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Fourier transform 70O NMR spectra have been measured for a number of alcohols, ethers, acetals, formates,

acetates, and esters of inorganic acids in natural abundance at 10.8 MHz.

The 17O chemical shifts which cover

a range as large as several hundred ppm are primarily governed by the sum of electronegativity of the first

atoms or groups attached to the central oxygen.

The downfield shift due to f-methyl groups in alcohols and

ethers is in parallel with decrease in their ionization potentials, demonstrating the importance of the para-

magnetic screening term in the 17O shifts of these compounds.

has also been disclosed.

The first observation of 7O nuclear magnetic reso-
nance signals was reported as early as in 1951.2)
Chemical shifts of more than one hundred organic
compounds of relatively small molecular weight were
documented by Christ et al. in 1961.3 Wider ap-
plications of the 10O NMR technique have since been
hampered both by a low natural abundance (0.0379%,)
and by an appreciable electric quadrupole moment
(Q=-—2.6x10-26 cm?) which effects line broadening
of the 7O isotope. Recent advances in FT-NMR
instrumentation together with rf units with a frequency
synthesizer and probe heads with a tunable preamplifier
have made observation of 170 NMR routinely available
on samples with 170 isotope in natural abundance.®
In view of an important role of oxygen-containing
functions in chemistry, establishment of a useful 7O
NMR shifts vs. structure correlation is indispensable.
We wish to report here the 7O NMR shifts of a variety
of alcohols, ethers, acetals, formates, acetates, and esters
of inorganic acids, and review a number of empirical
rules governing the shift data of these compounds as
well as the literature values? for some typical com-
pounds with dicoordinated oxygen functions.

Results and Discussion

A General Trend in 170 Shifis. The 70O NMR
shift data of dicoordinated oxygen functions are given
in Table 1. Firstly we note that the 17O shifts have
a wide range of several hundred ppm. This is quite
large in reference to 10 and 200 ppm of the 'H and
13C shift ranges, respectively, of ordinary organic com-
pounds and will give the impression that 170 NMR
spectra can be most informative as a structural probe.
Strictly speaking, however, we have also to take into
account of the wide ?O NMR line-width unprecedent-
ed in 'H and 3C NMR. The amount of information
derivable from chemical shift is approximately given
by the shift range (4) divided by the spectral line width
(41/5). When the 'H, 3C, and 70O NMR are com-
pared, 4 can be taken as 0.8, 4, and 8 kHz for ex-
ample and 4,,, may be typically 1, 1, and 100 Hz,
respectively. Therefore, the capacity of information
derivable from chemical shift data of 'H, 13C, and
170 NMR spectroscopies would be (4/4,,,=) 800,
4000, and 80, respectively. The widest shift range
observed for the O NMR should not necessarily be
overemphasized.

It may be noted in the second place that the water

Diamagnetic shift due to y-carbons and -oxygens

molecule has the oxygen atom which resonates at
one of the highest field region, and the resonance
for the central oxygen atom of ozone appears at the
extreme downfield. Other data on the oxygens at-
tached to various kinds of elements are scattered in
between. Changes in the oxygen-17 chemical shift
appear to be due primarily to alterations in the electron
density at oxygen caused by changes in the electro-
negativity of a-atoms attached to the central oxygen
atom. As illustrated by an approximately linear cor-
relation in Fig. 1, downfield shift is produced as more
electronegative atoms are introduced. The line has
a slope of about 270 ppm/electronegativity unit which
is about six times as steep as those obtained by similar
plots of the 13C shifts vs. the electronegativity of the
adjacent hetero atoms.®) We point out that, whereas
the diamagnetic electric current which is directly af-
fected by the electronegativity of ligands plays a major
role in controlling the chemical shifts of 'H, the 13C
and O NMR shifts are governed by the paramagnetic
screening and decrease of shielding with the increasing
electronegativity of the substituents may be provided
by increase in the mean inverse cube of the 2p electron
radius <{r—3%) and the orbital term Q,, (vide

X oxygen
infra).”
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Fig. 1. Plots of O NMR shifts »s. the sum of the

electronegativities for dicoordinated oxygen com-
pounds. Electronegativities (which are group values
where relevant) are from Ref. 20.
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TasLe 1. YO CHEMICAL SHIFTS (Ppm DOWNFIELD FROM WATER) OF DICOORDINATED OXYGEN COMPOUNDS

o171 —Aéf—c) Solvent —T—?gl—
Alcohols and phenols
Methaol —38 60 neat amb
1-Butanol -3 172 CCl (1:1)® 70
1-Butanol -1 168 neat 62
3-Methyl-1-butanol —2 244 neat 75
Benzyl alcohol 4 CClL (1:1) 70
Citronellol 5 CClL(1:1) 80
Ethanol 8 128 neat amb
2-Pentanol 30 CCl(1:1) 70
2-Butanol 36 160 CCl, (1:1) 70
Cyclohexanol 36 CCl,(1:1) 70
2-Propanol 39 280 neat amb
2-Methyl-2-butanol 55 200 CCl(1:1) 70
2,3-Dimethyl-2-butanol 55 200 CCL (1:1) 70
a-Terpineol 55 CCl, (1:1) 70
t-Butyl alcohol 63 180 CCl (1:1) 68
t-Butyl alcohol 68 neat amb
Phenol 79 CgHg (1:2) 76
o-Nitrophenol 87 CeHg (1:2) 76
Hydrogen peroxide 174 30% aq. amb
Ethers
Ethylene oxide —49 neat amb
Dimethyl ether —42 CDCl, (1:1) —40
Oxetane —12 48 neat amb
Tetrahydropyran 10 CDCl, (1:1) amb
Oxepane 14 80 neat amb
Diethyl ether 16 neat amb
Tetrahydrofuran 18 neat amb
Tetrahydrofuran 18 CDCI4(1:1) amb
Anisole 50 180 neat amb
Diisopropyl ether 64 neat amb
7-Oxanorbornane 86 CDCl, (1:1) amb
Di-t-butyl ether 88 140 CCl, (1:1) amb
Di-z-butyl ether 90 neat amb
1,2-Dimethoxyethane —23 neat amb
Diethylene glycol —27 (center) neat 70
dimethyl ether —3(end)
1,4-Dioxane 0 85 CDCL(1:1) amb
15-Crown-5 0 DMF 128
Furan 240 neat amb
Furfural 237 neat amb
Trimethyloxonium —29 180 CH;NO, amb
tetrafluoroborate
Diethyl ether-BF, 31 neat amb
Hexamethyldisiloxane 43 neat amb
Acetals and orthoestes
Dimethoxymethane 10 60 neat amb
1,3-Dioxolane 34 CDCl, (1:1) amb
1,3-Dioxane 37 CDCl,; (1:1) amb
1,3-Dioxane 38 neat amb
Bis(methoxymethyl) ether 65 (center) 100 neat amb
10 (end) 100
1,3,5-Trioxane 65 CDCl, amb
(2H-)1,3-Benzodioxole 82 CDCl, amb
Trimethyl orthoformate 30 neat amb
2,8,9-Trioxaadamantane 67 200 CDCl, amb
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TasLe 1. (Continued)

o117 i;:— Solvent —TCTI(I;B—

1,4,6,9-Tetraoxaspiro[4.4]nonane 75 neat amb
Esters
Methyl formate 143 (364)D neat amb
Ethyl formate 173 (364) neat amb
Isopropyl formate 200 (364) neat amb
t-Butyl formate 212 (380) neat amb
Methyl acetate 148 (355) neat amb
Ethyl acetate 169 (363) neat amb
Isopropyl acetate 196 (363) neat amb
t-Butyl acetate 207 (375) neat amb
Methyl acrylate 132 (345) neat amb
Diethyl oxalate 166 (359) neat amb
p-Butyrolactone 176 (335) neat amb
Diethyl carbonate 123 (242) neat amb
Trimethyl phosphite 44 (Jo-p=183 Hz) neat amb
Trimethyl phosphate (659 ) (Jo-p=164 Hz) CDCl, amb
1
2,8,9-Trioxa-1-phospaadamantane 82 CD,Cl, amb
Methyl nitrite 420 (790)®
Propyl nitrite 455 (803)
Isopentyl nitrite 467 (819) CDCl, (1:1) amb
¢t-Butyl nitrite 513 (838)3
Dimethyl sulfate 142 (101) CDCl(1:1) amb
Others

O-Methylhydroxylamine 35%
t-Butyl hypochlorite 79
Di-¢-butyl peroxide 276

269%
(CF;0),0 479 (center) 19

321 (end)
FOOF 64719
F,0 8301
Ozone 1032 (center) 1

1598 (end)

a) An approximate ratio in volume. b) Shift values

in parentheses are for doubly bonded oxygens. c¢) No

window function was applied for the measurement except for alcohols where a sensitivity enhancement parameter

was set at —0.02 s throughout.

Simple Alcohols and Ethers. Shifts to lower field
in the YO resonance are observed as the a-carbon is
substituted with alkyl groups. Primary, secondary, and
tertiary alcohols, for example, have their characteristic
shift ranges: —3—10 (except for —38 ppm of meth-
anol), 30—40 and 55—70 ppm downfield relative to
water, respectively. We have so far met no exception
to the above rule on the O shifts brought about by
the alkyl substitution. The presence of diamagnetic
y-effect is suggested by a slightly high field shift of
I-butanol and 2,3-dimethyl-2-butanol as compared to
ethanol and ¢-butyl alcohol, respectively. An example
which would violate the above shift ranges could be
found in sterically congested alcohols. Changes in
chemical shifts are steeper in ethers than in alcohols
and esters.

The findings have two facets of importance. One is
as a new method for differentiating among primary,

secondary, and tertiary structures of unknown alcohols,
ethers and esters. The method appears quite unique
and useful, but let us point out that there is a certain
limitation to the practical application of this rule to
the structural elucidation of complex organic molecules.
Since the oxygen-17 nucleus (I=>5/2) has electric quad-
rupole moment and the line width of resonance signals
is directly proportional to correlation time 7, for the
overall rotation of the molecules which in turn is cor-
related to solution viscosity 7, a fairly fluid sample
solution must be employed. When isotropic molecular
tumbling is rapid on the NMR time scale, the line
width (1/T;) determined by quadrupole relaxation is
given by Eq. 1, where ¢ and 7 stand for the electric
field gradient and the asymmetry parameter at the
nuclear site. The Stokes-Einstein-Debye equation (Eq.
2) relates 7, to temperature 7. The measurement at
elevated solution temperature is thus preferred. A
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sample of relatively large molecular weight (M >150)
for which a solution of considerably high concentration
may be required by the sensitivity of the present in-
strument often tends to be hard to measure because
of line-broadening. The limitation could be avoided
in principle by the use of a spectrometer with higher
magnetic field and/or isotopically enriched samples.

The other is on the origin of the observed ordering
of chemical shifts. There are ample examples which
show that electron density at the oxygen atom increases
as we go from methanol via ethanol and 2-propanol
to t-butyl alcohol. The polar substituent, constants
o* for the methyl, ethyl, isopropyl, and ¢-butyl groups
are 0 (by definition), —0.1, —0.19, and —0.3, re-
spectively. The observed shifts in Table 1 show that
170 screening decreases on going from methanol to
t-butyl alcohol, and is not compatible with the electron
density at oxygen dominating the 70O shifts as was
the case in the previous section.

According to the Pople-Karplus theory on para-
magnetic screening,”) the screening constant of atom
A bound to other atom B is given by Eq. 3. The
Q’s are orbital terms related to charge density on atom

2f2( p—3

o= -t S@wl @
A and bond order between A and B, and AFE is a mean
or effective excitation energy. If the diamagnetic scre-
ening or the (r~%) and Q ,, termsin the paramagnetic
screening were the determining factor, tertiary alcohols
and ethers which have highest electron density at
oxygen should have given the highest field shifts in
the 7O resonance. Resonance can move downfield
as the lowest-energy electronic transition is shifted to
longer wavelength. The n—z* transition has been
shown to be crucial to the shift differences in the 7O
NMR of carbonyl compounds.®) In the present case
of aliphatic alcohols and ethers, the excited states to
be mixed with the ground state by an external magnetic
field is either the n—¢* or Rydberg states.” Since
the corresponding transition appears in the vacuum
ultraviolet region and is not unambiguously charac-
terized, let us take the adiabatic ionization potentials
of these compounds as a measure of AE. A reasonably
smooth correlation is found in the 7O chemical shifts
vs. the inverse of the ionization potentials plots both
for alcohols and ethers as shown in Fig. 2.

Whereas there is no strict meaning in the apparent
linearity of the plots, the correlation appears to dem-
onstrate that the energy levels of the oxygen n-electrons
are more sensitive to the structural changes in the
alkyl groups than the terminating orbital levels of
oxygen and that AE gets smaller on going from the
methyl through ethyl and isopropyl to #-butyl groups.
The paramagnetic contribution to the total screening
constant is concluded to be important in simple alcohols
and ethers.

Simple cyclic ethers present no anomaly in that
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Fig. 2.
adiabatic jonization potentials
alcohols and ethers.

(from Ref. 11) of

their 7O shifts vs. 1/IP plots conform to a line given
by acyclic ethers. Oxiranes form a conspicuous ex-
ception to this trend. Just as the well-known case
of the TH and 13C shielding of three membered rings,
the 170 resonance of oxiranes shows a marked shielding
effect. The diamagnetic shielding is, however, not
as strong as it should be expected from the 7O shifts
vs. 1/IP plots for other ethers. These anomalies of
oxiranes will be discussed separately in the forthcoming
paper in view of the importance of the epoxide functions
in many fields of chemistry.

Acetals and Orthoesters. When the p-methylene
group in methyl propyl ether (6 —18)'9 is replaced
by oxygen to make dimethoxymethane (6 10), downfield
shift by 28 ppm is obtained. The downfield shift of
a similar amount (Ad 27 ppm) is observed on going
from tetrahydropyran (6 10) to 1,3-dioxane (6 37).
An approximate additivity appears to hold for this
downfield shift due to introduction of the f-oxygen
atoms. A shift by 56 ppm on going from dipropyl
ether (§ 7)19 to bis(methoxymethyl) ether (6 65) is
just twice as large as 28 ppm. The 7O resonances
for 1,3,5-trioxane and 2,8,9-trioxaadamantane appear
at 54 and 56 ppm downfield of tetrahydropyran, re-
spectively.

y-Effects. Effects of the y-carbon atom on the
170 NMR shifts have been pointed out;'® replacement
of g-hydrogens in ethyl methyl ether with the methyl
groups produces a stepwise highfield shift by 6, 1.5,
and 2.5 ppm. Now, replacement of the y-carbon atom
in butyl methyl ether (6 —18)9 by oxygen to give
1,2-dimethoxyethane accompanies 5 ppm upfield shift.
Similar upfield shifts are observed also in diethylene
glycol dimethyl ether (6.5 ppm from dibutyl ether (6
3.5)) and p-dioxane (11 ppm from tetrahydropyran).

The observed diamagnetic shifts of 6 and 12 ppm
of ethylene glycol and 2-chloroethanol, respectively,
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relative to 1-propanol (§ 0) may be additional examples
of y-effect due to a hetero atom.

Esters. The effect of alkyl groups on 17O shifts
of the ethereal oxygen of esters is similar to that in
alcohols and ethers but is less pronounced. The shift
differences between two extreme alkyl groups, namely,
the methyl and ¢-butyl derivatives, are 130 and 106
in ethers and alcohols, respectively, and only 93, 70,
and 60 ppm in nitrites, formates, and acetates, respec-
tively. The results may be a manifestation of resonance
interaction as depiced in Eq. 4 serving as a buffer
of the electronic effect of alkyl groups R.  Contribution
of the zwitterionic canonical structure in each resonance
hybrid will be in the order: acetates>formates> ni-
trites.

) +
R'-C-O-R < R’-C=0-R
I ]

o) o- (4)

O-N-O-R < -O-N-O-R

We conclude that, in spite of some difficulties in-
herent in natural-abundance 170 NMR measurements,
this new technique has a number of merits worth the
effort. Firstly, the technical difficulties are partly com-
pensated by the short spin-lattice relaxation times
of the quadrupolar 70O which enable us to accumulate
a large number of transients in a given time. Often
a spectrum with good S/N ratios is obtained within
a time period shorter than that necessary for measuring
13C NMR signals due to quaternary carbons of relatively
long 7, and with almost no NOE effect. Secondly,
we have pointed out that 1O NMR spectra are highly
informative as a structural probe. Shift ranges as
large as 1000 ppm for dicoordinated oxygens are gov-
erned by the paramagnetic screening and can be in-
terpreted in terms of empirical rules basically similar
to the familiar ones employed in 13C NMR spectroscopy.

Experimental

Spectral Measurements. The measurements were made with
the 17O nuclei in natural abundance (0.037 9,) on a Varian
FT-80A spectrometer at 10.782 MHz. For a 8000 Hz
spectral width, 320 data points in the time-domain spectra
were used, the Fourier number being kept at 16384. The
number of transients accumulated with a 90° pulse and an
acquisition time of 0.02s was in the range 10*—10° to get
spectra of reasonable S/N ratios. When a longer acquisition
time (AT) of 0.1 s was employed, the number of data points
(DP) increased to 1600 according to equation DP=2AT-SW
(SW is a spectral width). The measurement under these
conditions was found to be worse with respect to the S/N of
spectra, not only because it required the accumulation time
five times as long as the previous one to get the same sum of
the number of transients, but also because it sampled mostly
noise signals after the free induction signals practically de-
cayed at 57,(<0.02s). The 7O shifts and half-band-
widths did not differ at all from those obtained under the
standard conditions. Since quadrupole relaxation of O
nuclei is rapid, the use of long delay times between the end
of each rf pulse and the beginning of data collection is not
in principle necessary. However, some baseline distortions
in transformed frequency-domain signals often resulted due
to incomplete spectrometer recovery following rf pulse,
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when too short delay times were employed.!® This was
more pronounced in YO NMR, as the rf frequency was
lower than those of TH and 3C spectroscopy. Alpha delay
was usually set at 800—1000 ps.

Chemical shifts were measured as frequency shifts from
the rf synthesizer frequency (8.532000 MHz) and expressed
in ppm relative to the oxygen of water which resonated at
10.78321 MHz when measured in a capillary tube placed
concentrically within a sample tube of 10 mm o.d. Che-
mical shifts are accurate to &1 ppm. The sample tempe-
rature was at 34—36 °C unless otherwise stated in Table 1.
The half-band-widths of alcohols and ethers were 60—280
Hz under these conditions.

Materials. The following compounds were prepared
according to the literature and their purity was confirmed
by VPC and/or spectral data: di-i-butyl ether,'® trimethyl-
oxonium tetrafluoroborate,'® bis(methoxymethyl) ether,®
2,8,9-trioxaadamantane,'® and 2,8,9-trioxa-1-phosphaada-
mantane.’” The samples of (2H-)1,3-benzodioxole and
1,4,6,9-tetraoxaspiro[4.4]-nonane were kindly supplied by
Prof. Dr. S. Smolihski of Jagellonian University, Krakow,
Poland. Pure samples from commercial sources were used
otherwise.

References

1) Presented in part at the ACS/GSJ Chemical Congress,
Honolulu, Hawaii, April 2—6, 1979. For Part II, see:
Y. Kawada, T. Sugawara, and H. Iwamura, J. Chem.
Soc., Chem. Commun., 1979, 291.

2) F. Alder and F. C. Yu, Phys. Rev., 81, 1067 (1951).
See also: H. E. Weaver, B. M. Tolbert, and R. C. LaForce,
J- Chem. Phys., 23, 1956 (1955).

3) H. A. Christ, P. Diel, HR. Schneider, and H. Dahn,
Hely. Chim. Acta, 44, 865 (1961).

4) T. Sugawara, Y. Kawada, and H. Iwamura, Chem.
Lett., 1978, 1371; W. G. Klemperer, Angew. Chem. Int. Ed.
Engl., 17, 246 (1978) and the papers cited therein.

5) J. Reuben, J. Am. Chem. Soc., 91, 5725 (1969).

6) P. C. Lauterbur, Ann. N. Y. Acad. Sci., 70, 841 (1958);
J. B. Lambert, D. A. Netzel, H. Sun, and K. K. Lilianstrom,
J. Am. Chem. Soc., 98, 3778 (1976).

7) M. Karplus and J. A. Pople, J. Chem. Phys., 38, 2803
(1963).

8) C. Delseth and J.-P. Kintzinger, Helv. Chim. Acta,
59, 466 (1976); D. J. Sardella and J. B. Stothers, Can. J.
Chem., 47, 3089 (1969); B. N. Figgis, R. G. Kidd, and R.
S. Nyholm, Proc. R. Soc. London. Ser. A., 269, 469 (1962);
K. K. Ebraheem and G. A. Webb, J. Magn. Reson., 25, 399
(1977).

9) M. B. Robin, “Higher Excited States of Polyatomic
Molecules,” Academic Press, New York and London (1974),
Vol. 1, Chap. 3.

10) C. Delseth and J.-P. Kintzinger, Helv. Chim. Acta, 61,
1327 (1978). Shift data in this paper are referenced to the
oxygen of acidified water® in an external capillary and
should be displaced by 10.5 ppm downfield to compared
with our data.

11) B.J. Cocksey, H. H. D. Eland, and C. J. Danby, J.
Chem. Soc., B, 790 (1971); F. Broglim, E. Heilbronner, J.
Wirz, E. Kloster-Jensen, R. G. Bergman, K. P. C. Voll-
hardt, and A. J. Ashe III, Helv. Chim. Acta, 58, 2620 (1975).

12) D. Canet, C. Goulon-Ginet, and J. P. Marchal, J.
Magn. Reson., 22, 537 (1976).

13) J. L. E. Erickson and W. H. Ashton, J. Am. Chem.
Soc., 63, 1769 (1941).

14) H. Meerwein, Org. Synth., Coll. Vol. V, 1096 (1973).



3396

15) L. R. Evans and R. E. Martin, J. Org. Chem., 23,
744 (1958).

16) r-1,6-3,6-5-Cyclohexanetriol was prepared according
to the method of Smith and Stump (J. Am. Chem. Soc., 83,
2739 (1961)), and the triol was treated with triethyl ortho-
formate under the catalysis of p-toluenesulfonic acid.

17) T. L. Browm, J. G. Verkade, and T. S. Piper, J.
Phys. Chem., 65, 2051 (1961).

18) L. -O. Andersson and J. Mason, J. Chem. Soc., Dalton
Trans., 1974, 202.

Tadashi Sucawara, Yuzo Kawapa, Morimatsu KAaTon, and Hiizu IwAMURA

[Vol. 52, No. 11

19) 1. J. Solomon, A. J. Kacmarek, and J. Raney, Inorg.
Chem., 11, 195 (1972); 1. J. Solomon, J. N. Keith, A. J.
Kacmarek, and J. K. Raney, J. Am. Chem. Soc., 90, 5408
(1968); I. J. Solomon, J. K. Raney, A. J. Kacmarek, R. M.
Maguire, and G. A. Noble, ibid., 89, 2015 (1967).

20) J. Hinze and H. H. Jaffe, J. Am. Chem. Soc., 84, 540
(1962); J. Hinze, M. A. Whitehead, and H. H. Jaffe, ibid.,
85, 148 (1963); J. E. Huheey, J. Phys. Chem., 69, 3284 (1965);
J. R. Van Wazer and J. H. Letcher, “Topics in Phosphorus
Chemistry,” Interscience, New York (1967), Vol. 5, Chap. 3.




