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The carbonyl stretching freque~cies correlate well with substituent constants in a series of 166 
1,3-indanediones using improved and extended Seth-Paul-Van Duyse equation. Transmissive 
factors and group electronegativities have been used to find empirical equations for calculation 
of substituent constants of more complex structural fragments. 

1,3-Indanediones and related cyclic 1,3-diketones were investigated2
-

5 to discover 
linear correlations between the symmetric and asymmetric carbonyl stretching fre
quencies. In a number of series we have observed6

-
11 that the substituents influence 

significantly the stretching frequencies of 1,3-dicarbonyl system. To evaluate the 
substituent effects in individual series, we utilized correlations according to Hammett, 
Brown or Yukawa-Tsuno equations. 

Earlier13 we reinvestigated the original Seth-Paul-Van Duyse equation and derived 
a simple relationship defining new X+(R) substituent constants on the basis of 
electrophilic 0"+ constants: 

X+(R) = 0'2380"+ + 1'077. (1) 

This improvement and simplification allowed us to apply the X+(R) substituent 
constants to a great number of various carbonyl compounds1

, 1 2,13. 

The scope of the present work was to scrutinize the extension of validity of the 
improved Seth-Paul-Van Duyse equation to 1,3-indanedione derivatives. 

EXPERIMENTAL 

The symmetric (vs) and asymmetric (vas) carbonyl stretching frequencies of compounds 1 and II 
measured prevailingly in our laboratory as dilute solutions in CCl4 were used for this investigation. 

As the majority of data have been already published we assert below just the numbers of com
pounds and references: Number 1, 2, 6, 13-15, 19,27-38,40,41,43-50,52,60,62-68, 71, 
72,74, 77,78,82-84,86,88,92-97,99,100,103,104,108-110, 113, 114, 116, 117, 119-121, 
124, 126 and 127 from paper2 . Number 10, 12, 13, 15, 17, 19 and 20 from paperlO. Number 2-4 

Part IV in the series Application of the Seth-Paul-Van Duyse Equation; Part III: Tetra-
hedron 31, 2936 (1975). ; 
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and 6-8 from paper9. Number 2-11 from paper6. Number 1 and 3-7 from papers. Number 
10-13 and 15-18 from paper7

• Number 2-4,6-12,14,16-20,22,25 and 27 from paper3. 
Number 1-27 from paper14. Compound I: yl = y2 = H, yl = furyl from paper1S, Com
pounds II: Y = H, Q = 4-isopropylphenyl; Y = H, Q = 3-fluorophenyl; Y = H, Q = 4-fluoro
phenyl; Y = H, Q = styryl from paper16. 
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As the CO stretching frequencies of some compounds II have not yet been published we bring 
them in cm -1 : for Y = H, Q = 1'-methoxyferrocenyl Vs = 1 725 and vas = 1 684; for Y = H, 
Q = 1' -ethoxyferrocenyl Vs = 1 726 and vas = 1685; for Y = H, Q = 1'-chloroferrocenyl 
Vs = 1 729 and vas = 1 689; for Y = H, Q = 2-chloroferrocenyl Vs = 1 730 and vas = 1 690; 
and for (4-ferrocenyl-2-methoxy)phenyl Vs = 1 729'5 and vas = I 686'5 . 

RESULTS AND DISCUSSION 

Substituent Constants 

The use of Seth-Paul-Van Duyse equation in the case of 1,3-indanediones required 
to develop a method of calculation of X+(R) substituent constants of structural 
fragments attached to the five-membered cyclic 1,3-dicarbonyl skeleton. For this 
purpose we dismembered the structure of 1,3-indanediones into two structural frag
ments R 1 and R 2 , whereby the electronic effects of each of one can be expressed by 
substituent constants X+(Rl) and X+(R2), respectively: 

SCHEME 1 

According to17 the substituent constants of groups R 1 and R 2 should be mutually 
independent and so also additive: 
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In formulas I and II 

~/ 
RI means or Y-I- II 

~"-

and 

R2 means 

Instead of X+(R) value of phthalolyl group we employed substituent constant 
determined for a phenyl group: 

(~/) x+ I II ~ X+'(Ph) = 1·07. 
~"-

The validity of this approximation can be attested by substituting the value of CO 
stretching frequency measured in CCl4 for dimethyl phthalate (1 734 cm- I

) into the 
improved Seth-Paul-Van Duyse equation 12. The X+(R) value obtained for phthaloyl 
group (1'07) is consistent with X+(Ph) value. 

In the case of 1,3-benz[JJindanediones we accepted a similar approximation: 

(~~/) (~~/) 
x+ I II I = X + I II I 
~~"- ~~ 

To calculate the X+(R) substituent constants of more complex structural fragments 
we employed X+(R) values of common elemental substituents12

,17. 

In the case of 1- and 2-naphthyl groups we determined the values of X+(l-Naph) = 
= 1·06 and X+(2-Naph) = 1·04 using Eq. (1) and (J: constants published previous
ly18. 

For compounds containing a thiocyanate group we have chosen the followingway: 
According to 17 

(2) 

and 

!5' = 0'482(J*(R) (3) 

From19 it is known 

(4) 

Substituting X+(Me) = 1·807 and using Eqs (2) and (4) it follows: 

(5) 
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Finally, for oiSCN) = 0·58 we obtained X+(SCN) = 3'55. The Eq. (5) can be used 
advantageously to calculate further new X+(R) constants from (J, inductive values, 
which are more available than the original (J* Taft constants. 

To express the electronic effects of a substituted phthaloyl group we utilized Eq. (6) 
published in l7 and Eq. (1) as well as the results ofpaperlo. 

(6) 

From the above mentioned it follows: 

The X+(R) constant of a substituted methylene group can be calculated analogously 
to the X+(R) value of a substituted methyl group: 

(7) 

1 

where x(- c- ) = 2·55 is the electronegativity of an sp3-hybridized C atom. Accord-
I 

ing to the Eq. (7) the X+(R) constant of methylene fragment is 2·9l. 

To determine the X+(R) value for a methylidene group we have used a similar 
equation: 

2X +2(H) 
X+(= CH) = lX( ' 'C= ) + --- = 1'80, 

2 2 /' 12X+(H) 
(8) 

where xCC= ) = 2·89 stands for electronegativity of an sp2-hybridized C atom from 
the side of single bonds. Using X+(= CH2) we calculated according to Eq. (9) the 
X+(R) constant for a 1,1-vinylidene group, which is a fundamental skeleton of R2 
in compounds II. 

(9) 

where X( =C~) = 2·14 means the electronegativity of an sp2-hybridized C atom 
from the side of double bond. Finally, it can be written for a substituted 1,1-vinylidene 
fragment: 
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where n'(C= C)S-CiS is the transmissive factor of polar effects for a 1,2-vinylidene 
group according to definition of Jaff62 0 and determined 13 for an s-cis conformation 
in respect to the CO group (corresponding to 1,3-indanediones II) . If the group Q in 
compounds II is more complex and consists of a linear chain of subfragments Qi(i = 
1, 2, 3 . . . n) attached together with single bonds: 

a general formula can be used to calculate the X+(R) values of :::::C=CH-Q frag
ments: 

11 i-1 i-2 
+ n'(C= C)S_cis[X+(Q1) + y(Ql) (8Q2) + L 8(Qi) TI y(Qj) TI n'(Qk)] , (11) 

i=3 j=1 k=l 

10' and y being transmissive factors of polar effects of subfragments Qi according to 
definition of Jaffe20 and Charton2\ respectively and 8 is given by Eq. (6). 

A similar approach can be used to determine the substituent constants for more 
complex structural fragments R 2 of compounds I. 

X+(R) = (-b-) + X +2(H) + [R +(QH) + y(Q) 8p(Ph) + n'(Q) y(Q) 8(y)]2 • 
X I 12X +(H) 

(12) 

The values of transmissive factors used in Eqs (11)-(12) are listed in Table 1. 

In the case of 1,1'- and 1,3-ferrocenyl groups the transmissive factors y were not 
available and therefore we estimated them according to Eqs (13) and (14). 

(I1'-Fc) = n'(l,l'-Fc) 
y , n'(l,4-Ph) 

(13) 

(1 3-Fc) = n'(1,3-Fc) 
y , n'(1 ,4-Ph) . 

(14) 

The above introduced equations, constants and transmissive factors have been 
used to calculate the X+(Rl) and X+(R2) as well as the IX+(R) values for all 
1,3-indanediones I and II. 
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Correlation Analysis 

The arithmetic means of symmetric and asymmetric carbonyl stretching frequencies 
in a series of 166 1,3-indanediones I and II provide a statistically significant corre
lation with IX+(R) values (Fig. 1). The estimates of statistical parameters have 
been calculated with a significance at > 95% confidence level using a regression pro
gram25 with a double precision matrix inversion. The correlation analysis renders 
following results: 

±0'70 ±2-44 

r = 0·991 (correlation coefficient), s = 2·0 (standard deviation). 

TABLE I 

Transmissive factors 

Group 

CH=CH(s-cis) 
2,5-Furyl( O-O-trans) 
2,5-Thienyl 
1,3-Ferrocenyl 
1,1'-Ferrocenyl 
1,4-Phenyl 
l,4-Naphthyl 

a By definition. 

FIG. 1 

7t' 

0·766 
0·803 
0'47 
0·38 
0·25 
0·27 
0·27 

Plot of the arithmetical "means of Vs and vas 

vs 'LX+(R) values for 1,3-indanediones I 
and II 

Ref. 

13 

14 
14 
24 
18 

1750 
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Ref. 

2·23 22 
1-4 23 
1-08 23 

---1-41 this work 
---0'93 this work 

1'00 
1·00 18 

o 8 

LX,(R) ,; 

(15) 
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The regression parameters show that the maximal deviation of experimental data 
from the straight line is 4 cm -1 and 61% of points deviate less than 2 cm -1. 

The same set of data provides following results of a dual parameter correlation 
of v with substituent constants of structural fragments R 1 and R 2: 

±10'96 ±0'70 ±11·30 

r = 0'991, s = 2·0 

The estimate of the first slope is of low statistical significance because of a smaller 
variation in structure of fragments Rl comparing to fragments R2. On the other 
hand, the estimate of the second slope is statistically more significant and practically 
equal to the slope of single parameter correlation Eq. (15). This is in agreement with 
our preceding assumption that the electronic effects of structural fragments R 1 and 
R2 in 1,3-indanediones should be additive. '\ 

It follows that the improved Seth-Paul-Van Duyse equation can be also applied 
well to the 1,3-indanediones. The present state indicates26 that this equation is valid 
for more than. eight hundred carbonyl stretching frequencies of organic compounds. 

Let us compare Eq. (15) with a correlation (Eq. (16)) between the symmetric and 
asymmetric CO stretching frequencies of 1,3-indanediones published earlier2. 

Vs = 0·781 vas + 412·8 

n = 406 (number of experimental points), r = 0'993, s = 1·6 

Substituing for v = (vs + vas)!2 we obtained Eqs (15) and (16): 

Vs = 29·02 IX+(R) + 1644·36 

Vas = 37·16 IX+(R) + 1576·91 . 

(16) 

(17) 

(18) 

Equations (17) and (18) can be employed to predict symmetric and asymmetric CO 
stretching frequencies of a great variety of 1,3-indanediones. 

We thank Prof C. Hansch, Pomona College, Claremont, U.S.A., for multiparameter regression 
program as well as Dr D. Ondrejickova, Comenius University, Bratislava, for arrangement and 
adaptation of the program. We express our thanks also to Mrs Z. Sustekovafor technical assistance. 
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