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The 170 chemical shifts of several ortho-substituted phenols and anisoles are presented along with those of the corresponding 
para-substituted compounds. The measurements of the various ortho-para pairs were done in the same solvent and at  the 
same temperature in order to experimentally estimate the effect of intramolecular hydrogen bonding on the 170 chemical 
shielding in the ortho compounds by using the ortho-para equivalence rule. Ab initio calculations of the I7O chemical shieldings 
reproduce well the experimental findings and provide a theoretical description of the hydrogen-bonding effect on the 170 
chemical shifts. 

Introduction 
Hydrogen bonding, HB, is widely recognized as a fundamental 

feature in chemical and biological systems2 and 170 N M R  
spectroscopy appears to be especially suited to study HB since 
the oxygen atom is directly involved in the formation of the bond. 
170 chemical shifts can provide useful information on the strength 
of the HB, the OH distance, and other molecular properties? The 
dominance of intramolecular HB effects over substituent effects 
in the 170 chemical shifts of carbonyl groups has been clearly 
demonstrated for a variety of compo~nds.'~ However, the effect 
of proton donation on I7O chemical shift of the hydroxy group 
was determined to be considerably smaller than that on the 
carbonyl oxygen chemical shifts. The HB-induced changes in the 
170 chemical shifts of the methoxy groups in o-anisic acid and 
o-anisamide have been measured as shielding effects as for hy- 
drogen bonding of the carbonyl group. However, the shift changes 
observed are an order of magnitude smaller: Since intramolecular 
H B  effects are small and comparable in magnitude to electronic 
and steric substituent effects in compounds with dicoordinate- 
oxygen-containing functions, it is necessary to determine the 
relative contributions of each of these competing effects in order 
to be able to interpret the I7O chemical shifts of these compounds. 

Quantum chemical calculations provide a powerful tool for 
structural analysis because in the calculations it is possible to 
control structural effects which cannot be varied in actual ex- 
periments without also introducing major changes in the electronic 
effects. Here quantum chemical calculations of the 170 chemical 
shielding for a b  initio optimized structures are used to elucidate 
the different electronic and structural contributions to the I7O 
chemical shieldings. 

In this paper the "0 chemical shifts are reported for a number 
of substituted phenols and anisoles in which intramolecular HB 
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is known to be present. The analysis of the experimental results 
is based on the assumption of para-ortho equivalence of the 
electronic effects; thus, the difference in the "0 chemical sheildings 
of the corresponding ortho- and para-substituted compounds can 
be assigned to H B  interactions, which are present only in the 
orthesubstituted compounds. A detailed analysis of the quantum 
mechanical origin of the shifts observed due to the H B  interaction 
is also presented. The theoretical calculations of the 170 chemical 
shieldings of the studied compounds strongly support the use of 
the para-ortho equivalence rule for the analysis of the substituent 
effects on 170 chemical shieldings. 

Experimental Section 
Materials. All the compounds were obtained commercially or 

synthesized by using standard methods. No sample showed any 
impurity by proton and carbon N M R  spectroscopy. 

NMR Measurements. The natural abundance 170 chemical 
shifts were recorded on either a Varian XL-400 (compounds 1, 
2, and 8) or on a Varian VXR-500 spectrometer. On the XL-400 
5-mm samples were used. Pertinent spectral parameters include 
pulse width of 7 ps (90 of 20 ps), acquisition time 0.25 s, and 
recycle time of 0.25 s. On the VXR-500, IO-" samples were 
used with 6-rs pulse (90 of 20 ps) and 0.05-s acquisition time. 
All samples except 6 and 7 were measured in toluenada (Aldrich, 
99+%D) at  75 OC. Since compound 6 was not soluble in toluene, 
the spectra of the ortho-para pair 6 and 7 were recorded in 
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TABLE I: Natural Abmdmce Hydroxy I7O cbcmlcrl Shift8 la 
sllbrtlblted pk.ob. 

Qco 
k 3.50 

compound 6(170) compound 6("0) 
phenol (1) 71 2-hydroxybenzaldehyde (5) 8ff 
4"thoxyphenol (2) 64 4-nitrophenol (6) 88d 
2-methoxyphenol (3) 52 2-nitrophenol (7) 82. 
4-hydroxybenzaldehyde (4) 85b 

'All values reported in ppm referenced to H20 at room temperature; 
experimental conditions and solvents are described in the text. bAldehyde 
"0 shift at 548 ppm. CAldehyde I'O shift at 570 ppm. 'Nitro "0 shifts at 
561 ppm. 'Nitro 170 shifts at 560 ppm. 

TABLE II: N i h v l l  Abundance Metboxy 170 Chemical Shifts in 
Substituted Anisole' 

compound 6(l'O) compound 8(170) 

anisole (8) 45 4-methoxyaniline (9) 33 
4methoxyphenol (2) 37 2-methoxyaniline (10) 29 
2-methoxyphenol (3) 25 
'All values given in ppm referenced to H 2 0  at room temperature; 

experimental conditions and solvents are described in the text. 

methylene-d2 chloride (Aldrich, 99+%D) at  28 OC. The con- 
centrations of all the samples studied here were close to saturation. 
All 170 chemical shifts were externally referenced to H20 at  the 
sample temperature and then corrected to H20 at  28 "C being 
0.0 ppm. The chemical shift of H20 a t  75 OC was -2.6 ppm. 

Calculations. The calculations of the I7O chemical shielding 
were performed using the LORG program7 with the D95 basis set.* 
All the calculations were done using fully optimized structures 
obtained with the GAUSSIAN 86 molecular package9 and the D95 
basis? The calculated values of shielding are reported as absolute 
values, i.e., shifts measured with respect to the bare nucleus. For 
comparison, the experimental data were converted to the absolute 
scale by using an absolute shielding of 307.9 ppm for H20. The 
local bond analysis was performed as described in detail else- 
where.I0 

Results and Discussion 
The I7O chemical shifts of the substituted phenols and sub- 

stituted anisoles are given in Tables I and 11, respectively. For 
all ortho-para pairs studied, the 170 chemical shift of the or- 
tho-substituted compound is upfield from that of the para-sub- 
stituted compound. 

Substituent I7O chemical shifts a t  the ortho position can be 
influenced by electronic, proximity, and anisotropy effects." 
However, magnetic anisotropy effects on I7O chemical shifts can 
be neglected here since they are much smaller than the other 
contributions, being important only in proton chemical shifts.12 
Orthesubstituent electronic effects can be estimated considering 
that they are, in general, similar to those of para substituents 
(ortho-para equivalence). In turn, proximity effects can be 
separated into steric and hydrogen bond contributions. In order 
to be able to estimate each of these contributions it is assumed 
that they are essentially independent. From the experimental data 
it is clear that when ortho substituents can interact through HB, 
significant departures from the ortho-para equivalence rule are 

(7) Hanscn, Aa. E.; Bouman, T. D. J. Chem. Phys. 1985,82, 5035. 
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cis trans 

Figure 1. Orientation of the calculated 170 chemical shielding principal 
axes for the cis and trans conformations of 2-methoxyphenol. 

TABLE III: "0 Calculated LORG Chemical ShieldinIpO 
OH OCH, 

phenol (1) 197 (237) 
anisole (8) 212 (263) 
4-methoxyphen~l~ (2) 203 (244) 216 (271) 
2-methoxyphenol (3) 

cisc 212 (256) 240 (283) 
transC 200 215 

'All values in ppm, absolute shieldings, Le., larger values indicate 
shielding or upfield shift. Experimental values given in parentheses 
were converted to the absolute shielding scale using uH2o = 307.9 
ppm.Is *The relative conformation of the side chains does not affect 
the calculated I7O chemical shieldings. Indicates the relative orien- 
tation of the side chains; cis corresponds to the situation in which there 
is HB between the hydrogen in the hydroxy group and the oxygen in 
the methoxy group (see Figure 1). 

TABLE IV Calculated ''0 Chemical Shielding Tensors in 
2-Methoxypheaol' 

OH OCH3 
OC-0 uL uC-O O0-H OL 

cis 234.7 147.1 255.4 274.4 157.1 287.7 
trans 251.5 139.6 207.5 248.6 125.7 270.7 

a All values in ppm in absolute shieldings. uc+ and ueH are in the 
plane of the benzene ring with the actual orientations as depicted in 
Figure 1. uL is perpendicular to the plane of the benzene ring. 

observed, indicating large contributions from the steric and/or 
H B  interactions. 

The hydroxy conformation in 2-methoxyphenol has been shown 
to be cis (see Figure 1) resulting in an intramolecular hydrogen 
bond of apparently intermediate strength." This conformation 
is also predicted to be the most stable one by our a b  initio cal- 
culations, being 7.9 kcal/mol more stable than the trans con- 
formation. Experimentally, the hydroxy I7O resonance of 2- 
methoxyphenol is shielded 19 ppm with respect to that of phenol 
whereas in 4-methoxyphenol it is shielded only by 7 ppm. As- 
suming then the ortho electronic effect of the methoxy group to 
be -7 ppm leads to a proximity effect of -12 ppm. By considering 
any other effect to be negligible, this 12 ppm upfield shift can 
be attributed to the proton donor effect in the HB. 

Similar reasoning can be applied to the other pairs of com- 
pounds in Table I, leading to ortho proximity effects of -5 and 
-6 ppm for the formyl- and nitro-substituted phenols, respectively. 
Therefore, the effect of proton donation on the hydroxy I7O 
chemical shift can be estimated to be an upfield shift of 5-12 ppm. 

The data in Table I1 can likewise be interpreted as the result 
of upfield shifts of 12 and 4 ppm, respectively, for the ortho- 
substituted of the 213 and 9/10 pairs as a consequence of accepting 
the proton in H B  formation. 

Calculations of the I7O chemical shielding of phenol, anisole, 
4-methoxyphenol, and 2-methoxyphenol (both cis and trans 
conformations) are presented in Table 111. The calculated values 

(13) Schaefer, T.; Wildman, T. A. Can. J .  Chem. 1979, 57,450. 
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TABLE V: LORO PInarpacHc B o d  COatributbm to the ''0 
ckmierl Weidlog of tbe Hydroxy Oxygen in 2-MetboxypbeaoP 

cis trans bond 
c.;o r-0.i 4.2 o -I r-0.8 5.9 o i 

N 

-42.8 0 

-0.2 -1.9 0 
-59.5 

-46.2 0 
-37.8 

[2i2 Y9.8 8 ] [-i.9 -15.7 o 
0-H 

0 0 -49.6 0 0 -51.5 

0,: [24' -78.6 f10,0] [% -71.3 70.8 
6.4 A6.4 

h6.4 ~ 1 0 . 0  -151.7 h2.1 ~0.8 -166.9 

'All values in ppm. The bond contributions are expressed in the 
local bond frame described elFwhere.1° The orientation of the local 
bond axis is i along the bond; j perpendicular to the bon! andjn the 
plane of the bond and the C,-O bond; k perpendicular to i and j. For 
the C,-O bond the j component lies perpendicular to the bond in the 
plane of the benzene ring. bThe A signs correspond to the two differ- 
ent lone pairs above and below the molecular plane of the benzene ring, 
respectively. 

compare well with the experimental ones with a correlation 
coefficient between experimental and calculated values of 0.94; 
the slope of the correlation is 1.09 and the intercept 26.0 ppm. 
The I7O shieldings for the cis conformation were used for the 
2-methoxyphenol in the correlation. Without including an analysis 
of solvent effects, very important in I7O chemical shieldingssJ4 
but not included in the calculations, it is not possible to speculate 
on the origins of the deviations between the calculated and ex- 
perimental data. 

It is remarkable how well the calculations reproduce the or- 
tho-para equivalence in the trans conformation of 2-methoxy- 
phenol in which the HB interactions are not present, while sig- 
nificant departures from this rule, 9 ppm for the hydroxy oxygen 
and 24 ppm for the methoxy oxygen, are observed in the cis 
conformation. For both OH and WH3, the HB interaction shifts 
the 170 resonances upfield as observed experimentally. The 
calculated shift change of 9 ppm for the hydroxy group on hy- 
drogen bonding agrees very well with the experimental shift 
difference of 12 ppm whereas the calculated shift difference of 
24 ppm for the methoxy oxygen overestimates the experimental 
value of 12 ppm by a factor of 2. 

The calculated "0 shielding tensors for the hydroxy and 
methoxy oxygens of the cis and trans configuations of compound 
2 are presented in Table IV while the orientations of the two 
in-plane principal components are shown in Figure 1. For the 
hydroxy oxygen the two principal components in the benzene plane 
shift in opposite directions: the component which lies approxi- 
mately along the (2-0 bond moves downfield and the component 
nearly perpendicular to this bond moves slightly upfield. The 
component perpendicular to the benzene ring shows a much larger 
upfield shift and accounts for most of the upfield shift observed 
in the isotropic chemical shift. All the principal components move 
upfield by significant amounts for the methoxy oxygen. Unfor- 
tunately, there are no experimental data available on the 170 
chemcial shielding tensors to compare with these calculated values. 

To obtain a better understanding of the origin of these upfield 
shifts, a detailed analysis of the LORG local bond contributions1° 
to the 170 chemical shieldings was conducted. The LORG local 
bond contributions are presented in Tables V and VI for the 
hydroxy and methoxy oxygen shielding tensors, respectively. It 
is apparent from Table V that the bond contribution to the hydroxy 
oxygen shielding from the OH bond is almost independent of the 
conformation; Le., this contribution is not affected by hydrogen 
bonding. The other two bond contributions are much more 
sensitive to the hydrogen bonding, with u&-" reduced (less 

(14) Kintzinger, J. P. NMR Princ. Pro I 1981, 17, 1. 
(15) Jamenson, C. G.; Mason, J. In Muhnuelror N M R  Mason, J., Ed.; 
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TABLE VI: LORG P 8 n ~ t i c  Bond Contributions to tbe "0 
Chemlcrrl Shielding of tbe Metboxy Oxygen in 2-MetboxypbcaoP 

cis trans bond 

1 -9.1 0 ]bk! -55.2 0 
-32.6 0 -38.2 

'All values in ppm. The bond contributions are expressed in the 
local bond frame described elscwhere.'O The orientation of the local 
bond axis is i along the bond; j perpendicular to the bond a n d j n  the 
plane of the bond and the C,-O bond; k perpendicular to i and j. For 
the C A r 4  bond the j component lies perpendicular to the bond in the 
plane of the benzene ring. bThe A signs correspond to the two differ- 
ent lone pairs above and below the molecular plane of the benzene ring, 
respectively. 

paramagnetic) by 21.7 ppm and u:p by 15.2 ppm in the cis 
compared to the trans conformation. These large reductions in 
the paramagnetic contribution are mainly responsible for the OH 
resonance being much more upfield in the cis conformation. 

In the local bond frame it is easy to understand the origin of 
these conformational effects.IO Hydrogen bonding of the hydroxy 
group stabilizes the 0-H bond and thereby increases the energy 
of the 0-H antibonding orbital. This antibonding orbital mixes, 
through the angular momentum operator, with the C,,-O and 
O,, occupied orbitals. Therefore, the shielding contributions of 
these bonds along the direction perpendicular to the benzene plane 
are significantly reduced by the stabilization of the 0-H bond 
which can occur only in the cis conformation. 

All bond contributions to the methoxy I7O shielding show 
significant upfield shifts in the cis configuration because all the 
occupied orbitals directly attached to the methoxy oxygen can 
be coupled, through the angular momentum operator, with at  least 
one of the antibonding methoxy oxygen lone pairs. Therefore, 
lowering the energy of the oxygen lone pairs by hydrogen bonding 
reduces the paramagnetic bond contributions of all these bonds 
in the directions perpendicular to the bonds. 

Conclusions 
The experimental results presented here demonstrate that 

significant departures of I7O chemical shieldings from well-es- 
tablished substituent effect rules, such as ortho-para equivalence 
can, in certain cases, be attributed to HB effects. 

Ab initio calculations of 170 chemical shieldings using the LORG 
method and moderate basis sets reproduce the experimental 
findings well. The theoretical calculation along with the analysis 
of the LORG bond contributions provides a detail analysis of the 
upfield shifts observed for 2-methoxyphenol due to hydrogen 
bonding. The upfield shifts of both OH and W H 3  can be traced 
back to the stabilization of the molecular orbitals engaged in the 
hydrogen bond. Thus the analysis of the full I7O chemical 
shielding tensors may provide detailed information on HB in- 
teractions. 
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