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A New Look at the Diels ± Alder
Transition State**
Claude Spino,* Marc Pesant, and Yves Dory*

In relation to the unexpectedly high reactivity of 2-carbo-
methoxy-1,3-butadiene (1) in Diels ± Alder reactions
(Scheme 1), we recently suggested the presence of a strong
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Scheme 1. Dimerization of 1. The reaction is fast at or below room
temperature.

double-bond character between C2 and C3 in the transition
state (TS).[1] To gain better insight into the mechanism of the
Diels ± Alder reaction, we reconstructed the whole buta-
diene ± ethylene reaction pathway by means of the intrinsic
reaction coordinate (IRC) approach.[2] Then, selected struc-
tures were extracted to obtain their orbitals, geometries, and
energies. We were surprised to witness that the various orbital
interactions do not occur simultaneously during the Diels ±
Alder reaction. The four-electron interaction of symmetric
orbitals (Figure 1, green and red curves) begins well in
advance at a distance of over 3.0 � between the diene and
dienophile.[3] By comparison the two-electron interaction
between the antisymmetric orbitals (blue curve) commences
at a distance near 2.4 �! The reason behind this chronology is
not yet clear. Remarkably though, many of the geometrical
features observed in most (if not all) calculated concerted TS
(Scheme 2) of the ethylene ± butadiene reaction (and indeed
of other systems) reflect perfectly this asynchronicity of
molecular orbital interactions.[4] Shorter C2ÿC3 and longer
C5ÿC6 bonds reflect an advanced HOMOdienophile ± LUMOdiene

interaction, while short C1ÿC2/C3ÿC4 and long forming s

bonds are indicative of an emerging HOMOdiene ± LUMOdie-

nophile interaction.[3] In effect, the long s bonds reflect an early
TS, while the well-developed C2ÿC3 p bond is reminiscent of
a late TS, as we suggested earlier.[1]

Fukui�s frontier molecular orbital (FMO) theory[5] has
proved to be a valuable tool in predicting the rate and
selectivity of organic reactions, in particular pericyclic reac-
tions and cycloadditions.[6] This principle was used to predict

a rippled structure. It has a good resemblance to the Pb phase
observed for lecithin ± water phases.[21]

In conclusion, by contact AFM we directly observed for the
first time a hierarchical formation of structures (bent mole-
cule ± distorted layer ± columnar domain) as a vertical profile
of the microtube membranes.

Experimental Section

Supramolecular vesicle-encapsulated microtubes were prepared with a
weak alkaline aqueous solution of glycylglycine bolaamphiphile 1 (10 mm,
pH� 8).[10] The formation of microtubes with uniform diameter (1.5 ±
2.2 mm) was confirmed by phase-contrast and dark-field light microscopy
(Figure 1b). Droplets (20 ± 30 mL) of the solution containing the micro-
tubes were placed with a pipette on to a clean glass substrate (Matsunami
micro slide glass, precleaned, S-1111) and allowed to air-dry slowly (14 h) in
an electric desiccator (Toyo Living auto dry, type FHO, humidity 15� 5%).
All AFM measurements were performed with a commercial atomic force
microscope (Digital Instruments Inc., Santa Barbara, CA, Nanoscope IIIa)
at room temperature in air. We used the contact-mode AFM with a
microfabricated silicon nitride cantilever (spring constant 0.12 N mÿ1).
Images were recorded in the height or friction mode.
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Scheme 2. Proposed formalism for the orbital interaction in Diels ± Alder
reactions (left) and typical bond lengths calculated for the transition state
(TS) of the Diels ± Alder reaction between ethylene and butadiene. On the
right the bond lengths in the product are shown.

reactivity and selectivity issues in Diels ± Alder reactions
based on the strength of a single MO interaction, the
ªdominantº interaction. However, many reactions appear to
disobey the FMO rules of regiochemistry[3] or reactivity,[7]

including reactions of butadienes with conjugating substitu-
ents at C2 or C3.[1]

After examining Figure 1, we became convinced that the
practice of taking only the dominant FMO interaction into
account when assessing diene ± dienophile reactivities is
groundless in many cases. Our findings suggest two things:
Firstly, the clearly well-developed C2ÿC3 p bond in the TS
should allow conjugating substituents at C2 or C3 or aromatic
systems (as in the o-quinodimethanes) to decrease the energy
of the TS, supporting our earlier argument.[1] Secondly,
predictions based on the energetic state of the initial
HOMOdienophile ± LUMOdiene interaction should be unreliable
because this interaction is very different from that in the
starting reagents. The drawing on the left of Scheme 2
expresses our perceptions of the orbital interactions in the
Diels ± Alder mechanism. We believe that this symbolism
reflects the proper transfer of electrons in concerted [4�2]
cycloadditions, especially those involving symmetrical part-
ners.

The following three sets of experi-
ments highlight some consequences of
our findings in dealing with diene ±
dienophile reactivity. Earlier we had
pointed out that the electron-deficient
diene 1 is as or more reactive than
electron-rich dienes (Scheme 1).[1]

Many other dienes having conjugating
substituents at C2 or C3Ðincluding
cyano, sulfone, and ketone groupsÐ
are also highly reactive toward elec-
tron-deficient dienophiles.[8] Inukai
and Kojima have reported that 2-
cyanobutadiene is more reactive than
isoprene, 2,3-dimethyl-1,3-butadiene,
and 1,3-pentadiene in thermal
Diels ± Alder reactions with methyl
acrylate.[9] This oddity is related to
the well-known dimerization of meth-
yl cyclopentadienylcarboxylate (3) to
Thiele�s ester (4, Scheme 3).[10] Diene
3 a should be more reactive, but only
diene 3 c with the ester functionality in
the 2-position gives an adduct with
dienophile 3 b.

CO2Me CO2Me CO2Me

CO2Me

MeO2C

3a

4

3b 3c

Scheme 3. Dimerization of 3. The reaction is fast at or below room
temperature.

Likewise, diene 7 was similar in reactivity to 5 or 6 with
respect to various electron-poor dienophiles, while its ana-
logue 8, having the oxo group attached to C1, could not
compete at all with any of the former dienes, including 7. From
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a FMO stand point, 7 and 8 should have displayed a similar
reactivity.[6a] Moreover, dienes 8 and 9 competed for one
equivalent of N-methylmaleimide to give a 45:55 mixture of

∆E (HOMOdienophile-LUMOdiene)         d(C1-C6)/A°

∆E (HOMOdiene-LUMOdienophile)
∆E [(HOMO–1)diene-HOMOdienophile]

Figure 1. Energy profiles (approximately to scale) and chronology of orbital mixing for the three occupied
p orbitals during the Diels ± Alder reaction between butadiene and ethylene. For clarity, the total energy is
not included.
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adducts favoring reaction with 9. Dienes 7 and 9 are reactive
because the conjugating ketone at the 2- or 3-position will
decrease the overall energy of the TS through its capacity to
stabilize the developing cycloadduct p bond.

In the same vein, many electron-poor dienes reacted
exclusively with electron-poor dienophiles even in the pres-
ence of electron-rich dienophiles. This has been previously
demonstrated with diene 1,[1, 11] but the trend held for many
electron-poor dienes, for example 7 ± 9. In fact, for each of
these three dienes, the reaction rate increased significantly
with increasing electron deficiency of the dienophile (tet-
racyanoethylene>maleic anhydride>methyl vinyl ketone>
ethyl vinyl ether).

The inability of the FMO theory to explain these cases may
come from the fact that the dominant interaction is the
HOMOdienophile ± LUMOdiene interaction, leading to the cyclo-
adduct p bond. As we said, predictive arguments based on the
energetic state of the starting materials in this case is at least
partly invalid. Therefore, the energy difference between the
ground-state HOMOs of the electron-poor and the electron-
rich dienophiles (ca. 2 eV)[6a] has a reduced significance
in the TS. Still, why would electron-poor dienophiles be
preferred? We suggest it is because electron-poor dienophiles
provide an energetically lower lying LUMO (often by
more than 3.0 eV).[6a] This results in a stronger HOMOdiene ±
LUMOdienophile interaction, which should be more influential
for the energy of the TS than the HOMOdienophile ± LUMOdiene

interaction (despite its larger energy gap). This may also
explain why Diels ± Alder reactions with inverse electron
demand are generally slower and more sluggish than normal
Diels ± Alder reactions.[12]

Lastly, and perhaps more convincingly, we have observed
that electron-poor dienes react readily with electron-rich
dienes in cross-Diels ± Alder reactions to give exclusively the
normal Diels ± Alder cycloadducts. From unrelated examples
in the literature, as well as our own work, we could find almost
no exceptions to this rule (Scheme 4).[8b, 13] Reactions with 18
(R�Ar) or 9 constitute rather convincing examples, when
one considers that the Diels ± Alder cycloaddition is sensitive
to sterically demanding groups on the dienophile. Also
impressive are the examples with compounds 13, 16, and 18
in which the a,b-unsaturated ketone is held in a cisoid
conformation and should have an advantage as a diene.[13a-c]

These cross-cycloaddition experiments offer unambiguous
evidence since the dominant orbital interaction involves the
same MOs in either electronic sense. However, in the normal
reactions the dominant orbital interaction is HOMOdiene ±
LUMOdienophile, while in the sense of inverse electron demand
the same orbitals are involved in the HOMOdienophile ±
LUMOdiene interaction (Scheme 5). We conclude that the
dienes will inherently prefer the cross-reaction path with the
smaller HOMOdiene ± LUMOdienophile energy gap, that is, the
normal Diels ± Alder pathway. Thus, the dienes minimize the
energy of the TS by maximizing the strength of the interaction
playing the predominant role in the relative rate of the
reaction.

Finally, o-quinone methide (29) reacted with isoprene to
give a product of a Diels ± Alder reaction with inverse
electron demand (Scheme 4).[14] The developing aromatic
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Scheme 4. Examples of cross-Diels ± Alder reactions; in each case the
cycloadduct shown is the exclusive product. TMS�Me3Si.

character of the quinone methide ring caused by the strong
double-bond character between C2 and C3 in the TS over-
powers any stabilizing effect from MO interactions. The high
reactivity of o-quinone dimethides with electron-poor, elec-
tron-rich, or even unactivated dienophiles must be due to that
same phenomenon. This notion has never been formally
proposed before because it conflicts with the accepted idea of
an aromatic and ªearlyº TS for the Diels ± Alder reaction.

Our discovery changes and complements the current FMO
treatment of the Diels ± Alder reaction as pertaining to the
reactivity of diene ± dienophile partners. Our model should
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Kinetic and Thermodynamic Control in
Self-Assembly: Sequential Formation of
Linear and Circular Helicates
Bernold Hasenknopf, Jean-Marie Lehn,*
Nedjia Boumediene, Emmanuelle Leize, and
Alain Van Dorsselaer

The self-assembly of polynuclear metal coordination com-
pounds has been very actively investigated in recent years, in
particular that of complexes presenting a helical arrangement
of ligand strands.[1±3] Whereas most of these helicates present
linear axes, circular helical architectures have also been
reported.[4±6] We recently described the self-assembly of
circular helicates based on the octahedral coordination of
three tris-bipyridine ligands such as L (see Figure 1) with
iron(ii) ions.[4, 5] On the other hand, with nickel(ii) ions ligand
L had earlier been found to lead to the formation of a complex
presenting a triple-helicate structure.[7] Thus, the same ligand
yields two different architectures with two metal ions that
display the same coordination geometry. In view of these
intriguing results we decided to follow more closely the self-
assembly process, in order to gain insight into the structural,
mechanistic, and physicochemical factors that may be at play.

In particular, whereas in the self-assembly of both synthetic
and biological systems the thermodynamic product is usually
formed (and should finally result in reversible equilibrium
conditions), kinetic products may also be obtained if the shape
of the energy hypersurface is such that the system becomes
trapped in local minima. Indeed, self-assembly[1] is evidently a
time-dependent process, and it may thus display kinetic
control.
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Scheme 5. The dominant interaction in cross-cycloaddition experiments
leads to different orbitals in the final cycloadduct depending on the
reaction path.

prove useful in predicting more accurately the reactivity of
dienes and dienophiles. It will likely have repercussions on
predictions of the regio- and stereoselectivity of the process as
well.
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