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Quantum chemical calculations were used to characterize [4,5] sigmatropic shifts in systems containing
butadiene and pentadienyl substructures. Cationic, anionic, and radical systems with various tethers
connecting these substructures were examined. In many cases, concerted [4,5] sigmatropic shifts with
asynchronous bond making and breaking events were observed. The fundamental connections between
[4,5] sigmatropic shifts and (5þ4) cycloadditions are highlighted.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The synthesis of compounds containing concatenated cyclo-
butane rings (ladderanes) has long stood as a daunting synthetic
challenge.1,2 Surprisingly, it has been shown that certain bacteria
can produce lipids with three or five concatenated cyclobutane
ringsdthe so-called ladderane lipids (structure 1 is an example of
one type of naturally occurring [5]-ladderane lipid)1,3dbut the
biosynthetic processes that lead to these highly strained systems
have not yet been characterized.
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We have been using quantum chemical computations to probe
mechanisms for ladderane formation.1,4,5 While examining one
possible pathway to [5]-ladderanes, we discovered a trans-
formation that appears to involve a cationic [4,5] sigmatropic shift
(Fig. 1).5 This reaction involves eight rearranging electrons and the
Woodward–Hoffmann orbital symmetry rules6 would therefore
predict that, under thermal conditions, this rearrangement will
only be allowed for a suprafacial/antarafacial geometry. Nonethe-
less, the cationic sigmatropic shift shown in Figure 1 is concerted,
but involves a transition state structure with a suprafacial/supra-
facial geometry. At first, this appears to be a violation of the orbital
symmetry rules. However, the bond breaking and making events
involved in this process occur quite asynchronously.7 The breaking
s C–C bond is only 1.60 Å long in the transition state structure while
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the forming s bond is 2.18 Å long, a reasonable distance for
a forming s C–C bond.8 Figure 2 shows the results of an intrinsic
reaction coordinate (IRC, see Section 2) calculation from the tran-
sition state structure toward the product shown in Figure 1. The
first structure shown as we travel from the transition state struc-
ture toward the product has a newly forming bond length of 1.69 Å,
much shorter than the 2.18 Å distance in the transition state
structure, while the breaking C–C bond, which was 1.60 Å long in
the transition state structure, has only elongated to 1.64 Å. Clearly,
bond formation largely precedes bond breaking. The Woodward–
Hoffmann rules were intended to be applied to systems with cy-
clically delocalized transition state structures,6 and in the reaction
shown in Figure 2, the cyclic delocalization appears, at all points
along the reaction coordinate, to be minimal at best. We therefore
do not consider this reaction to be in violation of the orbital sym-
metry rules.
Figure 1. Computed (B3LYP/6-31G(d)) structures involved in an apparent cationic [4,5]
sigmatropic shift. Select distances are shown in angstroms.
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Figure 3. Computed (B3LYP/6-31G(d)) structures involved in the cationic [4,5] shift
with one ethylene bridge removed. Selected distances are shown in angstroms. This
IRC plot was constructed from two IRC runs: Pt. 55 represents the last point obtained
in the first IRC calculation; the IRC calculation was then continued from Pt. 55 to in-
termediate E.

Figure 4. Computed (B3LYP/6-31G(d)) structures involved in the cationic [4,5] shift of
the ‘parent’ system. Selected distances are shown in angstroms.

Figure 2. Intrinsic reaction coordinate (IRC) connecting the transition state structure
and the product from Figure 1 (B3LYP/6-31G(d)). Structures of selected points along
the IRC are shown, with selected distances in angstroms. Structures in boxes are fully
optimized stationary points corresponding to the transition state structure and the
minimum structure obtained from optimization of the last point of the IRC. Relative
energies, without zero point energy corrections, are shown in kcal/mol.
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Having discovered this unusual rearrangement, we were curious
as to whether concerted cationic [4,5] sigmatropic shifts would be
possible for simpler systems lacking ladderane tethers. Herein, we
describe how concertedness and synchronicity for this rearrange-
ment are affected by a variety of different tethers and we examine
the effects of electron count by also looking at anionic and neutral
(radical) analogs.

2. Methods

All calculations were performed using the GAUSSIAN03 suite of
programs.9 Geometries were optimized at the B3LYP/6-31G(d)10

level of theory. All stationary points were characterized by fre-
quency analysis. Some intrinsic reaction coordinate (IRC)11 plots
were constructed from multiple IRC calculations. For each system,
minima A and E were obtained by optimization of the last point
located in a given IRC calculation (generally with max points¼100).
For cases in which multiple IRC calculations were performed to
construct a single reaction path, wavy lines indicate the points
where the results of two IRC calculations were joined. Structural
drawings were produced using Ball & Stick.12

3. Structural variations

3.1. Removing rings

To see if the four-membered ring that acts as a tether for the
cationic [4,5] sigmatropic shift shown in Figure 1 has a significant
influence on the mechanism of this reaction, several alternative
tethers were explored. First, the system was truncated to that
shown in Figure 3. For this system, a concerted [4,5] sigmatropic
shift was still observed, although the barrier for rearrangement is
considerably less than that for the system shown above, and the
exothermicity is significantly greater. It is clear from the IRC cal-
culations that, again, C–C bond formation largely precedes C–C
bond breakage. Note also that there is a shoulder on the pathway
from B to E, but we were not able to locate any minimum or al-
ternative transition state structure resembling Pt. 55 (Fig. 3).

Next, the original system was further truncated, to form the
‘parent’ system, by removing another ethylene tether as well as the
terminal methyl group (Fig. 4). This simple system undergoes
a stepwise rather than concerted rearrangement. Note, however,
that the stationary points involved in this rearrangement span an
energy window of less than 8 kcal/mol. Note also the lengths of
bonds a and b in the intermediate (structure C). The elongation of



Figure 6. Computed (B3LYP/6-31G(d)) structures involved in the cationic [4,5] shift for
the system with a three-methylene tether. Selected distances are shown in angstroms.
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these bonds suggests that they are both interacting with the p-
systems that reside between them. This can be thought of as
hyperconjugation, through-bond coupling13 of the intervening allyl
and C]C p-systems, or as an indication that a pentadienyl cati-
onþbutadiene resonance structure is a significant contributor to
the structure of this intermediate.14

3.2. Different tether lengths

Clearly, the nature of the tether influences not only the barrier
and exothermicity, but also the concertedness of such rearrange-
ments. But how is the propensity for concertedness in such shifts
modulated by the strain associated with the tethers? To better
address this issue, we examined systems with simple alkyl tethers
of various lengths: (CH2)n where n¼4, 3, 2 (the system in Fig. 3),
and 1.

When the tether length was increased to (CH2)4 (Fig. 5), we
observed a stepwise pathway. Apparently, the strain in this system
is low enough that the energy surface mirrors that of the unstrained
parent system, with only small differences observed in terms of
geometries and energetics of the species involved (compare Figs. 4
and 5).

Decreasing the length of the tether from four to three methy-
lenes (Fig. 6) did not change the mechanism, i.e., it remained
stepwise. Still, some subtle differences between this reaction and
the other stepwise reactions described above were observed. First,
the barrier for the second step of the rearrangement (from C to E)
decreased relative to that for the case with the four-methylene
tether (1.64 vs 0.53 kcal/mol). This is consistent with the three-
methylene tether imparting a bit more strain on intermediate C
than does the four-methylene tether. A slight elongation of bond
b (compare Figs. 5 and 6) is also observed.

Comparing the reaction coordinates for the systems with four-
(Fig. 5), three- (Fig. 6), and two-methylene (Fig. 3) tethers, we see
a consistent decrease in the barrier for the second step of the
Figure 5. Computed (B3LYP/6-31G(d)) structures involved in the cationic [4,5] shift for
the system with a four-methylene tether. Selected distances are shown in angstroms.
rearrangement to the point where the barrier is removed com-
pletely for the two-methylene case (Fig. 7),7 although in the two-
methylene case a shoulder persists in the region of the reaction
coordinate where such a barrier would be expected. This trend is
consistent with the amount of strain relief expected upon the
breaking of bond b for each system.

When the tether length was further reduced, down to a single
methylene as shown in Figure 8, a related but different sort of re-
action was observed. We were unable to locate a minimum re-
sembling Pt. 99 (the last structure found in the IRC calculation).
Instead, structure A0 , which does not contain the s C–C bond
expected for the A-type structures described above, was obtained
when the geometry of Pt. 99 was optimized. This minimum must
(CH2)n

(CH2)n

reaction coordinate

n = 4
n = 3

n = 2

E

(CH2)n

Figure 7. Qualitative reaction coordinate pictures for [4,5] sigmatropic rearrangements
described above.7



Figure 8. Computed (B3LYP/6-31G(d)) structures involved in the cationic [4,5] shift for
the system with a one-methylene tether. Selected distances are shown in angstroms.

Figure 9. Frontier orbital interactions for (a) the 8 electron (cationic) and (b) the 10
electron (anionic) suprafacial/suprafacial transition structures for [4,5] sigmatropic
shifts.
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do a (5þ4) cycloaddition (pentadienyl cationþbutadiene) to form
structure C (assuming that we consider the long b distance in C to
be a bond). This sort of suprafacial/suprafacial cycloaddition is also
forbidden by the Woodward–Hoffmann rules,6 but the bond
forming events that occur during this process again occur asyn-
chronously and strong cyclic delocalization is again not observed at
any point along the A0-to-C pathway.

Intermediate C, due to its long b distance, can be considered as
somewhere between the C- and E-type structures described above.
The elongation of distance b is likely the result of the hyper-
conjugation-type arguments mentioned above for the other sys-
tems, coupled with the increased strain associated with the short
tether. Intermediate C can then be converted to a version of E in
which one C]C unit has a Z, rather than E, geometry. The transition
structure for this process, D0, is shown at the top right of Figure 8.

Overall, the one-methylene tether leads to a more significant
change in mechanismdthis system does not react via a clear-cut
[4,5] sigmatropic shift nor (5þ4) cycloaddition, but involves a more
convoluted reaction manifold. The connections between [4,5] shifts
and (5þ4) cycloadditions will be described in more detail below.
Figure 10. Computed (B3LYP/6-31G(d)) structures involved in the [4,5] shift for the
parent anionic system. Selected distances are shown in angstroms.
3.3. Anionic analogs

Are [4,5] sigmatropic shifts still predicted to occur if two more
electrons are added to the systems described above to result in
anions?15 With the addition of two electrons, each system now has
a Hückel number of electrons (4nþ2¼10), and the orbital symmetry
rules predict that suprafacial/suprafacial [4,5] sigmatropic shifts are
now allowed. This is clear from the simple qualitative orbital
pictures shown in Figure 9. The frontier orbitals involved in the
anionic case have favorable interactions (Fig. 9b), while those in-
volved in the cationic case are mismatched (Fig. 9a). Consequently,
we thought that perhaps concerted and synchronous [4,5] shifts
would be observed for anionic systems.

Figure 10 shows the parent anionic system. At first glance, the
computed pathway for this system doesn’t look much different
from that computed for the parent cationic case. Despite the fact
that a concerted rearrangement is now allowed, only the stepwise
pathway was located. The intermediate on this pathway has
a similar geometry to that on the cationic pathway (note that the
lengths of bonds a and b for both cases are similar). The overall
energetics, however, have changed significantly as the barriers for
both steps have increased dramatically. It is not clear exactly why
this is (it may be connected to increased electron–electron re-
pulsion associated with the increased number of rearranging
electrons), but it is interesting that in structures A, B, and D, the s
C–C bonds holding the two p-systems together are significantly
elongated.

Different tether lengths were explored for anions as well (Figs.
11–14). Although the barriers for these systems are higher than



Figure 11. Computed (B3LYP/6-31G(d)) structures involved in the anionic [4,5] shift
for the system with a four-methylene tether. Selected distances are shown in
angstroms.

Figure 13. Computed (B3LYP/6-31G(d)) structures involved in the anionic [4,5] shift for
the system with a two-methylene tether. Selected distances are shown in angstroms.
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those for the cationic cases, a similar trend toward concertedness is
observed. As the tether length is reduced, generally so is the barrier
for the second step of the rearrangement. Unlike the cationic case,
this barrier lowering is not quite enough to make any of the anionic
cases truly concerted. Like the cationic case, the anionic case with
a simple methylene tether again has a ring-opened reactant
structure (Fig. 14, A0), and, unlike the cationic case, rearrangement
of the anionic system with an ethylene tether also involves such
Figure 12. Computed (B3LYP/6-31G(d)) structures involved in the anionic [4,5] shift
for the system with a three-methylene tether. Selected distances are shown in
angstroms.
a structure (Fig. 13, A0). Note that in these two cases, E/Z isomeri-
zation is not observed; the second step shown does correspond
simply to ring opening.

3.4. Neutral (radical) analogs

Will a [4,5] sigmatropic shift still be observed if these systems
are made neutral? Such systems would have a total of nine
Figure 14. Computed (B3LYP/6-31G(d)) structures involved in the anionic [4,5] shift for
the system with a one-methylene tether. Selected distances are shown in angstroms.



Figure 15. Frontier orbital interactions for nine-electron (neutral) suprafacial/supra-
facial transition structures for [4,5] sigmatropic shifts.

Figure 17. Computed (UB3LYP/6-31G(d)) structures involved in the neutral [4,5] shift
for the system with a four-methylene tether. Selected distances are shown in
angstroms.

D.H. Nouri, D.J. Tantillo / Tetrahedron 64 (2008) 5672–5679 5677
rearranging electrons and a favorable interaction between the
LUMO of butadiene and the SOMO of pentadienyl radical would be
possible (Fig. 15).

Stationary points and IRC plots for nine-electron [4,5] shifts in
the parent system and systems with tethers of various lengths are
shown in Figures 16–20. A trend toward concertedness with re-
duction in tether length is again observed. The overall barriers for
the neutral [4,5] shifts are higher than those for either the cationic
or the anionic cases, however. In addition, the lengths of bonds
a and b in the neutral intermediates are shorter than those in the
ionic cases, consistent with previous observations that conjugated
radical p-systems tend to be less delocalized than conjugated ionic
p-systems;16 this behavior carries over to hyperconjugation here.
In contrast to the ionic cases, all of the radical cases examined begin
from minima with intact ring systems.

4. Relationship to (5D4) cycloadditions

As described above, while looking for [4,5] sigmatropic shift
reactions, we found some pathways that appear to involve (5þ4)
cycloadditions.17 [4,5] Sigmatropic shifts and (5þ4) cycloadditions
are fundamentally connected in that both involve the interaction
Figure 16. Computed (UB3LYP/6-31G(d)) structures involved in the neutral [4,5] shift
for the parent system. Selected distances are shown in angstroms.
between pentadienyl and butadiene substructures, and predicting
whether either of such reactions is orbital symmetry allowed in-
volves analysis of the frontier orbitals of these structural units.6
Figure 18. Computed (UB3LYP/6-31G(d)) structures involved in the neutral [4,5] shift for
the system with a three-methylene tether. Selected distances are shown in angstroms.



Figure 19. Computed (UB3LYP/6-31G(d)) structures involved in the neutral [4,5]
shift for the system with a two-methylene tether. Selected distances are shown in
angstroms.

Figure 21. More O’Ferrall–Jencks-style diagram highlighting the relationship between
[4,5] sigmatropic shifts and (5þ4) cycloadditions. The horizontal axis corresponds to
the bond order of the a–b bond, while the vertical axis corresponds to the bond order
of the c–d bond. The minima involved in the [4,5] sigmatropic shift are shown in green
and the minima involved in the (5þ4) cycloaddition are shown in blue. All transition
state structures are shown in red and are assumed here, for the sake of discussion, to
have partial single bonds of order 0.5. Note that with this assumption, the transition
state structures for the concerted [4,5] sigmatropic shift and the (5þ4) cycloaddition
are the same.
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The connection between these two types of reaction is per-
haps best explained using a More O’Ferrall–Jencks-style diagram
(Fig. 21).18 The reactant for our parent [4,5] shift is shown in
green at the bottom left of Figure 21 (bond orders of (0,1)). A
concerted, synchronous [4,5] sigmatropic shift of this structure
would correspond to the dotted green line that connects it to
the top right green structure with bond orders (1,0).
Figure 20. Computed (UB3LYP/6-31G(d)) structures involved in the neutral [4,5]
shift for the system with a one-methylene tether. Selected distances are shown in
angstroms.
Alternatively, this [4,5] sigmatropic shift could occur in stepwise
fashion, which would correspond to moving along the edges of
the plot in one of two ways. Either the bottom left structure
would be transformed into the top left blue structure with bond
orders (1,1) and then to the top right structure with bond orders
(1,0), or it could be first transformed into the bottom right blue
structure with bond orders (0,0) before being converted to the
top right structure. The concerted (4,5) shifts described above
involve pathways that first move toward the top left structure
but do not actually reach it before turning toward the top right
structure.

Interestingly, the bottom right blue structure with bond orders
(0,0) could do a concerted, synchronous (5þ4) cycloaddition to get
to the top left blue structure with bond orders (1,1). Note that based
on this simplified analysis, the transition state structures for the
concerted and synchronous [4,5] shifts and the concerted and
synchronous (5þ4) cycloadditions are expected to be the same!
Such a situation has been described previously in the context of the
so-called ‘bis-pericyclic’ reactions.19 For the systems described
herein, however, no concerted and synchronous pathways of any
sort were located. The reactions shown in Figures 13 and 14 can be
described as processes that start at the bottom right structure then
move near to (but not all the way to) the bottom left structure, then
to the top left structure, and then horizontally to the top right
structure.20
5. Summary

Herein, we have described a collection of rearrangements that
are formally, but not truly, pericyclic. Although some of these
processes are concerted, the bond making and breaking events
involved occur quite asynchronously,7 thereby avoiding the un-
favorable orbital interactions that, in some cases, would make these
processes ‘forbidden’. Some of these processes may be relevant to
the biosynthesis of ladderane lipids, but this awaits experimental
testing. In general, we hope that the computational results de-
scribed herein will provide new jumping off points for
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experimentalists interested in ionic rearrangements and the limits
of pericyclic behavior.
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