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General Abstract 

It is now well known that the TI-electron systems in 

olefins and aromatics can act as the proton acceptors, as' 

the lone-pair electrons in nitrogen and oxygen atoms do. 

The phenomenon of TI hydrogen bonding, as well as that of the 

ordinary hydrogen bonding, is of fundamental importance in 

chemistry, physics and biology. For this reason, a number 

of studies in the field have been reported in the last twenty 

years. 

Hiterto the intramolecular OH .•. TI hydrogen bonding has 

been discussed on the basis of the relationship between the 

strength of the interaction and the stereochemistry, while 

the intermolecular one has been mainly examined in relation 

to the hydrogen bond strength (or energy) and/or the structure 

and the strength of TI base. However, definite information as 

to the fqllowing points is still lacking, in spite of its 

great importance. i) Although all studies so far have been 

carried out in the so-called "inert" solvents, the effects of 

solvents on the OH •.. TI hydrogen bonding have been generally 

neglected, because of the complexity of the problem. ii) 

The nature of the two hydroxyl IR stretching bands (cis and 

trans isomers) observed for biphenyl-2-01 has been studied 

by many workers, but unfortunately no one has reported any 

reliable ratio of .the two isomers. iii) Little is known 

about the stereochemistry of the OH ... TIhydrogen bonding in 

crystalline state. 

In order to contribute to the elucidation of the above 

mentioned problems, present author's study has been·conducted 

on the intramolecular OH ... TI hydrogen bonded systems. For 
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this purpose, 2-arylphenols and 2,6-diarylphenols have been 

selected as a suitable model system. In the inert solvents 

such as CC1 4 , the former. phenol shows the OH .•. n bonded hy

droxyl group and the free hydroxyl group; while the latter 

possesses only the OH ..• n bonded one, because of the presence 

of aryl groups at the 2,6-positions of phenol. The present 

~hesis is divided into six chapters. 

In Chapter I, the IR spectra of the intramolecular OH •.• n 

hydrogen bonding are investigated in a range of nonpolar sol

vents which can not act as proton acceptors. The geometry 

for the solvent-solute association model can be shown on the 

basis of the relationship between the solvent-induced IR shifts 

and the stereochemical environment around the OR .•• n bonded 

systems. This geometry is also verified by the Proton NMR 

results. 

In basic solvents acting as proton acceptors, there is 

a competition between the intramolecular OH .•• n and inter

molecular OH .•. (base) hydrogen bonds in 2,6-diarylphenols,' 

which are regarded as the sterically hindered phenol. The 

thermodynamics of the competitive hydrogen bonded system is 

studied by means of IR spectroscopy. The steri~ effects on 

the intermolecular hydrogen bond formation are discussed on 

the basis of the variation of the thermodynamic parameters 

caused by the structural factors. These results are given 

in Chapter II. 

Chapter III presents a study of the equilibrium of 

biphenyl-2-01 by IR spectroscopy. The proportion of the cis 

(OH ... n) and trans (free OH) isomers is estimated by applica

tions of Hammett treatment and solvent effects. The two 
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different methods lead to the concordant results. 

In Chapters IV and V, studies of the solvent effects are 

extended to those of systems other than the OH •.• n bonding. 

Chapter IV discusses the effects of solvents on the carbon-13 

NMR spectra of the carbonyl carbon systems. The dipolar asso

ciation between a carbonyl-containing solute and acetonitrile 

solvent is deduced from the correlation between the 13c chemical 

shifts and the G values (solvent polarity parameter) . 

Chapter V describes the effects of solvents on the UV-VIS 

spectra of sodium 4-nitrophenoxide in the presence of 15-

'crown-S ether. A marked difference in the solvent shifts' 

between hydroxylic and nonhydroxylic solvents is discussed. 

In the final chapter, three-dimensional X-ray analysis 

reveals the stereochemistry of the intramolecular OH •.. 'IT 

hydrogen bonding in 4-substituted (N02 , Hand OC 2HS ) 2,6-

diphenylphenols. The IR spectra in the solid state can be 

explained on the basis of the crystal and molecular structures. 

Most of these studies have already been reported in the 

following journals. 

1) The Effects of Solvents on the Intramolecular OH ... 'IT 

Bonded System 

S. Ueji and T. Kinugasa, Tetrahedron Letters, 2037 (1976). 

2) The Effects of Solvents on the IR and PMR Spectra of 

Intramolecular OH •.. n and OH ... O Hydrogen Bonded Systems 

S. Ueji, BuZl. Chem. Soc. Jpn., 51, 1799 (1978). 

3) Infrared Spectroscopic Study of the Interaction between 

2,6-Diarylphenols and Alkyl Cyanides 
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S. Ueji, T. Kinugasa, and N. Ueda, J. Chern. Soc., Perkin 

Transaction 2, 178 (1976). 

4) Equilibrium Study of Biphenyl~2-o1 by Infrared Spectroscopy 

T. Kinugasa, M. Nakamura, and S. Ueji, J. Chern. Soc., 

Perkin'Transaction2, 1663 (1976). 

5) The Effects of Solvents on Carbon-13 Chemical Shifts of 

the Carbonyl Carbon System 

S. Ueji and M. Nakamura, Tetrahedron Letters, 2549 (1976). 

6) The Effects of Solvents on the Electronic Absorption 

Spectr~ of Sodium 4-Nitrophenoxide in the Presence of 

15-Crown-5 Ether 
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CHAPTER I. Effects of Nonpolar Solvents on the IR 

and PMR Spectra of Intramolecular OR ... n 

and OR .•. O Rydrogen Bonded Systems 

Abstract. The effects of solvents on the intramoleular 

OR ... n and OR .•. O hydrogen bonding in 2-arylphenols and 2,6-

diarylphenols have been studied by examining the OR stretching 

IRabsorption spectra in a range of solvents. The solvent 

shifts of the hydrogen bonded bands, vOR •.. n and vOR .•. O, 

followed the G correlation and the BRW plot. The success of 

both correlations suggests that the solvent shifts are primarily 

due to a specific solvent-solute association, even in relatively 

non-polar solvents. The temperature effects on the frequencies 

of vOR ... n and vOR ... O also furnish some support to a specific 

solvent-solute association mechanism in solvation of the 

intramolecular hydrogen bonded systems. The solvent sensitivity 

of the OR •.. n and OR ... O hydrogen bonded bands depended on 

the stereo-chemical environment around the hydrogen bonded 

system rather than on such electronic factors as the strength 

of the hydrogen bonding. On the basis of the relationship 

between the solvent sensitivity and the structural changes 

over a group of phenols, a simplified model for the solvent

solute association is put forward. Furthermore, this simplified 

model is also discussed in terms of the aromatic solvent

induced shifts in the PMR spectra. 
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Introduction 

Since the first observation of the solvent sensitivity 

of the hydrogen bonded OH frequency, 1) considerable attention 

has been focused on the solvent effects on IR frequency shifts. 2- S ) 

However, the problem is not yet completely settled. 

In the IR study of the solvent effects on the hydrogen 

bonded bands, Bellamy, Morgan, and pace 2) attributed the 

origin of solvent shifts to the specific association of 

solvents with the hydrogen bonded complex, 

S-H ••• O-H ••• B(Base), 

where S-H denotes the solvent molecule. Later, Yoshida and 

6sawa4 ) interpreted the solvent shifts in terms of the dipolar 

association model, in which the solvent is preferentially 

oriented with its bond dipole toward the lone pair dipole of 

~he hydroxyl group in the hydrogen bonded system. Furthermore, 

they assumed that the dipolar association exists as the fol

lowing geometry.3a) 

0- 0+ 
O-H .•• B 

H-S 
0+ 0-

Most of the studies in this field have been concerned 

with the intermolecular hydrogen bonding. However, there 

has been little systematic study of the intramolecular 

hydrogen bonding, primarily because of the complexity of 

the factors affecting the solvent sensitivity. In case 

of the intramolecular hydrogen bonding, the solvent shifts 

can be expected to be affected by the geometric effects as 

well as the electronic effects if the specific solvent-solute 

association is an important factor in determining the solvent 

shifts. 
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In this chapter, the effects of solvents on the intra-

molecular OH ... w and OH ... O hydrogen bonding in 2-arylphenols 

( 1 - 7 ) and 2,6-diarylphenols ( 8 - 14 ) are investigated 

by means of IR spectroscopy, and the solvent-solute association 

model is discussed through the geometric effects on the solvent 

sensitivity. 

2-arylphenols 2,6-diarylphenols 

R2 2 

R 

I Rl =R2=R3=R4=H 8 Rl =R2=R3=R4=H 

2 Rl =R2=R4=H, R3=CH 9 1 R2=R3=R4=H 3 R =CH 3 , 

3 R1 =R3=CH 3, R2=R4=H 10 Rl =R2=R3=H, R4-NO - 2 

4 
1 R2=R3=R4=H I 1 1 R2=R3=H, R4-NO R =OH, R =CH 3 , - 2 

5 
1 2 3 R4=H 12 Rl =R3=CH 3 , R2=H, R4=NO R =OH, R =R =CH 3 , 

2 

6 
1 

R2=R3=R4=H 13 Rl =R3=H, 2 R4=NO R =OCH 3 , R =CH 3 , 2 

7 Rl =R2=R3=H, R4=NO 14 Rl =R3=H, 2 R4=NO 2 R =C(CH 3 ) 3' 2 

lH NMR spectroscopy is also a powerful method for the study 

of the geometry for the solvent-solute association model. 

The aromatic solvent-induced shifts in the PMR spectra of 

compound (8) are nicely explained in terms of the model 
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derived from the IR study~ 

Results and Discussion 

IR Spectra. In nonpolar solvents such as CC1 4 , 

2-arylphenols (I, 2, 3, 5, and 7) show the doublet vOR 

absorptions, corresponding to the free and the intramolecularly 

OR .•• n hydrogen bonded hydroxyl groups, while 2,6-diarylphenols 

(8 - 14) have only a singlet vOR due to the intramolecular 

OR •.• n hydrogen bonding. In addition to the observed boublet, 

the other 2-arylphenols (4and 6) exhibit a broad third band 

centered at about 3450 cm-l , indicating the presence of intra

molecular OR •.• O hydrogen bonding. These assignments are 

based on the reported IR spectra of similar compounds. 6 ,7) 

Some typical vOR absorption spectra are reproduced in Fig. 1. 

Table 1 summarizes the intramolecular OR ..• nand OR .•• O 

hydrogen bonded OR stretching frequencies in the same set of 

solvents, together with the solvent constants. The OR •.. n 

and OR •.• O frequencies in the vapor phase were estimated by 

interception at G=O in the G correlations (see Fig. 2), 

according to the previously reported procedure. I ,3) The G 

value is the solvent constant empirically assigned to the 

solvent by Allerhand and Schleyer in order to explain the 

solvent sensitive IR bands. l ) The relative solvent shifts, 

f1v/v, of the c=o of acetophenone are used as the reference 

value in the Bellamy-Rallam-Williams (BHW) plot. 8 ) The 

choice of solvents was limited to inert solvent which can 

not act as proton acceptors, because the proton acceptor 
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I 
U1 
I 

Table 1. 
-1 Intramolecular OH ... 7T and QH ... O hydrogen bonded OHstretching frequencies (cm ) 

in the same set of solvents and the solvent constants 

Solvents Solvent constants I 2 3 4 5 
G /'.,\)/\) QH ... 7T OH ... 0 

(vapor) 0 0 (3587) (3580) (3571) (3569) ( 3538) (3553) 

Hexane 44 7.0 3573.0 3566.6 3558.3 3558.4 a) 3544.3 

Cyclohexane 49 7.6 3570.2 3564.2 3557.5 3556.6 a) 3543.9 

Decalin 58 8.8 3566.6 3563.0 3555.7 3555.7· 3483 3542.0 

Tetrachloro- 64 9.4 3565.7 3560.2 3553.0 3554.8 3478 3541.1 
ethylene 

. Carbon 69 9.9 3564.8 3561.1 3553.9 3555.7 3474 3542.0 
tetrachloride 

Benzene 80 11.1 

Dichloro- 100 14.0 3554.8 3550.5 3542.7 3549.3 3440 3534.8 
methane 

Bromoform 118 17.0 3547.5 3544.0 3539.4 3540.3 3429 3530.5 

a) The apparent intensity was too weak to obtain a reliable value. 



.. Table 1 (Continued) • 

6 7 8 9 10, 1 1 12 13 14 

OH ••• 'IT OH ••• 0 

(3579) (3499) (3569) (3573) (3567) (3554) (3545) (3534) (3547) (3546) 

3566.6 3460 3551.1 3560.2 3554.8 3539.3 3532.0 3521.0 3533.0 3533.0 

356l1.4 3456 3548.4 3558.5 3553.8 3536.6 3531.4 3520.8 3531.4 3531.4 

3563.9 3450 3543.9 3555.5 3551. 0 3533.9 3525.7 3517.0 3527.5 3526.6 

3561. 4 3442 3542.0 3555.7 3549.4 3531.1 3524.8 3514.1 3525.0 3526.4 

I 
m 
I 3562.0 3441 3543.9 3555.7 3550.0 3532.0 3527.5 3516.6 3527.5 3527.5 

3549.3 3544.1 3524.0 3518.6 3508.1 3518.0 3516.7 

3551.7 3409 3527.6 3543.8 3539.0 3519.7 3513.0 3504.3 3512.8 3513.0 

3545.5 3397 3520.9 3540.2 3535.7 3514.1 3511.0 3501.4 3510.5 3511.0 
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solvents produce intermolecular hydrogen bonding. 9 ) 

It is found from Table 1 that the frequencies of the 

hydrogen bonded bands, vOH •.. 7f and vOH .•. 0-, are fairly 

sensitive to the change of solvent. These solvent shifts 

correlate linearly with both the G and 6vlv values. 

Figures 2 and 3 show the G correlation and the BHW plot 

respectively. The success of both correlations suggests 

that the operation of the solvation mechanism in the OH .•. 7f 

bonded system is similar to that in the carbonyl grouplO) 

and that the solvent shifts are mainly produced by a specific 

solvent-solute association rather than by general dielectric 

effects, because (1) Bellamy et al. showed that the solvent 

dependency of the vC=O frequency is primarily due to a 

specific solvent-solute association, 8) and -( 2) the G value 

does not fit the KBM, pullin, and Buckingham equations based 

on the dielectric theory.l) 

As can be seen from Figs. 2 and 3, the slopes in both 

correlations vary widely from compound to compound. It is 

known that the slope of the G correlation (a)l) and the 

reciprocal slope of the BHW plot (lIS)ll) become direct 

measures of the solvent sensitivity. 

Table 2 lists the a and liS values, the IR spectral 

data, and the dihedral angle between the phenol ring and 

the proton acceptor ring. In the IR data, both AilAf and 

6vmax can indicate the strength of the hydrogen bonding in 

2-arylphenols. 12 ) With 2,6~diarylphenols without a free 

hydroxyl group, both Ai and vi are adopted as a measure max 

of the strength of the OH .•. 7f bonding. 13) The dihedral 
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Table 2. Solvent sensitivity, spectral data, and dihedral angle for the OH ... ~ and OH ... O 

hydrogen bonded systems 

_la) b) 
a value liS value !::,V /em Ai/Af Dihedral angle(8)/deg K band max A /nm max 

2-arylphenols 

I 0.33 0.69 42.2 6.7 50° c ) 245.5 

2 0.30 0.64 47.5 11.2 60° c ) 245.5 

3 0.27 0.56 54.5 16.4 70° c ) 240.0 

OH ... ~ 0.23 0.50 44.5 . 9.1 
't d) I OH ... 0 0.94 2.00 126 

~ 

I 

5 0.19 0.40 62.7 42.0 70 0 -90 0 Submerged 

OR ... ~ 0.28 0.60 42.8 7.8 
6 

OH ... 0 0.85 1. 90 164 39.7 

7 0.40 0.87 47.3 9.6 

a) vOH(free) - vOH(OH .•. ~ or OH ..• 0). b) Ai(OH ••• ~ or OH •. ~O)/Af(free}. c) See Ref. 7. 

d) The Ai value could not be determined owing to very weak intensity. 



Table 2(Continued). 

a value l/S value vimax/cm 
-1 Ai x 

_4 e ) 
Dihedral angle(8)/deg K band 10 

A /nm max 

2,6-diarylphenols 

8 0.28 • 0.61 3555.7 1.89 60° (520) f) 241.0 

9 0.27 0.58 3550.0 2.01 70° 236.0 

I 10 0.34 0.74 3532.0 2.60 g) (580) f) 

I-' 
0 I I 0.30 0.67 3527.5 2.85 g) I 

. 12 0.29 0.65 3516.6 2.85 g) 

13 0.32 0.74 3527.5 2.73 

14 0.32 0.75 3527.5 3.04 

f) Our X-ray results(see chapter VI). g) The dihedral angle is supposed 

to increase in the order; i2>11>IO.19) 



angle was roughly estimated from the K-band maxima of these 

compounds in heptane in the UV spectra, according to the 

establl'shed method.7,14) F th d t ' T bl 2 th rom e a a ln a e , e 

strength of the OR ..• n hydrogen bonding is found to increase 

with the increase in the dihedral angle. This trend is 

consistent with those reported by Oki and Iwamura,7) who 

studied the steric effects on the OR ... n hydrogen bonding 

in 2-arylphenols. 

For the intermolecular hydrogen bonding, Yoshida et al. 3 ) 

reported the parallelism between the liS value and the strength 

of the hydrogen bonding. This fact is consistent with the 

dipolar association theory, in which the bond dipole of the 

solvent associates with the lone pair dipole of the hydrogen 

bonded system, because the lone pair dipole increases with 

the strength of the hydrogen bonding. 

In case of the OR ... n hydrogen bonding, the component 
0- 0+ 

of the dipole electric field is in the OR.:.n direction, 

because the cha~ge-transfer plays an important role in this 

hydrogen bonded system. 15 ) Furthermore, the oxygen lone pair 

dipole on the OR group reinforces the component of the dipole 

due to the charge-transfer. Therefore, the dipolar association 

theory can also be applied to the intramolecular OR ... n 

hydrogen bonded systems now being studied, as with the 

ordinary hydrogen bonding. 

In contrast to Yoshida's result, it is clear from Table 2 

that the proportional correlation between the solvent sensi-

tivity and the strength of the OR ... n bonding does not hold 

in this case; rather, both the a and lis values seem to be 

inversely proportional to the Ai, Ai/Af, vi, and 6V values. 
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This result suggests that the solvent sensitivity is not due 

to the electronic effect. However, it seems that our observa

tion can be reconciled with Yoshida's dipolar association 

theory by considering the difference between inter- and intra

molecular hydrogen bonded system. 

For the intermolecular hydrogen bonding, such electronic 

effects as the strength of the hydrogen bonding are important 

factors in the dipolar association. On the other hand, for 

the intramolecular hydrogen bonding, the steric effects on the 

dipolar association seem to play a larger part than the elec

tronic effects, since the OH ••. TI bonded system is fixed in the 

same molecule by the molecular geometry. This consideration 

may be justified, because the interdipolar distance greatly 

affects the dipolar association energy, according to the Keesom 

equation. 16 ) Therefore, the lack of the correlation proposed 

by Yoshida et al. can be interpreted by assuming that the 

steric ~ffects are so great that the electronic effects are 

masked. 

By comparing the solvent sensitivity for the compound 

pairs of 1 and 7, 8 and 10, 9 and II., it is noted that the 

nitrophenols (7, 10, and II) show a and liS values larger 

than those for the corresponding phenols without the nitro 

group (I, 3, and 9) (see Table 2). The electron withdrawing 

nitro substituent produces a stronger OH ... TI hydrogen bonding, 

but does not greatly alter the stereo-chemical environment 

around the dipole of the OH ..• TI bonded system. For these 

pairs of compounds, therefore, only the electronic effects 

can be operative in determinig the solvent sensitivity. 
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This result supports the dipolar association theory. 

In order to investigate the steric effects on the dipolar 

association, both a and liS values are compared with the 

structural changes over a group of phenols. As can be seen 

from Table 2, both a and l iS values appear to decrease with 

an increase in the dihedral angle; the observed order in the 

solvent sensitivity for the similar structural class is as 

This suggests 

that the solvent sensitivity is greatly affected by the steric 

factors. 

From the dihedral angular dependence of the solvent 

sensitivity, we propose a simplified model with the geometry 

(I) for the dipolar association between the dipole of the 

OR ... n bonded s y stem (involving the lone pair dipole) and 

the bond dipole of the solvent molecule, as is shown in Fig. 4. 

R 

Geometry (I) 

R= R or aryl 
group 

Geometry (II) 

Fig. 4. Schematic representation of the dipolar association 

between the bond dipole of the solvent and the dipole of 

the OR ... n bonded system. S-X; solvent, 8 ; dihedral angle. 

-13-



This model is based on a specific 1:1 solvent-solute inter-

action. The geometry (I) indicates that the approach of 

the bond dipole of the solvent to the dipole of the OR ... TI 

bonded system is made difficult by the larger dihedral angle, 

since the steric repulsion between the solvent molecule and 

the proton acceptor ring becomes more severe with an increase 

in the dihedral angle. 

As another model, the geometry (II), in which the positive 

end of the dipole of the solvent associates with the negative 

end of the dipole (the lone pair electrons) of the OR ... TI 

bonded system, is also shown in Fig. 4. This model seems 

to be consistent with the Bellamy's theory. In this geometry, 

however, there are no steric effects on the solvent-solute 

association, and so Yoshida's correlation should be held 

throughout all the phenols studied here. This model is 

supposed to be significant only in a protic solvent, because 

of the formation of hydrogen bonding. 

In competitive intramolecular hydrogen bond formation 

between the OR •.• TI and OR ••. O systems in 4 and 6, the latter 

system shows a remarkably large solvent sensitivity. The 

OR ... O hydrogen bonding in the biphenyl skeleton is possible 

only in either a planar or nearly planar conformation,6b) 

while. the OR •.. TI hydrogen bonding is favored for the confor

mation in which the dihedral angle becomes larger. 7 ) For 

example, 2-arylphenol (5), with a nearly perpendicular confor-

mation, shows no OR ... O bonding, but a strong OR ... TI interaction 

(see Table 2). Furthermore, in general, the strength of the . 
OR ... O bonding is greater than that of the OR ... TI bonding 
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(see Table 2). Therefore, the trend in the observed solvent 

sensitivity can be interpreted in terms of both electronic 

and dihedral angular effects, supporting the model with the 

geometry (I). 

Another steric factors which can affect the solvent 

sensitivity is the presence of alkyl substituents in the 

proton acceptor ring. In addition to the dihedral angular 

effects, an or tho methyl group in the proton acceptor ring 

also hinders the bond dipole of the solvent from approaching 

the dipole of the OH .•. TI bonded system, as is anticipated 

from the .geometry (I). Furthermore, the introduction of 

the alkyl group to the para position of the proton acceptor 

ring (13 and 14) produces little variation in the solvent 

sensitivity (see Table 2). If the dipolar association exists 

in the geometry (II), the dipolar association will be made 

difficult by the presence of the para alkyl group, because 

the para alkyl group on the opposite side of the OH ... TI 

bond is expected to hinder the approach of the solvent molecule 

(the positive end of the dipole) to the lone pair electrons 

on the oxygen atom (the negative end of the dipole) . 

Therefore, the absence of any effects of the para alkyl group 

on the solvent sensitivity agrees with the geometry (I), 

because the alkyl group at the para position is well removed 

from the site of the dipolar association. 

Effects of Temperature on the SoZvent Shifts. 

According to the Keesom equation, the dipolar association 

is expected to be affected not only by the steric effects 

but also by the temperature effects. Table 3 and Fig. 5 
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Table 3. Temperature effects on the OH ..• 'IT and OH ..• O frequencies in CC1 4 

liT (OK) 1 6 8 10 I I 12 13 14 
OH .. 0 OH .. 'IT 

3.73 3561. 2 3435 3557.3 3550.4 .3530.0 3520.7 3512.6 3523.0 3522.1 

J 3.48 3563.0 3438 3559.3 3553.0 3531.1 3523.9 3514.8 3524.5 3524.8 
~ 
0'\ 
J 3.24 3564.8 3441 3562.0 3555.7 3532.0 3527.5 3516.6 3527.5 3527.5 

3.05 3565.7 3444 3564.4 3556.4 3533.9 3528.1 3517.5 3528.7 3528.4 



show the effects of temperature on the frequencies of vOH ... ~ 

and vOH ... O in CC1 4 . 

70 

60 

50 

40 

3530 

50 

40 

3430 

,...--------------------------'" 

OH ... ~ 0 0_-----0---- --0----------- ~ ~-
------~-------.(J 

.e_-----e------e----e-

OH ... 0 0_---0-__ ---------0-----------

3.7 3.5 3.3 

l/T(OK) x 103 

3.1 

Fig. 5. plots of vOH ... ~ and vOH ... O VS. l/T(OK). 

As the temperature rises, the frequency increases. This 

phenomenon was often observed in determining the enthalpy 

for the intermolecular hydrogen bonded system. In the vapor 

phase measurements, the bonded OH frequencies were found to 

remain constant with a wide range of temperatures. 3 ) 

This suggests that the strength of the hydrogen bond itself 

is not affected by the variation of temperatures. Therefore, 
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the temperature effects can be interpreted by assuming that 

the dipolar association is weakened at higher temperature. 

In other words, th~ higher temperature causes the de solvation 

in the hydrogen bonded system arising from the thermal move-

ment. This result again supports the dipolar association 

theory. 

PMR Spectra. The chemical shifts (0) of the PMR 

spectra of 2,6-diphenylphenol (8) in CC1 4 , in benzene-d6 , 

and hexafluorobenzene and the solvent shifts (~o = 0CCl 
4 

0c D C F ) are given in Table 4. These spectra are 
6 6 or 6 6 

shown in Fig. 6. For comparison, this Table also includes 

the IR frequency shifts in these solvents. Compound (8) 

with a single polar site was selected for this study, because 

the aromatic solvent-induced shifts (ASIS) become more complex 

for a compound with multiple polar sites. 20 ) The observed 

ASIS are due to the dipolar association of the aromatic solvent 

with the OR ... rr bonded system, not to the intermolecular 

OR .•. rr hydrogen bond formation, 21) since these IR shifts 

follow a common pattern obtained for other inert solvents 

studied here (see Figs. 2 and 3). 

It is known
23

) that the direction of the ASIS with C6D6 

is opposed to that with C6F 6 . As may be seen from Table 3, 

however, both C6D6 and C6F6 produced more complex ASIS results. 

This seeming anomaly can be interpreted by assuming the asym-

metric deformation of the geometry for the dipolar association 

caused by the steric requirement. In order to explain these 

ASIS results, the schematic representation of the dipolar 

association between the bond dipoles ofC6D
6 

arid C6F 6 molecules 
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Table 4. Proton chemical shifts (0) and OR stretching 

frequencies (vOH) inCC1 4 , C6D6 , and C6F6 and solvent 

shifts (~o and ~vOH) for 2,6-diphenylphenol. 

0 

~o 

0 

~o 

vOH 

~vOH 

~ 

-
, Proton Chemical shifts (ppm) 

OH proton 

CC1 4 C6D6 C6F 6 

5.12 5.15 5.36 

-0.03 -0.24 

2~6-Ring protonsa ) 

CC1 4 C6
D6 C6

F 6 

7.42 7.13 7.43 

0.28 "'0.01 

-1 OH stretching frequencies (em ) 

CC1 4 

3555.7 

6.4 

a) Estimated from the 0 value of the strongest peak. 
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and the dipole of the OH ... n bonded s y stem is shown in Fig. 7; 
0- 0+ 

the direction of the bond dipole of the C=- D in C6D6 shows 
0+ 0-

a sign opposite to that of the C~F in C6F6.23a) 

Model (A) Mode l (B) 

Fig. 7. Schematic representation of the dipolar association 

between the bond dipoles of benzene-d 6 and hexafluorobenzene 

and the dipole of the OH ... n bonded system. 

In C6D6 solvent, a sligh t downf i eld shift for the OH 

proton and an upfield shift for the ring protons at the 2,6-

positions of the phenol are observed. As is shown in model A, 

-2 1-



the TI-electron cloud on the C6D6 molecule, which is attracted 

by the dipolar association, will be repelled by the TI-electron 

cloud on the proton acceptor ring, thus increasing the angle, 

e, between the dipole of the OH •.. TI bonded system and the 

bond dipole of the overlying C6D6 solvent molecule. The 

large angle should cause a large remove of the OH proton from 

the center of the C6D6 molecule, so that the OH proton may 

be,expected to lie near the edge of the aromatic shielding 

cone or the weak deshielding region of the C6D6 molecule. 

As another possible source of the ASIS effects, the charge 

polarization and variation in the bond order for the OH bond 

arising from a change in the solvent must be considered. 

On passing from CCl 4to C6H6 , the OH stretching frequency falls 

by 6.4 cm- l (see Table 4). This electronic effect will cause 

the downfield ASIS of the OH proton. Thus, the slight 

deshielding of the OH proton inC 6D6 can be expl~ined in terms 

of the combination of the ring current and electronic effects. 

Furthermore, the upfield shifts for the ring protons must be 

considered in the same model. When the C6D6 solvent molecule 

approaches the proton acceptor ring (hereafter abbreviated 

as Ring I) with the positive end of the dipole, the other ring 

(hereafter Ring II) will be further removed from the same C6D6 

solvent molecule. Therefore, the protons on Ring I will be 

strongly shielded, and those on Ring II, weakly deshielded. 

As the average ASIS effects, therefore, the upfield shift 

was observed in C6D6 solvent, supporting the model A. 24 ) 

On tlle other hand,C 6F 6 ' gives a downfield shift in the 

OH proton and little varia tion in the ASIS .. of the r:ing' protons. 
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It is possible to expect the approach of the fluorine of the 

C6F6 periphery to the positive end of the dipole of the 

OR ... TI bonded system, since the van der Waals radius for 
o 0 

fluorine (1.35 A) is almost equal to that for hydrogen (1.2 A). 

As is to be anticipated from the model B, the OR proton will 

be in the deshielding region of the C6F6 ring, in spite of 

of the repulsion of the TI-electron cloud on the C6F6 solvent 

molecule and the oxygen lone pair electrons. Accordingly, 

the OR proton should have a downfield shift, although the 

-1 OR stretching frequency rises by 3.6 cm At the same time, 

this model shows that the protons on Ring I and Ring II are 

in the deshielding and shielding region of the C6F6 solvent 

molecule respectively, since the C6F6 could be situated along 

the dipole of the OR ... TI bonded system. These ASIS, therefore, 

should cancel each other. In short, the direction of the 

ASIS can be nicely explained in terms of the model B. 

Consequently, it is found that these ASIS results support 

the model derived from the IR study . 

Experimental 

Measurement of the Spectra. The infrared spectra 

were recorded on a JASCO DS-701G grating spectrometer. The 

spectral slit width under high resolution conditions was 

-1 -1 2 cm in the region 3200 - 3700 cm·. Sodium chloride cells 

of 1 and 2 rom thicknesses were used. The concentration of 

phenols was about 5 x 10-3 M. The frequencies were calibrated 

by the standard absorption line of water vapor(3568.5 and 
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-1 3447.2 cm ). The precision of the measurements on vOH was 

about 2 cm- l for the OH ... TI band and about 5 cm- l for the 

broader OH ... O band .. All the measurements were carried out 

at 35°C. Proton chemical shifts were measured on a JEOL PS-

100 spectrometer operating at 100 MHz by using TMS as the 

internal standard at normal probe temperature (ca. 35°C). 

Frequency calibration was provided by the use of standard 

side-band techniques employing an audio-frequency counter. 

The measured relative chemical shifts are believed accurate 

to ~ 0.1 Hz. The ultraviolet absorption was obtained with 

a Hitachi 124 automatic recording spectrophotometer in 1. 0 

cm quartz cells at room temperature. The concentration of 

the samples in heptane was 10- 5 - 10-4 M. 

Materials. Most of the solvents for spectra measure-

ments were spectro-grade solvents and were used without 

further purification. Bromoform and decalin were purified 

by known methods. 26 ) Compound (I) was a commercial sample, 

recrystallized before used. Compounds (2),7) (3) ,7) (4),27) 

(5),28) (6),27) (7),6a) (10),29) (11),30) and (13) 30) 

were prepared according to the published procedures. 

2,6-Di-o-tolylphenol (9). Diazotization of 4-amino-

2,6-di-o-tolylPheno1 30 ) (2.0 g, 6.9 mmol) in a mixture of 

glacial acetic acid (40 ml) and water (30 ml) at -5 to -10°C 

afforded 4-diazo-2,6-di-o-tolylcyclohexa-2,5-dienone (1.0 g, 

3.9 mmol) i mp 137°C (decomp) (from acetone). Reduction of 

the diazo-ketone (1.0 g) in 2 N hydrochloric acid (40 ml) 

with hypophosphorous acid (50 ml) gave the phenol (9). 

Recrystallization from 70% ethanol gave colorless needles; 
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yield 0.7 g (2.5 mmol); mp 6'l-63°C. Found: C, 87.4;H, 6.8%. 

Calcd for C
20

H180: C, 87.5; H, 6.6%. 

2,6-DiphenyZphenoZ (8). This compound was prepared 

by a different method from that described in the literature.
3l

) 

The phenol (8) was given by the reduction of 4-diazo-2,6-

diphenylcyclohexa-2,5-dienone (mp 130°C (decomp)) according 

to the procedure described for the phenol (9); mp 101.5-l02.5°C 

(lit,3l) mp 101°C) (from hexane). 

4_Nitro_2,6_bis(2
J

,6
J

_dimethyZphenyZJphenoZ (12). 

l-Acetoxy-2,6-diiodo-4-nitrobenzene (5.0 g, 12 mmol), 

2,6-dimethylbromobenzene (10.8 g, 58 mmol), and copper 

bronze (15.0 g) were mixed and heated at 200°C for 1 to 2 hr. 

The reaction mixture was cooled to room temperature and 

extracted with acetone. The extract was concentrated and 

chromatographed on alumina to give l-acetoxy-2,6-bis(2',6'-

dimethylphenyl)-4-nitrobenzene. Deacetylation of this 

product with aqueous hydrogen bromide gave the phenol cI2). 

Repeated recry~tallization from CC1 4-hexane afforded yellow 

columns; yield 0.72 g; mp l80-l82°C. Found: C, 76.11; H, 6.13; 

N, 4.01%. Calcd for C22H2l03N: C, 76.06; H, 6.09; N, 4.03%. 

4-Nitro-2,6-bis(4'-t-butyZphenyZ)phenoZ (14). To a 

mixture of t-butylchloride (4.3 g, 46.5 mmol) and (10) (2.0 g, 

6.7 mmol) was added powdered aluminium chloride (0.4g, 3 mmol) 

at 40°C. The mixture was then stirred for 5 hr. A subsequent 

in the usual way gave a brown solid which was chromatographed 

on silica gel; elution with benzene-hexane (5:1) affored 

the phenol (14) (1.4 g, 3.5 mmol). Recrystallization from 

benzene-hexane gave yellow plates; mp l62-l64°C. Found: 
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C, 77.49; H, 7.29; N, 3.50%. Calcd for C26H2903N: C, 77.39; 

H, 7.24;N, 3.47%. 
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CHAPTER II. Effects of Basic Solvents on Intramolecular 

,OH ... ~ Hydrogen Bonded System. Steric Effects 

on Intermolecular Hydrogen Bond Formation of 

2,6-Diarylphenols with Base 

Abstract. Using a series of 2,6-diarylphenols as the 

proton donors, the thermodynamics of the competitive hydrogen 

bond formation between intramolecular OH .•. ~ and intermolecular 

OH •.. (Base) systems has ,been studied by examining the OH 

stretching IR absorption spectra in the presence of proton 

acceptor bases in CC1 4 solution. The steric effects on inter

molecular hydrogen bond formation suggested that the hydrogen 

bonding-OH group is approximately coplanar with the phenol ring, 

even in these sterically hindered hydrogen bonded systems. 

This is also supported by the PMR result. The probable geometry 

for hydrogen bonding is discussed in relation to the stereo-

chemical environment around the OH ... ~ bonding. It was found 

that the steric effects on hydrogen bonding can affect not only 

the enthalpy but also the entropy changes accompanying the 

formation of intermolecular hydrogen bond. 

Introduction 

In contrast to the extensive investigation of hydrogen 

bonding between simple phenols and proton acceptors, much less 
'. 

attention has been paid to the hydrogen bonded systems for the 

sterically hindered phenols. The quantitative thermodynamic 

study on the hindered system is even more limited. 

Concerning the steric effects on the hindered hydrogen 
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bonded systems, serious discrepancies have appeared in the 

literature. Bellamy et aZ. I ) and Rao et aZ. 2) reported that 

the enthalpies of hydrogen bonding are nearly equal for 

both unhindered and hindered systems, and that the low 

equilibrium constants in the hindered systems are mainly due 

to the entropy factors. 

On the other hand, Yoshida et aZ. 3) found that the steric 

effects on hydrogen bonding could influence not only the enthalpy 

but also the entropy changes. In these studies, 2,6-dialkyl-

phenols were used as the sterically hindered proton donors. 

In order to reveal the steric effects on hydrogen bonding 

in the hindered systems, 2,6-diarylphenols (I - 10), in which only 

intramolecular OH •.• 7f hydrogen bonding is poss:i.:ble in CCI4 , are 

selected for this study as the sterically hindered phenols. 

These phenols are expected to cause a marked steric hindrance 

to the formation of the intermolecular hydrogen bond, owing to 

the presence of 2,6-diaryl rings. 

I 
2 

R R. 3 
2 

1 4 

5 

6 

7 

8 

9 

10 
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In this chapter, the thermodynamic parameters, -~G, -~H, 

and -~S for the hydrogen bond formation of these phenols to 

proton acceptors are determined by the use of IR spectroscopy. 

The steric effects on these hindered hydrogen bonded systems 

are discussed on the basis of the variation of thermodynamic 

parameters caused by the structural factors. The probable 

geometry for these hydrogen bonding is deduced from the IR 

and PMR results, and the distance and angle of hydrogen bond 

are roughly estimated using a Dreiding model. Furthermore, 

the substituent effects on the free energy changes for hydrogen 

bond formation are briefly discussed. 

Experimental 

Materials. Most of the solvents were spectrograde 

reagents and were distilled from calcium hydride immediately 

before use. Cyclohexanone, benzonitrile, and alkyl nitriles 

were purified by known methods. 4 ) 

been already identified in Chapter I. 

4-Nitro-2-phenyl-6-(4'-t-butyl)phenol (6). This phenol 

was formed as a by-product in the preparation of (3) (see 

Chapter I). mp l40-l4loC (from benzene). Found: C, 76.14; 

H, 6.05; N,4.00%. Calcd for C22H2l03N: C, 76.06; H, 6.09; 

N, 4.03%. 

4-Methoxy-2~6-diphenylphenol (8). Methyl iodide (3g, 

0.021 mol) and anhydrous potassium carbonate (3g) were added 

to a solution of 2,6-phenylhydroquinone5) (5.5g, 0.021 mol) 
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in acetone (40 ml) and the mixture was refluxed at 60-70°C 

for ca. 6h. Work-up gave a viscous oil which was purified 

by chromatography on silica gel to give the phenol (8) (3.0g, 

0.01 mol). Found: C, 82.4S; H, 6.00%. Calcd for C19H1602: 

C, 82.S8; H, S.84%. 

4-Methoxy-2,6-di-o-tolylphenol (10). Reduction of 2,6-

di-o-tolylbenzoquinoneS) (2g, 0.007 mol) in glacial acetic 

acid(120 ml) with zinc powder (4g) afforded 2,6-di-o-tolyl 

hydroquinone (1.4g, O.OOS mol), mp 13S-137°C (from benzene). 

This hydroquinone (lg, 0.004 mol) was treated as described 

for (8) to give the phenol (10) (0.6g, 0.002 mol), mp 64-66°C 

(from hexane). Found: C, 82.91; H, 6.SS%. Calcd for 

C21H2002: C, 82.8S; H, 6.62%. 

These methoxyphenols 8 and 10 are also obtained 

in the following procedure. The photolysis with a low

pressure mercury lamp of 4-diazo-2,6-diphenylcyclohexa-2,S

dienone (see Chapter I) and 4-diazo~2,6-di-o-tolylcyclohexa-

2,S-dienone (see Chapter I) in methanol lead principally to 

the formations of (8) and (10), with little formations of 

(7) and (9) , respectively. Their physical constants and 

spectra agreed with those obtained from the ordinary method. 

Measurement of the spectra. All the IR spectra were 

recorded on a JASCO DS-701G grating IR spectrometer, except 

for the case of the data listed in Table S, which were 

obtained with a JASCO DS-402G spectrometer. The conditions 

for determination of the spectra were the same as in Chapter 

I. Concentration ranged from 0.003 to 0.008 M for the proton 

donors and form 0.07 to 0.4 M'for the proton acceptors. 
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The cells (2 mm, CaF 2 ) were placed in a thermostated air-bath 

and were permitted to stand for at least 15 min. It was 

possible to control the temperature in the sample and the 

air-box within ~ 1.O°C in the range 5.5-20.0°C and within 

~ O.5°C in the range 28.5-55.0°C. The PMR spectra were 

obtained with a JEOL PS-IOO spectrometer(lOO MHz) in the 

same conditions described in Chapter I. 

AnaZysis of the spectra. 

are defined by 

The equilibrium constants 

K = c l /C 2 · C3 

in which Cl ' C2 ' and C3 are the concentrations of inter

molecular hydrogen .bonded complex, free donor(intramolecular 

OH ..• ~ bonded complex), and unbonded acceptor base, respectively. 

Also, Cl = C'2 - C2 in which C'2 is the initial concentration 

of donor, and C2 can be calculated from the plots of absorbance 

against concentration for each donor, at temperatures chosen 

for determination of K (Fig. 1) (5.5°C, 14.0°C, 20.0°C, 

28.5°C, 36.0°C, 45.5°C, and 55.0°C). 

in which C'3 is the initial concentration of acceptor. 

In this way, the equilibrium constants were determined, and 

-~H was obtained from the plots of log K against liT (Fig. 2). 

Using the relations, -~G = RT InK and -~G = -6H + T~5, the 

values of -~G and -~5 were also obtained. The values of 

-~G and -~H are probably accurate to ~ 5% and -65 td ~ 1 

cal /mol/deg. 
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Fig. 1. Plots of absorbance against concentration 

for (I) at 14.0°C and 55.0°C. 
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Fig. 2. Plots of log K against liT for inter

molecular hydrogen bonding of (1)-(5) 

with dioxane. 0: (1), $: (2), 

e: (3), .: (4), C): (5)· 



Results and Discussion 

Steric Effects on Hydrogen Bonding. In the presence 

of proton acceptor base, the OH stretching IR absorption 

spectra of (1)-(5) in CC1 4 solution, were all doublets, as 

shown in Fig. 3. The IR spectra show that there is a 

competition between intramolecular OH ... TI and intermolecular 

OH ... B(Base) hydrogen bonds. 

o 

.t: 0.1 
o 

E-i 

b"l o 0.2 
r-l 

0.3 

intra OH ... TI 

3600 3500 

inter OH ... N 

3400 
-1 

cm 

3300 

Fig. 3. OH stretching absorption spectrum(ABS measurement) 

of 4-nitro-2,6-diphenylphenoln) (0.00604 M) in the 

presence of benzonitrile (0.347 M) in CC1 4 • 

" 
N02 

inter- OH ... N bond 
-37- intra- OH ... TI bond 



Table 1 lists the measured values of -6G, -6H, and -6S for the 

intermolecular hydrogen bond formation of (1)-(5) with the 

proton acceptors. The OH stretching frequencies, vOH ... B, 

and the frequency shifts, 6VOH(vOH •.. ~ - vOH .•. B)" are given 

in Table 2. 

From the comparison 'with a recent thermodynamic data?) 

-6G = 1.96, -6H = 6.54, and -6S = 15.4 ) for 4-nitrophenol 

benzonitrile system, it is found that the introduction of 

aryl groups to the 2 and 6 positions of 4-nitrophenol causes 

a marked decrease of the thermodynamic values. These phenols, 

therefore, can be considered as a poor proton donors. As can 

be seen from Table 1, the thermodynamic parameters vary widely 

from compound to compound. In Series I ( I - 3 ), the values 

of -6G, -6H, and -6S decrease in going from I to 3, while 

2 and 3 give the high vOH ..• B frequencies and the small 

6VOH shifts as compared with I . It seems that the thermo

dynamic values decrease with the increasing bulkiness of the 

4'-alkyl group. This suggests that the presence of 4'-alkyl 

group hinders the approach of the proton acceptor molecule to 

the hydroxyl group and that the hydrogen bonding-OH group is 

coplanar with the phenol ring, or at least close to it, even 

in these hindered hydrogen bonded systems. If the OH bond is 

markedly twisted away from the plane of the phenol ring, the 

steric effects of 4'-alkyl group on the hydrogen bond formation 

become insignificant, because the proton acceptor molecule is 

further removed from the 4'-alkyl group. Furthermore, the 

vOH spectrum of 4-nitro-2-phenyl-6-(4'-t-butylphenyl)phenol 

(6), unsymmetrical 2,6-diarylphenol, splits into a triplet 

with the bonded vOH ... N peak unusually flat-topped, in the 
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Table 1. Thermodynamic values for hydrogen bond formation of 

I - 5 with proton acceptors 

Proton acceptor 

-IJ.G a) 

DMSO -IJ.H b) 

-IJ.S c) 

Benzonitrile -IJ.H 

-IJ.S 

-IJ.G 

THF -IJ.H 

-IJ.S 

-IJ.G 

Dioxane -IJ.H 

-IJ.S 

-IJ.G 

Cyclohexanone -IJ.H 

-IJ.S 

I 

2.00 

5.98 

13.2 

0.12 

4.11 

13.2 

0.57 

5.10 

15.0 

0.39 

4.37 

13.2 

0.57 

4.76 

13.9 

2 

1.53 

4.79 

10.8 

0.09 

3.04 

9.8 

0.36 

4.47 

13.6 

0.22 

3.17 

9.8 

0.34 

3.11 

9.2 

3 

1.45 

4.69 

10.7 

-0.06 

2.65 

9.0 

0.32 

4.26 

13.1 

0.13 

2.93 

9.3 

0.24 

2.84 

8.6 

a) Kcal/mol. b) Kcal/mol. c) cal/mol/deg. 
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4 

2.10 

5.51 

11. 3 

0.19 

4.07 

13.0 

0.62 

4.73 

13.6 

0.49 

4.25 

12.5 

0.69 

4.33 

12.1 

5 

2.00 

5.30 

10.9 

0.15 

4.00 

13.0 

0.60 

3.83 

10.7 

0.42 

3.55 

10.4 

0.71 

3.87 

10.5 



Table 2. Frequenciesa ) and frequency shifts due to hydrogen bond 

Compound 

I 

2 

3 

4 

5 

formation at 28.5°C. 

-1 vOH ..• B/cm 

-1 
i'lvOH/cm 

-1 
vOH ..• B/cm 

-1 i'lvOH/cm 

-1 
vOH • •• B/cm 

-1 
i'lvOH/cm 

-1 vOH ... B/cm 

-1 
i'lvOH/cm 

-1 vOH • •• B/cm 

-1 i'lvOH/cm 

Dioxane 

3285 

247 

3305 

223 

3295 

233 

3310 

218 

3310 

207 

THF Benzonitrile 

3210 3360 

322 172 

3235 3375 

293 153 

3225 3390 

303 138 

3230 3355 

298 173 

3220 3355 

297 162 

a) The vOH ... B frequencies in DMSO and cyclohexanone were omitted 

from the Table. In DMSO, the vOH •.. O component so overlap with 

vCH that it is not easy to separate them. The vOH ••• O in 

cyclohexanone is·too asymmetric to obtain reliable values, 

although this has been also observed in simple phenol:) 
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presence of berizonitrile in CC1
4

, as shown in Fig. 4. 

o 

~ 0.1 -
o 

E-.t 

b"l 
o 0.2 

r-I 

0.3 . 

3600 

-_._.-.- ....... . 

~--------------

3500 

-1 cm 

ex S 

3400 3300 

Fig. 4. OH stretching absorption spectrum (ABS measurement) 

of 4-nitro-2-phenyl-6-(4'-t-butylphenyl)phenol (6) 

(0.00489 M) in the presence of benzonitrile (0.347 M) 

in CC1 4 . 

The close doublet ( ex and S ) in the bonded vOH ... N may be taken 

as due to two kinds of OH ... N hydrogen bonds, again supporting 

the coplanarity of the OH group. On the basis of the vOH .•. N 

frequencies of I and "7 listed in Table 2, the ex and S bands :J 

can be assigned to the OH group associated in type A and type B, 

respectively. 

type A 
type B 
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In the hindered hydrogen bonded systems, the result of the 

coplanarity of the OH group with the phenol ring is consistent 

with those of Yoshida et aZ. 3 ) and Tsuno et aZ.
8

) who studied 

the substituent effect on the hydrogen bonding in 4-substituted 

2,6-xylenols by the use of Hammett equation. 

In order to investigate the probable geometry for the 

intermolecular hydrogen bonded system now being studied, 

the PMR spectra of 2 - 5 were determined in CDC1 3 and benzo

nitrile with TMS as an internal standard. The chemical shifts 

of methyl and t-butyl protons of these phenols and solvent 

shifts are tabulated in Table 3. 

Table 3. Chemical shifts (a)a) of methyl and t-butyl protons 

in CDC1
3 

and benzonitrile and solvent shifts (~) 

of 2 - 5 

Compound CDC1
3 

Benzonitrile 

2 4'-Me; 2.41 2.29 0.13 

3 4'-t-Buj 1. 35 1.28 0.07 

l~ 2'-Me; 2.19 2.25 -0.06 

5 2' ,6'-Me; 2.06 2.11 -0.05 

a) In ppm relative to TMS. The error is within + O.lHz. 
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In benzonitrile solvent, the upfield shifts for methyl 

and t-butyl protons in 2 and 3 and the downfield shifts for 

methyl protons in 4 and 5 are observed. The geometrical 

model for the intermolecular hydrogen bonded system between 

benzonitrile and these phenols is discussed, assuming that 

all of these solvent effect on chemical shifts are due to 

the anisotropy of benzonitrile molecule which is attracted 

by the intermolecular hydrogen bond formation. In the light 

of the anisotropy of benzonitrile molecule, the direction 

of these solvent shifts can be understood by reference to 

the simplified model for the hydrogen bonding(see Fig. 5). 

, , 

I 
I ,,,,, 
I 

RI = methyl 

or .t-butyl group 

R2 = methyl group 

or hydrogen 

R3 = methyl group 

Fig. 5. Schematic representation of the shielding (+) and 

deshielding (-) regions of benzonitrile molecule 

which is attract~d by the intermolecular hydrogen 

bond formation. 
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Thus, the methyl and t-butyl groups in 2 and 3 are immersed 

in the shielding region of the phenyl portion in benzonitrile 

molecule, while the methyl groups in 4 and 5 lie in the 

deshielding region of the nitrile portion in benzonitrile 

molecule. The PMR data, therefore, can be regarded as addi-

tional evidence in support of the steric interaction between 

the 4'-alkyl group and the proton acceptor molecule. 

Furthermore, the coplanarity of the OR group can also be 

rationalized in terms of this model. 

The hydrogen bonding can be characterized geometrically 

by the parameters, r, d, R, 81 , and 811 . 

o r 

/~ 

In the intermolecular hydrogen bonding of I, 2, and 3 with 

benzonitrile, the parameters were measured on a Dreiding 

model. This study requires that five important conditions 

be fulfilled. i) The angle 81 = 109° and the distance r = 
° 0.75 A obtained from the X-ray result of I (see Chapter VI) 

were used. ii) The dihedral angle between the 2 or 6- aryl 

group and the phenol ring was assumed to be about the same 

for 2,6-diphenylphenol (7) ( 8 = ca. 60°; see Chapter I), 

because the 4-nitro and 4'-alkyl groups will not extremely 

alter the conformational~environment around the OH ... TI bond. 
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iii) rt is reasonable to presume that the closest approach 

of the benzonitrile molecule to the 2 or 6- aryl ring is 

van der Waals contacts for interacting groups (or atoms) 

( van der Waals radius,9) H-; 1.20 i, N~; 1.60 i, average 
o 0 

half-width of aromatic rings; 1.77 A, CH 3-; 1.70 A, (CH3)3C-; 

3 0 0 10)) l'V) '1' . 11) l' d ea. . A . Ham1 ton s equat10n was app 1e to 

obtain a reasonable limiting OH ... N:C- distance, 
o 

d < WH + WB - 0.2 A, 

where WH and WB are the van der Waals radii of hydrogen and 
o 

nitrogen, respectively; d < 1.20 + 1.60 - 0.2 = 2.60 A. 

V) The limiting distance for the shortest O ... N is 

o 11) 
2.50 :: 0.05 A. 

On the basis of these important conditions, the parameters, 

d, R, and 8rr were estimated (Table 4). 

Table 4. Hydrogen bond parameters for OH ... N:C- system 

Parameter 

0 

At d = 2.6 A, 
0 0 

d(H ... N) 2.6 A 2.6 A 
0 0 

R(O ... N) 3.0-3.2 A 3.4-3.6 A 

Angle 8rr 140-150 0 130-135 0 

0 

At d = 2.0 A, 
0 0 

d(H ... N) 2.0 A 2.0 A 
0 0 

R(O ... N) 2.6-2.8 A 2.6-2.8 A 

Angle 8rr 135-130
0 

115-120 0 
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As is seen from Table 4, when the parameter, d(H ... N distance), 

° ° is changed from 2.6 A to 2.0 A, the parameter R becomes the 

° limitation of the shortest O ... N distance (2.5 A) (see 

condition V). In this range of the H ... N distance, the model 

is consistent with the PMR result (see Table 3). For these 

hydrogen bonded systems, therefore, the H ... N distance is 

° assumed to be about 2.0 - 2.6 A. The values of parameters 

thus derived may have considerable uncertainty, but the relative 

values are adopted in the following discussion. 

In cases of I and 2, the plane of phenyl ring of the 

overlying benzonitrile molecule is almost parallel to the 2 

or 6- aryl ring, while 3 does not present the parallel geometry, 

because the 4'-t-butyl group pushes up the overlying benzo-

Ritrile molecule, causing the angle (ca. 20°) between two 

planes of benzonitrile and the 2 or 6- aryl ring. In the 

result, it is found that the hydrogen bonded system in 3 

is more bent than those in I and 2, although the marked 

difference in the O ... N distance is not observed (see Table 

4). Clearly, the large angle 811 caused by the steric repulsion 

between the t-butyl group and the 2 or 6- aryl ring weakens 

the intermolecular hydrogen bonding and produces the marked 

decrease of -6G and -6H and the increase of vOH ... B. 

Furthermore, the decrease of -68 can be mainly attributed to 

the less restricted rotational and vibrational movement in 

a weak hydrogen bonded system, owing to the steric effect. 

In this model, the differences in the O ... N distance 

and angle 811 between I and 2 are within the error of measure

~ 
ments, but, actually, there is a noticeable steric hindrance 

of 4'-methyl group in 2 to the hydrogen bond formation, as is 
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seen from the decrease of the thermodynamic values (see Table 

1); in other words, the observed steric effect partly supports 

the model in which the interacting molecules (benzonitrile and 

the 2 or 6- aryl ring) oriente in the parallel geometry as 

closely as their geometry allows, because the van der Waals 

° radius for methyl group (1.70 A) is about the same for that 

° of half-width of aromatic ring (1.77 A). 

On the other hand, Series II (I, 4, and 5) shows the 

more complex trend of the thermodynamic parameters. The 

values of -~H and -~S decrease in the order 1<4<5, while 

the values of -~G becomes maximum for 4, although the varia-

tion in the thermodynamic parameter is small as compared with 

Series I( see Table 1). The vOH ... B and ~vOH do not show-

a clear trend. 

One of the possibilities which reasonably explains the 

observed trends is shown as follows. In this Series, intro-

duction of methyl group(s) to the 2' and/or 6' positions 

of proton acceptor ring produces an increase of the dihedral 

angle between the 2 or 6-aryl ring and the phenol ring (see 

Chapter I). Taking the above discussed model into considera-

tion, the facility in the proximity of the proton acceptor 

molecule to the site is supposed to remain unaltered with 

the change of dihedral angle (8)60°). However, the more 

favorable approach is possible for the smaller dihedral angle, 

if the OH group is slightly twisted away from the phenol 

plane, as shown in Fig. 6. The accuracy of the experimental. 

results does not preclude this possibility of the slight twist. 

At the same time, the strength of intramolecular OH ... TI bond , 
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B; Proton acceptor base 

8; Dihedral angle 

Fig. 6. Schematic representation of the approach of the 

proton acceptor base to the OH group. 

should also be considered, because the strength of the OH •.. TI 

bond increases with the increasing of dihedral angle (see 

Chapter I). It seems that the stronger OH •.. TI bond prevents 

the formation of intermolecular hydrogen bond. However, the 

experimental result shows the reverse trend. This electronic 

effect, therefore, is negligibly small. Furthermore, the 

approach of the proton acceptor to the OH group will be 

difficult by the bulkiness of the 2 or 6-aryl group(I<4<5) 

arising from an internal rotation about the pivot bond of the 

biphenyl skeleton. Therefore, these steric restriction of 

approach of the proton acceptor to the OH group should be 

sufficient to cause a decrease of the -6G, -6H, and -68 

values. The observed trend of -6G, however, can not be 

explained in terms of this steric effect. This trend may 

best be understood when the competitive effect working in 

opposition is considered. In addition to the steric effects 

caused by the 2 or 6-aryl ~roup, the rate and energy of 
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activation for internal rotation about the pivot bond of the 

biphenyl skeleton should be considered, because the inter-

molecular hydrogen bonded system is destroyed by the internal 

rotation. It is generally accepted that the presence of 

bulky substituent at orthoposition(s) of the biphenyl skeleton 

produces a decrease in rate for the internal rotation, owing 

to higher energy barrier caused by the bulky substituent. 

Therefore, the values of -~G will increase in the order 5>4>1, 

if the rate for the internal rotation can only be operative 

in determining the -~G value. In short, the experimental 

results could be explained in terms of the combination of 

the above mentioned factors. 

From these considerations of the thermodynamic study 

in Series I and II, it is thus concluded that for the steri-

cally hindered hydrogen bonded system studied here the steric 

effects on hydrogen bonding can clearly influence not only 

the enthalpy but also the entropy changes accompanying the 

formation of the intermolecular hydrogen bond. 

Thermodynamic Parameter CorreZations. Pimentel et aZ. 12 ) 

have recently reviewed the linear relationship between -~H 

and -63 for intermolecular hydrogen bonding of phenols with 

proton acceptors. The lack of correlation, however, has also 

13) 14) been reported for phenol and p-fluorophenol adducts. 

In the present data, when the values of -6H are plotted 

against the values of -63, a linear correlation is obtained, 

except for the case of DMSO (Fig. 7). This suggests that for 

minor structural changes the stronger hydrogen bonded system 

with a higher value of-Mi requires a more restricted complex 
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Fig. 7. Correlation between -~H and -~S. 

configuration so that a larger value of -~s is expected. 

As anticipated from a B-scale of HBA (hydrogen bond acceptor 

basicities) proposed by Taft et aZ. ,15) DMSO should produce 

a largest value of -~H in the bases selected for this study, 

assuming that the steric effects on the hydrogen bonding are 

a negligible small. The values of B-scale increase in the 

order: DMSO(0.752»cyclohexanone(0.534»THF(0.523»benzo-

nitrile(0.409»dioxane(0.386). Therefore, the deviation from 

this correlation implies that the values of -~s is smaller 

than expect~d from the larger value of -~H. Taft et aZ. 15 ,16) 

also found that DMSO shows the anomalous behavi.or in plot 

of log K VB. 19F chemical shifts for the p-fluorophenol -

base system and suggested that the dipolar complex between 

" 
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DMSO and the OH group may exist. 

If this dipolar complex is true, 

the entropy change should decrease, 

owing to more restricted hydrogen 

bonded system. However, author's 

experimental results seem not to 

be consistent with Taft's model. 

I 

B 
I 

I 
I 

o-~. f---? 
0 ..... s - -, '0 

n ~ ::c 
w 

Furthermore, an examination of Arnett's data on -~H shows 

that a linear relation between -~H and a 8-scale of HBA is 

found for hydrogen bonding of p-fluorophenol with bases (Fig. 8). 

r-I bJlt.s-o 0 8 • E ..,.. 
......... • • r-I 
co 
u 6 .,. .~ 

l- • • ::t: 4 f-
<J 
I • 

2 

I I I I I I I 

o 0.2 0.4 0.6 0.8 1.0 

8-scale 

Fig. 8. Plots of -~H VB. 8-scale for p-fluorophenol -

.proton acceptors. 

In this plot, DMSO fits the correlation line. Therefore, the 

observed anomaly should be again ascribed to the entropy term, 

but no satisfactory interpretation of smaller values in -~S 

can be given. For a limi\ed number of the present data, 
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a linear correlation between -~H and S-scale does not exist. 

This can be attributed to the steric effects on the enthalpy 

term. 

Drago et aZ. have shown a general enthalpy - spectral 

shifts ~vOH[vOH(free) - vOH .•. B] relationship for unhindered 

hydrogen bonded system. 17 ) The plot of -~H VS. ~vOH is shown 

in Fig. 9. It seems to be no general relationship for the 

sterically hindered system studied here. Drago's ~H - ~v 

relationship should be applied to the unhinered system. 

6 
0 

.--i 
0 • S 
""- • 0 ED e 
.--i • cO 4 I- () () 
u () 
~ 
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::t: e <J 
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2 

I I 
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Fig. 9. Plots of -~H vs. ~vOH. 0: I, $: 2" e: 3,.: 4, 

C>: 5 . 

Effect of Substituents on Free Energy Changes for 

IntermoZecuZar Hydrogen Bond Formation. Table 5 lists the 

values of -~G and vOH ... N frequencies for the intermolecular , 
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Table 5. Free energy changes and frequencies a ) for hydrogen 

bonding of 4-substituted 2,6-diary1pheno1s with 

alkyl nitri1es 

Compound 

-/::"G Kca1/mo1 0.00 0.09 0.14 

I 
vOH .. N/cm -1 3369 3351 3340 

-/::"G Kca1/mo1 -0.60 -0.55 -0.43 

7 
vOH .. N/cm -1 3436 3423 3416 

-/::"G Kca1/mo1 -0.67 -0.58 -0.51 

8 
vOH .• N/cm -1 3442 3428 3422 

-/::"G Kca1/mo1 0.08 0.18 0.26 

4 
vOH .• N/cm -1 3363 3347 3336 

-/::"G Kca1/mo1 -0.43 -0.42 -0.37 

9 
vOH .. N/cm -1 3434 3419 3416 

-/::"G Kca1/mo1 -0.44 -0.57 -0.37 

10 
vOH .. N/cm -1 3440 3431 3419 

a) vOH ... N at infinite dilution of CC1 4 . 
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hydrogen bonding of 4-substituted 2,6-diarylphenols ( I, 4, 

7, 8, 9, and 10 ) with alkyl nitriles. By comparing the 

values of -~G for the compound pairs of I and 4, 7 and 9, 

and 8 and 10, it is found that the phenols (4, 9, and 10) 
with a larger dihedral angle produce a large -~G value as 

compared with the corresponding phenols (I, 7, and 8). 

The same trend is observed as was discussed in Series II 

(see Table 1). As to the 4-substituent effect on the free 

energy changes, the -~G values increase with the increasing 

electron-attracting power of the substituent, while the vOH 

••. N frequencies decrease. At the same time, the intra-, 

molecular OH ... /T bond should be strengthened. The experimental 

result shows that the substituent effects playa important 

role in the inter- rather than the intra-molecular hydrogen 

bond formation. In general, the /T electron systems are con

sidered to be weak proton acceptor as compared with the lone 

pair electrons (in nitrogen atom of alkyl nitrile) . 

There is a difference in the entropy term between intra- and 

inter-molecular hydrogen bond formation. The intermolecular 

hydrogen bond formation appears to be disfavorable, because of 

the loss of the degrees of freedom in the rotational and 

vibrational movement arising from the intermolecular associa

tion. Therefore, these two factors should be considered. 

Comparison of -~G with vOH .•. N reveals linear correla~ 

tions for a group of phenols (Fig. 10). This indicates that 

the vOR ..• N frequency at infinite dilution of CC1 4 is a 

convenient measure of the stability of the intermolecular 

OR .•• N bond. The slopes ~f the lines are virtually the same 
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Fig. 10. Relation between -t.G and vOH ••• N • • : ( L LJ, and 7 ) 

0: ( 4, 9 , and I 0 ). 

and the difference in free energy change between two set of 

phenols is ca. 0.1 kca1/mo1. Furthermore, the success of 

this correlation means that the changes of -t.G are attributed 

to the electronic factors produced by the change of substi-

tuent, and there seem to be no extreme steric hindrance to the 

hydrogen bond formation. In fact, the values of -t.G for the 

different nitri1es increase with the base strength of alkyl 

nitri1es. This suggests that the inductive effect of alkyl 

group in nitrile outweighs the small steric effect. On the 

assumption that the alkyl group in nitrile is situated outside 

the TI electron cloud of the 2 or 6-ary1 ring and that the O-H 

bond is collinear with the N=C- bond, it could be estimated 
o 

that the H ... N distance is longer than 2.0-2.2 A. This dis-

tance is consistent with the prdpos~d model for benzonitri1e. 
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CHAPTER III. Equilibrium Study of Biphenyl-2-o1 by 

IR Spectroscopy 

Abstract. Biphenyl-2-o1 is composed of cis- and 

trans-isomers. The percentage of trans-isomer (ca. 16-17%) 

is estimated by comparison of IR integrated intensity in basic 

solvents, while the proportion of cis-isomer (ca. 83%) is 

obtained by comparison with 4-substituted 2,6-diphenylphenols. 

These different methods lead to the concordant results. 

Introduction 

It is now well knownl ) that in CC1 4 solution biphenyl-2-o1 

(I) is composed of cis- and trans-isomers, corresponding to an 

intramolecular OH ... TI hydrogen bonding and a free hydroxyl 

group, respectively. 

H~ O-H , 

trans cbs 

The hydroxyl stretching IR absorption spectrum of 1 in CC1 4 

is shown in Fig. 1. Any reliable proportion of the two isomers, 

however, has not been reported. In general, the measured cis: 

trans integrated intensity ratio for the OH stretching vibra-

tion does not give the relative percentage of the two isomers. 

In this chapter, estimations of the percentage of cis- and 

trans-isomers were carrie~ out by two different IR spectro-

scopic methods. Estimation of the trans-percentage was based 
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on the effect of basic solvents which produced only the trans,-

form of biphenyl-ols (I - 4). The cis-percentage was estimated 

by application of the Hammett equation to 4-substituted 2,6-

diphenylphenols (5 - 9) in which only the cis-form is possible 

in CC1
4

. 

&i 
.......... 

0 

&i 

tJ1 
0 
rl 

0----...... 

0.1 

0.2 

3700 

\ OH •.. IT 

3600 
-1 cm 

3500 

Fig. 1. OH stretching absorption (ABS measurement) of I 

(0.00497 M) in CC1 4 . 

Rl= R2=R3=R4= 
r- X= N0 2 I OH, H 
) 

2 R2= Rl =R3=R4= 6 X= CN 
OH, H 

3 R3= Rl =R2=R4= 7 X= H 
OH, H 

4 R2=R4= Rl =R3= 8 X= OCH3 OH, H 

9 X= NH2 
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Results and Discussion 

Application of Solvent Effect to th~ Equilibrium Study. 

The integrated intensities of the hydroxyl group of the 

biphenylols (I - 4) were measured in CC1 4 and in basic solvents 

as proton acceptors (Table 1). In these basic solvents, the 

hydroxyl group of the biphenylols is considered to fully inter-

act with the lone pair electrons of the proton acceptor mole-

cules, because the biphenylols (I - 4) exhibit only the single 

broad band attributed to intermolecular hydrogen bond formation. 

Table 1. Integrated intensities and intensity ratios of 

biphenylols in CC1 4 and basic solvents 

Integrated intensity -4 -1-2 
A x 10 (1 mol cm ) 

Compound Solvents 

CC1 4 CH 3C=N THF Dioxane Acetone 

trans cis 

1 0.18 1.25 6.83 7.16 7.22 7.57 

2 1.37 7.90 8.77 8.32 8.90 

3 1.12 7.24 7.52 7.79 7.71 

4 2.29 14.58 14.98 15.84 15.74 

Integrated intensity ratio 

Compound Solvents 

pair CH 3C:N THF Dioxane Acetone Average 

A(J)/A(2) 0.86 0.82 0.87 0.85 0.85 

A(J)/A(3) 0.94 0.95 0.93 0.98 0.95 

A<I)/A(4) 0.47 0.48 
, 

0.46 0.48 0.47 
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Therefore, biphenyl-2-o1 is forced into the t~ans-form in 

these basic solvents. 

It is found from Table 1 that the integrated intensity 

ratios for the compound pairs remain constant regardless of 

the change of solvent. This trend is consistent with that 

obtained by Cole et al. 2 ) The constancy of integrated inten

sity ratios for other compounds having a hydroxyl group was 

tested using data reported in the literature 3 ,4) (Table 2), 

thus establishing the utility of the method. From this, a 

calculated integrated intensity due to the trans-form of 

biphenyl-2-o1 in CC1 4 , A'(I)t(trans)' can be estimated by the 

interpolation of the K value in equation (1) into (2), assuming 

the constancy of the integrated intensity ratios with the 

change from basic solvent to CC1 4 . 

A(I)/A(n) ] = K (constant), n 

[ A (n) ] CCI 
4 

xK=A'(J) t 

2 - 4 (1 ) 

(2 ) 

Thus, equation (3) affords the average percentage of trans-

isomer. 

% trans = 100 x [ A(I)t/A'(I)t 

where A(I)t is 0.18 (see Table 1). 

ca. 16-17%, 

In short, application of the solvent effect shows that the 

percentage of trans-isomer results in ca. 16-17%. 
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Table 2. Integrated intensities and intensity ratios of 

si1ano1s 

Integrated intensity A 
-4 -1-2 x 10 (1 mol em ) 

Compound Solvent 

CHC1 3 CC1 4 C6H12 
a) CS 2 

Ph2MeSiOH (I) 1.72 1.28 1. 09 1.51 

PhMe 2SiOH (II) 1.59 1.17 1.03 1.30 

Me 3SiOH (III) 1.37 1. 00 0.97 1.07 

Et3SiOH (IV) 1.31 0.98 0.83 1.03 

n '0 Pr 3SJ. H (V) 1.28 0.96 0.81 0.99 

Bun 3SiOH (VI) 1.11 0.93 0.79 0.97 

Integrated intensity ratio 

Compound pair Solvent 

CHC1 3 CC1 4 C6H12 
a) CS 2 

A(I)/A(II) 1.08 1.09 1.06 1.16 

A(I)/A(III) 1.26 1.28 1.24 1.41 

A(I)/A(iv) 1.31 1.31 1.31 1.47 

A(I)/A(V) 1.34 1.33 1. 35 1.53 

A(I)/A(VI) 1.55 1.38 1.38 1.56 

a) Cyclohexane. 

Application of Hammett Treatment to the Equilibrium Study. 

Since 2,6-diphenylphenol (7) possesses only an OH ... TI hydrogen 

bonded hydroxyl group in CC1 4 ,5,6) an estimate of the inte

grated intensity due to the hydroxyl group of the cis-only 
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form of biphenyl-2-o1 can be obtained from the measured inten-

sity for 2,6-diphenylphenol by applying a correction for the 

polar effect of an artha-phenyl substituent. Therefore, the 

ao(artha) value for the phenyl substituent was estimated by 

the use of the Hammett equation. 

The values for the OHstretcqing frequencies of 3-and 

4-substituted phenols 7 ) were satisfactorily correlated by the 

Yukawa-Tsuno equatibnB) (equation 4) where (x) is the substi-

tuent and the a constants were. taken from ref. 9. 

VOH(X) - VOH(H) = -13.97a 10.62 (a - a) + 0.02 (4) 

-1 
B O.Bl cm , corr coeff 0.993) 

Also, the results obtained by Oki et aZ.
l

) show that a good 

Yukawa-Tsuno correlation can be obtained for 2-phenyl-4(or-5)-

substituted phenols (equation 5) 

VOH(X)- VOH(H) = -13.62a 15.45 (a - a) + 0.356 (5) 

-1 
( B 1.40 cm , corr coeff 0.996) 

Equation (5) has p and r values sufficiently close to those 

of equation (4) to suggest that the a-phenyl subs.tituent has 

an effectively constant effect. This can justify the inter-

polation of vOH(free) for biphenyl-2-o1 into equation (4) 

in order to estimate the aD value for the a-phenyl substituent. 

On the assumption that the (a - a) term is small compared 

to a value, the aD value for the a-phenyl substituent can be 

estimated by use of equation (6) (aD = ca. 0.2). 

3607.4 - 3610.1 = -13.97a - 10.62 (a - a) + 0.02 (6) 

FurtheJ?more, a Yukawa~Tsuno equation is applied to the inte-

grated intensities ·(Table3) for.4-substituted 2,6-diphenyl

phenols (~q~a~ion 7andFig~ 2). ~herefore, multiplication 

of this slope(O.47) by the aD value yields the integrated 
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intensity, A', for one a-phenyl group (equation 8). 

2.0 

1.5 

-0.5 o 0.5 1.0 

o + 1.419(0- - 0) 

Fig. 2. Yukawa-Tsuno plot for the integrated intensities 

of 4-substituted 2,6-dipheny1pheno1s. 

Table 3. Integrated intensities of 4-substituted 2,6-

dipheny1pheno1s 

5 6 7 8 9 

2.28 2.08 1.60 1.46 1.30 

A(x) - A(H) = 0.470 + 0.667 (0- 0) + 0.002 (7) 

4 -1-2 ( s O.OlSA x 10- 1 mol em , corr coeff 1.000) 

, 
A' = 0.47 x 0.2 = 0.094 (8) 
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From this, it is possible to obtain the percentage of the 

cis-isomer of biphenyl-2-ol according to equation (9). 

% cis = An) . x 100/[ A(l) -At] = ca. 83%. (9) 
c'Z-s 

Thus, the percentage of cis-isomer was estimated from the 

Hammett treatment to be ca. 83%. 

It is concluded that the results of two different methods 

lead to satisfactory agreement, i.e., the trans-isomer is 

present in ca. 16-17% with the cis-isomer in ca. 83% for 

biphenyl-2-ol in CC1 4 . 

Experimental 

Measurement of the Spectra. The IR spectra were 

measured with a JASCO DS-402G grating spectrometer at a 

spectral slit width of 2 cm- l at 29°C. Other experimental 

conditions for recording spectra were the same in Chapters 

I and II. 

MateriaZs. Compounds (I - 3) were commercial samples, 

recrystallized before use. Compounds (4)10)and (g)ll)are 

known. Compounds (5), (7), and (8) have been already identi-

fied in the previous chapter. 

4-Cyano-2~6-diphenyZphenoZ (6). To a solution of 4-

diazo-2,6-diphenylcyclohexa-2,5-dienone 6) (2.0 g, 7.3 mmol) 

in acetic acid(40 ml) and hydrochloric acid(1.8 ml) was added 

potassium iodide (2.6 g, 16 mmol) at room temperature. 

Work-up in the usual way gave a viscous oil which was purified 

by chromatography on silica gel to give 4-iodo-2,6-diphenyl

phenol (1.8 g, 4.8 mmol). The iodo~compound (1.0 g, 2.7 mmol) 
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was treated with copper(I) cyanide-pyridine [with copper(II) 

sulphate and p-cyanotoluene as a catalyst] under reflux for 

9 hr. The usual work-up afforded the phenol (6) (0.5g, 1.8 

mmol). mp 159.5-160.5°C (from methanol). Found: C, 84.04; 

H, 4.91; N, 5.23%.- Calcd for C19H130N: C, 84.11; H, 4.83; 

N, 5.16%. 
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CHAPTER IV. Effects of Solvents on Carbon-13 Chemical 

Shifts of Carbonyl Carbon Systems 

Abstract. Carbon-13 chemical shifts of carbonyl 

carbons were determined in aprotic solvents having the solvent 

polarity parameter G. The 13c chemical shifts as a function 

of solvent are found to be correlated with the G value, 

except for the case of acetonitrile. The unusual behavior of 

acetonitrile in the solvent shifts can be interpreted by the 

anisotropy effect of C=N bond arising from the dipolar complex 

between acetonitrile solvent and a carbonyl-containing solute. 

Introduction 

Concerning the effects of solvents on carbon-13 chemical 

shifts of carbonyl carbons, extensive discussions have been 

done in the literature. I - 3 ) The 13c chemical shifts of 

carbonyl carbons are sensitive to the change of solvent, 

particularly for solvents capable of hydrogen bonding toward 

the lone pair electrons of the carbonyl oxygen. The causative 

factors for 13c chemical shifts have been separated into three 

independent terms, 

a = a + a + a' d p 

where ad is the diamagnetic shielding term, ap the paramagnetic 

term, and a' the contributions from anisotropy in the magnetic 

susceptibility of neighboring atoms and groups. 

In the present work the 13c chemical shift changes of 
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the carbonyl carbon systems have been studied in a range of 

aprotic solvents having the G values. The G value is the 

solvent polarity parameter empirically assigned to the 

solvents by Allerhand and schleyer4 ) in order to explain the 

solvent-induced IR frequency shifts. Some correlation between 

the l3c chemical shifts and the G value is expected to be 

found, because the paramagnetic contribution is the dominate 

factor in producing most l3c chemical shift changes. 

Results and Discussion 

Table summarizes the changes in l3c chemical shift, 

together with IR frequency shift, of the carbonyl carbon 

systems .( I) - (III) as a function of solvent. The l3c 

chemical shifts listed in Table appear to become greater with 

an increase in the G value. As shown in Figure, when the 

l3c chemical shifts are plotted against the G value, a linear 

correlation is obtained, except for the case of acetonitrile. 

The success of G correlation means that the G value becomes 

a convenient measure of solvent dependence of l3c chemical 

shifts and that the l3c chemical shifts are related to the 

IR frequency shifts [ (I) ol3c = 0.246V - 0.02, (II) ol3c = 

0.226V - 0.24, (III) ol3c = 0.556V - 0.57, from Table ]. 

Furthermore, this correlation also indicates that the origin 

of the l3c chemical shifts is mainly due to the paramagnetic 

term, supporting theoretical argument of l3c chemical shifts,S) 

because the principal factors affecting paramagnetic term are , 
the charge polarization, variation in bond order, and average 
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Table. The 13c chemical shiftsa ) and IR frequency shiftsb ) for carbonyl carbon systems 

as a function of solvent 

G value Acetophenone (I) Cyclohexanone(II) Acetone (III) c) 
o13C /::'V o13C /::'V o13C /::'V 

Solvents 

(1) Hexane 44 0.00 0.0 0.00 0.0 

(2 ) Cyclohexane 49 0.31 1.2 0.13 1.7 

(3) Diethyl ether 64 0.0 0.0 

(4) Carbon 69 0.7 2.0 
tetrachloride 

I 
Q") (5) Toluene 74 1.20 6.1 1.58 7.3 
~ 

.. I 

(6) Benzene 80 1.75 7.2 1. 64 10.1 1.2 3.8 

(7 ) Dioxane 86 2.54 8.9 2.61 10.6 2.0 5.9 

(8) Methyl iodide 89 2.0 5.9 

(9) Acetonitrile 93 3.76 10.2 4.07 17.4 4.1 6.0 

(10) Dichloromethane 100 2.97 12.0 3.88 18.2 

(11) Chloroform 106 3.40 14.3 4.19 21.0 4.3 9.0 

a) o13C (p.p.m.) corresponds to downfield shift from hexane. b) -1 
/::,V (cm ) = v (hexane)-

v (solvent) . c) The l3C chemical shifts taken from Ref.li o13C and /::'V relative to 

diethyl ether. 
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Figure. Correlation between l3C chemical shifts and G 

value of the solvents (tt, acetophenonei(), acetone}. 

excitation energy. 

As can be seen in Figure, acetonitrile solvent shows 

a significant deviation. This suggests that the effects 

other than the paramagnetic contribution might be operative 

in determining the l3C chemical shift in acetonitrile solvent. 

In cases where the strong solvent-soltlte interaction such as 

local association due to hydrogen bonding or dipolar complex 

is expected, the l3C chemical shifts may be strongly affected 

by the magnetic anisotropy of solvent molecule. For this 

reason, the deviation from the G plot appears to arise from 
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the anisotropy effect of C=N bond due to local ordering of 

acetonitrile molecule around the carbonyl group. This 

possibility can be interpreted by assuming a dipolar complex 

as shown in Scheme. 

0- 0+ 

N=C-CH " 3 
R • • ......... ' . 

...,.C=O 
R 0+ 6-

Scheme 

R; substituent 

The direction of deviation in the 13c chemical shift is 

consistent with the anisotropy effect of C=N bond as antic-

pated from the assumed dipolar association model. A similar 

geometry for the dipolar complex was found in the association 

of polar group such as benzonitrile - dimethyl sulfoxide 

compolex6 )or acetonitrile dimer. 7 ) 

Both benzene and toluene molecules also contain strong 

anisotropy effect, but these solvents show no marked deviation 

in contrast to acetonitrile solvent. In these aromatic 

solvents, since the solvation is mainly due to relatively 

weak association such as dipole - (induced) dipole 8 ) or 

dipole - Quadrupole 9 ) type, one possible explanation is that 

these solvent molecule remote from the carbonyl group may 

be disfavorable for the anisotropy effect on the 13c chemical 

shift. 

From the correlation between the 13c chemical shift 

and the G value, it was found that the G value can explain 
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the paramagnetic contribution, but not the characteristic 

anisotropy effects in NMR solvent shift. The marked deviation, 

therefore, may be important. It is thus concluded that for 

the carbonyl carbon systems studied here the G value becomes 

a convenient measure of the solvent dependence of 13c chemical 

shift except for special case. 

Experimental 

The l3c FT NMR spectra were obtained by a JNM PS-IOO 

spectrometer operating at 25.03 MHz by using TMS as an inter-

nal standard. Spectral reproducibility was 0.05 ppm in 

individual solvents. The concentration of the sample was 

ca. 10 mol%. IR spectra were recorded on a JASCO DS-402G 

grating spectrometer. The uncertainty in vc=o frequency was 

+ -1 -- 0.5 cm . 
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CHAPTER V. 

Abstract. 

Effects of Solvents on the Electronic 

Absorption Spectrum of Sodium 4-Nitro

phenoxide in the Presence of l5-Crown-

5 Ether 

The electronic absorption spectrum of 

sodium 4-nitrophenoxide was determined in 21 solvents of 

varying polarities by the aid of the ability of l5-crown-5 

ether to solubilize the salt in nonpolar solvents. These 

spectra showed a marked difference between hydroxylic solvents 

and nonhydroxylic solvents. A possible interpretaion for this 

difference is presented. 

Introduction 

In polar solvents, solvent effects on phenoxides and 

carbanions have been investigated extensively,l) and discussed 

in connection with several reaction rates and mechanisms. 2 ) 

In contrast to polar solvent effects, the behavior of the 

ion pair system in nonpolar solvents has not been described, 

because of less solubility. In this chapter the effects of 

solvents in the presence of l5-crown-5 ether upon the elec

tronic absorption spectrum of sodium 4-nitrophenoxide are 

discussed on the basis of the correlation between the solvent 

shifts and Dimrothfs solvent polarity parameter, Et (hereafter 

abbreviated as DiS Et), values~3) 
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Results and Discussion 

The Table summarizes the solvent-induced spectral shifts 

for sodium 4-nitrophenoxide (I) relative to 4-nitroanisole 

(II) in a range of solvents. The apporopriate compound (II) 

was used as a reference standard, because the solvation effects 

on 4-nitrophenyl portion are assumed to be similar in both 

compounds. In certain nonpolar solvents, in order to obtain 

a sufficient solubility of the salt for the measurement of the 

A value, a large excess of the sodium chelatent, 15-crown-5 max 

ether, was used. Since it is desirable that solvent shifts be 

compared under the same conditions, all the spectra were 

measured in the presence of a large excess of the crown ether. 

* The A value is attributed to a TI ~ TI transition with the max 

character of an intramolecular charge transfer from the oxygen 

anion to the hydrocarbon portion. 

The crown ether's effects on the spectra are also given in 

the Table. 

It is found that the enhanced red shifts (-~v values max 

in the Table) are correlated well by the DiS Et values (see 

Figure). As can be seen in the Figure, however, the correla-

tion is separated into two set of straight lines, one for 

hydroxylic solvents and the other for nonhydroxylic solvents. 

Furthermore, it should be noted that the slopes of the two 
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Table. Electronic spectral shifts for sodium 4-nitrophenoxide (I) relative to 

4-nitroanisole (II) in the presence of l5-crown-5 ether in a range of 

solventsa ) 

Solvents 

(1) t-Butyl alcohol 

(2) Isopropyl alcohol 

(3) n-Propyl alcohol 

(4) Ethanol' 

(5) Methanol 

(6) Ethylene glycol 

(7) Water 

(8) CC1
4 

(9) 'Ibluene 

(10) Benzene 

(II) Diethyl ether 

(12) Dioxane 

(13) lliF 

(14) Brarrobenzene 

A (I)/nmb ) 
max 

421. 0 (+1) 

414.5(0) 

407.0(0} 

406.0 (0) 

389.0(0) 

407.5(0) 

403.5 

385.0d) 

391.0d ) 

393.0d) 

391.0d ) 

407.5(+1) 

404.0d) 

406.0d} 

(IS) 1,2-Dirrethoxyethane, 4l0.0(+3} 

(16) CHC1
3 

(17) Dichlororrethane 

(18) Dichloroethane 

(19) LMF 

(20) IMSO 

(21) Acetonitrile 

417.5d ) 

420.0d ) 

4l6.0d ) 

435.5 (0) 

438.0 (O) 

429.0(O} 

A (II) /nm max 

307.0 

307.0 

'308.0 

308.0 

309.0 

316.0 

317.0 

302.0 

308.0 

308.5 

302.5 

307.5 

309.0 

313.0 

308.5 

312.0 

313.0 

312.5 

319.0 

318.0 

311.5 

_

A" IkKC) D' E 1 £..lvmax' --- s t va ue 

8.82 

8.44 

7.90 

7.84 

6.65 

7.11 

6.77 

7.14 

6.89 

6.96 

7.48 

7.98 

7.61 

7.32 

8.02 

8.10 

8.14 

7.98 

8.36 

8.62 

,8.79 

43.9 

48.6 

50.7 

51.9 

55.5 

56.3 

63.1 

32.5 

33.9 

34.5 

34.6 

36.0 

37.4 

37.5 

38.2 

39.1 

41.4 

41.9 

43.8 

45.0 

46.0 

a) Reproducibility < 1 nm. b} The value in parentheses represents the 

magnitude of the crown ether effect on the A value; positive numbers 
max 

indicate red shifts. c} Enhanced red shifts for compound (I) as c6npared 

with corrpound (II); -tJ.Vmax' kK = [l/A (I) - l/A (II)] .x 104 • ,d) 1:\Iot 

sufficiently soluble in the absence of 15-crown-5 ether. 
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Figure. Correlation between -~v value and D's Et value. max 

«(»: Hydroxylic solvents, (ta): nonhydroxylic solvents. 

straight lines show opposite signs. 

In the hydroxylic solvents, the phenoxide anion is pre-

sumably present as a cation-free anion rather than as suffi-

ciently tight ion aggregates, because the anion is supposed 

to be strongly solvated by hydrogen bonding. Indeed, the 

addition of crown ether produces essentially no effect on the 

A value (see Table). Therefore, it seems reasonable to max 

assume that the hydroxylic solvent-induced shifts are mainly 

due to the direct H-bonding solvation of the phenoxide anion. 

A stronger H-bonding solvation should produce a larger blue 

shift, because the oxygen of phenoxide is more negative in 

.... : 
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the ground state than in the excited state. In fact, the 

decreasing order of the -~v value is consistent with the max 

a-scale of solvent H-bond donor acidities (HBD)4) reported by 

Taft and Kamlet, except for methanol and ethylene glycol. 

Furthermore, the parallelism between the -~v value and the max 

D's Et value (see Figure) suggests the operation of similar 

H-bonding solvation mechanisms, because the D's Et value is 

based on the electronic transition of the pyridinium betain 

with the phenoxide anion site. 

On the other hand, the nonhydroxylic solvents are presumed 

to be poor anion solvators, so that direct solvations of the 

phenoxide anion can be neglected. The nonhydroxylic solvent 

shifts can be interpreted by assuming an interaction between 

the sodium cation bound by the crown ether and the phenoxide 

anion. It is known5 ) that the D's Et value is correlated with 

such measures of the ionizing power of solvents as Winstein's 

Y value6 ) and Kosower's Z value. 7 ) Therefore, the increasing 

D's Et value may be expected to cause a larger charge separa-

tion between the sodium cation bound by the crown ether and 

the phenoxide anion, and in general the charge separation 

should produce red shift. l ) Indeed, the observed red shifts 

are found to be proportional to the D's Et value (see Figure) . 

As to the crown ether effects, the absence of any effect in 

the dipolar aprotic solvents suggests that the salt is a 

relatively free ion. 

Consequently, the -~v - D's Et value correlation max 

revealed a difference in the solvation mechanism of sodium 

4-nitrophenoxide between the hydroxylic solvents and the 
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nonhydroxylic solvents. This result is analogous to the 

chemical result with regard to the alkylation of phenoxides, 

naphthoxides and oximates. 2 ) 

Experimental 

The electronic spectra were obtained using a Hitachi 124 

automatic recording spectrophotometer. A quartz cell 1.0 cm 

in length was employed, and the concentration of the sample 

-4 was of the order of 10 M. 

Sodium 4-nitrophenoxide was dried in vacuo at 110°C 

overnight. The solvent were freshly distilled before use, 

and the spectro-grade solvents were used without further 

furification, except fo~ chloroform, which was chromatographed 

on alumina. The l5-crown-5 ether was a commercial sample 

(Aldrich Chemical Company, Inc.). 
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CHAPTER VI. 

Abstract. 

Crystal Structures and IR Spectra of 4-

Substituted 2,6-Diphenylphenols Containing 

Intramolecular OH ... TI Hydrogen Bondingl ) 

The crystal structures of 4-substituted 

(N0
2

, H, and OC 2HS) 2,6-diphenylphenols have been determined 

by single-crystal X-ray analysis. These three-dimendional 

structures around the O-H group closely resemble one another. 

The intramolecular OH ... TI hydrogen bond is found between the 

hydroxyl H atom and the TI electrons on two carbon atoms of the 

or tho phenyl group for each crystal structure. In addition to 

the intramolecular OH ... TI bonding, the weak intermolecular OH 

••• TI bond is observed in the crystals of 4-nitro-2,6-diphenyl

phenol. The structure of 4-ethoxy-2,6-diphenylphenol contains 

the intra- and inter-molecular OH ..• TI bonds, and the inter

molecular OH ... O bond. The crystal and molecular structures 

well explain the OH stretching bands appeared in the IR specta 

of these phenols in the solid state. 

Introduction 

Hitherto many spectroscopic studies have been carried out 

on the hydrogen bonding in which TI electrons are involved as 

the proton acceptor base. As far as we know, however, only 

a few unequivocal X-ray studies have been reported. 2 ,3) 

In order to elucidate the stereochemistry of the intramolecular 

OH ... TI bond, the structures of 4-substituted (Hi I, N0
2

i 2 
and OC2HSi 3) have been studied by X-ray diffraction. 

The IR spectra in the solid state are examined to interpret 
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on the basis of the crystal structures determined, and the 

discussion on the stereochemistry around the OH group is given 

in this chapter. 

Experimental 

X-Ray Crystallographic Analysis. The crystal data, 

number of reflections, and final residuals are listed in Table 1. 

Table 1. Crystallographic data, number of reflections, and 

final residuals for I, 2, and 3 

I 

Mol formula C18H14O 

Mol weight 246.3 

Size (rom3 ) 0.28xO.14xO.12 

Crystal system orthormbic 

Space group 

Lattice constants 
o 

a (A) 

b 

c 

8 

y 

-3 D (g. cm ) 
x 

z 

Unique data 

IFI>3a(F) 

Final R 

11.165(1) 

18.399(1) 

6.368(1) 

90 

90 

90 

1.251 

4 

1754 

1271 

0.052 

2 

C18H13N03 

291.3 

O.22xO.28xO.11 

monoclinic 

C2/c 

21. 983 (3) 

9.259(1) 

14.208(2) 

90 

95.32(2) 

90 

1.344 

8 

3328 

2040 

0.051 
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3 

C20H1802 

290.4 

0.4xO.2xO.1 

tric1inic 

10.857(1) 

14.593(2) 

10.467(1) 

104.80(1) 

96.96(1) 

84.05(1) 

1.215 

4 

5587 

3598 

0.057 



The X-ray intensity data were collected by the 8-28 scan 

technique on a computer-controlled four-circle diffractometer, 

using a graphite-monochromatized MoXa radiation. The struc-

tures were solved by applications of the symbolic addition 

procedure, 4) and refined by the block-diagonal least-squares 

method. Anisotropic thermal vibrations were assumed for the 

non-hydrogen atoms. All the H atoms, including the hydroxyl 

H atom, were clearly found from difference Fourier maps and 

their positional and isotropic thermal parameters were refined. 

Measurement of the IR Spectra. The IR spectra were 

obtained with a JASCO DS-701G grating spectrometer. The 

conditions for determination of the spectra were the same as 

in Chapter I. 

Materials. The preparations of compounds (I) and (2) 

were described in Chapter I. 

4-Ethoxy-2~6-diphenylphenol (3). A solution of 4-diazo-

2,6-diphenylcyclohexa-2,5-dienone (2g, 6.8 mmol) (see ChapterI) 

in ethanol .(500 'ml) was irradiated with a low-pressure mercury 

lamp under bubbling nitrogen. Evaporation of the solvent 

gave a slightly yellow residue which was dissolved in benzene 

and chromatographed on a silica gel column. Elutionwith 

benzene gave 3 (lg, 3.4 romol), and as a by-product 2,6-di

phenylphenol (0.3g, 1.2 romol). mp 92-94°C (from benzene). 

Found; C, 82.81, H, 6.20%. Calcd for C20H1802: C, 82.73; 

H, 6.25%. 
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Results and Discussion 

In CC1 4 solution, 4-substituted 2,6-diphenylphenols 

(1-3) show only a singlet OH stretching IR absorption spectra 

due to the intramolecular OH ... TI hydrogen bonding. On the 

other hand, more complex vOH spectra are observed in the 

solid state (CsI disk), as shown in Fig. 1. Deuteration of 

the OH group produces a quite similar vOH spectral pattern 

-1 and the frequencies fall by 907-924 cm , owing to the heavy 

atom effect (band a + 2608.9, b + 2607.9, c + 2588.6, d + 

2636.0, e + 2620.0, f + 2608.6, g + 2604.6 cm- l ). This result 

shows that these observed bands (a-g in Fig. 1) can be assigned 

to the OH stretching vibrations. 

Figs. 2, 3, and 4 show the molecular structures of I, 2, 

and 3 with the atom-labelling schemes, respectively. 

The important distances and angles are given in Table 2. 

It is found from Figs. 2-4 and Table 2 that the geometrical 

structures around the OH group closely resemble one another. 

The OH group is almost coplanar with the phenol ring (I), and 

the ortho phenyl rings, (I) and (III), are twisted about 

the"ring (I) in opposite directions. The hydroxyl H(l) atom 

approaches the TI electron cloud on both C(7) and C(12) carbon 

atoms. The distances, H(1) ... C(7) and H(1) •.. C(12), are 
o 5) 

almost the same (2.40-2.59 A). The H(l) ... C(7) or C(12) 
o 

distance is considerably shorter than 2.9 A, the sum of the 
o 0 

van der Waals radii for hydrogen (1.2 A) and carbon(1.7 A). 

Thus, the OH group seems to be favorably located to interact 

equally with the TI electrons on both C(7) and C(12) atoms in 

the crystals. 
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Fig. 1. The vOR spectra of I, 2, and 3 in CC1 4 and in solid(Csi disk) state. 



Fig. 2 . Mo lecular structure of I viewed perpendicular to ring (I). 

Fig. 3 . Mo lecular structure of 2 viewed perpendicula r t o ring (I). 
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molecule l\ 

mo l ecule B 

Fig. 4. Mo lecul ar structure of 3 (A and B) viewe d perpendicular 

to ring (I). 
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I 
<Xl 
<Xl 
I 

Table 2. Important Distances and Angles for L 2, and 3, with Estimated Standard 

Deviations in Parentheses a) 

I 2 (A) 3 

0 

Distance A 

O(l)-H(l) 0.92(4) 0.75(2) 0.86(4) 

H(l) ... C(7) 2.43(4) 2.48(3) 2.48(3) 

H(l) ... C(12) 2.40(4) 2.59(3) 2.54(3) 

H (l) •.. (the midpoint) of the 2.31 2.44 ,t.41 

C(7)-C(12) 2-

angle 0 

C(l)-O(l)-H(l) 111(3) 110(2) 115(2) 

O(l)-H(l) ... (the midpoint) 122 104 117 

of the C (7) -C (12) 

Dihedral angle 
0 

I II 52 58 58 

I III 44 52 37 

a) Detailed bond lengths and angles are given in Appendix. 

(B) 

0.87(4) 

2.48(4) 

2.40(4) 

2.31 

110(2) 

123 

51 

56 



In molecule I, the vOH spectrum in the solid state, as well 

-1 
as that in CC1 4 , shows only one peak, at 3524.0 cm (see 

Fig. 1), which falls by 88 cm- l from 3512 cm- l of ordinary 

phenol in CC1 4 • This strongly suggests the presence of 

intramolecular OH ••. n hydrogen bonding in the crystals of 

molecule I. Furthermore, no close intermolecular contact 

involving the OH group was found in the packing in the crystal 

lattice, as shown in Fig 5. 

Fig. 5. Projection of the crystal structure of I along the 

c axis. 

Therefore, the observed single vOH spectrum in the solid 

state can be assigned to the OH group in the intramolecular 

OH ... TI bonding 'between H(l) and the TI electrons on both 
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C(7) and C(12) carbon atoms. This result is consistent with 

that deduced from the IR data on 2-hydroxybiphenyls in CC1 4 ' 

solution. 6 ) 

The phenol (2) is also expected to possess the intra-

molecular OH .•• TI bonding in the crystals, because the stereo-

chemistry around the OH group is similar to that of the phenol 

(I) (see Fig. 3 and Table 2). The vOH spectrum of 2 in the 

solid state is observed as a doublet (b and c bands in Fig. 1). 

In order to establish the assignments of the band c bands, 

in view of the crystal-structure results, two factors should 

be considered; one is the dihedral angle between the phenol 

ring (I) and the proton acceptor ring (II), and the other a 

substituent effect. That is, a large dihedral angle and/or 

an electron-attracting substituent in the phenol ring produce 

a stronger OH ... TI bond,6) resulting in a decrease of the 

vOH ... TI frequency. The vOH frequency due to the intramolecular 

OH •.. TI bonding of 2 should occur at a much lower frequency 

than that of I, because 2 has a strong electron-attracting 

substituent, nitro group, and the large dihedral angle 

(see Table 2) as compared with I. From this, the c band at 

3494.0 cm- l can be attributed to the intramolecular OH ..• n 

bonding between H(l) and both C(7) and C(12). In this OH ... n 

bonding, as can be seen from Table 2 and Fig. 3, the angle 

O(l)-H(l) •.. (the midpoint) of the C(7) and C(12) bond is 

104°, which is fairly small compared with the other systems 

( I and 3 ), although no marked change is observed in the 

distance H(l) ... ( the midpoint). The OH ... TI bond seems to be 

strengthened by the smaller angle, because the overlap between 
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the two orbitals concerned [the TI electrons (2pa) and hydroxyl 

H atom (Is) ] becomes more favorable. 

The crystal structure of 2 projected along the b axis 

is shown in Fig. 6. 

Fig. 6. Projection of the crystal structure of 2 along the 

b axis. 

The intermolecular weak contacts are found between H(l) and 

both C(15) and C(16) atoms. The intermolecular distances 
o 

H ( 1) ... C ( 15 ) and H ( 1) ... C (16 ) are 2. 88 (2) and 2. 92 ( 2) A, 

respectively. These values are almost equal to the sum of 
o 

the van der Waals radii (2.9 A), and the occurrence of the 

weak intermolecular OH ... TI bonding can be expected. From 

this, the b band at 3522.5 cm- l must be due to this OH .•. TI 
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bonding. Also, the b band has the less intensity and the 

high frequency as compared with the c band. This can be 

ascribed to the longer OH .•. TI distance. Furthermore, it is 

interesting to note that the H(l) atom approaches from the 

upper side to the TI-electrons on both C(lS) and C(16) atoms 

in order to establish this interaction, but not to the sixfold 

axis of the phenyl ring (III), as shown in Fig. 7. 

Fig. 7. A portion of the crystal structure of 2 showing· 

the intermolecular approach of H(l)atom to both 

C(lS) and C(16) atoms. 

The direction of approach of H(l) to the two carbon atoms 

is quite similar to that in the inramolecular OH ... TI bonding 

of I. This stereochemistry, however, is different from that 

found in the crystal of tributylammonium tetraphenylborate 

monohydrate, 3) where each water H atom is located almost 

immediately above the center of a phenyl ring to form the 
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intermolecular OH ... rr bonding, the H ... C(aromatic) distances 
o 

ranging 2.49(3) - 2.91(3) A. 

In molecule 3, the crystal structure consists of two 

crystallographically independent molecules (A and B), as 

shown in Fig. 4. The corresponding bond lengths and angles 

in the two independent molecules with the opposite orientation 

of the ethoxy group agree closely with each other. As with 

the crystal structures of I and 2, the intramolecular OH •.. rr 

bond is also found in either molecule (A and B). The arrange-

ment of the molecule 3 viewed along the c axis is shown in 

Fig. 8. 

---0---

p~ 

~ 
o 

~ 

Fig. 8. Projection of the crystal structure of 3 along the 

c axis. 
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The most interesting feature is the possibility of the presence 

of the intermolecular OH ... ~ bonding between A and its inverted 

molecule AI and the intermolecular OH ..• O bonding between A 

and B. Figs 9 and 10 show the relevant molecular arrangements. 

In Fig. 9, the intermolecular distances H(l) ... C(17) and H(l) 
o 

.•. C(18) are 2.80(3) and 2.98(3) A, respectively, which are 

close to the values found in the weak intermolecular OH ... ~ 
o 

bond of 2 (2.88(2) and 2.92(2) A). The stereochemistry of 

this OH ••. ~ bond is also quite similar to that in 2. This 

suggests the presence of the intermolecular OH ... ~ bonding 

between A and AI in 3. 

Fig. 9. A portion of the crystal structure of 3 showing 

the intermolecular weak contacts between H(l) atom 

and both C(17) and C(18) atoms. The weak contacts 

and the intramolecular OH ... ~ bonding are shown by 

the dotted lines. 
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Fl" 10 A portion of the crystal structure of 3 showing g. . 

the intermolecular close contact between H(l) atom 

and 0 (2) atom. The close contact and the intramolecular 

OH ... TI bonding are shown by the dotted lines. 

In Fig. 10, the intermolecular H(l) ... 0(2) distance is 2.29(3) 

° ° A, which is about 0.3 A less than the sum of the van der Waals 

radii of 2.6 A. Baur7 ) has proposed that the OH .•. O distance 

° shorter than 2.4 A can be taken as a posible indication of 

° OH .•• O hydrogen bonding. This limiting distance, 2.4 A, agrees 

with the value estimated from Hamilton's equation (see Chapter 

° II); distance < 1.2 + 1.4 - 0.2 = 2.4 A. Also, the angle 

O(l)-H(l) ... 0(2) is 128°, indicating the bent hydrogen bonded 

system. Recently, a very bent OH ..• O hydrogen" bond has been 

found by neutron diffraction study;8) the angl~ O-H .•. O is 

° 116.6°, distance OH ... O being 2.31 A. From these considera-

tions, it can be rationalized that the intermolecular OH ... O 
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hydrogen bond exists between A and B. 

The vOH spectrum of 3 in the solid state splits into a 

quadruplet, as shown in Fig. 1. These bands (d, e, f, and g) 

can be attributed to the four kinds of hydrogen bonded species, 

on the following basis. i) The frequency of the intermolec-

ular OH ... O hydrogen bonded species is supposed to be lower 

than those of the inter- and intra-molecular OH ... TI species, 

because the basicity of the lone pair electrons on oxygen atom 

is larger than that of the TI electrons. ii) The band due to 

the weak intermolecular OH ..• TI bonding should have a less 

intensity and a high frequency as compared with that of the 

intramolecular one, as was observed for the b band in the mol-

ecule 2. iii) The intramolecularly OH ... TI bonded OH frequency 

in the A molecule should be located at a lower frequency 

than that in the B molecule, because the dihedral angle between 

the rings (I) and (II) in the A molecule is larger by 7° than 

that in the B molecule (see Table 2). iv) The vOH frequency 

due to the intramolecular OH ... TI bonding of the B molecule 

should occur at a higher frequency than that of I, because 

for the molecules 3(B) and I having the almost same dihedral 

angle (52° and 51°) the ethoxy substituent (electron-releasing 

one) of 3(B) can be operative in determining the vOH ... TI fre-

quency. 

From the consideration of i), it is found that the band 

g at the lowest frequency, 3512.0 cm- l , is most probably 

assignable to the intermolecular OH ... O hydrogen bond. 

Novak9 ) has reported an empirical correlation curve of the 

vOH VB. 0 ... 0 distance in the OH ... O hydrogen bonded systems. 
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In this correlation, the frequency corresponding to the 

o 
0(1) ... 0(2) distance (2.875 A) in the A-B pair falls near 3500 

cm- l , supporting this assignment, although the O-H ... O angle 

should be considered in this correlation. The consideration 

of ii) shows that the d band with the small intensity at the 

highest frequency, 3560.0 cm- l , can be assigned to the inter-

molecularly OH ... 'Tr bonded species in the A-A' pair. The 

remainder of the band should correspond to the intramolecular 

b d . h b . f' . . ) 1 0 ) d') 11) th OH ..• 'Tr on lng. On t e aS1S 0 111 an lV , e e 

and f bands can be assigned to the OH species in the intra-

molecular OH ... 'Tr bonding in the B and A molecules, respectively. 

Consequently, the crystal structures of these phenols 

revealed by the X-ray study nicely explain the results of the 

IR study on the solid state. 
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APPENDIX 

o 
Bond lengths (in A) and bond angles (in 0) for molecule I 

Bond 

O(l)-H(l) 

C(l)-O(l) 

C (1) -C (2) 

C(2)-C(3) 

C(3)-C(4) 

C(4)-C(5) 

C(5)-C(6) 

C(6)-C(1) 

C (2) -C (7) 

C (7) -C (8) 

C(8)-C(9) 

C(9)-C(10) 

Bond 

C(l)-O(l)-H(1) 

C(2)-C(1)-O(1) 

C(6)-C(1)-O(l) 

C(2)-C(l)-C(6) 

C(1)-C(2)-C(3) 

C (1) -C (2) -C ( 7) 

C ( 3) -C (2) -C ( 7) 

C(2)-C(3)-C(4) 

C(3)-C(4)-C(5) 

C(4)-C(5)-C(6) 

C(l)-C(6)-C(5) 

Length 

0.92(4) 

1. 381 (4) 

1.412(4) 

1. 400 (5) 

1. 372 (5) 

1. 374 (5) 

1.397(5) 

1.389(4) 

1.480(4) 

1. 394 (4) 

1.386(5) 

1. 371 (5) 

Angle 

111(3) 

120.4(3) 

117.3(3) 

122.3(3) 

117.1(3) 

122.7(3) 

120.2(3) 

121.5(3) 

119.8(3) 

121.9(3) 

117.4(3) 

C(1)-C(6)-C(13) 123.7(3) 

C(5)-C(6)-C(13) 118.9(3) 

C(2)-C(7)-C(8) 120.4(3) 

C(2)-C(7)-C(12) 121.9(3) 

C(8)-C(7)-C(12) 117.6(3) 

Bond 

C(10)-C(11) 

C (11) -C (12) 

C (12) -C (7) 

C(6)-C(13) 

C(13)-C(14) 

C(14)-C(15) 

C(15)-C(16) 

C ( 16 ) -C ( 1 7) 

C(17)-C(18) 

C ( 18 ) -C ( 13 ) 

Bond 

C(7)-C(8)-C(9) 

C(8)-C(9)-C(10) 

C(9)-C(10)-C(11) 

C(10)-C(11)-C(12) 

C (7) -C (12) -C (11) 

C(6)-C(13)-C(14) 

C(6)-C(13)-C(18) 

C(14)-C(13)-C(18) 

C(13)-C(14)-C(15) 

C(14)-C(15)-C(16) 

C(15)-C(16)-C(17) 

C(16)-C(17)-C(18) 

C(13)-C(18)-C(17) 
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Length 

1.377(5) 

1.390(5) 

1.397(5) 

1.486(4) 

1.396(5) 

1. 376 (5) 

1.376(7) 

1.382(6) 

1.390(5) 

1. 396 (5) 

Angle 

121.2(3) 

120.2(3) 

120.1(3) 

120.0(3) 

120.9(3) 

120.7(3) 

121.3(3) 

117.9(3) 

121.3(4) 

120.3(4) 

119.6(4) 

120.4 (4) 

120.5(3) 



o 
Bond lengths (in A) and bond ang1es(in 0) for molecule 2 

Bond Length 

O(l)-H(1) 

C(l)-O(1) 

C (1) -C (2) 

C (2) -C (3) 

C (3) -C (4) 

C(4)-C(5) 

C(5)-C(6) 

C(6)-C(1) 

C(2)-C(7) 

C(7)-C(8) 

C (8) -C (9) 

C(9)-C(10) 

0.75(2) 

1. 357 (2) 

1.404(3) 

1. 385 (3) 

1.381(3) 

1.382(3) 

1.388(3) 

1.405(3) 

1.494(3) 

1.383(3) 

1.377(3) 

1.377(4) 

Bond 

C (1) -0 (1) -H (1) 

C(2)-C(1)-0(1) 

C(6)-C(1)-0(1) 

C(2)-C(1)-C(6) 

C (1) -C (2) -C (3) 

C(1)-C(2)-C(7) 

C ( 3) -C ( 2) -C ( 7) 

C(2)-C(3)-C(4) 

C(3)-C(4)-C(5) 

C(4)-C(5)-C(6) 

C (1) -C (6) -C (5) 

C (1) -C (6) -C (13) 

C(5)-C(6)-C(13) 

C(2)-C(7)-C(8) 

C (2) -C (7) -C (12) 

C(8)-C(7)-C(12) 

Angle 

110(2) 

122.0(2) 

116.3(2) 

121.6(2) 

118.5(2) 

120.8 (2) 

120.7(2) 

119.9(2) 

121.6(2) 

120.1(2) 

118.2(4) 

122.0(2) 

119.8(2) 

120 .l(2X'2) 
121.4(2) 

118.5(2) 

Bond 

C(10)-C(11) 

C (11) -C (12) 

C (12) -C (7) 

C(6)-C(13) 

C(13)-C(14) 

C(14)-C(15) 

C(15)-C(16) 

C(16)-C(17) 

C(17)-C(18) 

C (18) -C ( 13 ) 

C(4)-N(1) 

N (1) -0 (2) 

N (1) -0 (3) 

Length 

1. 371 (4) 

1.387(3) 

1.385(3) 

1.488(3) 

1. 386 (3) 

1.380(3) 

1.366(4) 

1.381(4) 

1.381(4) 

1. 390 (3) 

1.464(3) 

1.224(3) 

1.222(3) 

Bond Angle 

C(7)-C(8)-C(9) 120.6(2) 

C(8)-C(9)-C(10) 120.5(2) 

C(9)-C(10)-C(11) 119.7(2) 

C(10)-C(11)-C(12) 120.0(2) 

C(7)-C(12)-C(11) 120.7(2) 

C(6)-C(13)-C(14) 119.9(2) 

C(6)-C(13)-C(18) 121.7(2) 

C(14)-C(13)-C(18) 118.3(2) 

C(13)-C(14)-C(15) 121.1(2) 

C(14)-C(15)-C(16) 119.9(2) 

C(15)-C(16)-C(17) 120.3(2) 

C(16)-C(17)-C(18) 119.9(2) 

C(13)-C(18)-C(17) 120.6(2) 

C(3)-C(4)-N(1) 119.3(2) 

C (5) -C (4) -N (1) 119.1 (2) 

C(4)-N(1)-0(2) 118.1(2) 

C(4)-N(1)-0(3) 

0(2)-N(1)-0(3) 
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118.8(2) 

123.1(2) 



0 
Bond lengths (in A) and bond angles (in 0) for molecule 3(A) 

Bond Length Bond Length 

O(l)-H(l) 0.86(4) C (10) -C (11) 1. 378 (5) 

C(l)-O(l) 1.377(3) C(11)-C(12) 1.386(5) 

C(1)-C(2) 1.398(3) C (12) -C (7) 1.383(4) 

C (2) -C (3) 1.388(4) C (6) -C (13) 1.494(3) 

C(3)-C(4) 1. 387 (4) C(13)-C(14) 1.394(3) 

C(4)-C(5) 1.381(3) C(14)-C(15) 1. 391 (4) 

C(5)-C(6) 1.405(4) C(15)-C(16) 1.371(5) 

C(6)-C(1) 1. 397 (4) C (16) -C ( 17) 1. 374 (4) 

C(2)-C(7) 1. 492 (4) C(17)-C(18) 1.388(4) 

C(7)-C(8) 1.381(4) C(18)-C(13) 1.390(4) 

C(8)-C(9) 1.390(4) C (4) -0 (2) 1.376(3) 

C(9)-C(10) 1.364(5) 0(2)-C(19) 1.440(4) 

C(19)-C(20) 1.510(4) 

Bond Angle Bond Angle 

C(1)-O(l)-H(l) 115(2) C ( 7) -C ( 8) -C (9) 120.5(3) 

C (2) -C (1) -0 (1) 120.9(2) C ( 8) -C (9) -C (10) 120.4(3) 

C(6)-C(1)-O(1) 118.0(2) C; (9) -C (10) -C (11) 119.8(3) 

C (2) -C (1) -C (6) 121.1(2) C(10)-C(11)-C(12) 119.9 (3) 

C(1)-C(2)-C(3) 119.2(2) C(7)-C(12)-C(11) 120.9(3) 

C(1)-C(2)-C(7) 121.4(2) C(6)-C(13)-C(14) 118.7(2) 

C (3) -C ( 2) -C ( 7) 119.4(2) C(6)-C(13)-C(18) 123.2(2) 

C(2)-C(3)-C(4) 120.8(2) C(14)-C(13)-C(18) 118.1(2) 

C(3)-C(4)-C(5) 119.5(2) C(13)-C(14)-C(15) 120.9(3) 

C(4)-C(5)-C(6) 121.5(3) C(14)-C(15)-C(16) 120.1(3) 

C (1) -C ( 6) -C (5) 117.9(2) C(15)-C(16)-C(17) 119.7(3) 

C (1) -C (6) -C (13) 123.7(2) C(16)-C(17)-C(18) 120. 7 (3) 

C ( 5 ) -C ( 6) -C (13) 118.4(2) C(13)-C(18)-C(17) 120.5(2) 

C(2)-C(7)-C(8) 120.2(2) C(3)-C(4)-0(2) 116.0(2) 

C(2)-C(7)-C(12) 121. 3 (3) C(5)-C(4)-0(2) 124.5(2) 

C(8)-C(7)-C(12) 118.5(3) C(4)-0(2)-C(19) 117.6(2) 

0(2)-C(19)-C(20) 107.0(2) 
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o 
Bond lengths (in A) and bond angles(in 0) for molecule 3(B) 

Bond Length 

O(l)-H(l) 

C(l)-O(l) 

C(1)-C(2) 

C (2) -C (3) 

C (3) -C (4) 

C (4) -C (5) 

C (5) -C (6) 

C (6) -C (1) 

C(2)-C(7) 

C (7) -C (8) 

C (8) -C (9) 

C(9)-C(10) 

0.87(4) 

1. 374 (3) 

1.393(3) 

1.405(4) 

1. 379 (4) 

1. 378 (4) 

1.388(3) 

1. 403 (4) 

1.489(4) 

1.401(5) 

1.382(6) 

1. 374 (6) 

Bond 

C (1) -0 (1) -H (1) 

C(2)-C(1)-0(1) 

C(6)-C(1)-0(1) 

C ( 2) -C (1) -C (6) 

C (1) -C (2) -C (3) 

C (1) -C (2) -C (7) 

C ( 3) -C (2) -C ( 7) 

C(2)-C(3)-C(4) 

C(3)-C(4)-C(5) 

C(4)-C(5)-C(6) 

C (1) -C (6) -C (5) 

C(1)-C(6)-C(13) 

C (5) -C (6) -C (13) 

C (2) -C ( 7) -C ( 8) 

C(2)-C(7)-C(12) 

C(8)-C(7)-C(12) 

Angle 

110(2) 

123.0(3) 

115.8(3) 

121.2(2) 

118.2 (3) 

122.2(2) 

119.6(3) 

121.0(3) 

119.8(2) 

121.3(3) 

118.5(3) 

121.9(2) 

119.6(3) 

119.6(3) 

121.6(3) 

118.8 (3) 

Bond 

C(10)-C(11) 

C(11)-C(12) 

C (12) -C (7) 

C (6) -C (13) 

C(13)-C(14) 

C(14)-C(15) 

C(15)-C(16) 

C(16)-C(17) 

C(17)-C(18) 

C (18) -C(13) 

C(4)-0(2) 

0(2) -C (19) 

C(19)-C(20) 

Bond 

C(7)-C(8)-C(9) 

Length 

1.381(6) 

1. 397 (5) 

1.390(4) 

1.491(4) 

1.389(4) 

1. 387 (5) 

1. 383 (4) 

1.369(5) 

1.315(5) 

1.384(4) 

1.379(3) 

1.414(4) 

1.489(5) 

Angle 

120.3(3) 

C(8)-C(9)-C(10) 120.6(4) 

C(9)-C(10)-C(11) 120.0(4) 

C(1)-C(11)-C(12) 120.1(3) 

C(7)-C(12)-C(11) 120.2(3) 

C(6)-C(13)-C(14) 119.4(2) 

C(6)-C(13)-C(18) 122.2(2) 

C(14)-C(13)-C(18) 118.4(3) 

C(13)-C(14)-C(15) 121.0(3) 

C(14)-C(15)-C(16) 119.4(3) 

C(15)-C(16)-C(17) 119.8(3) 

C(16)-C(17)-C(18) 120.9(3) 

C(13)-C(18)-C(17) 120.5(3) 

C(3)-C(4)-0(2) 124.8(3) 

C (5 ) -C ( 4 ) - 0 ( 2 ) 115 • 4 ( 3 ) 

C(4)-0(2)-C(19) 118.2(2) 

0(2)-C(19)-C(20) 107.8(3) 
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