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AM-Benzene-induced solvent shifts a(==6 ,-.&.,) in proton NMR spectra of l-sub- 
stituted4mcthyl-(II), -3&limethyl-(III~ -2,~imetbyl-(Iv), -2$dix&hyl+‘) and -~4&hncthyl- 
benzcncs (VI) have bum determined. The variation of A values with the number and position of Me groupa 
present WOE explained by assuming a 1: 1 solv~holutc complex with tbc gcem&y propoacd by Wii 
ef faL In forming such a compkx. it wa8 shown that the aeric df& ir most importpnt for proton8 remote 
from the 8ub6titucllt while both polar and 8teriP~ccta UC equally important for protons docc to the 
SUbStitUCllt 

RJXEM interest in solvent shifts of proton Nh4R spectra ha= prompted us to 
investigate the nature of the solvent-solute complex. Since the fugt observations of 
this effe~&~* ’ some interesting aspects have been studkd6~’ The cause was assumed 
to arise chiefly from the long-range effect of diamagnetic anisotropy of benzene 
coordinated with the solute. There is strong evidence* that benzene solvent molecules 
act as ekctrondonors to an electrondeficient region in the solute molecules. This 
donation induces a transient dipole in the benzene molecule, and the interaction 
may therefore be of the dipole-induced dipole type. In fact, tbe solvent shift A(= 

6 +.zM rd9olVant ref solvent being cyclohexane or carbon. tetrachloride in general) 
correlated excellently with the dipole moment of the solute in aliphatic molecules 
containing a single polar site.9 It has been deduced from the principle of additivity 
of solvent shifts and dilution curves that a collision complex is formed in the ratio 
of 1: l’s’2 and as the solvent shifts are temperature dependent, the reversible 
equilibrium (benzene + solute # complex) has real significance2 

Concerning the general geometry of the collision complex, widely difkring models 
have been put forward I3 Ronayne and Williams’o proposed the geometry 1 for 
benzene-N,Ndimethylaniline complex and the geometry 2 for benzene-nitro- 
benzene complex. The negative A values of ring protons of N,Ndimethylaniline and 
positive A values of those of nitrobenzene14 appear consistent with the proposed 
geometry. Recently Le F&vre et al.” studied the geometry of complexes through the 
solvent dependence of molar Kerr constants and proposed a similar geometry for 
benzene-chlorobenzene and benzen+nitrobenzene complexes in which the angle 

l Presented before 7th NMR Symposium, Nagoya, Japan, Nov. 1968. Preprint p. 65. 
tSoonafterwtfinishbdthisinvesti~tion.Williamsu1’rcportedtbepolaraadstaicefiocteon 

t01uene-induced sol!!ent shifts of various subatiMcd (poly)nlkylbclla?W by meuluring ti tL?mpwaturc 
dcpcodcna of solvent shifts. Their results as well as metho& differ from ours. 
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between the direction of dipole of the solute and the plane of the benzene molecule 
is about 35” for the former and less than 35” for the latter. 

As the observed 6 values represent the “timeaveraged blur” of the chemical shifts 
of any particular solute proton or group of protons for each of the species present, 
Matsuo et a1.16 criticixed the complex model and suggested that the interaction is a 
general solvation rather than a specitk complexing 

Recently, we compiled the proton NMR data for various monosubstituted 
(poly)methylbenxenes to elucidate the nature of the substituent effect which determines 
the substituent chemical shift (KS).’ The benzene-induced solvent shifts in mono- 
substituted benxenes (I)* would be perturbed by substituting ring proton(s) by Me 
group(s). As this variation may contribute to a better understanding of the solvent 
shifts, we determined the solvent shifts A of both ring and Me (and substituent, if 
any) protons of l-substituted4methyl+I), -3Jdimethyl-(III), -2&dimethyl-(IV), 
-2,klimethyl~ and -2,4,6-trimethylbes (VI). After comparing the benxene- 
induced solvent shifts of I and VI, Diehl” attributed the correlation to the steric 
effect on the non-random distribution of solvent molecules in the neighborhood of 
dipolar solute molecule, but his data was too limited to allow deli&e conclusions. 

We do not claim to prove or disprove the complex model proposed,” but rather 
aim at finding the scope and limitation of this model in understanding the solvent 
shifts of substituted aromatic compounds. 

RESULTS 

Materials. As some compounds (II-VI) are commercially available, others were 
prepared by the established procedures. Physical constants of IV, V and VI are given 
in the preceding communication.’ The purity of each sample was accertained by gas 
chromatography. 

Measurement of NMR spectra. Proton NMR spectra of II-VI were de&mined 
in a cyclohexane or benzene (d6) solution (l-3 mol%) with TMS as an internal 
standard by a JNM4H-100 spectrometer with an installed frequency counter. The 
chemical shifts (6) of II-VI in cyclohexane, in benzene and the solvent shifts A 

(gCYOlOh~~ll&LiZ2flJ are tabulated in Tables l-5. 

l Unfortunately most of the data for I” were obtained indirectly from the data for polysubstituted 
benzocs assuming the add&My relation of solvent shifts. Hena data for I should be regarded critically. 
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substituent H 2.6 HW MC, substituent 

NH, 

NMC, 

OH 

OMt 

Cl 

Br 

I 

CO,Me 

CN 

NOI 

(cyclohexalle) 6.39 678 2.14 3.16 
(bcnaeoe) 632 6-88 2.14 2.63 

A 007 -@lO 002 0.53 

(cyclohexallc) 6.56 691 2% 2.83 
(btnzcne) 661 743 2.21 2.55 

A -0.05 -@12 -001 028 

(cyclohexane) 6.61 689 2.20 594b 
(We) 654 684 2.06 450 

A 0.07 005 @14 144 

(cyclohcxane) 666 693 2.19 362 
(benzene) 6.68 694 2.11 3.34 

A -0Q2 -0al 008 028 

(cyclohexane) 708 695 2.22 
(benzene) 7.04 6.66 190 

A 004 O-29 032 

(cyclohexane) 725 690 2.21 
(benzene) 7.19 6.59 1% 

A 0% Q31 0.35 

(cyclohexane) 7.47 678 2.21 
We) 7.36 646 1.84 

A 0.11 0.32 0.37 

(cyclohexane) 7.87 708 2.32 3.75 
(benztne) 8.05 6.89 199 3.54 

A -0.18 019 033 @21 

(cyclohexane) 7.36 7.14 2.32 
(benzene) 6.97 6.53 1.79 

A 0.39 061 0.53 

(cyclohexane) 8QO 7.17 2.38 
(benzene) 7,79 6.55 1.78 

A @21 @62 060 

’ In ppm relative to TMS. 
b dinEI,. 
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TABIE 2. harON -CAL SIIPIS (v IN CYC- AND IN BmJzBm ANY SOLVENT 

SHIPTS (A) OF 1~ 3.5-D- (III) 

!3llb6titucnt H 1.6 H. Me33 suh6titucnt 

NHa 

NMC2 

OH 

OMC 

cl 

Br 

I 

CO&e 

CN 

NO2 

(cyclollcxaDe) 6.11 626 211 323 
(btnttnc) 6.06 6.38 z12 2.19 

A 005 -012 -01 044 

(cyclohexane) 6.27 627 2.21 2.83 
(btnzene) 638 6.46 223 2.58 

A -011 -Ql9 -002 Q2.5 

(cyclohexane) 6.37 6-45 2.14 5.75 
(bcllpnd 626 643 2Q6 4.34 

A 011 002 008 141 

(cyclollcxane) 643 6-47 222 3-63 
(bcnzcne) 654 6.51 2.13 3.37 

A -011 -004 009 026 

(cyclollcxalle) 6-87 6-73 2.21 

WC) 684 6-W 191 

A 003 023 030 

(cyclollcxane) 7a 678 2.22 
(bcnzcne) 7a 652 1.89 

A 004 026 033 

(cyclohcxMc) 7.27 682 2.20 
(bcnzcnc) 722 654 1.86 

A Qo5 Q2a 034 

(cyclohcxane) 7-61 7.05 2.29 3.77 
(benzene) 7.82 680 2a2 3.53 

A -Q21 025 027 024 

(cyclohexanc) 711 7.07 2.28 
(bcnzcne) 6-71 658 1.78 

A Q40 Q49 Q50 

(cyclohcxanc) 7.77 7.17 236 
(benzene) 1.58 6.61 1.81 

A 019 056 055 

‘ In ppm relative to TMS. 
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TAME 3. hOTON CHIMCAL-(dyUUCY- ANDINBBNZBNBA~~DL~~~~~(A)~P 
I-Jvasmvw, 2,cm (Iv) 

suhstituctlt HS H, H, Me1 Me4 suh!3titucllt 

NMQ 

OH 

OMC 

cl 

Br 

I 

Cil,MC 

CN 

(cyclohcxane) 6.70 668 633 194 2.08 304 
(benztne) 678 6.82 635 1.84 2.16 2.65 

A -Qo8 -014 -002 @lo -008 039 

(cyclohexane) 6-79 6-79 679 2.30 2.26 264 
(benzene) 6% 690 690 2.16 229 2.45 

A -@ll -011 -@ll 0.14 -003 019 

(cyclohcxatte) 672 669 6-45 2.19 2.24 5.88 
(benzene) 677 6.75 639 2.10 2.10 4,47 

A -005 -06 006 009 0.14 141 

(cyclohcxane) 682 6.80 653 2.13 2.18 366 
V) 685 689 6.51 2.16 226 3.37 

A -003 -009 002 -0a3 -008 029 

(cydohcxane) 6% 6-79 7a8 2.29 2.23 
cbcnncnc) 667 6.61 7.12 2.14 1.95 

A @23 018 -004 015 028 

(cyclohcxanc) 691 670 7.28 2.31 2.17 
(bcnzenc) 667 6.51 7.30 2.17 191 

A 024 D19 -0(12 014 026 

(cyclohcxane) 696 658 7.56 2.33 2.20 
(benzene) 668 6-35 758 2.20 191 

A Q28 023 -002 @13 0.29 

(cyclohexane) 6-90 687 7.77 2.52 2.24 3.71 
(bcnzmc) 6-75 6.79 795 260 1.98 3.50 

A 015 008 -018 -008 026 0.21 

(cyclohcxanc) 700 6.95 7.30 2.42 2.29 
(bcnzenc) 6.49 646 7-02 2.12 1.82 

A 0.51 049 @2E 030 047 

(cyclohcxane) 7M) 697 7.75 2.55 2.37 
(be=w 646 650 7.62 2.22 1.82 

A 054 047 013 033 055 

’ In ppm relative to TMS. 
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TALUB 4. hOTON CH~Y~CAL stmm (6)’ M CWLOHEXA~ AND M iwNzBmANDsoLvENT 

9HIp19 (A) OF I-smrmnrw, 2.6DMTHYLBl3NZ~ (V) 

suhstituent H 3.5 H4 Mel.6 substitucnt 

NHz (cyclohexane) 6.78 650 2im 320 
(benzene) 6.91 670 1.89 2.80 

A -0.13 -020 011 040 

NMC, (cyclohexane) 6.82 6.82 2.23 278 
(we) 695 6-95 2.21 2.60 

A -0.13 -0.13 OQ2 0.18 

OH (cyclohexane) 6.84 6.64 2.12 449 
ee) 194 4Q3 

A 018 046 

Ohle (cyclohexane) 6.88 6.77 2.21 359 
(benzene) 679 6% 220 3.35 

A OQ9 -@13 OQl V24 

Cl (cyclohexane) 6.89 6.89 2.30 
(benztne) 6.78 6.78 2.20 

A @ll 009 0.10 

Br (cyclohexane) 694 694 2.37 
me) 6.78 6-78 2.21 

A @16 0.16 @16 

I (cyclohexane) 694 694 241 
(benzene) 6.74 6.83 2.26 

A 0.20 Qll @15 

CN (cyclohexane) 6.97 7.17 246 
(benzene) 6.55 6.80 2.14 

A 042 @37 @32 

NO, (cyclohexane) 6.97 7.10 220 
(me) 654 672 1.91 

A 0.43 @38 0.29 

a In ppm relative to TMS. 
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TA~L~~.PRUTONGUWKXLSHIP~S(~IN~YWX~LUNBANDIN BENzBm Arm SoLvENT 
ssswrs(A)o~ l-s- %4w===L=J==3 (VI) 

Subatitucnt 43 Met,6 Me‘ sub6titlicnt 

NHa (cyclohcxane) 6.62 2ao 2.12 311 
@===I 6.72 192 2.20 268 

A -QlO 008 -DOS 0.43 

we2 (cyclohexane) 662 2.18 2.15 274 
@=@M 676 2.25 2.15 2.68 

A -Q14 -007 oao 006 

OH (cyclobcxane) 662 2.10 2.14 4.23 
@==@I 6.65 2+x 2.14 397 

A -0.03 u-10 om 026 

OMt (cyclobcxalle) 6.65 2-19 2.19 357 
(bf=d 6.73 2.21 2.21 3.40 

A -008 -002 -002 017 

Q (cyclobcxane) 670 2-29 2-B 
(t===e) 6.62 2-23 2112 

A O-08 006 018 

Br (cyclohcxauc) 6.74 2.30 2.16 
me) 661 2.27 199 

A 0.13 003 017 

I (cyclohexane) 675 2.36 2.16 
(b==M 6.61 2,33 1.98 

A 0.14 0.03 0.18 

CO,Mt (cyclohcxane) 672 2.21 2.21 372 
(b==@ 663 2.26 204 354 

& bo9 -005 Q17 0.18 

CN (cyclohexalle) 6.79 2.39 2.24 
me) 6.40 219 I.89 

A e39 V20 835 

NO2 (cyclohexane) 6.79 2.17 2.22 
(b@t==) 6.36 2IK, 1.87 

A 0.43 017 0.35 

3831 

l IO ppm relative to TMS 

170 
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DISCUSSION 

Though Williams et al. 2* lo used carbon tetrachloride, this reference solvent has a 
large van der Waals interaction with solute molecules and the magnitude of this 
interaction may differ in accordance with the steric requirement of the proton in 
question.” As we wished to compare the solvent shifts of protons sterically hindered 
in a different degree, carbon tetrachloride is not to be recommended although this 
solvent is nonpolar. 

Actually we determined proton NMR spectra of II-VI in three solvents, it., carbon 
tetrachloride, cyclohexane and benzene. The 6 values in carbon tetrachloride’ are 
in general lower than those in cyclohexane and the difference, 8,.+iohcune 
6 u&on tctmchlorido amounts to, in not a few cases, almost 01 ppm This is apparently 
due to the van der Waals interaction between carbon tetrachloride and the solute 
protons. Since this difference seems to vary with the steric elfect, we prefer cyclo- 
hexane as the reference solvent. Details of this solvent shift will be published else- 
where. 

Replacing hydrogen(s) of I by Me group(s) would atkct the benzene-induced 
solvent shifts in various ways. 

(i) The presence of Me groups inhibit the solvent molecules from approaching the 
ring proton or substituent, if any, of the solute. Consequently the sterically hindered 
protons will have an environment which is close to that in a gas phase, or approxi- 
mately in a cyclohexane solution. In other words, A values will approach to zero or 
become even negative if the steric hindrance is severe.2* lg 

(ii) At the same time, association of solvent molecule(s) to Me group(s) must be 
considered since the latter is electrondeficient due to the hyperconjugative electron- 
donation to the ring 2o Indeed it is accepted that for large solute molecules with more 
than one polar site, a benxene molecule may be associated with each site, provided 
they are not too closely located. lo These two points are well demonstrated by the 
A values of (poly) methylbenxenes (Table 6). The positive A values for Me protons 

TABIE 6. SOLVBNT suim (A) op mw- mm brenw~-~~oror.~ IN (FOLY)- 

MEnwLBBNzENs 

toluenc In-xylene PXYk= mesityknt 

Ring-proton -001. --OW -0W -002 
Methyl-proton @17 @lO 006 

l Btimatcd from the 6 value of the strongest peak. 
* Data taken from rf. 19. 

together with small negative A values for ring protons suggest the weak association 
at the Me groups together with slight steric inhibition of approach of solvent molecules 
to the aromatic ring protons.2* lg 

(iii) The presence of or& Me group(s) needs particular consideration. Not only will 
the solvent molecule find it more difllcult to approach the polar site, but the polarity 
of the solute may be reduced due to the steric inhibition of resonance if the substituent 
is bulky. Fig 1 shows the variation of A values for the substituent protons. Apparently 
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the polarity of the solute is not the only reason for the observed solvent shifts even 
if the H-bonding OH group is excluded. 

(iv) The presence of nreta- and para Me group(s) will not alter the polarity of the 
solute nor the stereo-ohemical environment around the substituent. Therefore, for the 
electron-donating substituents (complex l), the geometry of the complex will remain 
unchanged, but the formation of a type Zcomplex will be made difficult by the presence 
of Me group(s) regardless of position. Thus the change in solvent shifts due to the 
introduction of Me group(s) would be large for electron-withdrawing substituents 
and halogens. 

Ro. 1 A Values of protons in substitucnts. 

(v) Among the el~on-~~~~g su~titu~~, the COzMe group must be 
considered. A Values of otifw, ring protons and o&a Me protons are both negative. 
This indicates that the solvent associates with the carbonyl (c=O) k-action of the 
group. Since o&to positions he in front of the “carbonyl plane** provided the rotation 
about C&--C- bond is rapid, A values for these protons must be negative. 

We can judge whether the observed A values are in accordance with prediction if 
either geometry 1 or 2 is assumed. The variations of A values due to Me group(s) 
for &ho, rneta end para ring protons and ortho and para Me protons are shown in 
Figs 2-6. 

l The ‘%arbonyl plam rul4P states that A values will be positive for protons lying behind a phnc 
drawa at right angka to tbe C=G bond and passing through the cnrbonyl carboa atom, but ncgxhc for 
protons lying in front of this plane. 
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FIG. 2 A Values of various o-ring protons. 

ortho Ring proton (Fig. 2) The A values (and even their signs) of four electron- 
donating snbstituents show no definite correlation with the number and position of 
Me group(s) present nor any indication that A values decrease as the steric inhibition 
increases. The are, however, internally consistent with the proposed geometry 1. 
The presence of Me group(s) may modify slightly the stereochemistry and/or the 
electronic state near the polar site (hence in the geometry of complex), but complex 
formation itself is not made difficult. 

FIG. 3 A Values of various m-ring protons. 
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Halogens and electron-withdrawing substituents result in nearly equal A values 
for II and III. The presence of a para Me group or two RI&U Me groups seem of equal 
steric importance in complex formation, but the presence of an orrho Me group results 
in much smalkr A values for IV as anticipated from the geometry 2 

meta Ring proton (Fig 3). The variation of A values for me&a ring protons is in 
accordance with the expected tendency, i.e., they have relatively no effect on electron- 
donating substituents and there is a constant decrease in the A values for halogens 
and Elton-~~dra~g substituents as the number of Me groups increases. 

An anomaly was observed for the 3- and 5-protons of IV. The 3-proton, due to the 
presence of a 2-Me group, is sterically more crowded than the 5-proton and should 
have a smaller A value. Instead, the less crowded 5-proton has tbe smaller A value. 
One possible explanation is the asymmetric deformation of the geometry of complex 
caused by the steric asymmetry at the polar site of IV. The 2-Me group pushes the 
overlying solvent molecule aside, causing the slant of the plane of solvent molecule 
out of that of the solute. Provided tbe geometry of complex of IV is like 3 (4Me group 
is not shown), the S-proton is more deeply immersed in the paramagnetic region of 
the solvent than the 3-proton. 

I u !i 

RG. 4 A Vducs of various pring protons. 

para Ring proton (Fig 4). A Values for para protons seem to depend primarily on the 
steric factor of the polar site. For example, both III and V have two Me groups 
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and A values of 4-proton of V, sterically less crowded without I or ~-MC groups, are 
much smaller than those of III with both 3- and 5-Me groups. It must be emphasized 
that linear substituents (irrelevant to the steric inhibition of resonance) as well as 
bulky substituents show the same decrease of A values from III to V. It seems that the 
farther the proton is from the polar site, the more important is the steric factor in the 
neighborhood of the substituent. 

FIG. 5 A Values of various o-methyl protons. 

z7_I 

I I 

A Valuoa of o-H of IV (ppm) 

Ro. 6 A Values of various pmethyl protons. 
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ortho und para Methyl protom (Fig8 5 and 6). The general tendency is similar with 
that for ring protons. 

A VU&MS @ring proton vs A auks ofmethy2 protons. In Figs 7-9, plots of A value8 
of ring proton us those of Me proton8 for o&o, meta and pma positions are given. 

I 1 I , I I 

-02 -0 t 00 01 02 03 

A Valuoa of o-Me of IV (ppm) 

Flo. 7 A Valuap at ortko-position. 

I t 1 I I 

-01 00 OS 04 06 

A Values of m-H of II (ppm) 
FIG. 8 A Values at maa-position. 

Though the ortho plot shows no comlation, a linear correlation is observed for metu 
and para plots. If the origin of benzene-induced solvent shifts is solely due to the large 
diamagnetic anisotropy of benzene, a proton bonded to sp3 hybridized carbon and a 
proton bonded to sp* hybridized one should show much the same A value if the geo- 
metric relation to the anisotropic solvent is identical Thta, if the difference in tbe 
di8tance brom the associated solvent to ring proton and to Me protons is negligible, 
one can expect a line with a slope of unity for the plots given in the Figs 7-9 (dotted line 
in Fig8 8 and 9). The intercepts of the dotted line8 correspond accurately to the in- 
crement of A values of Me proton8 due to benzene association. (Table 6). However, the 
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difference in the distance cannot be neglected. Generally the distance to the associated 
benzene is slightly larger for Me protons than for ring protons:* the diikence is 
large when the proton in question is close to the associated benxene (as in complex 2). 
As the position to the associated solvent becomes closer, the ratio (A values of Me 

I L I 

-02 00 a2 o* 06 

A Valuw of p-H of III (ppm) 

FIG. 9 A Valuea at para-position. 

protons)/(A values of ring proton) is reduced to less than unity. More precisely the 
ratio varies with respect to the nature of the substituent and to the position relative to 
the substituent. As for the nature of the substituent, the ratio decreases in the order ; 
electrondonating substituent > halogen > electron-withdrawing substituent. Re- 
garding the position, (a) for electrondonating substituent ; orrho > rnetu z- par& 
and (b) for halogen and electron-withdrawing substituent ; or&o > m&a > x para 
For both meta and guru plots, halogens and electron-withdrawing substituents 
deviate slightly in the expected direction, again supporting model 2 

An alternative explanation for thcsc deviations is that the approach of benzene 
molecules to the Me group(s) is made difficult by the overlying benzene molecule 
associated with the substituent. Although this explanation is simpler, we have at 
present no defite information on this type of steric hindrance. The effect of dilution 
on A values may provide valuable information, and this is being currently investigated, 
and is also consistent with the assumed geometries 1 and 2 ’ 

Another possibility is the change of the hyperconjugative interaction between the 
Me group(s) and the aromatic ring due to the substitdnt. This could alter the degree 
of interaction between the Me group and the benxene solvent molecules, hence, the 
fraction of A values due to this coordination. This is, however, highly unlikely since 
the geminal coupling constants of Me protons in a series of II are quite insensitive to 
the electron-withdrawing nature of the substituents.23 

Two lines of evidences, i.e., (1) the variation of A values with the number and position 
of Me groups and (2) plots of A values of ring proton us those of Me protons, support 

l For methyl protons an average position (lcx~tcd along the extension of C&-C, bond) may be 
assumed. The erra associated with this approximation in allowabk if the Diana betwam the proton 
and the anisotropic center is moderately remote.az 
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the general approximation of the solvent shifts of monosubstituted (poly)methyl- 
benzenes in terms of complex 1 &ith additional benzene solvent molecule(s) weakly 
associated with Me group(s)) for compounds with electrondonating substituents 
and complex 2 (with additional benzene solvent molecule(s) weakly associated with 
Me group(s)) for those with halogens or electron-withdrawing substituents provided 
that the coordination of benzene with Me group(s) is not seriously perturbed by the 
presence of the substituent. In forming such complexes, the steric effect is of prime 
importance for protons remote from the polar site, and the polar effect as well as 
steric factor is responsible for protons close to the polar site. 

Acknowledgement-The authors wish to thank Mr. K. Aizawa, Faculty of Agriculturr, University of 
Tokyo, for rczording NMR spectra. 
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