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ABSTRACT

The ene reaction of 4-methyl-1,2,4-triazoline-3,5-dione (MTAD) with phorone-d6 (5-d6) shows an inverse â-secondary isotope effect and with
mesityl oxide-d3 (7-d3) proceeds with 93% syn selectivity. These results are consistent with a mechanism involving the formation of an aziridinium
imide intermediate in the rate-determining step. An open biradical or dipolar intermediate is excluded by them.

The ene reaction of triazolinediones (RTAD, R) methyl or
phenyl) with akenes has attracted considerable mechanistic
and theoretical attention.1-10 For simple alkenes, among the
various mechanistic pathways (Scheme 1), the formation of

an aziridinium imide type intermediate, AI, via a stepwise
mechanism is the most popular and has found much
experimental1-8 and theoretical9 support.

The AI1,2 and the analogous perepoxide11 intermediates
were established by using Stephenson’s tetramethylethylene-
d6 isotope effect test.12 That mechanism provided a reason-
able explanation for the isotope effects found in the reaction
of PTAD with tetramethylethylenes-d6

1 andcis-2-butene-d3
2

(Scheme 2). For example, large intramolecular isotope effects

were found in reactions of PTAD withcis-related methyl
and deuteriomethyl groups in compounds1 and2, whereas
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Scheme 1. Proposed Intermediates for Triazolinedione Ene
Reactions

Scheme 2. Reported Isotope Effects in the PTAD Ene
Reaction with Tetramethylethylenes-d6 andcis-2-Butene-d3
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only a small isotope effect was observed withtransgroups
in compound3 (Scheme 2). Later on, the AI intermediate
was also observed spectroscopically.13-15

The AI intermediate was challenged recently by Singleton
and Hang10 on the basis of experimental and theoretically
predicted isotope effects, as well as transition state energy
profiles. They proposed an open biradical as the key
intermediate in the rate-determining step of the ene reaction.
Its barrier to rotation for certain substrates was calculated
to be slightly higher (1-2.5 kcal) than the calculated energy
of hydrogen abstraction through the ene mode; thus rotation
around the previous alkene double bond is restricted.
According to that mechanism (Scheme 3), biradical inter-

mediates4H and 4D should not compete for H or D
abstraction, and no primary isotope effect should have been
expected in the second fast step of this reaction. However,
to rationalize the large primary isotope effects found earlier
for tetramethylethylenes-d6

1 andcis-2-butene-d3,2 compounds
1 and 2, a fast equilibration of biradical intermediates4H

and4D with an AI intermediate was proposed. Furthermore,
the biradical intermediate retains the stereochemical integrity
of the AI, since lamination around the C-N bond was also
calculated and found to be restricted. Thus, the geminal
methyl and deuteriomethyl groups in alkene3 become
noncompetitive in the corresponding biradicals. As a result,
such a biradical intermediate that carries on well-defined

stereo and energy requirements cannot be excluded by
Stephenson’s isotope effect test.

To test this new biradical mechanism, we decided to isolate
the geminal methyl from the deuteriomethyl groups in
tetramethylethelene-d6 by the intervention of a carbonyl
functionality (Scheme 4). For this purpose, 2,6-dimethyl-

hepta-2,5-diene-4-one-1,1,1,2′,2′,2′-d6 (phorone-d6, 5-d6) was
prepared by aldol condensation between the kinetic enolate
of mesityl oxide and acetone-d6 and subsequent dehydration
of the resultingâ-keto alcohol{GC-MS (C9H8D6O) m/z (%)
144 ([M+], 15)}. Reactions of PTAD with a series of
conjugated enones,R,â-unsaturated esters and lactones, have
been reported earlier. However, the proposed mechanisms
were not clear.16-18

Unlike the tetramethylethylene-d6 test,12 phorone-d6 fulfills
the requirement that the two pairs of geminal methyl groups
(protio and deuterio) will not be competitive in the second
H or D abstraction step. It is assumed that the reaction is
irreversible, like the reactions of simple alkenes. This
requirement should hold, even in the case that a fast
equilibration of the proposed biradical intermediate with the
AI intermediate applies.

Phorone-d6 reacts with MTAD in a 1:1 molar ratio at
ambient temperature. This reaction gave exclusively the ene
adducts in a variety of solvents (Scheme 4). When the
reaction was carried out in MeOH, some unidentified
byproducts, most probably MTAD-MeOH adducts, were
formed. Solvent polarity did not affect substantially the
relative reaction rates, judging from the1H NMR analysis
of ene product formation (reactions were completed between
12 and 14 h). In all cases, the reaction products were purified
by flash column chromatography, by using a mixture of
hexane/ethyl acetate (2:1) as eluent. The1H NMR spectra
of the ene adducts were taken in deuterated benzene as
solvent{HRMS (MALDI) calcd for C12H11D6O3N3Na [M
+ Na+] 280.1533, found 280.1541}.
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Scheme 3. Proposed Biradical Mechanism

Scheme 4. Intramolecular Secondary Isotope Effect in the
Addition of MTAD to 5-d6
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Whereas tetramethylethylene-d6, (substrate1, Scheme 3),
gave a 5.6kH/kD isotope effect, phorone-d6 gave no primary
isotope effect. Instead a substantialâ-secondary isotope effect
was found in a variety of reaction solvents. These results
are summarized in Table 1.

The inverse isotope effect,kH/kD, is the result of an
intramolecular isotopic competition between the two double
bonds (d0 and d6, Scheme 4) of phorone-d6, and was
proportional to the ratio of6H/6D adducts. It was measured
by 1H NMR integration of the methyl group of6H at 1.60
ppm and methyl groups of6D at 1.33 and 1.98 ppm, (Figure
1).

To rationalize these results, two mechanistic possibilities
are presented in Scheme 5: (a) an AI intermediate (A) and
(b) a dipolar or a biradical intermediate (B). The absence of
a primary isotope effect indicates the irreversible formation
of an intermediate. This intermediate, AI or biradical/dipolar,

was formed in a rate-determining step and preceded the H
or D abstraction mode. Because the two sets of the methyl
groups in5-d6 (protio and deuterio) are separated by the
carbonyl functionality no intramolecular competition is
allowed, in the second, H or D abstraction step of the ene
reaction. Furthermore, the substantial inverseâ-secondary
isotope effect found consistently in these solvents (Table 1),
excludes the formation of a biradical or a dipolar transition
stateTSR in a rate-limiting step. In transition stateTSR,
leading to a dipolar intermediate, the hyperconjucative effect
involving the six hydrogen atoms in one double bond
(terminal protio methyl groups) of5-d6, versus the six
deuterium atoms in the other double bond (terminal deuterio
methyls), is expected to give a normal and largeâ-secondary
isotope effect (kH/kD ≈ 1.05-1.1 per deuterium atom),19 as
found recently in a typical dipolar cycloaddition20 of TCNE
to 2,5-dimethyl-2,4-hexadiene. In the case of a biradical
transition stateTSR, a smaller but still normal isotope effect
is expected (kH/kD ≈ 1.02-1.05 per deuterium atom). It is
important to note here that the well established [2+ 2]
photocycloaddition of enones and dienones to C60 proceeds
via a biradical intermediate.21,22When this reaction was run
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Table 1. Secondary Isotope Effects in the Ene Reaction of
MTAD with Phorone-d6

solvent kH/kD
a

C6D6 0.90 ( 0.05
CDCl3 0.90 ( 0.05
(CD3)2CO 0.87 ( 0.05
DMSO-d6 0.86 ( 0.05
CD3OD 0.88 ( 0.05

a Determined by1H NMR integration of the proper hydrogen signals.

Figure 1. 1H NMR determination ofkH/kD by the integration of
the proper methyl absorptions of products6H and6D. In this case,
the reaction was run in MeOH solvent. The chemical shift of the
methyl groups in6D was assigned by NOE experiments.

Scheme 5. Ene Reaction of MTAD with (Z)-Mesityl Oxide-d3
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with phorone-d6 as the dienone component, a normal
â-secondary isotope effect (kH/kD ≈ 1.1)23 was found. Also,
the formation of thetert-butyl radical from the decomposition
of the perester of pivalic acid24 proceeds with a normal
â-secondary isotope effect of 1.19 (2% per deuterium atom).

Concerning mechanismB, we must emphasize that a
tertiary radical is more stable than a secondaryR-carbonyl
radical.22,25 It is therefore unreasonable to explain the
observed inverse isotope effects by assuming anR-carbonyl
radical formation with simultaneous bond formation between
the nitrogen of PTAD and the disubstituted carbon of
phorone-d6. These results are consonant with a SN2 type
addition of MTAD to one of the double bonds of phorone,
leading to the AI intermediate in the rate-determining step.
In this transition state, the steric interactions in going from
the less crowded ground state (sp2 hybridization) to a more
crowded transition state (sp3 hybridization) would lead to a
substantial inverse isotope effect, as found. Because the
stereoelectronic effects on the two carbons of the double bond
of phorone-d6 are unequal, it is reasonable to assume a
nonsymmetricalTSAI .

To probe this reaction mechanism further and obtain
information on the stereoselectivity of the electron-deficient
enone moiety, the (Z)-mesityl oxide-d3, 7-d3, was prepared
in 96% isomeric purity, by the reaction of (CD3)2CuLi with
the proper phosphate ester.26

The reaction of MTAD with7-d3 was performed in CDCl3

and C6D6 at 25 °C. It showed a remarkable 93%syn
preference (corrected for 100% geometrical purity of7-d3)
for ene adducts formation (Scheme 6).

Thesynstereoselectivity can be rationalized by examining
the possible transition states leading to the major8-synand
minor 8-anti ene products. In thesyn-transition stateTSsyn

and theanti-transition stateTSanti the bond of the allylic
hydrogen or deuterium that is being abstracted must be
perpendicular to the alkene plane. A parallel approach5,27 of
the MTAD to the enone double bond will minimize
electrostatic repulsions developed between the negatively
charged nitrogen of MTAD and the carbonyl moiety of the

enone, as well as between the CdO carbonyl group of
MTAD and the CdO group of enone. Such interactions are
developing during a perpendicular approach. Subsequently,
the MTAD moiety moved enough to interact with each of
the two methyls but was not perpendicular to the former
double bond. In theanti-transition stateTSanti leading to the
minor anti-product, the electrostatic repulsions between the
carbonyl groups of the enophile and the enone are expected
to be stronger than those in thesyn-transition state, leading
to the major ene product, where the electrostatic interactions
between the negatively charged nitrogen and the carbonyl
group of the enone are smaller.

In conclusion, the ene reaction of MTAD with dienone
5-d6 gave a substantial inverseâ-secondary isotope effect
and with mesityl oxide displayedsyn-selectivity. The results
were rationalized by a stepwise mechanism involving the
formation of an aziridinium imide intermediate in the rate-
determining step. An open biradical or dipolar intermediate
fails to rationalize the present results. However, as we pointed
out elsewhere,6 the stability of an AI intermediate and in
some extreme cases its equilibration with its open dipolar
intermediate depends on the particular olefin substrates.
Therefore, the mechanistic information derived from this
study may not be applicable to other substrates.
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Scheme 6. SynSelectivity in the Ene Reaction of MTAD to
(Z)-Mesityl Oxide-d3

Scheme 7. Possible Mechanisms of MTAD Addition to
Phorone-d6
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