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Bispropargyl sulfones equipped with aromatic rings of dissimilar nature were synthesized. Under basic conditions, these sulfones isomerized
to the bisallenic sulfones, creating a competitive scenario between two alternate Garratt—Braverman (GB) cyclization pathways. The observed
product distribution ruled out the involvement of any ionic intermediate and supported the diradical mechanism with greater involvement of the
electron-rich aromatic ring via the more nucleophilic radical. DFT-based calculations supported the diradical mechanism along with the

observed selectivity.

Spontaneous generation of diradical has attracted the
attention' of the chemical community in the past two
decades, triggered by the discovery of enediyne antibiotics
in the 1980s.”> Their role in pharmacology’ and other
aspects such as applications in organic synthesis* and
preparation of new materials® have continued to grow.
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Not all diradicals are generated spontaneously under am-
bient conditions and not all of them have the same efficiency
of H-abstraction. Diradicals that do not have any mecha-
nism to self-quench become diamagnetic through H-ab-
straction from external sources. This category includes
Bergman cyclization (BC)® and related reactions such as
Myers—Saito (MS)’ and Schmittel cyclization (SCM).® On
the other hand, cyclizations such as Garratt—Braverman
(GB)’ involving conjugated bisallenes (Scheme 1) have a
self-quenching mechanism thereby reducing the chances of



Scheme 1. Various Cyclization Pathways
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interaction with external sources. Nicolaou et al.'® first
attempted to utilize the GB cyclization chemistry in bisalle-
nic sulfones. However, the DNA cleavage exhibited by these
molecules mostly involved a Michael addition of DNA-base
followed by Maxam—Gilbert type cleavage'' and not
through H-abstraction.'® It is widely believed that the GB
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pathway involved generation of a diradical, the support for
which comes from trapping’ with 0O, and also from the
fact that the solvent polarity does not affect the kinetics of
the reaction.”® In this paper, we provide chemical evidence
to support the accepted mechanism and, in the process,
disprove the involvement of any ionic intermediate by
studying the reactivity of unsymmetrical bispropargyl sul-
fones with donor and acceptor moieties. The method
also demonstrates a strategy for achieving selectivity in
GB rearrangement involving unsymmetrical sulfones. The
involvement of a diradical intermediate and the overall
results are in good agreement with those obtained by
computations.

We would like to address the problem by making
sulfones of the type X equipped with aromatic rings of
a different electronic nature (Scheme 2). Under basic
conditions, X should isomerize to the bisallenic sulfone
A which can then undergo GB cyclization to produce
products represented by F and G. Our notion is that
if ionic intermediates are involved, the product ratio
should be dependent upon the stability of the ions (car-
bocation and carbanion). Thus the ions should be lo-
cated as shown in structure B. The rearrangement then
should involve the electron-deficient aromatic ring to
produce F as the major product. The reactivity of benzyl
cations and anions supports such an argument.'? On the
other hand, for a diradical pathway, the radical a to the
electron-rich aromatic ring will be nucleophilic in char-
acter and hence the major product formed is expected to
involve the electron-rich aromatic ring, as is represented
by structure G.

With this background, we set out our objective to
synthesize various unsymmetrical sulfones (la—e). The key
step in the synthesis is the alkylation of the in situ generated
thiol [from the corresponding thioacetate (3i—k)] with the
bromide (41—n)."* Both the thioacetate and the bromide
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Scheme 2. Possible GB Cyclization Pathways
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were derived from the aryl substituted propargyl alcohols
which were prepared via Sonogashira coupling between
the 2- or 4-substituted iodo benzene derivatives and pro-
tected propargyl alcohol (Scheme 3).

Scheme 3. Synthesis of Sulfones
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To check the reactivity of the various sulfones toward
base-mediated GB rearrangement, the compounds were
dissolved in CDCl; and treated with 2 equiv of triethyl
amine. A "H NMR spectrum was recorded at different
time points, and the ratio of the products was deter-
mined from the ratio of integration of the doublet for
the o-coupled aromatic hydrogens (SI, Figure S1). The
results are shown in Table 1. The individual products
could be separately isolated by column chromatography
over Si-gel. The structures were deduced mainly from
the NMR and mass spectral analysis. The single-crystal

(14) CCDC number of the crystal structure of 5d is 780945.
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890

Table 1. Results of GB Cyclization

NS O
Rz+

Z &0 \ Et:,N
CDCI;,
Ri 1a-e 6a-e

starting combined yield ratio of products
entry sulfone of products (5a—e:6a—e)
1 la 92% 4.7:1
2 1b 92% 3.9:1
3 1c 95% 2.8:1
4 1d 93% 3.4:1
5 le 95% 3.0:1

X-ray structure of one of the products, 5d, confirmed its
assigned structure (SI, Figure S2).'*

We have carried out Density Functional Theory (DFT)
calculations to support the radical mechanism and product
distribution.'>'® The proposed reaction mechanism
(Scheme 2) for the cyclization of bisallenic sulfone of 1a
(A) was analyzed by computing the stationary points
(A—G)."” The optimization of A using different DFT
methods showed that on using methods that account for
the dispersive interactions (M06-2X'>® and DFT-D'%Y),
the aryl groups come close to each other (distance between
the centers of the aromatic rings is 3.6—3.9 A). Two
geometries, Al and A2, were optimized which differ in
the relative orientation of the aryl groups with each other
(SI, Figure S3). The difference in free energy between Al
and A2 is very small (AGaj;—a> = 0.1 kcal mol™"). Inter-
conversion between Al and A2 requires only 4.4 kcal
mol~!, and hence we assume that they are in equilibrium
with each other.

A free energy profile at the M06-2X/6-31+G* level of
theory for the reaction (A1/A2 — G/F; Scheme 4) is shown
in Figure 1. Cyclization of A1 and A2 led to the biradical
intermediates C1 and C2 through the transition states TS1-
1 and TS1-2 respectively. The stability of the wave function
was checked for all the species. A restricted approach was
used for all the closed-shell structures, whereas an unrest-
ricted broken-spin-symmetry (BS-UMO06-2X) approach
was used for the open-shell singlet state intermediates
(C1 and C2) and transition states (TS2-1 and TS2-2).
The broken-spin-symmetry solutions were achieved by
feeding the SCF computation with a 50:50 mix (singlet—
triplet) initial guess of the HOMO and LUMO orbitals.
Activation free energy (AG,.) for the first cyclization step
is21.0 kcal mol ™! for the formation of C1, compared to the
AG, for the formation of C2 which is 24.2 kcal mol .
Since the two conformers, A1 and A2, interconvert rapidly

(16) Preliminary EPR studies also supported the involvement of a
radical species. Detailed EPR studies are currently under progress and
will be reported later.
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2009, 731, 15695-15704.
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Scheme 4. Relative Free Energies and the Number of Imaginary
Frequencies (in Parentheses) at the M06-2X/6-314+G* Level of
Theory for the Different Species Involved in the Reaction
Pathways
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through a low lying transition state, the reaction is under a
Curtin—Hammet regime. Hence the formation of C1 and
C2 which will eventually lead to the products, will depend
upon the free energy difference (AAG*) between their
corresponding transition states which is 3.1 kcal mol .
Conversion between C1 and C2 requires rotation of two
benzylic groups which are unlikely considering the low
barriers (Figure 1) for the subsequent quenching steps (C1/
C2 — H1/H2). The activation free energy for the second
cyclization step (C1/C2 — H1/H2) is computed to be 4.8
and 6.5 kcal mol ™! respecively for the formation of H1 and
H2. The activation energy for the step involving a tauto-
meric shift of hydrogen (H1/H2 — G/F) should be a low-
energy process (regaining aromaticity) and should not
have any bearing on the selectivity. Though the energetics
seems to be an insufficient explanation for the product

TS1-2 A —w— Pathway 1
20 7811 /¥, 4 Pathway2
N
/4 A\
10 4 r
" Ts2-2
- Az c2 =% T84
g ol B \‘, -
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90 5 F
-100

Progress of Reaction

Figure 1. Free energy profile for the cyclization steps (Scheme 4).
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ratio quantitatively, it certainly explains the preferential
formation of G over F. It is interesting to note that the
solvent calculation (SI, Scheme S1) in CHCI; using the
PCM model'® at the same level of theory gives a better
result (AAG* = 2.6 kcal mol ™).

* "l
%" w54
l"“..\.. » .‘L-.‘
c1 .:- c2 QA‘

Figure 2. Spin density plot for intermediates C1 and C2.

Considerable spin density at the carbons a to the
aromatic rings (Figure 2) is observed in the intermedi-
ates C1 and C2, confirming the free radical mechanism.
The dipolar (ionic) intermediate B is an excited state
which is 12.3 kcal mol ™" higher in energy than the diradi-
cal intermediate at the BS-UMO06/6-31G* level of theo-
ry. The electronic nature of the aromatic ring causes
a slight variation of spin density at the radical centers.
In both C1 and C2, the benzylic carbon adjacent to the
nitrophenyl carries more spin density than that of the
one adjacent to the methoxyphenyl carbon (pS(nitro) —
pS(methoxy) = 4% in Cl and 13% in C2). Alternately, it
can be seen that the spin density at the aromatic carbon
meta to the methoxy (22.5%) is more than that at the
corresponding position for the nitrophenyl (20.4%)
and hence is more likely to react. The capto-dative'® na-
ture of the p-methoxy benzyl radical could be a possible
explanation for this greater delocalization (it may be
mentioned that the sulfolene is an electron-withdrawing
group).

In summary, experimental and computational results
support the involvement of diradicals in the GB process
and explain the observed selectivity. This strategy also
helps to bring selectivity in GB rearrangements.
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