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Two series of para disubstituted benzenes were studied: 2-(4-X-phenyl)-1,3-dihydro-
2H-isoindole-1,3-diones (1) and 3-(4-X-phenyl)-3,4-dihydro-2H-1,3-benzoxazine-2,4-diones
(2). Their 1H and 13C chemical shifts were correlated with substituent shift increments (SSI)
aj and zj, respectively. For 13C chemical shifts, all four zj values, zi, zo, zm, and zp, were used
to check the assignment and to find out possible variables for improvement of regression
equations. Significant deviations from plain additivity were observed in the case of δH3 and
δC3 chemical shifts. This can be explained by changes in diamagnetic anisotropy contribu-
tion induced by different twist of 4-substituent from the benzene plane caused by variable
substituent in position 1.
Key words: Substituent shift increments; NMR spectroscopy, 1H and 13C; Substituent effects;
Linear regression; Proportionality relationship; Phthalimides; Benzoxazines.

It is believed that in 1,4-X,Y-disubstituted benzenes with a variable
substituent X and a fixed substituent Y, possibly containing multiple
bonds, the twist angle between the benzene ring and the plane of Y
substituent is reflected by a slope ρ in the Hammett equation and is there-
fore constant1 . However, we have shown2–6 that the most probable expla-
nation of chemical shifts in the neighbourhood of substituent Y is the
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change of its diamagnetic anisotropy or van der Waals contribution due to
variation of the twist angle with the substituent X. The change of the twist
in molecules with the change of the substituent can be observed also in the
magnitude of the 4J coupling constants of the benzylidene type7.

An effect of diamagnetic anisotropy of multiple bond or aromatic ring on
the shielding of nuclei is more pronounced in 1H than 13C NMR spectro-
scopy. Thus, in 1,4-disubstituted benzenes the most affected NMR signal
should be that of H atom in meta position to a variable X substituent. For
its chemical shift we can write according to the additivity rule Eq. (1).

δm = 7.27 + ao(Y) + am(X) , (1)

where am and ao are substituent shift increments (SSI) obtained from spectra
of monosubstituted benzenes8.

δm = b0(Y) + b1 am(X) + ε (2)

Equation (2) can be used for analysis of chemical shifts of 1,4-disubstituted
benzenes with a fixed substituent Y and a variable substituent X; it has
been used for checking correctness of 1H NMR signal assignment9 and for
estimating2–6 values of slopes b1. According to the magnitude of b1 value
the investigated cases can be roughly divided into three categories:

1. b1 ≈ 1

No essential change in the conformation of group Y, from the viewpoint of
diamagnetic anisotropy, is caused by exchanging one X substituent for an-
other.

δm = 7.621 + 0.978 am + ε n = 23 (3a)

The value 0.978 statistically (95%) insignificantly different from one was
obtained for 4-substituted benzonitriles10. Also the slope 1.009 found for
5-(p-X-phenyl)tetrazoles11 was not significantly different from one.

δm = 8.179 + 1.009 am + ε n = 10 (3b)

Collect. Czech. Chem. Commun. (Vol. 64) (1999)

1710 Holík, Friedl, Waisser, Gregor:



2. b < 1

In the substances where the dihedral angle between the benzene ring and
the plane of substituent Y decreases with the increasing donor character
(DID) of the substituent X, i.e., nitro derivative is more twisted than amino
one, slope b significantly differs from one. Thus, the downfield shift of Hm
NMR signal caused by a decrease in the electron density on Hm atom is par-
tially compensated by a decrease in the diamagnetic anisotropy contribu-
tion of substituent Y which shifts the signal upfields.

δm = 7.654 + 0.303 am + ε n = 7 (3c)

The slope value (0.303) in 2-(4’-substituted benzylidene)[3]ferroceno-
phane-1,3-diones12 considerably differs from unity and even larger decrease
was observed in the case of 4-substituted N-benzylideneanilines2,13; Hm
chemical shifts being almost unaffected by substitution.

δm = 7.075 + 0.053 am + ε n = 7 (3d)

3. b > 1

When the twist angle between the benzene ring and the substituent Y de-
creases with decreasing donor character (DDD) of the substituent X, i.e., ni-
tro derivative is less twisted than amino one, then an increase in
diamagnetic anisotropy contribution supports the electronic effect and the
slope of regression equation (2) is larger than one. This effect was observed5

for 1-(4-X-phenyl)-2,6-dimethyl-4-pyridones

δm = 7.235 + 1.275 am + ε n = 7 (3e)

and 2-(4-X-phenyl)-1,3-dihydro-2H-isoindole-1,3-diones (1); both slopes be-
ing significantly different from one.

δm = 7.452 + 1.252 am + ε n = 7 (3f)
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A significance of fitted parameters in multivariate regression was tested by
the Student t-test by comparing tested value divided by corresponding stan-
dard deviation with critical t-value for respective number of freedoms and
confidence level (normally 95%), Eq. (3g).

t
b

s
t

b
n p= − ≥β

( . , – )0 05 (3g)

With β = 0 it tests statistical importance of corresponding variable, with β = 1
it tests a significance of deviation of slope from one.

In 13C NMR spectra the effect of diamagnetic anisotropy is less pro-
nounced than in 1H NMR and electronic effects may prevail. With multi-
variate regression14 of 13C chemical shifts on four 13C SSI, Eq. (4), a
preliminary insight into the electronic effects acting in 1,4-disubstituted
benzenes has been obtained in the following way14:

δC = b0 128.5 + b1 zi + b2 zo + b3 zm + b4 zp + ε . (4)

For Y group acting as electron donor:

δC1 correlates with zi and zm (–b3)

δC3 correlates with zm and zp (–b4) .

If Y acts as electron acceptor:

δC1 correlates in addition to zi also with zo (+b2) and zp (–b4)

δC3 correlates in addition to zm also with zo (–b2) and zp (±b4) .

In the case of more complicated substituent Y, like in the mentioned
4-pyridones and N-phenylphthalimides (1), δC1 correlated significantly
with all SSI, i.e., zi, zo, zm, and zp; the δC3 gave significant slopes with zm and
zp its sign depending probably on a mixture of several effects.

Now we have a larger series of 2-(4-X-phenyl)-1,3-dihydro-2H-iso-
indole-1,3-diones (1) and a similar series of 3-(4-X-phenyl)-3,4-dihydro-
2H-1,3-benzoxazine-2,4-diones (2) and we can repeat some calculations
with more confidence and make other to support previous findings14.
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EXPERIMENTAL

Preparations

2-(4-Substituted phenyl)-1,3-dihydro-2H-isoindole-1,3-diones (1)5,18 were prepared by
refluxing equimolar amounts (50 mmol) of phthalic anhydride and respective 4-substituted
aniline in toluene (100 ml) containing triethylamine (0.8 ml). The reactions were carried out
while removing water for 3 h, crude reaction mixtures were filtered hot through a silica gel
column and recrystallized from toluene. All compounds gave satisfactory elemental analyses
and sharp melting points.

3-(4-Substituted phenyl)-3,4-dihydro-2H-1,3-benzoxazine-2,4-diones were prepared15–17 by
adding ethyl chloroformate (5.2 g, 48 mmol) dropwise to a stirred solution of the respective
4-substituted salicylanilide (40 mmol) in dry pyridine (20 ml) cooled with ice. The prepared
mixture was heated on a steam bath for 1 h and then poured into 140 ml of 5% hydrochlo-
ric acid. Next day the product was filtered off, suspended in 5% potassium hydroxide solu-
tion, thoroughly stirred, filtered off and recrystallized from ethanol in yields of 55–65%.

NMR Measurements

Spectral measurements were done on a Bruker Avance DRX-500 spectrometer at 500 (1H)
and 125 (13C) MHz, respectively. Samples were measured at concentration 0.1 mol dm–3 in
CDCl3 (1) or DMSO-d6 (2) and chemical shifts were standardized on TMS (1H) or on the cen-
tral peak of the solvent used19 (13C): CDCl3 δ 76.91 and DMSO-d6 δ 39.56. Digital resolution
was 0.0002 and 0.007 ppm in 1H and 13C NMR spectra, respectively. Chemical shifts are col-
lected in Table I (1) and Table II (2).

Calculations

All calculations were carried out with double precision on a PC with Pentium-S/150 MHz
processor with 32 MB RAM. Standard subroutines were used for linear regression and signi-
ficance testing; for assignment a multivariate regression program ASSIGN was used20. The semi-
empirical calculations at the AM1 level21 were performed under full geometry optimization.
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RESULTS AND DISCUSSION

1H NMR Spectra of 1 and 2

For the regression analysis of 1H chemical shifts of signals assigned to hy-
drogen atoms ortho, δH o

, and meta, δHm
, to variable substituent X, the fol-

lowing model equation, Eq. (5), was used.

δH j
= b0 7.27 + b1 aj + εj , (5)

where aj is corresponding SSI variable8 and εj is statistical error. Chemical
shifts δH o

in both series 1 and 2 show regular additive behaviour (see Eqs
(6a) and (6b)). The subscripts in parentheses are corresponding standard de-
viations; if smaller than 0.01 the value is substituted by 0.01).

δH o
(1) = 1.028(0.01) + 0.975(0.01) ao + εo (6a)

sy = 0.457 r = 0.9990 n = 13

δH o
(2) = 1.034(0.03) + 0.978(0.05) ao + εo (6b)

sy = 0.482 r = 0.9863 n = 11

On the other hand, regression analysis of chemical shifts δHm
in both series

1 and 2 afforded slope value, b1, significantly larger than one (see Eqs (7a)
and (7b)).

δHm
(1) = 1.026(0.01) + 1.246(0.03) am + εm (7a)

sy = 0.167 r = 0.9965 n = 13

δHm
(2) = 1.028(0.01) + 1.330(0.10) am + εm (7b)

sy = 0.188 r = 0.9758 n = 11
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The slope b1 (1) for the larger set (Eq. (7a)), 1.246, does not differ from the
value obtained formerly5, 1.252 (Eq. (3f)). This means, that it does not de-
pend on the number of measurements (compounds). The residuals from Eq.
(6a), εm, were transformed to “jackknife” residuals, which can help to detect
outliers in data. In order to enhance a numerical value of residual which
should belong to a probable outlier, the plain residuals, i.e., differences be-
tween experimental and calculated values, ε, are transformed to “jackknife”
residuals, εjk, using Eq. (7c).

ε ε
ε

ε ε
jk where= − −

− −
=

−
n

n e i

n p

n p s h

1

12
, n (7c)

where se is standard error of estimate and hi is the corresponding diagonal
element of a transformation matrix H = X(X′X)–1X′. If εj > 0.2 (n – p) then
the corresponding yi value is considered as suspicious and the regression
should be repeated without it. The “jackknife” residual for F derivative
showed value 2.74 and the corresponding δHm

(F) datum can be suspected as
influential. Omitting this measurement the regression equation (Eq. (7d))
was obtained.

δHm
(1) = 1.026(0.01) + 1.243(0.02) am + εm (7d)

sy = 0.174 r = 0.9980 n = 12

It is clear that neither the number of measurements nor the presence of
outlier is responsible for the slope b1(1) larger than one.

In order to support our idea that this increase is due to the change in dia-
magnetic contribution of the Y group (see above), the geometries of three
substances 1 (X = NH2, H, NO2) were calculated by semiempirical AM1
method which was developed for the calculation of molecular conforma-
tions and electronic properties21. The results of calculations (length of
Caryl–N bond in Å, dihedral angle in degrees between the aniline benzene
ring and the plane of N=C–H atoms are given), X = NO2, 1.406, 25.36; X =
H, 1.412, 29.26; X = NH2, 1.413, 30.76, are in agreement with our interpre-
tation of the conformational changes induced by the change in the
substituent X. When comparing b1(1) = 1.246 with b1(2) = 1.330 it was
tempting to attribute the increase in the latter case to the different geome-
try of the six- and five-membered rings. However, the inspection of “jack-
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knife” residuals of Eq. (7b) revealed that εjk(NMe2) = 2.09 and 1a derivative
can be suspected as outlier. After leaving it out (see Eq. (7e)), the lower
value of b1 (1.232) was obtained.

δHm
(2) = 1.030(0.01) + 1.232(0.10) am + εm (7e)

sy = 0.161 r = 0.9768 n = 10

13C NMR Spectra of 1 and 2

As the first step in analyzing 13C NMR spectra of both series, the program
ASSIGN20 was used to check the signal assignment. This program uses Eq.
(4) for fitting all chemical shifts of aromatic carbon atoms with all corre-
sponding SSI , i.e. zi, zo, zm, and zp. The bj values obtained were tested by the
Student t-test for the statistical significance on the 95% confidence level.
The significant values are in Table III.

While the regression with all SSI is advantageous from the viewpoint of
the best fit for signal assignment, for the analysis of data only those vari-
ables are relevant which possess statistically significant slope values. There-
fore, each data set (i.e. ipso, ortho, etc.) was analyzed independently.

Chemical Shifts of C1 (ipso to X) Atoms

In the series 1, the regression of δC1 with corresponding SSI, i.e., zi, is given
in Eq. (8a).

δC1(1) = 0.993(0.01) + 1.005(0.01) zi + ε (8a)

sy = 14.86 r = 0.9992 n = 13

However, “jackknife” residuals suggest that the value for methyl derivative
could be an outlier: εjk(Me) = 2.44 > 0.2 ∗ 11.

After leaving this measurement out almost same equation (Eq. (8b)) was
obtained.
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δC1(1) = 0.992(0.01) + 1.006(0.01) zi + ε (8b)

sy = 15.52 r = 0.9995 n = 12

Neither parameters b were changed nor the standard deviation sy decreased;
we can conclude that the value for the Me derivative is not an outlier. Then
the remaining SSI values, each individually or in pairs, were tested as possi-
ble other explanatory variables but all tests were negative. Statistical signifi-
cance of addition of another explanatory variable into a regression can be
tested by a partial F-test Eq. (8c)

( )F
SR SR

SR
n p Fp p

p
n p=

−
− ≥+

+
−

1

1
0 05 1. , , , (8c)

where SRp is the sum of squares of residuals for regression with p parameters
and SRp+1 the same quantity for regression with p + 1 parameters.

Only when all of them were taken (like in ASSIGN program) then the re-
sult of F-test was positive.
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TABLE III
Regression parameters, correlation coefficients, and standard deviation of data calculated by
program ASSIGN using four SSI as explanatory variables

Catom
Com-
pound

b0 b1 b2 b3 b4 r sy

1 1 0.995 1.024 0.101 –0.465 –0.117 0.9999 14.86

2 0.998 1.030 0.128 –0.615 –0.124 0.9999 15.61

2 1 1.005 1.012 0.041 0.9996 6.79

2 1.002 1.003 0.081 0.9993 7.45

3 1 0.983 0.910 –0.071 0.9693 0.84

2 1.003 1.211 0.100 0.9646 0.86

4 1 1.027 0.867 0.9973 4.87

2 1.053 0.961 0.9983 5.36

Parameters b were calculated according to Eq. (4); only those significant by the Student t-test
at the 95% level are given.



F-test = 20.79 > F(0.05, 3, 8) = 4.07 and also > F(0.01, 3, 8) = 7.59

In the series 2, the regression of δC1 with corresponding SSI, i.e., zi, is
given in Eq. (8d).

δC1(2) = 0.995(0.01) + 0.993(0.01) zi + ε (8d)

sy = 15.61 r = 0.9991 n = 11

Also in this series, the “jackknife” residuals suggest that the value for
methyl derivative could be outlier: εjk(Me) = 2.06 > 0.2 ∗ 9.

And again, no improvement was achieved after leaving this measurement
out (Eq. (8e)).

δC1(2) = 0.994(0.01) + 0.993(0.01) zi + ε (8e)

sy = 16.45 r = 0.9994 n = 10

Small improvement in regression can be obtained again only with all the
other SSI values as explanatory variables.

F-test = 16.16 > F(0.05, 3, 6) = 4.76 and also > F(0.01, 3, 6) = 9.78 .

Chemical Shifts of C2 (ortho to X) Atoms

The results from the ASSIGN program (Table III) suggest that besides the zo
also the zp variable can be used in regression with δC2. In the series 1, the re-
gression of δC2 with zo is given in Eq. (9a).

δC2(1) = 1.005(0.01) + 1.023(0.01) zo + ε (9a)

sy = 6.79 r = 0.9993 n = 13
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From “jackknife” residuals the value for the dimethylamino derivative
came out as a possible outlier: εjk(NMe2) = 2.80 > 0.2 ∗ 11.

After leaving this measurement out a slight improvement was achieved
(Eq. (9b)):

δC2(1) = 1.005(0.01) + 1.007(0.01) zo + ε (9b)

sy = 5.87 r = 0.9995 n = 12

This reduced series was tested by the F-test for the addition of zp variable to
the regression equation; the test was negative.

F-test = 4.12 < F(0.05, 1, 9) = 5.12

When this test was performed on the original data it was positive at the
95% confidence level but negative at the 99% one. The necessity to im-
prove the regression including zp variable can be evoked by that slightly
outlying value for the NMe2 derivative. An analogous situation was ob-
served in series 2.

δC2(2) = 1.003(0.01) + 1.039(0.02) zo + ε (9c)

sy = 7.45 r = 0.9984 n = 11

The “jackknife” residuals pointed out that again the value for the
dimethylamino derivative could be an outlier: εjk(NMe2) = 2.81 > 0.2 ∗ 9.

δC2(2) = 1.003(0.01) + 1.013(0.02) zo + ε (9d)

sy = 6.45 r = 0.9989 n = 10

The conclusion made on the series 1 data is supported by those of the series 2.
Addition of zp variable is not necessary.

F-test = 4.89 < F(0.05, 1, 7) = 5.59
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Chemical Shifts of C3 (meta to X) Atoms

The results from the ASSIGN program (Table III) suggest that besides the zm
also the zp variable can be used in regression with δC3. In the series 1, the re-
gression of δC3 with zm, is given in Eq. (10a).

δC3(1) = 0.983(0.01) + 1.005(0.17) zm + ε (10a)

sy = 0.84 r = 0.8790 n = 13

Due to a very small susceptibility of the experimental data (sy = 0.84) to the
change in substituent X it was necessary to analyze this dependence most
carefully. As a suspected outlier we selected the NO2 derivative: εjk(NO2) =
2.80 > 0.2 ∗ 11. After leaving corresponding data out Eq. (10b) was ob-
tained.

δC3(1) = 0.983(0.01) + 1.10(0.13) zm + ε (10b)

sy = 0.86 r = 0.9329 n = 12

Regardless of whether the NO2 derivative was retained or left out the F-test
for addition of zp variable to the regression was positive.

F-test = 26.18 > F(0.05, 1, 10) = 4.96 and also > F(0.01, 1, 10) = 10.04 for n = 13

F-test = 18.62 > F(0.05, 1, 9) = 5.12 and also > F(0.01, 1, 9) = 10.56 for n = 12

Inclusion of zp variable led to the better fit, Eq. (10c) or (10d).

δC3(1) = 0.983(0.01) + 0.893(0.10) zm – 0.069(0.01) zp + ε (10c)

sy = 0.84 r = 0.9681 n = 13

δC3(1) = 0.983(0.01) + 0.951(0.09) zm – 0.055(0.01) zp + ε (10d)

sy = 0.86 r = 0.9787 n = 12
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Similar behaviour was observed in series 2. However, in this case the NMe2
derivative was a suspected outlier. The data including the NMe2 derivative
gave Eq. (11a) and those without the NMe2 compound gave Eq. (11b).

δC3(2) = 1.004(0.01) + 0.949(0.26) zm + ε (11a)

sy = 0.86 r = 0.7778 n = 11

εjk(NMe2) = 2.67 > 0.2 ∗ 9

δC3(2) = 1.005(0.01) + 0.997(0.19) zm + ε (11b)

sy = 0.85 r = 0.8761 n = 10

Since in both cases the F-test allowed to add explanatory variable zp to the
regression the Eqs (11c) and (11d) were calculated.

F-test = 37.08 > F(0.05, 1, 8) = 5.32 and also > F(0.01, 1, 8) = 11.26 for n = 11

F-test = 15.96 > F(0.05, 1, 7) = 5.59 and also > F(0.01, 1, 7) = 12.25 for n = 10

δC3(2) = 1.004(0.01) + 1.216(0.12) zm + 0.097(0.02) zp + ε (11c)

sy = 0.84 r = 0.9643 n = 11

δC3(2) = 1.004(0.01) + 1.192(0.12) zm + 0.084(0.02) zp + ε (11d)

sy = 0.85 r = 0.9639 n = 10
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Chemical Shifts of C4 (para to X) Atoms

The ASSIGN program (Table III) shows that only the zp variables correlate
with δC4. In the series 1, the regression of δC4 with zp is given in Eq. (12a).

δC4(1) = 1.025(0.01) + 0.922(0.03) zp + ε (12a)

sy = 4.87 r = 0.9951 n = 13

After excluding the NO2 derivative as possible outlier: εjk(NO2) = 5.57 > 0.2
∗ 11, we obtained Eq. (12b).

δC4(1) = 1.027(0.01) + 0.958(0.01) zp + ε (12b)

sy = 4.83 r = 0.9989 n = 12

In both cases the F-test showed non-importance of other explanatory vari-
ables.

It was shown that in 1,4-disubstituted benzenes the second order regres-
sion22 of δC4 with σI and σR constants23 can give electron demand of the Y
substituent.

δC4 = 131.912(0.25) + 3.859(0.61)σI + 18.602(1.01)σR – 5.200(2.65)σR
2 + ε (12c)

sy = 4.87 r = 0.9967 n = 13

The slope at the σR
2 variable, b3, is significant only at the 90% level. There-

fore, the electron demand value η = b3/b2 = –0.279 is significant also at this
level. If the suspected outlier NO2 is left out, Eq. (12d) gives b3 parameter at
the 95% level an the calculated η is more probable: b3/b2 = –0.158.

δC4 = 131.773(0.12) + 4.647(0.31)σI + 19.754(1.01)σR – 3.125(1.26)σR
2 + ε (12d)

sy = 4.83 r = 0.9993 n = 12
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From the comparison of this η datum with those for common substitu-
ents22 it follows that the phthalimido group in 1 can be regarded as a weak
electron acceptor.

For series 2 the equation corresponding to (12a) reads (13a).

δC4(2) = 1.053(0.01) + 0.986(0.02) zp + ε (13a)

sy = 5.36 r = 0.9977 n = 11

Since no outlier was suspected the regression with σ constants23 had the
form of Eq. (13b).

δC4 = 135.202(0.36) + 4.159(0.82)σI + 17.538(1.31) σR – 7.604(3.36)σR
2 + ε (13b)

sy = 5.36 r = 0.9959 n = 11

The b3 parameter was again significant only at the 90% level. Nevertheless,
the negative η value, b3/b2 = –0.433, allowed to classify the substituent Y in
series 2 also as an electron acceptor.

CONCLUSIONS

Thorough testing of regression parameters and residuals obtained from the
correlation of 1H and 13C NMR chemical shifts in 1,4-disubstituted
benzenes 1 and 2 with substituent shift increments aj and zj, respectively,
showed that chemical shifts in the meta position to variable X substituent,
i.e. in the ortho position to fixed substituent Y, are sensitive to confor-
mational changes concerning the benzene ring and the plane of Y
substituent. This effect is most pronounced in 1H chemical shifts causing a
significant increase in corresponding slope values over one. In 13C NMR
shifts the variable which reflects this conformational change can be substi-
tuted by the SSI value for the para position since the electron density on C4
is decisive for the bond order and twist angle of the substituent Y. However,
this effect is not so clear as in the case of 1H chemical shifts and the reason
for the sign of the corresponding slope may consist in a different space in-

Collect. Czech. Chem. Commun. (Vol. 64) (1999)

Multivariate Regression 1725



terval (and therefore in diamagnetic anisotropy field) around the C=O bond
in which the carbon Cm can move.

The autors wish to thank Dr S. Böhm from Department of Organic Chemistry, Prague Institute of
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