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The reaction pathways of C-arylation with participation of non-symmetrical 
triarylbismuth dichlorides were studied using B3LYP/LANL2DZ level of the theory in order to describe the 
experimentally observed reaction’s regioselectivity as a function of used substrates. The geometrical and 
energetic parameters intermediates formed were determined. It was shown, that the formation of arylation 
(phenylation) product can be explained by distinction of parameters of intermediates. 

The derivatives 1 and 2 were tested in a reductive coupling C-arylation reactions, which is 
realized by aryl derivatives of bismuth1, lead1c, 2, iodine1a,b, 3 and some other heteroatoms1a, b. 
These processes are believed to take place through arylheteroatom-substrate intermediates (Scheme 
4), which subsequently undergo a reductive elimination-type reaction to afford the α-arylation 
product and organometallic compound, containing the heteroatom in reduced oxidative state1a, 4. 

 

 

 

 
 

Scheme 1 
Ethyl 2-oxocyclohexanecarboxylate 3 and 2-naphthol 4 were the two substrates used to study the 

behaviour of the new bismuth derivatives 1 and 2 in these reactions under basic conditions. It was 
showed before that for the non-symmetrical triarylbismuth carbonates of p-PhnAr3-nBiCO35 (n = 
1, 2; Ar =  p-NO2C6H4, p-MeC6H4 and p-MeO C6H4) type and for unsymmetrical 
tetraarylbismuthonium salts6 - Ph3ArBiX (Ar = p-MeC6H4 and p-MeOC6H4), the migratory order 
of the aryl groups in the C-arylation reactions is the following: p-NO2C6H4 >> C6H5 > p-MeC6H4 
> p-MeOC6H4. This sequence shows that electronic factors are playing an important role in the 
bismuth-mediated C-arylation reactions. As the ortho-methoxymethyl substituted phenyl group has 
almost the same magnitude of the Hammett constant as a phenyl group7 , the 2-
methoxymethylphenyl fragment should exhibit a migratory ability similar to that of a phenyl group. 
Moreover, our recent studies showed that mono-ortho-substitution of aryl groups in triarylbismuth 
diacetates and dichlorides does not strongly alter the efficiency of Bi-mediated C-, N- and O-
arylation reactions8. 

However, the reactions of the bismuth reagents 1 and 2 with the �-ketoester 3 in the presence of 
tetramethylguanidine (TMG) afforded exclusively the �-phenylation product 5 which was isolated 
in a good yield (Scheme 2 and Table 1). No � -arylation product 6 was observed. 

 

 

 

 

 
Scheme 2 
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In the reactions of the bismuth reagents 1 and 2 with 2-naphthol 4 (Scheme 3) the inversion of 
selectivity was observed (Table 1).  

 

 

 

 

 
Scheme 3 

 
Thus, the application of organobismuth compound 1 gave 46 % yield of the phenylation 

derivative 7 which was accompanied by arylation product 8 isolated in 47 % yield. In the case of 
dichloride 2, containing two 2-methoxymethylphenyl groups, the yield of arylated product 8 was 
raised to 91 % (Table 1).  

Table 1. Arylation reactions of the substrates 3 and 4, using the organobismuth reagents 1 
and 2 under basic conditions 

Substrate Bi(V) derivative  Products (%) 
3 1 5 (59) 
3 2 5 (28) 
4 1 7 (46), 8 (47) 
4 2 7 (9), 8 (91)  

 
To explain the different regioselectivity of the C-arylation reactions of organobismuth 

compounds 1 and 2 with ethyl 2-oxocyclohexanecarboxylate 3 and 2-naphthol 4 substrates the 
quantum chemical studies were performed. All our calculations were done at the 
B3LYP/LANL2DZ (5d, 7f) level9 of theory. Optimization of initial geometries was made using 
semi-empirical PM3 method10. The choice of the method is forced by complexity of the system 
under study, availability of parameters in the method for the large number of elements in particular 
for Bi, and good quality of results obtained by this method for Bi-containing compounds11. We 
used standard variant of GAUSSIAN 03W software12.  

The calculations were carried out in the case of the agent 1. The decreasing of the number of the 
methoxymethylphenyl groups simplifies the calculations and in addition the results of the agent 1 
and agent 2 usage correlate being aggravated by statistical reasons as indicated in the Table 1. 

Optimized geometries and calculated energies of the reagents, products and the intermediates 
assumed are shown in Figure 1 and Table 2.  

The energy characteristics of phenylation and arylation for both substrates (∆H = ΣEtotal(final 
products) - ΣEtotal(reagents), Eb = ΣEtotal(intermediate products) - ΣEtotal(reagents)) and 
geometries of the intermediates show indeed the possibility of realization of the diverse reaction 
pathways (Figure 2). 

In the case of �-ketoester 3 we can assume that phenylation and arylation both are exothermic, 
having ∆H1(phenylation) = -13.9 kcal M-1 and ∆H2(arylation) = -9.3 kcal M-1. Thus, the 
phenylation is more favourable thermodynamically than the arylation. The reaction proceeds via 
Int1 and has an energy barrier of 6.2 kcal M-1 (Eb1). In the intermediate Int1 methoxymethyl and 
the carboxylate groups do not push away each other (the methoxymethylphenyl group is far from 
the substrate). Geometry of this intermediate shows the best correlation with phenylation. Really 
distances between atom C5 (carbon atom of substrate) and atoms C2, C3, C4 (carbon atoms of 
phenyl and aryl groups) are R(C5-C2) = 5.188, R(C5-C3) = 4.495 = Rmin (the minimum value), 
R(C5-C4) = 5.185 (Å). Obviously phenyl group containing atom C3 is more preferable group for 
coupling. The advantage over competing groups is represented as the difference of distances 
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between coupling atoms: ∆1 = R(C5-C2) – R(C5-C3) = 0.693 Å, ∆2 = R(C5-C4) – R(C5-C3)  = 
0.690 Å. 

For 2-naphthol 4 we can state that both phenylation and arylation are exothermic too, having 
∆H3(phenylation) = -15.2 kcal M-1, ∆H4(arylation) = -26.9 kcal M-1. Thus, the arylation is more 
favourable thermodynamically than the phenylation. The reaction proceeds via Int2 and has an 
energy barrier of 4.5 kcal M-1 (Eb2). Geometry of the intermediate agrees with the arylation 
mostly. Distances between atom C5 (carbon atom of substrate) and atoms C2, C3, C4 (carbon atoms 
of phenyl and aryl groups) are R(C5-C2) = 3.907, R(C5-C3) = 5.330, R(C5-C4) = 3.697 (Å) = 
Rmin (the minimum value). Aryl group containing atom C4 is in the advantage-ground for 
coupling. The advantage over competing groups is revealed by the difference of distances between 
coupling atoms: ∆1’ = R(C5-C2) – R(C5-C4) = 0.210 Å, ∆2’ = R(C5-C3) – R(C5-C4) = 1.633 Å. 

In the reactions of the bismuth reagents with the substrate 3 the only product of phenylation was 
isolated. An arylation product was absent. The inversion of the selectivity was observed for the 
substrate 4. The arylation product dominates, and although phenylation is possible but it is generally 
less preferable. The results can be explained by smaller energy barrier of the reaction with 2-
naphthol 4. ∆Eb = Eb1 – Eb2 = 1.7 kcal M-1. Indeed, as a rule, the slowest reactions with the 
highest energy barrier show to be more selective at the same time.  

From the above one can draw the following conclusions. The factors that can control 
regioselectivity are thermal effects of the reactions and stabilities of the intermediates. Calculation 
of the thermal effects shows that observed processes are more favourable thermodynamically. 
Difference of energy barriers is also in conformity with experimental data. In the case of considered 
reactions thermodynamic and kinetic factors are in accordance.  

To the best of our knowledge, this work is one of the few computational study of the reaction of 
the bismuth’s derivatives, particularly using DFT level. Most studies devoted to the use of 
bismuth’s derivatives are synthetically driven, only the themes and proposals for the mechanistic 
rationale have been discussed. The BiH5 has been studied (ab initio calculations) but the reports are 
very scarce13, 14. However, our work left unanswered some questions related to the transition 
states of the reactions. We did not find transition states between reagents and intermediates and 
between intermediates and final products. These questions are a subject of ongoing work and it will 
be reported elsewhere. 

Table 2. Total energies of substances involved in our discussion 
Species Total energy, a.u. 

1   -883.997795 
3 (activated form)   -576.426942 
4 (activated form)   -460.486030 

Int1 -1445.416322 
Int2 -1329.478148 

5    -807.996809 
6    -961.791437 
7    -692.057984 
8    -845.878464 

Pr1 (Ph2BiCl)   -483.649541 
Pr2 (ArPhBiCl)   -637.451526 

Nu (Cl-)     -14.998633 
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Int1 

A trigonal bipyramidal. 
More electronegative atoms 
such as chlorine and oxygen 
tend to occupy the axial 
positions, as is predicted 
from the hypervalent 
theory11. The aryl groups 
occupy the equatorial 
positions and adopt the 
propeller orientation. The 
methoxymethylphenyl group 
is far from the substrate and 
the groups do not push away 
each other. The geometry 
predicts possibility of 
proceeding of the 
phenylation via considered 
intermediate.  

 
Int2 

The 
methoxymethylphenyl group 
and the substrate draw 
together. The geometry 
predicts possibility of 
proceeding of the arylation 
via considered intermediate 

Figure 1. Geometries of intermediates  
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Substrate 3 

 
Substrate 4 

Figure 2. Pathway of the reactions 
 
 
 

IVTN-2006: / 30.03.06  db06_70_e.pdf      #5 



Acknowledgement :  A. Yu. Fedorov thanks CNRS, the Russian Foundation for Basic Research 
(RFBR grant N° 02-0333021). J.-P. Finet, S. Combes and A. Yu. Fedorov also thank the INTAS for 
funding (project 03-51-4915). B. A. Maryasin expresses his gratitude to Professor Yitzhak Apeloig, 
Dr. Miriam Karni and Mrs. Monika Kosa for very useful discussions. The authors are also grateful 
to the Lise Meitner – Minerva Center for Computational Quantum Chemistry (Technion-Israel 
Institute of Technology, Haifa, Israel) for generous permission to use computational facilities and 
programs. 

Literature 
1. (a) Finet, J.-P. Ligand Coupling Reactions with Heteroatomic Compounds, Pergamon 

Press, Oxford, 1998; 291. (b) . Finet, J.-P; Fedorov, A. Yu.; Combes, S.; Boyer, G. Curr. 
Org. Chem. 2002, 6, 597-626.  (c)  Elliott, C. I.; Konopelski, J. P. Tetrahedron 2001, 57, 
5683-5705. 

2. (a) Pinhey, J. T. In comprehencive Organometallic Chemistry II, Abel, E. W.; Stone, F. 
G. A.; Wilkinson, G. Eds., Pergamon Press: Oxford, 1995, Vol. 11, 461-485; (b) Kano, 
T.; Saito, S. In Main Group Metals in Organic Synthesis I, Yamamoto, H.; Oshima K. 
Eds., Wiley-VCH, Weinheim, 2004, Vol. 2, 721-751. 

3. Grushin, V. V. Chem. Soc. Rev. 2000, 29, 315-324.. 
4. (a) Morgan, J.; Pinhey, J. T. J. Chem. Soc., Perkin Trans. 1 1993, 1673-1676; (b) 

Combes, S.; Finet, J.-P. Tetrahedron 1999, 55, 3377-3386; (c) Ochiai, M.; Kitagawa, K.; 
Toyonari, M. Arkivoc, 2003, 6, 43-48; (d) Fedorov, A. Yu.; Finet, J.-P. Eur. J. Org. 
Chem., 2004, 2040-2045. 

5. Barton, D. H. R.; Bhatnagar, N. Y.; Finet, J.-P.; Motherwell, W. B. Tetrahedron 1986, 42, 
3111-3122. 

6. Matano, Y.; Miyamatsu, T.; Suzuki, H. Chemistry Lett. 1998, 127-128. 
7. Hansch, C.; Leo, C.; Taft, R. W. Chem. Rev. 1991, 91, 165-195. 
8. Fedorov, A.; Combes, S.; Finet, J.-P. Tetrahedron 1999, 55, 1341-1352. 
9. (a) Becke, A. D. J. Chem. Phys. 1993, 98, 5648-5642. (b) Stephens, P. J.; Delvin, F. J.; 

Chablowski, C. F.; Frisch, M. J. J. Phys. Chem. 1994, 98, 11623-11627; (b) Hertwig, R. 
H.; Koch, W. Chem. Pys. Lett. 1997, 268, 345-351; (d) Wadt, W. R.; Hay, P. J. J. Chem. 
Phys. 1985, 82, 284-298. 

10. Stewart, J. J. P. J. Comp. Chem. 1989, 10, 209-220. 
11. Suzuki, H., Matano, Y. Organobismuth Chemistry; Elsevier, Amsterdam, 2001. 
12. Gaussian 03, Revision B.05, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, 

M. A. Robb, J. R. Cheeseman, J. A. Montgomery, Jr., T. Vreven, K. N. Kudin, J. C. 
Burant, J. M. Millam, S. S. Iyengar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. 
Scalmani, N. Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota, R. 
Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, M. Klene, 
X. Li, J. E. Knox, H. P. Hratchian, J. B. Cross, C. Adamo, J. Jaramillo, R. Gomperts, R. 
E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, P. Y. 
Ayala, K. Morokuma, G. A. Voth, P. Salvador, J. J. Dannenberg, V. G. Zakrzewski, S. 
Dapprich, A. D. Daniels, M. C. Strain, O. Farkas, D. K. Malick, A. D. Rabuck, K. 
Raghavachari, J. B. Foresman, J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. 
Cioslowski, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. L. Martin, 
D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara, M. Challacombe, P. 
M. W. Gill, B. Johnson, W. Chen, M. W. Wong, C. Gonzalez, and J. A. Pople, Gaussian, 
Inc., Pittsburgh PA, 2003. 

13. Moc, J.; Morokuma, K. J. Am. Chem. Soc. 1995, 117, 11790-11797. 
14. Schwerdtfeger, P.; Heath, G. A.; Dolg, M.; Bennett, M. A. J. Am. Chem. Soc. 1992, 114, 

7518-7527. 
 

IVTN-2006: / 30.03.06  db06_70_e.pdf      #6 


