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Abstract: Ten- and eleven-membered-ring cyclic enediynes that possess a carbonyl group in a j position
with respect to the one of acetylenic termini undergo very facile cycloaromatization at ambient temperatures.
Kinetic data and deuterium-labeling experiments indicate that this reaction proceeds via rate-determining
tautomerization to the allene—eneyne form followed by very rapid Myers—Saito cyclization.

Introduction

The extreme antineoplastic activity of natural enediyne
antibiotics' is attributed to the ability of the (Z)-3-hexene-1,5-
diyne® and (2)-1,2,4-heptatrien-6-yne® fragments to undergo
cycloaromatization and produce dDNA-damaging aromatic
diradicals."* Lack of antitumor selectivity, which results in a
very high general toxicity, hampers clinical applications of
natural enediyne antibiotics.” Photochemical triggering of the
cycloaromatization reaction might help to alleviate this problem
by allowing for spatial and temporal control of enediyne
reactivity.® The direct irradiation of acyclic’ and cyclic®
enediynes and of the natural enediyne antibiotic Dynemicin A’
demonstrated that the Bergman cyclization can be induced
photochemically, albeit with low efficiency. The quantum yield
of the photochemical Bergman cyclization can be substantially
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Flanagan, M. F.; Cecil, T. L. . 1996, 118, 3291.
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improved by adjusting the electronic properties of substituents'®
and/or using different modes of excitation energy transfer, such
as metal-to-ligand charge transfer.'" In addition, several caged
enediynes that undergo conventional chemical activation after
the photochemical uncaging step have been prepared.'?

Our group has explored an alternative strategy for the photot-
riggering of the cycloaromatization reaction: in situ generation of
an activated enediyne system.'> We have designed enediyne
precursors that are stable in the dark but efficiently converted into
reactive form upon irradiation with UV—vis'* or near-infrared
(NIR)" light. To exploit the benefits of this strategy, photogener-
ated enediynes should undergo very rapid cyclization at ambient
temperature. In our preliminary communication,'** we reported the
photochemical generation of reactive isomeric 10-membered-ring
enediynes 2a and 2b from thermally stable (below 80 °C)
diazodiketone precursor 1 (Scheme 1).

While facile cycloaromatization of these 3,4-benzocyclodeca-
1,5-diyne derivatives under ambient conditions is remarkable, '°
the almost 70-fold difference in the rates of cycloaromatization
of the two regioisomeric enediynes 2a and 2b is even more
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it 2000, /0, 1321.
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intriguing. To gain an understanding of the origin of this
difference, we undertook a detailed study of the mechanisms
of cyclization of ketoesters 2a and 2b, their 11-membered-ring
analogues 4a and 4b, and the model 10-membered-ring ene-
diynes S and 6.
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Results and Discussion

Generation and Reactivity of Eleven-Membered-Ring
Enediynes 4a and 4b. The twelve-membered-ring 2-diazo-1,3-
diketone 7 was prepared using synthetic procedures similar to
those for the preparation of 1.'**!'7 Trradiation of 7 in alcohols
was expected to produce the target 11-membered-ring enediynes
4a and 4b via the photo-Wolff reaction. Since the parent 3,4-
benzocycloundeca-1,5-diyne and cycloundeca-3-ene-1,5-diyne
show no signs of decomposition up to 84 °C,'® we expected 4a
and 4b to be stable under ambient conditions. Photolysis of
diazodiketone 7 in 2-propanol at 25 °C with 350 nm light
resulted in efficient consumption of the starting material (P350m
= 0.22 £ 0.02) and the formation of two major products.

(17) See the Supporting Information for details.
(18) Semmelhack, M. F.; Neu, T.; Foubelo, F. Tetrahedron Lett. 1992, 33,
3277.
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Separation of the reaction mixture produced only one of the
expected enediyne ketoesters, 4a (R = i-Pr), along with
isopropyl 7,8-dihydro-10-hydroxy-6H-cyclohepta[b]naphthalene-
7-carboxylate (8, R=i-Pr) in a 3:2 ratio (Scheme 2). The latter
compound is an apparent product of the Bergman cyclization
of the regioisomeric enediyne 4b. Similar products were
obtained upon heating of 7 in an ethanol/cyclohexadiene mixture
at 92 °C for 3 h. The product ratio of the thermolysis was shifted
even further in favor of 4a (R = Et) (Scheme 2).

Both of the 3-ketoesters (4a and 8) were fully enolized according
to NMR data.'” As we anticipated, 11-membered-ring enediyne
4a is perfectly stable below 80 °C and undergoes slow decomposi-
tion only at elevated temperatures. In fact, heating of 4a in neat,
argon-purged cyclohexadiene did not result in the direct Bergman
cyclization but rather in decarboxylation of the starting material
to give 4,5-benzocycloundeca-2,6-diynone (9). The latter requires
even higher temperatures to induce cycloaromatization, yielding
naphthalene derivative 10 (Scheme 3).

Scheme 3
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In sharp contrast with 4a, regioisomeric 11-membered-ring
enediyne 4b is not stable enough even at 0 °C to survive
separation procedures; 3-ketoester 8 was always isolated instead.
To measure the rate of cycloaromatization of 4b, 2-diazo-1,3-
diketone 7 was photolyzed in 2-propanol at 0 °C to ~90%
conversion. Immediate HPLC analysis of the reaction mixture
showed the presence of three major products (in addition to
unreacted 7): ketoesters 4a and 8 as well as an unknown compound.
When the mixture was left to stand in the dark at room temperature,
the integral intensity of the peak corresponding to the unknown
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compound decreased while the concentration of 8 rose at the same
rate. This observation allowed us to conclude that the unknown
compound was the unstable enediyne 4b. The accurate rate
measurements of 4b cyclization were conducted using UV
spectroscopy, following the growth of the characteristic 322 nm
band of 8 in the photolysate at 36 £ 0.1 °C (Figure 1). The reaction
followed first-order kinetics well, as shown in the inset of Figure
1. The lifetime of enediyne 4b was only 40 min at 36 °C. To the
best of our knowledge, this is the first reported example of eleven-
membered-ring enediyne that undergoes spontaneous Bergman
cyclization under ambient conditions.
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Figure 1. UV spectra of an ~3 x 10~ M 2-propanol solution of 7 (dashed
line) before and (dotted line) after 350 nm irradiation. The solid line
represents the spectrum of an ~3 x 10~> M solution of 8 in 2-propanol.
The inset shows the growth in absorbance at 322 nm after irradiation of 7.
The line shown in the inset was drawn using parameters obtained by least-
squares fitting of a single-exponential equation.

The difference in the reactivities of 4a and 4b resembles the
difference observed for 2a and 2b, but it is much more
pronounced.'** We hypothesized that this dramatic difference
in the rates of cycloaromatization stems from the different
cyclization mechanisms of regioisomeric enediynes 4a and 4b
as well as of 2a and 2b. Deuterium-incorporation experiments
provided initial support for this suggestion. While heating of
4a in 2-propanol-d; [(CH3),CHOD] produced ketone 10 with
no observable deuteration in the naphthalene ring, irradiation
of diazo precursor 7 in 2-propanol-d; produced 7,8-dihydro-
6H-cyclohepta[b]naphthalene derivative 8-d, which is fully
deuterated at the 11 position (Scheme 4). Incorporation of
deuterium in this position apparently contradicts the Bergman
mechanism, which should proceed via formation of the aromatic
6,11-diradical intermediate. A substituted p-benzyne diradical
such as 11 (Scheme 4) is expected to preferentially abstract
protium from the secondary carbon of (CH3),CHOD, as
observed for 4a (see below), because this C—H bond is much
weaker than the O—D bond.

The rate of formation of the product 8 and the rate of
cyclization of 2b are also strongly affected by the isotopic
substitution in the solvent. Both reactions were substantially
slower in 2-propanol-d;, showing the normal primary kinetic
isotope effect: ky/kp = 3.20 and 2.18 for 2b and 4b, respectively.
These observations indicate that transfer of the hydroxylic proton
(deuteron) is involved in the rate-limiting step of the reaction.

Theoretical Analysis. Theoretical analysis of the structural
properties and tautomeric equilibria of S-ketoesters 2a and 2b
(R= Me) and 4a and 4b (R= Me) (Scheme 5) was conducted
at the B3LYP/6-311++G(d,p)//B3LYP/6-314++G(d,p) and FC-

Scheme 4
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MP2/6-314++G(d,p)//B3LYP/6-31++G(d,p) levels of theory.
The optimized geometries of structures 2a, 2b, 4a, 4b, 12, and
13 as well as details concerning the theoretical procedures are
provided in the Supporting Information. The relative electronic
energies of tautomers of 10- and 11-membered-ring enediynes
as well as ring-strain energies for 10-membered-ring isomers
are shown in Table 1. This table also lists the transannular
distance (i.e., the distance d between the acetylenic termini, as
shown in Scheme 5) for each of the enediyne structures. While
the barrier for the Bergman reaction of cyclic enediynes depends
on many factors,'®*'® the release of ring strain in the transition
state is one of the most important.° Values of d within groups
of structurally similar enediynes correlate well with the latter
and therefore can be predictive of reactivity.*'

Scheme 5
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NMR data for the more stable isomers (2a and 4a) indicate
that 5-ketoester moieties of both enediynes exist predominantly
in an enol form.'**!” This observation agrees well with second-
order Méller—Plesset perturbation theory (MP2) and especially
density functional theory (DFT) results (Table 1). The relative
energies of the enol tautomers become even lower for reactive
regioisomers 2b and 4b, suggesting that these molecules also
are fully enolized. It is interesting to note that the increase in

(19) (a) Rawat, D. S.; Zaleski, J. M. Synlett 2004, 393. (b) Jones, G. B.;
Wright, J. M.; Hynd, G.; Wyatt, J.; Warner, P. M.; Huber, R. S.; Li,
A.; Kilgore, M W Stlcca R. P.; Pollenz, R. S.

2001 123,2134. (c) Prall, M.; Wlttkopp,A Fokin, A. A; Schrelner

P. R. i 2001 22, 1605. (d) Schreiner, P R. LAw

(ekciiatas. 1998, 120, 4184. (e) Alabugin, I. V.; Manoharan, M. J.
2003, 107, 3363.

(20) (a) Snyder, J. P. il 1990, //2, 5367. (b) Magnus, P
Fortt, S.; Pitterna, T.; Snyder, J. P. . 1990, 712,
4986. (c) Brandstetter, T.; Maier, M. E. ggiisdkasiag 1994, 50, 1435.

(21) (a) Jones, G. B.; Wright, J. M.; Hynd, G.; Wyatt, J.; Warner, P. M.;
Huber, R. S.; Li, A.; Kilgore, M. W_; Sticca, R. P.; Pollenz, R. S. J.
il 2002, 67, 5727. (b) Gaffney, S. M.; Capitani, J. F.;
Castaldo, L.; Mitra, A. | SN 2003, 95, 706. (c) Chen,
W-C.; Zou, J-W.; Yu, C-H. juitusefalasy 2003, 68, 3663.
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Table 1. Relative Electronic Energies (AE) and Transannular
Distances (d) for Keto (K) and Enol (E) Forms of
10-Membered-Ring (2a, 2b) and 11-Membered-Ring (4a, 4b)
Enediyne-f-ketoesters and for the Corresponding Allene—Enyne
Tautomers (12 and 13)

AE (kcal/mol)?
n B3LYP/6-311++G(dp) MP2/6-31++G(dp) d (A ring strain (kcal/mol)®

2a% | 8.0 3.9 3.38 9.9
2a% 1 4.1 3.2 3.24 10.0
2b% 1 6.2 1.6 3.44 7.1
2b° 1 0.0 0.0 3.21 11.0
12 1 0.4 —-0.4 7.6
4a% 2 12.6 8.5 3.89

4a® 2 4.7 3.2 3.77

4b% 2 11.7 6.5 3.88

4b* 2 0.0 0.0 3.77

13 2 4.7 3.1

@ ZPVE-corrected energy; the electronic energies of 2b™ and 4b® were
used as the references for the 10- and 1l-membered-ring systems,
respectively. ” Distance between acetylenic termini (see Scheme 5). ¢ See
the Supporting Information for details concerning the ring-strain
calculations.

thermodynamic stability of tautomers 2a®™ and 2b* is ac-
companied by somewhat greater ring strain and shorter tran-
sannular distances than in corresponding keto forms. Thus, in
both keto tautomers (2a¥ and 2b%X), d is greater than the
Nicolaou “critical distance” for spontaneous cyclization of
enediynes (3.31 A),?? but it drops below that value in enol
tautomers 2a® and 2b®. While cyclization of 2b apparently
proceeds via a different mechanism (see below), the enhanced
reactivity of 2a can be explained by the addional ring strain
introduced by the enolic double bond. The separation between
the acetylenic termini in the DFT-optimized structures of 11-
membered-ring enediynes 4a® and 4b", on the other hand, is
~3.77 A. Such a distance is usually associated with a high
activation barrier for Bergman cyclization.”’ In fact, the
parent cycloundeca-1,5-diyne-3-ene, for which d = 3.661 A
(from X-ray data®®), is stable up to 84 °C.'® The rapid
cyclization of 4b, and apparently 2b, under ambient condi-
tions should therefore proceed by some other (non-Bergman)
mechanism. The obvious difference between the more stable
(2a, 4a) and reactive (2b, 4b) regioisomers is the presence
of a third, allenic form in the tautomeric equilibria of the
latter two (12 and 13, respectively; see Scheme 5). The allenic
tautomer 12 has virtually the same stability as the enol 2b®
and should therefore be a prominent component of the
equilibrium mixture. Allene 13 is somewhat higher in energy
than the corresponding enol tautomer 4b® but still substan-
tially more stable than the parent keto form 4b* (Table 1).
The presence of 12 and 13 in the tautomeric equilibria might
explain the unusually facile cyclization of enediynes 2b and 4b,
respectively. Allene—eneynes, such as 12 or 13, can undergo
Myers—Saito cyclization, which has a substantially lower activation
barrier than the Bergman reaction.*** In fact, cyclic structures
containing the (Z)-1,2,4-heptatrien-6-yne fragment are unknown.
In the case of 12 and 13, the transition-state energy should be

(22) Nicolaou, K. C.; Zuccarello, G.; Riemer, C.; Estevez, V. A.; Dai, W. M.
| 1992, 114, 7360.
(23) Nicolaou, K. C.; Ogawa, Y.; Zuccarello, G.; Schweiger, E. J.;

Kumazawa, T. | 1988, /10, 4866.
(24) (a) Schreiner, P. R.; Navarro-Vasquez, A.; Prall, M.

[
2005, 38, 29. (b) Schmittel. M.: Steffen. J.-P.: Mavwald. M.; Engels,
B.: Helten, H.: Musch. P. [ NN 2001 1

(c) Chen, W.-C.; Zou, J.-W.; Yu, C.-H. jisiitetalisiii 2003, 68, 3663.

11774 J. AM. CHEM. SOC. = VOL. 130, NO. 35, 2008

further reduced by the delocalization of the spin of the forming 7
radical to the adjacent carbonyl groups. The observed formation
of 8-d in 2-propanol-d; (Scheme 4) agrees with isomerization/
Myers—Saito cyclization pathway for the cyclization of 4b. The
tautomerization of the latter to the allenic ketone should proceed
via transfer of an acidic proton from the solvent to the acetylenic
carbon of 4b. In 2-propanol-d|, this would result in the introduction
of deuterium at the y position with respect to the ketone moiety
(13-d in Scheme 6). Allene—eneyne 13-d would then undergo
Myers—Saito cyclization to produce o.,3-dehydrotoluene radical
14-d, which would proceed to abstract protium from the solvent
to give the final product 8-d (Scheme 6).

Scheme 6
wz"g; D COZI Pr
= ” C ,COZI-Pr
= i-PrOD OO. -PrOD
8-
Pz B
= ==
Ah 412 4

The primary kinetic isotope effect on the rate of this reaction
in 2-propanol-d; (ku/kp = 2.18 for 4b) indicates that rate-limiting
step involves a proton transfer from the hydroxyl group of the
solvent to the substrate. In other words, the overall rate of the
cycloaromatization of 4b is controlled by the tautomerization
of the latter into the allenic form 13, while the Myers—Saito
step is much faster. The fact that no allenic bands are observed
in FT-IR spectra of the reaction mixtures of photolyses of 7
provide additional support for this mechanistic assignment.

Several examples of enediyne cycloaromatization triggered
by base->> or acid-catalyzed®® acetylene—allene rearrangement
have been reported. In the case of 4b, however, such isomer-
ization is spontaneous and does not require external reagents.
We believe that the difference in the reactivities of the
regioisomeric ten-membered cyclic enediynes 2a and 2b can
be similarly explained by the fact that cyclization of 2b proceeds
via isomerization of 2b into the allene—eneyne form 12 followed
by rapid Myers—Saito cyclization, while 2a cyclizes via a slower
Bergman mechanism.

Model Studies. To explore the mechanism of enediyne
cycloaromatization via f,y-acetylenic ketone to allenic ketone
tautomerization, we analyzed keto—enol equilibria of two isomeric
model enediynes: 4,5-benzocyclodeca-2,6-diynone (§) and 5,6-
benzocyclodeca-3,7-diynone (15) (Scheme 7). The B3LYP/
6—31++G(d,p)-optimized geometries of structures 5%, 5%, 15%,
and 15" as well as that of allene—eneyne 16 are provided in the
Supporting Information. The relative electronic energies of tau-
tomers and transannular distances are shown in Table 2.

Scheme 7
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In an expected contrast to the case of the fully enolized
B-ketoesters 2a, 2b, 4a, and 4b, the enol tautomers (5% and 15%)
of the two isomeric keto-enediynes 5 and 15 are predicted by
DFT and MP2 methods to be higher in energy than the
corresponding keto forms (5% and 15%). Similar to the case for
[B-ketoesters 2 and 4, the transannular distances are shorter in
the enol forms than in the keto forms of these 10-membered-
ring enediynes. The transannular distance in the DFT-optimized
structure 5% is in good agreement with the X-ray data (d =
3.325 A)?’ for this compound. The allene—eneyne 16 is the
most stable form among the three tautomers of 15 (Table 2). In
an established equilibrium, 16 should be the predominant
component, and the cyclization of enediyne 15 should proceed
via the Myers—Saito pathway, which is not feasible for 5.

To test these predictions experimentally, we prepared model
keto-enediynes 5 and 6.'7 The methoxy substituent at the
propargylic position of 6 was introduced in an attempt to offset
the inductive effect of the carbonyl oxygen in the structure 5
on the rate of cycloaromatization. In good agreement with
theoretical results, NMR data showed that enediynes 5 and 6
exist exclusively in their keto form. Other tautomeric forms were
not detected by NMR or IR spectroscopy. When 5§ and 6 are
subjected to mild heating in 2-propanol, they both undergo
smooth Bergman cyclization, producing 3,4-dihydro-1-(2H)an-
thracenone (17) and 3,4-dihydro-4-methoxy-2-(1H)anthracenone
(18), respectively. The latter, however, is not very stable. When
it is heated in hydroxylic solvents, on silica gel, or in the
presence of trace amounts of acid or base, ketone 18 loses
methanol to give 2-anthracenol derivatives 19 (Scheme 8).

While the transannular distance is expected to be somewhat
longer in 6 than in 5 (compare the d values of 5% and 15* given
in Table 2), it undergoes cycloaromatization much faster than
5. The corresponding lifetimes in 2-propanol are 7spoc = 66
min and 7gpoc = 7.1 h. The reactivity of § is consistent with

(25) (a) Grissom, J. W.; Klingberg, D. jinninimiy 1995. 36, 6607.

(b) Baba, G.; Tea, C. G.; Toure, S. A.; Lesvier, M.; Denis, J. M. J.
| 2002, 643, 342.

(26) (a) Naoe, Y.; Kikuishi, J.; Ishigaki, K.; litsuka, H.; Nemoto, H.;
Shibuya, M. . 1995, 36, 9165. (b) Suzuki, 1.;
Wakayama, M.; Shigenaga, A.; Nemoto, H.; Shibuya, M. dgickeciias
Lett. 2000, 41, 10019. (c) Suzuki, I.; Shigenaga, A.; Nemoto, H.;
Shibuya, M. eiskesiskes 2001, 54, 571.

(27) Cousson, A.; Dancy, L.; Beau, J.-M. innunfaiias 1995, C51, 718.

Table 2. Relative Electronic Energies and Transannular Distances
for Keto and Enol Forms of 10-Membered-Ring Keto-Enediynes (5
and 15) and for the Corresponding Enyne—Allene Tautomer (16)

AE (kcal/mol)?
B3LYP/6-311-++G(d.p) MP2/6-31-++G(d,p) d Ay
5K 8.1 4.8 3.37
5E 19.2 17.0 3.23
15% 5.2 1.4 3.42
15" 13.7 11.9 3.20
16 0.0 0.0

“ZPVE-corrected energy; the energy of allene—eneyne 16 was used
as the reference. ” Distance between acetylenic termini (see Scheme 7).

that reported previously (t40°.c = 82 h in C¢De/1,4-cyclohexa-
diene).”® Cycloaromatization of enediyne 6 is also substantially
faster than that of the parent compound 20a (7gpec = 36.5 h in
1,4-cyclohexadiene)® or the alcohol precursor 20b (Tspoc =22 h
in 2-propanol) (Scheme 8).!” The observed high reactivity of 6
agrees well with the proposed tautomerization to 16/
Myers—Saito cyclization pathway, which is not available to 5.
Results of isotope-labeling experiments support this mechanism.
Treatment of a 2-propanol-d; solution of 6 with catalytic
amounts of NaOD at —78 °C produces 2-anthracenol with 75%
deuteration at the 9 position (19a-d,, Scheme 8). Since abstrac-
tion of deuterium from the solvent by a 1,4-napthyl diradical
(similar to 11 in Scheme 4) is highly unlikely (see above),
isotopic substitution at the 9 position apparently occurs during
ketonization of 15% to 16. The second deuterium at the 1 position
is apparently incorporated via base-catalyzed proton exchange
o to the carbonyl group of 18.

Acid—base catalysis of the cycloaromatization reaction of
enediyne 6 was studied in wholly aqueous solutions. Preparative
experiments using 5% 2-propanol as the cosolvent allowed us
to isolate 2-anthracenol (19a) in 75—80% yield under both acidic
and basic conditions. The formation of 18 and subsequent
conversion to 19a was followed spectroscopically using the
characteristic absorbance of 18 at 228 nm (Figure 2). Measure-
ments were made at 40 4 0.1 °C with either a Cary 300 UV
spectrometer or, for the faster reactions in basic solutions, a

(28) Semmelhack, M. F.; Neu, T.; Foubelo, F. jnitusmisiang 1994, 59,
5038.
(29) Boger, D. L.; Zhou, J. jaitusetel 1993, 58, 3018.
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Figure 2. UV spectra of ~4 x 107> M 2-propanol solutions of (dotted
line) 6, (solid line) 18, and (dashed line) 19a. The inset shows part of the
kinetic curve at 228 nm in biphosphate buffer (BR = 0.74). The line was
drawn using parameters obtained by least-squares fitting of a double-
exponential equation.
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Figure 3. Rate profile for the cycloaromatization of enediyne 6 in aqueous
solution at 40 °C. The inset shows the dependence of the buffer catalysis
on the fraction of basic component of the buffer.

Cary 50 spectrometer equipped with a stopped-flow attachment.
A portion of a typical kinetic curve is shown in the inset in
Figure 2.

Rates of cyclization of 6 were determined in dilute aqueous
solutions of perchloric acid and sodium hydroxide as well as

Scheme 9

in biphosphate ion, bicarbonate ion, and TRIS buffers. The
kinetic data obeyed the first-order rate law well, and the observed
pseudo-first-order rate constants were determined by least-
squares fitting to a double-exponential function.

The isomerization reaction proved to be strongly catalyzed
by all of the buffers examined. Therefore, measurements were
consequently performed in series of solutions with constant
buffer ratio (BR = [acid]/[base]) but varying buffer concentra-
tion. The observed rates were extrapolated to zero buffer
concentration.'” These buffer-independent rate constants, to-
gether with observed rate constants determined in perchloric
acid and sodium hydroxide solutions, are shown as the rate
profile in Figure 3.

This rate profile shows a horizontal region between pH 2 and
pH 7, in which the rate constant ky,o has the value (1.7 & 0.5)
x 107* s7! and is independent of the acidity of the medium.
The reaction is strongly catalyzed by base, as illustrated by the
upward slope of the rate profile above pH 8. The hydroxide
ion catalysis measured in NaOH solutions is characterized by
the second-order rate constant kog- = 1509 4+ 88 M~ ! s~ .
There is also a region of weak acid catalysis below pH 3, with
rate constant kg+ = (9.3 £ 0.7) x 10°*M ' s~ ', It is important
to note that the rate of conventional Bergman cyclization is
independent of the acid concentration.>* The slopes of biphos-
phate buffer-dilution plots (kcar = 2.38 £ 0.06, 1.48 £ 0.04,
and 0.64 + 0.03 M~' s”' for BR = 1/6, 5/7, and 10/3,
respectively) represent pH-independent catalysis by the buffer
components. These can be partitioned into contributions from
the acidic and basic components of the buffer by plotting k¢,
against the fraction of base component in the buffer (fz = [base]/
[buffer]), as illustrated in the inset in Figure 3. As k., extrapolates
to zero at fg = 0 and has a value of 2.72 £ 0.10 M ls! at fp
= 1, we can conclude that cycloaromatization of 6 is strongly
catalyzed by general base but shows no general acid catalysis.
These features can be accommodated by the reaction mechanism
shown in Scheme 9, in which cycloaromatization occurs through
the rate-limiting enolization of ketone 6% (or its protonated form
at low pH). Below pH 8, water serves as the base, removing a
proton from the a position with respect to the carbonyl group
of the substrate, while at higher pH, hydroxide ion takes over
as the deprotonating agent. Strong general base catalysis is
characteristic for reactions proceeding via the rate-limiting C—H
deprotonation step. Specific acid catalysis is another common
feature of enolization reactions, because O-protonation of
ketones increases their C—H acidity and the rate of tautomer-
ization. The enol or enolate form of 6 is reprotonated in the y
position to produce allene 16. The latter then undergoes facile
Myers—Saito cyclization to afford ketone 18.
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Rates of the cycloaromatization of 6 were also measured in
dilute DCI solutions in D>O. The observed solvent isotope effect
agrees well with the rate-limiting enolization. At very low DCl
concentrations, the reaction was slower in D,0, producing a
secondary isotope effect ky,o/kp,0 & 1.4 in the normal direction.
At this pH, water acts as a base, accepting proton from 6*
(Scheme 9) to become a hydronium ion. This is a bond-
loosening process that gives a secondary isotope effect in the
normal direction (kuy/kp > 1).31 On the other hand, the slope of
DCI catalysis is almost twice as steep as that of HClOy (ky+/
kp+ ~ 0.6). This inverse isotope effect is due to the fact that
acids are weaker in D,O, so the fraction of the more reactive
protonated species 6%grows faster with D" concentration than
with H* concentration.>’ The absence of a primary kinetic
isotope effect on the cyclization of 6 in D,O shows that
reprotonation in the 7y position (i.e., ketonization to allene 16)
of 6" is much faster than enolization. Clean exponential growth
of the absorbance at 228 nm indicates that conversion of 6 to
18 proceeds without significant accumulation of intermediates
(e.g., 15" or 16). This observation allows us to conclude that
cyclization of allene—eneyne 16 is much faster than the
tautomerization step. Since the rate constant of the overall
process in basic solutions approaches 10 s—', we can estimate
the upper limit for the lifetime of 16 at 40 °C as ~100 ms.

Conclusions

The rates of cycloaromatization of cyclic 10- and 11-
membered-ring enediynes can be substantially enhanced by
introducing a carbonyl group in the § position with respect to
the acetylenic terminus. Cyclization of such (-keto enediynes

(30) Perrin, C. L.; Rodgers, B. L.; O’Connor, J. M. |
2007, 129, 4795.

proceeds via tautomerization into the more reactive allene—
eneyne, which then undergoes facile Myers—Saito cyclization.
Cycloaromatization of 8-methoxy-5,6-benzocyclodeca-3,7-
diynone (6) is weakly catalyzed by hydronium ion and shows
strong general base catalysis. These observations, along with
the values of the solvent isotope effect, indicate that enolization
to 6% is the rate-limiting step in the cyclization of 6. Unstable
o-carbalkoxy-f-keto enediynes 2a and 4a apparently already
exist in enol form. The rates of their cycloaromatization show
significant primary isotope effects, suggesting that enol—
keto—allene tautomerization controls the overall rate of the
reaction, while Myers—Saito cyclization of the allene is much
faster. The lifetime of 10-membered-ring allene—enyne 16 at
40 °C is less than 100 ms. Since the rate of enolization and the
position of the keto—enol equilibrium depends on the pH of
the solution, the presence of various cations, and other factors,
this design opens a new approach for controlling enediyne
reactivity.

Acknowledgment. The authors thank the National Science
Foundation (CHE-0449478), Georgia Cancer Coalition, and donors
of the ACS Petroleum Research Fund (434444-AC4) for support
of this project.

Supporting Information Available: Experimental details;
synthetic procedures for the preparation of compounds 5, 6, and
7; isolation and characterization of reaction products; and
Cartesian coordinates of DFT-optimized structures. This material
is available free of charge via the Internet at http://pubs.acs.org.

JA802688C

(31) Kresge, A. J.; More O’Ferrall, R. A.; Powell, M. F. In Isotopes in
Organic Chemistry, Buncel, E., Lee, C. C., Eds.; Elsevier: New York,
1987; Vol. 7, Chapter 4.

J. AM. CHEM. SOC. = VOL. 130, NO. 35, 2008 11777



