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The extreme cytotoxicity of natural enediyne antibiotics is
attributed to the ability of the Z)-3-ene-1,5-diyne fragment to
undergo Bergman cyclizatibrand produce DNA-damaging-
benzyne diradicdlt is well-documented that the rate of this process
strongly depends on both the ring strain of enediyne-containing
cyclé and the electronic properties of substituehts.Recent
theoretical studies suggest that repulsion of the in-ptaoebitals
of triple bonds destabilize the cyclization transition state, while
overlap of the out-of-plang-orbitals produces the opposite effect
owing to pronounced aromatizatiénln accordance with this

hypothesis, there is theoretical, as well as experimental, evidence

that o-acceptor ancdr-donor substituents at the acetylenic termini
enhance the rate of Bergman cyclizatf While replacing one
of the carbon atoms in the enediyne system with nitrogen allows
for the exploitation of heteroatom electronegatiitypitrogen
substituent in the propargylic position potentially allows for
benefiting from both rate-enhancing effegts.

In this Communication we describe the synthesis and the
reactivity of the first cyclic aza-enediyne, in which a nitrogen atom
is directly connected to one of the alkyne termini. (Scheme 1).
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Preparation of the target 8-hydrod+osyl-4,5-benzoazacyclo-
deca-2,6-diyne (@) is outlined on the Scheme!2.Two methods
for the preparation of the key intermediaBewere employed:

Sonogashira coupling of substituted tosyl yneamide with protected

o-iodophenylacetylen& and Cu(ll)-mediated amidatiéhof alkynyl
bromide 4 with corresponding tosyl amide. lodination of the
terminal acetylene group i8 followed by the oxidation of the
hydroxyl group gave aldehyd&0. The latter readily underwent
cyclization to the target aza-enediyhaunder Nozaki-Hiyama—
Kishi conditions (Scheme 2¥.

The rate of cycloaromatization dfa at 40 °C was measured
using!H NMR (ca. 25 mM in CDCJ) and UV spectroscopy (ca. 2
x 1074 M in 2-propanol and hexanes). Aza-enediyli@avas found
be more than 2 orders of magnitude more reactive than its
carbocyclic analoguetr{,, = 9240 min at 40°C in neat 1,4-
cyclohexadien®). In addition, the rate of cycloaromatization of
la was higher in polar solvents, for example, at 4D half-life
time of lawas 105 min in hexane, 65 min in chloroform, and 20
min in 2-propanol.

Surprisingly, the expected Bergman cyclization proddd; R

Scheme 2. Synthesis of aza-enediyne 12
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a2 Reagents and conditions: (&)[3-(t-butyldimethylsiloxy)propyl] tosyl
amide, CuS@5H,0, 1,10-phenanthroline, &Os, toluene, 79%; (b) TBAF,
THF, 93%,; (c)N-ethynyl-N-(3-hydroxypropyl) tosyl amide, Pd(PBbCl,,
Cul, EgN, THF, 22%; (d) kCOs, MeOH, 74%; (e)n-BuLi, NIS, THF,
79%; (f) Dess-Martin periodinane, CkCl,, 78%; (g) CrCh, NiCl,, THF,
61%.

la in various solvents. Overnight heating of toluene and 1,4-
cyclohexadiene solutions dfa at 40°C resulted in the formation

of a complex mixture of 1:1 solvent adducts, which mass and NMR
spectra corresponded to the general formdlaand11 (Scheme

3). In benzene under these conditions the single major prddizct
was isolated (Scheme %) Composition of product mixtures was
virtually the same in oxygenated or argon-saturated solvents. While
radical addition to 1,4-cyclohexadiene is a known process, the
formation of formal C-H insertion products with benzene and
toluene as well as regio- and 1:1 selectivity of the process are
inconsistent withp-benzyne reactivity.
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In methanol and 2-propanol at 40C aza-enediynedab
underwent rapid and clean conversion to the product of formal
insertion into G-H bond of the solvent3Qab, Scheme 1). No
hydrogen abstraction productsl(or 11', R = H) were detected.
While the formation of G-H insertion byproducts in the course of
Myers—Saito cycloaromatization of allene-eneynes was reported
in a couple of case’¥,such clean and efficient reaction is unknown
for enediyne compounds. Furthermore, cycloaromatization of aza-
enediynela to 5-alkoxy-1,2,3,4-tetrahydrobezo[g]quinolin2a)
exhibits strong acid catalysis. Thus, in the presence o119
M of toluenesulfonic acid the half-life time dfa in 2-propanol at
25°C dropped down to 5 min. This observation is in a sharp contrast
with carbocyclic enediynes, where the rate of cyclization is

= H, Scheme 3) was not detected in thermolyses of aza-enediyneindependent of the acid concentratidrCycloaromatization ola

12062 = J. AM. CHEM. SOC. 2007, 129, 12062—12063

10.1021/ja073614d CCC: $37.00 © 2007 American Chemical Society



COMMUNICATIONS

in methanol was also accompanied by etherification of the hydroxy
group @, Scheme 1).

Cycloaromatization ofawas ca. two times slower in 2-propanol-
d; and in methanot. The substantial solvent isotope in normal
direction kq/kp ~ 2) indicates that proton transfer is at least partially
rate-determining. Incorporation of deuterium into the reaction
product @a-d,, Scheme 4) provides further evidence against
diradical mechanism singebenzene should preferentially abstract
protium from the methine group of the solvent.
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In contrast tola, only traces of the ©H insertion productl4
were detected in the thermolysis of acyclic enediyne-sulfonamide
12in 2-propanol, while imidd.3was isolated in 72% yield (Scheme
5).10 The acyclic compound is less reactive and requiré heating
at 160°C in 2-propanol to achieve full conversion. The product of
conventional Bergman reaction, R-propyl-N-tosyl)-3-propyl-

i-PrO

naphthalene, has not been detected in reaction mixtures.
Scheme 5
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The fact that cycloaromatization of aza-enediytied and12

is accompanied by ©H insertion in hydroxylic solvents and not

hydrogen abstraction suggests that this reaction proceeds by the

polar rather than diradical pathway. Experimental observation

described above can be accommodated by the following reaction

mechanism (Scheme 6).
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Acid catalysis of cycloaromatization reaction, as well as pro-
nounced solvent isotope and deuterium incorporation, provides
strong support for the rate-determining protonation of the nucleo-
philic yneamine carbon ofa Resulting ketenimmonium cation
15 undergoes very facile, as evident by the absence of addition
products, nucleophilic attack by the second acetylenic moiety to
give phenyl cationl6, which is in turn trapped by the solvent
yielding intermediatel 7. The latter can be deprotonated2a or,
in the case of small nucleophiles such as methanol, suffer

ROH

subsequent & substitution of a protonated hydroxy group. We
believe that the formation dflain benzene also proceeds via a
Friedel-Crafts-type reaction of the catidkb with the solvent.

Acyclic ketenimmonium catiod5* formed by the protonation
of 12 should exist predominantly in the less hindered conformation
1571, which cannot cyclize but rather adds alcohol to gi¥ The
unstable imide enol ethd is hydrolyzed upon workup to imide
13. Traces of the cyclization produg# are, apparently, produced
from the minor conformef5*2.

In conclusion, the replacement of a propargylic carbon in 3,4-
benzocyclodeca-1,5-diyne with a nitrogen atom resulted in dramatic
enhancement of the enediyne reactivity. The cycloaromatization
reaction of aza-enediynds,b proceeds by a new polar mechanism
via the intermediate formation of ketenimmonium cation. The latter
undergoes rapid cyclization to give phenyl cation, which is trapped
by a solvent.
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