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Bergman Cyclization

Four different experimental sources of kinetic information were combined to study the effect of ortho
substituents on the rate of Bergman cycloaromatization. All methods confirm that the cyclization barrier

is highly sensitive to the nature of the ortho substituents. However, the measured activation energies
strongly depend on the choice of experimental technique: even the relative trends provided by the different
methods agree with each other only in the case of acceptor substituents. Both the onset peaks and the
activation energies determined by differential scanning calorimetry (DSC; either in neat enediynes or in
their solutions in 10.6 M 1,4-cyclohexadiene (1,4-CHD)) strongly overestimate the reactivity of 1,2-
diethynylbenzene, suggesting that DSC cannot be taken as a reliable indicator of enediyne reactivity.
This discrepancy is likely to stem from the presence of side reactions with low activation barriers, especially
important when the reaction is conducted in neat enediyne. On the other hand, kinetic measurements
based on monitoring the concentrations of enediyne reactants and naphthalene products provide reliable
general trends that include the parent benzannelated enediyne. These measurements confirm that both
ortho-NO, and ortho-CHO substituents substantially decrease activation energies for the Bergman
cyclization, supporting earlier computational predictions. A comparison of theory and experiment suggests
that computations at the MoellePlesset second-order perturbation theory (MP2)/6-31G** level provide

an excellent alternative to DFT when an accurate description of the contribution of noncovalent interactions
to the activation energy is needed. Activation energies derived fegnthe effective rate constant under

the pseudo-first-order approximation, depend on the 1,4-CHD concentrations. The true rate danstant,

for the cyclization step and the ratio of constants for the retro-Bergman ring opdaingand the
intermolecular H-atom abstractidk, were determined from the dependence of cycloaromatization kinetics

of ortho- and para-NO, substituted enediynes on the concentration of 1,4-CHD.

Introduction DNA cleavage and self-programmed cell death, or apoptosis.
Bergman cyclization was also applied to the development of
The Bergman cycloaromatizatibtransforms enediynesinto  polymeric materials with valuable thermal propertiesd to
highly reactive 1,4-dehydrobenzene (para-benzyne) di- the synthesis of polycyclic compountisturthermore, this
radical§—* capable of abstracting two hydrogen atoms from reaction continues to play an important role in calibrating and
the sugar backbone of two strands of DNA. In the case of developing practical theoretical methods for studies of chemical
natural enediyne antibioti®$ this process leads to double strand reactivity?-11
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In the general sense, control over enediyne reactivity can be (NBO) study by our groufd that also found that the role of

achieved through either strafn’® or electronic effect$® The
seminal hypothesis rationalizing the influence of electronic
factors was advanced by Koga and Morokdhveho attributed
the high activation enerdy of the Bergman cyclization to a
strong electron repulsion between theplaneoccupied acety-
lene s orbitals. The dominating role of the-planes orbitals

in the cyclizationkineticswas particularly well-illustrated in a
valence bond study of Galbraith and co-work¥rsThese
findings received further support in a recent natural bond orbital
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Chem. Socl992 114, 9369. (c) Nakatani, K.; Isoe, S.; Maekawa, S.; Saito,
|. Tetrahedron Lett1994 35, 605. (d) Sullivan, R. W.; Coghlan, V. M.;
Munk, S. A.; Reed, M. W.; Moore, H. Wi. Org. Chem1994 59, 2276.
(e) Toda, F.; Tanaka, K.; Sano, I.; Isozaki, Angew. Chem., Int. Ed. Engl.
1994 33, 1757. (f) Nicolaou, K. C.; Skokotas, G.; Maligres, P.; Zuccarello,
G.; Schweiger, E. J.; Toshima, K.; WendebornA8gew. Chem., Int. Ed.
Engl.1989 28, 1272. (g) Engels, B.; Lennartz, C.; Hanrath, M.; Schmittel,
M.; Strittmatter, M.Angew. Chem., Int. EA.998 37, 1960. (h) Schmittel,
M.; Steffen, J. P.; Angel, M. A. W.; Engels, B.; Lennartz, C.; Hanrath, M.
Angew. Chem., Int. EA998 37, 1562. (i) Kawatkar, S. P.; Schreiner, P.
R. Org. Lett.2002 4, 3643.

(2) (a) Nicolaou, K. C.; Smith, A. LAcc. Chem. Re4992 25, 497. (b)
Maier, M. E.; Bosse, F.; Niestroj, A. Eur. J. Org. Chem1936 1, 1. (c)
Grissom, J. W.; Gunawardena, G. U.; Klingberg, D.; Huang, D. H.
Tetrahedron1996 52, 6453. (d) Fallis, A. GCan. J. Chem1999 77,
159. (e) Caddick, S.; Delisser, V. M.; Doyle, V. E.; Khan, S.; Avent, A.
G.; Vile, S.Tetrahedronl999 55, 2737. (f) Wang, K. KChem. Re. 1996
96, 207.

(3) Nicolaou, K. C.; Zuccarello, G.; Riemer, C.; Estevez, V. A.; Dai,
W. M. J. Am. Chem. S0d.992 114 7360.

(4) Myers, A. G.; Dragovich, P. Sl. Am. Chem. S0d992 114, 5859.

(5) () Enediyne Antibiotics as Antitumor AgerBorders, D. B., Doyle,

T. W., Eds.; Marcel Dekker: New York, 1995. (Meocarzinostatin: The
Past, Present, and Future of an Anticancer Dridaeda, H., Edo, K.,
Ishida, N., Eds.; Springer: New York, 1997.

(6) (a) Smith, A. L.; Nicolaou, K. CJ. Med. Chem1996 39, 2103. (b)
Paloma, L. G.; Smith, J. A.; Chazin, W. J.; Nicolaou, K. Am. Chem.
So0c.1994 116 3697. (c) Kappen, L. S.; Goldberg, |. Biochemistry1983
22, 4872. (d) Zein, N.; McGahren, W. J.; Morton, G. O.; Ashcroft, J.;
Ellestead, G. AJ. Am. Chem. Sod989 111, 6888. (e) De Voss, J. J.;
Townsend, C. A.; Ding, W. D.; Morton, G. O.; Ellestad, G. A.; Zein, N.;
Tabor, A. B.; Schreiber, S. LJ. Am. Chem. Sod99Q 112 9669. (f)
Hangeland, J. J.; Voss, J. J.; Heath, J. A.; Townsend, C. A.; Ding, W. D;
Ashcroft, J. S.; Ellestad, G. Al. Am. Chem. Sod 992 114, 9200. (g)
Dedon, P. C.; Salzberg, A. A.; Xu, J. Biochemistryl993 32, 3617. (h)
Christner, D. F.; Frank, B. L.; Kozarich, J. W.; Stubbe, J.; Golik, J.; Doyle,
T. W.; Rosenberg, I. E.; Krishnan, B. Am. Chem. S0d.992 114, 8763.

(i) Sugiura, Y.; Shiraki, T.; Konishi, M.; Oki, TProc. Natl. Acad. Sci.
U.S.A.199Q 87, 3831. (j) Shiraki, T.; Uesugi, M.; Sugiura, Riochem.
Biophys. Res. Commuri992 188 584. (k) Shiraki, T.; Sugiura, Y.
Biochemistry199Q 29, 9795. (I) Sugiura, Y.; Arakawa, T.; Uesugi, M.;
Shiraki, T.; Ohkuma, H.; Konishi, MBiochemistry1991 30, 2989. (m)
Matsumoto, T.; Okuno, Y.; Sugiura, Biochem. Biophys. Res. Commun.
1993 195 659. (n) Xu, Y.; Zhen, Y. S.; Goldberg, |. Biochemistryl994
33, 5947.

(7) Chen, X.; Tolbert, L. M.; Hess, D. W.; Henderson Macromolecules
2001, 34, 4104. Shah, H. V.; Babb, D. A.; Smith, D. W., Brolymer200Q
41, 4415. John, J. A.; Tour, J. M. Am. Chem. S0d.994 116, 5011.

(8) Bowles, D. M.; Palmer, G. J.; Landis, C. A.; Scott, J. L.; Anthony,
J. E.Tetrahedror2001, 57, 3753. Bowles, D. M.; Anthony, J. EOrg. Lett.
200Q 2, 85.

(9) (a) Scheiner, A. C.; Schaefer, H. F., lll; Liu, B. Am. Chem. Soc
1989 111, 3118. (b) Nicolaides, A.; Borden, W. J. Am. Chem. So&993
115 11951. (c) Lindh, R.; Persson, B. J. Am. Chem. Sod994 116,
4963. (d) Lindh, R.; Lee, T. J.; Bernhardsson, A.; Persson, B. J.; Karlstro
G.J. Am. Chem. Sod 995 117, 7186. (e) Kraka, E.; Cremer, D.; Bucher,
G.; Wandel, H.; Sander, WChem. Phys. Lett1997, 268 313. (f) Lindh,
R.; Ryde, U.; Schiz, M. Theor. Chem. Accl997 97, 203. (g) Chen, W.
C.; Chang, N. W.; Yu, C. HJ. Phys. Chem. A998 102 2584. (h)
McMahon, R. J.; Halter, R. J.; Fimmen, R. L.; Wilson, R. J.; Peebles, S.
A.; Kuczkowski, R. L.; Stanton, J. K. Am. Chem. So00Q 122, 939.

(10) Schreiner, P. Rl. Am. Chem. Sod 998 120, 4184. Schreiner, P.
R. J. Chem. Soc., Chem. Commua9898 483.

repulsion between the in-plane filled orbitals is accentuated by
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“Nicolaou’s threshold” (ca. 3.2 AY the attractive interaction
vanishes because the in-plame orbitals become parallel,
mimicking the symmetry forbidden transition state (TS) for
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7 systen?l22As a result, the position of the acceptor substituent
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that the cyclization is accelerated bycceptors at the terminal
acetylene atom® whereas Zaleski et al. found that such effects
can be accentuated by coordination with Lewis acids in the
vicinity of alkyne termini?* In contrast, Jones and Plourde
showed that the progressive substitution of hydrogen atoms by
halogens at the vinyl position decreases the reactiofrathile
Chen et al. found that protonation of the nitrogen atom in 3-aza-
enediynes increases the cyclization baff@ecause developing
radical centers do not communicate with the orthogamal
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SCHEME 1. Bergman Cyclization of Ortho-Substituted
Benzannelated Enediynes
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substituent at the aromatic ring strongly affects the cyclization
barrier in benzannelated enediyn€s.

Nevertherless, theates of cyclizations of benzannelated
enediynes were reported to be slower and more sensitive to
hydrogen-donor (HD) concentration than in the case of com-
parable acyclic enediyné$.This effect was attributed to the

Zeidan et al.

cyclization by destabilizing reactants through steric repulsion
between the ortho substituent and the in-plane acetylenic orbitals
(Figure 1). This interaction becomes less significant in the TS
when the acetylene moiety is bent away from the ortho
functional group. As a result, the TS and the product are
destabilized to a lesser extent than the starting material and the
activation barrier is decreased through the classteric-
assistancenechanisn®® The steric nature of this effect is clear
from the comparison with the respective para isomers. For
example, theortho-nitroenediyne idess stablethan the para
isomer by 5.8 kcal/mol at the B3LYP/6-31G** level, as
illustrated in Figure 1. The difference in stability decreases to
2.8 kcal/mol in the TS and to 2.0 kcal/mol in the product,
accounting for the 3 kcal/mol decrease in the cyclization barrier
and the 3.8 kcal/mol decrease in the reaction endothermicity.
In contrast, such substituents as £-NH, NHs™, andsyn

faster retro-Bergman ring opening accentuated by the decrease@H are predicted to stabilize respectiwgho-enediynes relative

reactivity of p-benzynes toward hydrogen abstracti®f The

to their para isomers because of a hydrogen-bond formation

retro-Bergman ring opening of benzannelated enediynes is fastoetween the X H moiety and the in-planer bond?* Interest-

because the loss of aromatic stabilization upon the transforma-

ingly, both B3LYP computations and BLYP computations

opening of the benzene ring in the parprienzyne. Although

the importance of theut-of-planeinteractions increases pro-

gressively after the TS, the low sensitivity of reaction kinetics

to substituent effects is one of the largest challenges to efficient

control and rational design of cycloaromatization reactions.
Russell and co-workers have shown that the influence of para

these neutral substrates andreasefor the positively charged
ammonium group, accounting for the barrier decrease in the
latter casé! Although this difference in the dynamics of such
noncovalent interactions between the neutral and the charged
moieties can be rationalized through a larger electrostatic
contribution to H bonding of cationic species, such subtle

substituents on the rates of disappearance of benzannelatedf@niations along with the known deficiencies of DFT in the

enediynes is mainly transmitted through the field effect an
thus, is relatively smafl? Recently, our group confirmed these
findings computationally and suggested that ortho substituents
that are spatially close to the enediyne moiety can control the
rate of Bergman cyclization more efficiently (Scheme®4).

d. description of noncovalent interactihglo suggest that such

DFT predictions should be taken with caution until they are
verified experimentally.

The aldehyde case is even more complicated. Depending on
the orientation of the carbonyl group, this enediyne may exist

Depending on the substituent, their interaction with the enediyne as two conformers that have different barriers for the transfor-
moiety and adjacent radical center in thbenzyne can be either ~ mation. B3LYP, BLYP, and MoellerPlesset second-order
attractive (H bonding) or repulsive (steric). The third mechanism Perturbation theory (MP2) calculations with the 6-31G** basis
for the ortho effect is different and is based on the interception Set uniformly predict the anti conformer of the starting material
of the p-benzyne diradical by intramolecular H abstraction, to be 2.4-2.8 kcal/mol more stable than the syn isomer. Both
which renders the cyclization step irreversiBle. conformers are predicted to be more reactive thare-NO;,

In particular, the N@, CFs, synCHO, andsynOMe groups  Substituted enediyne by DFT: the syn conformer by about 3

were predicted to decrease the activation energy for the Bergmarkc@l/mol and the anti conformer by about 2 kcal/mol. The
Curtinr—Hammett analysis suggests that the cyclization should

mostly proceed through the more stable anti conformer, with
the overall decrease in the barrier on the order of 2 kcal/mol.
Interestingly, computational comparison with the respective para
) ! ! : isomer suggests that a decrease in the cyclization barrier in the
é?&g: g?é.acfgrfgégfigsgg% see: Semmelhack, M. F.; Sarpor, R. case of the anti isomer stems both from reactant destabilization
(29) For the decrease in retro-Bergman barrier, see: Haberhauer, G.;and from TS stabilization, whereas the Bergman cyclization of

S!eiter, RMJ-JAn';h Che(r:nh 30(1/521939%2%0?%-7 gossetkir’mlsi;: Ful\i/ilmufa, g-; the syn isomer is accelerated by the steric assistance (similar to

irama, M. J. Phys. Chem. . Stahl, F.; Moran, D.; :

Schleyer, P. v. R.; Prall, M.; Schreiner, P.ROrg. Chem2002 67, 1453. the efffect of the N@mO'eW)' ) ) )
(30) Diradicals are less reactive than the respective monoradicals because Steric compression of the enediyne moiety by ortho substit-

of the loss of TB interaction between the two radical centers in the first yents is further illustrated in Figure 2, which clearly shows that

hydrogen abstraction step. Hotbenzyne, the difference in the barriers of - . . y .

the first and the second H abstractions from methanol is about 1.6 kcal/ sFerlc destabilization is a(?companled _by a decrease in the

mol at the CASPT2N/6-31G**//CAS/3-21G level: Logan, C. F.; Chen, P. distance between the terminal acetylenic carbons (C1C6).

j- ﬁm- gngm gggggg ﬁg iéég- Egreaaﬁgiresdcehtgqggujés'\(":-r_g-t?_oih;”+g- In this paper, we test our computational predictions with

. . . . | 1pt . . . .

interactions, see: Hoffman. R.. Imamura, A.- Hehre, WJ.Jam. Chem. expe(lmental studies designed to .determme. whether ortho
substituents are capable of decreasing the activation energy of

the Bergman cyclization. To obtain reliable results, we will

(27) Choy, N.; Kim, C. S.; Ballestero, C.; Artigas, L., Diez, C;
Lichtenberg, F.; Shapiro, J.; Russell, K. Ttrahedron Lett200Q 41, 6955.

(28) Semmelhack, M. F.; Neu, T.; Foubelo,J.Org. Chem1994 59,
5038. Kaneko, T.; Takahashi, M.; Hirama, Metrahedron Lett1999 40,

Soc 1968 90, 1499. Hoffman, RAcc. Chem. Red971 4, 1. Squires, R.
R.; Cramer, C. JJ. Phys. Chem. A998 102 9072. For the theoretical
analysis of the TB interaction in cyclohexyl cations, see: Alabugin, I. V.;
Manoharan, M.J. Org. Chem2004 69, 9011.

(31) Alabugin, I. V.; Manoharan, M.; Kovalenko, S. @rg. Lett.2002
4, 1119.

(32) Zeidan, T. A.; Manoharan, M.; Alabugin, I. \d. Org. Chem.
Preceding paper in this issue.

(33) Eliel, E. L.; Wilen, S. H.; Doyle, M. PBasic Organic Stereochem-
istry; Wiley-Interscience: New York, 2001; p 459.

(34) For NBO analysis of these H bonds, see ref 31.

(35) Miller-Dethlefs, K.; Hobza, PChem. Re. 200Q 100, 143.
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FIGURE 1. Steric-assistance (a, c) and H-bonding (b, d) mechanisms for the “ortho” effect. Energy profile for the para isomer is given in solid
blue lines, whereas data for the ortho isomer are shown in solid red lines. Calculations were performed at the BLYP/6-31G** (in bold) and B3LYP/
6-31G** levels.P stands for products, arid stands for reactants.

425 4 4 to compare the accuracy of commonly used kinetic methods
g < 42 and to show that the complex thermal reactivity of enediynes
8 9 415 requires more detailed kinetic analysis of other steps in the

= . . . .
g = 4l . cycloaromatization cascade. As a result, both experiment and
2 § : theory are refined, and a more balanced description of such
o 5 405 processes is achieved.
Q £ 4 - y=-0.0478x +4.1961 NO,
= & 1 R2=0.9778 ) )
© s 3'392 Results and Discussions
0 1 2 3 4 5 6 Synthesis of EnediynesThe model enediynes were synthe-
sized using standard literature procedures outlined in Scheme
SE(para-ortho)Reactant, kcal/mol 2. The aromatic dihalides or ditriflat&swere coupled with

trimethylsilylacetylene under Sonogashira conditiéh ad-
FIGURE 2. Correlation between the C1C6 distance and the relative dition to the ortho-substituted substrates, we prepared two
energies of ortho and para isomers of substituted benzannelated,qference compounds: the parent benzannelated enedge
enediynes. the paraNO, enediyne3. Treatment of the trimethylsilyl
critically evaluate several common experimental approaches.(TMS)-protected enediynes with a base (typigdlIN NaOH)
Such an evaluation is necessary because the available body oafforded Ortho-subs_tltutgd benzanqelated enediynes in good
literature on the Bergman cyclization kinetics is highly hetero- Yyields. Bergman cyclizations of enediynes on a preparative scale
geneous and, thus, a direct comparison of related results from
different groups is often problematic. To avoid complications  (36) Powell, N. A.; Rychnovsky, S. Dietrahedron Lett1996 37, 7901.
that exist when other reactions compete with the Bergman (37) (&) Sonogashira, K.; Tohda, Y.; HagiharaTstrahedron Lett1975

i ati ; ; ; 4467. (b) Sonogashira, K. INMetal-Catalyzed Reaction®iederich, F.,
cyclization (vide infra), we will concentrate on the Bergman Stang, P. 3., Eds.: Wiley-VCH: New York, 1998, (¢) Stang, P. Matlern

CyCloarO_matizatiQn of enEd_iY_ne_S with acceptor Sl_JbStituemS, Acetylene Chemistryiederich, F., Ed.; VCH: Weinheim, Germany, 1995.
where side reactions are minimized. This choice will allow us (d) Tykwinski, R. R.Angew. Chem., Int. EQ003 42, 1566.
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FIGURE 3. DSC scans of neat benzannelated enediynes at a heating rate of 5, 10, 15,°@ichiz0and the nonrefined activation enerdtes
(insets) for (a) 1,2-diethynylbenzene, (b) 2,3-diethynylnitrobenzene, (c) 3,4-diethynylnitrobenzene, and (d) 2,3-diethynyl-1-forneylbenzen

SCHEME 2. Synthesis of Ortho-Substituted Benzannelated Differential Scanning Calorimetry (DSC) Analysis. An
Enediynes initial comparison of the thermal reactivities of the ortho-
substituted enediynes was carried out using DSC, the method
= X . i i )
I b which has rapidly gained popularity as a way to scan enediynes
©: —— - for increased reactivity. The quickest but also the crudest way
I 1,78 ‘,S 35% to use DSC is based on the onset of the exothermic ffeak.

Results of these measurements are given in Figure 3. Contrary

NO, NO, NO, to the expectations based on the computational analysis, the
Br 4 Z b onset temperature for 1,2-diethynylbenzene is onhlQ °C
B S - OO higher than that for thertho-NO, andortho-CHO substituted
2,68% 70% enediynes and 60C lower than for thepara-NO, enediyne®®
The latter observation is in direct conflict with the experimental
Br Y trend determined by Russell and co-workers in solutfon.
@[ a | b Oe Interestingly, theortho-CHO and para-NO, enediynes react
O,N Br , /@Q ON immediately after melting. These observations suggest that the
3,68 % 70% solid state may impose constraints on reacti#ft.onsidering
all of the above, it is clear that trends in the onset DSC
CHO CHO CHO CHO ‘ -
oH ot = temperatures of pure enediynes cannot be used as a universal
@: _c . _d . L OO criterion of the relative reactivity.
on 98 % or 4, 20 40%
(38) For reviews, see ref 16 and Basak, A.; Mandal, S.; Bag, Sh&m.
Reagents and conditions: (a) 1. Pd(PPh,),Cl,, (i-Pr),NH, Cu(l), HCCSiMe, and 2. Rev. 2003 103 4077. Perera, K. P. U.; Shah, H. V.; Foulger, S. H.; Smith,
NaOH, MeOH (b) PhCl, 1,4-cyclohexadiene (c) TF,0, Pyridine, CH,CI, (d) 1. D. W., Jr. Thermochim. Act2002, 388 371.

(39) Onsets of the exothermic peaks for enediynes at different heating
rates (5, 10, 15, and 2C) are 132, 142, 149, and 15C (1), 114, 123,

were performed in Pyrex glass tubes containing a solution of 133, and 129C (2), 193, 203, 210, and 21C (3), and 127, 137, 142, and
the enediyne and 1,4-cyclohexadiene (1,4-CHD) in chloro- 147 C@. . .

- . (40) For an example of the crystal control of photochemical reactivity,
benzene at 0.10 and 10.0 M concentration of enediynes andsee: Zimmerman, H. E.: Alabugin, I. V., Smolenskaya, VTtrahedron

1,4-CHD, respectively. 200Q 56, 6821 and references therein.

Pd(PPh,),Cl,, Et;N/DMF, HCCSiMe, 2. MeOH, K,CO,
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FIGURE 4. Correlation between activation energies calculated using MP2, B3LYP, and BLY P favittsthe 6-31G(d,p) basis set and activation
energies determined using the DSC method of benzannelated enediynes in 1,4-CHD bearing electron acceptor groups in the ortho position: (a) neat
1,4-CHD solution and (b) neat benzannelated enediynes. 1,2-Diethynylbenzene is not included in these correlations.

To evaluate the effect of crystalline restraints, we performed reactions with low activation barriers that become especially
the DSC analysis in neat 1,4-CHD (see Supporting Information important when the reaction is conducted in neat enediyne. The
for the plots). In these experiments, &0 portions of the stock cumulative heat release does not provide individual information
solutions of enediynes in 1,4-CHD were sealed in “high volume about the evolution of the chemical species involved in specific
pans®! under argon in a glovebox. DSC scans were carried processes which may coexist competing with the Bergman
out under similar conditions as described above but with a cyclization. Chain radical cyclizations involving the addition
maximum temperature of 25C (see Supporting Informatiofy. of p-benzyne or other radical intermediates to the acetylene
In all cases, reaction exotherms were observed after the initial moieties or to 1,4-CHD are the most likely candidates for such
endothermic response caused by the partial solvent vaporizationprocesse$’~4° Moreover, the shape of the 1,2-diethynylbenzene
After each DSC run, the samples were tested by TLC and found exotherm is indicative of an autocatalytic reaction, which agrees
to contain the corresponding naphthalenes as the major productsvery well with the chain radical proce8These observations
However, the trends for the onset peaks were similar to thosealso explain the relatively low (35%) yield for the naphthalene
observed for the neat enediynes. product, even in the presence of a large excess of 1,4-CHD.

More detailed kinetic information can be obtained from the Similar to the first set of DSC experiments, higher heating rates
combination of the DSC analysis with the ASTM E 698 thermal resulted in the sharpening of the exothermic peak and the
stability method (insets! The ASTM E 698 analysis requires  shifting of its maximum to higher temperatures. As a result of
three or more experiments at different heating rates and, underthe lower reactivity of thgparaNO, enediyne, lower heating
the assumption of a first-order kinetic model, provides activation rates were used to ensure the completion of the exothermic peak
energies for the reactidit.We carried out the nonisothermal before the maximum operational temperature of 260f the
DSC scans for neat enediynes and their solutions in 1,4-CHD high volume pans was reached.
at four different heating rates (5, 10, 15, and 20). As The DSC activation energies for the cyclization of three
expected, an increase in the heating rate shifts the peaks of theenediynes with acceptor substituents are in excellent agreement
exotherms to higher temperatures. The activation energies arewith the earlier DFT estimates. Correlations given in Figure 4
then obtained by plotting liaf versus 1RT, wheree is the peak suggest that BLYP values are closer to the experimental DSC
maximum of the exotherrff. data. However, the difference is small and B3LYP is at least as

Again, the anomalously low DSC activation energy for 1,2- good as BLYP (or better) in predictinglative trendsin the
diethynylbenzene disagrees with the experimental results of reactivity of this family of substituted enediynes. However, it
Grissom et af® and Russell et & and with the computationally  is clear that the case of ¥ H is an outlier. One can attribute
predicted trends. This discrepancy is likely to stem from side

(47) (a) Kinig, B.; Pitsch, W.; Klein, M.; Vasold, R.; Prall, M.; Schreiner,
(41) High volume pans are aluminum pans usually used for liquid P. R.J. Org. Chem200], 66, 1742. (b) Kovalenko, S. V.; Peabody, S.;

samples. They were purchased from TA Instrument, Inc. Manoharan, M.; Clark, R. J.; Alabugin, I. \Org. Lett. 2004 6, 2457.
(42) As a result of high pressure produced inside the DSC high volume Peabody, S. W.; Breiner, B.; Kovalenko, S. V.; Alabugin, | Q¢g. Biomol.

pans caused by heating the 1,4-CHD, the maximum temperature reachedChem.2005 3, 218. (c) Johnson, J. P.; Bringley, D. A.; Wilson, E. E.;

was 250°C. Lewis, K. D.; Beck, L. W.; Matzger, A. JJ. Am. Chem. So2003 125,
(43) Standard Test Method for Arrhenius Kinetic Constants for Thermally 14708.
Unstable Materials (ANSI/ASTM E 6989) ASTM Book of Standards (48) Rule, J. D.; Wilson, S. R.; Moore, J. $. Am. Chem. SoQ003
ASTM: Philadelphia, PA, 2000; Vol. 14.02, pp 29905. 125 12992.
(44) Ozawa, T. JThermal Anal.197Q 2, 301. (49) For theoretical analysis, see: (a) Alabugin, I. V.; Manoharan, M.

(45) Activation energies determined from the plots in Figure 3 are refined J. Am. Chem. So2005 127, 9534. (b) Alabugin, I. V.; Manoharan, M.
according to the ASTM E 69899 protocol (see ref 42). The refined ~ Am. Chem. SoQ005 127, 12583.

activation energies are reported in Table 4. (50) Jacobs, P. W.; Tompkins, F. C. @hemistry of the Solid State
(46) Grissom, J. W.; Calkins, T. L.; McMillen, H. A,; Jiang, Y. H. Garner, W. E., Ed.; Academic Press: New York, 1955; p 184. Also see:
Org. Chem.1994 59, 5833. Bou-Diab, L.; Fierz, HJ. Hazard. Mater2002 93, 137.
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FIGURE 5. Arrhenius plots for the disappearance of ortho-substituted enediynes (solid line) and the appearance of the corresponding naphthalenes
(dashed lines). (a) 1,2-diethynylbenzene, (b) 2,3-diethynylnitrobenzene, (c) 3,4-diethynylnitrobenzene, and (d) 2,3-diethynyl-1£emaylben

this difference to the greater thermal stability of acceptor in Supporting Information). Similarly, the appearance of naph-
enediynes and to their lesser propensity to participate in radicalthalene products followed a pseudo-first-order kinetic behavior.
processeé’ Interestingly, the presence of 1,4-CHD does not The effective rate constantses, for the formation of the
improve the quality of the correlation, and in both cases, the Bergman products were determined by fitting the data to eq 2,
slope of the correlation between experimental and theoretical which normalizes the formation of the product to the observed
barriers is significantly different from 1. reaction yielcb?

The anomalous position of the unsubstituted enediyne sug-
gests that DSC is not universally reliable for kinetic studies of [A] = [A] & (1)
the Bergman cyclization. Only in the cases of kinetically simple
and chemically efficient processes within a family of related [P.]
compounds (e.g., enediynes with acceptor substituents) can such In(X) = In(m) = ket )
comparisons be justifiable. Thus, we carried out a more thorough ®
kinetic analysis on the basis of following the concentrations of \yhere [Ab is the initial concentration of the enediynes,[®s
the reactants and the products during the cycloaromatizationpe yield of the product, and [A] and [C] are the concentrations
process. of the enediynes and the naphthalenes at timespectively3

Effective Rate Constants and Activation Energies forthe  Arrhenius plots based on the pseudo-first-order effective rate
Cyclization of Ortho-Substituted Enediynes.The conditions  constants at greater than or equal to four different temperatures
described by Grissom et al. (freeze/pump/thaw degassed soluprovided the activation energies given in Figure 5.
tions, sealed capillaries, and chlorobenzene as a solvent, see Unlike the DSC data, all of the above results are consistent
Experimental Sectiof) were used to allow a comparison with  with the theoretically predicted trends. Although the rates of
the earlier literature. Effective rate constants for the disappear-the CHO-naphthalene formation have the largest margin of
ance of ortho-substituted enediynes and the appearance of therror as a result of the increased formation of byprod®fcts,
corresponding naphthalene products were measured at different
temperatures. The consumption of enediynes followed the (52) The use of [F] instead of [A} in eq 2 eliminates the nonlinearity

pseudo-first-order exponential dependence of eq 1 (Figure S1of the fit at higher conversions and has an effect on the values of the
measured Arrhenius barriers.

(53) Some of the data points at long reaction times had to be discarded

(51) (a) Grissom, J. W.; Calkins, T. I. Org. Chem1993 58, 5422. because the reaction becomes less efficient at the low concentration levels
(b) Grissom, J. W.; Calkins, T. L.; McMillen, H. A.; Jiang, Y. H. Org. of the starting enediynes and errors in integrating the areas of the naphthalene
Chem.1994 59, 5833. (c) Grissom, J. W.; Gunawardena, GTetrahedron products increase substantially. See Supporting Information for complete
Lett 1995 36, 4951. details of kinetic experiments.
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SCHEME 3. Kinetically Important Steps Involved in the TABLE 1. Effective Rate Constants for the Disappearance of
Cycloaromatization Cascade Nitroenediynes &f) and the Appearance of Nitronaphthalenes
(K" at 140°C?
& ' eff
k O k ortho- NO; enediyne% ara-NO; enediyne$
NO; ‘———l1 NO; O 2 No2 [1,4-CHD] 2 1yl p 2 ly
S 3 1,4-CHD (M) KER x 100 KMot KED x 10t KM a0
A B ¢ 0.73 1.85+-0.02 1.64+0.01
K 0.58 6.98+0.07 6.63+£0.06 1.68+0.03 1.57+0.01
3 0.44 6.44+ 0.10 6.44£0.03 1.60+0.03 1.53+0.01
0.29 5.74+0.06 5.48+0.01 1.48+0.02 1.46+0.01
D 0.15 4.31+£0.02 4.28+0.02 1.22+£0.02 1.15+0.01

0.07 3.06£0.02 2.66+0.01 0.99+0.02 0.92+0.02
0.03 2.23:0.02 1.06£0.02 0.73:0.01 0.63+0.01
it is clear that bottortho-CHO andortho-NO, substrates have a pseudo-first-order effective rate constanksy) are in s2. b Initial
increased reactivity relative tparaNO, enediyne and 1,2-  concentration of enediynes 2.7 x 1073 M. ¢Initial concentration of
diethynylbenzene (effective rate constants are given in Sup- énediynes= 3.8 x 10°% M.
porting Information). Among the two reference compounds, the
para-nitroenediyne is slightly more reactive, as shown earlier eqs 3 and 4 to eq 5. The latter can be rearranged to eq 6 which
by Russell and co-workef$.When eq 2 is used, activation can be used to obtai graphically as the intercept of the plot
energies for the disappearance of all the enediynes are inof 1/kes versus 1/[HD]:
excellent agreement with the activation energies derived from
the appearance of the naphthalene products. k,k,[HD]
In general, thepara-nitroenediyne is much better suited to # = | [HD] + k_, )
- : - 2 -1
be the reference point than 1,2-diethynylbenzene because it
forms 2-nitronaphthalene cleanly and in a high yiéldnd
because the presence of ffea-NO, moiety at the para position
approximates the electronic effect of tbgho-nitro group on
the out-of-planer system. A comparison gdara- and ortho-
nitroenediynes clearly confirms that it is not the presence of an  Effect of HD Concentration on the Effective Rate Con-
acceptor substituent per se but its location that is of primary stants. The above kinetic scheme has several verifiable con-
importance. sequences. First, it explains the effects of HD concentration on
Generalized Kinetic Scheme for the Cycloaromatization the rates of the Bergman cycloaromatization on a quantitative
Cascade.Although the usual focus of kinetic studies of the basis. Second, eq 6 allows one to recover the true first-order
thermal reactivity of enediynes is on the Bergman cyclization, rate constants for the cyclization step using a simple graphical
a number of further steps are needed to complete the cycloaro-method. Most importantly, this scheme allows one to develop
matization cascade, as illustrated in Scheme 3. The earlier@ general method for deconvoluting kinetic contributions from
observation that the cycloaromatization rate of benzannelatedthe individual steps in the overall kinetic scheme of the
enediynes is sensitive to the 1,4-CHD concentration strongly Cycloaromatization cascadk (k-1, kz, etc.). The key element
suggests that these steps also contribute to the overall reactionn this development involved the analysis of the HD concentra-
kinetics28 Thus, we have chosepara-hitro and ortho-nitro tion effect on the overall reaction kinetics.
benzannelated enediynes (2,3- and 3,4-diethynylInitrobenzenes) For a detailed mechanistic investigation of the Bergman
for a more detailed kinetic study aimed at the better understand-cyclization, we have studied the effect of the concentration of
ing of the other steps in the cycloaromatization cascade. the hydrogen-atom donor, 1,4-CHD, on the effective rate
The two steps of particular significance are the retro-Bergman constant for the disappearance of enediynes and for the
cyclization, which is much faster in benzannelated enedffnes appearance of the corresponding naphthalene. 2,3-Diethynyl-
than in their acyclic analogues, and the first hydrogen abstraction Nitrobenzenedtho-NO;) and 3,4-diethynylnitrobenzenpdra-
step, which is decelerated by the loss of a through-bond (TB) NO2) were chosen as model compounds.
interaction between the two radical cent&s. Rate constants for the disappearance of enediynes and the
When it is assumed that the major path for the consumption appearance of nitronaphthalenes at *@0are given in Table
of nitroenediynes and the formation of nitronaphthalenes is the 1. Single-exponential decay (eq 1) was used to model the
one depicted in Scheme 3 and that the formation of byproducts disappearance of enediynes wit®% > 0.9, while linear
D is independent of the HD presence (e.g., the major byproductscorrelation based on eq 2 was applied to the appearance of
are polymers from the reaction pfbenzynes with enediynes), naphthalene. The effective rate constakg)( determined from
the effective rate constant for the consumptionfoind the ~ monitoring the disappearance of enediynes, include the rates

formation ofC can be described by egs 3 and 4, respectitely. 0f the Bergman cyclization, the retro-Bergman ring opening,
and the hydrogen abstraction steps in addition to other reactions

(by-products)

1 Ky

_ ks 1
Ker  Kio[HD] | K, ©)

& kik,[HD] + kg C L0 K 3) that do not lead to the naphthalene products. On the other hand,
ff — k,[HD] + (k_, + ko) = kit + ket = yield the effective rate constantk.f) determined from monitoring
k.k [HD] (54) According to the!H NMR spectra, the major byproducts do not
Cc _ 172 ) have aldehyde functionality but incorporate the modified 1,4-CHD moiety.
keff - (55) Several of these rates even become slightly larger than the rates of

kZ[HD] + (k*1 + k3) the enediyne disappearance, and the result would be physically impossible

. . if it were outside the error margins.
When the hydrogen abstraction step is much faster than the” (56 perivations of the rate equations are given in Supporting Informa-

step leading to the byprodudis ka[HD] > ks, one can reduce  tion.
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FIGURE 6. Dependence of effective rate constadgf, from 1,4-CHD concentration at 14C; (a) disappearance of enediynes and (b) appearance
of nitronaphthalenes. Filled red circles are datadidho-nitroenediyne and hollow red circles are datagara-nitroenediyne; eq 5 was used to fit
the data (filled black squares and hollow squares) when 8.3 x 104 st andk-_i/k; = 0.125 M forortho-nitro andk; = 1.8 x 10“ st and
k-1/k; = 0.067 M for para-nitro.

TABLE 2. Activation Energies E; Determined from Effective Rate Constants for the Consumption of NQ@ Enediynes and the Appearance of
Nitronaphthalenes at Different Concentrations of [1,4-CHD}

Ea for ortho-NO, enediyné Eafor para-NO; enediyné
[1,4-CHD] disappearance of appearance of disappearance of appearance of
M enediyne naphthalene enediyne naphthalene
0.73 248+ 0.3 249+ 0.8
0.58 23.2+0.5 24.0+£ 0.3 25.0+£ 0.4 25.2+ 0.6
0.44 21.7+0.1 22.8+1.3 24.0+ 0.8 23.4+ 0.9
0.29 21.5+0.1 21.0+ 0.9 23.9+ 0.3 22.8+ 0.9
0.15 20.5+ 0.1 19.6+ 0.7 229+ 04 23.5+ 0.5
0.07 19.6+ 0.9 20.9+ 2.8 22.1+£ 05 229+ 2.3
0.03 19.1+ 0.4 19.8+ 2.0 22.2+ 0.6 23.2+ 4.8

a Activation energies in kcal/moP Initial concentration of enediyne 2.7 x 1073 M. ¢ Initial concentration of enediyne 3.8 x 1073 M.

the appearance of naphthalene products comprise only the stepscattered when the concentration of 1,4-CHD is low. Conse-
en route to the naphthalene product. quently, activation energies for the appearance of nitronaph-
Both the effective rate constants for the consumption of thalenes at 0.07 and 0.03 M 1,4-CHD have error bars in the
enediynes and the formation of nitronaphthalene showed aorder of+2.0—4.8 kcal/mol. These results are consistent with
dependence on the concentration of the hydrogen-atom donorthe change in the main reaction path from the Bergman
that is qualitatively similar to that of the literature dependence cycloaromatization to the polymerization and formation of
for 1,2-diethynylbenzen& A plot of the effective rate constants  pyproductsD at the lower concentrations. At a low concentration
versus the 1,4-CHD concentration is shown in Figure 6. At low of 1’4_CHD, the effective rate constant in eq 3 transforms to
concentrations of 1,4-CHD, the effective rate constants for the that of eq 7 (see Supporting Information), which is based mainly
consumption of enediynes are highly dependent on the concen-, the rate constants of the path leading to the formation of
tration of 1,4-CHD. However, this dependence is less pro- pynroquctsd. Table 2 suggests that the activation energies for
nounged at higher concentrations of the HD, Wherg the reaction o tormation of byproduct® arelessthan 19.1 and 22.1 kcall
rate _flnallya rea(_;h_es a plate_au,_ as reported earlier for _Othermol for ortho-NO, and para-NO. enediynes, respectively.
enediynes? A similar behavior is observed for the effective Because these values are lower than the activation barriers for

rate constants for the formation of nitronaphthalene. S . . .
Effecti i tants at diff it ‘ I q the Bergman cyclization, the side reactions are unlikely to
ective rate constants at diterent temperatures allowed us 4y e p-benzynes. Instead, chain polymerization is a reason-
to determine Arrhenius activation energies at different concen- able possibility!”

trations of 1,4-CHD. The measured effective activation barriers ] ) o )
are given in Table 2. An increase in the concentration of 1,4- Dissection of Kinetics.Because the HD concentration effects

CHD increases the activation energies for both nitroenediynes,on the activation barriers derived from the pseudo-first-order
but the ortho isomer is more sensitive to the 1,4-CHD approximation can lead to noticeable discrepancies between the

concentration effect. At all concentrations of 1,4-CHD, cor- results from different sources and methods, it is beneficial to
relations for effective rate constants for the consumption of determine the true rate of the first-order cyclization constants,
enediynes are good, with less thaf kcal/mol error in respect ki In the following section, we will outline a simple way to
to the Arrhenius activation energies. On the other hand, effective determine these constants, which provide the real activation
rate constants for the formation of naphthalene products areenergies for the Bergman cyclization.
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TABLE 3. Rate Constants at 140°C Determined Using Equations 5 and 6

ortho-NO;, paraNO,
disappearance of appearance of disappearance of appearance of
enediyne naphthalene enediyne naphthalene
Equation 5
ki x 10*(s™) 8.52+1.33 7.97+2.22 1.88+ 1.1P 1.794 1.00
k-1/kz x 107 (M) 13.78+ 2.12 13.63+ 2.40 6.15+ 1.5@ 7.25+2.01
R? 0.997 0.984 0.951 0.990
Equation 6
ki x 104 (s 8.26+ 0.23 8.27+ 0.49 1.87+0.07 1.76+ 0.04
k-1/ko x 107 (M) 12.58+ 0.02 15.11+ 0.10 6.82+ 0.06 6.86+ 0.41
R? 0.997 0.991 0.974 0.989

aThe lowest 1,4-CHD concentration (0.03 M) was not included in the fit, unless otherwise h&ath for 0.03 M 1,4-CHD was included.

(a) (b)
= 30 4 = 30 -
% 28 % 28
.E 24 | p-NO, % 24 | p-NO, i
£ x| °No% %, ho E 2] o-NO, £0-CHO
§ 20 = 20
o =
=" 21 22 23 24 25 26 B 21 22 23 24 25 26
E, Calculated, keal/mol E, Calculated, kcal/mol

FIGURE 7. Correlation between activation energies calculated using UMP2 with the 6-31G(d,p) basis set and activation energies determined for
(a) the consumption of enediynes and (b) the formation of the corresponding naphthalene products. Activation energies determined from the Bergman
cyclization rate constant&;, are shown in filled red circles.

Both k; and thek-i/k; ratio can be determined either by the activation energies betweerrtho-NO, and para-NO,
multicomponent fitting of the data to eq 5 or by the graphical enediynes unequivocally supports the earlier computational
method based on eq 6. Table 3 compareskirend thek_1/k; prediction of the ortho effect in the Bergman cyclizatin
values obtained by these two methods for the two nitroene- Discussion of Substituent EffectsFirst, the DSC data should
diynes. be used with care and only for the most general qualitative

The above results suggest that only at a 1,4-CHD concentra-assessments of reactivity. The perfect fit of DSC results for
tion of 0.14 M do the rates of the hydrogen abstraction reach acceptor substituents discussed earlier in this paper is likely to
that of the retro-Bergman opening and, thus, half ofditeo- be fortuitous because the DSC data are inconsistent with the
nitro-p-benzyne intermediate is intercepted before reverting to results obtained from the classic kinetic approach either under
the starting material. Such trapping is more efficient in the case pseudo-first-order conditions or using multicomponent kinetic
of the para-nitro substrate, where a 50/50 threshold is achieved dissection that recoverk;. At this stage, results based on
at a twofold smaller concentration of the H donor. One can multicomponent analysis have significant error margins. There-
attribute this difference to the steric effect of the nitro group in fore, our discussion will concentrate on results from the pseudo-
ortho-enediyne, which hinders the approach of 1,4-CHD from first-order analysis. Encouragingly, the activation energies for
one side of thep-benzyne (syn to the nitro substituent). The the disappearance of enediynes with acceptor substituents and
difference in the rates of the retro-Bergman processes for thethe appearance of the corresponding naphthalenes generally
two p-benzynes may also be important. In both cases, a changeagree with each other (Figure 7). This observation suggests
to the rate-limiting step occurs at the steep part of the slope atkinetically well-defined processes, further justifying the pseudo-
approximately!/, of the plateau height, as expected from the first-order approximation.
qualitative reasoning. Because cycloaromatization reactions provide a popular

The final Arrhenius activation energies determined from  testing ground for the development of computational methods,
(the true rate constant of the Bergman cyclization step) for the in particular, different variations of DFT functiondls,it is
consumption obrtho- andpara-NO; enediynes are 23 % 1.1 interesting to comment on the performance of the two most
and 25.4+ 0.2 kcal/mol, whereas the activation energies commonly used functionals (BLYP vs B3LYP) for these
determined from the formation of the nitronaphthalene products reactions and investigate whether better alternatives are available
are 23.4+ 3.2 and 24.3+ 1.2 kcal/mol, respectively. These for the computational description of such processes.
activation energies compare favorably with the activation  The ortho-NO, enediyne is indeed more reactive than the
energies determined from the effective rate constdafs,at two reference enediynes unsubstituted at the ortho position. The
high 1,4-CHD concentrations. Although these values should be 3.6-3.9 kcal/mol difference in the barriers for % H agrees
more accurate than all of the previous results, accuracy here is
achieved at the expense of precision and, thus, the uncertainty (57) pral, m.; wittkopp, A.; Schreiner, P. R. Phys. Chem. 2001
of the measurements increases. Nevertheless, the difference inos, 9265.
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TABLE 4. Comparison of Activation Parameters from DFT Computations and from DSC Experiment$

activation energies pre-exponential factor
(kcal/mol) log[A] (s™9)
X BLYP (B3LYP)P neat ED in 1,4-CHD neat ED in 1,4-CHD

H 24.5 (31.3) 21403 23.1+ 0.1 10.8+0.3 10.0+£ 0.1
ortho-NO, 20.9 (27.9) 23.2£0.1 22.0+ 0.6 11.9+ 0.1 10.3£ 0.6
paraNO, 24.1 (30.9) 25.8£ 0.3 25.9+ 0.3 12.6+ 0.2 10.8+ 0.3
ortho-CHO (syn) 20.6 (27.7)

ortho-CHO (anti) 221 (29.2) 2444+ 0.2 23.2+ 0.3 12.6£ 0.2 10.8+ 0.3

aErrors are standard deviations of the Arrhenius fits with 90% confidence liBt81G** basis set.

TABLE 5. MP2/6-31G** Activation Energies, Experimental Activation Parameters Derived from Pseudo-First-Order Experiments, and
Experimental Yields of 1-Substituted Naphthalene%

activation energies pre-exponential factor
(kcal/mol) log[A] (s7Y)

enediyne naphthalene enediyne naphthalene yield

X MPp2b consumption formation consumption formation (%)

H 25.3 259+ 1.1 26.0+ 1.7 9.4+ 0.6 7.8+ 0.8 35

ortho-NO, 22.1 215+ 0.1 21.0+0.9 8.2+ 0.1 7.9+ 05 75

para-NO; 24.9 23.9+0.3 245+ 0.4 8.8+ 0.2 9.0+ 0.2 70
ortho-CHO (syn) 221

ortho-CHO (anti) 236 221+0.4 22.4+1.0 7.9+ 05 8.4+ 0.5 48

aErrors are standard deviations of the Arrhenius fits with 90% confidence liPBt81G** basis set.

TABLE 6. Comparison of Substituent Effects on the Stability of Reactants, TS, and Products of the Bergman Cyclization and Related
Naphthalene Monoradicals at the BLYP (B3LYP) [MP2]/6-31G** Levelst

i /j
A OEr OErs OEp OEmr

NO, 5.40 (5.83) [4.91] 2.19 (2.84) [2.22] 1.20 (2.06) (2.08) [2.49]
CHO (syn) 3.85 (3.88) [3.32] 0.19 (0.54) [0.47] 2.17 (0.50) (0.01) [1.06]
CHO (anti) 1.19 (1.25) [0.39] —0.91 (-0.60) [-1.02] 1.26 (0.40) (0.62) [1.38]

a Para-substituted isomers are taken as the reference points; positive values indicate destabilization by the ortho substituent.

well with the 3.4-3.6 kcal/mol DFT predictions (Table 4). The determine the activation energies and may have an edge over
2 kcal/mol barrier decrease for thara-NO, substrate is slightly DFT when noncovalent interactions contribute to the barrier
lower than the approximately 3 kcal/mol DFT prediction, but variations. Table 6 illustrated the difference between DFT and
this difference is well within the experimental error. MP2 methods in the description of the substituent effects where
These results parallel the thermal behaviorootho-CHO such direct through-space interactions are important. The steric
substituted enediyne, where the activation barriers determineddestabilization of the reactants is noticeably reduced at the MP2
by the three methods (Tables 4 and 5) are again within the level, while the TSs have similar absolute energies (Table 5).
experimental error. One has to mention that the rates were lessWe did not attempt a comparison of the two methods toward
accurate in this case because the data are more scattered asmbenzyne products as a result of the known difficulties in
result of the presence of side reactions and a lower yield of the describing multiconfigurational wave functions of singlet diradi-
naphthalene product. In addition, we did not study the effect of cals. On the other hand, the comparison of the respective
1,4-CHD on the cyclization kinetics in this case. As a result, monoradicals is possible and suggests a ledsereasen the
the activation barriers may be underestimated, explaining why steric destabilization at the MP2 level relative to the unrestricted
the barrier lowering relative to X= H is more than expected DFT data. Together, lesser destabilization of the reactant and
from the DFT computations. Nevertheless, the Arrhenius fits greater destabilization of the product result in a-01% kcal/

at 0.27 M 1,4-CHD are acceptable and the-128kcal/mol mol increase in the reaction endothermicity and the attenuation
difference relative to th@araNO, enediyne agrees with the  of the ortho effect. Such differences between DFT and MP2
DFT prediction (Table 4) rather well. may become important for the accurate computational predic-

From a practical point of view, an interesting observation is tions of the activation barriers of the Bergman cyclizations of
that, in some cases, the best fit to the experimentally determineddesigned enediynes.
activation energies is provided not by DFT but by MP2
calculations. The advantage of MP2 in such cases is likely to conclusion
be a better description of the noncovalent interactions respon-
sible for the ortho effect. Although unrestricted Moeltétlesset The experimental results presented in this work confirm
second-order perturbation theory (UMP2) performs poorly in earlier computational predictions of the ortho effect in benz-
the description ofp-benzynes, it has been shown before that annelated enediynes. Botiitho-NO, and ortho-CHO substit-
the TS of the Bergman cyclization is reactant-like with little uents substantially accelerate the Bergman cyclization. In
diradical characte¥®?° As a result, MP2 can be used to particular, the difference in the activation energies daho-
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and para-nitroenediynes is in excellent agreement with the 'HNMR (300 MHz, CDC}): 6 10.2 (s, 1H), 8.0 (dd, 1Hl = 7.5,
difference in the activation barriers calculated at the BLYP/6- 1.5 Hz), 7.8 (dd, 1H,) = 8.1, 1.2 Hz), 7.7 (dd, 1H} = 8.1, 7.8
31G** and BLYP/6-31G* levels. The absolute values of the Hz).**C NMR (75.5 MHz, CDCY): ¢ 185.0, 141.1, 140.2, 131.0,
BLYP activation energies are closer to the respective experi- 1302, 129.8, 128.5, 118.3 (4= 321.2 Hz), 118.2 (q) = 321.8
mental barriers. Interestingly, the MP2/6-31G** level that is 12): UV/ViS (CHCN): Amay (log €) 280 (3.18), 238 (3.85), 203

not commonly used for theoretical studies on the Bergman (4.54) nm. IR (neat): 3401, 3094, 2888, 2758, 1709, 1432, 1223,

. . . B 1210, 1129, 958, 873 cmi. HRMS (EI): Icd f H4O0/F6S,,
cyclization provides results that generally rival and, in some 407 930 25- found. 401.929 98. (EM: caled for GHO7FeS,

cases, have a slight edge over the BLYP performance. We  General Procedure for Sonogashira CouplingA suspension
suggest that MP2 is a reasonaplg alternative to DFT in thoseof aryl dihalide or ditriflate (5.8 mmol), PdgPPh), (0.29 mmol),
cases where an accurate description of the contribution of theand Cu(l) iodide (0.29 mmol) in 40 mL of amine solvent was
noncovalent interactions to the activation energy is needed. degassed three times with the freeze/pump/thaw technique in a

The acceptor substitution alleviates complications from the flame-dried, screw-cap, pressure tube. Trimethylsilylacetylene (14.5
competing radical reactions, allowing for a more accurate mmol) was added using a syringe. The tube was capped, and the
analysis of kinetic trends. The plots of the effective rate constant Mixture was heated in an oil bath equipped with a thermostat. The
kett for the consumption of enediynes and for the formation of '€2Ction progress was monitored by TLC. After the total consump-

. tion of the aryl halide, the reaction mixture was filtered through

the naphthalene products versus changes in the 1,4-CHD

ion initially sh . - hi hCelite and washed with methylene chloride X330 mL). The
concentration initially show a steep increase in the rates, Which o ganic |ayer was washed with a saturated solution of ammonium

is followed by a plateau at the higher concentrations of the HD. chjoride (2 x 30 mL) and water (2x 30 mL) and dried over

At the lower HD concentrations, other reaction pathways anhydrous NgSQy. The solvent was removed in vacuo. The reaction
successfully compete with cycloaromatization. The cyclization mixture was purified by flash chromatography on silica gel.
becomes the rate-limiting step at a threshold 1,4-CHD concen-  Synthesis of 2,3-Bis(trimethylsilylethynyl)nitrobenzene, 6The
tration that is unique for each enediyne. Thus, a thorough title compound was prepared by the Sonogashira coupling of 2,3-
understanding of H-atom donor effects is important for accurate dibromonitrobenzene (2.2 g, 7.8 mmol) with trimethylsilylacetylene
kinetic studies of reversible Bergman cyclizations where the (192 9, 19.6 mmol) in 60 mL ofi{Pr),NH at 95°C for 24 h. The
dissection of reaction kinetics on the basis of a simple model "éaction mixture was purified by flash chromatography on silica

- gel (hexanes) to afford 1.85 g (72%) of the desired product as a
allows one to recover the true first-order rate constants. brown solid: mp 67-68°C. 'H NMR (300 MHz, CDC): 6 7.86

(d, 1H,J = 7.5 Hz), 7.68 (dd, 1HJ = 8.1 Hz), 7.36 (dd, 1H) =

Computationa| Details 8.1, 7.5 Hz), 0.28 (s, 9H), 0.27 (s, 9H1)3.C NMR (75.5 MHz,
CDCl): 6 150.9, 136.2, 128.8, 127.7, 123.7, 120.0, 108.6, 101.4,

All reactant, product, and TS geometries involved in Bergman 101.1, 97.0,-0.5,—0.7. UV/vis (CHCN): Amax (l0g €) 328 (4.28),
cyclizations were optimized at the UB3LYP/6-31G**, UBL- 264 (4.20), 250 (4.48), 214 (4.49) nm. IR (neat): 2962, 2900, 2164,

YP 38 UMP2, and MP2 levels using Gaussian 98 and Gaussian 1532, 1353, 1248, 846, 761 cm HRMS (EI): calcd for GeHar-

03 program$® The TS wave functions were identical at UMP2 NO2Sk, 315.111 09; found, 315.111 04.
and MP2 levels. From frequency computations, we confirmed _Synthesis of 3,4-Bis(trimethylsilylethynyl)nitrobenzene, 7The

. : : : titte compound was prepared by the Sonogashira coupling of 3,4-
that all transition structures had a single imaginary frequency. dibromonitrobenzene (3.1 g, 9.8 mmol) with trimethylsilylacetylene

(2.41 g, 246 mmol) in 60 mL ofi{Pr,NH at 110°C for 24 h. The
Experimental Section reaction mixture was purified by flash chromatography on silica

gel (hexanes) to afford 2.78 g (80%) of the desired product as an

3-Nitrophenol, 1,2-dibromobenzene, trifluoromethanesulfonic off-white solid: mp 118-121°C.H NMR (300 MHz, CDC4): ¢

anhydride, trimethylsilylacetylene, and 2,3-dihydroxy-1-formyl- 8.3 (d, 1H,J = 2.4 Hz), 8.0 (dd, 1H,) = 9.0, 2.7 Hz), 0.29 (s,
benzene are commercially available and were used as received. 1,4498H).13C NMR (75.5 MHz, CDC)): 6 146.9, 133.2, 132.1, 127.4,
CHD was distilled before use. 1,2-Diethynylbenz€nend 2,3- 127.3,122.8, 105.1, 102.0, 101.6, 101.1, 0:68,01. UV/vis (CH-
diethynylanisolé' were prepared according to the literature CN): Anax (l0g €) = 307 (4.17), 261 (4.34), 229 (4.27), 220 (4.28)
procedures. Capillaries (300-mm length,-1158-mm outer diam-  nm. IR (neat): 3280, 3106, 2110, 1573, 1522, 1354, 909, 66%.cm
eter, 0.2-mm wall) used in kinetic studies were purchased from a HRMS (EI): caled for GgHoiNO,Si,, 315.111 09; found,
commercial supplier. 315.110 16.

Synthetic Procedures. Synthesis of 3-Formyl-phenyl-1,2-bis- Synthesis of 2,3-Bis(trimethylsilylethynyl)-1-formylbenzene,
(trifluoromethanesulfonate), 5.2,3-Dihydroxy -1-formylbenzene 8. The title compound was prepared by the Sonogashira coupling
(0.50 g, 3.62 mmol) and pyridine (1.5 mL, 18.1 mmol) were of 3-formyl-phenyl-1,2-bis(trifluoromethanesulfonate) (0.70 g, 1.74
dissolved in CHCI; (25 mL). The mixture was cooled to°@ under mmol) with trimethylsilylacetylene (0.41 g, 4.18 mmol) in 20 mL
argon, and trifluoromethanesulfonic anhydride (1.4 mL, 8.0 mmol) of dry THF and with KCO; (1.2 g, 8.71 mmol) as the base at 110
was added dropwise. The reaction was slowly warmed to room °C for 8 h. The reaction mixture was purified by flash chromatog-
temperature and stirred for 6 h. The mixture was diluted with-CH  raphy on silica gel (1% ethyl acetate/hexanes) to afford 0.28 g (54%)
Cl,, washed with water, and dried over #$&. The solvent was of the desired product?H NMR (300 MHz, CDC4) ¢ 10.5 (s,
removed under vacuo. The reaction mixture was purified by 1H), 7.8 (d, 1HJ = 7.5 Hz), 7.7 (d, 1HJ = 7.5 Hz), 7.3 (dd, 1H,
chromatography on silica gel (10% ethyl acetate/hexanes) to afford J = 8.1, 7.2 Hz), 0.28 (s, 9H), 0.27 (s, 9HFC NMR (75.5 MHz,

1.82 g (98%) of the desired product as a white solid: mFG3 CDCly) ¢ 191.4, 137.2, 136.2, 128.8, 127.9, 127.4, 126.4, 106.9,
101.7, 100.1, 97.970.4,—0.5. UV/vis (CHCN): Amax (log €) 322

(58) (a) Becke, A. DPhys. Re. A: At., Mol., Opt. Phys1988 38, (3.07), 284 (3.79), 253 (4.31) nm; IR (neat) 2956, 2846, 2361, 2336,
3098. (b) Lee, C. T.; Yang, W. T.; Parr, R. ®hys. Re. B: Condens. 1699, 1559, 1250, 844 crh HRMS (EI") calcd for G7H»,0Sk,
Matter 1988 37, 785. (c) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. 298.120 93; found, 298.120 17.

F.; Frisch, M. J.J. Phys. Chem1994 98, 11623. ; f
(59) (a) Frisch, M. J.; Et alGaussian 98revision A.9; Gaussian, Inc.: General Procedure for TMS Deprotection.An aliquot of 1 N

Pittsburgh, PA, 1998. (b) Frisch, M. J.; Et @aussian 03revision C.01; NaOH (5 mL) was added to a methanol solution (50 mL) of
Gaussian, Inc.: Wallingford, CT, 2004 (see Supporting Information for the €nediyne (3.2 mmol). The mixture was stirred at room temperature
complete references). for 15 min. The progress of the reaction was monitored by TLC.
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After the total transformation of the TMS acetylenes, the solvent
was removed in vacuo. Aqueous HCI (1 N, 10 mL) was added to
the crude mixture. The acidic mixture was extracted by dichlo-
romethane (3« 20 mL). The organic layer was washed with water
(2 x 30 mL) and dried over anhydrous MEO;. The solvent was
removed in vacuo. The reaction mixture was purified by flash
chromatography on silica gel.

Synthesis of 2,3-Diethynylnitrobenzene drtho-NO, Ene-
diynes), 2. The title compound was prepared by the TMS
deprotection of 2,3-bis(trimethylsilylethynyl)nitrobenzene (1.01 g,
3.21 mmol) wih 1 N NaOH (5 mL) in 50 mL of MeOH at room
temperature for 15 min. The reaction mixture was purified by flash
chromatography on silica gel (hexanes) to afford 0.49 g (90%) of
the desired product as a white solid: mp 84. 'H NMR (300
MHz, CDCkL): 6 7.9 (d, 1H,J = 8.1 Hz), 7.7 (d, 1HJ = 8.1 Hz),

7.4 (dd, 1H,J = 8.1), 3.8 (s, 1H), 3.4 (s, 1H}*C NMR (75.5
MHz, CDCl): 6 151.0, 136.6, 128.5, 128.4, 124.2, 119.6, 89.7,
83.7, 79.9, 76.2. UV/vis (CKCN): Amax (lI0g €) 330 (2.98), 282
(3.85), 261 (4.07), 228 (4.05) nm. IR (neat): 3276, 2105, 1517,
1352, 741 cm®. HRMS (EI*): calcd for GoHsO2N, 171.032 03;
found, 171.032 11.

Synthesis of 3,4-DiethynylnitrobenzenefaraNO, Enediynes),

3. The title compound was prepared by the TMS deprotection
procedure of 3,4-bis(trimethylsilylethynyl)nitrobenzene (1.50 g, 4.76
mmol) with 1 N NaOH (10 mL) in 150 mL of MeOH at room
temperature for 15 min. The reaction mixture was purified by flash
chromatography on silica gel (hexanes) to afford 0.59 g (72%) of
the desired product as a white solid: mp 9. IH NMR (300
MHz, CDCL): ¢ 8.3 (d, 1H,J = 2.4 Hz), 8.1 (dd, 1HJ = 8.4,

2.4 Hz), 7.6 (d, 1HJ = 9.0), 3.6 (s, 1H), 3.5 (s, 1H}3C NMR
(75.5 MHz, CDC}): 6 147.3, 133.7, 131.4, 127.6, 126.8, 123.4,
86.6, 84.1, 80.4, 79.9. UVNvis (GEN): Amaflog €) = 289 nm
(413), 238 (4.26), 218 (4.30). IR (neat): 2960, 2899, 2145, 1523,
1346, 1248, 847 cnmt. HRMS (EI): calcd for GoHsO:N,
171.032 03; found, 171.031 07.

Synthesis of 2,3-Diethynyl-1-formylbenzeneoftho-CHO Ene-
diynes) 4.The title compound was prepared by TMS deprotection
of 2,3-bis(trimethylsilylethynyl)-1-formylbenzene (0.50 g, 1.68
mmol) with K,CO; (1.00 g) in 30 mL of MeOH at room
temperature for 15 min. The reaction mixture was purified by flash
chromatography on silica gel (hexanes) to afford 0.20 g (78%) of
the desired product as a white solid: mp #1134 °C. 'H NMR
(300 MHz, CDC¥): 6 10.6 (s, 1H), 7.9 (dd, 1H] = 7.8, 1.2 Hz),

7.7 (dd, 1H,J = 8.1, 1.2 Hz), 7.4 (dd, 1H] = 8.1, 7.5), 3.7 (s,
1H), 3.4 (s, 1H).13C NMR (75.5 MHz, CDC}): ¢ 190.9, 137.5,
136.7, 128.5, 127.9, 127.1, 126.9, 88.5, 82.5, 80.4, 77.0. UV/vis
(CH3CN): Amax (log €) 319 (3.00), 262 (4.03), 242 (4.54) nm. IR
(neat): 3261, 2853, 2102, 1694, 1437, 1244, 794, 637 cHRMS
(EI"): caled for GiHgO, 154.041 87; found, 154.042 08.

Representative Procedure for the Preparative Scale of Berg-
man Cyclizations. Enediyne (0.5 mmol) was dissolved in anhy-

drous chlorobenzene (9 mL). 1,4-CHD (50 mmol) was added, and

the mixture was placed in a Pyrex glass tube equipped with a joint.

The tube was attached through the joint to a vacuum line, and the
mixture was degassed three times by the freeze/pump/thaw -
technique. The tube was sealed under argon, placed in an oil bath,t"ap'“h_

and heated to the corresponding temperature. After cooling,

Zeidan et al.

Conventional DSC was used to determine the reaction kinetics
using ASTM E 698 thermal stability protoc#1.This protocol is
used to determine Arrhenius activation energies and pre-exponential
factors.

Kinetic Studies. Kinetic Studies of 2,3-Diethynylnitrobenzene
(ortho-NOy). A 10 mL volumetric flask was charged with 2,3-
diethynylnitrobenzene (3.8 mg), 1,2,3,4-tetraphenylnaphthalene (7.8
mg), and 1,4-CHD (0.22 M). The solution was mixed and analyzed
with HPLC to determine the initial concentration of the enediynes
(2.2 x 1073 M). Kinetic experiments were performed at 140, 148,
156, and 16£4C. The following conditions were used for kinetic
analysis using HPLC: A/B, 9:1 solvent system (A, hexanes; B,
hexanes/ethyl acetate, 30:1); 1 mL/min flow rate; and 265 nm
detector wavelength. Retention times were as followg:= 6.9
min, thapnin= 11.3, andtep = 21.5 min.

Kinetic Studies of 2,3-Diethynyl-1-formylbenzene @rtho-
CHO). A 10 mL volumetric flask was charged with 2,3-diethynyl-
1-formylbenzene (3.7 mg), 1,2,3,4-tetraphenylnaphthalene (5.3 mg),
and 1,4-CHD (0.24 M). The solution was mixed and analyzed with
GC and HPLC to determine the initial concentration of enediynes
(2.4 x 1073 M). Kinetic experiments were performed at 140, 150,
160, 170, and 180C. The GC time program had the following
parameters: initial temperature70 °C for 5 min, 20°C/min until
220°C and hold for 5 min, then 50C/min until 320°C and hold
for 1 min. Retention times were as follows$gp = 4.7, thaphth =
5.2, andtsq = 8.9 min. The following conditions were used for
kinetic analysis using HPLC: A/B, 8:2 solvent system (A, hexanes;
B, hexanes/ethyl acetate, 100:1); 1 mL/min flow rate; and 265 nm
detector wavelength. Retention times were as follotg:= 8.5,
thaphth = 30.8, andtep = 33.8 min.

Kinetic Studies of 3,4-Diethynylnitrobenzene fara-NO,). A
10 mL volumetric flask was charged with 3,4-diethynylnitrobenzene
(6.5 mg), anthracene (10.5 mg), and 1,4-CHD (0.38 M). The
solution was mixed and analyzed with HPLC to determine the initial
enediyne concentration (3.8010-3 M). Kinetic experiments were
performed at 140, 150, 160, and 170. The following conditions
were used for kinetic analysis using HPLC (reverse phase): A/B,
3:7 solvent system (A, water; B, acetonitrile); 1 mL/min flow rate;
and 315 nm detector wavelength. Retention times were as follows:
tep = 5.8, thaphn= 6.6, andtsg = 15.1 min.

Kinetic Studies under Different Concentrations of 1,4-CHD.
Kinetic Studies of 2,3-Diethynylnitrobenzene ¢rtho-NO,). A 10
mL volumetric flask was charged with 2,3-diethynylnitrobenzene
(25.0 mg, 14.6< 103 M) and 1,2,3,4-tetraphenylnaphthalene (25.0
mg). Five master solutions (2.9 102 M each) were prepared
with different concentrations of 1,4-CHD, [1,4-CHB]0.03, 0.07,
0.15, 0.29, 0.44, and 0.58 M. The enediynes initial concentration
for every stock solution was determined by GC and HPLC as 2.7
x 1072 M. Kinetic experiments were performed at 140, 148, 156,
and 164°C. The following conditions were employed for kinetic
analysis by HPLC: A/B, 9:1 solvent system (A, hexanes; B,
hexanes/ethyl acetate, 30:1); 1 mL/min flow rate; and 265-nm
detector wavelength. Retention times were as followg:= 6.9,
11.3, andtgp = 21.5 min.

Kinetic Studies of 3,4-Diethynylnitrobenzene faraNO,). A

chlorobenzene was distilled in vacuo, and the products were isolated10 mL volumetric flask was charged with 3,4-diethynylnitrobenzene

and purified by chromatography.
Differential Scanning Calorimetry Studies. Temperature and
enthalpy calibrations were performed using an indium standard.

(30.0 mg, 17.5x 103 M) and anthracene (60.0 mg). Six master
solutions (3.5x 103 M each) were prepared with different
concentrations of 1,4-CHD, [1,4-CHDBF 0.03, 0.07, 0.15, 0.29,

The heat capacity was calibrated using a 25-mg sapphire standard0.44, 0.58, and 0.87 M. The enediynes initial concentration for every

About 8-10 mg of enediyne was used for each experiment. For

stock solution was determined by GC and HPLC asx3H) 3 M.

neat samples, enediynes were sealed in aluminum hermetic pansKinetic experiments were performed at 140, 150, 160, and®C70
The samples were equilibrated in the purge gas (argon) for aboutThe following conditions were used for kinetic analysis using HPLC

15 min prior to each run. For solution samples, stock solutions of
enediynes (5.0 mg) in 1,4-CHD (0.5 mL) were prepared, and 50
uL of the stock solutions were sealed in high volume aluminum
pans with O-rings in a glovebox under argon.
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(C13 reverse phase column): A/B, 3:7 solvent system (A, water;
B, acetonitrile); 1 mL/min flow rate; and 315 nm detector
wavelength. Retention times were as follovigp = 5.8, thaphin=

6.6, andtsg = 15.1 min.
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