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Olefinic pyrazines are found to react with benzene in CF  3SO3H and give anti-Markovnikov-type addition products. We propose that this is
caused by two effects: destabilization of the carbocationic intermediates that would lead to Markovnikov-type products and the generation of

a considerable amount of positive charge at the terminal carbon of the olefinic groups. This suggests that acid-catalyzed addition reactions

can give anti-Markovnikov-type products when a multiply charged (i.e., superelectrophilic) group is adjacent to the olefinic site.

Superelectrophilic activation was first proposed by Olah and with very weak nucleophiles such as benzére.two of
co-workers to explain the high reactivities of electrophilic these studies, conjugate addition leads to products in which
species in superacidic medi&Vhen dissolved in superacids,

electrophilic reagents such as nitronium salts §NO') and GO CF3803H /\)‘i
acetylium salts (CECO"X") are capable of reacting with CeHs " Fh
exceptionally weak nucleophiles (i.e., alkanes and deactivated on

arenes). Despite having a formal positive charge, these y“oz _OFaS0aH phﬁ?il‘m MeOH ph\)J\CH3 @)
electrophilic reagents can interact with the superacid through CHs CeHe CHs
their nonbonding electron pairs and the superelectrophilic

species are formed (HN® and CHCOH' or partially nucleophilic attack has occurred at the less-substituted
protonated forms). There have been several recent studiegosition of an olefinic group (egs 1 and 2), leading to anti-
in which olefinic superelectrophiles undergo Michael addition Markovnikov addition in one case® Anti-Markovnikov
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addition chemistry has been of general interest since thecarbon and on the pyrazine ring at the 5-position (as well as
concept was first proposed, and most known cases of anti-on the phenyl ring; eq 5).Using alcohol substrates as

Markovnikov addition involve free-radicalphotochemicat,
or transition metal-promoted reactiohdn the following

precursors to cationic intermediates, the pyrazines give both
the expected substitution products, as well as rearrangement

manuscript, we report the superacid-catalyzed reactions ofproducts (Scheme 2). In the case of the 1-hydroxyethyl

olefinic pyrazines with benzene and the formation of anti-

Markovnikov addition products. We also propose a general _

route toward anti-Markovnikov addition products involving
olefinic superelectrophiles.

When vinylpyrazine (1la, R =H) is reacted with the
Bransted superacid GEO;H (triflic acid) and benzene, the
anti-Markovnikov productZa) is formed as the only major
product (Scheme 1). In contrast, 2-vinylpyridine, 1-vinyl-

Scheme 1. Reactions of Olefinic Pyrazines
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imidazole, and 5-vinylthiazole react under similar conditions
to give exclusively the (Markovnikov) addition products
having the 1-phenylethyl group (eq 8Remarkably, the
2-isopropenyl- and the-sytryl-substituted pyrazine&ly and
1c) likewise give the anti-Markovnikov addition products
(2b and 2c, respectively). Although protonation at the
terminal carbon of compountt would generate a benzylic
carbocation center and lead to Markovnikov addition,
compound2c is the only major product.

To further probe this chemistry, an isotopically labeled
derivative (3) was prepared and reacted with &®BH and
CsHs (eq 4). Analysis of the product reveals that th&’C
label is only at the benzylic position. When 2-isopropenyl
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pyrazine (b) is reacted with CESO;D and GDs, the product
5is found to have deuterium incorporation at the methine

(3) Neumann, R.; de la Vera, F.; Bar-On, A.Org. Chem1995, 60,
1315.
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Scheme 2. Reactions of Alcohol$a—c
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pyrazine 6a), the substitution product4) is formed exclu-
sively, while the methyl- and phenyl-substituted pyrazines
(6b—c) give mixtures of the possible products. If product
7cis isolated and redissolved in €FO;H and GHs, it does
not isomerize to producdc.

The above results are consistent with the formation of
tricationic species involving diprotonated and triprotonated
pyrazines. The pKvalues for methylpyrazine have been
estimated to be 1.45 aneb.258 so it is reasonable to assume
that the olefinic pyrazines are completely diprotonated in
the excess superacid (630;H,° H, = —14.1). In order for
deuterium incorporation to occur in the reactiond bfwith
CRSGO:D, the pyrazine must be deuterated at the two
nitrogens and at a ring carbon (forming a trication), since
deuteration at just one ring nitrogen and a ring carbon is
highly unlikely. This suggests a reaction mechanism in which
the diprotonated olefinic pyrazines (8a—c, Scheme 3) are in

Scheme 3. Proposed Mechanism of Addition
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equilibrium with a ring-protonated tricationic species. Tri-
protonation of the pyrazine rings generate the superelectro-
philes (9a—c), and this leads to the formation of positive
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charge on the less-substituted position of the olefinic groups. of the highest occupied molecular orbitals (HOMOSs) of
The incoming nucleophile (§ls) then reacts at the less- benzene and cyclohexane. Free-radical chemistry is well
substituted position, and subsequent protonation gives theknown to produce anti-Markovnikov addition products, so
anti-Markovnikov addition product2&—c). In the addition  to determine if radical cations are involved in the chemistry
reaction betweeb and CESO;D with CsDs (eq 5), there of the vinyl pyrazines, CIDNP experiments were done. For
is incomplete deuterium incorporation onto the pyrazine ring, example, 4-(3-phenylpropyl)pyridind2) was reacted with
suggesting that the addition reaction is occurring at a fastervinylpyrazine (1a) in triflic acid (eq 8) as a completely
rate than protonation of the pyrazine ring. This leaves open homogeneous liquid phas&When the reaction is followed
the possibility of an alternative mechanism involving proto- by 'H NMR at 25°C, no CIDNP signal enhancements or
solvation of the olefin group with concominent nucleophilic absorptions are observed. The reaction betwigkand 1a,
attack by the arene nucleophile, ang8etype mechanism  however, gives the expected addition produd)(in good
(eq 6)° Deuterium incorporation could then occur in a

secondary reaction at the pyrazine ring. The alcohol sub- [NjA\ ©/\/\© CF3S0H
+
N/ ~N (8)
1a 12

E+ R HOTE H RHOTf N | \N
X : N\ > =
[ J&—’ [ J ®) [ P 13 78%
’}'+ "“+ CgHg N
H H
. yield. While the failure to observe CIDNP effects cannot
it R . rigorously exclude the possiblity of SET mechanisms and
[ j/%Hs o [ jAkCHS AN - radical intermediates, it should be noted that a SET mech-
4N \ anism between a trication (likga) and the protonated form
P 100 " tac of 12 would produce a pair of radical dications from a SET

pathway. Although dimerizations of radical cations have been
strates give two types of products: direct substitution reported previously; there are no known examples of
products (7a—c) and the addition-type producBa-c; dimerizations involving radical dications. The present results
Scheme 2). These results can be explained by assuming thaguggest that long-lived radical intermediates are not present
the pyrazine rings are doubly protonated and an oxoniumin the reaction ofla and 12 and, consequently, SET
ion is formed by protonation of the hydroxy group (eq 7). mechanisms are not involved in the reactions of the olefinic
The resulting tricationsl0a—c) can either undergo direct pyrazines (1a—c).
nucleophilic attack by benzene or dehydration leading to a  On the basis of the preliminary results described above, it
highly unstable carbocatiori{a—c). Deprotonation then is clear that the doubly charged pyrazine ring plays an
gives intermediate8a—c leading to the anti-Markovnikov ~ important role in the protonation equilibria and the regio-
addition products. Despite having the favorable resonancechemistry of nucleophilic attack. Moreover, this chemistry
stabilization, the phenyl-substituted carbocatibhd rapidly provides further evidence that superelectrophilic activation
undergoes deprotonation leading to the olefio)(and the can be the basis for Michael addition leading to anti-
addition product Zc). This suggests that the doubly pro- Markovnikov-type products. When the earlier studies involv-

tonated pyrazine ring exerts a powerfldstabilizingeffect ing acrylic acid and 2-nitropropene are also considered, these
on the adjacent carbocationic center. We believe that this is
the basis for the anti-Markovnikov addition involving the oH" . oH
olefinic pyrazines. \[/N*OH \forOH ©
There has been a recent suggestion that some reactions of CHa CHs
superelectrophiles may occur by single electron transfer .
(SET) pathways on the basis of the results of quantum \)C’IL +\;\H+ (10)
mechanical calculatiod$ These computational studies showed OHz OHe

that the lowest unoccupied molecular orbitals (LUMOS) of . N
several dicationic electrophilies were energetically below that Systems all have a considerable amount of positive charge
generated at the terminal (less-substituted) carbon (eqs 9 and
(7) Assignment of the regiochemistry of deuteration was basetHon 10)4 This causes nucleophilic attack to occur at the terminal

NMR, 13C NMR, HETCOR, and mass spectral data, see Supporting carbon, leading to formal anti-Markovnikov addition in the
Information. Further comparisons were made with published NMR data of ; ;
an alkylpyrazine, see: Cox, R. H.; Bothner-By, A. APhys. Cheml968 case of acryllc acid.

72, 1646.
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In summary, olefinic pyrazines are found to react with nucleophiles, but our results show that it can also be the
benzene in C§50:H and give anti-Markovnikov-type ad-  basis for unusual regiochemistry. Further studies are in
dition products. We propose that this is caused by two progress to explore the scope of this type electrophilic
effects: destabilization of the carbocationic intermediates that activation and Michael addition.
would lead to Markovnikov-type products and the generation
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