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ABSTRACT

Aza-enediynes ( C,N-dialkynyl imines) undergo thermal aza-Bergman rearrangement to

P-alkynyl acrylonitriles through 2,5-didehydropyridine

(2,5-ddp) intermediates. Certain aza-enediynes also undergo an alternative process affording enediynes and fumaronitriles. Studies employing
a specifically C-labeled aza-enediyne show that the conversion to enediyne is second order in aza-enediyne, proceeds by a “head-to-tail”

coupling, and affords the ( 2)-enediyne.

Anticancer antibiotics containing the enediyne moiety (  alternative diradical-generating cyclizations that might be
Scheme 1) undergo Bergman cyclization to reactive 1,4- incorporated in the design of improved DNA-cleavage
didehydrobenzene (1,4-ddb) diradica?s cheme 1).The agent$ or employed in the construction of heterocycles.
diradicals derived from these enediynes abstract hydrogenAza-enediynes, oiC,N-dialkynyl imines %, Scheme 1),
atoms from the sugar phosphate backbone of DRA~(4, undergo a Bergman-type rearrangement to the corresponding
Scheme 1), leading to oxidative DNA strand scission and nitriles (7, Scheme 1), presumably through the 2,5-didehy-
ultimately cell death®c The isolation of the enediyne dropyridine (2,5-ddp) intermediaté,(Scheme 1), which is
antitumor antibiotics has led to a renewed interest in the not trapped by hydrogen atom abstraction.

Bergman cyclization in the design of cancer cell-selective
DNA cleavage agertsaind as an approach to the construction
of polycyclic molecules through free-radical cascade cy-
clizations® More recently, this has led to a search for
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Scheme 1. Thermal Rearrangements of Enediynes and
Aza-Enediynes
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Aza-enediynes have been the subject of a number of

theoretical 1! and experimental studiés!~14The 2,5-ddp
diradical is predicted to be a very short-lived, unreactive
species, and with one exceptitihefforts to trap this
intermediate have not been succes8&fdl.!* As part of our
ongoing investigation into the unique chemistry of aza-
enediyned?'+15we have uncovered a remarkable transfor-

mation of aza-enediynes to enediynes that can occur in
parallel with aza-Bergman rearrangement. Here we describ
this transformation and insights gained from the study of a

specifically*C-labeled aza-enediyne.
The aza-enediyneSa,b were prepared from 1,3-diphe-

Scheme 2. Synthesis of Aza-Enediynes and Their Conversion
to Enediyne¥
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of the p-toluyl-substituted aza-enediy®®, mild thermolysis
in benzene affords the enediyh&aand the toluylbisnitrile
138 (Scheme 2).

Thermolysis of aza-enediyne [4€]-5a (120 mM) at 70

nylpropy.none (9) via the correspond!ng o>§ime_ mesitylate °c jn benzene afforded [1,4C;])-enediynesZ)-11aand E)-
(20), which undergoes cuprate coupling with higher order 11a(1:3 ratio after chromatography, 60%), [8]-7a (24%),
alkynyl cuprates as shown in Scheme 2. These aza-enediynegnq unlabeled bisnitrilé2 (35%) (Scheme 3). The presence

are isolated as predominantly a single imine double bond

isomer, presumably the more thermodynamically staBje (
configuration'® Aza-enediynéais unstable when stored neat
for extended periods at10 °C. In benzene (120 mM) at 55
°C over a course of day$a is converted to the enediyne
113 isolated as a 1:E/Z mixture after chromatography, and
the diphenylfumaronitrild 216 However, under more dilute
conditions (0.45 mM) and higher temperatusa,undergoes
aza-Bergman rearrangement#a (Scheme 2). In the case
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of two 3C-labeled positions in bothZj- and E)-11ais
apparent from thé3C NMR spectra, in which the pair of

labeled carbons in each compound are coupled (4.1 and 4.6

Hz, respectively}?
The rate of disappearance & monitored by*H NMR
(120 mM5ain benzeneds, 70 + 1 °C) does not follow either

(17) The reported yields df1 and 12 assume a 2:1:1 stoichiometry of
starting aza-enediyne to enediyne to bisnitrile.
(18) Pochat, FTetrahedron Lett1978, 1055—1058.

Org. Lett, Vol. 8, No. 10, 2006



first-order or second-order (with respect3a) kinetics, but || NNk

can be fit to a rate equation for parallel first- and second- Scheme 4
order reactions (Table 2y.Data obtained front*C NMR o oh
/ / Ph
Ph N Ph N
| L~ N
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Table 1. Rate Constants for the First-Order Aza-Bergman 2 1, - Iéﬂ - - o N =
Rearrangement dda and the Second-Order Transformation of R \ Ph i%\Ph 5
5ato 1laat 70°C s N 1 15
first-order rate second-order rate /
Ph Ph
solvent® constant? (s71) constant? (L mol~1s71) Ph
benzene-d¢ (4.4+0.3) x 10°° (41+0.2) x 1074 |‘] oh m
THF-dg¢ (18+£13)x107°  (2.1+0.8) x 107 AN o ATNAN o
= Ph N
alnitial 5a or [1-13C]-5a concentration of 120 mMR The rate of A PR TG =
disappearance dsa determined from NMR integrals versus an internal Ph™ =G
standard (2,5-dimethylfuran fdH NMR and solvent fo3C NMR) was 17 R 16
fit to simultaneous, parallel first- and second-order processes. For details
see the Supporting InformatiohAverage values from bothH and 13C (E)-12
NMR data.4 Values from*3C NMR data. oh
T . X NC[ Ph
Ph N I — (B
@12e—— N «— R} NC” Ph 1z
studies of the disappearance off€]-5a were also fit to N / (212
parallel first- and second-order processes, which match the 18 PR R
appearance of®C NMR signals for 12 and @)-11a, 18 7
respectively. Thesé*C NMR kinetic studies show that /L __Ph
enediynellais formed predominantly as th&)-isomer, P g*
which undergoes isomerization during extended he#tiog
afford mixtures of (E)- and (Z)-11a. NMR kinetic studies of @n

[4-13C]-5a were also carried out in THHg (Table 1).
Previous studies have shown that the rate of aza-BergmarPresent case, the formation of the alkyne moiety is ac-
rearrangement of 6-unsubstituted-3-aza-hex-3-ene-1,5-diyne$ompanied by elimination of the bisnitrile2 (or in the case
shows a slight solvent dependence; proceeding more slowlyof 15b the bisnitrile13), which provides a strong thermo-
in more polar solvents Both the first- and second-order ~dynamic driving force for the conversion. This may involve
components of the rate of disappearance of aza_enea'wne initial cyclization (t016 or 1724) and elimination to produce
show a similar decrease in the more polar solvent (Table 1).the enediynell and 12 directly (from 16), or after diaza-
Thermolysis of aza-enediyriga carried out in neat 1,4- Bergman rearrangement of the azoacetyl@é8® derived
cyclohexadiene in attempts to trap the 2,5-d@dpor other ~ from 17 (Scheme 4). Whilel2 is predicted to be formed
intermediates, such as 1,3-diphenylpropargyl carBetiet initially as the (Z)-isomer, isomerization may occur during
might be involved in a dissociative process leadindta  thermolysis or chromatographic isolati#fthe later being
failed to afford either the pyridin8a or any other trapping complicated by trace amounts of an unidentified product of
products; only7a, 11a, andL2 were obtained. This, together ~Similar mobility, which may explain the nonequivalence of
with the labeling studies and the observation that the rate of the isolated yields ot2and11. There is some evidence for
conversion ofsa to 11ais second order iba leads to the  these proposed intermediates. ESI-MS analysis of samples
proposal that the conversion of aza-enediynes to enediyne®f 5a stored at—10 °C in benzene demonstrate initial
proceeds through an initial head-to-tail coupling. One pos- formation of dimer, followed by formation of enediyne over
sibility involves a concerted [22] dimerization to an  the course of days. Careful chromatography of these samples
azacyclobuterfd (e.g.,14, Scheme 4), ring opening of which affords trace amounts of colored compounds that upon mass
produces an intermediat&g) similar to that involved in the ~ Spectrometric analysis produce ions corresponding to dimers

oxidative formation of alkynes from 1,2-hydrazorién the of 5a; however, the small amount obtained and conversion
of these compounds tdla and 12 has prevented their
(19) (a) Krivdin, L. B.; Della, E. W.Prog. NMR Spectrosd 991,23, complete characterization. Further evidence for the azacy-
301-610. (b) Porwoll, J. P.; Leete, B. Labelled Compd. Radiopharm. i i ;
1985,22, 257—271. (c) Lambert, J.; Klessinger, Magn. Reson. Chem. C|01b3utenel4 C_Omes from the*C NMR, kmetl,c studies of
1987,25, 456—461. [4-13C]-5a, which demonstrate a low-intensity peak whose
(20) The kinetic model is for two parallel, irreversible reactionsaf chemical shift (546 ppm) and appearance and disappearance
one first-order irbaand the other second-order5a: 5a— 7a(ki); 2(5a) . . . . .
— 1la+ 12 (k). over time is commensurate with such an intermediate.
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Examination of other aza-enediynes demonstrates thatenediynes, presumably due to steric effects on the initial
there are certain structural requirements in order for the dimerization to14. However, for aza-enediynes bearing
conversion of aza-enediynes to enediynes to compete withterminal aryl substituents (e.g5a,b), the conversion to
aza-Bergman rearrangement. Aza-enedigde(Figure 1) enediynes can predominate over aza-Bergman rearrangement,

particularly at high concentrations of aza-enediyne or lower

I oS

The remarkable conversion of aza-enediynes to enediynes

R adds another facet to the distinct chemiSi#§°of this class
N of compounds, whose design was inspired by analogy to the
A enediyne Bergman cyclization. Aza-enediynes have now
R X R6 come full circle, serving as synthetic precursors to the source
of inspiration for their conception. Benzenoid diradicals
5c: R'=R®=Ph, R*=Me derived from Bergman cyclization of enediynes can be

5d: R'= R*=Ph, R®=H

; i 6 efficiently trapped through hydrogen atom abstraction
5e: R'=Ph, R =p-MeCsH4, =H .
5f: R'= R®=Ph, RS= TIPS reactions. There have been a number of attempts to detect
5g: R'=TIPS,R*= R®=Ph similar chemistry from aza-enediyne-derived 2,5-didehydro-

pyridines®11-13 The conversion of aza-enediynes to ene-
diynes reported here, which can occur in parallel with the
thermal aza-Bergman rearrangement of these compounds,
should inform future studies of the thermal chemistry of aza-

also apparently undergoes this transformation: chromatog-€n€diynes. For example, reactive diradicals from aza-
raphy of a sample obc stored neat at-10 °C for 2 years ened!ynes may arise from Bergman cyclization of the
afforded the corresponding enedijhé14% yield, ~1:1 engdlynes dgrlved from-them rather than aza-Bergman-
mixture of E/Z isomers) and the bisnitrilé2 (35% yield). ~ derived 2,5-didehydropyridines.

For sterically unencumbered aza-enediybe® (Figure 1),
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Figure 1. Aza-enediyne structural effects on the conversion to
enediynes.
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