
HETEROORGANIC DERIVATIVES OF FURAN. 
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The results of an investigation of  2-substituted furans and 5-trimethylsilylfurans by NMR spectroscopy and 
the CNDO/2 method showed that the chemical shifts of  the different nuclei do not correlate sufficiently 
clearly with the calculated charges because of an additional change in the electron density under the influence 
of a rr-d interaction. The 1zC-29Si direct spin-spin coupling constants (SSCC) are tess sensitive to this 
interaction, since they depend primarily on the inductive effects of  the substituents. 

Investigations of the 1H chemical shifts (CS) of heteroorganic derivatives of furan have shown that an interaction of the 
rr-d type, the degree of which varies as a function of both the nature of the element and the number of furan rings, occurs 
between the heteroring and the central M atom (M = Si, Ge, Sn) [2, 3]. At the same time, a study of the I3C resonance of the 
same compounds does not lead to such unambiguous conclusions [4, 5]. The effect of a silicon-containing substituent on the 
conductivity of the electronic effects of the substituents through the fumn ring has not been studied. In this connection, we 
carried out a comparative analysis of the IH, 13C, and 29Si chemical shifts (CS) and 13C---295i spin-spin coupling constants 
(SSCC) of series of 2-substituted furans I and 5-trimethylsilylfumns II, and used the CNDO/2 method to calculate the charges 
on the atoms and the bond orders in these molecules, The calculations were made both without and with inclusion of the d 
orbitals of silicon (sp and spd bases). The correlations between the CS of the C(5) atom of the furan ring and the total charges 

in series of silyl derivatives II deteriorated in the case of spd parametrization of the calculations (the r value decreased from 
0.936 to 0.837). At the same time, the inclusion of the d orbitals in the parametrization led to improvement in the 
correlation of the Cc5)-29Si SSCC with the order of this bond, as a measure of which the Wiberg indices [6] served (r increased 

from 0.861 to 0.926). 
The measured CS hnd the results of calculations for both series of compounds are presented in Tables 1-3. 

I II 

I R=CH2OH, CHO, COCH3. NO2, CH~, SCH3. C1, C~---N, Br, I, H~ Si(CH3)3; II R=CH3, 
CH2N(CH2)5, CH~NH~, H, Si(CH3)3, Sn(CH3)~, CHO, CH(OC2H~)2, C-----N, NQ 

It is generally accepted that the shielding of the nuclei in molecules is realized by both the 7r and cr electrons and that 
their effects can be examined separately. The results of our calculations show that the n and cr charges in furan molecules are 
interrelated: an increase in the n charge causes a decrease in the cr charge, and vice versa (Eqs. 1 and 2 in Table 4). 

*See [1] for Communication 64. 
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, J 

I 1 ,I I 
I 2 3 ~ 6 "  

Fig. 1. Correlation between the direct C(2)-29Si 

SSCC of (2-furyl)- (1) and (2-thienyl)methyl- 
silanes (2) and Z~r* of all the substituents attached 
to the silicon atom. 

TABLE 4. Correlation Equations for the NMR Parameters and Charges on the Individual 
Atoms of 2-Substituted Furans I and 5-Trimethylsilylfurans II* 

Eq. No. Equation- r s N 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

22 

q l = 0,141 - 0,397q~, I 
q l~ =0,005_0,5t4q=11 
q C<3)IL= --0,26+0,728q C(a~ l 

C ~ ) I L  = - -  1 0 , 7 7 8 + 0 , 8 1 8 q  C(5) 1 
q SP~=0,564+0,483q H~5~ l 
8 C(5)1=114,2+286,8q C(s) 1 
5 Hi3~l=5,51+53,5q H ~  ~ 
5 H~4)l=6,05+28,Sq H(4~ ~ 

C~ ~ ~1=170,3 + 382,6q Cr ~ ~ ~ 
5 Hi4~u=6,95+37,5q H~4) u 

C r  12,03+ 1.105 Cr ~ 
5 C(3~=1,47+0,988 C(3) 1 

Cr =40,32+0,728 C(4~ ~ 
5 C ~ 5 ~ u = - 1 5 , 7 6 + I , 2 2 ~  C(~) ~ 
5 ~9SP1=-51,43+5,41~ H ~  ~ 

0,953 
0,998 
0,908 
0,996 
0,976 
0,949 
0,975 
0,991 
0,936 
0,921 
0,993 
O,999 
0,977 
0,984 
0,976 

0,02 
,9,02 
0,02 
0,02 
0,08 
0,21 
0,07 
0,05 
0,23 
0,03 
0.37 
4,82 
0,81 
B, II 
0,63 

8 C~J I = 160,8+8,47F-4,81R 
U (~C~e_~gSi) = 5 9 , 9 - - 0 , 0 8 - I I  (~3C(5~ _29Si ) 

IK(13Cf5) -S i )  = ( 221 ,2 -  31,0(h~) �9 10 -16 
1K(13C~5~-H) = (666,2+ 37,6~r~) �9 10 -18 
~l (cr = 255 ,5 -  292,9B (C[5) - Si) 

U (CMe_Si) = 115,9-- 175,5B (CM~--Si) 

1I =--76,6+9,41F-- 1 80R (Cts) -Si) 

0,997 
0,946 
0,989 
0,960 
0,926 
0,910 
0,999 

2,33 
0,22 

2,0.10 -9 
I,B. 10 -g 

0.25 
0,03 
0,64 

ll 
6 
5 
5 
5 
5 
7 
7 
5 
4 
7 
6 
7 
6 
6 
5 

10 
9 

12 
5 
5 
6 

*Symbols: r, correlation coefficient; s, mean square error; N, number of points. 

In the molecules of I and II, as in substituted benzenes [8], an increase in the cr charge leads to a weak-field shift of the 
13C resonance, while an increase in the rr charge, on the other hand, leads to a strong-field shift of  the 13C resonance. A 
proportionality exists between the calculated charges of most of  the carbon atoms in both series (Eqs. 3-5). At the same 
time, a correlation of the CS with the calculated values of the total charges on the individual atoms is absent for most of the 
13C and tH nuclei of  I and II (the r values range from 0.1 to 0.9). The CS of the CO) atom and the 3-H and 4-H protons (I), 
as well as the CO) and 4-H atoms (II, Eqs. 6--10), constitute an exception~ 

The numerical value of the slope of  the line corresponding to Eq. 9 (382 ppm/electron) is quite close to the analogous 
value in the correlation for p-substituted benzenes (385 ppm/electron [8]) and greater than the value (286 ppm/electron) from 
Eq. 6 for monosubstituted furans. The CS of the corresponding nuclei in both series of compounds are interrelated (Eqs. 11- 
15). The sensitivity of  the CS of  the carbon atoms of the heteroring to the effect of substituent R changes with the 
appearance of an Si(CH3) 3 group in the a position of the furan ring. The effect of the substituent is intensified for the CO) 
and C(2) atoms, while it becomes weaker for the Co) atom and particularly for the C(2) atom (Eqs. 11-14). In addition, our 
quantum-chemical calculations show that the introduction of an Si(CH3) 3 group should decrease the sensitivity of the electron 

charge to the effect of substituents R for both of the above-indicated group of carbon nuclei (Eqs. 3 and 4). The increased p 
value in Eqs. 11 and 14 can therefore probably be ascribed to a change in the density of the more mobile rc electrons, i.e., to 
the existence of a n--d interaction between the furan ring and the silicon atom. 

499 



The signals of 29Si resonance in the II series arc shifted to weak field when the a proton of the furan ring is replaced by 
an electron-accepter group and, on the other hand, are shifted to strong field from electron-donor substituents R. Despite the 
absence of a satisfactory correlation between the CS of silicon and the charge on this atom, it should nevertheless be noted 
that the transition from donor substituents to accepter substituents in the furan ring is reflected as a decrease in the calculated 
electron density on the silicon atom. 

The existence of a linear correlation (Eq. 15) with a positive slope of the line leads to the conclusion of monotypic 
character of the effects of the substituemts on the shielding of 5-H and ~Si in the I and II series, respectively. For the protons 
the shielding is clctcrmincd primarily by a local diamagnetic contribution [9]. Since the center of perturbation is located at a 
significant distance from the investigated nucleus, the effect of the anisotropy of substituent R can be disregarded. 
Consequently, the change in the shielding of the silicon atom under the influence of R is determined primarily by the local 

diamagnetic contribution of the electron cloud around the nucleus under consideration. It should be noted that for p- 
substituted trimethylsilylbcnzenes similar effects of the substituents on the 29Si resonance can also be explained without 
invoking additional ~r bonding [10]. 

The analysis of the shielding of individual nuclei under the influence of substituents is usually carried out using different 
reactivity constants of the substituents. We have previously made this sort of evaluation for a-substituted furan derivatives 
using the Swain-Lupton constants F and R and found that the CS of the C(5) atom are equally sensitive to the inductive and 
mesomeric effects of the substituents in the 2 position (Pr,/Pz -- 1.07) [11]. We obtained a similar two-parameter equation (Eq. 
16 in Table 4) for the CS of the C(5) atom of II [R = H, CH3, CHO, Si(CH3)3, NO2]. The PF and Pz slopes in the II series 
show that the fraction of the mesomeric effect in the shielding of C(s decreased substantially as compared with that in the I 

series. This can be ascribed to the well-known ~-aceeptor capacity of silicon substituents [12]. 
Let us now turn to an examination of the effect of substituents on the IJ13c_29Si value. The small number of 

measurements of the constants of direct SSC between the C(~) atom of furan and element M (M = Sn, Pb) in compounds of 

the I type indicate their high sensitivity to a change in the number of heterocyclic groups [4]. We investigated the constants 
of direct 13C-29Si SSC in two series of 2-furylsilanes (Table 5). It is apparent from the data in Table 5 that the IJ13c_29si 

constants decrease with an increase in the number of heterorings.l" 
To elucidate the effect of the heteroring and other substituents attached to the silicon atom on the 1J13c..29si values the 

latter were also measured in three series of 2-thienylsilanes and compared with the Taft tr* induction constants (Fig. 1). For 
substitnents that do not contain unshared electron pairs these dependences are close to linear. In the (2-thienyl)-chlorosilane 
series VII, where the number of thienyl groups and chlorine (an element with an unshared electron pair) atoms attached to the 
central silicon atom changes, the direct C(2)-29Si SSCC decreases from 129.4 Hz (n = 1) to 82.7 Hz (n = 4), and its 

correlation with Y~cr* becomes nonlinear. The slope of the line increases with an increase in the number of attached chlorine 
atoms, i.e., the effectiveness of their action on 1J13c.29si increases. A similar effect of halogen atoms and other substituents 
with an unshared electron pair was previously observed for 1J13c_199Hg ill symmetrical (RR'R"C)2Hg compounds [16]. This 

effect is explained by a combination of two effects: transfer of p electrons from the C-Si bond to the Si-C1 bond and a 
nonadditive increase in the positive charge on the silicon nucleus with an increase in the number of attached chlorine atoms. 
Nonadditivity of the effect of the substituents beeaase of steric effects is also not excluded. 

The existence of two different correlation lines for the 1j SSCC of furan and thiophene derivatives is probably explained 
by the different rr-aceeptor properties of silicon with respect to these heterocycles, which is due to a rr--d interaction, as well 
as to the different acceptor effects of the heterorings themselves. 

We examined the effect of the more remote substituent R on the 1J13c..29si SSCC ill ~ ~ of II (Table 6). An analysis 

of the data in Table 6 indicates the existence of a satisfactory mutual linear correlation between IJ13C(5)_29Si and IJ13cM(.29Si 

(F.,q. 17). The negative sign of the slope is evidently due to the alternating influence of the electronic effects along the chain. 
The existence of this correlation means that both SSCC are determined by the same mechanism of transmission of the spin- 
spin coupling with predominance of the Fermi-contact contribution in it. The ratio of their values averages 0.75. The 
fractions of s character in sp a and sp 2 hybridization of carbon atoms have the same ratio. 

tFor furylhydrosilanes IV this is in agreement with the increase in the length of the C(2)-~Si bond on passing from n = 3 
(I.857/~) to n = 2 (1.869 A) and to n = 1 (1.871 ]~) [15]. 
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TABLE 5. Direct IsC-29Si SSCC (Hz) of (2-Furyl)- and (2-Thienyl)silanes 

Series, R = c(2)-si Si--CH3 (Si--H)* 
2-furyl~ R 1 = .... 

2-thienyl n = l  n=4 n=l  n = 2  n = 3  

R,~Si(CH3)4- n 
RnSiH4-n 
RI,,Si(CHa)4-= 
R1nSiH4-,~ 
RL~SiCl4-,~ 

76,2 
84,0 
66,1 
73,2 

129,4 

n=2  n=3 I 

83,0 90,3 
87,8 92,0 
71,5 77,1 
75,4 78,7 

108,6 93,7 

97,3 
97,3 
82,7 
82,7 
82,7 

53,7 
(209,8) 

53,5 
(208,3) 

57,1 
(214,2) 

56,6 
(213,5) 

605 
(224,0) 

59,6 
(218,0) 

*The Si-H SSCC are presented in parentheses. In the case n = 0, the SSCC were taken 
from the literature: 50.3 Hz for Si(CHs)4 [13] and 202.0 Hz for SiI-I4 [14]. 

TABLE 6. Direct 13C-Z9Si SSCC (Hz) 
of 2-Substituted 5-Trimethylsilylfumns II 

Substituent c(5)--si S~--CHa 

CHs 
CH2N (CH2) 5 
CH2NH~ 
H 
Si(CHa)a 
Si(CHs)a 
CH (OCzH~)2 
CHO - 
C~-N 
NO2 

77,9 
76,7 
76,4 
76,2 
75,9 
75,7 
75,7 
69,3 
69,0 
66,8 

53,8 
53,9 
53,9 
53,7 
53,7 
53.9 
54,0 
54,3 
54.4 
54,7 

Regression analysis of the data in Table 6 shows that a satisfactory linear correlation exists between the 13C(5)-z9Si 
SSCC presented and the ap subsfituent constants (Eq. 18). A similar analysis of the direct 13C-1H SSCC of monosubstituted 

furans (the data for the I series were taken from [7]) leads to Eq. 19. A comparison of the slopes of the correlation lines (Eqs. 
18 and 19) shows that the sensitivity of the 13Cc5)-29Si SSCC to the substituent effects is almost two orders of magnitude 
higher than for the 13C-1H SSCC and, in addition, has the opposite sign. 

Our calculations of the bond orders (the Wiberg indices) in the LI series (Table 3) show that the degree of conjugation of 
the silicon atom and the furan ring increases from 1.095 for the NO2 derivative to 1.134 for the CHs derivative. Since spd 
pammetrization was used in the calculations, there is no doubt about the participation of the d orbitals, and the increased order 
of the C(s)-Si bond should be explained by both rr-d conjugation and r conjugation of the p~ orbitals of Si (which have 7t 
symmetry) with the P,r orbitals of the ring. It is interesting to note that the order of the Si--CM~ bond in many cases exceeds 
the order of the direct Si--C(s) bond (Table 3). This indicates that a significant fraction of the population of the d orbital of the 
silicon atom is expended in interaction with the methyl group. It is possible that this result constitutes evidence for the 
existence of hyperconjugation between the CH bonds of the SiCH3 group and the vacant d orbitals of the silicon atom. Thus, 
the results of the calculations show that the interpretation of the changes in the 1J13c(5)_29si constants of derivatives 1I should 

apparently be made with respect to the mechanism of the redistribution of the s character of the orbitals of the silicon atom, 
as was proposed in [17]. 

Electron-donor substituents lead to enrichment in the p-electron density of the C-Si bond (on the part of the substituent), 
while electron-acceptor substituents lead to its impoverishment due to delocaliT~tion of the p electrons on the adjacent bonds 
[16, 18]; the order of the C(5)-Si bond changes in the order CH3 > H > CHO > NOz the direct 1J13c(5)._si SSCC increases in 

almost the same order. A completely satisfactory linear correlation exists between the two parameters (Eq. 20). The reason 
for the rather low correlation coefficient should be sought in the change in the geometry of the molecules in cases in which, 
in addition to an Si(CH3)3 group, strong acceptor substituents appear in the ring (in fact, our calculations by the INDO 
method of the optimal geometry of 2-nitro-5-trimethylsilylfuran revealed lengthening of the C(5)-Si bond by 0.01/~ relative 
to the length in 2-trimethylsilylfuran). 
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The existence of a correlation of the Eq. 18 type for the 1Jc(5)_.si SSCC of II derivatives indicates that analysis by means 

of two-parameter equations is also possible for these SSCC. The most satisfactory r value is obtained when the F and R 
substiment constants are used (Eq. 22). This correlation constitutes evidence for the predominant role of the inductive effect 
in the determination of the 1Jc(5)_si value. 

EXPERIMENTAL 

The 13C and 29Si NMR spectra of 30-50% solutions of the compounds in CDC13 were investigated with a Bruker WH- 
90/DS spectrometer (resonance-excitation frequencies 22.63 MHz and 17.88 MHz, respectively); the pulse duration was 5 
#sec (30* pulses), and their sequential frequency was 0.25-0.35 Hz. The spectra with widths of 6 or 3 kHz were recorded 

in an operative memory with a volume of 8 K, which determined an accuracy in the measurement of the 13C and 29Si 
chemical shifts of _0.1 ppm. The direct 13C-29Si SSCC were measured with an accuracy of __.0.1 Hz in the 29Si spectra using 

the method of internuclear polarization transfer (see [19, 20]). The number of accumulation was 10-13 thousand. The 1H 
NMR spectra were recorded with the same spectrometer (resonance-excitation frequency 90 MHz) under standard 
conditions. 

The substituent constants were taken from a monograph [21]. The theoretical calculations by the CNDO/'2 method with 
sp and spd parametrization, as well as by the IN-DO method, were carried out for the optimal geometries of the furan ring [22] 
and the substituents [23]. 

The authors thank N. P. Erchak and L. M. Ignatovich for the synthesis of the compounds presented. 

LITERATURE CITED 

1. S.V. Skobeleva, A. N. Egorochkin, V. L. Tsvetkova, N. E. Tyulina, N. P. Erchak, and l~o Lukevits, Izv. Akad. Nauk 
Latv. SSR, Ser. Khim., No. 3,355 (1988). 

2. A.N. Egoroehkin, 1~. Lukevits, and M. G. Voronkov, Khim. Geterotsikl. Soedin., No. 4, 499 (1965). 
3. 1~. Lukevits, N. P. Erchak, YUo Yu. Popelis, and R. M. Zolotoyabko, The Chemistry of Heteroorganic Compounds [in 

Russian], Nauka, Leningrad (1976), p. 63. 
4. D, Doddrell, Ko G. Lewis, Co E. Mulquiney, W. Adcock, W. Kitching, and M. Bullpitt, Aust. J. Chem. 27, 417 

(1974). 
5. M. M~igi, E. Lippmaa, E. Lukevics, and N. P. Jercak, Org. Magn. Reson. 9,299 (1977). 
6. K.B. Wiberg, Tetrahedron 24, 1083 (1968). 
7. S. Gronowitz, I. Johnson, and A.-B. H6rnfeldt, Chem. Scripta 7, 211 (1975). 
8. S. Fliszar, Charge Distribution and Chemical Effects, Springer, New York-Berlin-Tokyo (1983), p. 47. 
9. H. Giinther, Introduction to a Course in NMR Spectroscopy [Russian translation], Mir, Moscow (1984), pp. 31, 79. 

10o C.R. Ernst, Lo Spialter, G. R. Buell, and D. L. Wilhite, J. Am. Chem. Soc. 96, 5375 (1974). 
11. Yu. Yu. Popolis, I~. t~. Liepin'sh, and Ya. P. Stradyn', Khim. Geterotsikl. Soedin., No. 2, 167 (1980). 
12. A.N. Egoroehkin, N. S. Vyazankin, and S. Ya. Khorshev, Usp. Khim. 51, 828 (1972). 
13. G. Fritz and P. Boettinger, Z. Anorg. Chem. 385, 159 (1973). 
14. R. Loewer, M. Vongehr, and H. C. Marsmann, Chem. Zeitung 99, 33 (1975). 
15. N.P. Erchak, R. N. Ziatdinova, O. A. Litvinov, V. A. Naumov, and 1~. Lukevits, Khim. Geterotsikl. Soedin., No. 1, 

25 (1987). 
16. L.A. Fedorov, NMR Spectroscopy of Organometallic Compounds [in Russian], Nauka, Moscow (1984). 
17. H.A. Bent, Chem. Rev. 61, 275 (1961). 
18. L.A. Fedorov, 1~. I. Fedin, B. A. Kvasov, and I. A. Beletskaya, Zh. Strukt. Khim. 10, 247 (1969). 
19. D.M. Dodrell, D. T. Pegg, W. Brooks, and M. R. Bendall, J. Am. Chem. Soc. 103, 727 (1981). 
20. J. Schraml, Coll. Czech. Chem. Commun. 48, 3402 (1983). 
21. N.B. Chapman and J. Shorter (eds.), Correlation Analysis in Chemistry, Plenum Press, New York-London (1978), p. 

455. 
22. Ya. Ya. Bleidelis, Advances in the Chemistry of Furan [in Russian], Ziname, Riga (1978), Chap. 1. 
23. H.N. Nimeyer, Tetrahedron 33, 1369 (1977). 

502 


