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ortho and meta Carbons Related to Non-equivalent 
Electron Distribution, and Application to 
Assignment of Peaks in meso-Hexestrol and Its 
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13C NMR spectra of para-substituted methoxybenzenes and phenols were recorded in the solid state to gain an 
insight into the manner and origin of substantial peak splittings in the ortho (up to 9.2 ppm) and mefa (up to 2.5 
ppm) carbon signals. It was difficult to account for these peak splittings only by the steric interaction with the 
methyl group of the substituent, because their magnitude varied widely from 4.6 to 9.2 ppm with a variety of 
substituents a t  the para position, and the meta carbon peaks are also split into doublets. Instead, it was found that 
the electron density non-equivalence between the two ortho and the two meta carbons is mainly responsible for the 
splittings, as manifested by the presence of an approximate linear relationship between the displacements of the 
13C NMR peaks and total electron density. The observed additional splitting in the 13C NMR spectra of meso- 
hexestrol and its methyl or ethyl ether@) in the solid state was similarly explained. Stereochemical features of these 
molecules in the solid state are discussed on the basis of the 13C NMR data. 

KEY WORDS High-resolution solid-state 13C NMR Chemical shift non-equivalence Methoxybenzenes 
Phenols meso-Hexestrols 

INTRODUCTION 

In many instances the frozen conformation achieved in 
the solid state induces a non-equivalent chemical 
environment, as manifested from the additional splitting 
of I3C NMR signals for nominally equivalent carbons 
seen in the solution state. For instance, Schaefer and 
co-workers's2 showed that the protonated benzene 
carbons of poly(pheny1ene oxide) adjacent to etheric 
oxygen give rise to a doublet in the solid but a singlet in 
solution spectra. Similar peak splittings were noted for 
1,4-dimetho~ybenzene,~.~ 1,3,5-trimeth~xybenzene~ and 
epoxy polymers.6 This type of splitting is not observed 
in non-frozen solution, even at  lower temperature, 
because of plausible low-lying potential barriers in the 
C-0 bond rotation. Thus, measurement of 13C NMR 
spectra in the solid state is essential for obtaining refer- 
ence data for the stablest conformation. In a similar 
manner we demonstrated that conformation-dependent 
I3C NMR signals of a number of molecular systems are 
substantially displaced (up to 8 ppm) among particular 
 conformation^,^*^ and can be utilized as a convenient 

alternative means of conformational elucidation in the 
solid. 

The origin of the above-mentioned splittings has not 
yet been clarified, in spite of its importance in the 
assignment of peaks. Garroway et aL6 interpreted the 
I3C peak splittings of epoxy polymers in terms of the 
steric effect in the displacements of I3C chemical shifts.' 
It is difficult, however, to explain why I3C NMR peaks 
of meta carbons are likewise split by this steric effect. 
For this reason, it was considered worthwhile to 
perform a more systematic study to reveal the origin 
and trends of peak splittings in general. In this study we 
attempted to analyse the manner of peak splittings in 
para-substituted methoxybenzenes (la-lg) and phenols 
(2a-2c), and in p-ethylbenzoic acid (3). Compound 3 was 
chosen to examine whether or not the 13C NMR peaks 
of ortho carbons are split into a doublet by a similar 
steric interaction with the methyl proton(s) of the ethyl 
group (in place of a methoxy group). 

We found that the extent of peak splittings is con- 
siderably changed with various substituents at the para 
position. Thus, the non-equivalence of chemical shifts is 
not merely caused by the steric effect, but the presence 
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la: R = COOH 
lb: R ~ N H 2  

lc: R = CONH2 

Id: R = CEN 
le: R = CHZCOOH 
I f :  R = S02Cl 
lq: R = CH=CHCOOH 

1 - 
2a: R = COOH 
2b: R = COEIH2 

2c: R = CH20H 

5 6  
2 - 

of a non-equivalent distribution of electron density is 
also very important. Bearing this concept in mind we 
then analysed the 13C NMR spectra of meso-hexestrol 
(4) together with its ether derivatives (5 and 6); 4 is a 
synthetic estrogen with carcinogenic activity in addition 
to being an inhibitor of microtubule poly- 
meri~ation."-'~ 

EXPERIMENTAL 

Crystalline samples of the methoxybenzene and phenol 
derivatives and related compounds were purchased 
from either Tokyo Kasei Industries (Tokyo, Japan) or 
Aldrich (Milwaukee, WI, USA): p-anisic acid (la), p-  
anisidine (1 b), 4-methoxybenzenesulphonyl chloride (If), 
4-methoxyphenylacetic acid (le), p-hydroxybenzoic acid 
(2a), p-hydroxybenzamide (2b) and p-ethylbenzoic acid 
(3) (Tokyo Kasei); 4-methoxybenzamide (lc), 4- 
methoxybenzonitrile (la) and 4-hydroxybenzyl alcohol 
(2c) (Aldrich). meso-Hexestrol (4) was obtained from 
Wako Pure Chemical Industries (Osaka, Japan). Mono- 
and di-methyl (diethyl) ethers of meso-hexestrol (5, 6) 
were prepared according to Wilds and McCormack. l4 

High-resolution solid-state ' 3C NMR spectra (at 
75.46 MHz) were recorded on a Bruker CXP-300 spec- 
trometer equipped with an accessory for cross- 
polarization-magic angle spinning (CP-MAS). Samples 
were contained in an alumina rotor used for a double- 
bearing MAS system. The 90" pulse, sampling time and 
recycling time were 4 ps, 1 ms and 4 s, respectively. 
Spinning side-bands from quaternary carbons were 
removed by cancellation of the signals with the use of 
the TOSS pulse seq~ence. '~ Chemical shifts were indi- 
rectly referred to TMS via the carboxyl signal of glycine 
(176.03 MHz). 

The electron densities of phenol, ethylbenzene and 
methoxybenzene and its derivatives were calculated by 
an ab initio molecular orbital method utilizing the 
IMSPACK program system16 with a STOdG basis 
set' after molecular geometries had been optimized 
with the use of a 3-21 G basis set.'* It is well recog- 
nized that the electron distribution obtained by the 
former basis set is more reliable than that from the 
latter, in spite of the smaller 'size' of the basis set. All 
computations were performed with either a HITAC 
M-680H computer at the Institute for Molecular 
Science, Okazaki, or a HITAC M-240H computer at 
the National Cancer Center. 

RESULTS AND DISCUSSION 

Nonequivalence of 13C chemical shifts in the solid state 

Figure 1 compares the 13C NMR spectra of la  (A) and 
3 (C) recorded in the solid state with those obtained in 
chloroform solution (B and D), to gain an insight into 
how I3C NMR signals are split into doublets in the 
solid state. Obviously, the C-2,6 and C-3,5 peaks are 
split into doublets in the solid state as compared with 
those in chloroform solution. As expected, the C-2,6 
peaks in chloroform solution are usually found at peak 

1 b. 

I I 0 0 N.* 

0 50 ppm 150 100 

Figure 1. 75.46 MHz 13C CP-MAS NMR spectra of p-anisic acid 
(A) and p-ethylbenzoic acid (C) together with the 13C NMR 
spectra recorded in chloroform solution (B and D). The number of 
transients in the solid state is approximately 200. 
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Table 1. 13C chemical shifts ofpara-substituted methoxybenzenes in the solid state (ppm from TMS) 

C” 1 

COOH 164.9 1 1  5.7 5.7 131.6 0.8 120.0 56.3 

Substituent c-1 C-2jC-6 A c - 3 j c - 5  A c-4 

110.0 130.8 
(1 63.8) a (114.7) (1 32.2) (1 24.0) (56.4) 

NH, 150.7 1 1  5.8 4.6 116.9 0 141.9 55.9 

(1 52.8) (1 14.8) (1 16.3) (1 39.9) (55.7) 
CONH, 162.2 1 18.4 6.9 130.8 1.6 127.5 54.7 

111.2 

111.5 129.2 
(162.5)b (114.3) (1 30.2) (1 25.9) (56.3) 

C=N 162.1 1 1  8.7 8.4 133.9 0 101.2 55.4 
110.3 102.1 

(162.8)b (114.7) (133.1) (1 04.1 ) (55.5) 
CH,COOH 158.9 I1  6.8 6.5 133.1 1.9 125.8 53.3 

1 1  0.3 131.2 
(‘1 58.6) (114.1) (1 30.3) (1 25.5) (55.2) 

S0,CI 165.7 111.3 9.2 130.6 2.5 134.7 56.1 
120.5 128.1 

(1 64.7) (1 14.7) (1 29.5) (I 36.1 ) (55.9) 
CH=CHCOOH 161.9 132.8 4.4 117.7 0 125.3 55.3 

(I 61.9)’ (130.8) (115.3) (127.8) (56.3) 
128.4 

a Data in DMSO-d, solution. 
Data in CDCI, solution (ca 20 mg ml-I). 

positions between those of the C-2 and C-6 peaks 
observed in the solid state, as a result of fast rotation of 
the methoxy group about the C-0 axis in solution. 
Similar spectral splittings were also seen for lb-lg, 
although the extent of peak splittings varied substan- 
tially (4.6-9.2 ppm for C-2 and C-6 and 0-2.5 ppm for 
C-3 and C-5), depending on the type of substituent at 
the C-4 position (Table 1). Further, we found that the 
13C NMR signals of the ortho carbons (C-2/C-6) of 
phenol derivatives (2a-212 and the phenolic side chain of 
tyrosine) are split into a doublet, the separation of 
which is 1.6-2.7 ppm, as summarized in Table 2. In con- 
trast, the C-2 and C-3 signals of 3 remained as singlets 
in spite of the presence of a methyl group proximate to 
C-2. The carboxyl group at C-4 does not cause any 
peak splitting, probably owing to its quasi-symmetrical 
electronic environment about the C-1-C-4 axis. 

However, the hydroxy group causes similar but less 
pronounced splittings in the ortho carbon absorptions 
(see Table 2), although no steric interaction exists as in 
the cases of methoxy and ethyl groups as substituents. 
Therefore, it is obvious that the presence of an etheric 
oxygen atom in methoxy or hydroxy groups neighbour- 
ing a benzene ring is mainly responsible for the substan- 
tial splittings of peaks at the ortho and meta carbons. 

This view is based on the fact that the distribution of 
electron density might be affected by stereospecific elec- 
tron delocalization by through-space interaction of the 
oxygen lone pair with the n-electrons. Therefore, the 
electron densities of methoxybenzene and its para- 
substituted derivatives, phenol and ethylbenzene, were 
calculated. Figure 2 illustrates typical examples of the 
electron density of methoxybenzene, phenol and ethyl- 
benzene, affected by the methoxy, hydroxy and ethyl 

Table 2. 13C chemical shifts ofpara-substituted phenols in the solid state (ppm from 
TMS) 

Substituent c - l  C-2jC-6 A C-3/C-5 c - 4  

COOH (2a) 

CONH, (2b) 

CH,OH (2c) 

159.1 114.9 2.2 133.8 122.9 

(169.6)a (115.3) (132.0) (121.1) 
159.0 116.0 2.7 130.4 121.5 

(1 60.6)= (1 15.3) (1 30.0) (1 25.6) 
155.4 114.5 2.2 130.7 130.7 

(1 56.7)a (1 15.4) (1 28.6) (1 33.3) 

117.1 

1 18.7 

1 1  6.7 

CH,CH (NH,) (COOH) (2d) 1 55.4 116.2 1.6 123.4 130.8 
1 1  7.8 

(156.0)’ (117.0) (1 30.3) (1 28.0) 

a In DMSO-d, solution. 
b T y r ~ ~ i n e . ’ S  

In H,O solution (data from Ref. 20) 
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Figure 2. Calculated total electron densities of methoxybenzene (A), phenol (6) and ethylbenzene (C) by means of an ab initio molecular 
orbital method with the STO-6G basis set. 

groups as substituents. In this calculation we assumed 
that the X-Y substituent at the C-1 position is coplanar 
with the benzene ring. As a result, non-equivalent elec- 
tron densities were clearly seen for the ortho carbons of 
methoxybenzene and phenol but not for ethylbenzene : 
the electron density of C-6 is significantly less than that 
of C-2. On the other hand, the electron density of C-5 at 
the meta position is slightly larger than that of C-3 in 
methoxybenzene. 

It should be taken into account that the relative 
orientation of the asymmetric substituent Z (such as 
CONH,) at the C-4 position also could affect the rela- 
tive proportion of the electron density at the C-3 and 
C-5 positions (Fig. 3): in lc a lower electron density is 
induced either at C-5 (A) or C-3 (B), which are close to 
the C=O group of the amide carbonyl group, respec- 
tively. In contrast, a higher electron density is induced 
at the carbon close to the C=O group of phenylacetic 
acid as substituent (C and D). These results indicate 
that non-equivalence in the electron distribution is 
created by delocalization of electrons by through-space 
interaction between the substituent (ether, C=O, etc.) 
and the ring n-system. 

In a series of closely related molecular systems such 
as aromatic compounds, the 13C chemical shifts may 
depend in a linear f a s h i ~ n ~ ’ - ~ ~  on the carbon charge 
densities : 

6 = K A q  (1) 

The existence of such a linear relationship is theoreti- 
cally predicted on simplification of the paramagnetic 
shielding constant by use of the average excitation 
energy approximation (AEE):23*24 

where ( r - 3 ) ,  AE and QAB denote the mean inverse cube 
radius for the p orbital, average excitation energy and 
the bond-order charge-density matrix, respectively and 

k is the proportionality constant. The calculation could 
be much improved when the finite perturbation method, 
instead of the AEE approximation, is utilized together 
with accurate wave functions obtained by an ab initio 
molecular orbital meth~d. ’~ . ’~  

Nevertheless, we intend in this paper to relate the 
observed I3C chemical shifts of the ring carbons with 
the total electron densities, in order to obtain a clue as 
to the origin of the peak splittings and a simple means 

H 
/C‘. \AH . 

‘ H  0 
I 

H 

,c-. \ NH 
- -  H 0 

I 
1 5 . 8 5 3  

76.009 76.008 

b 
H’ I D )  

Figure 3. ‘lectron densities of p-methoxybenzamide (A and B) 
and p-methoxyphenylacetic acid (C and D). 
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E l e c t r o n  d e n s i t y  
Figure 4. Plot of the 13C chemical shifts of the ring carbons (C- 
1 - C-6) against the total electron densities. 0, p-Anisic acid; x ,  

anisidine; *, p-methoxybenzamide; +, p-methoxycinnamic acid; 
0, p-rnethoxylphenylacetic acid; a, ethylbenzene; b, p- 
methoxybenzene; c, phenol. (The 13C chemical shifts of the last 
three compounds are from published data recorded in solutions.25 
The electron densities of the two ortho and two meta carbons 
were averaged in these cases.) 

/L9 

C;s' 
i 

Figure 5. 75.46 MHz 13C CP-MAS NMR spectra of (A) 4, 
R ' = R 2 = H ;  (B) 5a, R'=CH,, R2=H;  and (C) 6a, R ' = R 2 =  
CH,, in the solid state. 

of peak assignment. We therefore plotted the I3C 
chemical shifts of the C-1-C-6 carbons against the 
respective electron densities calculated for a number of 
compounds whose chemical shifts are summarized in 
Table 1 (Fig. 4). In this treatment we assigned the upper 
and lower field peaks of the ortho carbons to the C-2 
and C-6 peaks which exhibit higher and lower electron 
densities, respectively. This assignment is consistent 
with that previously r e p ~ r t e d , ~  taking into account the 
effect of the steric interaction. In a similar manner the 
higher and lower field peaks of the two meta carbons 
were assigned to the C-3 and C-5 which show higher 
and lower electron densities, respectively. As expected, 
an approximate straight line was obtained between the 
3C chemical shifts and electron densities, although 

fitting to a single line is not sufficient because contribu- 
tions other than the charge density should probably be 
taken into account. Nevertheless, the observed linear 
relationship (Fig. 4) shows that the non-equivalence of 
the I3C chemical shifts is primarily caused by the pre- 
sence of a non-equivalent distribution of electron den- 
sities. It is emphasized that fitting to a straight line 
deteriorates when the above-mentioned peak assign- 
ment is reversed. 

meso-hexestrol and its derivatives 

Figures 5 and 6 illustrate the 13C NMR spectra of 
meso-hexestrol (4), its monomethyl (5a) and dimethyl 
ethers (6a) and monoethyl (5b) and diethyl ethers (6b). 
These peaks were readily assigned as indicated, in view 
of the 13C chemical shifts recorded in the solution state 
(see Table 3). In fact, the 13C chemical shifts in chloro- 
form solution are within the spread of the resolved 
peaks. The primed carbon numbers are used for the 
signals of fragments in the starting rneso-hexestrol and 
un-primed numbers are for monomethyl (ethyl) or 
dimethyl (ethyl) ethers (see the scheme for numbering). 

P- 

i? I 
u 

I 

150 100 
PPm 

0 

Figure 6. 75.46 MHz I3C CP-MAS NMR spectra of (A) 5b, R' = 
CH2CH3, R,=H; and (B) 6b. R' =R2=CH,CH3, in the solid 
state. 
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Table 3. I3C chemical shifts" of meso-hexestrol and its methyl and ethyl ethers in the solid state (ppm from TMS) 

Compound 

meso- Hexestrol 

meso- Hexestrol 
monomethyl ether 

meso - Hexestrol 
dimethyl ether 

meso- Hexestrol 
monoethyl ether 

meso- Hexestrol 
diethyl ether 

c-1.1' 

54.8 
53.9 

(53.2) 
53.7 

(53.5) 
53.7 

(53.5) 
53.8 

(53.5) 
54.3 

(53.5) 

c-2 

136.2 

(1 36.3) 
136.1 

(1 36.6) 
136.4 

(1 36.8) 
135.4 

(1 36.5) 

C-2' 

137.6 
135.8 

(1 34.7) 
137.2 

(136.6) 

136.4 

(1 36.4) 

c-3/c-7 

132.5 
125.8 
(1 29.1 ) 
132.1 
126.0 
(1 29.1 ) 
132.1 
124.9 

(129.3) 
132.3 
124.9 

(129.1) 

C-Y/C-7' 

132.4 
125.8 

(1 28.6) 
132.5 
125.2 
(128.9) 

127.5 

(129.1) 

C-4/C-6 

1 1  6.3 
109.3 
(1 14.8) 
1 1  8.9 
109.3 
(1 13.6) 
11 6.9 
1 1  5.8 
1 1  2.1 
1 1  0.4 
(1 1 5.0) 
1 1  6.9 
1 1  5.6 
111.7 
1 1  0.3 
(114.2) 

C-4'/C-6' 

1 1  8.6 
1 1  7.3 
116.7 
1 1  5.7 
(1 14.8) 
1 18.7 

--110.0 
(1 13.4) 

\I15 

(114.2) 

c-5 

158.2 

(1 57.6) 
158.2 

(1 57.9) 
157.5 

(1 57.2) 
157.3 

(1 57.2) 

C-5 c-a 
152.9 27.8 

(1 54.8) (27.2) 
153.9 28.0 

(1 53.4) (27.4) 
28.0 

(27.9) 
152.6 28.7 

(I 53.6) (27.3) 
28.9 

(27.9) 

c-9 

12.8 

(1 2.2) 
13.2 

(1 2.3) 
13.2 

(I 2.2) 
1 4.6b 

(12.1) 
13.5 

(1 2.2) 

a Data in parentheses are from chloroform solution. 
Overlapped with methyl signals of ethyl ether group. 

In this definition the C-4 (C-3) and C-6 (C-7) peaks 
should be ascribed to the carbons which are cis and 
trans to the CH,O group, respectively. The number of 
resolved peaks in the solid state is obviously increased 
compared with that in the solution state, because a non- 
equivalent chemical environment is produced by the 
presence of frozen 0-CH, orientations: the C-4 and 
C-6 (C-4' and C-6') and C-3 and C-7 (C-3' and C-7') 
peaks are clearly resolved in 46. In addition, the C-4 
and C-6 peaks were further split into a doublet in the 
monoethyl and diethyl ethers. 

The peak-splitting profile in Figs 5 and 6 indicate 
that the two phenol moieties in meso-hexestrol do not 
take a symmetrical conformation, as seen from the four 
peaks for the C-4 and C-6' absorptions and the doublet 
pattern of the C-1' signals. Surprisingly, the separations 
of the meta peaks with respect to the hydroxy group of 
C-3' and C-7' are larger than those of the ortho carbons, 
C-4' and C-6, in contrast to the electron distribution 
data summarized in Fig. 2, and also to the general trend 
of the peak splittings in methoxybenzene derivatives 
described above. This manner of splitting is again in 
contrast to that of 2a-2c and the phenolic side-chain" 
of tyrosine (Table 2). The reason for this is not clear but 
it may be partially caused by a plausible contribution 
from hydrogen bonding in the hydroxy group, although 
detailed information on this point is not yet available. 

Another interesting feature is that the C-4 and C-6 
signals of 6b are further split into doublets, in contrast 
to those of the methyl analogue (6a) (see Figs 5 and 6). 
Obviously, it is reasonable to consider that the doublet 
patterns of C-4 and C-6 arise from two pairs of peaks 
corresponding to the existence of two types of stable 
conformers in the ethoxybenzene moiety. These two 
pairs are easily distinguished by taking into account 
their relative peak intensities: the outer (6.3 ppm 

separation) and inner (3.9 ppm separation) pair. In fact, 
the two conformations Ia and Ib are candidates for such 
conformers on the basis of an ab initio molecular orbital 
calculation after optimization of the geometry. This 
result is consistent with our experimental findings: the 
total energy of conformer Ib is less stable than that of 
conformer Ia by only 1.29 kcal mole-'.26 Hence the 
inner and outer pairs could be ascribed to the con- 
formers Ia and Ib, respectively, in view of the relative 
peak intensities. Note that the methyl group of Ib is not 
coplanar with the C-0-C plane but is located above 
the plane. Accordingly, it should be taken into account 
that conformer Ib in the solid state is not always stable, 
in contrast to expectation when the ethoxyl moiety is 
located in the environment of a highly packed crys- 
talline state. Consistent with this view no such charac- 
teristic peak splitting was seen for a number of 
ethoxybenzene derivatives (unpublished work). 

Finally, it is interesting that C-3', 7' of the phenol 
moiety of 5b gives rise to a singlet, although the corre- 
sponding C-3, 7 peaks are split into the same doublet as 

Io I b  
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seen in the spectrum of 6b. The observation of such an 
apparent equivalence of peaks in the solid state could 
be explained either by the presence of a rapid ring-flip 
motion leading to a coalescence of peaks by a fast 
exchange process, or by a substantial change of the elec- 
tronic environment of the phenol moiety due to inter- 
molecular interactions. It should be Useful to record the 
l3c CP-MAS NMR spectra at a lower temperature to 

examine the plausible contribution of the former possi- 
bility. 
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