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Modern multidimensional NMR has elevated the im-
portance of coupling constants (J or scalar) over chemical
shift correlations (8). The first chapter in a popular multi-
dimensional NMR text provides the following emphasis (1):

“The exploitation of coupling is the basis for all the ex-

periments described in this book. ...The predictable na-

ture of couplings, and the fact that they indicate pairwise

relationships between nuclei, make them a sensitive

probe of molecular structure. Chemical shifts, in con-
trast, give only a crude indication of the environment of
individual nuclei.”

Even so, chemical shift correlations remain important
parameters in NMR, especially for beginning organic chem-
istry students.

Chemists have used Shoolery’s rules to calculate ap-
proximate chemical shifts for decades (2). Shoolery’s origi-
nal list of 10 substituent parameters can be used to calcu-
late the chemical shift of a methylene (CH,) with two sub-
stituents or methine (CH) with 3 substituents. Only directly
attached substituents are considered in the calculations,
requiring two parameter values for a methylene and three
parameter values for a methine (2).

X
X-CH,-Y Y—C—H

I

Z

0(CH,) =1.25 ppm + (X parameter) + (Y parameter) (1)
8(CH) = 1.50 ppm + (X parameter)

+ (Y parameter) + (Z parameter) )

Shoolery’s original list is expanded to a list of 23 a sub-
stituent parameters and a limited number of B substituent
parameters in the fifth edition of Silverstein, Bassler, and
Morril (3). An extensive list of substituent parameters is
provided for calculating methyl, methylene, and methine
chemical shifts in two articles from this Journal (4, 5). Both
actual and calculated chemical shifts are provided in those
references.

Additionally, 21 substituent parameters are listed with
equations to calculate proton chemical shifts for methylene
and methine hydrogens (6). Also listed in this reference are
29 common organic substituents on 5 common saturated
carbon patterns (having methyl, primary, secondary, and
tertiary carbons) (7).

In all these calculations of proton chemical shifts, the
substituent parameter used is valid only if the substituent
is directly attached to the carbon bonded to the hydrogens
considered. A substituent on the adjacent carbon (3 carbon)
or subsequent carbon (y carbon) is mostly ignored except for
a limited number of B substituent parameters in Silverstein
(3). For example, in the following molecule, each CH, would
be considered attached to only one substituent and the
chemical shift would be calculated as follows;

Chemical shift calculation using Shoolery parameters and eq 1:

o
N\
C—CH,—R R —CH,—Br
/
HO
1.2 ppm 1.2 ppm
0.8 (-CO2H) 1.9 (-Br)
0.0 (-Br) 0.0 (-CO2H)
2.0 ppm 3.1 ppm

The actual chemical shifts are indicated below (8):

o)
\C—CHZ—CHZ—Br

/
HO ) )
3.0 3.6 = actual chemical shifts (ppm)

No account is taken of the diminished, but present,
effect of other substituents once or twice removed. Also not
accounted for in the Shoolery equations are multiple possi-
bilities of either identical or different substituents at these
same once- or twice-removed positions.

Our goal in writing this paper is to produce a simple,
general approach, much like the Shoolery equations, to take
account of these additional effects. Useful approximations
can be made using the data provided in reference 6. The
substituted carbon patterns listed include methyl, ethyl,
propyl, isopropyl, and t-butyl. The symbol X represents 29
different possible substituent patterns. Where parameter
values are missing, “The Aldrich Library of 3C and 'H FT
NMR Spectra” was consulted to estimate values (8).

0 THa
H;C—X H3C—CH,—=X H3C-CH,-CH,-X H3C—CH-CHj3 H3C—(|3—CH3
X
methyl ethyl propyl isopropyl t-butyl

An example, from reference 6, showing the chemical
shifts of the —OH substituent is provided for each of the
above carbon patterns. One can see that substituents do have
an effect on hydrogens more removed than those directly
on the substituted carbon.

Unsubstituted hydrocarbon chemical shifts
CHs

CHa HiC—CHa  HyC—CH,—CHj HaC—CH—CHy

t

3(H)= 0.23 0.86 0.91 1.33 0.89

Chemical shift changes caused by an —OH substituent
H CHs
CH3—OH H3gC—CH;-OH  H3C—CH,—CH,—OH  H3C—CH—CH; H;C——C——CHs

AR R A IO AN N A

8(H) = 3.39 1.18  3.59 093 153 349 1.16 3.55 1.24

All methyls (CH5) in the data from reference 6 are com-
pared to the typical alkane methyl shift of 0.9 ppm. All
methylenes (CH,) are compared to the Shoolery starting
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value of 1.2 ppm. Finally, all methines (CH) are compared
to the Shoolery value of 1.5 ppm. The difference in chemi-
cal shift of each of these typical chemical shifts (CH;, CH,,
and CH) and similar patterns in the substituted examples
in reference 6 are tabulated three ways. If the hydrogens
are directly attached to the same carbon as the substituent,
they are grouped and averaged as o parameters. If the hy-
drogens are on an adjacent (3 carbon, they are grouped and
averaged as [3 parameters. Finally, only the propyl pattern
has hydrogens on ay carbon and these produce y parameters.
The propyl skeleton, can generate all three parameters for
each substituent (a, B, and y). The ethyl skeleton provides
values for the a and 3 parameters (as does isopropyl).
Methyl can generate a parameters and t-butyl can gener-
ate B parameters. Additional comparisons were made from
numerous examples in the Aldrich FT-NMR Library (8).

Using this approach, an approximate substituent pa-
rameter can be calculated for most of the 29 substituents
listed, for directly attached substituents (o), and substituents
once removed (f) or twice removed (y) from the designated
hydrogen and its carbon of consideration. The same example
as above, of an alcohol substituent, is used to illustrate this
approach.

Table 1. Estimation of sp3 C-H Chemical Shifts?

o = directly attached substitutent-a
3 = once-removed substituent-3
y = twice-removed substitutent-y

X a B Y

R- 0.0 0.0 0.0
R,C=CR- 0.8 0.2 0.1
RC=C- 0.9 0.3 0.1
Ar- 1.4 0.4 0.1
F- 32 05 0.2
Ccl- 22 05 0.2
Br— 2.1 07 0.2
- 2.0 0.9 0.1
HO- 23 0.3 0.1
RO- 2.1 03 0.1
R,C=CRO- 25 0.4 0.2
ArO- 2.8 05 0.3
RCO,~ 2.8 05 0.1
ArCO,~ 3.1 05 0.2
ArSO,~ 2.8 0.4 0.0
H,N- 15 02 0.1
RCONH- 2.1 03 0.1
O,N- 3.2 0.8 0.1
HS— 13 0.4 0.1
RS- 13 0.4 0.1
OHC- 11 0.4 0.1
RCO- 1.2 03 0.0
ArCO- 17 03 0.1
HO,C— 11 03 0.1
RO,C- 11 03 0.1
H,NOC- 1.0 03 0.1
cloc— 1.8 0.4 0.1
N=C- 11 0.4 0.2
RSO- 16 05 03
RSO,- 1.8 05 0.3

aMultiple substituent parameters for protons within three
carbons of consideration.

Propyl calculation of a, 3, and y correction param-
eters for an —OH substituent
CH3—CH,—CH,—R
09 12 12 0=349-12=23
B=153-1.2=0.3
CH3—CH,—CH,0OH y=0.93-0.9=0.0
0.931.53 3.49
y B «a

Ethyl comparison calculation of o and B correction
parameters for an —OH substituent

CHs-CH,-R
09 1.2

0=359-12=24
CH3-CH,OH B=1.18-0.9=0.3
1.18 3.59
B «a

The a parameter is very similar to the Shoolery con-
stants. The second correction parameter for substituents,
once removed from the calculated hydrogens of interest, is
an average of the carbon patterns listed in reference 6. This
B correction is not normally made in the Shoolery calcula-
tion mentioned above. Finally, the third correction param-
eter for substituents twice removed is calculated from the
propyl-substituted examples alone and is also not included
in a typical Shoolery calculation. Three correction param-
eters are generated for most of the 29 substituents listed in
reference 6. These are tabulated as a, B, and y in Table 1.
Three additional examples are included using examples
from reference 8.

Any substituent directly attached to a methyl is a
unique value; there are no additional bonds for further con-
sideration. Almost any common methyl pattern and chemi-
cal shift can be found directly in the list of values provided
in reference 6. However, these chemical shifts can also be
calculated using equation 3 below.

Scn, = 0.9 + CHa— ©)
a

If a methyl is part of a longer chain with an additional
substituent (or several substituents) on a 3 or y position (or
both positions), no general formula exists to predict such a
chemical shift. Using the 0.9-ppm chemical shift for a simple
methyl as a starting point, we can correct for any number
of substituents within three carbons as follows:

Oh; =0.9+3(B+y) CHyC-C- (4)
By
where Y is the summation symbol for all substituents con-
sidered.
In a similar fashion, we can calculate chemical shifts
for methylenes and methines using the following formulas.

O0CH,=12+3(a+B+y) ®)

—CH,-C—C-
a By

SCH=15+3(a+B+Yy) (6)
H-C-C-C-
a By

The following examples are included to demonstrate
the process. This approach can extend the useful Shoolery
equations to polysubstituted carbon skeletons. It does so in
a way analogous to Shoolery’s original equations. Most
chemists and students familiar with the Shoolery's approach
should be able to use the equations in this article with
minimal effort. The calculated chemical shifts are often
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quite close to the experimental values. However, like

Shoolery’s original equations, these calculations of chemi- o] o]

cal shift should be considered no more reliable than +0.5 Br\/\)l\ Q\/\/U\ PN
ppm. The reliability also decreases with greater humbers abg © a b ¢ 4 et g
of substituents included in the calculations.

a b ¢ a b ¢ d e f g
Calculated versus experimental chemical shifts Actual & (ppm) 34 22 31 26 20 23 41 16 1.4 0.9
Calculated 6 (ppm) 1.2 1.2 1.2 12 12 12 12 12 12 09
)(J)\/\/I?\ Br- 2.1 0.7 0.2 Ar- 1.4 0.4 0.1 0.0 0.0 0.0 0.0
/\/O\/c e OH Cloc- 0.1 04 18 RO,C-0.1 03 1.1 0.0 0.0 0.0 0.0
a b a d Total 3.4 2.3 32 RCO,- 0.0 0.0 0.0 28 05 01 0.0
a b a b ¢ d Total 2.7 1.9 24 40 17 1.3 09
Actual & (ppm) 40 35 1.2 21 26 19 24
Calculated 5 (ppm) 1.2 1.2 0.9 09 1.2 12 1.2 Literature Cited
C=C- 08 02 0.1 0=C 12 12 03 00 . .
R-O- 21 21 03 HO.C- — 01 03 1.1 1. Derome, A E. Modern NMR Techniques for Chemistry Research;
Pergamon: Oxford, 1987; p. 5.
Total 4.1 35 13 21 25 18 23

2. Shoolery, J. N. Varian Associates Technical Information Bulletin,
Vol. 2 No 3; Varian Associates: Palo Alto, CA, 1959.
3. Silverstein, R. M.; Bassler, G. C.; Morrill, T. C. Spectrometric Iden-
H tification of Organic Compounds; Wiley: New York, 1991.
. Friedrich, E. C.; Runkle, K. G. J. Chem. Educ. 1984, 61, 830.
. Friedrich, E. C.; Runkle, K. G. J. Chem. Educ. 1986, 63, 127.
. Pretsch, E.; Clerc, T.; Seibl, J.; Simon, W. Tables of Spectral Data
for Structure Determination of Organic Compounds; Springer:

§

a b c a b ¢ New York, 1983; p H15.
Actual 6 (ppm) 41 23 36 37 20 24 7. Pretsch, E.; Clerc, T.; Seibl, J.; Simon, W. Tables of Spectral Data
Calculated & (ppm) 1.2 1.2 1.2 12 12 1.2 {\tl)r S;c(rucktulrgsgetermgna:_t'ilog of Organic Compounds; Springer:
ew York, ; — .
ArO- 28 05 03 Cl- 22 0502 8. Pouchert, C. J.; Bpe%nke, J. The Aldrich Library of 13C and 'H FT
Br- 02 07 21 C=C- 01 03 09 NMR Spectra; Aldrich Chemical Company, Inc., Milwaukee, WI,
Total 4.2 24 3.6 35 20 23 1993.
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