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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 bismuthl, leadlc, 2, iodinela,b, 3 and some other heteroatomsla, 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 a-arylation
product and organometallic compound, containing the heteroatom in reduced oxidative statela, 4.
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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 =
I, 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 >> C6HS > 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 reactionsS.

However, the reactions of the bismuth reagents 1 and 2 with the []-ketoester 3 in the presence of
tetramethylguanidine (TMG) afforded exclusively the [1-phenylation product 5 which was isolated
in a good yield (Scheme 2 and Table 1). No [ -arylation product 6 was observed.
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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).
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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 compoundsl1. We
used standard variant of GAUSSIAN 03W softwarel2.

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 (AH = ZEtotal(final
products) - ZXEtotal(reagents), Eb = ZXZEtotal(intermediate products) - XEtotal(reagents)) and
geometries of the intermediates show indeed the possibility of realization of the diverse reaction
pathways (Figure 2).

In the case of [1-ketoester 3 we can assume that phenylation and arylation both are exothermic,
having AHI(phenylation) = -13.9 kcal M-1 and AH2(arylation) = -9.3 kcal M-1. Thus, the
phenylation is more favourable thermodynamically than the arylation. The reaction proceeds via
Int]l and has an energy barrier of 6.2 kcal M-1 (Ebl). In the intermediate Intl 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 (A). 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: Al = R(C5-C2) — R(C5-C3) = 0.693 A, A2 = R(C5-C4) — R(C5-C3) =
0.690 A.

For 2-naphthol 4 we can state that both phenylation and arylation are exothermic too, having
AH3(phenylation) = -15.2 kcal M-1, AH4(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 (A) =
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: A1> = R(C5-C2) — R(C5-C4) =0.210 A, A2’ = R(C5-C3) - R(C5-C4) = 1.633 A.

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. AEb = Ebl — 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 BiHS5 has been studied (ab initio calculations) but the reports are
very scarcel3, 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
Intl -1445.416322
Int2 -1329.478148
5 -807.996809
6 -961.791437
7 -692.057984
8 -845.878464
Prl (Ph2BIiCl) -483.649541
Pr2 (ArPhBICI) -637.451526
Nu (CI) -14.998633
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Figure 1. Geometries of intermediates

A trigonal bipyramidal.
More electronegative atoms
such as chlorine and oxygen
tend to occupy the axial
positions, as is predicted
from the hypervalent
theoryll. 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.

The
methoxymethylphenyl group
and the substrate draw
together. The  geometry
predicts possibility of
proceeding of the arylation
via considered intermediate
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Figure 2. Pathway of the reactions
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