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Abstract-The NMR spectra of a series of thiophenes with 2-substituent.s ranging in electronegatrvity horn 
lithium to fluorine have been snalysed accurately, and the three proton-proton coupling constants found 
to vary linearly with the electronegativity of the substituents. The correlations are contrasted with those 
recently established in the benzene series. Although the sum of the couplingeonstants for nitrothiophene 
falls on the line for the other substituents, the individual couplings deviate from the cbrrelation~ probably 
because of a strong mesomeric interaction. 

THE existence of relationships between proton-proton coupling constants and 
substituent electronegativity has been demonstrated in several systems. The best 
known of these is the vinyl grouping, l-3 exhibiting an approximately linear increase 
of all three couplings as electronegativity decreases. Other examples are mono- 
substituted ethanes,q-6 monosubstituted benzenes,‘*s purudisubstituted benzenes,* 
and N-substituted pyridines.g 

Although a wealth of data has been accumulated for substituted thiophenes,1° 
no attempt appears to have been made to establish a similar relationship for these 
compounds. The reasons for this are clear. Firstly, all the substituents in earlier 
studies have electronegativities in the comparatively small range of 2.5 to 3.5. Secondly, 
the variations in the couplings are very small, so that relatively small errors in measuring 
and analysing the spectra have caused these variations to appear unrelated to the 
nature of the substituent. 

In this paper the range of electronegativities is extended and evidence presented of a 
well-defmed correlation between the thiophene couplings and substituent electro- 
negativity. 

RESULTS 

In Table 1 are reproduced the three coupling constants for the series of 2-substituted 
thiophenes, together with substituent electronegativities, E,. 

These values are plotted against electronegativity in Figs 1 and 2 The best lines 
through the points were determined by least squares analysis, and are defined as 
fo1lows. 

J,,=O44E,+O-O0 
J3,, = 0.33 E, + 2.69 
Jb5 = 0.58 E, + 3.75 
CJ = 1.35 E, + 6.45 
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TABLE 1 

J34 J 4s 

-Li’ w 2.8 4.3 7.6 
-HgCI 065 3.41 498 904 
-Pb(Thienyl), 0.81 3.45 4,86 9.12 
-Sn(Thienyl), 078 3.33 4.84 8.95 
-Si(Thienyl), @87 344 4.65 8.96 
-Hb 1.06 344 5.15 9.65 
-PCI, I.12 366 490 969 
--Me’ 1.16 3.47 5.20 983 
--I 1.24 3,62 548 1034 
-Br 1.36 3.65 5.59 1060 
-NH, 140 3.59 5.49 1048 
-Cl 1.49 3.69 5.62 1080 
-NO, 1.62 4.13 5.31 1106 
-0Me 148 3.80 5.82 11.10 
-0’Bu 1.43 3.73 6.00 11.15 
--F’ 1.69 3.89 6.02 11.60 

0.95 
1.9 

1.9 
1.9 
1.9 
2.3 
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2.7 
3.0 
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3.5 
3.5 
395 

“Refll, * Refl2, ’ Ref 13, ‘Ref 14, ‘Ref2. 

TABLE 2 

X Shifts in c/s from TMS Solvent and 

“3 “4 “S concentration 

-Pb(Thienyl), 445.2 4383 461.7 CDCI,, 5% 
-Sn(Thienyl), 447.5 438.3 464.6 CDG, 10% 
-Si(Thienyl), 444.3 4289 458.0 CQ 10% 
-HgCI 425.0 437.4 4604 Dioxan, 5% 
-PC& 443.8 412.8 453.2 Neat Liquid 

‘$.fo 
0 I.0 20 

RG. 1 Plots of Jas, J3,, and J.s va. electronegativity E,. 
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The NMR spectra of several of these compounds have not previously been reported, 
Table 2 lists their respective chemical shifts. 

In several instances, the ring protons were appreciably coupled to nuclei in the 
substituents. The first-order couplings are found in Table 3. 

--HLJCI 118 324 71 

-PW=tYQ, 59 - 32 
-PCI, 64 1.9 04 

In a few cases, Cl3 satellites were observed in the proton spectrum. The couplings 
measured from these spectra are listed in Table 4. 

TABLE 4 

--_I 173 169 188 
--Cl 172 170 188 
-NO, 180 171 190 
-“OMe 167 168 189 

Spectral analysis At 60 MC/S many 2-substituted thiophenes present spectra which 
are nearly first-order. However, for the purposes of this work the couplings were 
required to an accuracy of better than @05 c/s. This was achieved by the use of a 
computer program based on the exact analysis of Castellano and Waugh.’ 5* 3 In 
certain cases an alternative procedure was sused, whereby the computer refined the 
first-order chemical shifts and coupiings (read from the spectrum) until they con- 
verged upon the true parameters. In all cases the parametersobtained were put through 
the ARC calculation and reproduced the experimental spectra. 
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Since all three couplings are positive,16 no difhculty was encountered in assigning 
the transitions. 

As an example, the observed and calculated spectra of 2-methoxythiophene are 
shown in Table 5. 

TABLE 5. SPECTRUM OF 2-~~J?IHOXYTHIOPHENE FOR PO: 

“A = 394.11 “g = 380.95 vc = 363.29 
J- = 582 J,,c = 3.80 & = 148 

Frequency (c/s from TMS) Intensity 

ObSelVd Calculated Difference 
(calculated) 

Comb - 412.01 - OGO 
A 399.63 39958 +OQ5 055 
A 395.94 395.94 o-00 063 
A 393.71 393.15 -0.04 1.31 
A 390.08 39011 -@03 160 
B 38447 384.10 -003 1.22 
B 38244 38246 -002 1.59 
B 378.31 318.27 +oQ4 060 
Comb - 311.62 - 000 
B 376.66 376.63 + 0.03 0.59 
C 365.75 365.77 -w2 1.23 
C 364.15 364.14 +001 1.01 
C 362.15 362,14 +oQl 095 
C 360.53 36050 +003 0.81 
Comb - 34866 - 000 

DISCUSSION 

From Figs 1 and 2 it is apparent that all three couplings increase with increasing 
electronegativity. The sum of the couplings gives a particularly goo.d correlation, 
while the individual couplings exhibit rather more scatter. This may be partly due to 
the fact that the sum is obtainable directly from the spectrum, although the scatter in 
the individual couplings is larger than the acceptable error in their determination. 

Castellano9 has discussed the corresponding trends for monosubstituted benzenes 
and N-substituted pyridines in terms of an inductive effect described by the following 
models : 

b&5+ .56- 6i i- 
C2 + Cr c A +B, 

E&3- &s+ 6- I+ 

C2 c Cl -, A c B, 

where A = a carbon or nitrogen atom 
B, = electron-withdrawing substituent 

B, = electron-donating substituent 

The transmission of charges alternates along the molecular framework, in contrast 
to the currently held theory that the polarization induced by B should decrease 
monotonically along the bonds. 

These models were invoked to explain the observation that whereas vinyl couplings 



A correlation between proton coupling constants and substitucnt electronegativity 1437 

all decrease with increase in electronegativity, the vi&al coupling between ortho and 
meta protons in monosubstituted benzenes increases with electronegativity. 

It will be instructive in this work to compare the variations in the thiophene 
couplings with the corresponding variations in monosubstituted benzenes. To 
facilitate comparison the hydrogen atoms of the thiophene ring will be numbered to 
correspond with Castellano’s numbering of the phenyl protons.’ 

The variation of J(1,2) for both series is in accordance with the proposed model. 
However, J(1, 3) for the thiophenes increases with electronegativity, this behaviour 
being in direct contrast to that required by the above model and exhibited by J(1,3) 
in the benzene series. Further, the coupling 3(2,3) which remains virtually stationary 
for monosubstituted benzenes, exhibits the largest variation of all in the thiophenes. 

It is clear that consideration of the carbon skeleton in terms of this inductive model 
cannot explain these observations. However, if an inductive effect operates through 
the easily polarizable sulphur sigma bonds, then an appreciable charge may be 
developed at position 3 by the substituent. 

Other mechanisms proposed for substituent effects on vicinal couplings are (i) a 
shortening of the C-C bond length, the coupling being proportional to this length,’ 7--2o 
and (ii) variations in C-C-H angles caused by changes in hybridization of the carbon 
bonded to the substituent.2”-22 Neither of these is likely to operate in the thiophene 
5(2,3) coupling. 

Castellano’ pointed out that his inductive mechanism is supported by the fact that 
the most effective substituents in altering J(1,2) are those for which it is hardest to 
write mesomeric structures. In this context it is interesting to note that nitrothiophene 
is the only compound departing significantly from the correlations in Fig. 1. The value 
of J( 1,3) is acceptable, but J( 1,2) is too large and 3(2,3) much too small. If the meso- 
merit form I makes a significant contribution to the structure, the resulting alterations 
in the carbonerbon bond lengths will affect the couplings in just this way. 

- 

0 
@,OO 

‘s Toe 
(1) 

@ 

The inductive effect of the substituent still operates through the sigma bonds, being 
superimposed upon the mesomeric effect. This would explain the very good agreement 
between the sum of the couplings and electronegativity. The values of J1sc H for 
this compound also indicate the presence of some interaction not found in the other 
substituted thiophenes? 

The recently reported couplings for lithium thienyl,” and fluorothiophene14 came 
to my,notice on completion of this work and have been included. Since these two 
substituents represent the extreme ends of the electronegativity scale, the close 
agreement between these’data and the correlations in Figs. 1 and 2 is especially 
gratifying. 

l Note added in Proof. The couplings for Z-cyanothiophene (1.19,3.7& 503 c/s) show deviations similar 
to those fat 2-nitrothiophene. 
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This work has not included any Zsubstituted thiophenes, althoqh the studies of 
Hoffman and Gronowitz” reveal a relationship between the sum of the couplings 
and electronegativity similar to that in the 2-substituted compounds. The scatter in 
the values for the individual couplings is too great to allow any positive conclusions. 

EXPERIMENTAL 

The following compounds were synthesised for thls study. References to their preparation are given in 
parenthesis. 

2Chloromercurithiophene (23) m.p. 183” 
Lead tetra(2-thienyl) (24) m.p. 152-153” 
Tin tetra(2-thienyl) (24) m.p. 155-156 
Silicon tetra(2-thienyl) (25) m.p. 134135” 
2-Thienyldichlorophosphine (26) b,, 108” 
2-Iodothiophene (27) b, 4244 
2-Bromothiophene (25) b,, 43-46 
2Aminothiophene (10) not isolated 
2Chlorothiophene (28) b760 131-132” 
2-Nitrothiophene (29) m.p. 44-45” 
2-Methoxythiophene (3Q b,, 52-53” 
2-tert-Butoxythiophene (31) b,, 91-93” 

NMR spectra were recorded on a Varian A 60 spectrometer. When a compound could not be studied as 
a neat liquid, it was dissolved in carbon tetrachloride or deuteriochloroform. 

2-Nitrothiophene was studied in both deuteriochloroform and acetone. 
2-Iodothiophene was studied as a neat liquid and also in nitromethane. 
Neither compound showed any appreciable solvent dependence of the couplings. 
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continuous encouragement. 

REFERENCES 

’ C. M. Banwell and N. Sheppard, Mol. Phys. 3,351(1960). 
r T. Schaefer, Canad. J. C/rem. 40, 1 (1%2). 
3 J. S. Waugh and S. Castellano, J. Chem Phys. 35, 1900 (1961). 
4 R. E. Glick and A. A. Bothner-By, Ibid. 25, 362 (1956). 
’ R. J. Abraham and K. G. R. Pachler, Mol. Phys. 1, 165 (1963). 
6 S. Ebersole, S. Castellano and A. A. Bothner-By, J. Phys. Chem. 68,343O (1964). 
’ S. Castellano and C. Sun, J. Am. C&m. Sot. 88.4741 (1966). 
* K. Hayamixu and 0. Yamamoto, J. Mol. Spectroscopy 25,422 (1968). 
’ S. Castellano and R. Kostelnik, J. Am. Chem. Sot. 90, 141 (1968). 

” R. A. Hoffman and S. Gronowitr, Arkiofdr Kemi 16, 515 (1960). 
” S. Gronowitz and A. Bugge, Acta Chem Stand. 22,59 (1968). 
‘r Emsley, Feeney and Sutctiffe, High Resolution NMR Spectroscopy Vol. II, p. 803. 
r3’ C. T. . lathis and J. H. Goldstein, J. Phys. Chem. 68, 571 (1964). 
” S. Rodmar et al. Acta Chem. Scmrd. 22,907 (1968). 
is. S. Castellano and J. S. Waugh, J. Chem. Phys. 34,295 (1961). 
I6 A. D. Cohen and K. A. McLauchlan, Discuss. Faraday Sot. 34, 132 (1962). 
r’ N. Jonathan S. Gordon and B. P. Dailey, J. Chem. Phys. 36.2443 (1962). 
i* W. B. Smith, W. H. Watson and S. Chiraujeevi, J. Am. Cheat. Sot. 89,1438 (1967). 
” M. Gunther, Tetrahedron Letters 2967 (1967). 
” M. Karplus, J. Am. Gem. Sot. 85.2780 (1963). 
” C. Juan and H. S. Gutowsky, J. Cheat. Phys. 37.2196 (1%2). 
22 H. S. Gutowsky and C. Juan, Disc. Furaday Sot. 34,52 (1%2). 



A correlation between proton coupling constants and substituent electronegativity 1439 

23 Stcinkopf, Liebigs Ann. 424,23 (1921). 
2* E. Krause and G. Rcnwanz, Em. Dtsch. Chem. Ges. 60.1582 (1927). 
25 E Krause and G. Reowanz, Ibid. 62,171O (1929). 
26 M. Bentov, L. David and E. Bergmann, J. Chem. Sot. 4750 (1964). 
2’ Minnis, Org. Syn. 12,44 (1932). 
‘* Campaigne and LeSuer, J. Am. Chem. Sot.. 70,415 (1948). 
29 Babasinian, Org. Syn. 14,76 (1934). 
JO J. Sick, J. Am. Chem. Sot. ‘IS.3697 (1953). 
31 Frisell and Lawesson, Org. Syn. 43,55 (1963). 


