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Polysubstituted heterocycles are important compounds widely

used in the pharmaceutical industrxmong the numerous synthetic

methodologies that have been developed to access them, palladium- | |
catalyzed cross-couplings have proven to be one of the most

important synthetic techniques for-C and C-heteroatom bond
formation? Sequential cross-coupling on multihalogenated hetero-

cycles is a particularly attractive strategy for the divergent synthesis

of libraries of compounds, as exemplified by e§ 1.
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However, selective displacement of the halogens is critical to
achieve synthetic utility.In cases where the halogens are different,
the observed selectivity is obviously related to the relative bond
dissociation energies (BDEs) of the respective carbftalogen
bonds, the reactivity following the trend-¢ > C—Br > C—Cl >
C—F. However, the situation is complicated in the case of cross-
coupling reactions of heterocycles bearing multiple identical

halogens. Although in such cases some success was achieved in

predicting the preferred position of coupling using NMR spectros-
copy? the factors that govern the regioselectivity are not well
understood.

For example, the compounds illustrated in Figure 1 show
exclusive regioselectivity at the specific position shown in boldface
under classical cross-coupling conditi¢riehe BDEs shown of the
different carbor-halogen bonds of these compounds were calcu-
lated using B3LYP/6-31G(d), which was found to give reliable
relative BDEs when compared to a benchnfiadne using G3B3.
The factors that control the relative BDEs will be discussed in future
publications; am-aza clearly facilitates CX cleavage.

The differences in BDE at different positions of the heterocycles
cannot account for all observed reaction selectivities (Figure 1).
For example, for 2,3-dibromofurad)( the BDEs are identical, but
exclusive reactivity of the 2-position is observed. Moreover, in the
case of 2,5-dibromo-7-methoxybenzofurdhd&nd 3,5-dichloro-4-
cyanoisothiazolef), the BDE differences are opposite to that of
the experimental selectivities.
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Figure 1. Regioselectivity patterns and BDEs of various heterocycles.
(Bonds in bold represent the position of the first insertion.)
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activation energies are in excellent agreement with experimentally
observed selectivities (see Tablel1}?

In order to understand the factors controlling the oxidative
addition, the energies to distort isolated reactants to the transition-
state geometry (the distortion energy) and the energy of interaction
between these distorted reactants (the interaction energy) were
analyzed. This type of analysis, known as an activation strain model,
has been applied by Bickelhaupt et al. to Pd(0) oxidative additions.

It is related to the deformation/interaction method developed by
Morokuma et al}* which has been elaborated and applied to other
systems?® Distortion energies are also discussed by Guttrighe
decomposition of the activation energy into distortisdEt ) and
interaction energiesAE",) is shown schematically in Scheme 1.

The analysis was carried out on compounds shown in Figure 1,
and the results are summarized in Tabl&-13 have regioselectivity
as expected on the basis of BDEs. Indeed, the relative distortion
energies parallel the relative BDEs. The interaction energies follow

In the overall cross-coupling process, the oxidative addition step the same trend or are nearly identical (e.g., 1,3-dichloroisoquinoline

is generally considered to be the selectivity-determining step. (1)). For most of the compounds, decomposition of the distortion
However, recent studies have also noted the possible reversibility energies into their bending and stretching components confirmed
of the oxidative addition step and importance of the transmetallation that the origin of their difference is due to the stretching of the
step in the regioselectivity outcomieWe have calculated the  C—X bondl” As noted above, the reaction selectivities observed
oxidative addition transition structures for many heterocycles, with compoundst, 5, and6 do not parallel the BDEs; similarly
including those shown in Figure 1. Studies have reported the activethe distortion energies are in the opposite order as activation
Pd(0) species in the cross-coupling process to be either monoligatecenergies or are nearly the san%®. (These compounds have large

(PdL) or bisligated (Pdy).® A simple Pd-bisphosphine model
(Pd(PH)2) was used for our calculatiod® The computed relative
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differences in interaction energies, favoring the regioisomeric
transition state that leads to the observed product. Thus, their

10.1021/ja0757850 CCC: $37.00 © 2007 American Chemical Society
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Table 1. Distortion/Interaction Analysis for Oxidative Addition TS
insertion BDE 9 AF g AE gy
cmpd position? (kcal/mol) AEF (Pd) (Het) AEy
1 1 85.4 12.8 14.0 235 —24.7
3 87.7 16.3 14.6 27.3 —25.5
2 2 86.3 15.3 134 247 —22.8
4 89.5 17.2 14.9 23.3 —21.0
3 2 84.9 14.4 13.4 24.6 —23.6
3 88.6 17.4 14.4 23.9 —20.9
4 2 87.3 7.6 14.0 21.3 —-27.7
5 83.2 13.7 14.1 20.8 —-21.2
5 2 88.9 9.8 12.7 18.7 —21.6
3 88.9 14.0 12.9 19.8 —18.7
6 3 86.7 12,5 13.9 23.4 —24.8
5 91.0 9.1 15.4 19.8 —26.1
aObserved reaction position indicatedhnld.
5
2
1 3
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Figure 2. LUMO of 1 and4.

activation energies are strongly linked to the different interaction
energies.
Both distortion energies and interaction energies may control

regioselectivities. Clearly, the distortion energies are related to the

Scheme 2
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reported a correlation between relative oxidative addition barriers
and the LUMO energies of different aryl substrat®s.

The selectivity in palladium-catalyzed cross-coupling reactions
of heterocycles bearing multiple identical halogens is determined
by both the strength of the carbehalogen bond (related to BDE)
and the LUMO of the heterocycle (related to FMO interactions).
We will report on a predictive model that will enable easy
assessment of the relative BDE and LUMO coefficients in order
to rapidly predict experimental reactivity.
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