
Investigations of Substituent Effects by Nuclear Magnetic Resonance 
Spectroscopy and All-valence Electron Molecular Orbital Calculations. 

11. 4-Substituted a -Methylstyrenes and a -t-Butylstyrenes 

GORDON K.  HAMER,' IAN R.  PEAT^ AND W. F. REYNOLDS 
Department of Chemistry, 'University of Tororzto, Toronto 181, Ontario 

Received June 14. 1972 

Substituent-induced 'H chemical shifts (S.C.S.) for 19 4-substituted a-methyl- and a-t-butylstyrenes 
have been determined a t  infinite dilution in C6Hl2 and 13C S.C.S. have been determined for 0.4 M 
solutions in CCI,. S.C.S. are correlated with field and resonance substituent parameters and compared 
with charge densities determined by CND0/2  MO calculations. The variation of S.C.S. with the dihedral 
angle, p, between phenyl and vinyl groups and the overall pattern of S.C.S. can be largely accounted for 
by a model of substituent effects based on field, resonance, and n polarization effects, with conjugative 
interactions varying as cos2p. Both I3C chemical shifts and charge densities indicate that the n polariza- 
tion effect consists of two components: (I) a through-space polarization of the vinyl system by the 
polar C-X bond and (2) polarization of the entire conjugated styrene n electron system. However, 
significant deviations are noted for some of the 'H S.C.S. correlations. The CND012 calculations 
indicate that these deviations are primarily due to electronic effects not predicted by the nlodel outlined 
above. CNDO/2 calculations for related compounds provide a partial explanation by indicating that 
the magnitude of the field effect depends upon the nature of the molecular framework. 

Les deplacelnents chimiques en 'H induits par des substituants (S.C.S.) pour 19 a-niethyl et a-t- 
butylstyrenes substitues en position 4 out Cte determines a dilution infinie dans le C,HIz; ceux-ci en 13C 
ont Cte determines en solution 0.4 M dans le CC14. Les diplacements chimiques induits par des subs- 
tituants sont relies aux parametres de champ et de resonance caracteristiques des substituants et com- 
pares avec les densites de charge obtenues par des calculs CNDO/2 MO. La variation dans les deplace- 
ments chimiques avec I'angle diedre, p, entre les groupes phenyle et vinyl ainsi que le schema general 
de ces dkplacements chimiques peuvent tres bien s'interpreter a parlir d'un modele des effets de substi- 
tuants base sur le champ, la risonance et des effets de polarisation n avec des interactions de conjugaison 
variant selon le cosZp. Les diplacements chimiques en I3C et les densites de charge indiquent tous les 
deux, que I'effet de polarisation n possede deux composantes: (I) une polarisation a travers l'espace 
du  systeme vinylique par la liaison polaire C-X et (2) une polarisation du spsteme d'klectrons n du 
styrene conjugue en entier. Cependant, des Ccarts notables ont Cte observes pour quelques-unes des 
correlations dans les dtplacements chimiques en 'H. Les calculs CNDO/2 montrent que ces tcarts sont 
imputables principalement a des effets electroniques imprevisibles selon le n~odele illustri: precedemment. 
Les calculs CND012 pour des composCs voisins permettent Line explication partielle en montrant que 
I'amplitude des effets de champ depend de la nature du squelette molCculaire. 

[Traduit par le journal] 

Can. J .  Chem.. 51. 915 (1973) 

Introduction 
In  the preceding paper (I), 'H and 13C chemi- 

cal shifts for 4-substituted styrenes were cor- 
related with field (F) and resonance (R) substit- 
uent parameters (2) : 

[I 1 6 = f F + r R + 6 ,  

These correlations of substituent-induced chemi- 
cal shifts (S.C.S.) were used in conjunction with 
charge densities estimated by CND0/2 molecu- 
lar orbital calculations (3) to deduce mechanisms 
of transmission of substituent effects in these 

'NRCC Scholarship holder, 1967-1970. 
'NRCC Scholarship holder, 1968-1971. Gulf Oil Fel- 

lowship holder 1971-1972. 

compounds. However, since the use of F and R 
correlations for this purpose has been severely 
criticized (4), several criteria were proposed to 
test the validity of the correlations (1). One of 
these criteria was that f and r values should vary 
in a regular and predictable fashion for related 
series of compounds. To test this criterion, a 
series of 4-substituted derivatives of 2-phenyl- 
propene (I) and 2-phenyl-3,3-dimethylbutene (2) 
were synthesized. These compounds will hence- 
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HAMER ET AL NMR A h D  MO CALCULATIONS O F  STYRENES 

TABLE 1. Vinyl proton chemical shifts (in p.p.m. relative to (CH3),Si) and 
coupling constants (in Hz) for 4-substituted a-methylstyrenes 

at infinite dllut~on in C6H12 
-- - -- - - - - - - - - - - - - - - - - - -- 

Substituent & H e  ~ H C  A&(B - C) ,JAB 4 J A ~  J B C  

tained at 130-1 50 mm pressure. Products were trapped in 
a receiver flask immersed in a Dry Ice - acetone slurry. 

ATBS derivatives were dried over Linde 4A molecular 
sieve. They were then purified by preparative v.p.c., 
using a Varian Aerograph Autoprep 700 and a 20 ft x 
318 in. column packed with 30% SE-30 on 45/60 mesh 
Chromosorb W. Melting points were determined on a 
Fisher-Johns hot-stage apparatus and are uncorrected. 
Elemental analyses were carried out by A. B. Gygli, 
Microanalyses Laboratories Limited, Toronto, Ontario. 

( b )  Sample Preparations and Recovding of Spectra 
All styrene derivatives were either used immediately 

after synthesis and purification or else were redistilled or 
recrystallized immediately before use. AM§ derivatives 
were dissolved in cyclohexane which was used as a lock 
and reference signal. The cyclohexane (Fisher A.C.S. 
grade) was fractionally distilled from sodium and stored 
over Linde 4A molecular sieve. ATBS derivatives were 
dissolved in cyclohexane-d12 (Merck Sharp and Dhome 
Canada Ltd.) with 4% tetramethylsilane as lock and 
reference signal, to avoid interference between t-butyl 
and cyclohexane peaks. Measurements were made at 
three concentrations in the range of 1-5 mol%. 

Proton spectra were obtained on a Varian HA-100 
operating in frequency sweep mode at a probe tempera- 
ture of 30". Experimental conditions were identical io  
those previously described (17). Nuclear Overhauser 
effects for a-t-butylstyrene were determined according to 
the procedure of Bell and Saunders (18), using the 
electronic integrator of the HA-100 and a Hewlett- 
Packard 4204A digital oscillator. The sample (5 mol % in 
CDC13 containing 5 mol % tetramethylsilane as lock and 
reference) was filtered, degassed by five freeze-pump- 
thaw cycles on a high vacuum line and sealed at 0.01 mm. 

I3C n.1n.r. spectra were obtained in CCI, for 0.4 M 
solutions, using previously reported procedures (1). 

A complete A,BC spectral analysis was car- 
ried out for the a-methyl and vinyl proton spec- 
trum of a-methylstyrene, using the iterative 
computer program LAME (19) (protons are not 
labelled conventionally in order of increasing 
field but rather by ana!ogy to styrene ( I )  to 
facilitate comparisons between different series). 

TABLE 2. Vinyl proton chemical shifts (in p.p.m. 
relative to (CH3),Si) and coupling constants (in Hz) for 

4-substituted a-t-butylstyrenes at infinite dilution 
in cyclohexane-dl, 

-- 

Substituent 6,,, tiHc A6(B - C) J B C  
- - -  

FI 
CH3 
C(CH3)3 
F 
C1 
Br 
OCH, 
N(CHB)Z 
NO2 

However, it was found that all chemical shifts 
and coupling constants and also the chemical 
shift difference A6(B - C) agreed within 0.05 
Hz of those obtained from a first order A,MX 
analysis. Consequently, all AMS spectra were 
analyzed by first order analysis. ATBS deriva- 
tives were analyzed as AB spectra (there was no 
resolvable coupling to the t-butyl group). 

Infinite dilution proton chemical shifts were 
determined by least squares fitting of the linear 
dilution curves. Standard errors of intercepts 
never exceeded 0.0008 p.p.m. Proton chemical 
shifts and coupling constants for AMS deriva- 
tives are summarized in Table 1 with results for 
ATBS derivatives in Table 2. 13C chemical shift 
data for both compounds are given in Table 3. 

CND0/2 calculations were carried out on an 
IBM 360-65 computer using a standard program 
(19). Most bond lengths and bond angles for 
styrene were identical to those previously re- 
ported (1) with the C,-C,-CB valence angle 
a fixed at 120". The C,-C, bond length was 
varied as a function of p 

[2] v ,,-,, = (1.52 - 0.06 cos p)A 
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918 CAN. J .  CHEM. VOL. 51. 1973 

TABLE 3.  I3C chemical shifts (in p.p.m. relative to 13CH3Si(CH3),) for 0.4 M solutions of 
4-substituted a-methyl- and a-t-butylstyrene derivatives in CC1, 

-- 

Substituent C-4 C-3,5 C-2,6 C-1 C-a c - a  

(b) a-t-Butylvt).renes 
H 
CH3 
C(CH313 
F 

TABLE 4 Excess charge densltles ( x  104, relatlve to the parent styrene) for C-1 and vinyl protons and carbons of 
4-substituted styrenes with p = 90 (phenyl and vlnyl gioups at right angles) 
-- - -- - - - - -- - - - 

- - - 

N(CH3)2 NH2 OCH3 CH3 C(CH3)3 CECH F CI* CF3 C-N NO2 S I ( C H ~ ) ~ "  

C-1, 
C-1, 
C-a, 
c-xn 
C-aJ 
c-a. 
H B 
H c 
A t  

"3s and 3p orbitals only 
t A  = Aq(H, - Hc). 

to allow for decreased conjugation in the non- 
planar forms. Assumed geometries for other sub- 
stituents are tabulated elsewhere (5). For reasons 
of computational economy, most calculations 
were carried out for 4-substituted styrenes with 
p = 90" rather than for a-alkylstyrenes using the 
experimental p. Vinyl carbon and hydrogen 
charge densities are given in Table 4 (complete 
charge densities are on deposit in the Depository 
of Unpublished Data, National Science Library, 
National Research Council of Canada, Ottawa, 
Canada KIA OS2). However, calculations were 
also performed for a limited number of styrene 
derivatives with p = 30 and 60" and AMS 
derivatives with the experimental p of 30". These 
calculations showed that charge densities varied 

sinoothly with p. In addition, nearly identical 
results were obtained for the substituent de- 
pendence of charge densities of styrene and AMS 
derivatives with p = 30°, demonstrating that no 
complications were introduced by the presence 
of the alkyl substituent. 

Discussion 

(a) Defermination of Corzfornzation o j  
a-Al/cj.lstyrenes 

'H and 13C S.C.S. in 4-substituted a-alkyl- 
styrenes are very sensitive to the dihedral angle, 
p, between the phenyl and vinyl groups. Conse- 
quently we attempted to determine this angle as 
accurately as possible. p was estimated from the 
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HARlER E T  AL NMR AND MO CALCLLATIONS OF STYREIcES 

TABLE 5. Calculated ring current and charge density contributions to A6,(B - C), 
the a proton chemical shift difference in unsubstituted styrene, AMS and ATBS 

(a)  Calculated charge densities for H ,  and H c  in styrene, AMS and ATBS 
- 

- - -- - -- -- -- .- 
- -- 

Charge density ( x lo4) 
-- 

Proton Styrene(OU) Styrene(30-) AMS(3OC) Styrene(64") ATBS(64") 

(b) Calculated ring current (r.c.) and charge density (c d ) 
contributions to 6,(B), tiO(C) and AS,(B - C) 
- - - - .- - - 

- 
-- -- 

6 ( P . P . ~  ) 

Proton Contribution 

H B r.c.* 
c.d.t 
Total 
6,(calcd.)f 
Gdexp.) 

HC r.c. 
c.d. 
Total 
G,(calcd.) 
Sdexp.) 

H, - Hc A6,(calcd.)S 
AGn(exp.) 

Styrene 
-- 

0.561 
0.355 
0.916 
5.630 
5.630 

0.258 
0.132 
0.390 
5.104 
5.113 

0.526 
0.517 

*Calculated using Bovey-Johnson (42) calculations. 
'+Calculated assuming a scaling factor of 21 p.p.m.lhydrogen Is electron and expressed relative to zero 

charee densitv. 
tcalculatei 60 obtained by assuming that the calculated value for 6(B) for styrene is equal to the experi- 

mental value and expressing other values relative to this value. 
§Difference in total ring current and charge density contributions for H, and Hc. It is not necessary to 

assurne any chemicdl shift in this caae. 

electronic absorption spectrum using two differ- 
ent techniques. 

Experimentally determined h,,, values for 
the conjugation bands of styrene AMS and 
ATBS were respectively 248, 243 and 223 nip 
while the corresponding extinction coefficients 
were 14 310, 10 900, and 2630. p can be esti- 
mated from the extinction coefficients using the 
approach of Braude and Sondheimer (20): 

where coo is the extinction coefficient for styrene 
(assumed planar (1)). This approach gives p = 
29" for AMS and p = 65" for ATBS. Alterna- 
tively one can determine p from conjugation 
band transition frequencies, using the method of 
Suzuki (21). This method yields p = 30" for 
AMS and p = 63" for ATBS (full details of the 
calculation are given elsewhere (5)). The two 
methods are in excellent agreement and average 
values of p = 30" for AMS and p = 64" for 
ATBS will be used in the following discussion. 

( b )  Assignment of HB arzd H, for A M S  and 
ATBS and Discussion of Factors Determining 
A6,(B - C )  

H, and H, for AMS have been previously 
assigned on the basis of specific deuteration 
experiments (22). I t  was found that 6,, > tjHc, 
as in styrene. However, A6,(B - C) is much 
sinaller for AMS (+0.279 p.p.m.) than for 
styrene (+0.517 p.p.m.). HB and H, for ATBS 
have not been previously assigned. These were 
assigned by utilizing the nuclear Overhauser 
effect (n.0.e.) (23,24). Irradiation of the t-butyl 
group gave a positive n.0.e. of 11 + 2% for the 
low field vinylidene proton and negative n.0.e. 
of 3 + 2% for the high field proton. This allows 
unambiguous assignment of the low field peak 
as H, and the high field peak as HB. This means 
that A6,(B - C) has changed sign and now has 
a large negative value (-0.417 p.p.m.) for 
ATBS. 

It 1s interesting to consider why this occurs. 
As shown in Table 5, 6, ,  is nearly constant while 
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920 CAN. J .  CHEM. VOL. 51, 1973 

6,, moves continuously to low frequency (high 
field) on going from styrene to ATBS. It is 
known that the vinyl proton chemical shifts in 
styrene are not solely due to ring current effects 
(25). The CND0/2 calculations indicate that 
differences in charge density for H, and H, 
contribute substantially to A6,(B - C). Assum- 
ing an average scaling factor of 21 p.p.m.1 
hydrogen 1s electron (l), then A6,(B - C) for 
styrene and AMS are almost quantitatively pre- 
dicted by a combination of ring current and 
charge density effects (Table 5). A somewhat 
larger error is found for ATBS although chemi- 
cal shift trends are well reproduced, particularly 
for H,. The large positive charge density for W, 
in styrene (3) apparently is due to the steric 
interaction between H, and Hz since qHB de- 
creases as p increases: Similarly, Hz  has a less 

negative charge (- 18 x than H, (- 54 x 
with qH2 becoming more negative as p 

increases. By contrast, q,, is much less sensitive 
to p. Thus, there are apparently two electronic 
contributions to the high field shift of H, on 
going from styrene to ATBS: (1)  relief of steric 
hindrance and (2) the electron-releasing effect 
of the alkyl substituent (as evidenced by the 
additional negative contribution to q,, for the 
alkylstyrenes as compared to styrene for the 
same p). This combines with the decreased rlng 
current effect to give a large high field shift for 
HB. By contrast, the near constancy of 6,, 
reflects a lesser sensitivity to both ring current 
and charge density effects. Tt is also possible that 
there is a van der Waals' or dispersion inter- 
action (26) contributing to the low field shift of 
H, In styrene However, the results can be ex- 
?lamed w~thout invoking an effect of this kind 

Cne final conclusion can be drawn from the 
above discussion and the data in Table 5 :  for 
a glven styrene derivat~ve, ti,,, should be much 
~16~1-e sensitive than 6,,, to small changes in p. 

/c J Intelpiefatioi7 of Subsiltuerzt-indud 
Chemical ShlJfs 

~-Coi~jugatlve effects should vary as cos2p (27). 
Conseqliei~tly, the expected welghtlng factors, r ,  

for correlations of S.C.S. with F and R can be 
estimated from the observed values for styrene 
(1): 

[4 1 r,, = 0.414 cos2p 

~5 I r,, = 0.420 cos2p 

It is more difficult to make predictions from 
the observed f values since they should reflect 
both through-space field effects and n polariza- 
tion effects (1). As a first approximation it 
seemed reasonable to assume that the through- 
space field effect upon proton chemical shifts 
should be independent of p. To predict how n 
polarization effects vary with p it is necessary 
to determine the exact nature of these effects. 

The N(CH,),' group should have a large 
field effect and small resonance effect (zero ac- 
cording to Swain and Lupton (2)). Since o 
inductive effects are unimportant (I), vinyl I3C 
chemical shifts for N(CH,), + derivatives should 
primarily reflect n inductive effects. Chemical 
shift data for N(CH,),+ derivatives of styrene 
and ATBS as well as charge densities for the 
styrene derivative at p = 0 and p = 90" are 
given in Table 6. Comparison of n charge densi- 
ties for p = 90 and p = 0" suggests that there 
are two mechanisms of transmission of n in- 
ductive effects. For p = 90", the phenyl and 
vinyl n electron systems appear to be indepen- 
dently polarized towards the positive group, 
leading to equal but opposite changes in n 
electron density for C-ct and -p.  'This effect, 
which is probably transmitted through space, 
should be the only mechanism affecting the vinyl 
group for large values of p. For small values of 
p, the vinyl and phenyl groups are conjugated 
and the entire n electron system can be polarized. 
This additional polarization mechanism Ieads to 
electron transfer from the vinyl to the phenyl 
group with loss of electron density from C-fl but 
little change in electron density for C-m. These 
two mechanisms can account for the j' values 
obtained from the correlations of vinyl 13C 
chemical shifts for 4-substituted styrenes with F 
and R (1). These correlations showed a small 
negative f value for 6-ct and a larger positivef 
value for @-P The 6-cc. and -,j3 chen~ical shifts 
for N(GH,), ' derivatives of styrene and ATBS 
are also consistent with this interpretation of n 
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HAMER ET AL.: NMR AND MO CALCULATIONS OF STYRENES 

TABLE 6. (a) Calculated charge densities for 
4-N,N,N-trimethylammoniostyrene at p = 0" and 

p = 90" ( x  lo4, relative to styrene) 

P C-4 C-3,5 C-2,6 C- 1 C-a c-P 
0" +707* -173 f 1 6 3  f274 -145 +339 

(-902) (- 187) ( f l 8 5 )  (+464) (-343) (+580) 

(b) Comparison of substituent-induced I3C chemical shifts for N,N,N-trimethylammonio and 
t-butyl derivatives of styrene and a-t-butylstyrene in C D 3 0 D  (in p.p.m. relative to parent styrenes) 

Compound Substituent C-4 C-3,s C-2,6 C-1 C-a C-P 

Styrene 

*Total charge density and (in brackets) s charge density. 
IS.C.S, for N(CH,),+ derivative - S.C.S. for C(CH& derivative. 

polarization effects. Assuming a cos2p depen- 
dence for the conjugative n polarization mech- 
anism, this indicates that the residual through- 
space n polarization effect upon 6,-D at p = 90" 
should be approximately 30% of the total 7c 

polarization effect at C-P for the planar styrene. 
By contrast, G-a is much less sensitive to p, as 
suggested by the calculations. Of the phenyl 
carbon chemical shifts, C-l and -2,6 are con- 
sistent with the presence of a n polarization 
effect but C-3,5 and -4 apparently are not. How- 
ever, the latter chemical shifts are likely to reflect 
structural effects similar to the a and p effects for 
linear hydrocarbons (28)., Since the N(CH,),+ 
group is isoelectronic with the C(CH,), group 
and similar in size, a comparison of chemical 

3The exact nature of these effects is still unclear (29) 
although it has been suggested that the cc effect may be 
due to contributions to the diamagnetic and paramagnetic 
terms in the chemical shift equation arising from the 
electron distribution on the a substituent (29, 30). In any 
case, it appears improbable that the a and P effects will be 
totally reflected by changes in the ground state charge 
density at the carbon in question. y-Effects were also 
noted for hydrocarbons (28). However, these effects ap- 
parently reflect gauche steric interactions (29) and should 
be insignificant in the case of C-2,6 S.C.S. since these 
carbons are tram to the substituent. The validity of cor- 
relating 13C S.G.S. due to more remote substituents with 
ground state charge densities is discussed in detail else- 
where (31). 

shifts for these pairs of styrene derivatives should 
minimize if not completely eliminate structural 
effects. The chemical shift differences should 
then reflect the effect of the positive charge on 
the N(CH,),' group. As seen in Table 6, these 
chemical shift differences indicate a strong n 
polarization effect (the relatively small shift for 
C-4 may be due to the counteracting IS inductive 
effect of the N(CH,),+ group). This is a par- 
ticularly interesting observation since n polariza- 
tion effects are usually regarded as unimportant 
(32). However, we have obtained corroboratory 
evidence for 7c polarization effects from the I3C 
chemical shifts of a large number of phenyl- 
alkane derivatives (31). In addition, 13C, chemi- 
cal shift data and n charge densities for trans-l- 
substituted 1,3-butadienes indicate that n polar- 
ization effects are important in these deriva- 
tives (33). 

The evidence presented above concerning the 
nature of n polarization effects can be used to 
predict f values for 6,,, 6,,, and 6,+, as a func- 
tion of p. Total f values for H, and H, of styrene 
are respectively 0.100 and 0.166 with estimated 
through-space field components of -0.007 and 
0.060 and n polarization components of 0.107 
and 0.106 (1). Assuming that 30% of the 7c 

polarization effect remains at p = 90" (see 
above) and that the field effect is independent 
of p: 
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922 CAN. J .  CHEM. VOL. 51. 1973 

TABLE 7. Correlations of 'H and 13C S.C.S. (in p.p.m.) for styrene, a-methylstyrene (AMS) and 
cr-t-butylstyrene (ATBS) derivatives with F and R 

-- - - .- -- -- 

Compound 6 f" r* S.D:i- r t 

(a) 'H S.C.S. 
Styrene H B 

Hc 
HB - Hc 

AMS Hn 

ATBS 

(b) 13C S.C.S. 
Styrene C-2,6 

C- 1 
C-r 
C-P 

AMS C-1 
C-r 

c-a 

ATBS 

*Weighting coefficients for equation S = fF + rR f 8,. 
?Standard deviation between calculated and observed chemical shifts (in p.p.m.). 
SCorrclation cocfficient. 
§Values for f and r estimated from eqs. 4-10 (in brackets). 

8c-p should only reflect n polarization effects and 
resonance effects. Since fC+ for styrene = + 2.82; 

[lo] fc+ = t 2 . 8 2  (0.30 t 0.70 ~ 0 s ~ ~ )  
= t 0 . 8 5  + 1.97 cos2p 

By contrast, both calculations and chemical shift 
data for N(CH3),' derivatives suggest that f,-, 
should be nearly independent of p. While eqs. 4-10 
appear complex, they are based on a very simple 
n~odel for mechanisms of transmission of sub- 

stltuent effects, i.e , that any conjugahve inter- 
action sliould vary as cos2p. 

Results of correlat~ons of 'H and 13C chem~cal 
sllifts with F and R ale sunimanzed 111 Table 7 .  
Halogens were excluded from the 'H correla- 
t~ons  but included 111 the 13C correlatlons for 
ieasons discussed in the prevlous paper (1) 
Previously deterinlned F and R values were used 
for the N(CH,),, Sn(CH,),, and Si(CH,), 
groups (1) with other -values taken from the 
original tabulatioil (2). 

The f and r values predicted fi oil1 eqs 4-8 
are also given sn Table 7 .  In the case of 13C Cor- 
relations, there 1s a generally good agreement 
between predicted and observed f and r. values. 
In partlcular the f values are entlrely consistent 
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HAMER ET AL.: NMR AND MO CALCULATIONS OF STYRENES 

FIG. 1. Correlation of the P proton chemical shift difference, A6(B - C) of ATBS derivatives with the difference 
in charge density for the p protons of styrene derivatives (relative to styrene with p = 90"). 

with the postulated nature of .n polarization 
effects. The signs and magnitudes of the f values 
for C-2,6 and -1 are also consistent with phenyl 
group n polarization while the r values are con- 
sistent with normal pictures of resonance inter- 
actions (the increase in r with p for C-1 is logical 
since the resonance effect should be isolated in 
the phenyl group as conjugation between phenyl 
and vinyl groups decreases). No correlations 
were performed for C-3,5 and -4 because these 
chemical shifts are likely to be affected by struc- 
tural effects. The 'H chemical shift correlations 
also show good agreement between predicted f 
and r values. However, it appears that f for 6,, 
and r for 6,,, both decrease more rapidly than pre- 
dicted by eqs. 9 and 4. Consequently, A6(B - C) 
for AMS and ATBS derivatives depends upon 
both F and R with a smaller field dependence for 
A6(B - C )  than in the case of styrene (1). 

While the 'H S.C.S. for H, and H, do not 
precisely follow the predictions based upon the 
model of electronic substituent effects outlined 
above, charge densities determined by the 

CND0/2 calculations indicate a probable elec- 
tronic origin for the deviations. For planar 
4-substituted styrenes, A(- q,, - q,,, relative 
to styrene) is linearly related to F: 

with a statistically insignificant dependence on 
R. On the other hand, when p = 90°, A depends 
upon both F and R:  

[I21 A(90°) = -(20 f 3) x ~ o - ~ F  
- (17 f 4) ~ o - ~ R  

Thus it is seen that both the decreased field 
dependence and the negative resonance depen- 
dence of A6(B - C) on going from styrene to 
non-planar a-alkylstyrenes are reproduced by 
the CND0/2 calculations. This has been further 
confirmed by plotting A6(B - C) for ATBS us. 
A(90°) (Fig. 1). There is a good correlation 
(better than for styrene (1)) and the slope of 
I7 p.p.m./hydrogen 1s electron is consistent 
with previously suggested scaling factors for 
proton chemical shifts (34, 35). While the good 
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FIG. 2. Plots of differences in charge densities for HB and H, of (a)  %substituted 1-vinylbicyclo[2.2.2]octanes 
(VBCO) and (b) 4-substituted styrenes (STY), both plotted against the corresponding difference in ethylene proton 
charge density for CH,X-C2H, pairs of molecules (IM). 

correlation may be partly fortuitous since the 
calculations were carried out for styrene at 90" 
rather than ATBS at 64", it is highly improbable 
that the agreement could be completely acci- 
dental. In addition, plots of q,(,,~) us. ,qH(,o, for 
each proton (not shown) revealed a linear plot 
for H, while the plot for H, was irregular, par- 
ticularly for groups with large R values. This 
supports the conclusion from the F and R cor- 
relations that there is an unexpected resonance 
contribution to 6,,. 

Thus the CND0/2 calculations for 4-substi- 
tuted styrenes with p = 90" provide evidence for 
electronic effects which can apparently account 
for all deviations between predicted and observed 
f and r values for AMS and ATBS derivatives. 
In addition, CND0/2 calculations for 4-substi- 
tuted 1-vinylbicyclo [2.2.2]octanes (VBCO) and 
ethylene-CH,X pairs (oriented so that the C-X 
bond and the ethylene group are in an identical 
orientation to the C-X bond and the vinyl 
group in VBCO) (1) provide a possible explana- 
tion for the reduced field dependence of 6,, and 
A6(B - C) on going from styrene to AMS to 
ATBS. These calculations indicate that the field 
effect of the substituent (as measured by A) 
strongly depends upon the nature of the inter- 
vening molecular framework (see Fig. 2). The 
field effect of the substituent should vary inverse- 
ly as the effective dielectric constant with~n the 

cavity (36) where E,,, is a function of both the 
molecule and the surrounding medium. Hermann 
(37) has calculated that E,,, for 4-substituted 
bicyclo [2.2.2]octane carboxylic acids in vacuum 
is less than unity (0.73). This corresponds to an 
enhancement of the field effect by 1.37, in exact 
agreement with the calculated enhanced field 
effect for VBCO derivatives relative to CH,X- 
ethylene pairs. The field effect is apparently even 
larger for styrene where the field acts in the 
nodal plane of the phenyl .rr system, i.e. in a 
cavity inside a polarizable system. It is entirely 
conceivable that E,,, is increased by rotating the 
vinyl group so that the field no longer acts 
through the cavity formed by the phenyi 7c elec- 
tron system. An increased ceff would lead to a 
decreased field effect. This would primarily effect 
the f coefficient for 6,,, as observed. 

Previous experimental investigations ( I ,  38, 39) 
of field effects upon proton chemical shifts pro- 
vide support for the suggestion that the A con- 
stant in the Buckingham equation (40) depends 
upon the system (see Table 8). Calculated A 
values are based upon Musher's calculated value 
of 3.1 x 10-l2 for the effect of an isolated dipole 
upon a C-H bond (39) and the proportionality 
factors shown in Fig. 2. An experimental in- 
vestigation of 1-vinylbicyclo[2.2.2]octane deriv- 
atives has been undertaken in an attempt to 
confirm this point. 
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HAMER ET AL.: NMR AND MO CALCULATIONS OF STYRENES 925 

TABLE 8 .  Comparison of observed and calculated 
values of A  constant in the Buckingham equation 

for various systems 

A ( x  1012) 

System Observed Calculated 

CH bond in gas phase 2.9* 3 .15  
CH bond in alicyclic compounds 4.27 4.211 
CH bond in aromatic compounds 4.6-6.5$ 5 .5  1 1  

"Estimated from CHFB in gas phase (43). 
?Estimated from S.C.S. for steroids (38) (field evaluated at the 

proton). 
$Estimated from S.C.S. for 4-substituted styrenes (1) (field evaluated 

at the proton). 
§Calculated value for irolated C-H bond in gas phase (39). 
,Calculated values for 4-substituted 1-vinylbicyclo[2.2.2]octanes 

and styrenes, using A = 3.1 x 10-12 for a C-H bond in the gas 
phase and the slopes of the plots of A for these compounds vs.  A for 
C2H4-CH,X pairs (Fig. 2). 

The CND0/2 calculations strongly suggest 
that the smaller than predicted R dependence of 
S,, for AMS and ATBS derivatives is, at least 
in part, due to electronic interactions. Since there 
is no apparent reason why conjugative inter- 
actions should affect 6,, and S,, differently, the 
small r values apparently reflect some additional 
negative resonance contribution to 6,,, i.e. a 
contribution by which electron-withdrawing 
(+ R) groups cause high field shifts while - R 
groups cause low field shifts. This is unexpected 
and the nature of the electronic effect is unclear 
to us. However, it is possible that it may be 
associated with an interaction of the C,-CB- 
H, a bond system with the phenyl n electron 
system. Cp-M, would be much less likely to 
interact with the .n electron system. 

While the CND0/2 calculations indicate that 
S.C.5. for the vinyl protons of AMS and ATBS 
derivatives are primarily due to electronic effects, 
one substituent effect which is primarily magnetic 
in origin may also be present. This is associated 
with substituent-induced changes in the dihedral 
angle p. The vinyl group can either accept or 
donate electrons by resonance. Therefore any 
substituent with a significant resonance effect 
should increase the conjugation between phenyl 
and vinyl groups. This is supported by CND0/2 
calculations since the calculated C,-G, bond 
order is greater for both 4-?T,N-dimethylamino- 

styrene (0.2949) and 4-nitrostyrene (0.2952) than 
for styrene (0.2919). 

As shown in Table 5, 6,, is much more sensi- 
tive than 6,, to changes in p, primarily due to 
changes in ring current effect. Since 6,, increases 
with decreasing p, substituent-induced changes in 
p should be reflected by a positive dependence of 
S,, and A6(B - C) on IRl (since both + R  and 
-R substituents should decrease P ) . ~  Since all 
substituents had either - R effects or very small 
+ R effects, this is difficult to distinguish from 
the observed negative R dependence (i.e. 
-R z + (RI). Based on the data from Table 5, 
the predicted angular dependence of 6,, at 
p = 30" is approximately -0.01 p.p.m./degree. 
Thus the additional resonance contribution to 
6,, could arise from very small changes in p, 
probably not exceeding 5". This does not appear 
unreasonable. 

There is conflicting evidence for the existence 
of a magnetic effect due to changes in p. In sup- 
port of an effect of this type is the observation 
that the negative R dependence for A6(B - C) 
is apparently greater for AMS than for ATBS, 
whereas a purely electronic effect might be 
expected to have a maximum for p = 90". 
However, the CND0/2 results provide strong 
evidence for the presence of an electronic effect. 
It is probable that both effects are present, but 
their relative importance is uncertain. 

In conclusion, correlations of vinyl 'H and 
13C S.C.S. for AMS and ATBS derivatives with 
F and R give f and r values which are in good 
agreement with values predicted from experi- 
mental results for styrenes and a model for 
transmission of substituent effects which assumes 
a cos2p dependence for transmission of any con- 
jugative interaction. In cases where discrepancies 
are observed between calculated and observed f 
and r values, CND0/2 calculations indicate that 
the deviations are primarily due to unanticipated 
electronic interactions, although one possible 
magnetic effect is postulated. Since the 'H and 
I3C chemical shifts and CNDO/2 charge densi- 
ties all reflect similar trends in substituent effects- 
and since the variation off and r with p is in 
overall good agreement with a simple model of 
substituent effects, we conclude that the F and R 

4This effect is completely different from a substituent- 
induced decrease in the total ring current effect of the 
phenyl. group (38).  The latter effect, which should have a 
negatiue 1 R1 dependence, is not important in 4-substituted 
styrenes (1) and therefore is unlikely to be important here. 
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correlations reflect electronic effects for these 
com~ounds  and can be used to deduce mech- 
anisms of transmission of substituent effects. As 
in the case of 4-substituted styrenes (I), the three 
main mechanisms of transmission of substituent 
effects are through-space field effects, resonance 
or mesomeric effects and n polarization effects. 
The magnitude of the field effect appears to 
depend upon the nature of the intervening molec- 
ular framework. Both CND0/2 calculations and 
vinyl and phenyl 13C chemical shifts suggest 
that the n polarization effect can be divided into 
two effects. When there is no conjugation be- 
tween phenyl and vinyl groups (p = 90") the 
two groups are independently polarized by the 
substituent (presumably acting through space) 
but for p < 90" an additional polarization of the 
entire conjugated styrene n electron system can 
occur. The observation of n polarization effects 
is particularly important since these effects have 
often been considered to be unimportant. 

Our conclusion that the correlations of S.C.S. 
for stvrene derivatives with F and R reflect 
intramolecular electronic effects in these com- 
pounds is contradictory to the conclusion of 
Miller and Wiley based on S.C.S. for other 
systems (4). We have reinvestigated some of the 
systems on which the latter conclusions were 
based. This is the subject of the following paper. 

W.F.R. thanks the Nationa! Research Council of 
Canada for financial support. I.R.P. thanks Gulf Oil 
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