NMR Spectral Data: A Compilation of Aromatic Proton Chemical Shifts
in Mono- and Di-Substituted Benzenes
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NMR chemical shifts for protons directly attached to mono- and di-substituted benzenes are
compiled from the literature. Data for 1053 sets of data are presented. The data have been examined
for reliability using criteria which include high spectral quality, rigorous experimental technique,
and sufficient description to assure correct interpretation of results. The data. presented in tabular
form, include compound name and formula, solvent employed, concentration, temperature, chemical
shift, and observation frequency. Other NMR-related data are not given. An author index is included.
The data and references cover the literature to June 1976.
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1. Introduction and Scope

The chemical literature contains hundreds of thousands
of pieces of nuclear magnetic resonance (NMR) data in
numerical form, including chemical shifts, spin-spin cou-
plings, relaxation times, etc., for a wide varicty of nuclei.
The nature of these data varies exiremely widely, as do the
methods of reporting the various spectral measurements
and the (sometimes) derived NMR parameters. The latter
two factors, as much as the sheer volume of numerical data,
preclude any automated, omnibus approach to data storage,
retrieval, and utilization. Furthermore, it has been recog-
nized for some time, that these data are of widely varying
quality for a variety of reasons, including:

(1) Much of the literature data was obtained for qualita-
Live, confirmatory purposes in the course of more purely
chemical investigations. Many of these spectral determina-
tions were performed in a relatively crude, routine manner,
and often on solutions of poorly defined and/or docu-
mented natures.

(2) Even when the problems discussed in (1) were
avoided, many analyses of the data were very approximate,
incomplete, and even casual..

(3) In a substantial number of cases, the reporting of the
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raw data (e.g., observed line frequencies) is so incomplete
that it is not possible to assess the quality of the data.
Sometimes, high quality chemical shift data are obtained
and reported complctcly, but the measurements are not
referenced or convertible to the standard 3-scale.

For these reasons it was decided to exclude from this
compilation all data which are not demonstrably of high
quality and reliability. This general guideline has led to a
rejection rate for the NMR literature data of well above 95
percent, and quite possibly above 98 percent.

Careful selection of data is particularly important in the
compound class chosen for this compilation, viz., the aro-
matic proton chemical shifts for some simple substituted
benzenes. In such molecules, the four or five aromatic
protons constitute spin systems which are not, except in a
very few instances, amenable to the simple “first-order”
type of analysis with which most non.spectroscopic chemi-
cal practitioners are familiar. It is indeed these simple and
very approximate analyses (often of a qualitative nature)
which are applied to the vast majority of NMR spectral
data obtained. Thus at the outset it was recognized that this
compilation would need to be restricted to data from
compounds where (a) very high quality experimental
specira and line frequency measurements were obtained,
(b) rigorous analytical methods were employed, and (c)
sufficient detail and documentation of the analyses were

J. Phys. Chem, Ref. Data, Vol. 8, Ne. 3, 1977



920 8. L. SHAPIRO AND L. E. MOHRMANN

given or very clearly implied. With only a few exceptions,
a simple, operationally useful criterion was applied: data
were compiled only for cases where computer-aided spectral
analyses were performed. In a very few instances, other
methods were equally valid, and such cases have been
considered.

Even with these limitations, a number of practical
reasons dictated that a selected set of sub-classes of
aromatic proton chemical shift data would be the subject
of this compilation. Taking all factors into account, it was
decided to limit the scope of this compilation as follows:

A. This compilation is limited to the compilation of
aromatic proton chemical shifts. Thus, the shifts of non-
aromatic protons in the same molecules are not included,
nor are any coupling constants or other type of NMR data.

B. The compound class would be limited to mono- and
di-substituted benzenes (and benzene itself) with the fol-
lowing additional restrictions:

(i) Polynuclear aromatic compounds were excluded, as

were all cases where the benzene ring is fused to a hetero- -

cyclic ring. (The tables of this compilation include a very
few such samples, but only when the compounds are very
closely related to other included compounds, and all quality
criteria are met.)

(ii) Protonated aromatic compounds, and other solutions
containing aromatic systems strongly perturbed by ion
formation are not included, because very little data on. such
systems has been obtained with the requisite precision.
Exceptions are such included compounds as phenyllithium,
phenylmagnesium halides, and a few anilinium and phos-
phonium salts.

(iii) Likewise, few data are included on agueous solu-
tions, for the reasons of lack of adequéte referencing and/
or analytical accuracy. In fact, very few mono- or di-
substituted benzene shifts appear to have been determined
in aqueous media.

Within this context, the literature was searched by a
variety of means, including the following:

1. Line-by-line or pageby-page search of the major
scientific journals known to contain NMR data of adequate
quality.

2. Detailed manual and computer-assisted searching of
the extensive listings in the Nuclear Magnetic Resonance
Abstracts and Index published by the Preston Technical
Abstracts Company of Niles, Illinois.

3. Scrutiny of the major texts and reference books on
relevant areas of NMR spectroscopy, including available
issues of such serial publications as Annual Review of

NMR Spectroscopy, Progress in Nuclear Magnetic Reso-

nance Spectroscopy, NMR—Basic Principles and Progress

and the Special Periodical Reports on Nuclear Magnetic
Resonance (Chemical Society of London, England)..

4. Careful scrutiny of the references in more recent
articles where NMR data are found, to help insure that as
little as possible was missed in the older literature.

This compendium had as its goal the compilation of
shifts appearing in the literature up to and including
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journal issues dated through the month of June 1976. In a
few, relatively less important cases, unavoidable delays
made the cutoff date as much as a few months earlier.
Because of the analytical criteria discussed above, very
little data adequate for the purposes of this compilation
appeared hefore early 1965, -when suitable computer pro.
grams became generally available.

Finally, one extensive collection of data of unquestion.
ably good quality was obtained from Dr. S. Castellano of
Carnegie-Mellon University, who kindly consented to the
appearance of these data in our compilation.

2. Explanation of Tables

1. Entry Number: A serial listing of each data set,
beginning with eniry 001 for each table.

2. Molecular Formula: The elements are arranged in
standard Chemical Abstracts order. Neither the molecular
formula nor the compound name are repeated for multiple
entries pertaining to the same compound.

3. Name: For each compound a common name is pro-
vided. The choice of names is based on utility rather than
Chemical Abstracts or IUPAC rigor. The following exam-
ples illustrate the types of names used: p-fluorophenol,
p-nitrostyrene, biphenyl, 9-iodofluorene, o-methoxyaceto-
phenone, m-cresol acetate, etc.

In a few cases, where the positions of substituents in the
molecule are of necessity designated in the usual numerical
fashion, this numbering conflicts with the uniform number-
ing system adopted for the aromatic protons, as indicated
below. This conflict is perforce left unresolved, but the
operational principle is that the numbered designations of
the protons for which NMR shifts are given refer explicitly
to the entries in the column marked “Substituents” and to

- the structural formula and proton code designations given

at the top of each table.

4. Substituent(s): The structure of the substituents is
given in the columns marked A (mono), or A and B
(ortho, meta, and para). As indicated in the structural
code formula at the top of each table, substituent A is
always that at C-1, with substituent B being at C-2 (ortho-
disubstituted compounds), C-3 (meta) or C-4 (para),
respectively. Thus all proton shifts are unambiguously
designated.

In a number of cases, the complexny of the molecules
was such as to render the above designation of substituents
and proton designations extremely cumbersome. In such
instances, a single molecular formula appears centered in
the “Substituents” column. Such instances are immediately
obvious, and in these, a complete molecular formula with
proton designation numbers is given.

5. Proton Chemical Shifts, 8x: All shifis are reported on
the conventional 8-scale, i.e.; 8y (tetramethylsilane, TMS) =
0.00 by definition, with increasing 8-values referring to
shifts appearing at lower applied fields (or higher frequen-
cies) ; the dimensions of the 8-scale are parts-per-million
(ppm).
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Shifts are reported to either 2 or 3 decimal places,
according to the compiler’s judgement of the accuracy with
which the line frequencies were determined, the analysis
performed, and the solution conditions defined. In some
cases, data given in the original publication to three decimal
places were rounded off to two.

Where three decimal places are glven, this should be
taken primarily as a judgement concerning the superior
precision and reliability of the chomical shift values so
reported, even for those cases where the last figure is
probably subject to a =2 or 3 implied error limit for
reasons of statistical analysis and/or poorly defined con-
centration or temperature. Because of the latter sources of
systematic error, all three-decimal place data are probably
accurate to no better and =2 in the last place, and the
uncertainty is possibly as much as =3 or even 4 in some
cases. Chemical shifts given to two decimal places are
believed to be accurate to at least =1 in- the second deci-
mal place. (It was clear in at least a few cases that suine
of the two-decimal place data are really more premse than
the authors conservatively claimed. )

6. Solvents: Far space reasons, the solvents are desig-
nated in tables I-IV by code numbers which are given in
both serial and alphabetical order in table V. Since solvent
isotope effects, if any such exist, are certainly much smaller
than other factors affecting the precision and accuracy of
the reported shifts, a single solvent designation is made for
an unlabelled and a deuterated solvent, e.g., code number 8
is used to refer to both acetone and acetone-ds. Code num-
ber 1 is used for the several shifts obtained on what NMR
practitioners normally refer to as a “neat liquid”. In fact,
it is the pure snhstance adulterated. only by a variable small
amount of the reference substance, usually tetramethyl-
silane.

Because of the well-known existence of solvent effects on
chemical shifts, data for a particular compound are given
in all solvents for which good quality data were found.
In a few cases, two measurements at approximately the
same concentration in the same solvent were reported. The
very close agreement of the two or more reports in such
cases gives a measure of the overall precision—and perhaps
accuracy—of these data. In other cases two reports may
differ by distinctly nontrivial amounts; the compiler was
unable to make an objective choice between the conflicting
values, even after close scrutiny of the original papers.
Hence both values were reported and caution is recom-
mended in the use of such data.

Table I contains a sizable number of reports on the
chemical shift of benzene at several concentrations in
several solvents, and measured at more than one spec-
trometer frequency. These data are useful for their own
sake, but it is hoped that an intercomparison of different
values obtained by different authors may also provide
valuable calibration guidance for interpreting data on
other compounds in these solvents.

7. Concentration: Where only a numerical value is given
in this column, it refers to the percentage of the substrate
in the indicated solvent. In the majority of works, the
distinction between w/w, w/v or other types of percentage
concentration is not made, and would probably be of
dubious meaning if it were. Thus the concentration per-
centages should be taken as only approximate, although
where more than one concentration of a substrate in a
given solvent is reported in a paper, the relative concen-
trdtions are probably of good precision.

In some cases the authors gave the solute concentration
as molarity, with insufficient data to convert this to a w/v
or other percent concentration. In these cases, the concen-
tration is given as e.g., 0.5 M. In the cases of the “neat
liquid” samples (solvent code No. 1), concentrations are
given as 100 (%) when it is clear that only a few (less
than 5) percent TMS was added as the internal reference,
whereas the concentration may be designated as 90 percent
or 80 percent, ctc., il larger amounts of tetramecthylsilanc
were explicitly indicated. A concentration indication of
0 percent is used for those cases where chemical shifts were

.carefully extrapolated to “infinite dilution”. In a number of

instances, more than one concentration in a particular
solvent is given so that the reader may assess for himself
some idea of the precision with which solutions are pre-
pared, data gathered, and analyses performed. In a very
few cases, no solvent is specified, and it is presumed that
the neat liquid was employed; such data are rarely in-
cluded, and then only for those compounds where the
spectral analysis precision is very high, and the compound
of particular intrinsic interest.

8. Temperature: The measurement of probe temperatures
is poorly done in many (perhaps most) otherwise caref'
NMR spectroscopic investigations, for reasons both tecu-
nical and historical. Where the temperature has been given
by the authors, it is provided in the tables, and otherwise
the general descriptor “x” is given for unspecified or
inadequately specified references to temperature. In most
such cases, the sample temperature will be in the range
22-38 °C. Over such a range, chemical shift variations are
normally less than 0.01 ppm for the type of protons in the

compounds of this compilation. While this may seem

unsatisfactory to the purist, the exclusion of all data for
which accurate temperature measurements are not reported
would result in a compilation containing very few shifts
indeed. .

9. Spectrometer Frenquency: The spectrometer frequency
in megahertz (MHz) is given, with the designation “60 or
100™ used where an author gives the chemical shifts only
as the final 8y values, rather than the raw, observed fre-
quencies. In such investigations, one spectrometer fre-
quency may be used for some of the data, and another for
the remainder of the data, or two spectrometers used to
check the same sample. These spectrometer frequencies are
given so that one can compare the value obtained when a
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given sample is reported at the same or similar concentra-
tions in the same solvent.

10. Reference: The complete literature citation is given
in the list of references at the end of the compilation, along
with an author index. v

11. Footnotes: Attention is drawn to footnote indicators
a-e in the data tables. These footnotes are stated only once
at the end of each table while the symbols *, 1, §, and (
refer only to the page on which they appear, with the
explanatory material appearing as footnotes on that page.
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Table V: Solvents and Solvent Code Numbers

Solvent

Code

Solvent

(none; neat liquid + TMS*)
methylene chloride
chloroform-d

carbon tetrachloride
dimethy]sulfoxide(—dﬁ)
ben7pne(—d6)

carbon disulfide
acetone(—dG)

n hexane

diethyl ether

ethyl acetate
cyclohexane

methyl acetate
paraldehyde
cyclohexanone

ethyl bromide
bromocyclopentane
propylene carbonate
acetic anhydride
to]uene—d8
1,1,1-trichloro-1,1,1-trifluoroethane
methanol

carbon tetrabromide
squalane .
*tetramethylsilane (TMS)
acetonitrile
tetrahydrofuran
dimethylformamide
methylpropionamide

20)

dioxane

trifluoroacetic acid
2-methoxyethyl ether (diglyme)
nitromethane

ethanol

triethylamine

deuterium oxide containing an unspecified

Tow concentration of NaOD

deuterium oxide containing an unspeciflied

high concentration of NaQOD

Solvent

(none: neat Tliquid + TMS*}
acetic acid

acetic anhydride
acetone(—dﬁ)
acetonitrile
benzene( -db)
bromocyclopentane
carbon disulfide
carbon tetrabromide
carbon tetrachloride
chloroform-d
cyclohexane
cyclohexanone

987

Solvent
Code

1
31
19

8
26

3
17

deuterium oxide containing an unspecified

Tow concentration of NaOD

39

deuterium oxidé centaining an unspecified

high concentration of NaOD
1.2-dichloroethane
diethyl ether
dimethylformamide
dimethylsulfoxide(-d
dioxane

6)

ethanol

ethyl acetate

ethyl bromide

gghexane

methanol

2-methoxyethyl ether (diglyn
methyl acetate

methylene chloride
methylpropionamide
nitromethane

paraldehyde

propylene carbonate
squalane

tetrahydrofuran
*tetramethylsilane (TMS)
1,1,1-trichloro-1,1,1-trifluoroethane
triethylamine )
to]uene—d8

water (HZO or DZO)

40
32
10
28

33
37
11
16

j44
35
13

36
14
18
24
27
25
21
38
20
30
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4. Avthor Index

Adams, D. G. 36 Gatti, G. 88 .
Andrews, D. W. 99 Gatto, K. 83
Anteunis, M. 13, 81 Gerig, J.T. 83
Austin, Jr., W. K. 97 Gestblom, B. 94
Gibbons, W. A. 55
Baitz-Gacs, E. 86 Gil, V.M. 3. 55
Baiwir, M. 60 Glidewell, C. 79 :
Barfield, M. 62 golﬁsteh;\,,[ iR IL;S 31, 32, 46, 50, 53, 56, 57, 58, 76
Bartle, K. D. 92,96 ordon, M.
Batterham, T. J. 91 Griffin, C. E. 35
Beeby, J. 65 Gruttadauria, S. 72
Beistel, D. W. 2,41 Giinther, H. 70, 90
Reltrame, P. 20
Benassi, R. 44 Hamer, G. K. 24
Bhacca, N. 5. 66 Hayamizu, K. 51, 52, 67
Bildsoe, H. 15 Hoffmann-Ostenhof, T. 65
Birchall, T. 45 Holzer, H. 85 :
Bothner-By, A A, 43 Hrnciar, P. 84
Bramley, R. 91 Hsieh, H. H. 35
Buckley, P. D. 68, 69 Hutton, H. M. 98

Burke, J. J. 35

Butler, R. S. 76
Ihrig, A. M. 3,4, 40

Carniti, P. 80

Castellano, S. 19, 27, 28, 29, 30, 42, 43, 59, 63, 70, 95 Jacobsen, J. P. 54
Chen, H.F. 2 41 Jakobsen, H. J. 64
Chiranjeevi, S. 34 Janini, G. M. 1
Chum, K. 25,71 Janzen, A. F. 22
Cohen, Y. 61, 82 Jokisaari, J. 81
Cole, G. M. 33 Jolley, K. W. 68, 69
Cooper, M. A. 5 Jones, D. W. 92,96
Cox, R.H. 75,97
Crecely, R. W. 76 Kells. V. 84

Kidd, K.G. 6
Dayagi, S. 37 Kim, J.P. 8
Dean, R.R. 36 King,J. W. 1
Deavenport, D. L. 4 Koyabashi, S. 37
De Bruyn, A. 13 Koezuka, H. 87
Dembech, P. 44 Kondo, M. 48
Denoel, J. 60 Kostelnik, R. J. - 19, 27, 28, 29, 42
DiCkSOI}, F E 35 KOtOW}’CZ, G‘ 6
Dischler, B. 78 de Kowalewski, D. G. 59

Drummond, I. 45

Lacova, M. 84

Ellenberger, M. 61, 82 Ladd, J. A. 49,77

Ernst, L. 17, 18,23

Lai, A. 80
Lambert, F. 61, 82
Filippo, Jr.. J. S. 99 Lincoln, D. N. 17
Ford, G. M. 11 Liptaj, T. 84
Fraenkel, G. 8, 36, 37 : Llabres, G. 60 :
Freeman, R. 66 Loemker, J. E. 31, 46, 50, 57, 58
Fryatt,P.J. 2 Lorenc, J. 30, 63
Funahira, S. 67 Lustig, E. 18
Furness, A. R. 68, 69 . Luzikov, Y. N. 16
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Macdonald, C. J. 62
Macdonald, D. B. 47
Manatt, S. L. 5
Marshall, J. L. 3
Martire, D.E. 1
Matsubayashi, G. ~ 87
Matthews, R. S. 902
Mayo, R. E. 56
Merlin, L. 82
Morrison, B. A. 99
Miillen, K. 89

Neszmélyi, A. 86
Nomura, Y. 93

Obrycki, R. 35
Olavi, P. 81

Panek,E. J. 99
Pappalarde, G. C. 72,73
Parker, J. 49
Pawliczek, J. B. 90
Peat, I. R. 24, 62
Peeling, J. 22
Perjéssy, A. 84
Piette, J.-L. 60
Pihlaja, K. 81
Pinder, D. N. 68
Preston, P. N. 74
Pretsch, E. 65

Radics, L. 86

Rankin, D. W.H. 79

Read, Jr., J. M. 31, 46, 50, 53, 57, 76
Reilly, C. A. 66

Reinheimer, J. D. 83
Reynolds, W. F. 24, 62
Roark, J. L. 7, 38, 39, 40
Robinson, L. G. 10, 11

- Rodmar, S. 94

Rowbotham, J. B. 22,23, 25
Ruotsalainen, H. 81

Sandhu, J. S. 13

Savitsky, G. B. 10, 11, 14

Schaefer, T. 6, 20, 21, 22, 23, 25, 26, 71, 98
Schaumburg, K. . 15, 54

Schenetti; M. L. 44

Scott, K. N. 9,12

Sekine, K. 67

Selgestad, J. G. 99

Sergeyev, N. M. 16

Shafer, K. 83

Sheldrick, G. M. 79

Simon, W. 65

Smith, W. B. 4, 7, 33, 34, 38, 39, 40
Sgrensen, S. 64

Sterk, H. 85

Sternhell, S. 65

Sun, C. 27,28

Sutcliffe, L. H. 74

Taddet, F. 44
Takeuchi, Y. 93
Tallon, W. A. 14
Tanaka, T. 87
Tarpley, Jr., A.R. 32
Taylor, B. 74
Thomas, S. P. 99

Ustynyuk, Y. A. 16

Vida, M. 84
Viglino, P. 30
Virtanen, I. 81
Vivarelli, P. 44

Wasylishen, R. 20, 21, 23, 26
Whitesides, G. M. 99
Williamson, M. P. 19, 35, 42
Wisnosky, D. E. 19

Wray, V. 17,18

Yamamoto, 0. 51, 52, 67

Zetta, L. 88
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