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Triggering of the Bergman Cyclization by Photochemical Ring Contraction.
Facile Cycloaromatization of Benzannulated Cyclodeca-3,7-diene-1,5-diynes
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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 cyclization and produce a DNA-damaging
p-benzyne diradical? Photochemical triggering of this reaction
allows for the spatial and temporal control of enediyne reactivity.
Several examples of light-induced cycloaromatization of ac$tlic
and cycli® enediynes, as well as of natural antibiotic Dynemicin
A% have been reported in literature. Our group explores an
alternative strategy of photoactivation: the in situ generation of a

reactive enediyne system, which subsequently undergoes the

cycloaromatizationi.
Here we report the first example of triggering of the thermal
Bergman cyclization by the photochemical ring contraction. The

latter process causes substantial increase in the strain energy of

cyclic enediynes, thus triggering the cycloaromatization. It is known

that 11-membered ring enediynes are stable at ambient temperatures,
while 10-membered analogues undergo spontaneous cycliZation.

We have designed and synthesized 11-membered enediyne (
which incorporates an-diazof3-diketone moiety. Upon irradiation
or thermolysis,1 undergoes Wolff rearrangement to produce
reactive 10-membered enediyng@a and 3b. The latter undergo
spontaneous Bergman cyclization (Scheme 1).
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aReagents and conditions: (a) LDA/EtOAc, 90%; (b) TBDMS,
imidazole/DMAP, 90%; (c) KCOsJ/MeOH, 97%; (d) #/morpholine, ben-
zene, 50C, 91%; (e) DIBAL, 91%; (f) CrGI/NICl,, THF, 84%; (g) Dess
Martin periodinane, 92%; (h) HF, MeCN 88%,; (i) Deddlartin periodinane,
84%; (j) DBU, TsN;, 84%.

(TIR) spectroscopy. Keten@sand2b, which are indistinguishable
at the resolution of the TIR instrumehgre formed within 30 ns
after the laser pulse and decay with a lifetime of caxS0n the
presence of 5% methanol in CCIThe 350 nm irradiation ofl
results in the efficient®sso = 0.36) dediazotization of the starting
material. However, dihydroanthracene derivativies(54%) and
4b (31%), as well as small amounts of diketah®(<10%), were
the only isolated products upon photolysis in 2-propano=RPr,
Scheme 1)4aand4b are the major products even at low conversion
(5—10%) of 1. Low-temperature photolysis df allowed us to
isolate unstable ketoest®a, which undergoes clean cyclization to
4awith 71, =5 h at 36°C in 2-propanol. However, enediyrgd
was not detected in the photolysate even &E0This observation
allows us to conclude that enediyBe s also formed in the photo-
Wolff reaction of1 but undergoes rapid thermal Bergman cycliza-
tion to 4b. The lifetime of enediyne3b (71, = 4.5 min) was
measured by following the growth of absorbancetbfat 248 nm
after 2 min of irradiation.

The facile cycloaromatization of benzannulated 10-membered

was prepared by the diazo transfer reaction from tosyl azide onto ring cyclic enediynes8ab, which resembles that of the strained

the 5-diketonel4 (Scheme 2§.The latter was in turn prepared by
successive DesdMartin oxidations of 1,3-diolll. The crucial
cyclization step has been achieved using the NozHkyama—
Kishi procedure (Scheme 2.

The photo-Wolff reactiol of diazodiketonel was expected to
produce two isomerig3-ketoketenes?a and 2b, which should
rapidly react with the hydroxylic solvents,o ~ 1 us)?to give
[-ketoesters8a and 3b (Scheme 1).

In fact, the formation of a characteristic ketene band at 2212
cm~tin laser flash photolysis of was detected by transient IR
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nine-membered C-1027 chromophétds rather unusual. Other
known derivatives of 3,4-benzocyclodeca-1,5-diyt8, (Scheme

3) are stable under ambient conditions and undergo slow Bergman
cyclization only at elevated temperatuté8IMR dat& indicate that
ketoester8a, and presumablgb, predominantly exist in the enol
form (i.e.,3Fa and3Fb, correspondingly, Scheme 3). An additional
endocyclic double bond apparently reduces the barrier for the
Bergman cyclization. In fact, attempts to prepare 3,4-8,9-dibenzo-
cyclodeca-1,5-diyne produced only 5,12-dihydronaphthaéene,
while annulenel6 (Scheme 3), which can be generated photo-

10.1021/ja064470q CCC: $37.00 © 2007 American Chemical Society
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chemically or using flash vacuum pyrolysis, is a short-lived transient
at room temperatuté and is relatively stable only in cryogenic
matricest’

Scheme 3
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Figure 1. Light-induced cleavage apX174 DNA in the presence df.
Lanes +5: DNA irradiated for O, 15, 45, 180, and 480 s. Lanes96
DNA + 1 (1787 uM), irradiated for 0, 15, 45, and 180 s. Lanes—110%:

= X = H,H; T42(84°C)= 34h = DNA + 1 (488 uM), irradiated for O, 15, 45, 180, and 480 s. Lanes-15

O X = H,0H; T4/5(84°C)= 6.5h O 19: DNA + 1 (82 uM), irradiated for 0, 15, 45, 180, and 480 s. Lane 20:

== X = 0; T4,2(40°C)= 57h == DNA incubated with PSt- restriction enzymerfa h at 37°C. Lane 21:
15 X 16, T ~ 1ms DNA alone.

3Fa, T4/5=5h 3Eb, Tq2= 4.5 min

The reactivity difference between regioisomeric enediydas
and3b is also quite remarkable. We believe that this phenomenon termini of the extended-system have pronounced effect on the
is caused by the electronic influence of the substituent at the vinylic réactivity of the dienediyne system.
terminus of ther-conjugated system. The electron-rich hydroxyl

group in3Eb donates electron density to the out-of-planerbitals, Acknowledgment. We thank the NIH (CA91856-01A1) and
thus increasing the aromatic stabilization of the Bergman cyclization the NSF (CHE-0449478) for the support of this project, and
transition staté® The electron-withdrawing carbonyl groupia, Professor R.M. Wilson and Dr. E.T. Mack for the assistance in
on the other hand, retards the cycloaromatization reaction. conducting DNA photocleavage experiments.

In addition, the photochemistry ofdiazof-diketonel provides
us with the first direct experimental comparison of migratory Supporting Information Available: Experimental procedures and
aptitudes of sp and sp-hybridized carbon atoms in the Wolff cpmpound characterization data. This material is available free of charge
rearrangemenp3-Ketoestersta and4b, which are formed by the ~ Via the Internet at http://pubs.acs.org.
migration of alkyl and acetylenic substituents, correspondingly, are
obtained in the ratio of 7:4. This observation indicates the References
preferential migration of the alkyl versus alkynyl substituents in

(1) Bergman, R. GAcc. Chem. Red.973 6, 25.

the Wolff rearrangement. Thermolysis bat 100°C in ethanol in (2) For recent reviews, see: (Bnediyne Antibiotics as Antitumor Agents
_ ; — Borders, D. B., Doyle, T. W., Eds.; Marcel Dekker: New York, 1995.
_the presence Qf 1,4-cyclohexadiene produtaand4b (R = Et) (b) Jones, G. B.. Fouad, F. &urr. Pharm. Des.2002 8, 2415, (c)
in a similar ratio. Nicolaou, K. C.; Dai, W.-MAngew. Chem., Int. Ed. Endl991 30, 1387.
initi ; i _ (d) Danishefsky, S. J.; Shair, M. . Org. Chem1996 61, 16.

An initial evaluation of the DNA cleavage ability of photoge (3) (a) Kagan, J.- Wang, X.. Chen, X.. Lau. K. Y. Batac. I. V. Tuveson, R.
nerated 10-membered ring enediyr8sand 3b was carried out W.; Hudson, J. BJ. Photochem. Photobiol. B993 21, 135. (b) Turro,

i i i N. J.; Evenzahav, A.; Nicolaou, K. Qetrahedron Lett1994 35, 8089.
u§|ng supercplled plasmld DNA cleavage assays. Three fqrms of (c) Kaneko. T Takahashi. M.: Hirama, Mngew. Chem.. Int. E4999
this DNA [native (RF I), circular relaxed (RF Il, produced by single- 38,1267. (d) Plourde, G., II; EI-Shafey, A.; Fouad, F.; Purohit, A.; Jones,

i issi G. Bioorg. Med. Chem. Let002 12, 2985.
strand ,Cleavage)’ and linear (RF l_”' formed by scission of both (4) (a) Benites, P. J.; Holmberg, R. C.; Rawat, D. S.; Kraft, B. J.; Klein, L.
strand in close proximity)] are readily separated by the agarose gel J.; Peters, D. G.; Thorp, H. H.; Zaleski, J. M. Am. Chem. So2003
i 125 6434-6446. (b) Kraft, B. J.; Coalter, N. L.; Nath, M.; Clark, A. E.;
eleCtrOp.horeSIS' .. . . Siedle, A. R.; Huffman, J. C.; Zaleski, J. Mhorg. Chem2003 42, 1663.

Solutions containing various concentrations loind X174 (5) (a) Choy, N.; Blanco, B.; Wen, J.; Krishan, A.; Russell, K.Gzg. Lett.
supercoiled circular DNA (30 ngL) were irradiated at 351.1 nm 200Q 2, 3761. (b) Funk, R. L; Young, E. R. R.; Wiliams, R. M.

.p . ( 4 2, . . . Flanagan, M. F.; Cecil, T. LJ. Am. Chem. S0d.996 118 3291.
using an argon ion laser at cab °C. Diazodiketonel induces (6) Shiraki, T.; Sugiura, YBiochemistry199Q 29, 9795.
substantial single-strand cleavage (RF 11)¢@174 DNA upon (7) (a) Poloukhtine, A.; Popik, V. VJ. Org. Chem.2005 70, 1297. (b)

. .. . . . Poloukhtine, A.; Popik, V. VChem. Commur2005 617.
irradiation, while the linearized form (RF Ill) was observed only (8) (a) Magnus, P.: Lewis, R. T.; Huffmann, J. £.Am. Chem. S0d.988
at higher concentrations of the cleaving agen6Q0 M) and 110, 6921. (b) Schreiner, P. R. Am. Chem. S0d.99§ 120, 4184. (c)

. L. . - . . Cramer, C. JJ. Am. Chem. So&998 120, 6261. (d) Koseki, S.; Fujimura,
prolonged irradiation (Figure 1). The relatively high concentrations Y.; Hirama, M.J. Phys. Chem. A999 103 7672. (e) Nicolaou, K. C.:
of 1, which are required to achieve double-strand DNA photoscis- ggavilg,s\(.;l %uczgg%lo,f GJ.; SchwgigBer3 &J.;hPFUJmiﬂzavmal.Tgmé_Cr\}sm.t X
sion, indicate that has low affinity to a dDNA molecule. In order J_?‘i,'\,amaer’ L0 M. Hu‘er?g?sg_; Li A Kilgore. M. W'. Sticea, R, P
to improve the photonuclease activity of enediyheit is being Pollenz, R. SJ. Org. Chem2002 67, 5727.

. . . s . . 9) Supporting Information.
conjugated with a dDNA minor-groove binding moiety. It is also ({0)) Ta'lzgi, K.? Kuroda, T.. Nakatsukasa, S.. Oshima, K.. Nozaki, H.

interesting to note that irradiation d@fin the presence opX174 Tetrahedron Lett1985 26, 5585.
(11) For a recent review, see: Kirmse, Bur. J. Org. Chem2002 2193.

prod_u_ces anew modification of DNA with IOW(_est electropho_retic (12) (a) Chang, J. A,; Kresge, A. J.; Nikolaev, V. A.; Popik, V. ¥.Am.
mobility (Figure 1). The nature of this band, which was preliminar- Chem. Sll(oczooa 125 647&. (b) Chiang, Y.; Kresge, A. J.; Nikolaev, V.
; : : ; : A.; Popik, V. V.J. Am. Chem. Sod.997, 19, 11183.

!Iy att'rlbu.ted to the covalently cross-linked dimer, is under (13) Yoshida, K.. Minami, Y.. Otani, T.; Tada, Y.. Hirama, Metrahedron
investigation. Lett. 1994 35, 5253.

; ; ; ; (14) Semmelhack, M. F.; Neu, T.; Foubelo,JrOrg. Chem1994 59, 5038.
In conclusion, the photoswitchable enediyne compound, which (15) Henry, N. C.. Sondheimer, Fetrahedron Lett198Q 21, 217,

is stable in the dark but converted into a very reactive form by (16) Schottelius, M. J.; Chen, B. Am. Chem. S0d.996 118 4896.

; i : ; ; ; (17) Wenk, H. H.; Sander, WEur. J. Org. Chem1999 57.
light-induced ring contraction, has been designed and synthesized. (18) (a) Alabugin. I. V.. Manoharan, Mi, Phys. Chem. /4003 107, 3363.

Benzannulated 10-membered ring enediynes containing an ad- (b) Schreiner, P. R.; Navarro-Vasquez, A.; Prall,Aéc. Chem. Re€005
ditional endocyclic double bond undergo facile cycloaromatization 38, 29. (c) Rawat, D. S.; Zaleski, J. Miynlett2004 393.
even at C. The electronic properties of substituents at the alkene JA064470Q

J. AM. CHEM. SOC. = VOL. 129, NO. 13, 2007 3793





