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The Bergman cyclization of benzannelated enediynes is highly sensitive to ortho substitution. This finding opens possibilities for the rational

design of conformer-specific and pH-dependent DNA-cleaving agents.

The thermal cyclization of (Z)-enediynes (the Bergman
cyclization} has a number of practical applications in the
design of DNA-cleaving agentsthe development of poly-
meric materials with enhanced thermal properisy)
synthesis of polycyclic compounddntroduction of func-

orthogonal to the aromatic-system, and therefore, the para
substituents influence reactivity predominantly via the field
effect’ Electron-acceptor substituents are generally found
to accelerate the cyclization as suggested by Koga and
Morokuma because electron repulsion between the occupied

tional groups in benzannelated enediynes can provide ain-plane alkyne z-orbitals should increase the cyclization

straightforward and synthetically viable way to control both

barrier. A number of experimental results are consistent with

the cyclization rate and molecular recognition of the enediyne this suggestiofi.

moiety by DNA. Although the reactivity of heterocyclic

enediynezshows considerable variation, only slight changes _

in the cyclization barrier were found fqrara-substituted
benzene analoguég.The developing radical centers are
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Scheme 1. Bergman Cyclization of Benzannelated Enediynes

The present study was prompted by our experimental
finding of an accelerating effect by an electron-donating
OMe group at the ortho positiof? Although the effect is
subtle—2,3-diethynylanisole is only two times more reactive

(6) (a) Boger, D. L.; Zhou, J1. Org. Chem1993,58, 3018. (b) Grissom,
J. W.; Calkins, T. L.; McMillen, H. A.; Jiang YJ. Org. Chem1994,59,
5833. (d) Note, however, that benzannelation might alter the rate-limiting
step in enediyne cycloaromatization. Kaneko, T.; Takahashi, M.; Hirama,
M. Tetrahedron Lett1999,40, 2015. Fujimura. Y.; Hirama, Ml. Phys.
Chem. A1999,103, 7672.



Table 1. Activation Barriers and Reaction Energies (kcal mplfor Bergman Cyclizations ofrtho- andpara-Substituted
1,2-Diethylnylbenzenes Calculated at the B3LYP/6-31G** Level; Datgpma-Substituted Cases Given in Parentheses

Q

R* 'b<\\ = ®? SERb SETSb
Reiecs TScics AE*¢ AH” AG” AE,

H 4.212 1.924 31.3 30.1 32.0 11.03 0.00 0.00
F 4208 (4209) 1.926 (1.906) 313 (312) 30.1(302) 32.0(32.1) 108(109) 072  0.82
cl 4129 (4214) 1.930(1.908) 313(312) 299(30.1) 31.7(32.1) 10.0(108) 168 1.77
Me 4169 (4218) 1.923 (1.914) 315(313) 30.0(30.9) 31.7(G1.1) 109(109) -0.11  0.09
NHy() 4108 (4215) 1.897 (1.920) 313 (31.4) 30.3(30.9) 322(322) 104(11.0) 191 187
NHo(p)  4.229 (4.224) 1908 (1.910) 32.3(31.5) 312(31.0) 32.9(323) 124(11.6) -159 .0.83
CN 4174 (4240) 1.904(1.919) 31.1(31.0) 30.0(30.0) 31.9(31.9) 10.0(10.6) 115 120
CF, 4.105(4207) 1.912(1.912) 30.0(31.0) 29.0(30.0) 30.6(31.9) 92(103) 215 121
NO, 3.936 (4.196) 1.922(1.909) 27.9(30.9) 27.5(29.9) 27.9(31.8) 6.6(104) 583 2.84
OH(s) 4205(4222) 1911(1.912) 31.9(31.3) 30.8(303) 32.6(32.2) 12.8(11.0) -2.80 -2.27
OH(a) 4.172(4210) 1.901(1.908) 31.5(314) 30.5(303) 32.4(322) 106(11.4) 124 138
CHO(s)  4.022(4.194) 1.942(1.909) 27.7(31.0) 26.8(30.0) 28.8(32.0) 6.8(10.9) 3.88  0.54
CHO(a)  4.115(4206) 1.930(1.913) 292(31.1) 28.1(30.0) 30.0(32.0) 9.4(104) 125 -0.60
OMe(s,s)  3.934(4.219) 1.911(1.913) 28.6(31.4) 27.5(30.4) 292(32.3) 89(10.8) 554 2.79

OMe(s ¢)  3.900 (4.222) 1.924(1.913) 27.7(314) 27.1(29.8) 269(33.8) 80(10.9) 492 121
OMe(as) 4.162(4214) 1.927(1.906) 31.4(31.5) 30.4(304) 32.4(32.4) 103(11.9) 135 138
OMe(a ¢) 4150 (4.220) 1.900(1.906) 31.6(31.5) 30.5(29.9) 32.4(343) 104(11.9) 151 1.6l
NH,'(st) 4299 (4.188) 1.920(1.902) 292 (30.3) 28.6(29.6) 29.7(31.3) 10.6(9.6) -3.73 -4.87
NHs'(ec)  4.291 (4.193) 1.926 (1.906) 28.4(30.2) 27.1(29.3) 29.1(31.1) 11.7(92)  -495 -6.89

aPlanar and nonplanar conformers of plldynandanti conformers of OH, CHO, and OMe, and staggered and eclipsed conformations of OMe group
were considered 6E = Eqrino — Epara, difference in the absolute energies between ortho and para isa¥&eris. the difference for the enediynes, abidrs
is for transition states. The ZPE correction is in the range of 6-:2.8 kcal mot™.

than 1,2-diethynylbenzene at 170! (Table 2, Supporting  substitution. We also evaluate specific mechanisms account-
Information)—the direction of the change is unexpected. The ing for this phenomenon.

accelerating influence of an electron-donor substituent clearly
contradicts with the simple premise of the Kegdorokuma
hypothesis.

Intrigued by this result we undertook this theoretical Scheme 2
analysis of the “proximity effect® of ortho substituents in o I | Me D QMe Z
the Bergman cyclization. Below, we report our finding that @\ e, C[ b @i ©<
the cyclization step is highly sensitive to the nature of ortho NO, NO, e [ X
50% % 78%

(7) Choy, N.; Kim, C.-S.; Ballestero, C.; Argitas, L., Diez, C.; Licht-
enberg, F.; Shapiro, J.; Russell, K. Tetrahedron Lett2000,41, 6995.
Correlation of the reaction rate with Hammeit, value revealed a low
sensitivity to substituents(= 0.654). The Swain—Lupton model yielded
a larger field parameter (0.662) than resonance parameter (0.227) indicating
that conjugative effects in the out-of-planesystem are of lesser importance
than field effects.

(8) Koga, N.; Morokuma, KJ. Am. Chem. S0d.991,113, 1907.

(9) Schmittel, M.; Kiau, SChem. Lett1995 953. Mayer, M. E.; Greiner,

B. Liebigs Ann. Cheml992, 855. Semmelhack, M. F.; Neu, T.; Foubelo, stricted (reactant) or broken-spin unrestricted (TS and
F.J. Org. Chem1994,59, 5038. Nicolau, K. C.; Zuccarello, G.; Riemer,

S i o .
C. Estevez, V. A Dai W.-MJ. Am. Chem. S0d992. 114, 7360. diradical produc_t*)6 B3LYP/6-31G** method which has been
(10) Synthesis of the enediyne is outlined in Figure 1. The key step Shown to provide reasonable accuracy for the Bergman

involved Sonogashira coupling of TMS-acetylene with 3-OMe-1,2-diodo- cyclization.lﬁ-” The computational results are summarized
benzene in 78% yield. (See Supporting Information) in Table 1

(11) We used the conditions of Grissom et®8l5.4 mg (0.034 mmol)
of 1.2-diethynyl-3-methoxybenzene, 0.27 g (3.4 mmol) of 1,4-cyclohexa- — |n agreement with the experimental results of Russell and
diene, and 4.7 mg (0.011 mmol) of tetraphenylnaphthalene internal standard 7 the infl f . h
were dissolved in 10 mL of chlorobenzene. Next &Galiquots were sealed ~ cO-workers the influence of para substituents on the
in thin capillaries (at the height where no dead volume was observed) after cyclization is small. The activation energies for the neutral
freeze—pump—thaw degassing and placed in an oil bath, the temperature

being maintained at 17%C with a “Temp-O-Trol” temperature controller
(£0.2 °C). The range of reaction times corresponded to 2—3 half-lives. as indicated by the yield of OMe-naphthalene (67%). The yield of
The reaction mixtures were diluted with hexane and analyzed by analytical naphthalene in the cyclization of 1,2-diethynylbenzene was 73%. Products
HPLC. The cyclization of 1,2-diethynyl benzene was studied under the same formed by recombination of naphthyl and cyclohexadienyl radicals constitute
conditions (see Supporting Information). Importantly, the presence of an the rest of the reaction mixtures.

ortho substituent did not decrease the efficiency of the Bergman cyclization ~ (12) Charton, MProg. Phys. Org. Chem. 1978, 235.

a Reagents and conditions: (a) (1) NaOH, Hg(OAgR) Kl,
I2; (b) (1) Mel, (2) NH4, FeCh, (3) NaNQ,, KClI, KiI; (c) Pd(PPh),,
(1) Cu(l), HCCSiMg, (2) K,COs, MeOH.

All geometries were computéd* using either the re-
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Figure 1. Correlation between the calculated activation energy of the Bergman cyclization and the product of natural charges at the

terminal acetylenic atoms of benzannelated enediynes. Only para substituents obey the correlation.

substituents lie within a range of only 0.6 kcal/mol (Table

1). A larger decrease in the activation energy for a positively
charged substituent (N#) demonstrates the predominant

role of the field effect.

products of natural atomic chardgé® at the acetylenic
carbons with the activation energy (Figure 1).

However, the influence of ortho substituents on the
activation energy is not limited to the field effect, as indicated

The field effect of electronegative substituents decreasesby large deviations from the above correlation (Table 1 and

electron density at the terminal acetylenic atoms thus
alleviating the electron repulsion. We found that this simple
rationale is supported by an excellent correlation of the

(13) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. Aaussian 98; Gaussian, Inc.: Pittsburgh,
PA, 1998.

(14) The size of the systems precluded the use of accurate but
computationally expensive multiconfigurational methods. (a) Nicolaides,
A.; Borden, W. T.J. Am. Chem. Sod 993, 115, 11951. (b) Lindh, R;
Lee, T. J.; Bernhardsson, A.; Persson, B. J.; KanstrG. J. Am. Chem.
So0c.1995,117, 7186. (c) Kraka, E.; Cremer, D.; Bucher, G.; Wandel, H.;
Sander, WChem. Phys. Letl997, 268, 313. (d) McMahon, R. J.; Halter,
R. J.; Fimmen, R. L.; Wilson, R. J.; Peebles, S. A.; Kuczkowski, R. L.;
Stanton, J. FJ. Am. Chem. So@000,122, 939. (e) Cramer, C. J.; Nash,
J. J.; Squires, R. RChem. Phys. Letl997,277, 311. Cramer, C. J.; Squires,
R. R. J.Phys. Chem. A997,101, 9191.

(15) UB3LYP/6-31G** slightly overestimates the reaction barrier and
underestimates the endothermicity (see Supporting Information). However,
this accuracy is acceptable since we are considertative trends in
reactivity.

(16) (a) Kraka, E.; Cremer, Ol. Am. Chem. So@000,122, 8245. (b)
Gréafentein, J.; Hjerpe, A. M.; Kraka, E.; Cremer, D.Phys. Chen2000,
122, 8245. (c) Jones, G. B.; Warner, P. 1. Am. Chem. So2001,123,
2134. (d) Feldgus, S.; Shields, G. Chem. Phys. Let2001,347, 505.

(17) BLYP is another DFT method commonly used for theoretical studies
on the Bergman cyclization: Prall, M.; Wittkopp, A.; Fokin, A. A;
Schreiner, P. RJ. Comput. Chem2001, 22, 1605. Prall, M.; Wittkopp,
A.; Schreiner, P. RJ. Phys. Chem2001, 105, 9265. (See Supporting
Information.)
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Figure 1). As a result the accessible range of activation
energies is much larger, from 27.7 to 32.3 kcal/mol. At 37
°C, all other factors being equal, it corresponds to an almost
2000-fold change in the reaction rdfeThis difference is
especially remarkable since the electronic effects of ortho
and para substituents are often considered siffilar.

Further insight into the role of ortho substituents is
provided from the difference in absolute energies between
ortho- andpara-substituted enediynes (gEas well as their
cyclized TSs§Ers) given in Table 1. Positive values 6Er
and J0Ers are indicative of steric repulsion and lower
stabilities of the ortho compounds compared to those of the
corresponding para compounds. Negative valuedsafand
OErs indicate that ortho isomer is more stable as a result of
stabilizing interactions of the substituent with the enediyne
moiety. It is important to note here that only difference
betweenEg anddErs and not the sign of théEs determines
the effect of the substituent on the cyclization rate.

Sterically compact ortho substituents such as Me, &t
OMe, F, CI, and CN destabilize the ground and transition
states to a similar degree. As a result, changes in the
activation energy are minor. The net effect of these substit-
uents on the cyclization rate is similar to that of the para
substituents, and the corresponding computational data fit
well into the correlation in Figure 1.

(18) The product of atomic charges is proportional to the electrostatic
repulsion between the atoms (with constant interatomic distance).

(19) Weinhold, F.; Natural Bond Orbital Methods. Encyclopedia of
Computational Chemistnyschleyer, P.v. R., Ed.; Wiley: New York, 1998;
Vol. 3, p 1792.
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On the other hand, the presencendho-NQ,, NH,, NH3*, interaction disappears since the overlaptf_4 orbital and
CHO, CF;, andsyn-OMe groups results in large changes in the in-planez-bond decreases as a result of inward bending
the activation energy. Depending on the substituent, threeof the acetylene moiety away from the X—H group.
different factors account for these changes: steric assigtance
(decrease in steric destabilization in TS), extra stabilization
of the TS, and decrease in TS stabilization. The first two
factors decrease the activation energy.

synCHO, NQ,, CF;, and yn-OMe facilitate the cyclization
through steric assistance. The ground state is destabilize
by steric factors as reflected in the decreased@ distances
for the ortho isomers and higher energies of the latter (more
than 5 kcal/mol forsyn-OMe and N@). The steric effects
Z;?asllﬁgﬁtfﬁ elr;):thheo-:t\)lgzteursntthe acetylene moiety is bent markedly decreased (Tablg 3, Supporting I.n.formation), thus

An interesting feature of sterically demanding substituents decreasing electron repulsion in the transition state.
is the dependence of the activation energy on the conforma- The large decrease in the activation energy upon proto-
tion. This conformational dependence of the Bergman nation is important because cancer cells are more acidic (pH
cyclization may provide an additional way to control 5.5 than normal cells. At this pH, anilines are protonated
reactivity of enediynes in vivo when binding to the minor noticeably?* Hence, the fact that protonation of tletho-
groove of DNA is conformer specific. amino group decreases the activation energy by 3.9 kcal/

However, Curtin-Hammett analysis shows thayn mol (and thus can speed up the reaction by the factor of 600
conformers are unlikely to contribute significantly to the rate at 37°C) can be used in the design of tumor-specific DNA
of the Bergman cyclization of 2,3-diethynylanisole because cleaving agent&® 25
these conformers are destabilized significantly compared with
the lowest energy (a,s)-conformer (3.9 kcal nmdk,s) and
6.5 kcal mot! (s,e)). Although the 2-fold difference in the
reaction rates for cyclization of 1,2-diethynylbenzene and
2,3-diethynylanisole is consistent with the small difference
(0.2 kcal mof?) in the computed barrier, theory predicts the
anisole to bdessreactive. Thus, at this stage, theory does

not provide a definitive explanation for the subtle increase ) ) ]
in the reactivity of theortho-OMe enediyne. An intriguing Acknowledgment. A.l. thanks Florida State University
possibility is that the diradical is trapped intramolecularly for First Year Assistant Professor Award and Ms. Carol Joud

by the ortho-methoxy group! This trapping might prevent ~ for technical assistance.

the retro-Bergman ring opening and make the cyclization

step irreversible. We plan to seek further insight into the  Supporting Information Available: Optimized geom-
details of the hydrogen atom abstraction using isotope etries and energies for all compounds, synthetic procedures,
labeling and to carry out additional kinetic studies to and spectral and kinetic data for 2,3-diethynylanisole and
determine the rate-limiting step in the cycloaromatization 1,2-diethynylbenzene. This material is available free of
cascade. charge via the Internet at http://pubs.acs.org.

CHs, NH,, and syn-OH increase the activation energy
because they stabilize the starting material by a hydrogen
bond between the X-H moiety anih-plane acetylenic
s-orbital. The strength of the hydrogen bond increases with (in(Eg;lz\ln?g)aflaéyz‘}i\ﬂ;n%s;hé f%'_'%\ﬂil_:;lgsege(ﬁﬁ ffl)rr]ttgree gtxggr?gegi::‘e%rtlds
the electronegativity of X? This interaction results in an gl interaction of sul’)sti'tuen%/s at the vinylic position with tr?eydeveloping
increase of the C-Cg distance and outward bending of the radical center can be either stabilizing or destabiliZitfg.

; i (23) Osinsky, S.; Bubnovskaya, lArch. Geschwulstforsct984,54,
acetylene group. As the reaction proceeds, the stabilizing ,.+° Tannock I F Rotin, DCancer Res1989,49, 4373,
(24) Basicity ofortho-amino-enediynes is unknown, but it is reasonable
(20) Eliel, E. L.; Wilen, S. H.; Doyle, M. PBasic Organic Stereochem- to suggest that the protonation will occur to a noticeable extent and can be
istry; Wiley-Interscience: New York, 2001; p 459. further controlled by substitution. Aniline K = 9.40) is 7% protonated
(21) The activation barrier for the intramolecular hydrogen abstraction andp-anisidine (pi§ = 8.70) is 29% protonated at pH 5.5.
is 6.7 kcal/mol, and the reaction is 9.2 kcal/mol exothermic (UB3LYP/6- (25) Hoffner, J.; Schottelius, J.; Feichtinger, D.; ChenJ.PAm. Chem.
31G**). S0c.1998,120,376—385.

In contrast, in the case of a positively charged functional
group, NH*, the strength of hydrogen bondiimgcreasesat
the beginning of the cyclization step, thus providing extra
stabilization to the TS. This accelerating effect can be

ttributed to a larger electrostatic component in the H-
Cgonding in the case of a positively charged group and to a
concomitant strong through-space electron transfer from the
adjacentin-plane z-bond of acetylene moiety to the am-
monium group. As a result, population of thisbond is

In conclusion, we have found that the Bergman cyclization
of aromatic enediynes is highly sensitive to ortho substitution
as a result of a combination of electronic, steric, and
electrostatic effects. This finding opens possibilities for the
rational design of and conformer-specific and pH-dependent
DNA-cleaving agents.
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