBr2 > 

CHC12. The effect of fluorine was inconclusive because of the high 
volatility of fluorine-containing compounds. 

A proton attached to a sp2-hybridized carbon can also form com¬ 
plexes when the molecule has an electronegative substituent such as 

a halo or cyano group. 

Acetylenic hydrogen atoms (on a sp-carbon) are more acidic than 

sp2- and sp3-hybridized CHs and are stronger donors in the CH/Y 

hydrogen bond. 1-Octyne interacts with some hydrogen acceptors 

even if the CH group has no electronegative substituents. The inter¬ 

action is strong, as shown by the large equilibrium constants (K) and 

enthalpies (AH) of CH/O and CH/N complex formation given in 

Table 4.2.6 
Calculations on the CH/O hydrogen bonds showed that the 

contribution of charge-transfer from a nonbonding orbital of 

an O atom to er*(CH), 2s(H), or 2p(H)-orbital is insignificant and 

that the major stabilization arises from the electrostatic interaction 

energy.7 

4.1.2. Intermolecular CH/Y Interactions in Solids 

The CH/Y distances known from X-ray and neutron-diffraction data 

can be useful probes to determine CH/Y hydrogen-bonded pairs of 

atoms in the crystalline state. Taylor and Kennard8 surveyed neutron 

diffraction data on 113 compounds accumulated in the Cambridge 

Structural Database,9 and showed that many hydrogen atoms 

covalently bonded to carbon tend to form short intermolecular con¬ 

tacts to oxygen atoms rather than to carbon or hydrogen atoms. They 

assumed that the distance (rH...Y) between the hydrogen atom (H) and 

the acceptor atom (Y = C, H, O, N, Br, Cl, P, or S) is shorter than the 

sum of their van der Walls radii10 [R(H) and R(Y), respectively]; that 
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X 

Figure 4.2. Two examples of X-ray crystal structure containing CH/O 

hydrogen bonds. Upper; 3,4-methylenedioxycinnamic acid. Lower; 7-acetoxy- 
coumarin. 
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is, d value is positive when a CH/Y hydrogen bond exists (Eq. 4.1). 

d = R(H) + R(Y) — rH...Y (4.1) 

Contacts with C-H ••• Y angles of less than 90° were ignored, taking 

the geometrical requirement for hydrogen-bond formation into ac¬ 

count. Their survey showed that the (C-)H • • • O pairs are 2.5 times 

more likely to show positive d values than was statistically expected. 

Moreover, out of 19 intermolecular (C-)H -Y contacts with 

d > 0.3 A, 15 (79%) are (C-)H ••• O pairs. 

Short CH • • O contacts have been reported by many other crystal¬ 

lographic investigations as well. Some examples are given in 

Fig. 4.2,11 in which we see that not only hydrogen atom attached 

to olefinic and aromatic sp2-carbons, but also methyl hydrogen atoms, 

can be located at close distances to the carbonyl and the ether oxygen 
atoms. 

4.1.3. Intramolecular CH/Y Interaction 

The ability of the formyl group as a CH donor in CH/Y hydrogen 

bonding has been controversial. Several papers for and against the 

presence of formyl CH/O hydrogen bonding have been published. 

Pinchas found an intramolecular CH/O hydrogen bond in benzal- 

dehydes that bear hydrogen-accepting substituents at the ortho posi¬ 

tion^).12,13 However, in sharp contrast to the usual OH and NH 

hydrogen bonds, infrared CH absorption bands were observed to shift 

to higher frequencies. In the case of o-nitrobenzaldehyde 1, the O atom 

approaches proton from the direction of the acute C-H -O angle 

(Fig. 4.3). However, Pinchas explained the high-frequency shift by the 

steric compression effect. His interpretation was criticized by Forbes 

on the basis of spectral data.14 Rao showed that a conformation with 

the N02 group 90° out of the aromatic plane is the most stable by 

EHT + CND02 calculation.6 Thus, the usual CH/O hydrogen bond 

using the lone-pair electrons on the oxygen is impossible. However, 

a CH/tt bond is more likely in this conformation. 

Molecular orbital studies on the CH/O hydrogen bonding of for- 

mylthiophenecarboxylate esters gave important information concern¬ 

ing the nature of the CH/O interaction.15 Of all the positional isomers, 

methyl 2-formyl-3-thiophenecarboxylate 2 in a CH/O-proximate con¬ 

formation has the highest s-character and highest positive charge in 

its formyl CH bond and the highest negative charge on the carbonyl 
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1 

Figure 4.3. The most stable conformation of o-nitrobenzaldehyde suggested 
by Rao et al.6 on the basis of MO calculations. 

TABLE 4.3. Some MO Properties of Selected Isomers of Methyl 

Formylthiophene-2-carboxylates (by MNDO) 

Compound 
s-Character (CHO) 
from XJCH (calcd.) qH (CHO) q0 (ester C=0) 

To H 

(nonbonded) 

2 38.3 (39.0) 0.071 -0.387 0.049 
3 36.2 (38.0) 0.038 — 0.000 
4 37.5 (38.5) 0.047 - 0.379 0.047 

oxygen (only three are given in Table 4.3). The high s-character 

increases the polarity of the CH bond and favors Coulombic inter¬ 

action between 2-formyl hydrogen and 3-carbonyl oxygen. In addi¬ 

tion, it has the highest bond population between the nonbonded 

H(formyl) and O(carbonyl) atoms (pQ...H in Table 4.3) among all the 

possible conformers of all the positional isomers. These results suggest 

the presence of weak delocalization interaction between these atoms. 

2 3 4 
Me 
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Another example of a strong CH/O hydrogen bond was reported on 

1-trifluoroacetoxy- and l,3-bis(trifluoroacetoxy)-2-hydrylperfluoro- 
adamantanes (6 and 7).16 In this case, the CH group is activated by a 
highly electronegative perfluoroalkyl group. 

Infrared CH frequencies (vCH) and the proton chemical shifts (<5CH) of 
CH groups capable of forming CH/O hydrogen bonds are collected in 

Table 4.4. The nonpolar CH bond can manifest its proton-donating 

ability only in interactions with strong proton acceptors in sterically 

favorable circumstances. In all cases, downfield shifts of CH-donor 
protons were observed. 

A case of CH/O hydrogen bond strong enough to enforce a mole¬ 

cule of tricyclic orthoamide 8 to take an eclipsed conformation was 

reported by Seiler and Dunitz17 based on an X-ray crystallographic 

study. A trihydrate crystal of 8 was shown to take a nearly eclipsed 

conformation (N-C-C-H torsional angle; 8.2°) about the central 

C-CH3 bond (Fig. 4.4). In the crystal, the three oxygen atoms of 

TABLE 4.4. Effects of CH Hydrogen Bonding on the IR vCH Absorptions and 

‘H-NMR Chemical Shifts in Several Intramolecular CH/O Hydrogen-Bonded 

Molecules 

Compound vCH (cm *) 
<5h (PPm) 
(Vch/Hz) 

o-Nitrobenzaldehyde 2650, 2760, 2893 

p-Nitrobenzaldehyde 2725, 2865 

2-Formylthiophene-3-COOMe 2 2896 10.65(192) 

5-Formylthiophene-3-COOMe 3 2825 9.87 (181) 

3-Formylthiophene-2-COOMe 4 2904, 2881 10.62(189) 

4-Formylthiophene-2-COOMe 2789, 2804, 2845 9.90 (185) 

2-H-F-adamantane 5 2986 5.45 

l-CF3COO-2-H-F-adamantane 6 3020 6.55 

1,3-Di(CF3C02)-2-tf-F-adamantane 7 3051 7.70 
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Figure 4.4. The H/N eclipsed conformation of the tricyclic orthoamide. 

hydrate water molecules are located opposite the three methyl protons 

(N-C-C • • • O torsional angle; 0.9°). The driving force responsible for 

this eclipsed conformation is thought to be intermolecular CH/O 

hydrogen bonding. 

4.2. XH/tt INTERACTIONS 

Historically the concept of CH/7r interaction was proposed after the 

OH/ti and NH/rc interactions had been found in organic chemistry. In 
this respect, the CH/tc interaction is an extension of the series to its 

weakest limit. 

4.2.1. Intermolecular XH/n Interactions 

It has long been known that the ^-electrons of alkenes, alkynes, and 

aromatic compounds act as hydrogen acceptors.18,19 Alcohols and 

phenols are known as good hydrogen donors, as well as primary and 

secondary amines, to 7i-bases. Interaction between 7r-bases and hydro¬ 

gen donors was examined mainly by IR spectroscopy.20,21 Quite 

similar to the more typical hydrogen bonds involving the lone-pair 

electrons of electronegative atoms as proton acceptor, the OH and 

NH bonds were shown to be considerably weakened. As a conse¬ 

quence, the OH and NH stretching absorptions of hydrogen donors 

show low-frequency shifts. 

Infrared vXH spectra of XH/rc hydrogen-bonded systems were exten¬ 

sively studied by Josien et al. (Table 4.5).22 The frequency shift of XH 

absorption in dilute carbon tetrachloride solution is known as the 

hydrogen bond shift Av. The XH frequencies (vXh) and the Av values of 

various XH/rc complexes are collected in Table 4.5. The low-frequency 

shifts due to hydrogen bond formation originate from the lowering 
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of the force constant of the XH bond. As expected, for XH donors 
in Table 4.5, the lower frequency shifts increase as the basicity, or 
electron-donating ability increases, but they are considerably smaller 
than in OH/O and other hydrogen bonds. For comparison, Av of 
methanol with diethyl ether and pyridine are 151 and 304 cm-1, 
respectively. Phenol is a stronger H-donor, and its Av values for 
the same solvents are 275 and 468cm-1, respectively. Chloroform-d 
in Table 4.5 is an example of CH(D)-donor. The C-D frequency of 
CDC13 is rather insensitive to the 77>basicity of aromatic compounds, 
but careful examination of a series of CH/71 complexes revealed that 
the CH shifts also follow the regular rule of 77-basicity. 

The formation constants and the enthalpies of formation of XW/n 
complexes are given in Table 4.6. For comparison, those for the CH/71; 

interacted system (CDC13 as the H-donor)23 are given together. 
The formation constants for OH/77; and CH/71 interactions with the 

same 7r-base are similar in spite of the large difference between their 
hydrogen bond shift Av. In contrast, both the formation constant and 
the enthalpy of formation of a strong hydrogen bond are considerably 
larger than those for CH/X interactions (cf. K for the phenol-pyridine 
complex is as high as 55).24 This is quite similar to CH/X hydrogen 
bonds, as discussed in Section 4.1, where the hydrogen bond shift is 
also small as in the case of CH/71; interaction. 

The presence of a hydrogen-bond interaction between ethylene and 
water was detected in an argon matrix.25 It was shown that the water 
molecules exist as dimers and that the hydrogen-accepting water 
molecules behave in turn as the hydrogen donor to ethylene (Fig. 4.5). 

I 
H 

Figure 4.5. Hydrogen-bonded water-ethylene complex detected in an argon 

matrix. 
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4.2.2. Intramolecular XH/tc Interactions 

As in the case of hydrogen bonding, strong proton donor groups such 

as OH, NH, and SH are expected to participate in intramolecular 

interaction with a 7i-group within the same molecule. Such an intra¬ 

molecular interaction is strictly dependent on the steric requirements 

to maintain the geometry of the interacting system. The characteristic 

feature and the limitations of intramolecular OH/tc interaction has 

been systematically studied by Oki and Iwamura.26 The extent of the 

steric limitations for the persistence of intramolecular OH/tc inter¬ 

action are given in Table 4.7. An example of an intramolecular NH/tc 

interacted system27 is given for comparison. 

TABLE 4.7. Extent and Limitations of Intramolecular XH/i Interaction 

XH/re Molecules na Ring Size 

X = O 
CH2=CH-{CH2)nOH 9 1,2, (3) 5, 6, (7) 
cyclo-C3H5-(CH2)nOH 10 1,2 5,6 
HC=C-(CH2)nOH 1,2,3 5, 6,7 
C6H5-(CH2)nOH 11 1,2,3 5, 6, T 

o-[CH2=CH-(CH2)n]C6H4OH 0,2 5,6 
o-[HC=C-(CH2)n]C6H4OH 0, 1, - - -c 5, 6, - - - 
o-[C6H5(CH2)n]C6H4OH o, 1,2 5, 6, 7d 
X = N 
C6H5ACH2)nNHC6H5b 1,2, 3, 4, (5) 5, 6, 7, 8, (9) 

a The chain-length n requisite for the intramolecular interaction. 

b In the cases of long-chain iV-(co-phenylalkyl)anilines, the formation of intramolecular 

charge-transfer complexes are suspected. 

cThe compounds with more than two n values were not examined. 

d Ring size assuming that the interaction takes place at the ipso position. 

Quite similar to the usual OH O and OH ••• N hydrogen bond¬ 

ing, the interactions forming five- and six-membered rings are most 
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favorable. Moreover, the seven-membered ring is also allowed to 

persist in the interaction in some cases. A similar trend is also seen 
with the CH/tt interacted systems. 

4.2.3. OH/7i Interactions in Solids (Evidence from 
Crystallography) 

Intermolecular OH/71; proximate arrangements in crystals are usual 

and were reported in several papers. Interaction of the OH group of 

2,2,2-trifluoro-l-(9-anthryl)ethanol with the 71-face of another mole¬ 

cule in a crystal was shown by X-ray crystallography.28 X-ray studies 

on crystalline Na4[calix[4]arenesulfonate] • 13.5H2029 showed that 

the hydrophobic cavity was formed by aromatic groups and it con¬ 

tained a water molecule when the hydrophobic guest molecule is 

absent. Two hydrogen atoms of the water molecule form OH/7U 

hydrogen bonds with two of the aromatic rings of the calixarene 

skeleton (Fig. 4.6). The results gave us an insight into the mechanism 

of the interactions of aromatic nuclei in biomolecules (phenylalanine, 

tyrosine, and others). 

In the X-ray crystal structure of 4-nitro-2,6-diphenylphenol 12 

reported by Ueji et al., the hydroxyl group is bifurcated and involved 

in both intra- and intermolecular hydrogen bonds.30 The finding was 

supported by IR spectroscopy. The OH proton is located just above 

one C-C bond (and not just above the center) of both the intra- and 

intermolecular acceptor benzene rings [C(l'}-C(2') and C(3")-C(4") 

bonds, respectively] (see Fig. 4.7). These observations provide evid¬ 

ence for the participation of the delocalization (charge-transfer) force 

in the OH/7T interaction. 

c6h5 

The intramolecular OH/aryl interacted structure of 2,2-bis(2- 
hydroxy-5-methyl-3-t-butylphenyl)propane 13 is the first evidence of 
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H 

Figure 4.6. Water molecules in the hydrophobic cavity of a calixarene 

molecule. 

Figure 4.7. Intra- and intermolecular OH/tc interactions in the crystal of 

4-nitro-2,6-diphenylphenol. 

OH/tt interaction from X-ray crystallography.31 The distance between 

the hydroxyl proton and the 7t-plane of the aryl group is 2.09 A. 
Intramolecular OH/71 interaction in crystals of similar bis(hydroxy- 

phenyl)alkanes related to novolaks has been confirmed by IR 

spectroscopy.32 
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Organosilanols generally show a strong tendency to associate inter- 

molecularly through OH • • • O hydrogen bonds in the solid state. 

However, an interesting example of a silanol OH group interacting 

with a phenyl group in the same molecule was recently reported in 

the crystal of a sterically crowded [tris(dimethylphenylsilyl)methyl]- 

methylsilanol 14.33 

Me 
I 

(Me2PhSi)3C—Si —OH 

I 
H 

14 

In anti-10-endo-hydroxy-10-exo-butyltricyclo[4.2.1.1]deca-3,7-dien- 

9-one 15,34 the 10-endo-hydroxyl proton is found as close as 

2.11 and 2.16 A to the two olefinic carbon atoms [C(7) and C(8), 

respectively]. The presence of intramolecular OH/71 interaction was 

further proved by the appearance of vGh at 3600 cm 1 in CC14 

solution. 

4.3. WEAK COULOMBIC INTERACTIONS 

Coulombic interactions can be expressed as the sum of the attraction 

terms between charges and/or permanent multipoles. The interaction 
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% 

TABLE 4.8. Various types of Coulombic Interactions 

Coulombic Interaction 

Subsystem 

R s Type of Interaction Ec Term 

© © 
Charge-charge 

(ion) (ion) 

1 (Ms 

4ne0 r 

© ©© Charge-dipole 
1 k<jR/rs 

47te0 r2 

C© ©© Dipole-dipole 
1 k/zR/rs 

47i£0 r3 

© c—-o Charge-quadrupole 
1 kgRQs 

4ne0 r3 

(-♦) -) 
Dipole-quadrupole 

1 k/rR<2s 

Atzeq r4 

(—-) (r + + -) 1 k QrQs 

4ns0 r5 
Quadrupole-quadrupole 

between two net electron charges is as strong as a covalent bond 

in a vacuum or in a nonpolar medium. Interactions weaker than 

dipole-dipole interactions are usually classified as weak. Various 

Coulombic interactions are given in Table 4.8,35 where q, n, and Q 

refer to charge, dipole moment, and quadrupole moment, respectively. 

The magnitude of interaction tends to decrease on going down the 

table. The range of the interaction becomes shorter and shorter 

(or near-reaching) in the same order. 

All Coulombic interaction terms tend to decrease in a manner that 

is inversely proportional to the dielectric constant of the medium. 

Thus, this sort of weak interaction will be obscured in polar solvents 

and, hence, are observable only in gaseous state or in solutions of 

nonpolar solvents. In the case of the CH/n interaction, 71-base is 

generally not dipolar. Even if the C-H group can be a strong dipole 

when the carbon atom is substituted with more than one electro¬ 

negative groups, the interaction cannot be so strong as to be observ¬ 

able in polar solvents. Actually CH/n interactions are shown to 
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persist even in polar solvent. Thus, the CW/n interaction is clearly 

different from Coulombic interaction. [The aromatic 7i-system has a 

large quadrupole which can enhance the CH/71 interaction nevertheless.] 

4.4. HYDROPHOBIC INTERACTION 

Hydrophobic interaction operates between nonpolar organic mole¬ 

cules and water. Since Kauzmann36 reported that the hydrocarbon 

parts of amino acid residues in a polypeptide tend to gather together 

in aqueous solution by hydrophobic interaction, the theory attracted 

interest from many fields of chemistry. As we see in the micelle 

formation, hydrophobic interaction proceeds with an increase in en¬ 

thalpy and a larger increase in entropy (AH — + 0.2-0.5kcalmol-1 

and AS = ca. 33calK~1 moP1). The hydrophobic interactions result 

in the formation of organic clusters, and hence must include some 

negative change in entropy. The negative entropic contribution by the 

cluster formation must be compensated for by the larger increase in 

entropy by the solvent water. In aqueous solutions, a nonpolar solute 

molecule is believed to be surrounded by a clathrate cage structure 

of water molecules, known as an “iceberg.”37 During the process of 

cluster formation, the organized water cage surrounding the indi¬ 

vidual organic molecule is destroyed. The water molecules are liber¬ 

ated from the constraining surroundings and produce an increase in 

entropy. More recent investigations showed that creation of the cavity 

to accommodate the hydrocarbon solute molecules plays a more 

important role than the actual structural change of water. 

The inclusion power of cyclodextrin and the molecular recognition 

power of enzymes have been partly attributed to hydrophobic inter¬ 

action. In an aqueous solution, the CR/n contiguous folded confor¬ 

mations or the intermolecular approach of the hydrocarbon (part of) 

molecules must be assisted to some extent by hydrophobic interaction. 
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CHAPTER 5 

CONFORMATIONAL 
CONSEQUENCES 

The CH/tt interaction may play a role in intramolecular as well as 

intermolecular interactions. Intramolecular interactions include con¬ 

formational consequences, chiroptical properties of unsaturated com¬ 

pounds, and selectivities of certain chemical reactions. In this chapter, 

we examine conformations of a variety of organic compounds. 

5.1. CONFORMATION OF 1,5-HEXADIENES 

Saito et al. studied, using the dichroic exciton chirality method and 

NOE, the conformation of diethyl 4,4-bis-t-butyldimethylsiloxy- 

2£,6£-octadiendioate.1 

The results point to an unequivocal conclusion that the conforma¬ 

tion as depicted in Figure 5.1, where the enoate groups are close to 

OR H 

Figure 5.1. Suggested conformation for diethyl 4,4-bis-t-butyldimethyl- 

siloxy-2£,6£-octadiendioate. 

92 
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Figure 5.2. A stable conformation of 1,5-hexadiene suggested by MP2/ 

6-41G* calculation. 

each other, preponderates in solution. Repulsion (steric or electro¬ 

static) between the OR groups may be important, but the reason for 

the unusual conformation remains to be elucidated. 

A rationale for this finding was presented by Gung et al. on the 

grounds of the CH/71 interaction.2 The conformation, as depicted in 

Figure 5.2, for 1,5-hexadiene has been found to be the most stable, 

by ab initio (MP2/6-41G*) calculations among a number of possible 

forms. 

The conclusion was, however, incompatible with results obtained 

from force-field calculations. The failure of molecular mechanics in 

reproducing the experimental and ab initio results has been attributed 

Figure 5.3. One-step cyclization reaction of a squalene derivative. 
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by these authors to neglecting the contribution from the attractive 

forces between the CH and n system. The suggestion is important, 

since their findings bear implications for the mechanisms of reactions 

like Cope rearrangements and nonenzymatic syntheses of terpenoids. 

To cite an example, Fish and Johnson reported that the cyclization, 

as illustrated in Figure 5.3, proceeded with 49% yield in a one-step 

reaction.3 

Such a remarkable selectivity is hardly conceivable without invok¬ 

ing an attractive interaction between the relevant groups in stabilizing 

the geometry of the transition state, as indicated in Figure 5.1. The 

driving force may include a CH/71-type interaction, but this suggestion 

must await further clarification. 

5.2. SUBSTITUENT EFFECT ON CONFORMATIONAL 
ENERGIES IN ATROPISOMERISM 

Wilcox et al. studied the conformations of esters of dibenzodiazocines 

l.4 Rotation about the biphenyl moiety is slow in these compounds 

and allows separate observation of NMR peaks for the folded and 

extended conformers (Fig. 5.4). 

For the folded conformation, the aromatic ring in the ester part lies 

over another ring situated at the terminus of the molecule, orientating 

itself in a tilted-T position relative to the ring. The crystal structure 

of the p-nitrophenyl ester (X = N02) revealed that the two rings are 

in a nearly perfect T-relationship. The relevant centroid distance is 

short, 4.95 A. 

folded extended 

Figure 5.4. Conformations of dibenzodiazocine esters 1. 
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TABLE 5.1. Rotameric Equilibria of Dibenzodiazocine 
Esters 1 

Substituent Percent Folded" AG (kcalmol *) 

c6h5 60 0.24 
p-ch3c6h4 65 0.37 
p-ch3oc6h4 60 0.24 
p-C nc6h4 75 0.65 
p-no2c6h4 75 0.65 
m-CH3C6H4 50 0 
3,5-diMeC6H3 35 -0.37 

"In CDC13 at 298 K. 

Figure 5.5. Atropisomerism of biphenyl derivatives 2 and 3. 

They examined, by NMR, the effect of substitution of a group 

(X) on the rotameric equilibria of 1. Table 5.1 lists the results. A 

remarkable fact is that substitution of X from H by an electron- 

withdrawing group is accompanied by an increase in the ratio of 

folded conformers. Replacement of H by methyl group(s) at meta 

position(s) decreased the stability of the folded conformer. Solvent will 

modulate the result, if the electrostatic effect or the solvation energies 

are important in determining the rotameric equilibria. Changes in 

the solvent gave, however, negligible effect on the rotamer ratios. 

These findings may be accommodated in the context of the CW/n 

interaction. 

Wolf et al. studied the effect of substituents (X) on the rotational 

energy barrier of 2,2'-bis(trifluoromethyl)biphenyl and 2,2'-diiso- 

propylbiphenyl derivatives (Fig. 5.5, R = CF3 2 and R = CHMe2 3) 

by dynamic gas chromatography.5 

The effect of para-substituent X on the rate of rotation of the 

chiral biphenyl depends on the aromatic system (R = CF3 or CHMe2) 
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TABLE 5.2. Activation Free Energy of the Rotation 

[AG’*(kcalmol~1)] of 2 and 3 Determined by 
Dynamic Gas Chromatography (298 K) 

X 2 3 

nh2 23.8 27.6 

ch3 24.8 

H 25.6 26.7 

no2 26.2 25.2 

F 26.2 

Figure 5.6. Stabilization of the ground-state structure of 2,2'-diisopropyl- 

biphenyl derivatives 3. 

to which they are attached. Electron-donating groups decrease the 

rotational energy barrier of 2 but increase that of 3. Electron-with- 

drawing groups exhibited the opposite behavior (Table 5.2.) 

They discussed the unusual results in terms of the CH/7T interaction 

hypothesis. Thus, hydrogens of the isopropyl group (CH and CH3) of 

3 can participate in interactions with the aromatic part of the oppos¬ 

ing ring. The CH/7i interactions illustrated in Figure 5.6 may contrib¬ 

ute to stabilize the ground-state structure of 3. These interactions are 

not effective in the transition state where the two aromatic rings are 

almost coplanar. 

Electron-donating groups will increase the 7i-donating property of 

the phenyl group and thus support the charge transfer. The reverse is 

true for electron-withdrawing substituents. Stabilization in the ground 

state of 3 will result in increase of the activation free energy of the 

rotation. 
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5.3. CONFORMATION OF VARIOUS ORGANIC 
COMPOUNDS 

Presence of the conformers with alkyl/aryl and aryl/aryl contiguous 

geometry has often been noted. In this section are compiled reports 

which may support the CH/7T interaction hypothesis. The structures 

and/or names of the compounds are given in Tables 5.3 and 5.4 

together with the methods. 

TABLE 5.3. Simple Organic Compounds 

Alkyl/n-System Interactions 

3-Phenyl-3,5,5-trimethylcyclohexanone (NMR)6 

H3C h3c 

3-Aryl-1,3,5,5-tetramethylcyclohexanol (NMR)7 

^CH3 

Chloroquine, an antimalarial (LIS)8 

C6H5CHCH3CH(OH)R,9 C6H5CHCH3SOR,10 C6H5CH2CH(OH)Ru R = Me,Et,Pr', Bu‘ 
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TABLE 5.3 (Continued) 

C6H5CHCH3COR; R = H, Me,Et,Pr‘,Bu' (LIS)12 

1-Benzazocinone (X-ray, NOE)13 

a-Phellandrene (ORD)15 

HOOC 

Levopimaric acid (ORD, 16 X-ray17) 
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TABLE 5.3 (Continued) 

Me 

Isocarvomenthone (LIS) 

Aryl/Aryl Interactions 

02 

2-(l-Pyrenyl)ethyl p-toluenesulfonate and analogs (NMR)21 

H 
C6H5— 

p-N02C6H4(CH2)„NHC6H5) n = 1-3 (UV)22 

ArS02CH2Ar, ArSOCH2Ar (UV, NMR, X-ray)23 
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TABLE 5.3 (Continued) 

Aryl-/V-(arylsulfonylmethyl)-/V-methylcarbarnates (UV, NMR, X-ray)24 

C6H5CH(R)SOAr; R = CH3, C2H5 (NMR, LIS)25 

C6H5CHCH3CH(OH)Ar(LIS)26 

\ 

c—c 
,0—C' z 'C—o < 

C—e-C 

2.8 A 
H 

'c—C 

O 
/ 

Bisparaphenylene-25-crown-7 (X-ray)27 

l,5-Dihydroxynaphtho-35-crown-9 (X-ray, NMR)28 

Z-A7-[l-(l -naphthyl)ethylidene]-1 -phenyl-2-propylamine (NMR, X-ray)29 
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TABLE 5.3 (Continued) 

Ph 

Ph 

l,4-Dihydro-4-tritylbiphenyl (X-ray, NMR) ,30 

TABLE 5.4. Biochemically Relevant Molecules 

Peptides and Analogs 

HO 

Flavinyl peptides (Fluorometry)33 

Ilamycin, a cyclic heptapeptide (NMR,34 X-ray35) 

Somatostatin (CD,36 NMR37) 

Gly6-bradykinin, Gly-Pro-Phe (NMR)38 

Lys-Phe-Phe, Phe-Gly-Gly-L-Phe, Phe-Gly-Gly-D-Phe, phenylalanylbenzyl ester, N-phenyl- 

acetyl-phenylalanine (X-ray)39 
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TABLE 5.4 (Continued) 

NH2 

A tryptophane derivative (X-ray)40 

H2N 

ch2c6h5 

D-Arg-L-Phe-NHBz, Ala-Phe-OBz, Val-Phe-OBz, Leu-Phe-OBz, 

Arg-Phe-OBz (NOE)41 

Cyclo- D-Tyr-Arg-Gly-Asp-Phe-Gly (NMR)42 

Nucleotides and Analogs 

Pyridine dinucleotides (NMR)43 

Nicotineamide-adenine dinucleotide analogs (UV)44 

IV-Methyl-jV-ethylnicotineamide-adenine dinucleotide (NMR)45 

N-[3-(Aden-9-yl)propyl]-3-carbamoylpyridinium bromide (X-ray)46 

Mixed ligand-metal complexes of ATP and tryptophane, etc. 

(Potentiometry, NMR)47 

[Cu(thiamine pyrophosphate)(phen)] (X-ray)48 

[Cu(5'-AMP)(bpy)]2 (X-ray)49 
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CHAPTER 6 

CHIROPTICAL PROPERTIES 

6.1. CHIROPTICAL PROPERTIES OF 
1,3-CYCLOHEXADIENES 

In 1961, Moskowitz et al. presented an empirical rule called the diene 

helicity rule to explain the chiroptical properties of terpenic 1,3-diene 

compounds.1 

This rule states that the sense and the amount of skewness of the 

chromophore in a 1,3-cisoid diene determines the sign of the Cotton 

effect (CE) and the rotational strength of the compound (Fig. 6.1). For 

example, levopimaric acid, which has a left-handed helicity, produces 

a negative CE (As — 12.2) at the long-wavelength (n-n*) transition, 

whereas 2,4-cholestadiene having a right-hand helix exhibited a 

positive CE (Ae + 12.4).2 
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right-handed (+) left-handed (-) 

Figure 6.1. Diene helicity rule. 

Hz 

Figure 6.2. Dissymmetric perturbation of the 7r-orbital by methyl groups 
axially homoallylic to the diene system in androsta-1,3-diene. 

Later, Burgstahler et al. presented evidence3 that the contribution 
of an axial alkyl group allylic to the double-bond system outweighs 
the effect of the skewness of the diene chromophore. This is known as 
the concept of axial allylic chirality contribution and the chiroptical 
properties of cisoid dienes have since been interpreted against this 
background. 

This phenomenon may be better accommodated in the context of 
the CH/ft interaction.4 Thus the important and essential condition for 
the enhancement of the CD amplitude is not that an alkyl group is 
axially allylic to the double bond, but that it is orientated suitably for 
CHjn interaction. In the compound illustrated in Figure 6.2, we see 
that the methyl groups at C10 and C5 position themselves suitably to 
interact with C4 and C1, respectively. The CE amplitude of estra- 1,3- 
diene is in fact significantly influenced by the introduction of a methyl 
group at C10 and then at C5. The so-called axial allylic effect operates 
primarily through the dissymmetric perturbation of the 7r-orbital of 
the diene chromophore by virtue of the CH groups. 
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Tetracyclic triterpenes such as lumisterol (Ae + 14), ergosterol 

( — 11.4), pyrocalciferol ( + 31), isopyrocalciferol ( + 25), and 3/?-hy- 

droxycholesta-5,7-diene (—11.4) are reported to have a large CD 

at a wavelength corresponding to the n-n* transition. These com¬ 

pounds have an angular methyl group which is ideally positioned 

for the CH/7T interaction to occur. On the other hand, 3/?-hydroxy- 

19-nor-cholesta-5,7-diene, which lacks the methyl group to inter¬ 

act with the diene system, exhibits only a small CE amplitude 
(Ae + 5.6). 

R R 

3/J-hydroxycholesta-5,7-diene (Ae-11.4) 3/j-hydroxy-19-norcholesta-5,7-diene (Ae+5.6) 
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OH 

1 2 

H 

OH 

5-nor-1 

Burgstahler et al. reported that the CE amplitude of an A/B cis 

compound 1 (As + 27.6) is larger than that of compound 2 (Ae + 14.7) 

and attributed this to the difference in polarizability of the axial 

alkyl group in these two compounds. Thus, in the former the “bulky” 

C9 tertiary allylic axial substituent (bond boldface in structures 1 

and 2) at C10 brings about a stronger chirality contribution. In the 

latter, the “smaller” C6 secondary allylic axial group at C5 exerts a 

weaker effect. 
In terms of the CH/7T interaction, the explanation is simpler and 

clearer. We note that the number of hydrogens which can interact in a 

through-space manner with the diene system is three (H7, H9, and H11) 

in compound 1, whereas in 2 it is only two (H6 and H8). In 5-nor 

compound, the CE is significantly reduced (Ae + 6.5) due to the 

absence of the axial methyl group at C5 to interact with the diene 

chromophore. 

3 

They found also that, in compound 3, the presence of a methyl 

group at the homoallylic position exerted a significant influence on 
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the CD spectrum.5 The two axial methyl groups are situated at 

locations capable of participating in l,5-CH/7i interactions in the chair 

cyclohexane conformation as shown. The weak CD band with a posit¬ 

ive CE (Ag267 + 0-8 at a 293 K) in fact shows the inversion of sign and 
an increase in the CE amplitude on cooling (Ae249 — 3.5 at 104 K). 

This indicates that, at ordinary temperatures, a significant fraction of 3 
exists within the cyclohexane ring in a flexible boat conformation. At 

low temperatures, the population of the chair form increases suffi¬ 

ciently, as do the chirality contributions (negative in sign) of the two 

axial homoallylic methyl groups to the CE. 

4 (Ae259-5.5) 5 (Aeaso-1.4) 

6/?-Methyl-5a-cholesta-l,3-diene 4 has a CE appreciably greater 

than that of 6-a-Me-5a-cholesta-l,3-diene 5. This is reasonable be¬ 

cause 4 bears two axial methyl groups which can interact with the 

7r-system, whereas 5 has only one axial methyl. 

6.2. CHIROPTICAL PROPERTIES OF OLEFINIC 
COMPOUNDS 

Circular dichroism of exomethylene steroids6 show significant en¬ 

hancement when an axial alkyl group is present homoallylic to the 

double bond. Table 6.1 lists data reported by Hudec and Kirk.7 In 

every case where a significant change in the CD amplitude is shown, 

1,5-CH/tc interaction is possible. This is illustrated for the representa¬ 

tive cases of 2-methylene~5a-androstane, 4-methylene-5a-androstane, 

6-methylene-5a-androstane, and an 8-methylene compound, deoxy- 

onocerine (Fig. 6.3). In the latter case, the effect seems to be dupli¬ 

cated, since this compound has two such interactions in a molecule. 

In interpreting the structural features of olefinic compounds in 

relation to the CD data, however, one should keep in mind the diffi¬ 

culties in assigning the nature of the transitions (71-71*, n-3s, or 7i-3py) 

which are relevant to this problem.8 
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1-methylene-5cc-androstane (As -2.2) 
2-methylene-5a-androstane (Ae +105) 

4-methylene-5a-androstane (Ae -7.2) 4-methyIene-5a-estrane (Ae-4.1) 

6-methylene-5a-androstane (Ae +4.2) 6-methylene-5a-estrane (Ae-0.3) 

7-methylene-5a-androstane (Ae 0) H3C deoxyonocerine (Ae-14.5) 

Figure 6.3. 
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\ 

TABLE 6.1. CD Spectral Data of Exomethylene Steroids (Hexane) 

Compound Ae 2 (nm) 

l-Methylene-5a-androstane -2.2 199 

2-Methylene-5oc-androstane + 10.5 197 

3-Methylene-5oc-androstane + 6.4 193 

3-Methylene-5/l-androstane - 3.0 199 

4-Methylene-5a-estrane -4.1 199 

4-Methylene-5a-androstane - 7.2 200 

6-Methylene-5a-estrane -0.3 205 

6-Methylene-5a-androstane + 4.2 197 

6-Methylene-5j8,25f?-spirostan-3)9-ol + 9.0 198 

7-Methylene-5a-androstane 0fl 

7-Methylene-5a-cholestane - 1.0 shb 200 

Deoxyonocerine (8-methylene) - 14.5 202 

16-Methylene-5a-androstane -7.9 193 

17-Methylene-5a-androstane + 3.8 193 

a J. K. Gawronski and M. A. Kielczewski, Tetrahedron Lett., 2493 (1971). 
b sh, shoulder. 

6.3. CHIROPTICAL PROPERTIES OF CYCLIC KETONES 

Kirk reported that a significant effect on the shorter wavelength 

transition (ca. 190 nm) in various steroidal ketones and decalones 

is brought about by the introduction of an axial alkyl group /? 

to the carbonyl function (equivalent to the homoallylic axial methyl 

in the C=C double bond system).9 Table 6.2 lists data from their 

paper. 

Most of the data included in Table 6.2 seems to be related to the 

through-space chiral contribution of the axial alkyl group positioned 

(3 to the carbonyl chromophore. 5a-Cholestan-2-one gives a positive 

CE (As + 4.9) dominated by a contribution from the /1-axial methyl 

group, while CE in the 19-nor compound is negligibly small. 3/T 

Acetoxy-D-homo-5a-androstan-17-one, in which the relative disposi¬ 

tion of Me with respect to C=0 is approximately enantiomeric to 

5a-cholestan-2-one, gives a negative CE (Ae — 5.0). 
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CH3 

5oc-Estran-6-one gives a weak CD absorption with a positive sign, 

whereas the CE amplitudes of 5a-androstan-6-one, cholestan- 

6-one, and pregnan-6-one are significantly enhanced. 5a-Cholestan-4- 

one gives rise to a CD spectrum at 194 nm which is approximately 

the mirror image of that of the 6-oxo steroids. 

ch3 

5a-cholestan-4~one (Ae - 4.2) 
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TABLE 6.2. Short-Wavelength CD Data of Cyclic Ketones (Hexane) 

Compound Ae X (nm) 

5a-Cholestan-l-one + 6.8 189 

5a-Cholestan-2-one + 4.9 194 

19-Nor-5a-cholestan-2-one 0.0 

5a-Cholestan-3-one -0.6 192 

5a-Cholestan-4-one - 5.6 191 

5a-Estran-4-one -4.7 192 

5a-Estran-6-one + 1.0 195 

- 3.7 186 

5a-Cholestan-6-one + 5.1 194 

5a-Androstan-6-one + 4.8 192 

5a-Pregnan-6-one + 5.1 194 

5a-Androstan-7-one -0.1 188 

5a-Androstan-11 -one + 4.5 191 

5a-Androstan-12-one + 3.0 185 

5a-Pregnan-12-one + 9.3 188 

5a-Androstan-l 5-one + 1.8 195 

3 /?-Acetoxy-5a-androstan-16-one + 3.5 193 

5a-Androstan-17-one - 8.1 193 

5jS-Androstan-4-one + 16 188 

7S,9P,10S-10-Methyl-7-isopropyl-cis-l-decalone - 12.7 185 

- 10 sha 190 

(2i?)-2-Ethylcyclohexanone - 1.1 191 

(3P)-3-Methylcyclohexanone + 1.0 185 

(3/?)-3-Ethylcyclohexanone + 0.4 191 

(3S)-3-Isopropylcyclohexanone 0.0 

“ sh, shoulder. 

The geometrical disposition of the axial 10-methyl group with 

respect to the carbonyl chromophore is enantiomeric in the 4-oxo and 

6-oxo compounds. 

5/?-androstan-4-one, Ac +16 7S,9R,10S-10-methyl-7-isopropyl-cis-l-decalone, Ae -12.7 
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5/?-Androstan-4-one (Ae + 16 at 188 nm) and 7S,9R,10S'-10-methyl- 

7-isopropyl-cis-l-decalone (—12.7 at 185 nm) show exceptionally 

large CEs. In these compounds there are two CH bonds which are 

orientated suitably for the through-space interaction to take place. 

3- Methylcyclohexanone gives a CE with As + 1.0 at 185 nm, whereas 

the 3-ethyl homolog shows a smaller CE (Ae + 0.4). The CE amplitude 

of the isopropyl homolog is nearly zero. This is compatible with the 

smaller 3-alkyl ketone effect reported for 3-isopropylcyclohexanone. 

The discussions raised above, however, are open to further suggestions 

and examinations. A large Ae ( —5.6 at 191 nm) observed for 5a-estran- 

4- one, for instance, cannot be explained. The nature of the relevant 

transitions (n — a*, n-n*, or n-3s) still remains unclear. 

Levene and Rothen studied the rotatory dispersion of a series of 

optically active aldehydes.10 They observed that a positive CE was 
exhibited when the aldehyde function is next to the asymmetric center 

(n = 0), while separation by one carbon atom (n = 1) resulted in a 

negative CE. This was confirmed later by Djerassi and Geller11 and 

similar results were also encountered with a homologous series of 

methyl ketones. 

(CH2)nCHO (CH2)nCOCH3 

H3C^C^-H H3C»—C—— H 

C2H5 c2h5 

Separation by more than two carbon atoms (n > 2) afforded a dis¬ 

persion curve that is substantially more flattened compared to those of 

the shorter ones (n = 0 or 1). Also interesting is the reversal in sign of 

the CE, reported by Djerassi and Krakower,12 for a homologous 

series of (R)-3-alkylcycloalkanones. The sign of CE is positive with 

3-methylcyclopentanone and 3-methylcyclohexanone but is negative 

with 3-methylcycloheptanone and larger ring homolog. These phe¬ 

nomena may be correlated with the predominance of a certain confor¬ 

mation, in which the spatial situation of the carbonyl chromophore 

with respect to the alkyl groups is significantly different in view of the 

through-space orbital interaction. This explanation remains only a 

possibility and is open to further suggestions. 
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CHAPTER 7 

SELECTIVITY IN ORGANIC 
REACTIONS 

Selective phenomena occur in intramolecular as well as intermolecular 

interactions. The former includes diastereoface-differentiating and 

remote functionalization reactions, while the latter includes enantio- 

face-differentiating and cyclization reactions. Topics that possibly 

implicate the CU./n interaction are compiled in this chapter. 

7.1. DIASTEREOFACE-DIFFERENTIATING REACTIONS 

In diastereoface-differentiating reactions such as the Prelog’s system, 

the extent of the asymmetric synthesis has been shown to be greater 

for benzoyl formate (bearing a phenyl group) than for pyruvate 

(Me instead of Ph) (Fig. 7.1).1 

A similar result is obtained in the case of 1-methylheptyl ester versus 

1-phenylethyl ester, the former giving rise to the higher optical yield 

(Fig. 7.2). The results are comprehensible if an attractive interaction is 

operating between the alkyl and the aromatic moiety in the ground-state 

conformation of the substrates. Thus, in the preferred transition state, 

one of the two diastereofaces is preferentially attacked by the reagent. 

Corey et al.2 reported that the stereoselective reduction of a prosta¬ 

glandin precursor was better accomplished when they used esters with 

an aromatic substituent as R (Table 7.1). 

117 
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K -pH „X 
H (CH2)n-|j-0 — menthyl 

HQ. XH 

R (CH 2) n—n-0—menthyl "T 
o 

Figure 7.1. Diastereoface-differentiating reactions in the Prelog’s system. 

Figure 7.2. Diastereoface-differentiating reactions 

The results are reasonable because we have an aliphatic (C5Hn) 

group at the other terminus of the molecule. A folded conformation of 

the substrate will prevent the reagent from approaching the other side 

of the carbonyl group, thus giving rise to the preferential formation of 

the (S)-isomer (Fig. 7.3). 

Effects of changing R group on the stereochemical outcome were 

studied for the oxidation of a series of sulfides, C6H5CH(CH3)-S-R 

with peroxyacetie acid (Fig. 7.4).3 
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TABLE 7.1. Stereoselective Reduction of 

a Prostaglandin Precursor 

R (S)/(R) Ratio 

ch3 50/50 
CH3(CH2)7 60/40 
p-c6h5c6h4 82/18 

p-n-C5H11C6H4 82/18 

c6h5nh 89/11 

p-c6h5c6h4nh 92/8 

CaH 5n 11 

Figure 7.3 Suggested conformation of a prostaglandin precursor giving rise 

to preferential formation of the (S)-isomer. 

r) 

R ‘R 

Me 

O EC 
ri 

major product minor product 

Figure 7.4. Oxidation of sulfides to diastereomeric sulfoxides. 

The stereoselectivity of the diastereoface-differentiating reaction 

varied from 3.1 for R = Me, 3.2 for Et, 3.5 for Pr1, and to 49 for Btfi. 

The results can be reasonably explained only if the conformation of 

the sulfides in the reactant-like transition states are synclinal with 

respect to the alkyl and phenyl groups. 
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major product minor product 

Figure 7.5. LiAlH4 reduction of chiral ketones to diastereomeric alcohols. 

By analogy, the trends in selectivities observed in the product ratios 

of the LiAlH4 reductions of chiral ketones, reported by Felkin et al. 

(Fig. 7.5; 2.8. for R = Me, 3.2. for Et, 5.0 for Pr1, and 49 for Buf),4 may 

also be understood. The results are reproduced moderately well by 

force-field calculations.5 

Yokowo et al.6 studied the optical activation of 2-phenylpropional- 

dehyde and 3-(p-cumyl)-2-methylpropionaldehyde through enamaine, 

employing (S)-2-isopropyl-1 -methylpiperazine and (S)-3-isopropyl-1 - 

methylpiperazine as the secondary amine components of the enamine. 

The stereochemical outcome of the reaction was interpreted in view 

of the occurrence of the CYi/n interaction between the isopropyl and 

phenyl groups (Fig. 7.6). 

To account for the unusually high selectivities observed in the 

osmylation of a series of bis-allylic compounds (Fig. 7.7: R = C02Et, 

CH2OAc, CH2OBz, TBS = t-butyldimethylsilyl), Saito et al. proposed 

a folded conformation involved in the reactant-like ground-state.7 

Thus diethyl (£,£)-, (Z,Z)-, and (£,Z)-4,4-bis(f-butyldimethyl- 

siloxy)octadiendioates (R = C02Et) give rise to 2,3,6,7-tetrahyd- 

roxylated products la, lb, and lc, respectively, mostly as single 
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ch3 

H 

Figure 7.6. Proposed transition state for optical activation of 3-(p-cumyl)- 

2-methylpropionaldehyde via enamine. 

TBSOi 

TBSO 

z,z 

Figure 7.7. Diethyl (£,£)-, (Z,Z)-, and (£,Z)-4,-4-bis(t-butyldimethylsiloxy)- 

octadiendioate gives rise to tetrahydroxylated products as single isomers. 
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isomers. This implies that the two C=C double bonds mutually 

shield two diastereofaces in a topological sense, thereby leaving 

only the other two diastereofaces available for the approach of the 

reagent. 

7.2. REMOTE FUNCTIONALIZATION REACTIONS 

In remote functionalization reactions reported by Breslow, high selec¬ 

tivity was always achieved whenever an aromatic group was incorpor¬ 

ated within the reacting molecule.8 

Thus, selective functionalization at C14 was achieved by applying 

the principle of remote oxidation of cholesterol. The transition state 

for the intramolecular attack may be stabilized by the attractive 

interaction between the benzene 7r-system and the steroidal (CH) part 

(Fig. 7.8). 

Figure 7.8. Remote chlorination of cholesterol. 

O o 

m + n = 10, 14, 18 

Figure 7.9. Remote functionalization of long-chain aliphatic groups. 
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Breslow invoked the involvement of an extensively coiled chain to 

account for the selectivity obtained in the remote functionalization of 

long-chain aliphatic groups (Fig. 7.9).9 

In the template-directed epoxidation of farnesol and geranyl- 

geraniol, Breslow and Maresca found that the terpene chain is exten¬ 

sively coiled and folded.10 In every case there is a preference side for 

attack at the end of the chain, even in cases where extensive folding 

must be present (Fig. 7.10). The results of Breslow may be interpreted 

as a consequence of the attractive interaction between the relevant 

groups. 

R: 
n = 1 or 2 

OH 

CH, 

H 
R: C—O. 

CH; 
Mo 

Bu1 

Figure 7.10. Suggested conformations of farnesol and geranylgeraniol. 
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7.3. ENANTIOFACE-DIFFERENTIATING REACTIONS 

Tables 7.2 and 7.3 are extracted from the work of Mosher.11 They 

studied the enantioface-differentiating reaction of ketones with chiral 

Grignard reagents prepared from ( + )-l-chloro-2-methylbutane and 

( + )-l-chloro-2-phenylbutane. Table 7.2 gives the results obtained by 

reduction of RsCORL 2 with a Grignard reagent from (+)-l-chloro-2- 

methylbutane 3. Table 7.3 gives the results obtained by reduction of 

alkyl phenyl ketones 4 with a Grignard reagent from (+)-l-chloro-2- 

phenylbutane 5. The chiral reduction gave rise to preferential forma¬ 

tion of alcohols having the (S)-configuration, with a few exceptions for 

ketones bearing a f-butyl group. 

Note that the extent of asymmetric synthesis is greater in cases 

where a phenyl group is incorporated in both the ketone 2 or 4 and the 

Grignard reagent 3 or 5. This is reasonable if we assume the CH/7T 

interaction operating between the alkyl and the phenyl group at two 

TABLE 7.2. Optical Yields (% ee) of the Reduction 

of Ketones 2 with Grignard Reagent from ( + )-l- 

Chloro-2-methyIbutane 3 

Rs 

Rl 

Bu1 Hexc Ph 

Me 13 4 4 

Et 11 9 6 

Bu‘ 6 16 10 
Pr‘ 0 2 24 

Bu‘ — 2a 16 

" (,R)-enantiomer was obtained in excess. 

Cl 

I 
Mg. 

Ri 
A H ' 
m A' i m i m m C 

CH, 

A 
CH3 C2H5 

HO H 
\ / 

C 

\ 
lR Rs 

2 3 (S) 
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TABLE 7.3. Optical Yields (% ee) of the Reduction 

of Phenyl Alkyl Ketones 4 with Grignard Reagent 

from ( + )-l-Chloro-2-phenylbutane 5 

R' 

R Me Et Pr‘ 

Me 38 47 _ 
Et 38 52 66 
Bu‘ — 53 — 

Pr‘ 59 82 80 
Bu' 22“ 16 91 

a (R)-enantiomer was obtained in excess. 

Cl 

4 5 (5) 

points. The attractive interaction is anticipated to increase with an 

increase in the number of CH groups suitably positioned with respect 

to Ph (Table 7.3). 

Capillon and Guette12 studied the effects of substituents in enantio- 

face-differentiating reductions of phenyl alkyl ketones with chiral 

Grignard reagents. They found that the optical yield (the preferential 

formation of S-enantiomer) decreased by introduction of an electron- 

withdrawing group on the aromatic ring of the ketones or Grignard 

reagents (Table 7.4). 

This is reasonable because the CH/7i interaction will decrease on 

replacement of the substituent H by CF3 or Cl (Fig. 7.11). The inverse 

should have been true for compounds with an electron-donating 

substituent; this, however, is not very clear in Table 7.4. 
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TABLE 7.4. Optical Yields (% ee) of the Reduction of 

Alkyl Phenyl Ketones with Chiral Grignard Reagents 

R X/Y och3 H cf3 

c2h5 och3 51 51 
c2h5 ch3 54 52 10 

c2h5 H 57 50 22 

CH(CH3)2 H 84 81 58 

C(CH3)3 H 16 16 - 27“ 

c2h5 Cl 36 43 — 

c2h5 cf3 22 22 10 

“ (R)-enantiomer was obtained in excess. 

Cl 

Figure 7.11. Transition state (suggested) of enantioface-differentiating reduc¬ 

tions of phenyl alkyl ketones with chiral Grignard reagents. 

Cherest and Prudent studied the stereochemistry in the hydride 

reduction of a series of ketones L-CHMe-CO-R (L = Ph and cyclo¬ 

hexyl; R = Me, Et, Pr1, and Buf); the results are consistent with the 

presence of a methy/phenyl attractive interaction in the transition 

state leading to the preferred product.13 

7.4. COUPLING REACTIONS 

Kobuke et al. studied the stereochemistry of the Diels-Alder reac¬ 

tions of cyclopentadiene with a series of dienophiles, CH2=C(CH3)X 

(Fig. 7.12).14 
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Figure 7.12. Diels-Alder reactions of cyclopentadiene with dienophiles, 

CH2=C(CH3)X. X = CN, COCH3, COOCH3, CHO, COOH. 

They found an appreciable endo-orientating tendency for 

the methyl group as opposed to the polar unsaturated group, X. The 

result was attributed to the presence of an attractive force of 

the methyl group which orientates itself to stabilize the transition state 

leading to the endo product. Another explanation based on the repul¬ 

sive interaction between electronegative CN groups and the 71-group is 
also possible. 

Closs and Moss15 studied the effect of alkyl substitution on the 

stereochemical outcome in addition reactions of aryl carbenes to a 

series of olefins, CH2=CHR (Fig. 7.13). The syn/anti preference in the 

cyclopropane formation was shown to decrease as R became larger; 

from methyl (R = Me, 3.1), to ethyl (2.1), isopropyl (1.4), and t-butyl 

(0.45). 
One interpretation is that the number of CH bonds involved effec¬ 

tively in the CW/tl interaction in the transition state decreased upon 

successive methylation of R (CH3 to CH2Me, CHMe2, and CMe3). In 

support of this, introduction of a second methyl group to the olefin 

(isobutene) resulted in a significant increase of the reaction rate.16 

Syn/anti product ratio increased by substituting X from H to Me and 

then to MeO. This is reasonable in view of the presence of the CH/7T 

interaction. 
Yamato et al.17 studied the coupling of l,3-bis(bromomethyl)-7-r- 

butylpyrene with a series of l,3-bis(mercaptomethyl)benzenes to 

give 2,ll-dithia[3]metacyclo(l,3)pyrenophane derivatives. The stereo¬ 

chemical outcome of the reaction was found to be dependent on the 

nature of the substituents R1 and R2. The result is summarized in 

Table 7.5. 
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Figure 7.13. Addition of aryl carbenes to olefins. 

TABLE 7.5. Stereochemical Results of the 

Coupling of l,3-Bis(bromomethyl)-7-f-Butylpyrene 
with l,3-Bis(mercaptomethyl)benzenes 

Yields (%) 

R1 R2 Anti Syn 

H H 0 38 

ch3 t-C4H9 35 0 

ch2ch3 f-C4H9 44 0 

och3 t-C4H9 0 25 

F t-C4H9 0 41 

The anti isomer was obtained as a single product in the cases of 

9-methyl and 9-ethyl compounds, whereas the syn conformer was the 

exclusive product for R1 = H, OCH3, and F. 

A plausible explanation is that there is a compromise between 

the attractive and repulsive interactions. The interaction of CH3 or 

CH2CH3 with the pyrene aromatic ring is favorable in terms of the 

CH/7r interaction to give the anti isomer, while the interaction of 

OCH3 and F versus the pyrene moiety is unfavorable in view of the 

dipolar interaction and leads to preferential formation of the syn 

product (Fig. 7.14). 



REFERENCES 129 

Figure 7.14. Coupling of l,3-bis(bromomethyl)-7-f-butylpyrene with 1,3- 

bis(mercaptomethyl)benzenes. 
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CHAPTER 8 

CRYSTAL STRUCTURES OF 
CLATH RATES 

In Chapters 8 and 9 we examine CH/7r interactions in supramolecular 

chemistry. Here, crystallographic data in lattice-tipe clathrates which 

possibly implicate the CH/7t interaction are compiled. 

Stoddart et al. reported that in the solid-state structure of a clath- 

rate formed with tetraphenylborate anion (BPh^) and paraquat dica¬ 

tion 1, the planar molecule 1 is sandwiched between two BPhJ 

anions.1 An aromatic CW/n interaction has been suggested to be 

present between 1 and the orthogonally disposed phenyl rings on the 

anion BPh^. The ‘HNMR spectral data showed that the close 

association between the ions is maintained in solution. 

l 

They also examined the solid state structure of diazabenzo-30- 

crown-10 disulfonamide 2.2 Inspecting the mode of packing of 

symmetry-related pairs of molecules revealed intermolecular inter¬ 

locking between the A-tosyl groups, A and A' (Fig. 8.1), and the 

catechol residues, B and B'. Additionally, interaction was suggested to 
occur between rings A and B' (and rings A' and B); the centroid/ 

131 
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diazabenzo-30-crown-10 disulfonamide 2 

Figure 8.1. Interlocking between the N-tosyl groups in the crystal of diaza- 
benzo-30-crown-10 disulfonamide 2. 

centroid distance was 4.88 A and the two ring mean planes inclined 

by 74° to each other. 

Krieger and Diederieh determined the crystal structures of 

I', 1 "-dimethyl-dispiro[ l,6,20,25-tetraoxa[6.1.6. l]paracyclophane-13,4': 

32,4"-bispiperidine] 3 in complex with benzene (3: benzene: water = 

1:2:1) and p-xylene (3: p-xylene = 1: l).3 

3 
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Figure 8.2. Crystal structure of a complex (3: benzene:water = 1:2:1), 

DENFOR (Refcode in the Cambridge Structural Database, CSD). 

One benzene molecule is incorporated in the host molecule exactly 

in the center of the intramolecular cavity. The other benzene ring and 

water molecule are located outside the cavity between host molecules 

in the crystal lattice (Fig. 8.2). 

Short C/Csp2 contacts (3.45 and 3.62 A) have been found between 

benzene and 3. In complexes with toluene and p-xylene, the guest 

molecule is sandwiched between two adjacent macrocycles in the 

stack. The two methyl groups of a p-xylene molecule are inserted 

into the cavities of the two sandwiching hosts (Fig. 8.3). The shortest 

C/Csp2 contact was 3.48 A. It was noted that in these complexes the 

guests located in the intramolecular cavities almost exclusively inter¬ 

act with the aromatic rings of 3. 
Ogura et al. examined the inclusion of a number of alkyl aryl sulfoxides 

in crystals of a dipeptide, (R)-phenylglycyl-(R)-phenylglycine (Fig. 8.4).4 

(R)-phenylglycyl-(R)-phenylglycine 
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Figure 8.3. Crystal structure of a clathrate (3:p-xylene = 1:1), DENFUX. 

(S)-Isopropyl phenyl sulfoxide formed a complex with the dipeptide 

in preference to the (ft)-enantiomer. A number of CH/n contacts have 

been shown to exist between a methyl hydrogen (guest) and the 

aromatic nucleus of the host (2.7 A) as well as between an aromatic 

CH (guest) and a sp2 carbon of the host (3.0 and 3.2 A). A search by 

CHPI (Chapter 11) unveiled five other contacts (3.0, 3.1, 3.1, 2.9, 

3.1 A), most of which are intermolecular. Ogura argued that this 

demonstrates the importance of the CW/n interaction in forming 

stable clathrates.5 

Foces-Foces et al. studied the molecular structures of clathrates 

of benzene with 1,8-diaminonaphthalene 4 and l-amino-8-triphenyl- 

phosphoranylideneaminonaphthalene 5.6 

NH2 NH2 NH2 N=P(C6H5)3 

4 5 

The intermolecular contacts involving CH atoms and the centroids 

of the fused benzene rings were found in both compounds (CH/C 2.62 

and 2.96 A, respectively, for 4 and 5). In the latter compound, aro¬ 

matic solvent molecules are also involved in this type of interaction. 

They are of a quasi T-type with distances between 4.6^4.9 A and 

4.9-5.1 A, for 4 and 5, respectively. 

Hunter et al.7 reported crystallographic evidence for the CH/7r 

interaction in a clathrate formed by a bisphosphonium cyanoborate 

salt 6 with the solvent furan. The furan unit interacts with 

two hydrogen atoms from opposite faces of the plane of the 
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Figure 8.4. Stereo view of the crystal structure of (,R)-phenylglycyl-(/?)- 
phenylglycine (thick lines) complexed with (S)-isopropyl phenyl sulfoxide 
(thin lines). 

heteroaromatic ring, which originate from a methyl group (2.67 A 
above the aromatic ring plane) and from the ortho position of a phenyl 
group (2.79 A) of different phosphonium ions. 

6 

They studied8 further the structures of clathrates formed by bis- 

phosphonium cyanoborate salt with p-xylene. The xylene guest mole¬ 

cules have been found to occupy constricted channels in the lattice 

and the shortest CH(methyl)/C(aromatic) distances are 2.8 and 2.9 A. 
A search of the Cambridge Structural Database (CSD)9 for inter¬ 

actions involving p-xylene as a guest revealed 11 other clathrates 

which display potential CH/77: interactions. Mean values for 17 inde¬ 

pendent measurements of the perpendicular distance of the hydrogen 

atom from the plane of the aromatic ring is 2.8 A. These distances 
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compare with the corresponding values of 2.4 A for OH/Ph and 2.5 A 
for NH/Ph interactions.10 

Mingos et al. studied the crystal structures of chloroform solvates 

of several gold ethyne complexes.11 They found short atomic contacts 

between CHC13 and the 7i-atoms (2.45 and 2.55 A) (Fig. 8.5). The 

CH/7C interaction seems to be favored by the CHC13 proton and the 

donation of electrons by the Au atoms into the triple bond. A search 

of CSD for interactions involving chloroform revealed nine other 

organometallic and organic compounds which display potential 

CH/7r(C=C) interactions with similar dimensions; the CH bonds are 

directed nearly orthogonally toward the 7r-surfaces in every case. 

Steiner found a short CH/tc contact (2.54 A) in crystals of DL-prop-2- 

ynylglycine.12 The prop-2-ynyl residue points almost linearly at the 

terminal C atom of a symmetrically related prop-2-ynyl residue, 

whereby an infinite chain of C=C-H • • • C=C-H contacts is formed 

(Fig. 8.6). Occurrence of similar contacts in other crystal structures 

has been checked by a search through CSD. A number of short 

contacts has been identified; the contacts are not isolated, but form 

zigzag patterns as in Fig. 8.6. 

Naphthyl^ 

Naphthyl-C- 

2.45 A 1% 2.55 A 
Ph 

J 
-Au- :C-Au-C- 

/ 
\ 

■ Naphthyl 

Naphthyl 

Figure 8.5. Crystal structure of the chloroform solvate of a gold ethyne 

complex. 
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COO" 

I 
CH — N+H3 

I 
ch2 

I 
c 

b 
o ” 

2.54 A 

011 ii i il nil ii H—C—C—C—CH—COO' 
H2 | 

N+H3 

2.54 A = 

OOC —CH —C —C =C —H 
| h2 

n+h3 

Figure 8.6. DL-Prop-2-ynylglycine. 

An example of a cooperative OH/7T and CYi/n interaction has 

been given by the same authors13 in the solid state dimer structure 

of 7-ethynyl-6,8-diphenyl-7H-benzocyclohepten-7-ol. Kobayashi et al. 

also reported CH/7T interactions in clathrates of l-(9-anthryloxy)- 

anthraquinone with benzene, anthracene, and hydroquinone.14 

Ph 

7-ethynyl-6,8-diphenyl-7 //-benzocyclohepten-7-ol 

Biirgi et al. reported the crystal structure of tris(bicyclo-[2,l,l]- 

hexeno)benzene.15 The center of a molecule in one layer has been 

found to be situated over a hydrogen atom in the wing (aromatic 

moiety) of a molecule in a neighboring layer. The juxtaposition of CH 

against the aromatic ring suggested the possibility of a CH/71 interaction. 

tris(bicyclo- [2,1,1 ]hexeno)benzene 
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Siegel et al. studied the crystal structure of trisbieyelo-[2,l,l]-hep- 

tabenzene.16 The distances between the mean plane of the ring and the 

methylene hydrogens are 3.14 and 4.08 A. Based on these results, they 

commented on the possibility of a weak CH/rc interaction. 

trisbicycio-[2,1,1 Jheptabenzene 

Methanol, ethanol, and 1-propanol were reported to form clath- 

rates with 2-[o-(triphenylphosphoranylidenamino)benzyliden]amino- 

l-H-2,3-dihydroindazol-3-one.17 Formation of a methanol clathrate 

with a,a,a',a'-tetraphenyl-l,3-dioxolane-4,5-dimethanol was reported.18 

Short interatomic distances have been recorded between a carbon 

of the guests and the aromatic carbon of the host. Short contacts 
between a methyl group with an aromatic moiety have also been 

shown in the crystal structures of various clathrates.19 
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CHAPTER 9 

INCLUSION COMPOUNDS 

In this chapter we examine crystallographic, spectroscopic, and 

thermodynamic data of host-guest complexes. Inclusion compounds 

of cyclodextrins and synthetic macrocycles such as calixarenes, 

cavitands, and cyclophanes are mentioned. 

9.1. CYCLODEXTRIN COMPLEXES 

The thermodynamics of complex formation was studied for hexa- 

kis(2,6-di-0-methyl)-a-cyclodextrin (CD) with p- and m-substituted 

benzoic acids, phenols, and anilines (X-C6H4-Y; X = C02H, OH, or 

NH2; Y = H, OH, NH2, or N02), by measurement of induced circular 

dichroism spectra (Table 9.1).1 

Negative values were obtained for AH and AS. The results have 

been interpreted to indicate that the complex is formed by the tight 

binding of the guests with the host CD. In other words, the driving 

force of complex formation is enthalpic in origin and is by no means 

regulated by the so-called hydrophobic interaction. Short CH/C^ 

distances are in fact found among the X-ray crystallographic data of 

cyclodextrin (CD) complexes (Table 9.2).2 

140 
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TABLE 9.1. Thermodynamic Parameters of a-Dimethyl CD with Various 

Benzene Derivatives X-C6H4-Y (H20 at 298 K) 

X Y 
AG 

(kcal mol-1) 

AH 
(kcal mol-1) 

AS 

(K-1 cal mol-1) 

co2h H -3.89 - 14.3 - 34.9 
co2h m-OH - 3.65 - 13.6 - 33.5 

co2h p-OH -4.09 - 11.6 -25.1 

co2h m-NH2 -4.39 - 13.6 - 30.8 

OH m-N02 - 3.48 -7.8 - 14.5 

OH p-no2 - 3.59 - 6.7 - 10.3 

nh2 ra-N02 - 3.66 -4.4 - 2.5 

nh2 p-no2 -4.40 - 9.7 - 17.8 

TABLE 9.2. X-ray Crystallographic Data of Cyclodextrin Complexes 

a-CD/m-Nitroaniline, 1 -phenylethanol3 

/hCD/Nicotineamide4 

/?-CD/Fenoprofen5 

/?-CD/m-Iodophenol, biphenylacetic acid6 

/?-CD/2-Naphthoic acid7 

T rimethyl-/?-CD/p-iodophenol8 
Trimethyl-/?-CD/p-iodoaniline, benzaldehyde, p-nitrophenol, flurbiprofen9 

CH3 

/ 
CH 
\ 

C02H 

9.2. CALIXARENE COMPLEXES 

The complexation of a series of alcohols with a calixarene compound 

1 [X = H, R = (CH2)10CH3] was studied.10 The complexation- 

induced chemical shifts (CIS) of protons in 2-pentanol increased in 

the order 1-CH2 and 3-CH2 (3 1.4—1.5) < 4-CH2 (3 1.6) < 5-CH3 
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\ 

X 

1 

Figure 9.1. Complexation of 2-pentanol with a calixarene derivative. 

(c> 1.8-1.9). The otherwise flexibly moving 5-methyl group in 2-pen¬ 

tanol was suggested to swing over into the aromatic cavity of 1 

(Fig. 9.1). 
Alcohols investigated included 1-propanol (a), 1-butanol (b), t- 

butanol (c), neopentyl alcohol (d), and 3,3-dimethyl-l-butanol (e). The 

binding ability of the alcohols with 1 increased with increasing chain 

length of the alkyl group and the variation in Krei (relative strength of 

the complexation). This parallels the results with CISs for the terminal 

methyl groups (Table 9.3). The trend above is understood in terms 

of the CH/7r interaction, since the extent of the interaction becomes 

greater as the number of CH groups involved in the complexation 

increases. 

Crystallographic,11 spectroscopic, and thermodynamic data which 

possibly implicate the CH/71 interaction are found in calixarene 
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TABLE 9.3. Relative Strength of the Complexation of 1 and 

CIS" with Alcohols (CDC13 at 298 K) 

Guest a b c d e 

xrel 0.7 1.3 0.7 1 4.3 

A<5CH3 (ppm) 1.15 1.47 1.47 1.82 1.95 

a A positive value corresponds to a high-field shift. 

Figure 9.2. Crystal structure of a complex, 2: acetone (BIMXIE: Refcode in 

the CSD).31 

complexes (1-3) listed in Table 9.4. Figure 9.2 illustrates an X-ray 

result (2, R1 = OH, R2 = H)/acetone. 

9.3. CAVIPLEXES 

In caviplexes 4-8 are found in crystallographic and spectroscopic 

data which may implicate the CH/tt interaction (Table 9.5). Figure 9.3 

illustrates an X-ray result (5, R = C6H13/fluorobenzene). 
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TABLE 9.4. X-ray, Spectroscopic, and Thermodynamic Data of 

Calixarene Complexes" 

2 (R1 = OH, R2 = Bu‘)/toluene (X-ray,12 NMR13) 

2 (R1 = OH, R2 = l,l,3,3-tetramethylbutyl)/toluene (X-ray)14 

2 (R1 = OH, R2 - H/acetone (X-ray)15 (Fig. 9.2) 

2 (R1 = OH, R2 = Bu‘)/anisole (X-ray)16 

2 (R1 = C02C2H5, R2 = Bu')/acetonitrile (X-ray)17 

2 (R1 = OH, R2 - Bu')/pyridine (X-ray)18 

2 (R1 = C02C2H5, R2 = Bu‘)/ethanol (X-ray)19 

2 (R1 = OH, R2 = Pr‘)/p-xylene (X-ray, DSC)20 

Aluminium-fused bis-p-f-butylcalix[4]arene/methylene chloride (X-ray)21 

1 [X = H; R = CH2)10CH3]/carbohydrates (NMR, CD)22 

1 (X = H, OH, Me; R = CH2CH2S03Na)/alcohols, carbohydrates, 

nucleosides (NMR)23 

1 (X = H, OH, Me; R = CH2CH2S03Na)/acetyl choline, etc. 

(thermodynamic)24 

Calix[6]arene/RNH3 (R = n-C8H17, CH2CH2C6H5, CH2C6H5, adamantyl) 

(thermodynamic)2 5 

1 (X = H, OH; R = CH2CH2S03Na)/amino acids 

(NMR, thermodynamic)26 

1, 12_, l4" (deprotonated forms) (X = H, OH, Me; R = CH2CH2S03Na)/ 

fucose, cyclohexanol, furan (NMR, thermodynamic)27 

2,4,6-Trisubstituted calix[6]arenes 3 (R = Me, Et, n-Pr) (NMR)28 

1 (X = H, OH, Me; R — CH2CH2S03Na)/various hydrophilic compounds 

(thermodynamic)2 9 

1 (X = H; R = (CH2)10CH3)/alkylbenzenes, alkyl benzoates 

(CD, thermodynamic)30 

"X-ray, X-ray crystallography; NMR, ‘H-NMR; DSC, differential scanning calo¬ 

rimetry; CD, circular dichroism; thermodynamic, consideration on formation 

constants. 

9.4. CYCLOPHANE COMPLEXES 

Crystallographic, spectroscopic, and thermodynamic data which 

may implicate the CH/tc interaction are found in the cyclophane 

and cryptophane complexes 9-18 listed in Table 9.6.39 Figure 9.4 is 

the crystal structure of l,6,20,25-tetraaza[6.1.6.1]paracyclophane 9 

complexed with durene (1,2,4,5-tetramethylbenzene). Favorable methyl/ 

aromatic-ring interaction has also been noted for a methyl ammonium 

complex with a speleand.40 
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R 

4 

5 

6 
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TABLE 9.5. X-ray and Spectroscopic Data of Caviplexes" 

4 (R = CH3, I)/acetonitrile, benzene, cyclohexane, toluene (X-ray)32 

5 (R = C7H15)/aromatic compounds (X-ray, NMR)33 

5 (R = C6H13)/benzene, butanol, etc. (MS)34 

5 (R = C6H13)/acetone, fluorobenzene (X-ray, NMR)35 (Fig. 9.3) 

6 (R = C3H7)/methylenechloride (X-ray)36 

7 (R = C2H4OC2H5)/ethyl acetate, acetonitrile, etc. (MS)37 

8 (R = C2H4OC2H5)/prednisolone-21-acetate (NMR)38 

"X-ray, X-ray crystallography; NMR, 1H-NMR; MS, mass spectrometry. 

Figure 9.3. Crystal structure of a complex, 5/fluorobenzene (R = C6H13, 

YAGVIL: Refcode in the CSD). 

Figure 9.4. Crystal structure of l,6,20,25-tetraaza[6.1.6.1]paracyclophane 

complexed with 1,2,4,5-tetramethylbenzene (stereo view). Dotted lines indi¬ 

cate short CH/Csp2 contacts. 
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H H2 H2 h 
N-C C-N 

9 

(CH2)n (CH2)n 

10 (n = 4, 5, 6) 

N+v 
I Me 
Me 
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C2H5 
N 

13 (n = 2, 3) 
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15 

16 
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S02C6H4Me SO2O5H4M© 

S02CeH4Me S02C6H4Me 

18 

TABLE 9.6. X-ray, Spectroscopic, and Thermodynamic Data of 

Cyclophane Complexes 

9/durene (X-ray)41 

9/naphthalene derivatives (NMR 42 X-ray43) 

10/amino acids, nucleic acid bases, steroids (NMR, thermodynamic)44 

ll/benzene derivatives (NMR, thermodynamic)45 

12/perylene, pyrene, fluoranthene (NMR, UV, thermodynamic)46 

13/halogenated methanes (NMR, thermodynamic)47 

14/1-butylthymine (X-ray)48 

15/p-benzoquinone (NMR)49 

16 and 17/p-nitrophenol (X-ray, NMR, thermodynamic)50 

18/toluene (X-ray)51 
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9.5. PSEUDOROTAXANES 

On addition to an acetonitrile solution of cyclobis(paraquat-p-pheny- 

lene)cyclophane 19, compound 20, bearing three 1,5-dioxynaphtha- 

lene residues, was included immediately to form a stable 1:1 complex, 

the formation constant K being 11100 mol-1 (AG° ca. 5.6 kcalmol 1).52 

Large ’H NMR chemical shift changes (A<5 — 5.41 ppm) were ob¬ 

served for the aromatic protons H4, H8. An X-ray determination 
of pseudorotaxane demonstrated that there are pairs of CH/C^ con¬ 

tacts between H4, H8 of 20 and the p-xylyl bridging unit of 19 (Fig. 9.5), 

Figure 9.5. Schematic illustration of the structure of a pseudorotaxane com¬ 

posed of 20 and cyclobis(paraquat-p-phenylene)cyclophane 19. 
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TABLE 9.7. X-ray Crystallographic Data of Pseudorotaxanes 

19/l,3-Bis(5-hydroxy-l-naphthyloxy)propane (X-ray, NMR, thermodynamic)53 

19/21 (X-ray)54 

Bis-p-phenylene-37-crown-ll/bipyridinium dication 22 (X-ray, NMR, 

thermodynamic)5 5 

Bis-p-phenylene-32-crown-10/23 (1:2) (X-ray)56 

OH OH 

l,3-bis(5-hydroxy-l-naphthyloxy) propane 

0-o^v-0^°4r° 
21 (n = 3, R = 4-PhCH2Q; n = 2, R = 3,5-(MeO)2] 

22 

23 

CH/ring-centroid distances, 2.54 A). In the crystal lattice, the pseudo¬ 

rotaxanes are arranged to form infinite two-dimensional sheets, sus¬ 

tained by a combination of CH/7t interactions and 71/71 stacking. 
Crystallographic, spectroscopic, and thermodynamic data of pseudo¬ 

rotaxanes which possibly implicate the CH/7T interaction are summa¬ 

rized in Table 9.7. 
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9.6. CATENANES 

A series of [2]catenanes57 composed of crowns and cyclobis(para- 

quat-p-phenylene)cyclophane 19 were prepared (Fig. 9.6).58 The pro¬ 

cedure involves insertion of the dicationic moiety into the macrocycle 

24-26 along with folding of the termini of the paraquat reagent. The 

efficiency of the reaction is remarkable (Table 9.8).59 This is certainly 

a consequence of arranging the reacting species in such a way as to 

afford an efficient catenation. The importance of 71/71 stacking and 

CH/71 and CH/O interactions was invoked to explain such a signifi¬ 

cant result. Support for this has been found among the X-ray, NMR, 

and thermodynamic data of the products including thiophene- 

containing [2]catenanes,60 [n]catenanes (n: 3-5), catenated cyclodex- 

trins,61 bis[2]catenanes,62 and [2]rotaxanes.63 

Br 

V B Br 

j 

r 
o 

o 

\ s/ \/ 
o o 

Jn 
O 

OOO 

'W w 
m 

Figure 9.6. Syntheses of catenanes. 



9.6. CATENANES 155 

TABLE 9.8. Yields of [2]catenanes composed of crowns (24-26) and 

cyclobis(paraquat-/?-phenylene)cyclophane 19 

Components A B Crown Solvent Yield (%) 

para para 24 MeCN 70 

meta para 24 DMF 40 

para para 25 DMF 15 

meta para 25 DMF 27 

para para 26 DMF 17 

meta para 26 DMF 12 

bis-p-phenylene-34-crown-10 24 

p-phenylene-m-phenylene-33-crown-10 25 
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% 

0 0 0 0 0 

bis-m-phenylene-32-crown-10 26 
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CHAPTER 10 

INTERLIGAND INTERACTIONS 
IN COORDINATION CHEMISTRY 

In this chapter we examine the possible involvement of a CW/n 

interaction in the chemistry of metal complexes. In these compounds, 
ligands are arranged so as to be proximate to each other; this is 
mediated by the coordination of the central metal ion. This may give 
the weak intramolecular forces a chance to play both cooperative and 
effective roles in these compounds. 

10.1. CRYSTAL STRUCTURES OF COORDINATION 
COMPOUNDS 

Short interligand C/C or CH/C distances are found among the 
X-ray crystallographic data of coordination compounds (Table 10.1). 
Figure 10.1 illustrates a result. 

10.2. CONFORMATION OF COORDINATION COMPOUNDS 

Sigel extensively studied the conformations of a number of ternary 
metal complexes bearing aromatic moieties at both termini of 
the ligands in solution. These include complexes with biologi¬ 
cally important molecules such as adenosine triphosphate (ATP) and 
tryptophane (Trp). Figure 10.2 illustrates the conformations of metal 
complexes of Trp and ATP,11 and of ATP and 1,10-phenanthroline 
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TABLE 10.1. X-ray Crystallographic Data of Coordination Compounds 

[Cu(phen)(phenylpropionate)] (phen = 1,10-phenanthroline) l1 

[Rh(L)(NH3)2 • dibenzo-3n-crown-n ether] [PF6] 

(L = cycloocta-1,5-diene or norbornadiene)2 

[Cu(Ha)(Phe)] (Ha = histamine, Phe = L-phenylalanine) 23 
Bis[iV-(R)-l-phenylethylsalicylideneiminato]-zinc 34 

[/75-CH3C5H4)Mn(CO)(l,l'-bis(diphenylphosphino)ferrocene)] 45 
[Co(pyridoxy-L-phenylalaninato)2]6 
[LMo(CO)2(?/3-C6H5CH=CHCH2)] [L = bis(3,5-dimethyl-1-pyrazolyl)- 

phosphinate] 57 

2-Pyridyl-l,l'-ferrocenedicarboximide 68 

[Ru(4-methylpyrimidine-2-thione)(bipy)2] (bipy = bipyridyl) 79 
[Co(S-a-methyltyrosine)(2R,5R,8R,llR-2,5,8,ll-tetraethyl-l,4,7,10- 

tetraazacyclododecane)]10 (Fig. 10.1) 

2 
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(phen),12 existing in solution as deduced from NMR spectroscopy 

and potentiometric titrations. Folded conformations containing aro¬ 

matic/aromatic stacking generally occur in complexes with aromatic 

ligands.13 
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Cl 12 

Figure 10.1. Perspective view of [Co(S-a-methyltyrosine)(2R,5R,8R,llR)- 

2,5,8,ll-tetraethyl-l,4,7,10-tetraazacyclododecane]. 

They also observed alkyl/aromatic interactions in a number of 

coordination compounds. In ternary complexes such as M(phen)(aa), 

M(bipy)(aa),14 M(ATP)(aa)15 [M =Cu2+ or Zn2+, bipy = 2,2'-bipyridyl, 

aa = R-CH(NH2)COOH: alaninate, aminobutyrate, norleucinate, 

leucinate, isoleucinate], and Zn(phen)(aca) [aca = Me2CH- 

(CH2)„COO, n — 1-4],16 the alkyl groups are curled over the aro¬ 

matic rings to form folded rather than extended conformation 

(Fig. 10.3). 

Table 10.2 lists differences in the complexation-induced NMR 

chemical shift (CIS) and percentages of the folded conformations, 

determined by potentiometric pH titrations, for zinc complexes with a 

series of isoalkanecarboxylates, Zn(phen)(aca). 
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Figure 10.2. Solution conformations of metal complexes: (a) M(ATP)(Trp); 

(b) M(ATP)(phen). 

The percentage of the folded species increased according to the size 

of the alkyl moiety. Maximum values of both CIS and the percentage 

for the closed conformers were reached at 6-methylheptanoate 

(n = 4). The proportion of the folded conformation was found to be 

influenced by solvent polarity: addition of ethanol or dioxane to an 

aqueous solution increased the proportion of the folded species. 
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extended folded 

Figure 10.3. Extended and folded conformations of a ternary metal complex. 

This finding is remarkable and contrary to simple hydrophobicity 

consideration. 

Inoue et al. reported on an unusual conformational stability of 

sterically crowded atropisomerism of porphyrin derivatives.17 

5,10,15,20-Tetrakis(2'-biphenyl)porphyrin8a (R1 = R3 = Ph, R2 = 

R4 = H) has four atropisomers denoted as a4, a3/f, aa/i/f, and a/Ja/i 

(Fig. 10.4). When AlMe3 is treated with the a4 isomer, the resulting 

methylaluminium porphyrin a4 should have two isomers, a-a4 and 

/f-a4, with different degrees of steric crowding. 
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TABLE 10.2. Complexation-Induced NMR Chemical Shift and 

Percentages of the Folded Conformations for a Series of Zinc 
Complexes 

n CISa 

Zn(phen)faca) folded (%) 

h2o 50% Ethanol 50% Dioxane 

0 0.20 2 19 28 
1 0.30 19 21 26 
2 0.46 19 37 37 
3 0.54 22 41 35 
4 0.54 32 41 37 

a (5Zn(aca) — (5Zn(phen)(aca) in D20 (ppm), aca = Me2CH(CH2)„COO, 
phen = 1,10-phenanthroline 

The [1 isomer showed a methyl signal at a high upheld (S — 5.89) 

primarily due to shielding by the porphyrin ring. However, the degree 

of the upheld shift was more remarkable (<S — 6.92) in the a isomer. 

The additional shielding effect is considered to be brought about by 

the four neighboring biphenyl groups. When the sterically less 

crowded /?-a4 was allowed to stand in C6D6 at 35°C, the population 

of the starting isomer decreased gradually to give the more crowded 

atropisomers. The /?-a4 isomer remained only 68, 17, and 0% after 1, 

6, and 8 hours, respectively. On the other hand, the sterically crowded 

a-a4 isomer underwent a much slower isomerization under identical 

conditions: the population of the starting material was still at 40% 

even after 50 hours. Thus, the proximal orientation of the 2'-biphenyl- 

group to the CH3-A1 moiety was shown to be much preferred over the 

distal orientation. 

A simpler homolog carrying only one biphenyl group, methyl- 
[5,10,15-triphenyl-20-(2'-biphenyl)porphyrinato]aluminium8b(R1 = 

Ph, R2 = R3 = R4 = H), was prepared. A solution of the reaction 

mixture with AlMe3 shows two NMR singlets corresponding to the 

Me-Al of the a and ft atropisomers in a ratio of a: ft = 64:36. The 

preference of the proximal CH3/aromatic isomer increased when an 

electron donating methoxy group was introduced on the 2'-phenyl 

group 8c (R1 = C6H4OCH3-p, R2 = R3 = R4 = H, <x:0 = 72:28). 

The reverse was true for the introduction of an electron-withdrawing 

CF3 group 8d (R1 = C6H4CF3-p, R2 = R3 = R4 - H, or.p = 57:43). 
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a-a4 

Figure 10.4. Atropisomerism of 5,10,15,20-tetrakis(2'-biphenyl)porphyrin 8. 

In light of these findings, the importance of the CW/n interaction in 

determining the stability of these porphyrins was suggested. 

10.3. SELECTIVITY IN THE FORMATION OF 
COORDINATION COMPOUNDS 

Selective formation of only one of the stereoisomers is often noted in 

coordination chemistry. Careful examination revealed that attractive 

interaction between an aliphatic and an aromatic part in the ligands 

always exists whenever significant selectivity was observed.18 For 

example, Okawa found that an isomer (A-cis four stereoisomers 

are possible for these compounds due to the coordination atti¬ 

tude of /-menthyloxy-3-benzoylacetone and the asymmetry about the 

central metal) was preferentially produced in mixed chelate com¬ 

pounds, [Co(SB)(l-moba)] (SB = A,A'-disahcylideneethylenediamine), 

moba = R = (l-/-menthyloxy-3-benzoylacetone).19 They attributed the 
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Figure 10.5. Suggested interactions in a mixed-chelate compound, [Co(SB)- 
(1-moba)] (A-cis ^ isomer). 

TABLE 10.3. Thermodynamic Parameters for the Formation of 

Tetrakis(2,4,6-trialkylphenyl)porphyrinato-iron(III) 9“ 

R1 R2 AH (kcal mol *) AS (e.u.) AG (kcalmor1)(-35°C) 

H H -26.5 - 75 - 8.3 

H Me - 20.6 ( - 5.9)b - 73 - 3.2 

Me H -28.0 -76 -9.9 

Me Me - 27.8 ( - 0.2) -86 - 7.3 

Et H -27.2 -69 - 10.8 

Et Me - 28.2 (1.0) - 87 - 7.5 

Pr' H -27.2 -73 -9.8 

Pr' Me -29.1 (1.9) -91 - 7.4 

a In CDC13. 
fcData in parentheses are the differences in enthalpy between 1-methyl (R2 = H) and 
1,2-dimethyl (R2 = Me) compounds (AAH). 

stereo-selectivity to the interligand CH/7t interaction, which may only 

occur in this stereoisomer, between the /-menthyl group and an 

aromatic ring of the other ligand (Fig. 10.5). 
Nakamura and Nakamura studied the thermodynamics of complex 

formation of imidazole with low-spin tetrakis(2,4,6-trialkylphenyl)- 

porphyrinato-iron(III) 9.20 The results are listed in Table 10.3. 
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h3c 
\ 

Figure 10.6. Suggested interactions in the imidazole complex of tetrakis- 

(2,4,6-trialkylphenyl)porphyrinato-iron(III) 9. 

In contrast to the lower-alkyl analogs (R1 = H and Me), triethyl- 

phenyl and triisopropylphenyl derivatives (R1 = Et and Pr1) showed 

a larger negative enthalpy of formation with 1,2-dimethylimidazole 

(R2 = Me) than with 1-methylimidazole (R2 = H) as the axially co¬ 

ordinated ligand. The difference in the enthalpy of formation be¬ 

tween R2 = H and R2 = Me changes from — 5.9 for R1 = H, — 0.2 

(R1 = Me), 1.0 (R1 = Et), and 1.9kcalmol-1 (R1 = Pr1). Thus, the 

enthalpy difference between 9 (R1 = Pr1, R2 = Me) and 9 (R1 = H, 

R2 = Me) amounts to 7.8 [= 1.9 — (— 5.9)] kcalmol-1. Although 

this value seems to be too large to be solely ascribed to CH/7T 

interaction and should include other forces such as the deformation of 

a porphyrin ring,21 the results nonetheless demonstrate the importance 

of an attractive interaction of the alkyl group with the imidazole 

moiety (Fig. 10.6). 

Imai et al. compared the complexation of a series of porphyrins 

10-12 with a variety of amine ligands.22 These porphyrin hosts vary in 

their degree of preorganization. Host 10 bears a “bis-roof” structure 

and is more effectively preorganized for complexation than 11 or 12. 
Table 10.4 summarizes the results. 
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OR1 

10: Rx-R2 = (CH2)5, R3-R4 = (CH2)5, 11: R1 = R2 - CH3, 

R3-R4 = (CH2)5, 12: R1 = R2 = R3 = R4 = CH3 

Secondary amines such as azetidine, pyrrolidine, and piperidine, 

which fit well in the cavity, are bound effectively to the porphyrin 

hosts. Host 10, with its “bis-roof” structure, binds most effectively 

azetidine (a), pyrrolidine (b), and diethylamine (d), while the bulkier 

piperidine (c) and aromatic bases such as pyridine or isoquinoline (not 

listed in Table 10.4) are more selectively bound to host 11. This is 

reasonable in view of steric considerations. The best selectivity was 

noted with host 10, where the specificity of recognition for a 

(4-membered ring) versus c (6-membered ring) is 64:1. Such remark¬ 

able selectivity of binding was not found for 11 (2.8:1) or 12 (3:1). The 

above binding behaviors of the guest amines was interpreted by these 

authors as an attractive force between CHs and the host aromatic 

groups (Fig. 10.7). 
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TABLE 10.4. Binding Constants" of Zinc Porphyrins 10-12 with Various 

Amines 

a b c d e 

0 
H 

Q 
H 

O 
H 

u 
H ! 

nh2 

10 1.4 x 107 2.7 x 106 2.2 x 105 5.8 x 104 7.7 x 104 
11 1.8 x 106 1.3 x 106 6.5 xlO5 1.2 x 104 7.6 x 104 
12 7.5 x 105 6.9 x 105 2.5 x 105 4.2 x 103 4.9 x 104 

“ At 298 K in CHC13 dm3 mol-1. 

Figure 10.7. Interaction of a secondary amine with porphyrin hosts 10-12. 

Yamanari et al. studied the stereochemistry of formation for cobalt 

complexes with pyrimidine-2-thionates.23 Selective production of one 

of the linkage isomers with facial geometry was only recorded when 

a methyl group was introduced into the pyrimidine ring. An analog¬ 

ous conclusion has been obtained for ruthenium complexes.9,24 They 

attributed the results as consequences of the CH/7t interaction (Fig. 10.8). 
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CHAPTER 11 

SPECIFIC INTERACTIONS IN 
PROTEIN STRUCTURES 

In view of the ubiquitous presence of CH groups in nature, it is 

intriguing to examine the possibility of the involvement of this weak 

attractive force in biochemistry, since ^-containing groups are also 

abundant in biochemically important molecules. These include the 

side-chain groups of aromatic amino acids (tryptophane, tyrosine, 

phenylalanine, and histidine), the aromatic rings of nucleic acid bases, 

porphyrins, nicotineamide, and flavins. Tertiary structures of proteins 

relevant to cell biology are currently being elucidated at the atomic 

level by means of X-ray crystallography and NMR spectroscopy. The 

molecular forces invoked should therefore be analyzed with the same 

kind of precision. 

11.1. GENERAL CONSIDERATIONS 

In the late 1970s, the authors suggested the potential role of the 

CW/n interaction in protein structures such as enzymes, hemoglobins, 

and immunoglobulins.1 Several papers have since appeared which 

comment upon the occurrence of CH/71 interaction in protein 

structures. 
Kim et al.2 reported on the crystal structure of carboxypeptidase 

A covalently modified by an inactivator 2-benzyl-3,4-epoxybutanoic 

175 
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acid. The phenyl group of the inhibitor contacts with the enzyme at 

Leu203 and Ue243 in a perpendicular fashion on each side of the ring, 

the distances being 3.9 and 3.5 A, respectively. They argued that this 

was a consequence of CW/n interaction. 

Iwasaki et al.3 studied the inhibitory effect of cerulenin analogs on 

yeast fatty acid synthase. Cerulenin (R = CH3) is a potent inhibitor of 

fatty acid synthase since the (£,£)- 1,4-diene system of the side-chain 

structure is found to be essential in effective binding to the enzyme. 

Derivatives (R = H, n-C3H7) bearing the (£,£)-1,4-diene moiety re¬ 

tained this activity, while tetrahydrocerulenin was found to be in¬ 

active. Truncation or elongation of the chain length appreciably 

decreased the inhibitory effect. They speculated that an attractive 

interaction, such as a CH/7i interaction, is playing a role between the 

(£,£)-A7,10-double bonds and the side-chain groups of the protein. 

Hirama et al. determined the solution structure of an antitumor 

antibiotic neocarzinostatin by NMR: a complex of an unstable chro- 

mophore 1 and an apoprotein of low molecular weight (113 residues).4 
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Interatomic distances determined by NOE measurements were 3.8, 

3.5, and 3.4 A, respectively, for C8/Leu45(C(52), C7 OC/Phe52(Cy), 

and C7 OC/Phe52(C£). The Leu45 side chain in the apoprotein was 

found close to the C8-C9 double bond of the enediyne core. An upheld 

shift of about 1 ppm observed for the C(7")OCH3 resonance of 1 upon 

complexation was attributed to the diamagnetic anisotropy of the 

nearby aromatic ring of Phe52. The findings were followed by a crys¬ 

tallographic study by Kim et al.5 using the same neocarzinostatin 

complex; the aromatic rings of Phe52 and Phe78 were shown to be 

close and perpendicular to the enediyne chromophore. 

oh oh 

The complexing abilities of the apoprotein were determined for 

a series of synthetic model compounds.6 The binding constant of 

a demethylated analog (3: Ka 4.2 x 103 mol-1) was approximately 

one-third of that of 2 (Ka 1.3 x 104 mol-1). The difference in the 

binding energy was estimated to be about 0.7 kcalmol-1, which 

corresponds to the loss of a CH/n interaction between OCH3 and the 

aromatic ring of Phe52. 
Based on the findings of the interligand interactions involved in 

a number of cobalt(III) complexes bearing a pyridoxal-5-phosphate as 

a ligand, Masuda et al. commented upon the possible role of the CH/71: 

interaction in biochemistry.7 

CHO 

h2o3poh2c^^ 

pyridoxal-5-phosphate 

OH 

CH3 

The biochemical significance of certain functional groups (3-OH, 

etc.) on the pyridoxal ring has been known. However, the role of 

the 2-methyl group remains to be clarified, in view of the finding that 

the displacement of this group abolishes the biological activity of 
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the coenzyme. The X-ray structure of aspartate aminotransferase 

bound with its cofactor has demonstrated that the aromatic rings of 

tyrosine and tryptophane in the enzyme are close to the 2-methyl 

group in the pyridoxal pyridine ring.8 

Chakrabarti and Samanta examined the possibility of a CH/7t 

interaction by analyzing the structures of proteins.9 They set about 

surveying the crystal data of enzymes (dehydrogenases, reductases, 

kinases, etc.) eomplexed with cofactors bearing an adenine moiety: 
NAD, NADP, FAD, AMP, ADP, and ATP. Carbon/nitrogen and 

carbon/carbon distances around 3.7 A, between side-chain groups and 

an adenine ring, were collected. A number of short C/Nsp2 and C/Csp2 

distances were found, in 19 protein/cofactor complexes, between aden¬ 

ine aromatic ring and carbons in the side-chain groups. Residues 

bearing branched aliphatic groups such as valine, leucine, and 
isoleucine were often found, but it is remarkable that lysine and 

arginine10 are also involved in this type of complex; there they noted 

a significant overlap involving the nonpolar part of the side-chain in 

such a way that a carbon atom is in the shortest contact with an 

adenine nitrogen atom. From this they invoked an important role of 

the CH/Nsp2 interaction in specific recognition of the cofactors with an 

adenine moiety. The findings are consistent with the discussions in the 

following sections. 

11.2. EXPLORING THE POSSIBILITY OF CH/ti 
INTERACTIONS IN PROTEIN CRYSTAL DATA 

A program (CHPI) was written in order to search short contacts 

between CH groups and n systems in protein structures registered 

in Brookhaven Protein Data Bank (PDB).11 Figure 11.1 illustrates 

the method. The 7r-system may be an aromatic group (five- or six- 

membered, or fused) or a double bond (C=C, C=0, or C=N). The 

hydrogen may be a part of an alkyl group (CH3, CH2, or CH), a CH in 

aromatic rings, N + H3, NH2, NH, OH, or SH group. 

To participate in a XH/rc interaction, a hydrogen should be posi¬ 

tioned above the n plane, most preferably above the sp2 atom (region 

1 in Fig. 11.1). To cover other possibilities, several kinds of H/Xsp2 

distance (Datm, Dpln, and Dlin) and angle parameters (6 and co) were 

defined. 

Table 11.1 is an output from the program CHPI analyzing the 

protein, bovine pancreatic trypsin inhibitor (BPTI),12 using hydrogen 
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Figure 11.1. Method for exploring XH/tc contacts (X = C, N, O, or S). An 
example is given for a six-membered 71-system. (a) O: center of the 7r-plane. 

Ca and Cb: nearest and second nearest sp2 atoms, respectively, to the 

Hx hydrogen, co: dihedral angle defined by CaOCb and HxCaCb planes. 9: 
Hx—X—Ca angle. Dpln: perpendicular distance between Hx and the 71-plane 

(Hx/I). Datm: Hx/Ca interatomic distance. Dlin: distance between Hx and the 

line Ca-Cb (Hx/J). (b) Regions to be searched. Region 1: zone where Hx is 

above the ring. Regions 2 and 3: zones where Hx is out of region 1 but may 

interact with 7z>orbitals. The program was run to search for short Hx/7i 
contacts with the following conditions: Dmax = 3.05 A: (1.2 A + 1.7 A) x 1.05; 
Dpin < Dmax (region 1); D]in < Dmax (region 2); Datm < Dmax (region 3); comax 

= 127.5°, - comax < co < comax; 9 < 62.2°. 

(deuterium) coordinates from a neutron diffraction study. Crystal data 

in PDB do not necessarily contain the coordinates of hydrogen atoms. 

In such cases, hydrogens were generated on these nonhydrogen atoms 

and their positions were optimized.13 Table 11.2 presents the results 
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TABLE 11.1. Computer Output from a CHPI Analysis of BPTI 

(Neutron Data) 

RES I VPI 1 2 3 4 5 6 
PRTN HIS 1 FIV CG ND1 CE1 NE2 CD2 
PRTN PHE 1 SIX CG CD 1 CE1 CZ CE2 CD2 
PRTN TYR 1 SIX CG CD 1 CE1 CZ CE2 CD2 
PRTN TRP 1 FIV CG CD 1 NE1 CE2 CD2 
PRTN TRP 2 SIX CE2 CD2 CE3 CZ3 CH2 CZ2 

RANGE -127 500 < OMEGA i < 127 .500 

RANGE 0 . 1 000 < THETA , < 62 .200 

RANGE 0 . 1 000 < Dmax < 3 .050 

Pi HX geometry 
ID RES I VPI VATM N ID RES VATM N DATM DPLN DLIN OMEGA THETA RG 

4 PHE 1 SIX CE2 5 2 PRO HB 9 2.79 2.73 [2.74] 93.15 49.93 2 
4 PHE 1 SIX CE2 5 2 PRO HB 10 2.93 2.40 [2.93] 124.99 59.35 2 
4 PHE 1 SIX CG 1 42 ARG HB 14 3.02 2.79 [2.99] 111.07 50.64 2 
4 PHE 1 SIX CD1 2 42 ARG HB 15 2.68 [2.66] 2.68 83.06 33.98 1 
4 PHE 1 SIX CD2 6 42 ARG HD 18 [3.00] 2.96 * ★ ★ * 98.95 18.85 3 

10 TYR 1 SIX CZ 4 12 GLY HA 6 2.59 2.52 [2.55] 99.17 12.43 2 
10 TYR 1 SIX CD2 6 41 LYS HG 15 [2.81] 2.46 ★ ★ ★ ★ 118.89 30.11 3 
10 TYR 1 SIX CG 1 41 LYS HD 16 [2.88] 2.71 ★ * ★ ★ 109.73 40.83 3 
10 TYR 1 SIX CE2 5 41 LYS HE 18 2.58 [2.45] 2.49 80.10 17.06 1 
21 TYR 1 SIX CZ 4 48 ALA HB 10 2.62 [2.60] 2.61 84.91 3.06 1 
22 PHE 1 SIX CG 1 9 PRO HB 10 [2.64] 2.64 ★ ★ * * 92.32 16.32 3 
22 PHE 1 SIX CE1 3 9 PRO HD 14 2.73 2.47 [2.71] 114.36 27.21 2 
22 PHE 1 SIX CE1 3 24 ASN HB 11 2.87 2.58 [2.841 114.78 28.78 2 
22 PHE 1 SIX CE2 5 31 GLN HB 12 [2.88] 2.69 ★ * * * 111.13 23.52 3 
23 TYR 1 SIX CZ 4 1 ARG DH1 24 3.05 2.68 [3.00] 116.60 56.14 2 
23 TYR 1 SIX CE1 3 25 ALA HA 7 [2.59] 2.40 **** 111.95 29.86 3 
23 TYR 1 SIX CG 1 55 CYS HB 10 2.84 [2.79] 2.79 88.88 45.80 1 
33 PHE 1 SIX CD 1 2 9 PRO HB 9 2.74 [2.70] 2.71 85.59 9.35 1 
33 PHE 1 SIX CE2 5 20 ARG HB 14 [2.83] 2.79 **** 98.87 37.71 3 
33 PHE 1 SIX CE2 5 22 PHE HB 15 2.86 2.28 [2.79] 125.11 3.21 2 
33 PHE 1 SIX CE1 3 35 TYR HB 15 2.99 2.70 [2.95] 113.90 17.26 2 
35 TYR 1 SIX CD 1 2 37 GLY H 5 2.80 [2.55] 2.73 69.09 13.14 1 
35 TYR 1 SIX CE2 5 37 GLY HA 6 [3.00] 2.93 * ★ * * 101.77 46.59 3 
35 TYR 1 SIX CZ 4 40 ALA HB 10 2.66 2.49 [2.66] 110.46 15.75 2 
35 TYR 1 SIX CG 1 44 ASN DD2 13 2.65 [2.59] 2.64 79.91 26.81 1 
45 PHE 1 SIX CG 1 51 CYS HA 8 2.85 [2.61] 2.79 69.19 39.43 1 
45 PHE 1 SIX CG 1 51 CYS HB 9 2.92 2.54 [2.86] 117.39 41.41 2 

Number of H/7r interactions: 27 

obtained by the use of the generated (and optimized) hydrogen coordi¬ 

nates for BPTI. Interactions satisfying the following conditions were 

collected. Dmax = 3.05 A, 6 < 62.2°, co < 127.5°. Criteria for detecting 

CH/7T bonds were as follows. Dpln < Dmax for hydrogens in region 1. 

D]jn < Dmax and Datm < Dmax for those falling within regions 2 and 3, 

respectively. The numbers in the brackets in the tables correspond to 

these values. 
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TABLE 11.2. Computer Output from a CHPI Analysis of BPTI 
(Generated H) 

RES I VPI 1 2 3 4 5 6 
PRTN HIS 1 FIV CG ND1 CEl NE2 CD2 
PRTN PHE 1 SIX CG CD1 CEl CZ CE2 CD2 
PRTN TYR 1 SIX CG CD1 CEl CZ CE2 CD2 
PRTN TRP 1 FIV CG CD1 NE1 CE2 CD2 
PRTN TRP 2 SIX CE2 CD2 CE3 CZ 3 CH2 CZ2 

RANGE -127 500 < OMEGA < 127 .500 
RANGE ; o • 000 < THETA < 62 .200 
RANGE : o • 000 < Draax < 3 .050 

Pi HX geometry 
ID RES I VPI VATM N ID RES VATM N DATM DPLN DLIN OMEGA THETA RG 

4 PHE 1 SIX CE2 5 2 PRO HB 8 2.80 2.75 [2.75] 91.20 52.81 2 
4 PHE 1 SIX CD 1 2 42 ARG HB 8 2.87 [2.83] 2.86 82.70 46.25 1 
4 PHE 1 SIX CG 1 42 ARG HB 9 3.06 2.83 [3.03] 110.96 52.20 2 

10 TYR 1 SIX CZ 4 12 GLY HA 5 2.64 2.59 [2.62] 99.36 20.40 2 
10 TYR 1 SIX CD2 6 41 LYS HG 11 [2.83] 2.48 *★** 118.82 30.62 3 
10 TYR 1 SIX CG 1 41 LYS HD 15 [3.01] 2.79 ★ * ★ * 112.38 48.20 3 
10 TYR 1 SIX CE2 5 41 LYS HE 18 2.54 [2.36] 2.45 74.74 5.55 1 
21 TYR 1 SIX CZ 4 48 ALA HB 10 2.64 [2.63] 2.64 86.31 7.80 1 
22 PHE 1 SIX CG 1 9 PRO HB 7 2.57 2.56 [2.57] 96.82 16.19 2 
22 PHE 1 SIX CZ 4 9 PRO HG 10 3.03 [2.98] 3.02 80.74 29.30 1 
22 PHE 1 SIX CE1 3 9 PRO HD 14 2.70 2.42 [2.67] 114.87 27.46 2 
22 PHE 1 SIX CE1 3 24 ASN HB 9 3.02 2.74 [2.98] 113.02 38.45 2 
22 PHE 1 SIX CE2 5 31 GLN HB 9 [2.90] 2.70 * * * * 110.98 23.77 3 
23 TYR 1 SIX CEl 3 25 ALA HA 4 [2.63] 2.38 ★ ★ * * 115.25 33.18 3 
23 TYR 1 SIX CZ 4 28 GLY HA 5 [2.92] 2.36 ★ * * * 126.22 23.20 3 
23 TYR 1 SIX CG 1 55 CYS HB 8 2.83 2.78 [2.7B] 91.83 44.79 2 
23 TYR 1 SIX CE2 5 56 GLY HA 5 2.94 2.53 [2.94] 120.84 29.19 2 
33 PHE 1 SIX CD 1 2 9 PRO HB 8 2.72 [2.68] 2.69 87.08 8.33 1 
33 PHE 1 SIX CE2 5 20 ARG HB 9 [2.84] 2.80 ★ * * * 99.22 38.14 3 
33 PHE 1 SIX CE2 5 22 PHE HB 8 2.93 2.43 [2.88] 122.61 10.46 2 
33 PHE 1 SIX CZ 4 35 TYR HB 9 3.08 2.80 [3.02] 112.01 12.39 2 
35 TYR 1 SIX CD1 2 36 GLY H 2 [3.00] 2.54 ★ ★ ★ ★ 122.34 59.26 3 
35 TYR 1 SIX CD1 2 37 GLY H 2 2.82 [2.60] 2.77 70.09 11.42 1 
35 TYR 1 SIX CE2 5 37 GLY HA 5 [2.91] 2.85 * *** 101.57 40.87 3 

35 TYR 1 SIX CZ 4 40 ALA HB 10 [2.71] 2.51 * * ** 112.19 20.81 3 
35 TYR 1 SIX CG 1 44 ASN HD2 14 2.63 [2.58] 2.60 81.66 21.20 1 
45 PHE 1 SIX CEl 3 43 ASN HA 4 [3.01] 2.42 * ★ ★ * 126.56 27.43 3 
45 PHE 1 SIX CG 1 51 CYS HA 4 2.90 [2.63] 2.83 68.33 42.71 1 

45 PHE 1 SIX CG 1 51 CYS HB 9 2.86 2.51 [2.81] 116.66 38.37 2 

Number of H/7t interactions: 29 

11.3. INTERACTIONS IN HEMOGLOBIN 

The heme group in hemoglobins and myoglobin is a large 7r-system 

surrounded by a number of nonpolar residues. To see whether there 

is evidence for the CW/n interaction, a CHPI analysis was carried 

out. Hydrogen atoms were generated and their positions optimized 

before the analysis, as mentioned above. H/Csp2 distances shorter 

than the sum of the van der Waals distances [(1.2 A for H + 1.7 A 
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Figure 11.2. Global view of BPTI showing CH/tc interactions (stereo). Thick 
lines indicate the a carbon plot (hydrogens are omitted). 
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for C) x 1.05 — 3.05 A] with the appropriate angle parameters are 
shown in Figure 11.3 for an a subunit of heme group of horse 
deoxyhemoglobin.14 
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Here we see many contacts shorter than the van der Waals distance. 
The CH/7T bonds seem to play an important part in holding the heme 
group and stabilizing the protein structure. Histidine behaves as 
an aromatic residue. Sigel et al. reported16 that the imidazole group 
plays a role similar to the phenyl or indole groups in intramolecular 
ligand/ligand interactions of ternary metal complexes. The tendency 

◄- 
Figure 11.3. CH/7r interactions around the heme group in horse deoxyhemo¬ 

globin a subunit. The numbers refer to CH/Csp2 distances (Datm). The labels in 

parentheses are stereochemical notations by Kendrew et al.15 Shaded rec¬ 

tangles represent aromatic residues. Greek letters indicate atoms relevant to 

the CH/tt contact. Interatomic distances are shown for the closest ones 

among the atoms in the respective aromatic ring. 
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to form folded conformations was found to increase in the following 

order: imidazole < phenyl < indole. This implies that the size and 

basicity of the aromatic moiety is important in bringing about an 

effective association of the groups. The histidine side-chain is therefore 

anticipated to behave as an aromatic group, although less effectively 

than in those of tryptophane, tyrosine, or phenylalanine. Another 

interesting feature in Fig. 11.3 is that the two methyl groups in valine 

and leucine (Cyl and Cy2 in Val93, and C<51 and CS2 in Leu91) are 

simultaneously involved in CH/rc interactions with the porphyrin 

moiety. Interactions involving geminal methyl groups were also noted 

in subunit /?. 

11.4. INTERACTIONS INVOLVING CARBOHYDRATES 

Quioeho et al.17 studied the crystal structures of a number of periplas- 

mic proteins, such as L-arabinose binding protein,18 D-galactose bind¬ 

ing protein (GBP),19 D-maltose binding protein,20 and complexes with 

their specific substrates. They found that, in every case, the carbo¬ 

hydrate ligands are sandwiched by aromatic side-chains of the pro¬ 

teins. Figure 11.4 gives the result of CHPI analysis for the GBP/ 

glucose complex.21 

Figure 11.4. CYL/n interactions in GBP/glucose complex (stereo view). 
Dotted and dashed lines indicate CH/Csp2 contacts and hydrogen bonds, 
respectively. 
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Here we see many hydrogen bonds involving Asn91, Aspl54 (not 

shown), Asn256, Asp236, Asn211, Hisl52, and Argl58. In addition to 

these, the sugar is sandwiched by two aromatic residues. This was 

reported as a stacking of “hydrophobic” patches with C3H, C5H, and 

C6H of glucose by Trpl83 and C2H and C4H by Phel6.22 A CHPI 

search demonstrated that Cs3 and Ce2 of Trpl83 and CS2 of Phel6 

Phel6 

C52 

/ \ 
H2 W 

D-glucose 

H1 H3 H5 

Cr|2 Ce3 Ce2 

^Tipl83^1 

J H6 Cel TyrlO | 

Figure 11.5. CH/CSf)2 contacts in a GBP/glucose complex. 

Figure 11.6. Interactions around the ligand in the lysozyme/(GlcNAc)3 com¬ 
plex (stereo view). Dotted and dashed lines indicate CW/n contacts and 

hydrogen bonds, respectively. 
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are in CW/n contact with C3H(2.8A), C5H(3.0A), and C2H(2.9A) of 

the ligand, respectively. 

Interactions TyrlO(Cel)/HC6(3.2A), Phel6(C<52)/FIC4(3.2 A), and 

Trpl83(C^/2)/HC1(3.3 A) were recorded when a longer cut-off value 

(Dmax) of 3.4 A was used in the survey (Fig. 11.5, denoted by dashed 

arrows). It seems that the axially oriented methine C-H bonds in 

glucose participated simultaneously in interactions with the sp2 car¬ 

bons of the aromatic rings. 

Figures 11.6 and 11.7 show interactions found in a hen egg-white 

lysozyme complex with its specific substrate tri-iV-acetylchitotriose.23 

A network involving a number of CH/n interactions is shown around 

the ligand, along with the hydrogen bonding present (Fig. 11.6). 

Leu56 

H62 

Figure 11.7. CH/tz interactions around the ligand in the lysozyme/(GlcNAc)3 

complex. 
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The methyl group in the terminal acetamide in ring C is close to 

Trpl08. Nel in Trpl08 is in CW/n contact with a hydrogen in the 

acetyl group in ring C of the ligand. C<51 and Cdl in Trp62 are close to 

C4H (ring C) and C5H (ring B), respectively. C£2 of Trp63 is close to 

CH2OH (ring B). Examination by CHPI demonstrated that inter¬ 

actions of the ligand with Trpl08, Trp62, and Trp63 are assisted by 

a CH/tt network involving Leu56, Trp28, Leul7, Arg61, Leu75, and 

Ile98 (Fig. 11.7). A study with enzymes prepared by point mutation 

has shown that the residue in position 63 (Trp in avian and Tyr in 

human lysozyme) must be an aromatic one.24 Muraki et al. compared 

the enzymatic activities and crystal structures of Y63F (Tyr63 was 

converted to Phe. Y: tyrosine, F: phenylalanine), Y63W (W: tryp¬ 

tophane), Y63L (L: leucine), and Y63A (A: alanine) with human 

lysozyme. Stability and enzymatic activity of Y63F and Y63W are 

comparable to those of the wild enzyme, whereas those of Y63L and 

Y63A are not. 

Xylose isomerase catalyses the isomerization of D-xylose. D-Sorbitol 

is a specific inhibitor of this enzyme, since the molecule closely re¬ 

sembles an open-chain configuration involved in the transition state of 

the reaction. Blow et al. studied the crystal structures of complexes of 

xylose isomerase with specific substrates and inhibitors.25 Figures 11.8 

and 11.9 show part of the structure, as disclosed by a CHPI analysis 

for the protein/D-sorbitol complex. 

Figure 11.8. Interactions in xylose isomerase/D-sorbitol complex (stereo 
view). Dotted and dashed lines indicate CH/7T contacts and hydrogen bonds, 

respectively. 
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Figure 11.9. Interactions around the ligand in a xylose isomerase/D-sorbitol 
complex. 
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The atoms in the sorbitol molecule show a linear arrangement and 

the indolyl ring of Trpl36 is found to be lined with a consecutive 

arrangement of the CH groups of the inhibitor. The temperature 

factors of the inhibitor were reported to be low, indicating that the 

interaction involved is strong. Short CH/7T contacts are seen for 

Trpl36 with the ligand (C4H/Cy, C2H/C<52, and ClH/Cr]2). Trpl36 

is supported by interactions with Glyl38 and Phe93. This in turn is 

assisted by His53 and then by Trpl5. These interactions stabilize the 

structure of the complex, in cooperation with a number of hydrogen 

bonds and salt bridges around the ligand and the magnesium ion. 

Only one CH/7t interaction, on the other hand, has been found 

(Trpl5 C(2/HC3, 2.6 A by a CHPI survey) in the xylose isomerase 

eomplexed with a cyclic sugar substrate.26 
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11.5. INTERACTIONS INVOLVING LYSINE AND ARGININE 

The G proteins constitute a family of guanine-nucleotide binding 

proteins that serve as transducers of intracellular signaling 

pathways.2 Ras p21 is an oncogene product involved in the 

growth-promoting signal-transduction system, an important member 

of the G proteins. Figure 11.10 shows a part of the CHPI analysis 

on the crystal structure of ras p21, complexed with GppNp, a GTP 
analog.28 

o 

OH OH 

I I 
HO — P — N — P — 

II H II 
o o 

Aspl 19 and Asnl 16 are known to be vital for high G specificity due 

to hydrogen bonding with the guanine base. Besides these, there are 

two lysines, Lysll7 and Lysl47, sandwiching the guanine aromatic 

ring (Fig. 11.11). Lysl 17 is in CF1/71 contact at two points with guanine 

(He/N9, Hy/C5). Lysl47 also interacts with guanine (Fl^/N1). In the 

Ramachandran diagram, Lysl 17 was reported to locate itself at a re¬ 

gion where few residues other than glycine are found, indicating that 

this is in an unusual conformation. The guanine aromatic ring is in 

contact with Phe28 (N3/H£, C5/He); the latter is in turn assisted by 

two further CH/7T interactions with Lysl47 (Cy/Ha, C<52/Hy). Low- 

temperature factors were recorded for these residues in the crystallo¬ 

graphic determination. These interactions certainly contribute to the 

G specificity of p21. 

The Src homology-2 (SH2) domains are modules of approxi¬ 

mately 100 amino acid residues. A number of cytoplasmic proteins 

in a signaling pathway contains the SH2 sequence.29 They 

bind phosphotyrosine (pTyr)-containing peptides with high affinity, 

recognizing pTyr and the adjacent polypeptide sequences. Kuriyan 

and co-workers studied the crystal structures of the SH2 domain 

of a v-Src protein (a viral oncogene product with tyrosine kinase 

OH OH 

GppNp 
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Figure 11.10. Stereo view of the guanine-binding region of ras p21/GppNp 
complex. Dotted and dashed lines indicate CH/Csp2 contacts and hydrogen 
bonds, respectively. 

Asnl16 

in valiant 

2.7 A 

Hy He 

( Lysll7 ) 

invaliant 

Figure 11.11. Guanine-binding region of ras p21/GppNp complex. 

activity) complexed with tyrosine phosphorylated peptides.30 

Lys203 in a Sre SH2 protein was reported to form a “hydrophobic” 

interaction with pTyr in a phosphorylated peptide, pTyr-Val-Pro- 

Met-Leu. 
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Examination by CHPI (Figs. 11.12 and 11.13) revealed that CHs 

(H/i, He) in Lys203 are in contact with the sp2 carbons of pTyr, while 

the NHs in the e-amino group are found to be remote (>3.3 A) even 

from the nearest Csp2. The guanidinium group in Argl55 side-chain 

Figure 11.12. Stereo view of the tyrosine-binding region of Sre SH2 domain/ 
phosphotyrosyl peptide [pTyr-Val-Pro-Met-Leu, peptide A] complexes. 
Dotted and dashed lines indicate CH/7T contacts and hydrogen bonds, 

respectively. 
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Figure 11.13. CH/n interactions in Src SH2 domain/phosphotyrosyl peptide 
(pTyr-Val-Pro-Met-Leu) complex. 
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interacts with the aromatic ring of pTyr (two NH/71 interactions).31 

His201 is in CH/71 contact with Vall99 and Argl55. The valine 

side-chain next to pTyr is in CH/7T contact with Tyr202. 

Interaction between lysine and aromatic groups is found in many 

other proteins. This is, hereafter, referred to as the lysine CH/n 
interaction. Figures 11.14-11.16 give several examples of the lysine 

CH/71: interaction from lysozyme and xylose isomerase. 

Figure 11.14. Lysine CH/n interactions in lysozyme (stereo view). 
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A similar type of interaction was found in the complex of e-amino- 

caproic acid (a lysine analog) with human plasminogen kringle.32 

The ligand is supported by Trp60 and Trp70, with four CR/n contacts 

each (Fig. 11.17). 

Arginine seems to behave like lysine, with the use of three methyl¬ 

enes and the terminal guanidyl group. Figure 11.18 presents an 
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example for a sequence of residues in hGHbp:33 Lysl79/Trpl86/ 

Arg211/Phe225/Arg213/Tyr222/Lys215. The methylene hydrogens of 

lysines and arginines are involved in a linear arrangement.34 

In most cases, multiple pairs of atoms are involved in the interac¬ 

tion. Four and three methylenes are present, respectively, in lysine and 

arginine side-chains between Ca and the terminal amino or guanidin- 

ium group. Thus, lysine and arginine have many chances to stabilize 

the structure of proteins and protein/ligand complexes by the CH/rc 

interactions present in their structures (Fig. 11.19). 

Figure 11.18. Lysine-arginine CH/7r interactions in human growth hormone 

binding protein (stereo view). 
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11.6. COMMENTS ON THE SO-CALLED CATION/ti 
INTERACTION 

An immunoglobulin fragment Fab McPC603 has a specific affinity to 

phosphorylcholine. For a rather long time, this specificity has been 

attributed to Coulombic interactions between positive (ammonium) 

versus negative (phosphoryl) charges in the complex.35 

Figure 11.20 shows the result of a CHPI analysis around phos¬ 

phorylcholine in McPC603.36 Cy, Nel, Ce3, and C(2 in Trpl07Fl 

(H; heavy chain), and C( in TyrlOOL (L: light chain) are seen to be in 

contact with the hydrogens of CFl3N + . C£2 in Trpl07H and Cel in 

TyrlOOL are close to a methylene hydrogen in the ligand. 

ch3 o 

l+ II 
H3C — N — CH2 - CH2 o — P — OH 

I I 
ch3 oh 

phosphorylcholine 

Dougherty and Stauffer discussed the problem on the basis of an 

attractive interaction between an ammonium cation and a 7r-electron 

tacts and hydrogen bonds, respectively. 



196 SPECIFIC INTERACTIONS IN PROTEIN STRUCTURES 

system (cation/71 interaction).37 According to their argument, an 

electrostatic interaction of Me3N+ in the ligand with the negatively 

charged surface of the aromatic rings in the protein plays a central role. 

Coulombic or polar interactions of a similar nature may be important. 

This phenomenon, however, is better accommodated in the context of 

the CH/tt interaction. To be effective, CH hydrogens need not neces¬ 

sarily be polarized.38 The kinetics of the binding of acetylcholine 

(ACh) analogs such as 3,3-dimethylbutyl acetate, 4-t-butylthio-2- 

butanone, or 3,3-dimethylbutanol were studied. These neutral com¬ 

pounds bind as effectively as ACh, to the same subsite of the enzyme, 

acetylcholine esterase (AChE).39 This demonstrates that the positive 

charge makes little contribution if any to the binding. Comparisons of 

quaternary compounds (Me3N+-R and Me3C-R) as ligands with 

their corresponding lower analogs (Me2N + H-R and Me2CH-R) 

showed the former to be more effective than the latter with regard to 

its binding capabilities to AChE. From this, the binding force involved 

here can be understood in terms of the CW/n interaction; the number 

and probability of the CHs participating in the interaction will have 

an appreciable effect in stabilizing the structure of the complex. 

11.7. AROMATIC/AROMATIC INTERACTION 

It has long been known that many aromatic groups interact favorably 

with each other in protein structures. In 1985, Burley and Petsko,40 

and Singh and Thornton,41 independently studied the problem by 

examining a large number of protein coordinates deposited in PDB. 

They concluded that an approximate edge-to-face (T- or L-shape) 

arrangement of the aromatic rings is dominant. Explanations based 

primarily on electrostatic interaction (positive CH versus negative n- 

cloud) were proposed 42 The nature of this favorable edge-to-face 

aromatic/aromatic interaction has, however, remained as an open 

question. Nevertheless, these favorable aryl/aryl interactions appear 

to be used in maintaining the stable and compact structures of pro¬ 

teins, particularly those of the lower molecular weight proteins. 

Carp parvalbumin (109 residues), for instance, has neither cysteines 

nor metal atoms to stabilize its structure but is found stable with 

a core consisting of 10 phenylalanine residues.43 To determine 

whether this is a possible case of CH/tc interaction, a CHPI analysis 

was carried out for carp parvalbumin. Figures 11.21 and 11.22 give the 

results.44 



Figure 11.21. CH/7T interactions in carp parvalbumin (stereo view; thick lines 
are the a carbon plot, hydrogens are omitted). Dotted lines indicate CH/Csp2 

contacts. 
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Eight phenylalanines and a histidine have been found to participate 

in a large CH/71-network. There, an aromatic ring is often sandwiched 

by CH hydrogens of other aromatic residues. The contacts are shorter 

than the van der Waals distance, suggesting that the nature of the 

interaction is CH/n in type. CHs in an aromatic ring are more acidic 

than those in aliphatic groups and therefore are more prone to 

binding with 7r-bases. Sussman et al. reported that the active site of 

acetylcholine esterase lies at the bottom of a deep gorge lined with 14 

aromatic residues.45 In addition, the antigen-binding regions of cer¬ 

tain immunoglobulin fragments were reported to have a close-packed 

cluster of aromatic side-chains.46 It is likely that a specific substrate is 

guided by the aromatic residues lining the path to the gorge. It is 

tempting to speculate that an interaction of this kind may govern not 

only ligand binding, but also the folding process of macromolecules. 

This is reminiscent of the finding of Stoddart that the CH/71 inter¬ 

action acts as a driving force for the self-assembly of complex mole¬ 

cules such as pseudorotaxanes or catenanes. 

11.8. OTHER POSSIBILITIES 

The three-dimensional structures of D-glyceraldehyde 3-phosphate 

dehydrogenase from Bacillus stearothermophilus47 and lobster48 were 

determined. Preliminary search by CHPI revealed that the cofactor 

NAD in the former thermostable enzyme is supported by a number of 

CH/71 interactions, whereas in the latter there are fewer CW/n con¬ 

tacts. It is possible that the heat stability of thermophilic proteins49 

finds its origin, at least partly, in the CH/7r interaction. 

Major histocompatibility complex (MHC) antigens are cell-surface 

glycoproteins that play an essential role in the cellular immune re¬ 

sponse. Class I MHC molecules are noncovalently associated dimers 

of two proteins: a heavy chain (al, a2, and a3 domains of ca. 90 

residues each) and a /12-microglobulin (ca. 100 residues). The al and 

a2 domains form a groove at the top portion of the protein; this 

groove is responsible for complex formation with various peptides.50 

The crystal structures were determined for a human class I MHC, 

HLA-A2 (HLA: human leukocyte antigen), and its complexes with 

peptides of viral origin.51 CHPI analyses for complexes of HLA-A2 

with five viral peptides have revealed that there are a number of 

CH/Csp2 contacts around the ligand binding site and the subunit 

interfaces in the HLA protein.52 
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The Src homology-3 (SH3) domains are modules of approximately 

60 residues found in a number of proteins in the intracellular signal- 

transduction system.''3 They bind with the highly nonpolar proline- 

rich domain(s) of target proteins in a specific manner. Structures of 

several SH3/ligand complexes were reported.54 It is known that the 

overall topology is conserved regardless of variations in the SH3 and 

the proline-rich peptide sequences. All of the nonpolar contacts seem 

to be in line with our hypothesis that the CH/7t interaction is playing 
an important role. 

The crystal structure of a DNA-methyltransferase, M. Hhal, com- 

plexed with S-adenosyl-L-methionine was determined.55 The conser¬ 

ved Phel8 and Pro80 are reported to form a hydrophobic platform of 

purine and ribose rings. A preliminary survey by CHPI has revealed 

a number of CH/Csp2 contacts around the relevant groups.56 

Uracil-DNA glycosylase (UDG) is a key enzyme in the DNA repair 

system. The crystal structure was studied for a complex of a virus 

UDG with uracil.57 The uracil molecule was found to be stacked over 

the aromatic ring of an invariant phenylalanine (PhelOl) and reported 

to be in van der Waals contacts with an invariant tyrosine (Tyr90). 

The crystal structure of a 6-aminouracil complex of a human UDG 

was also studied.58 A tyrosine residue (Tyrl47) in the enzyme is found 

to be fixed with conserved residues, Vail60 and Pro 167. The side- 

chain of the aromatic ring of Tyrl47 was reported to be in a T-shaped 

geometry with respect to the uracil plane and perhaps plays a role in 

discriminating its specific substrate. 
To summarize this chapter, a huge body of evidence suggesting the 

importance of CH/77: interactions in protein structures is available 

from PDB. 
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CHAPTER 12 

SUMMARY AND PROSPECTS 

One characteristic feature of the CH/n interaction is its looseness. In 
other words, the CH/7T interaction is favorable from the view point of 
entropy, as compared to the ordinary hydrogen bond or the OH/7t 
interaction. This lends this weak attractive force, along with its mul¬ 
tiple effect, a unique property to play unexpectedly potent roles in 
a variety of molecular interactions, often in cooperation with other 
secondary forces. The effect becomes more significant in compounds 
of high molecular weight bearing an abundance of CH and n groups. 
Moreover, unlike the conventional hydrogen bonds and the Coulom- 
bic force, the CH/7T bond may play its role in protic media, such as 
in water, and by implication in living systems. A number of molecular 
phenomena attributed in the past to the van der Waals interaction 
(nonpolar, lipophilic interaction) or the so-called hydrophobic effect 
should now be reexamined in light of the new paradigm. 

An enthalpy of a one-unit CH/71 interaction is certainly the weakest 
among the interatomic interactions involving hydrogen, probably less 
than 1 kcalmol-1. This contrasts with other well-established weak 
hydrogen bonds such as the OH/71,1 NH/7T,2 CH/O,3 and CH/N4 

interactions. Perutz reviewed the role of aromatic rings as hydrogen 
bond acceptors of OH or NH.5 The OH/71 interaction mainly orig¬ 
inates from charge-transfer interaction6 or Coulombic force.7 How¬ 
ever, these forces seem to be relatively unimportant compared to the 
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CH/71 bond when considering the dynamic aspects of molecular spe¬ 

cies, particularly in polar or protic solvents. The OH/71 interaction 

(2-4 kcal mol - is certainly stronger than the CH/71 interaction, but it 

requires that the relevant groups be arranged in a manner unfavorable 

to dipole/quadrupole interaction. The OH/7t interaction is entropi- 

cally handicapped compared to the CW/n interaction. In Chapter 11 

we note only a few OH/7T bonds in proteins. An explanation may be 

that the OH group is prone to make hydrogen bonds only with strong 

bases. Another reason may be that the number of residues bearing 

side-chain groups with OH are only three (tyrosine, serine, and 

threonine) among the 20 amino acids, while the CHs are ubiquitous. 

The NH/tt interaction (2-4 kcal mol-1) is also stronger in enthalpy 

terms than is the CH/7T interaction and this well-known type of 

interaction is often referred to as the amino aromatic interaction.8 
As for the CH/n interaction (n: lone pair electrons), conformations 

of the smaller molecules such as propionaldehyde and its homologs 

(CH3CHRCHO), haloalkanes (CH3CHRCH2X), and so on are found 

generally with the CH3/Y (Y = O, N, or X) eclipsed or in a synclinal 

relationship. Formation of a five-membered chelate ring (CH/Y) may 

be suggested in these conformations (Fig. 12.1). 

The NMR signals attributed to carbons gamma to a hetero atom 

(O, N, or X) in aliphatic alcohols, amines, or haloalkanes are shifted 

significantly to higher magnetic fields (13C y-effect). This may also be 

due, at least in part, to this type of interaction (Fig. 12.2). 

H 

R H 

Figure 12.1. CH/n interactions in propionaldehyde and haloalkanes. 

Ca—Cp 

Figure 12.2. A possible mechanism for 13C y-effect. 
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CH/n interaction offers a wide-open area of future research. 

Derewenda et al. presented a discussion on the occurrence of CH/O 
hydrogen bonds in proteins.9 

12.1. POSSIBILITIES IN BIOCHEMISTRY 

In hemoglobin, we noticed that the geminal dimethyl groups in valine 

and leucine are involved simultaneously in the interaction with 

the heme group (Section 11.2). Although not particularly common, 

this type of interaction is also noted in other proteins. The inter¬ 

actions involving geminal (or vicinal) dimethyl groups versus those 

in aromatic zr-systems illustrate the importance of combining a mul¬ 

tiple number of interactions. This, along with other data10 suggesting 

the remarkable role of the isopropyl (or, more generally branched 

alkyl) moiety in molecular recognitions, may explain why only amino 

acids bearing a branched aliphatic group (valine, leucine, and 

isoleucine) are present in proteins, whereas amino acids with 

a straight-chain alkyl group are not found in naturally occurring 

proteins (Fig. 12.3). Neither homoalanine (n-C2H5), norvaline (or 

aminobutyrate, n-C3H7), nor norleucine (n-C4H9) are present in 

nature. 

One likely interpretation is that the amino acids with straight-chain 

groups are less capable of producing strong enough CH/zr, CH/n, 

or van der Waals interactions compared to those present in branched 

ones and have thus dropped out under the “pressure” of natural 

selection. 

Lysine and arginine are generally envisaged as responsible for the 

formation of salt-bridges or hydrogen bonds. However, it is apparent 

from considerations in Chapter 11 that the side-chains of these 

residues are good zr-acceptors. The CHs in aromatic rings are also 

good zr-acceptors. Amino acids may thus be categorized either as 

zr-donating or zr-accepting (Table 12.1). 

From the chemical structure, the side-chains of lysine, arginine, 

threonine, asparagine, and glutamine can be regarded as zr-accepting, 

along with those of alanine, valine, leucine, isoleucine, methionine, and 

proline. The aromatic groups of tryptophane, tyrosine, phenylalanine, 

and histidine are zr-donating (decreasing in strength in this order) as 

well as zr-accepting. In this context, a-CH and /TCH of every residue 

are zr-acceptors. 
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Naturally occurring amino acids 

CH3-CH—COOH 

NH2 

ch3 

\ 
CH-CH —COOH 

/ | 
CH3 NH2 

ch3 

\ 
CH —CH2—CH —COOH 

/ | 
CH3 NH2 

ch3ch2 

Amino acids absent in nature 

CH3CH2-CH — COOH 

NH2 

CH3CH2CH2-CH—COOH 

NH2 

CH3CH2CH2CH2-CH — COOH 

NH2 

CH3CH2CH2CH2CH2-CH — COOH 

NH2 

\ 
CH-CH — COOH 

CH, 
/ 

nh2 

Figure 12.3. Amino acids present in nature (left) and those not found in 

nature (right). 

The CH/71 interaction may be seen in interactions between proteins, 

proteins and carbohydrates, and proteins and nucleic acids. The CH/71 
attractive force may also play a role in interactions involving lipids. 

Biomembranes are composed primarily of a variety of lipids having 

saturated or unsaturated aliphatic groups. The dynamic interaction of 

phospholipid bilayers with proteins or organic compounds of biolo¬ 

gical importance may involve CH/71 interactions. This concept may be 

useful in the engineering of macromolecules, including proteins, for 

a variety of purposes and in designing biologically active substances 

such as drugs and agrochemicals. In this regard it may be worthwhile 

to note that many compounds of practical medical use bear an 

aromatic moiety in the molecule. 
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TABLE 12.1. 7r-Donating and 7r-Accepting Residues 

7r-Donating rc-Accepting (H-donating) 

Trp, Tyr, Phe, His Ala, Yal, Leu, lie, Met, Pro 
Lys, Arg, Thr, Asn, Gin 
Trp, Tyr, Phe, His 

12.2. POSSIBILITIES IN MATERIALS SCIENCE 

Mori et al. found that the mesogenic properties of 5-alkoxy-2- 

(4-alkoxybenzoylamino)tropones are controlled by the length of the 

alkoxy group (RO) on the tropone ring.11 Thus, ethoxy or butoxy 

(R = C2H5 or n-C4H9, R' = OCH3) derivatives are mesogenic. How¬ 

ever, an analog with R = CH3 showed no mesogenic property. When 

R was n-C4H9, or the perfluorobenzoyl analog, or when an electron- 

withdrawing group was placed on the benzene ring (R' = CN or 

N02), there was no longer any sign of a mesogenic property, while the 

derivatives with an electron-donating group (R' = OC2H5, n-C3H7, 

NMe2) showed mesogenic properties. 

o 

5-alkoxy-2-(4-alkoxybenzoylamino)tropones 

The structure of a derivative (R = n-C4H9, R' = OCH3) in crystal is 

illustrated in Figure 12.4. Two molecules are arranged in a head-to- 

tail manner and CH/7t interactions (CH/C 3.00 A at the shortest) are 

found between the aliphatic part and the benzoyl group. The tropone 

rings are stacked (shortest CH/C distance, 3.52 A). 
The self-assembly system reported by Stoddart et al. (Sections 9.4 

and 9.5) utilizes combinations of weak molecular forces such as the 

CH/n (aromatic as well as aliphatic) and CH/O interactions. Stacking 

of aromatic groups (electron-deficient rings versus electron-rich ones) 

is considered to be a driving force in the self-assembly process. Rel¬ 

evance of the “71/71 stacking” is apparent, at least phenomenologically. 

This was argued in terms of electrostatic interaction. According to 



208 SUMMARY AND PROSPECTS 

Figure 12.4. X-ray crystal structure of 5-butoxy-2-(4-ethoxybenzoylamino)- 
tropone. 

JZ JT 

= Jl I 
H = = 

Figure 12.5. Speculated interactions between a synthetic dye (bearing many 
^-electrons) and a glucose moiety of cellulose. 

Hunter and Sanders,12 this type of interaction is favorable only when 

the aromatic groups adopt a parallel arrangement with their centers 

offset. We suggest that a charge-transfer interaction might also occur 

if the two n rings are displaced from each other at an appropriate 

distance and orientation, though the overlap of the relevant orbitals is 

not ideal with this geometry. This suggestion has by no means been 

verified and is open to question. 

In 1966, Yoshida and Osawa pointed out the possibility that the 

staining of cotton by certain dyes (bearing many aromatic groups) 

may be a consequence of OH/tc interaction.13 They suggested that the 

OHs in the glucose moiety of the cellulose interact with the aromatic 

parts of the dye molecules. A more plausible explanation may be that 

this is due to CH/71: interaction. The CHs in the glucose unit are 
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oriented axially to the molecular plane and may interact favorably 

with the 7r-electrons of the dyes (Fig. 12.5). 

Think of drawing a character (or a figure, etc.) with carbon black 

or graphite [(7c)„, n: numerous] on a sheet of paper. The paper is 

made of cellulose (CHOH)„. Drawing a character with carbon 

onto paper is equivalent to forming an infinite number of (CH/7t)„ 

interactions. Try and erase this with any available material. Water 

does not work. Neither do organic solvents or brushes. Does it work 

with an eraser (made of rubber)? An eraser is principally made up of 

hydrocarbon polymers in which CHs exist in a more condensed 

manner than those present in a cellulose (Fig. 12.6). 

Automobile tires are made of rubber, principally, mixed with 

fine powder of carbon black. Let us consider the kinds of inter¬ 

action to which tires lend themselves. An intriguing speculation is 

that CH/tc interaction is working, almost infinitely, between the 

CHs in rubber and the n groups in graphite, thus giving strong 

durability and elasticity (Fig. 12.7). How many more pairs of 

other types of materials can we imagine that give such a useful 

property? 

H H H 

Figure 12.6. Competition of the CH/71 interaction (suggested) between graph¬ 
ite and carbohydrate vs. graphite and hydrocarbon. 
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Figure 12.7. CH/7C interaction (speculated) between graphite and hydrocar¬ 
bon polymer. 

CONCLUSION 

Evidence, nature, and significance of the CH/7T interaction have been 

discussed throughout the book, in light of our present knowledge. We 

conclude that the CH/tc interaction is highly useful in understanding 

a wide range of molecular phenomena including life science and 

materials science. 
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Isomenthone. 99 

Leucine, 178, 184, 187. 205 
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Protein folding, 198 
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Src homology-3 domain (SH3), 199 

Stacking, 154, 163,207 

Stereoselective reduction, 120 

Steric compression, 15, 16 

Steric requirement of intramolecular 

interaction 

CH/n interaction, 204 

CH/n interaction, 6, 107 

XH/n interaction, 84 

Substituent effect 

as probes to assess the nature of CH/n 

interaction, 61-65 
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