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ABSTRACT: This article reports a theoretical study to explain how the
intrinsic property of chirality is retained throughout the radical cascade

GO Me
rearrangement of an enantiopure chiral enyne-allene (bearing one stereo-
genic center) selected as a model for this family of reactions. Calculations Y

at the MRPT2/6-31G(d)//CASSCF(10,10)/6-31G(d) level of theory
were used to determine the entire reaction pathway which includes singlet
state diradicals and closed-shell species. The cascade process involves three
elementary steps, ie., by chronological order: Myers—Saito cycloaromatization (M-S), intramolecular hydrogen atom transfer
(HAT), and recombination of the resulting biradical. The enantiospecificity of the reaction results from a double transmission of
the stereochemical information, from the original center to an axis and eventually from this axis to the final center. The first two
steps lead to a transient diradical intermediate which retains the chirality via the conversion of the original static chirogenic
element into a dynamic one, i.e., a center into an axis. The only available routes to the final closed-shell tetracyclic product imply
rotations around two & bonds (6(C—C) and 6(C—N), bonds /8 and « respectively). The theoretical calculations confirmed that
the formation of the enantiomerically pure product proceeds via the nonracemizing rotation around the 6(C—C) pivot. They
ruled out any rotation around the second 6(C—N) pivot. The high level of configurational memory in this rearrangement relies
on the steric impediment to the rotation around the C—N bond in the chiral native conformation of the diradical intermediate
produced from tandem M-S/1,5-HAT.

H INTRODUCTION Ts T Ts,

The discovery of the powerful antitumor properties of enediyne- Z ALO, 0+ ’ 5 o
containing natural products' has stimulated innovative research o Benzere N~( N~(

in multidisciplinary fields. The biological activity of these com- N 80°C 240 0 0

pounds is related to their aptitude to rearrange into highly Ph... N _0 (11R 11aS)-cis-2 (115, 11aS)-trans-2

reactive diradicals,>> capable of abstracting hydrogen atoms Y_c\f 50% (93.5% ee) 29% (80% ee)

from DNA strands, which induces DNA cleavage and eventu- (S)-1(>99% ee)

ally cell death. Even though an impressive volume of literature
data has been devoted to the cycloaromatization processes re-
sponsible for these properties, an ever sustained activity attests
to the impact of these reactions in fields as diverse as biology,
medicinal chemistry, and materials science.”® In a recent review,
Kraka et al. pointed out how much the enediyne reactivity has
also impacted computational methodologies.6

We have recently investigated chirality transfer’ in the cas-
cade rearrangement of enediynes bearing a suitably located
stereogenic center.® A first series of results was obtained from
enediynes such as 1, where the enyne-allene intermediate was
generated in situ via base-catalyzed 1,3-proton shift (eq 1).5*
These reactions were shown to proceed with a high level of
retention of configuration at the original stereogenic center.
However, due to the absence of control of the allene configu-
ration in this procedure and to the creation of two stereo-
centers in the final product of which only one was controlled,
the reaction led to a mixture of diastereomers as exemplified Received: June 30, 2014
in eq. Published: September 8, 2014

At this point, the choice of the proper terminology regarding
the experimental results must be explained.” The concise and
figurative expression of memory of chirality (MOC) was origi-
nally used to describe our experimental results.® This termi-
nology introduced by Fuji and Kawabata is rather widespread
in the literature."’ This concept inspired our strategy. It was
considered appropriate to our reaction, as during the process,
(i) the static chirality of the starting material related to its
chirogenic carbon center is destroyed, (ii) but the chirality is
retained (memorized) via the generation of a transient radical
intermediate where the new chirogenic element is an axis
(dynamic chirality); (iii) the stereocenter is regenerated in the
final product. It must be noted that the use of this idiomatic
expression (MOC) has been severely criticized by Cozzi and
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Scheme 1. Rearrangement of Enediyne (S)-3: Proposed
Mechanism
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Siegel'' and questioned by Wolf.'> Since then, the term of
MOC has been abandoned by Carlier'®"* who recommends
the use of “self- regeneration of stereocenters via transient ste-
reolabile intermediates”, which refers to the seminal work of
Seebach.'* The expressmn memory of configuration” has also
been adopted by Clayden.'®

Back to our problem, to clearly demonstrate the mechanism
of regeneration of the stereocenter, Crabbé’s homologation of
terminal alkynes was used for the in situ generation of achiral
allene moieties from enantiopure enediynes such as compound
3.'® As summarized in Scheme 1, the cascade rearrangement of
3 involves the formation of the nonisolable intermediate enyne-
allene 4, which is followed successively by Myers—Saito cyclo-
aromatization leading to the (o,x) diradical 5, 1,5-hydrogen
atom transfer, and eventually recombination of the resulting
diradical 6. The model substrate 3 (96% ee) led to 7 in 81%
yield with 95% ee (level of chirality transfer close to 99% within
the limits of experimental errors). Due to stereoelectronic
factors, intramolecular HAT from the stereogenic center to the
o radical center in $ necessarily generates 6 in a native chiral
conformation, and this dynamic chirality is preserved all along
the recombination step. The nearly total level of preservation of
chirality observed in this reaction was rationalized according
to reasonable conjectures about the relative rates of rotation
around o bonds @ and f in the native conformation of diradical
6. This work reports a theoretical investigation of the three-step
pathway leading from 4 to 7 in support to the origin of
configurational memory in this rearrangement.'”

B COMPUTATIONAL DETAILS

It is well established that, depending on their substitution pattern,
enyne-allenes can undergo cycloaromatization, leading either to a six-
membered (6,7) 1,4-diradical through C,—C, Myers—Saito® (M-S)
reaction or to a five-membered (0,7) 1,4-diradical through C,—Cs4
Schmittel'® reaction (Scheme 2)."°

Scheme 2. Cyclization Pathways Transforming the Enyne-
allene Framework into (6,7) 1,4-Diradicals A and B

Schmmel 5& ‘\‘

enyne -allene
The activation barrier is higher for Schmittel cyclization than for M-
S rearrangement, which is the preferred pathway.”® The singlet—triplet

C2-Cy
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(S-T) gap in both systems A and B is small because ¢ and 7 radical
centers are orthogonal and through-bond spin-polarization is weak.
Experimentally, the S-T gap in a-3-didehydrotoluene B was estimated
<5 keal/mol.*! MCSCEF calculations indicated that the ground state is
a singlet and that the S-T gap is —3.0 kcal/ mol.?? In the M-S reaction,
the reactant is a singlet closed-shell species, whereas the product is
an open-shell singlet diradical. Moreover, the electronic population in
the transition state is intermediate between a diradical state and a
closed-shell state. Therefore, a multiconfigurational method is required
for a correct description of transition states and diradical interme-
diates. High-level ab initio methods (CCSD(T), MR-MP2, ...) have
been applied to model Schmittel and Myers—Saito reactions from the
bare enyne-allene framework shown in Scheme 2.2%** Brueckner’s
approach®* derived from the coupled-cluster®> method has led to very
good quantitative results on this model compound. It must be pointed
out that geometry optimizations with these methods are too time-
consuming to be applied to compounds 3—7. However, at the same
time, the singlet diradicals have a typical two-configurational character
that can only correctly be taken into account by a multideterminental
method. In other words, it was necessary to find a compromise.
Whereas a monodeterminental description of substituted enyne-allene
derivatives with DFT methods is not a priori the best methodolo-
gical choice, some recent works using the unrestricted broken spin-
symmetry DFT (UBS-DFT) method on large substituted enediynes
(Bergman cyclization) and enyne-allenes (Myers—Saito and Schmittel
rearrangements) have led to valuable qualitative results.**™® For this
reason, to investigate the rearrangement of enyne-allene 4, stationary
points were located on the potential energy surface (PES) by using the
restricted M06-2X/6-31G(d) method? for closed-shell species and
the UBS-M06-2X/6-31G(d) method for diradical species and transi-
tion states. Calculations were performed with the Gaussian09 program
package.®® As the reaction occurs in apolar solvents (benzene or
dioxane), calculations were carried out in vacuum. All stationary points
(transition states and minima) were confirmed by a frequency calcu-
lation. The intrinsic reaction coordinate (IRC) was followed to validate
transition states. The stability of the wave function was tested with
STABLE=OPT keyword. As expected, spin contamination in the singlet
ground state occurs. Pure diradical singlet states are not provided by
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Figure 1. Selected natural orbitals of the active space and their
occupancy in the case of diradical 6.
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Figure 2. Reaction pathway leading to the (6,7) diradical intermediate 5. Relative AG values are given in k] mol™" at room temperature and 1 atm at
the MRPT2/6-31G(d)//CASSCF(10,10)/6-31G(d) level. Distances are given in A.

this monodeterminental method where (S?) values are close to 1.0 for
diradicals § and 6.

To circumvent this problem, our choice was to carry out this study
with a multireference method. Starting from these structures, all
stationary points were reoptimized at the CASSCF(10,10)/6-31G(d)
level*" Calculations were performed with GAMESS package.** Ten
orbitals related to all valence 7 and 7* orbitals of enyne-allene 4 were
included. As an illustration, these 10 orbitals correspond to the 10
orbitals shown in Figure 1 in the case of diradical 6.

All configurations in the active space were generated. Only the
singlet ground state was considered. All stationary points (transition
states and minima) were confirmed by a frequency calculation. The
intrinsic reaction coordinate (IRC) was again followed from the transi-
tion states to the reactants and the products. It is known that CASSCF
activation energies are dramatically underestimated. Therefore, single
point calculations at the multiconfigurational second-order perturbation
theory MRPT2/6-31G(d)* level were performed to recover dynamic
electron correlation. All given energies are AG values at the MRPT2/
6-31G(d)//CASSCF(10,10)/6-31G(d) level at 298.15 K and 1 atm.

B RESULTS AND DISCUSSION

As already stated, Myers—Saito (M-S) cycloaromatization is
the very first step in the rearrangement of enantiopure enyne-
allene intermediate (S)-4 issued from Crabbé’s homologation
(Figures 2 and 3). The most stable conformation of enyne-
allene (S)-4 shows a stabilizing electrostatic interaction between
the allenic proton and the carbonyl group of the cyclic amide
(d(H---0) = 2.663 A). The IRC calculation shows that the M-S
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cycloaromatization proceeds via the less stable conformer (S)-4’
which results from a 180° rotation around the C,,—CH, pivot.
In both conformers (S)-4 and (S)-4’, a dihedral angle of 32° is
noted between the allenic moiety and the plane which contains
the phenyl group conjugated to the triple bond. This value
is larger than in hepta-1,2,4-trien-6-yne shown in Scheme 2
(p(C2—C3—C4—C5) = 24.7° at the CASSCF(10,10)/6-31G(d)
level’™) and can result from steric interactions between the
allene framework and the substituted five-membered ring.
Whereas the M-S reaction is exothermic by 63 kJ mol™ for
the above-mentioned parent system, the transformation of 4’ to
5 is slightly endothermic (19.5 kJ mol™"). The cycloaromatiza-
tion is the rate-determining step with a 99 kJ mol™" activation
free energy (Table 1, Figure 2) and a 89 kJ mol™" ZPE-corrected
activation energy. This value is consistent with the literature data
reported for hepta-1,2,4-trien-6-yne. The activation free energy
was determined experimentally (AGs x = 106 + 2 kJ mol™!),**
and the activation energy was calculated by Sakai and Nishitani
at the MRPT2(10,10)/6-311+G(dp) level (AEf, = 69 kJ
mol1).203

The transition state has a diradicaloid character (see the
NOON and the calculated biradical character®® in Table 1). In
transition state TS;, as in the reactant, the terminal allenic
methylene is out of the plane formed by the conjugated moiety
of the molecule with a dihedral angle of 30°. The methylene
group has not fully rotated in the plane of the forming naphthyl
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Figure 3. Intramolecular 1,5-HAT reaction pathway leading to the (7,7) diradical intermediate 6. Relative AG values are given in kJ mol™" at room
temperature and 1 atm at the MRPT2/6-31G(d)//CASSCF(10,10)/6-31G(d) level. Distances are given in A.

ring. In TS,, as in the resulting (o,7) diradical S, the pyro-
glutamate ring adopts an envelope conformation where the
CH, group in the f position relative to the amide carbonyl
group is out-of-plane. The methyl carboxylate group lies in an
equatorial position. The pyroglutamate ring undergoes
pseudorotation to adopt the envelope conformation 5’ (with
the CO,Me moiety in the axial position) more prone to evolve
via 1,5-hydrogen atom transfer (HAT). This conformer is more
stable by 40 kJ mol™" than $, and the H atom in the captodative
position is closer to the ¢ radical center (Figure 2). Intermedi-
ate 5’ is readily converted by intramolecular HAT (51 kJ mol™
activation free energy) into the highly stabilized (7,7) diradical
6 more stable by 108 kJ mol ™" than the reactive conformer 4’ of
the enyne-allene (Figure 3).

The S-T gap in diradicals 5’ and 6 was calculated (—9 and
~0 kJ mol~’, respectively). During the 1,5-HAT step, the static
central chirality of diradical § is by converted into the dynamic
axial chirality of diradical 6. In the native conformation of
diradical 6 the naphthyl group and the five-membered ring are
orthogonal. Both singly occupied orbitals are degenerate. They
have a 7 character and are delocalized for both radical centers
which are planar (Figure 4). The largest coefficients correspond
to the p orbitals located on the carbon and the nitrogen atoms
in regard to the captodative moiety; the benzylic radical center
is stabilized by conjugation with the naphthyl group (the main
contribution comes from the ortho aromatic C(H)).

9089

At this stage of the process, rotations around sigma bonds a
and f (Scheme 1) can both formally occur on the route to the
final product 7 by intramolecular coupling of the two radical
centers (Scheme 3, Figure 4b,c). Whereas a rotation around the
bond f can itself lead to (R)-7, the rotation around bond «
cannot; the latter must necessarily be accompanied by a
rotation around bond f.

Rotation around the C—N bond a either clockwise or
counterclockwise is sterically impeded (huge steric interaction
between the naphthyl moiety and the substituents of the
rotating five-membered ring). A relaxed manual rotation with a
step of 1° was performed in the triplet configuration at UMO06-
2X/6-31G(d) level because of convergence problems in the
diradical singlet state. The results clearly showed that the
two moieties bump into each other, and even the less energy
demanding counterclockwise rotation around the C—N bond
cannot proceed without concomitant rotation around the C—C
bond B. As soon as the @(C—CH,—N—C(=0)) dihedral
angle is reduced from 98° to 53°, the distance between the
intracyclic carbonyl group and the naphthyl ring is close to 3 A
and a rotation around the C—C bond is required to reduce
steric hindrance.’” Therefore, such a pathway, which would
finally induce the formation of (S)-7, cannot contribute to the
formation of 7.

Conversely two competitive rotations around the C—C bond
p can be considered: clockwise rotation (Scheme 3, Table 1,
Figure S, TS3b — 6b) and counterclockwise rotation (Scheme 3,

dx.doi.org/10.1021/j0501450k | J. Org. Chem. 2014, 79, 9086—9093
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Table 1. Thermodynamic and Electronic Data Relative to Compounds 4 to 7

compound relative AG values® (kJ mol™") S-T gapb (kJ mol™) NOON* biradical character yd (%)
4 —11 — 1.92; 0.09 0
4’ 0 - 1.92; 0.08 0
TS, 99 1.75; 0.25 4
S 31 1.03; 0.97 94
s —11 -9 1.02; 0.98 96
TS, 40 1.03; 097 94
6 —108 ~0 1.01; 0.99 98
TS;, 39 1.03; 0.97 94
6a -7 —102 1.02; 0.98 96
7 -363 - 1.89; 0.12 1
TS, <05 1.02; 0.98 9
6b —14 -12 1.15; 0.85 71
7 —-304 - 1.92; 0.08 0

“Relative AG values at room temperature at the MRPT2/6-31G(d)//CASSCF(10,10)/6-31G(d) level. ba negative value for the S-T gap
corresponds to a more stable singlet state. “Natural orbital occupation number (NOON) for frontier orbitals, i.e., the pair of natural orbitals with an
occupation number close to one for diradicals and diradicaloid structures and HOMO—LUMO orbitals for closed-shell species. “The y value is given by

the following formula: y = 1 — 4lAyoonl/(4 + Akoon)-

(c) Rotamer 6b

Figure 4. Pairs of natural orbitals with an occupation number close to
one. (a) Native conformer of (7,x) diradical 6. (b) Rotamer 6a. (c)
Rotamer 6b.

Table 1, Figure S, TS3a — 6a). To locate the corresponding
transition structures, a first computation on the triplet wave
function followed by swapping to the proper open-shell singlet
state was preferred. The clockwise rotation (TS3b) has a neg-
ligible free activation energy (0.4 k] mol™") and leads through
transition state TS3b to intermediate 6b. Comparatively, the
counterclockwise rotation has a 39 kJ mol™" activation barrier
(the structure of TS3a reveals some steric hindrance between
the CO,Me group and the naphthyl moiety). It leads to inter-
mediate 6a which is slightly more energetic than 6b. So the
latter is both kinetically and thermodynamically favored. Some
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discrepancies can be pointed out in the geometry as well as in
the electronic structure of intermediates 6a and 6b (Table 1,
Figure 6).

According to the NOON values, intermediate 6a has a more
pronounced diradical character. Moreover, if one considers only
HOMO/LUMO orbitals referred to as 1/2, the CAS wave
function can be written as 0.207111] — 0.193122] — 0.6011211 +
0.601112l. The two first terms can be considered as polarization
terms, and they have a low contribution. On the contrary, inter-
mediate 6b is more polarized and the polarization terms have the larg-
est CAS coefficients: 0.6161111 — 0.509122] — 0.2901211 — 0.290112l.
The electronic structure of 6b is therefore closer to that of the final
product (R)-7. Concerning the geometry, dihedral angles around
pivots & and 3 (noted (C—CH,—N—C(=0)) and ¢(C(H)—C—
CH,—N), respectively) are very different in 6a and 6b: @(C—
CH,—N-C(=0)) = 126° and ¢(C(H)—C—CH,—N) = 135°
in 6a. The dihedral angles determined for 6b (¢(C—CH,—N—
C=0)) = 80° and ¢(C(H)—C—CH,—N) = —90°) lead to the
conclusion that in this case the two rings are really orthogonal,
and this is in agreement with its low S-T gap.

It is of prime importance to notice that whatever the direc-
tion of the rotation the same (R)-enantiomer of the final pro-
duct is formed although in a different conformation (7 or 7’)
(Figure S). Inversion of configuration cannot be expected. At
best, partial racemization might result from initial rotation
around bond f leading to 6b (and or 6a) followed by rotation
around bond a. As shown in Scheme 3, as the rotation around
the C—C pivot proceeds, a rotation around the C—N bond
requiring less energy might be envisaged.

The very last part of the intramolecular coupling occurs
without any activation energy from both localized stationary
points 6a and 6b (Scheme 3, Figure S). No transition state
on the PES could be located at the MRPT2/6-31G(d)//
CASSCF(10,10)/6-31G(d) level of calculation. As already
stated, the two directions of rotation lead to the (R)-isomer of
the final product 7. This justifies why chirality is fully main-
tained throughout the whole process. The clockwise rotation
via 6b leads to the fused-piperidine ring of the final product
(R)-7 in a boat conformation that can easily convert to the
thermodynamic conformer (R)-7’ whereas the counterclock-
wise rotation via 6a leads directly to the more stable half-chair
conformation of the final product.

dx.doi.org/10.1021/j0501450k | J. Org. Chem. 2014, 79, 9086—9093
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Scheme 3. Investigated Rotations around the Two ¢ Bond Pivots in the Intermediate (,7) Diradical 6
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Figure S. Clockwise and counterclockwise rotations around the C—C bond f in (7,7) diradical 6, leading to the final product (R)-7. Relative AG
values in kJ mol™ at room temperature and 1 atm at the MRPT2/6-31G(d)//CASSCF(10,10)/6-31G(d) level. Distances are given in A.

Any partially racemizing route leading to the (S)-enantiomer
of the final product 7 (path b) would necessarily imply an
additional rotation around the C—N pivot, i.e., an additional en-
ergetic cost compared to path a. Due to the very low activation

9091

barrier calculated for the clockvmse rotatlon in path a, the for-
mation of (S)-7 is highly unlikely.*® The observed rearrange-
ment obeys the “least motion principle”,’” and the level of
chirality transfer reaches 99%.
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Figure 6. Structures of (7,7) diradical conformers 6a and 6b at the
CASSCF(10,10)/6-31G(d) level of calculation.

B CONCLUSION

The entire description of the three-step transformation
leading from enyne-allene 4 to (R)-7 was achieved by using
MRPT2/6-31G(d)//CASSCF(10,10)/6-31G(d) calcula-
tions selected to correctly account for the optimized
geometries and energetics of the pure ground-state singlet
species (diradicals, diradicaloid transition state, diradical
transition states, and closed-shell systems) involved in the
reaction path. The extremely low rotational barrier around
the benzylic C—C pivot (bond f), which excludes rotation
around the second ¢ pivot (C—N bond a) in the
conformationally chiral diradical intermediate 6, explains
how the chirality is stored and evolves throughout the
multistep radical rearrangement, in other words it provides a
rationale to the configurational memory observed in this
process. Both clockwise and counterclockwise rotations
around the C—C bond account for the formation of the
enantiopure (R)-product in the critical recombination step.
However, the experimentally observed retention of config-
uration is more likely to result from the clockwise rotation
mode, as the free energy of the corresponding transition
state (TS;,) was found significantly lower than that of the
counterclockwise rotation mode (TS;y).
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Structures, MRPT2 energies, and Gibbs free energy correction
values for all stationary points at the MRPT2/6-31G(d)//
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