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noic acid and the 5-bromopentanoic acid, respectively, the relative
rate being 38.5.

From the recently determined rate constant for 5-bromopentanoic
acid! (1.88 s71), the rate constant for 5-bromo-3,3-dimethylpentanoic
acid was calculated as 72.4 s™L.

Registry No.—1, 22791-80-6; 2, 69120-94-1; 3, 69120-95-2; 4,
69120-96-3; 5, 69120-97-4; 5-bromo-3,3-dimethylpentanoic acid,
69120-98-5.
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Investigating the ¢* Resonance Scale Using C-13 Nuclear Magnetic
Resonance Shifts. Graphical Representation of the
Dual Substituent Parameter Equation!
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The advantages of using the dual substituent parameter (DSP) method in preference to the single parameter o+
scale for the analysis of C-13 substituent chemical shift data are discussed. A graphical representation of the DSP
equation is presented. This makes possible a fast, qualitative DSP analysis and indicates the best substituents to

use for a good linear free energy correlation.

The o+ set of substituent parameters is used to describe
the effects of substituents in electron deficient systems where
enhanced effects for m donors are observed. The g% scale was
originally derived by Brown and Okomoto? from the solvolysis
of para-substituted cumyl chlorides and has since been used
to study mechanisms involving electron deficient transition
states and intermediates.? ¢* values for strong donors, such
as NMes, and NHs, have not been determined accurately in
many of these systems because of the extremely short reaction
times involved. Accurate measurements for NMe; and NH,
are critical for a good linear free energy correlation because
they have large absolute o* values and ensure a wide sub-
stituent range. Recently, attempts have been made to generate
new ot constants from C-13 substituent chemical shifts
(SCS).4-6 C-13 chemical shifts give precise values for all sub-
stituents, provided that concentration and solvent effects are
minimized, and they are relatively easy to measure. Despite
these advantages we caution against the direct estimation of
ot parameters from SCS data.

It has been shown that spectral, and especially NMR sub-
stituent effect, data should be analyzed using a two-parameter
equation.” The dual substituent parameter (DSP) equation
(eq 1) separates substituent effects into inductive (p1o1) and

& = p107 + PROR (1)

0022-3263/79/1944-1261301.00/0

resonance (progr) components3@ and uses one of four different
resonance scales (og = og™~, or’, 0rB4, or og*), depending on
the electron demand at the reaction or measuring site.?® The
resonance to inductive blend (A = pgr/p1) varies markedly both
for different systems and for different measuring sites within
the same system.3 To analyze the diverse range in data with
a single parameter equation which has a fixed A would require
many different ¢ scales.

Substituent effect data are usually fitted to eq 1 by a stan-
dard computer least-squares analysis, and a detailed de-
scription of the use of the DSP method is given in ref 3. Ad-
ditiona! insight into the DSP method may be gained from a
graphical representation where the effective substituent
constant, 7, is determined for different resonance to inductive
blends. This may be achieved by rearranging eq 1 into eq 2,

6= (p12+ pr2)V%(oycos f + o sin §) (2)

where the effective p and ¢ values are separated.? In Figure
1, the effective ¢ constant, o1 cos 8 + og° sin # (using ¢ con-
stants from ref 3b), is plotted as a function of 8, which repre-
sents all of the possible combinations and proportions of ¢}
and oy (tan 8 = pr/p; = \). Since the signs of cos 8 and sin 8
vary with 8, so does the sign of the contribution from o1 and
oRr®. Between 0 and 90° the contributions from o7 and or® are
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Figure 1. Plot of effective o constants (7 = g7 cos § + og0 sin 6) for
varying resonarnce to inductive blends (tan 6 = pr/p; = A) using the
or scale.
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Figure 2. Plot of effective ¢ constants (¢ = o7 cos § + og™ sin §) for

varying resonance to inductive blends (tan 8 = pg/p1 = A) using the
or* scale.

both positive, between 90 and 180° the contribution from o1
is negative and og® positive, between 180 and 270° both are
negative, and between 270 and 360° the contribution from oy
is positive and or? negative. Within each of these sections the
proportion of o1 to oR% is varied: for example, at 0°, 0 = 1.007
+ 0.00g% at 45°, ¢ = 0.701 + 0.70g°; and at 80°, 7 = 0.007 +
1.00g% Using this graph it is possible to analyze substituent
data “by eye” by noting the substituent order of the data and
finding the appropriate region of the graph that corresponds
to that order.

The DSP equation gives well-defined py and pgr values only
when a comprehensive *“‘basis set” of substituents? is used to
provide the data. The substituent set is chosen to provide the
greatest separation of inductive and resonance components.
This is achieved by choosing substituents with the greatest
nonlinear a1/cR relationship.3 For a good correlation it is also
necessary to choose substituents which will provide the widest
distribution of data points. Figure 1 shows that there are re-
gions of the graph, in particular when 8 = 135°, where the
standard set is inadequate. We recommend that a carbonyl-
containing substituent be included, making the basis set the
following: two strong donors (NMez, NHj, or OMe); two
halogens (not both Cl and Br); Me and H; one acceptor (NOy,
CN, or CF3); and one carbonyl acceptor (COMe or COOR).
Much of the spectral data appearing in the literature can not
be analyzed properly due to the lack of appropriate substit-
uents.

For electron deficient systems, the or* scale is used in the
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Figure 3. Plot of CN C-13 SCS of p-benzonitriles (A = 0.42) vs. “ot”
taken from ref 6.
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Figure 4. Plot of C=0 C-13 SCS of p-acetophenones (A = —0.3) vs.
“a*” taken from ref 6.

DSP equation;3 this is represented graphically in Figure 2. The
main difference between this and Figure 1 is the enhanced or
values required for strong w-donor substituents.

The advantages of using the DSP equation and its graphical
representation can best be illustrated by examining substit-
uent data in the recent literature. When the 8 position of
styrene (1) is substituted with a w-accepting group (NO; or
di-CN), an electron deficient center is created. The side chain
conjugates strongly with para substituents on the benzene
ring, making C-13 SCS’s at the 3 site a good measure of en-
hanced resonance parameters.*® Table I contains DSP

(23
X

\
5 NO.
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Table 1. DSP Analyses of the C-13 SCS’s of the 8-Carbon Atom of Para-Substituted Styrenes
resonance
series scale 01 X = pr/p1 f =8D/rms n ref
Brown and Okomoto or* 4.6 4.7 1.0 0.08 12 2
p-XPhCH=CHNO, ort 3.7 34 0.9 0.04 10 6, 10
p-XPhCH=C(CN); or* 5.4 6.7 1.2 0.08 8 4,5
p-XPhCH=CHCOPh oRpBA 4.4 6.0 14 0.12 8 11
m-XPhCH=CHNO, ogBA 3.2 0.8 0.3 0.06 6 10
Table II. DSP Analyses of the C-13 SCS’s of the a-Carbon Atom of Para-Substituted Styrenes
resonance
series scale o1 PR f=S8D/rms n ref
p-XPhCH=CHNO, ort -3.6 -1.1 0.11 10 6, 10
p-XPhCH=C(CN), ort -3.0 1.1 0.27 8 4,5
p-XPhCH=CHCOPh oRBA -4.0 -1.7 0.06 8 11

analyses of Brown’s original data and some (§-substituted
styrene series having an acceptable range of para substituents.
The DSP correlations are good and result in pj and pg values
which are not identical.

Correlating chemical shift data in the styrene series with
ot is the same as comparing the effective o values at two dif-
ferent f positions in Figure 2. The comparison is reasonable
for the NO, and di-CN styrene SCS data because their ¢
values are similar; however, any suggested modifications to
the original o+ constants from the SCS data may be due to the
slight changes in A and not necessarily due to the improved
technique.

As A (= tan ) varies further from +1.0, specific substituents
show larger deviations, making the ¢+ scale redundant. The
C-13 SCS of the nitrile carbon in para-substituted benzoni-
triles is a good example. This carbon SCS correlates best with
the DSP or* scale with a A of +0.42 (f = 0.09).8 If this data is
compared with o, the line of general fit deviates markedly
from the origin (Figure 3). This is essentially the same as
comparing the data for § = 45° (¢*; A = 1.0) with those of § =
23° (A = 0.42) in Figure 2. In this particular case, the direction
of change of @ for the H and Me substituents differs from that
of the other substituents and hence H and Me show the
greatest deviation in Figure 3. It is predicted that COMe and
COOR would also show large deviations.

When inductive and resonance effects oppose each other,
as for the carbonyl SCS of para-substituted acetophenones
(A = —0.30; = 163°),8 even greater deviations are experienced
(Figure 4). Attempts to correlate this type of data using o*,
or any other substituent parameter scale, would provide no
useful information. The DSP equation gives a good correlation
(6 = —2.601+ 0.80r™; f = 0.15), and from the results a mech-
anism for the transmission of the inductive effect may be
proposed. Such a correlation can be made qualitatively from
Figure 2, and in addition it is possible to predict the substit-
uents required for an even distribution of data.

The chalcone series is included in Table I to illustrate how
a change in the 8 substituent may result in a DSP correlation
requiring a different resonance scale. The m-nitrostyrene
analysis is included to emphasize that C-13 meta-substituent
effects are independent of the para effects and that both
should not be included in the same correlation.

The DSP method also allows analysis of the a-carbon SCS
on the styrene series. Substituent effects at this position are
generally not examined because they give poor correlations
with single-parameter equations. The DSP analyses in Table
1T show good correlations, with nearly constant inductive
contributions for all of the series. Resonance effects are small
and variable, a result of the narrow range in chemical shifts.
For the dinitrile series, the poor correlation may be due to the
concentration used. For this type of correlation, where the
total range in chemical shifts is small and where strongly in-
teractive groups are involved, concentration effects only be-
come negligible at extremely low concentrations (<3%
w/v).8
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