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always be sufficiently larger for the better conjugated C2n molecule 
than for the C2 geometry to overcome the inherent preferences 
of the solute molecule. In order to minimize the effects of dis
persion forces, we have included a neon matrix in our investiga
tions, but even then, the results were the same. 

Since it is difficult to imagine that a small deviation from 
planarity will affect the dispersion forces dramatically, we consider 
it very unlikely, although possible in principle, that an isolated 
molecule of the minor conformer of butadiene is nonplanar. 

This conclusion disagrees with some of the best currently 
available calculations3' and agrees with others,2c but it must be 
emphasized that the calculated potential energy surface is very 
flat with respect to the C1C2C3C4 dihedral angle and thus to C2-C1C 
interconversion, so that the exact location of the minimum is 
undoubtedly extremely sensitive to the quality of the calculation. 
Since the correction for the electron correlation energy is most 
likely largest at the planar geometry, it is conceivable that cal
culations incorporating a larger fraction of the correlation effects 
will indeed produce a minimum at C20 geometry. If improved 
calculations on an isolated molecule continue to predict a non-
planar geometry, it would be interesting to perform calculations 
for s-a's-butadiene surrounded by Ne atoms or perhaps already 

for the van der Waals complex of 5-c/j--butadiene with a single 
neon atom. 

Conclusions 
We have shown, employing the relatively simple technique of 

polarized matrix-isolation IR spectroscopy, that the minor rotamer 
of 1,3-butadiene is in fact planar within at most 10-15° in a wide 
variety of matrix environments and, hence, should be called s-
cis- 1,3-butadiene. Although we consider it very likely that this 
also is the geometry of this conformer in the gas phase, in dis
agreement with some of the best calculations available, this has 
not been strictly proven. 

More generally, we have demonstrated the applicability of 
quantitative polarized IR spectroscopy to basic questions of 
molecular conformation, and this may stimulate further interest 
in this potentially important tool, applicable among others to 
molecules that cannot be readily observed except in matrix iso
lation. 
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Abstract: 17O NMR spectroscopic data (natural abundance in acetonitrile at 75 0C) were obtained for the following series 
of electronically similar, sterically hindered compounds: aromatic methyl esters (1-10), aromatic carboxylic acids (11-19), 
and aromatic amides (20-29). Torsional angles were calculated by the molecular mechanics (MM2) method. Linear regression 
analysis of the estimated torsion angles and the 17O chemical shift data for each series yielded the following results (series, 
slope 5/degree, correlation coefficient): esters (C=O), 0.70, 0.997; esters (-O-), 0.43, 0.992; acids (-CO2H), 0.56, 0.994; 
amides (C=O), 0.84, 0.942; 7V,7V-dimethylamides (C=O), 0.6, 0.991. The results are discussed in terms of minimization 
of repulsive van der Waals interactions by rotation of the functional group out of the plane of the aromatic ring. 

17O nuclear magnetic resonance spectroscopy is rapidly de
veloping into a valuable method for examining a wide variety of 
structural problems1 and may provide new insights into under
standing chemical reactivity.2 Carboxylic acids and their de
rivatives are among the most widely used synthetically and the 
most intensively studied of all functional groups. However, 17O 
NMR studies of this important class of functional groups are 
limited to electronic effect studies in homologous series3 or ta
bulations of chemical shift data on isolated types of compounds.4 

Recent findings have shown that 17O NMR data for aromatic nitro 
compounds correlate well with torsion angles (X-ray).5 In ad
dition, 17O NMR data for aryl ketones show a reasonable cor
relation with torsion angles (estimated by molecular mechanics 

(1) (a) Kintzinger, J.-P. In NMR of Newly Accessible Nuclei; Laszlo, P., 
Ed.; Academic: New York, 1983; Vol. 2, pp 79-104. (b) Klemperer, W. G. 
In The Multinuclear Approach to NMR Spectroscopy; Lambert, J. B., Rid-
dell, F. G„ Eds., Reidel: Dordrecht, Holland, 1983; pp 245-260. 

(2) Baumstark, A. L.; Balakrishnan, P.; Boykin, D. W. Tetrahedron Lett. 
1986, 3079. 

(3) Balakrishnan, P.; Baumstark, A. L.; Boykin, D. W. Org. Magn. Reson. 
1984, 22, 753. 

(4) Delseth, C; Nguyen, T. T.-T.; Kintzinger, J.-P. HeIv. Chim. Acta 1980, 
63, 498. 

(5) Balakrishnan, P.; Boykin, D. W. J. Org. Chem. 1985, 50, 3661. 

Table I. 17O Chemical Shift Data (±1 ppm) for Aromatic Esters in 
CH3CN at 75 0C 

compd 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Ar-CO2Me 

Ph 
4-MeC6H4 

2-MeC6H4 

2,3-Me2C6H3 

2,6-Me2C6H3 

2,4,6-Me3C6H2 

1-naphthyl 
2-naphthyl 
9-anthryl 

2,4,6-(-BuC6H2 

S (C=O) 

340 
339* 
359 
363 
377 
376 
361 
341 
385 
392 

S (-O-) 

128 
127» 
138.5 
141 
150 
149 
139 
129 
154 
162 

torsion 
angle,0 

deg 

2 
2 

29 
29 
54 
54 
33 

2 
67 
76 

"Calculated by molecular mechanics method (MM2) (±2°). 
ref 15. 'from ref 3; taken in acetone at 40 0C. 

See 

calculations).6 Determination of the solution-phase geometry 
of carbonyl-type functional groups has been under investigation 
for many years.7 Classical methods used to estimate solution-

(6) Oakley, M. G.; Boykin, D. W. / . Chem. Soc, Chem. Commun. 1986, 
439. 
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Table II. 17O Chemical Shift Data (±1 ppm) for Aromatic 
Carboxylic Acids in CH3CN at 75 0C 

compd Ar-CO2H 5" torsion angle,* deg 

11 Ph 2505 2 
12 4-MeC6H4 249 2 
13 2-MeC6H4 265 29 
14 2,3-Me2C6H3 269 29 
15 2,6-Me2C6H3 280 55 
16 2,4,6-Me3C6H2 280 55 
17 1-naphthyl 267 35 
18 2-naphthyl 251.5 2 
19 9-anthryl 287 67 

"Both oxygens. * Calculated by molecular mechanics method 
(MM2) (±2°). Seeref 15. 

Table III. 11O NMR Chemical Shift Data (±1 ppm) for Aromatic 
Amides in CH3CN at 75 0C 

compd 

20 
21 
22 
23 
24 
25 
26 

27 
28 
29 

Ar-CONH2 

Ph 
4-MeC6H4 

2-MeC6H4 

2,6-Me2C6H3 

1-naphthyl 
2-naphthyl 
9-anthryl 

Ar-CONMe2 

Ph 
1-naphthyl 
9-anthryl 

3(C=O) 

329 
327 
350 
353 
359 
331 
365 

348 
352 
357 

torsion ang 

28 
28 
44 
60 
51 
27 
71 

62 
71 
78 

"Calculated by molecular mechanics method (MM2) (±2°); see ref 
15. 

phase torsion angles between aromatic rings and carbonyl-con-
taining functional groups have included ultraviolet spectroscopy711,8,9 

and dipole moment measurements,9,10 and more recently 13C NMR 
spectroscopy11 has been employed. In this paper we report the 
17O NMR spectroscopic study of several series of electronically 
similar, sterically hindered compounds: aromatic methyl esters 
(1-10, Table I), aromatic carboxylic acids (11-19, Table II), and 
aromatic amides (20-29, Table III). Quantitative relationships 
between calculated (molecular mechanics) torsion angles and the 
17O chemical shift data have been obtained. 

Results 
Aromatic Methyl Esters. The 17O chemical shift data for 

compounds 1-10, listed in Table I are in the chemical shift region 
normally associated with esters. The 17O chemical shifts of esters 
have been shown to be influenced by substituents attached to the 
carbonyl group3,12 and to the single-bonded oxygen.13,14 The 17O 
chemical shifts of aromatic esters have been shown to be sensitive 
to electronic effects of substituents;3,12 not surprisingly the dou
ble-bonded oxygen is approximately twice as sensitive to electronic 
effects as the single-bonded oxygen.3 Variation of the size of the 
alkyl group attached to single-bonded oxygen significantly in
fluences the chemical shift of the single-bonded oxygen, and 
although less pronounced, an easily detected effect is observed 
on the carbonyl oxygen resonance.14 However, in this series 

(7) (a) "Steric Effects on Certain Physical Properties": Ingraham, L. L. 
In Steric Effects in Organic Chemistry; Newman, M. S., Ed.; Wiley: New 
York, 1956, 479. (b) Jaffe, H. H.; Orchin, M. Theory and Applications of 
Ultraviolet Spectroscopy; Wiley: New York, 1962; Chapter 15. (c) Eliel, 
E. L.; Allinger, N. L.; Angyal, S. J.; Morrison, G. A. Conformational 
Analysis; American Chemical Society: Washington, 1981; Chapter 3. 

(8) Braude, E. A.; Sondheimer, F. J. Chem. Soc. 1955, 3754. 
(9) Forbes, W. F. Can. J. Chem. 1960, 38, 1104. 
(10) (a) Pinkus, A. G.; Lin, E. Y. J. MoI. Struct. 1975, 24, 9. (b) Pinkus, 

A. G.; Custard, H. C. J. Phys. Chem. 1970, 74, 1042. 
(11) (a) Guilleme, J.; Diez, E. D.; Bermejo, F. J., Magn. Reson. Chem. 

1985, 23, 442. (b) Dhami, K. S.; Stothers, J. B. Tetrahedron Lett. 1964, 631. 
(c) Dhami, K. S.; Stothers, J. B. Can. J. Chem. 1965, 43, 479. 

(12) Liepin'sh, E. E.; Zitsmane, J. A.; Ignatovich, L. M.; Lukevits, E.; 
Guvanova, L. I.; Voronkov, M. G. Zh. Obsh. Khim. 1982, 53, 1789. 

(13) Sugawara, T.; Kawada, Y.; Iwamura, H. Chem. Lett. 1978, 1371. 
(14) (a) Orsini, F.; Ricca, G. S. Org. Magn. Reson. 1984, 22, 653. (b) 

Monti, D.; Orsini, F.; Ricca, G. S. Spectrosc. Lett. 1986, 19, 91. 
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Figure 1. Plot of 17O chemical shift data (ppm) for aromatic methyl 
esters and aromatic acids vs. calculated torsion angles of the functional 
group with the aromatic ring. 

(1-10), chemical shift differences resulting from electronic effects 
are small compared to those arising from steric influences and 
will be neglected. 

The signals for both the carbonyl oxygen and the single-bonded 
oxygen in the present results are both substantially deshielded in 
compounds which appear to have greater steric interactions. This 
result is consistent with rotation of the functional group from the 
plane of the aromatic ring. Such rotation would be expected to 
increase the double-bond character of both oxygen atoms which 
should result in deshielding of the oxygen signals. In view of our 
previous success in relating 17O chemical shifts of ketones to 
calculated torsional angles,6 we carried out molecular mechanics 
(MM2) calculations15 on the aromatic esters. These calculations 
were carried out with the OCH3 group in the s-Z conformation. 
The torsion angle estimations from the MM2 method are included 
in Table I and are defined as the difference angle between the 
plane of the carbonyl group and the plane of the aromatic ring. 
The calculated torsion angles for 1 and 6 (2° and 54°, respectively) 
are in reasonable agreement with the torsion angles deduced from 
dipole moment studies103 (0° and 47°). A plot of the calculated 
torsion angles vs. the chemical shift for both the double- and 
single-bonded oxygen is shown in Figure 1. Excellent correlations 
are obtained for both oxygen signals (vide infra). 

Aromatic Carboxyic Acids. The 17O chemical shifts for rep
resentative aliphatic4 and aromatic carboxylic acids3 have been 
reported and have been shown to be sensitive to electronic effects 
of substituents.3 Table II contains the 17O chemical shift values 
for a series of electronically similar aromatic carboxylic acids. 
As previously noted,4 only one 17O signal for the carboxylic acid 
functional group is detected. The equivalence of the two oxygens 
is attributed to fast proton exchange4 in dimeric or higher ag
gregates. Qualitatively, it is apparent (Table II) that as steric 
hindrance to coplanarity of carboxylic function and the aromatic 
ring is increased, the magnitude of the carboxyl chemical shift 
increases; compare, for example, 11,17, 15, and 19. The direction 
of the shift is consistent with the rotation of the functional group 
from the plane of the aromatic ring which will increase its overall 
double-bond character. Calculated torsion angles (MM2) for these 

(15) Cf.: (a) Burket, U.; Allinger, N. L. Molecular Mechanics; American 
Chemical Society: Washington, 1982. (b) "Applications of Molecular Me
chanics Calculations in Organic Chemistry": Osawa, E.; Musso, H. In Topics 
in Stereochemistry; Allinger, N. L., Eliel, E. L., Wilen, S. H., Eds.; Wiley: 
New York, 1982; p 117. 
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Table IV. Linear Regression Correlations of 17O Chemical Shift 
Data with Calculated Torsion Angles (MM2) 

TORSION ANOLE (DEGREES) 

Figure 2. Plot of 17O chemical shift data (ppm) for aromatic amides vs. 
calculated torsion angles of the amide functional group with the aromatic 
ring. The line shown for ArCONH2 data assumes a linear relationship 
(see text). 

compounds are also included in Table II. An excellent correlation 
between estimated torsion angle and 17O chemical shift can be 
noted in Figure 1. Torsion angle data appear in the literature 
for two compounds included in this study. For example, the torsion 
angle estimated here for 15 (55°) is in good agreement with the 
X-ray value16 (51.5°) and the value (50.7) estimated by 13C NMR 
methods.1 la However, the calculated value for 14 (29°) does not 
agree with X-ray data16 (10°) but is reasonably consistent with 
the value obtained from the 13C NMR approach (25°). l la For 
14, it is likely that the conformation in solution is different from 
that of the crystalline material. 

Aromatic Amides. Table III contains the 17O chemical shift 
values, as well as the calculated torsion angles, for electronically 
similar, hindered aromatic amides. The '7O chemical shifts for 
representative simple amides have been reported;17"19 however, 
the most extensive examination of amide chemical shifts has 
occurred in the peptide field.20 The chemical shifts of amides 
have been shown to be dependent upon conformation and hydrogen 
bonding.17,20,21 The chemical shift of this functional group has 
been demonstrated to have contributions from the amide function 
acting as both a hydrogen bond donor and an acceptor.20 

It is apparent from the data that the chemical shift range is 
compressed compared to that of the ester carbonyl data reported 
here. This compression is due, in part, to the fact that for the 
least hindered compound, benzamide, the amide-aromatic ring 
torsion angle is not near zero, as in the case of methyl benzoate, 
but is 26° as determined by X-ray analysis.22 The molecular 
mechanics calculated torsion angle (28°) is in good agreement 
with the X-ray data. The quality of the correlation for the simple 

(16) (a) Anca, R.; Martinez-Carrera, S.; Garica-Blanco, S. Acta Crys-
tallogr. 1967, 23, 1010. (b) Cano, F. H.; Martinez-Carrera, S.; Garcia-
Blanco, S. Acta Crystailogr. Sect. B 1970, 26, 659. (c) Smith, P.; Florencio, 
F.; Garcia-Blanco, S. Acta Crystollogr. Sec. b 1971, 27, 2255. 

(17) Burgar, M. I.; St. Amour, T. E.; Fiat, D. J. Phys. Chem. 1981. 85, 
502. 

(18) Canet, D.; Goulin-Ginet, C; Marchal, J. P. J. Magn. Reson. 1976, 
22, 537. 

(19) Ruostesuo, P.; Hakkinen, A.-M.; Peltola, K. Spectrochim. Acta 1985, 
41 A, 739. 

(20) Steinschneider, A.; Fiat, D. Int. J. Peptide Protein Reson. 1984, 23, 
591 and references cited therein. 

(21) Valentine, B.; Steinschneider, A.; Dhawan, D.; Burgar, M. I.; St. 
Amour, T.; Fiat, D. Int. J. Peptide Protein Reson. 1985, 25, 56. 

(22) Penfold, P. R.; White, J. C. B. Acta Crystailogr. 1959, 12, 30. 

series 

ester (C=O) 
ester (-O-) 
acid 
amides (C=O) 
JV,W-dimethylamides (C= 
ketones (C=O)* 
nitro compounds ( N O 2 / 

O ) 

slope 
(6/angle, 

deg)0 

0.70 ± 0.04° 
0.43 ± 0.03 
0.56 ± 0.05 
0.84 ± 0.5 
0.6^ 
0.84 ± 0.14e 

0.76 ± 0.14/ 

r* 

0.997 
0.992 
0.994 
0.942 
0.991 
0.979 
0.987 

intercept 

339 ± 2 
127 ± 2 
249 ± 2 
308 ± 16 
313d 

553 ± 6 
574 ± 16 

nc 

10 
10 
9 
7 
3 

10 
7 

0 Error limits shown are 95% confidence limits. 6 Correlation coeffi
cient. 'Number of data points. ''Limited number of data points. 
'Recalculation of data of ref 6. •'"Recalculation of data of ref 5. 

amides, apparent from Figure 2, is not as good as that obtained 
with the other two series of compounds. Although a linear re
lationship is shown in Figure 2, the data for the simple amides 
(ArCONH2) appear to exhibit scatter or curvature. This may 
reflect complications arising from hydrogen-bonding interactions. 

In order to eliminate possible complications arising from hy
drogen bonding, a limited number of iV^-dimethylcarboxamides 
(Table III) were examined. However, the added steric interactions 
arising from the A^N-dimethyl group add substantially to the 
torsion angle in this system as noted in Table III. For example, 
the predicted (MM2) torsion angle for 7V,./V-dimethylbenzamide 
is 62°. Because of this additional steric hindrance, the range of 
torsion angles is limited and the chemical shift range is corre
spondingly reduced. Despite the limited number of compounds 
studied, it is clear that the slope of the correlation for the N,N-
dimethylamides is reduced from that of the simple amides. 

Torsion Angle Relationships. Linear regression analysis of the 
calculated torsion angles (MM2) and 17O chemical shift data for 
each series of carbonyl compounds is listed in Table IV. All data 
for the esters and acids give excellent correlations. The slope for 
the data of the single-bonded ester oxygen (0.43 5/angle (deg)) 
is approximately one-half that of the slope for the carbonyl oxygen 
(0.70 5/angle) (deg)); their average value (0.56 5/angle (deg)) 
is the value noted for the carboxylic acids (see Table IV). These 
results are consistent with the correlations observed for substituent 
effect studies on benzoic acids and esters.3 The correlation for 
simple amides is poor. The origin of the poor correlation is not 
clear; it may be attributable to variations in the 17O results arising 
from differences in hydrogen bonding and/or it may reflect slight 
changes in the partial pyramidal structure of the amide nitrogen.23 

The slope (0.6 5/angle (deg)) for the A^-dimethylamides is 
consistent with expectations and may reflect the absence of H-
bonding problems (despite the limited number of data points). 
The slope for the amides would be expected to be somewhat less 
than that for the ester carbonyl on the basis of resonance con
siderations. For the sake of comparison the correlations for 
aromatic ketones6 and nitro compounds5 have been recast in the 
present format and show that torsion angle effects in all the series 
are of similar magnitude. 

Discussion 
Compressional effects on 17O chemical shifts have been noted 

in several systems. The effects of steric interactions on single-
bonded oxygens in both conformational^ mobile and locked 
systems have been carefully examined.24 A limited number25 of 
examples of steric effects on carbonyl groups have been reported, 
including recognition of a deshielding delta (S) effect.26 Isolated 
examples of the effect of torsion angle rotation for carbonyl groups 
on their 17O chemical shift have been noted.27 Recent work2 on 

(23) Pinto, B. M.; Grindley, T. B.; Szarek, W. A. Magn. Reson. Chem. 
1986, 24, 323. 

(24) (a) Eliel, E. L.; Liu, K.-T.; Chandrasekaran, S. Org. Magn. Reson. 
1983, 21, 179. (b) Manoharan, M.; Eliel, E. L. Magn. Reson. Chem. 1985, 
23, 225. 

(25) Wong, T. C; Guziec, F. S.; Moustakis, C. A. J. Chem. Soc, Perkin 
Trans. 2 1983, 1476. 

(26) Delseth, C; Kintzinger, J. P. HeIv. CMm. Acta 1976, 59, 466, 1411. 
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plane of functional group 

torsion S \ 
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J \^ plane of aromatic 
L l fQ ' r i n9 

\ 
Figure 3. Perspective views which illustrate the torsion angle between 
the planes of the aromatic ring and the functional group. 

planar carbonyl systems has shown major deshielding shifts arising 
from substantial steric interactions. These latter results were 
explained in terms of the direct effect of repulsive van der Waals 
interactions on the 17O chemical shift of the carbonyl group. This 
suggestion is consistent with the recent report of correlations 
between local van der Waals steric energy and the chemical shift 
of the resonant nuclei for several classes of compounds.28 It was 
suggested28 that repulsive van der Waals interactions cause con
traction of orbitals of the resonant nuclei, thus leading to an 
increase in r~3 of the paramagnetic term (Karplus-Pople equa
tion29) and resulting in a deshielding effect. In the systems re
ported here repulsive van der Waals interactions are readily 
minimized by rotation of the functional group out of conjugation 
with the aromatic ring (see Figure 3). Thus the correlation of 
17O chemical shift with torsion angle is an indirect consequence 
of the minimization of van der Waals interactions. This represents 
a distinctly different origin of deshielding effects for 17O chemical 
shifts stemming from van der Waals interactions in sterically 
hindered rigid molecules.2 

Since the electronic effects of substituents in the systems studied 
here are minimal, the slopes in Table IV are intrinsic for the 
various conjugated functional groups in acyclic systems. Therefore, 
this approach should be useful for making torsion angle estimations 

(27) (a) St. Amour, T. E.; Burgar, M. I.; Valentine, B.; Fiat, D. J. Am. 
Chem. Soc. 1981,103, 1128. (b) Sardella, D. J.; Stothers, J. B. Can. J. Chem. 
1969, 47, 3089. 

(28) (a) Li, S.; Chesnut, D. B. Magn. Reson. Chem. 1986, 24, 96. (b) Li, 
S.; Chesnut, D. B. Magn. Reson. Chem. 1985, 23, 625. 

(29) Karplus, M.; Pople, J. A. J. Chem. Phys. 1963, 38, 2803. 
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in sterically hindered systems having substituents which also exert 
substantial electronic effects. Such estimations can be achieved 
by correcting for the contribution to the chemical shift value for 
the electronic term. The resulting chemical shift difference can 
be used in conjunction with the appropriate slope from Table IV 
to predict the average torsion angle for the hindered molecule. 
In contrast to the 13C NMR method for estimation of torsion 
angles, this approach provides a direct observation of the functional 
group and is applicable to a wide range of conjugated oxygen-
containing systems. This approach should be generally applicable 
and should allow the estimation of torsion angles for oxygen-
containing conjugated functional groups by a direct method. 

Experimental Section 
Those compounds used in this study that were not commercially 

available were prepared and purified by standard literature procedures. 
They were characterized by spectroscopic (1H and 13C NMR spectros
copy) and physical data. The 17O spectra were recorded on a JEOL 
GX-270 spectrometer equipped with a 10-mm broad-band probe operated 
at 36.5 MHz. All spectra were acquired at natural abundance at 75 0C 
in dried acetonitrile containing 1% of 2-butanone or acetone as an in
ternal standard. The concentration of the carbonyl compounds employed 
in these experiments was 0.5 M. The signals were referenced to external 
deionized water at 75 0C. The 2-butanone resonance (558 ± 1 ppm) or 
acetone (571 ± 1 ppm) was used as an internal check on the chemical 
shift measurements for these compounds. The instrumental settings were 
spectral width 25 kHz, 2K data points, 90° pulse angle (28 MS pulse 
width), 200 ,us acquisition delay, 40 ms acquisition time, and 
40000-100000 scans. The spectra were recorded with sample spinning 
and without lock. The signal-to-noise ratio was improved by applying 
a 25-Hz exponential broadening factor to the FID prior to Fourier 
transformation. The data point resolution was improved to ±0.2 ppm 
by zero filling to 8K data points. The reproducibility of the chemical shift 
data is estimated to be ±1.0. Molecular mechanics calculations were 
carried out by use of the MM2 program model version 1.3, available from 
Professor C. Still, Columbia University. 
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