A\C\S

ARTICLES

Published on Web 03/23/2007

Nucleophilic Addition to a  p-Benzyne Derived from an
Enediyne: A New Mechanism for Halide Incorporation into
Biomolecules

Charles L. Perrin,* Betsy L. Rodgers, and Joseph M. O’'Connor*

Contribution from the Department of Chemistry and Biochemistry,
University of California—San Diego, La Jolla, California 92093-0358

Received January 9, 2007; E-mail: cperrin@ucsd.edu; jmoconnor@ucsd.edu

Abstract: Biosynthesis of haloaromatics ordinarily occurs by electrophilic attack of an activated halogen
species on an electron-rich aromatic ring. We now present the discovery of a new reaction whereby a
nucleophilic halide anion can be attached even to an aromatic ring without activating substituents. We
show that the enediyne cyclodeca-1,5-diyn-3-ene, in the presence of lithium halide and a weak acid, is
converted to 1-halotetrahydronaphthalene. The kinetics are consistent with rate-limiting cyclization to a
p-benzyne biradical that rapidly adds halide and is then protonated. This reaction has interesting mechanistic
features and important implications for incorporation of halide into biomolecules.

Introduction Scheme 1. Proposed (Partial) Mechanism for Formation of
Cyanosporasides (1, 2; R = 3-oxo-4-methyl--fucosyl) from an

Naturally occurring haloorganics have long attracted attention, Enediyne Precursor, 3

owing to their medicinal properties and to the fascinating j A
machinery employed by nature for their biosynthésiiscor- NG [ “ﬂ N
poration of halogen ordinarily occurs by nucleophilic substitu- P . “ﬁ["ﬁ 6‘7{\:__..']
tion at a saturated carbon or by electrophilic substitution onto . | TN ) [/“‘l-"-‘\} opeer 17 oH
an electron-rich aromatic ring through the action of a haloper- ﬁ‘“://n of\‘---]l NG~ }ﬂ c
oxidase or halogenagdeNotable examples include the biosyn- s OH 4no OH ) fﬂl \
theses of tetraiodothyronine and chlortetracycline, which are N N"K ]
formed via the actions of heme-iron haloperoxidase and flavin- 2 HAO

dependent halogenase, respectively. We now propose a new
mechanism for the incorporation of ubiquitous halide anions Scheme 2. Atom Abstraction Chemistry of p-Benzyne

onto ap-benzyne biradical. We find that heating an enediyne N
in the presence of halides does indeed produce haloaromatics, [\“‘J
and the kinetics are consistent with reaction vip-benzyne P . i f
intermediate. i . f”‘j cl
The recent isolation of two pairs of marine natural products, oo L)%]
sporolides A/B and cyanosporasides A/Bow leads us to BN

propose a mechanism for thdirect incorporation of halide Cl

withoutits conversion to an electrophile. The lattér 2) were

isolated as a 1:1 mixture of positional isomers (Scheme 1). They Enediynes have aroused much interest because of their
are related by the unusual feature of a chlorine atom at eitherantibiotic activity* They act by cyclizing to g-benzyne, as

of two aromatic positions, but not both. It was sugge¥tétht was observed by Bergman in simpler enediyh€antrol over
these are derived from an enediyne precur8piti{at cyclizes  the cyclization has been sought extensivelihe p-benzyne

to ap-benzyne biradical). However, the source of the chlorine ~ can abstract either hydrogen or halogen atoms from organic
atom was a mystery, as was the source of bromine in two Mmolecules such as 1,4-cyclohexadiene or £Scheme 2).
analogs. We now propose that the halogen is introduced asHydrogen atom abstraction from DNA leads to double-strand

halide, and we test this with a model enediyne. cleavage, and this is the basis for the action of Gemtuzumab
ozogamicin (Mylotarg), which has been approved for treatment

(1) Yamnell, A. Chem. Eng. New200§ 84 (21), 12. of acute myeloid leukemi@However, there is no known case

(2) (a) Murphy, C. DJ. Appl. Microbiol. 2003 94, 539. (b) van Pe, K. H; where one halogen and one hydrogen are introduced. The closest

Patallo, E. PAppl. Microbiol. Biotechnol2006 70, 631.
(3) (a) Buchanan, G. O.; Williams, P. G.; Feling, R. H.; Kauffman, C. A;;

Jensen, P. R.; Fenical, M@rg. Lett 2005 7, 2731. (b) Oh, D. C.; Williams, (4) Smith, A. L.; Nicolaou, K. CJ. Med. Chem1996 39, 2103.
P. G.; Kauffman, C. A.; Jensen, P. R.; Fenical, @tg. Lett 2006 8, (5) Bergman, R. GAcc Chem Res 1973 6, 25.
1021. (6) Basak, A.; Mandal, S.; Bag, S. Shem. Re. 2003 103 4077.
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Scheme 3. Proposed (Complete) Mechanism for Haloaromatic Hz). GC- MS (EI) m/z calcd for GoH11Br (M™): 210.0; found 210.0,
Formation via Halide Addition to a p-Benzyne Derived from an plus peaks at M+ 2 and M+ 1 (partially deuterated).
Enediyne

1-lodo-5,6,7,8-tetrahydronaphthalene*H NMR (DMSO-dg) 6 1.61
(2H, m, CHCH,CH,CHj,), 1.70 (2H, m, CHCH,CH,CH,), 2.51 (2H,
§ Oy t, J = 7.0, (H,CH,CH,CH,), 2.65 (2H, t,J = 6.0, CH,CH,CH,CH,),
g ““'?’ “‘“j/; 6.81 (1H, m), 7.05 €1H, d, J = 7.5 Hz), 7.60 (1H, dJ = 7 Hz).

h h GC—MS (El) m/z calcd for GoHuil (M*): 258.0; found 258.1, plus

is wh | le of th in-t . — peak at M+ 1 (partially deuterated).
Is where one molecule of the spin-trapping reagent phiemy Kinetics. All studies were done in pairs that differed in only one

butyl nitrone is added along with one hydrogen atom from variable. Besides an initidH NMR spectrum each sample was analyzed

B-mercaptoethandl. at intervals, until<5% of starting material remained. The time to
To explain the unusual incorporation of hydrogen and chlorine remove the sample and acquire each spectrum wa2a@nin, which

in 1 and2 we here propose attack of halide op-&enzyne to was subtracted from the time elapsed.

generate a haloaryl anion that is trapped in situ by a proton Disappearance of starting material was monitored by comparing the

donor. For our studies we used cyclodeca-1,5-diyn-3-B& ( integrated intensity of the olefinic CH singlet of the enediydé (88)

Its 10-membered ring has sufficient strain that cyclization to a to that of 1,3,5-trichlorobenzené 7.61) as internal standard. The first-

p-benzyne §) occurs at a convenient rate on slight heating. order rate constahtwas obtained from a logarithmic plot of [enediyne]

Nucleophilic attack by halide o can then lead to a haloaryl ~ Versus time. Nqnlinear fitting to expone‘ntia_l decay gave nearly the same

anion (7, X = Cl, Br, |, or the corresponding aryllithium), which values. Deviations from first-order kinetics were not explored for

: . . reactions without added halide.

is readily protonated to give 1-halotetrahydronaphthal@e ( ’ i .

as proposed in Scheme 3. ntearations of product signa at the. st e pont, reative to nternal
Wwe “OW. show that heatingin the presence of halide anion standard. They are reported as percent conversions, relative to the

a_nd gn acid d0e§ Indeeq prodlﬁ:@_( =Cl, Br, ) and_ that the amount of reactant consumed, under conditions whe®©% was

kinetics are consistent withas the intermediate that is captured  ¢onsumed. One of the product doublets was often weaker than the other

by halide. Moreover, this mechanism can account for the 1:1 two signals, especially when the reaction was carried out wigd D

mixtures and for the single chlorine in enediyne-derived natural (which exchanges with the pivalic acid). This was due to deuterium

H
NN H NS
| U 1)

products such a% and2. incorporation, which could be confirmed by G®IS analysis, as noted
_ ] in the characterizations above. Those weaker signals were not used for
Experimental Section the analysis of product yields. With LiBr or LiCl yields were instead

based on the intensity of the most downfield doublet. With Lil this
overlapped with the internal standard, so the product @ténsity at

d 2.65 was compared to the pivalic acid intensity&.35. Owing to
errors in integration, the accuracy of the percent yields is generally

Sample Preparation.Cyclodeca-1,5-diyn-3-en&)was synthesized
by a standard procedutlt was added to a solution of lithium halide
in wet DMSO4s containing an aliquot of 1,3,5-trichlorobenzene as
internal standard. Because formation of halotetra&)rconsumes HX,
the reaction produces an equivalent of base, which would complicate ] o ) ) )
the reaction by functioning as another nucleophile. To avoid this and  COMPputations. Ab initio density functional theory calculations on
establish buffered conditions once the reaction starts, a carboxylic acidthe energy of interaction betweerbenzyne §) and F, CI”, OH", or
(acetic or pivalic) was included. No effort was made to remove water H20 were performed at the B3LYP/6-31G(d,p) level using Gaussian
from the solvent, inasmuch as the carboxylic acid also hydrogen-bonds 98: revision A.7:* Basis-set superposition error was ignored.
to the halide. The sample in an NMR tube was degassed by freeze/
pump/thaw on a Schlenk line, sealed, and then immersed in°€37
(£0.1 °C) oil bath. Disappearance of starting material and formation

of product were monitored periodically by removing the sample and - . .
analyzing it by NMR and after80 h by mass spectrometry. H NMR, the olefinic CH singlet ad 5.88 slowly disappears.

NMR spectra were obtained on a Varian 500 MHz UNITY In the presence of excess lithium halide plus excess weak acid
spectrometer. GEmass spectra were obtained on a Thermo-Finnigan thr€€ new signals appear betweef.0 and 7.2 (Cl), 7.0 and

Results

When a solution o6 in DMSO-ds at 37°C is monitored by

Trace GC/MS Plus. 7.35 (Br), or 6.8 and 7.6 (l). In addition, the two gkignals
Characterization of Products. 1-Chloro-5,6,7,8-tetrahydronaph- of 5 separate into two pairs of signals, indicating a symmetry

thalene: 'H NMR (DMSO-dg) 6 1.67 (2H, m, CHCH,CH,CH;), 1.73 reduction, which exclude8 (X = H), the usual product from

(2H, m, CHCH,CH,CH;), 2.64 (2H, t,J = 6.5, CH,CH,CH,CH)), 6.5 Figure S1 in the Supporting Information shows representative

2.70 (2H, t,J = 6.0, (H,CH,CH,CH,), 7.00 (<1H), 7.05 (1H, dJ = IH NMR spectra in the presence of LiBr. GBS analysis

7.5 Hz), 7.15 (1H, dJ = 8 Hz). GG-MS (El) m/z calcd for GoHio showed volatiles witlm/z corresponding to M = C;gH1CID,

CID (M*): 167.2; found 167.2, plus peaks at # 2 and M — 1 CioH11Br, or CigHiil. Therefore, the product is the 1-halotet-

(incompletely deuterated). rahydronaphthalene8(X = Cl, Br, or I).

1-Bromo-5,6,7,8-tetrahydronaphthaleneH NMR (DMSO-dg) 6 . . . .
1.65 (2H, m, CHCH,CH,CHy), 1.72 (2H, m, CHCH,CH,CHy), 2.60 According to boti*H NMR integration and GEMS analysis,

(2H, t, J = 6.5, CH,CH,CH,CH,), 2.69 (2H, t,J = 6.0, CH,CHy- _8is partiglly Qeuterateo_l at C4. Even without addeg!DDhe_re

CH,CH.), 6.98 (1H, m), 7.04 €1H, d,J = 8 Hz), 7.32 (1H, dJ = 8 is deuterium incorporation, from DMS@. Percent deuterium
enrichments ir8 (X = ClI, Br, I) were found to be 67%, 51%,
(7) Bross, P. F.; Beitz, J.; Chen, G.; Chen, X. H.; Duffy, E.; Kieffer, L.; Roy, ~and 42%, respectively, By NMR spectroscopy and 60%, 44%,

g‘aoi”ghﬂgbR-?Rahma”'A-? Williams, G.; Pazdur(n. Cancer Res and 40% by GEMS analysis. The increasing extent of
(8) Usuki, T.; Nakanishi, K.; Ellestad, G. AOrg. Lett. 2006 8, 5461. deuteration, from | to Br to Cl is such th&t (X = CI) has

(9) Nicolaou, K. C.; Zuccarello, C.; Riemer, C.; Estevez, V. A.; Dai, W.IM.
Am Chem Soc 1992 114 7360.
(10) Jones, G. B.; Wright, J. M.; Plourde, G. W., Il; Hynd, G.; Huber, R. S.; (11) Frisch, M. J.; et alGaussian 98revision A.7; Gaussian, Inc.: Pittsburgh,
Mathews, J. EJ. Am. Chem. So@00Q 122 1937. PA, 1998.
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T T T T T T T Table 2. Energetics (kJ/mol) of Nucleophilic Addition to
i p-Benzyne (9), to Form an Aryl Anion

nucleophile -AH? -AGP -AE°

i F 274 104 550
= cl- 128 84 216
= Br- 103 81
g 4 - 84 101
= OH- 570
© H.0 -35
o, . i
£

aExperimental, gas-phasgExperimental, aqueou§Calculated, gas-
phase.

Thermodynamic Data. Table 2 listsAH?, the standard (gas-
phase) enthalpies of halide additionspdoenzyne 9), AGP,

-g 1 1 1 1 1 Ly 1

o 10 20 30 40 so 8o 70 the standard free energies of halide addition$ to water at
thr 25 °C, andAE, the B3LYP-calculated gas-phase energies of
Figure 1. Plot of In[enediyne] vs time for reaction & with LiBr under nucleophilic addition to9. The data show that the halide
conditions of entries 611 in Table 1 £, ¢, 4, x, O, and0, respectively). additions of Scheme 3 are all very exothermic and favorable
Table 1. Rate Constants and Yields of 8 (X = CI, Br, I) for thermodynamlcally even in wgter. The published da_ta usgd to
Reactions of Enediyne 5 with Halide and Pivalic Acid in DMSO-ds derive these values, and their sources, are described in the
at37°c Supporting Information.
= 5k/g—1 i
MX [Bl/mM (< mi [HAYmM 10°%s yteld Discussion and Conclusions
Lil 75 750 90 1.42 100 _ ) o
Lila 4 550 20 1.38 100 How is 8 formed? The key result is that the rate is independent
'I:?: ‘7‘5 g?o é% 113% 19%0 of the concentration of acid or halide and regardless of which
| . . . . . .
Lilb 4 550 0 193 55 halide is present. Thu.s,.t_he rate Igw is given simply as eq 1.1t
: follows that the rate-limiting step is the cycloaromatization of
LiBr 3.8 550 15 1.51 100 f he b-b 6. which th idl d
LiBr 19 576 20 146 100 5 to form the p-benzyne6, which then rapidly proceeds to
LiBra 3.8 550 15 1.56 92 product. This is the same logic as was applied to hydrogen atom
LiBra 14 584 20 1.30 92 donors in the rearrangement of two bicyclic enediyHes.
LiBr 24 360 190 1.21 77
Ligr 28 420 84 1.32 n —d[enediyne]/d = kjenediyne] 1)
Licl 38 550 15 1.30 99
LiCl® 38 550 15 1.59 37 Alternative mechanisms can be excluded. The reaction is
none 155 0 0 2.07 0 definitely not first order in X, nor in acid, which is the source
&+ 20% D,0. 5+ 50% D,O. of the hydrogen at C4. This excludes the direct addition of HX

across the triple bonds, as @bis(ethynyl)benzen®, as well

incorporated more than 0.5 deuterium atoms, as expressed irS nucleophilic addition to the enediyHeNor can the mech-
the characterizations above. anism involve reversible protonation &f followed by rate-

Table 1 summarizes the kinetic data. The average ratelimiting cyclization to a phenyl cation, because this would
constant is (1.38+ 0.12) x 105 s 1, even though the require the rate to depend on acidity and also to deviate from
concentrations of enediyne, halide, and acid vary more than 10-first-order kinetics as reaction depletes acid. Nor can the
fold. Figure 1 shows such plots for six different conditions of Mechanism involve retrocyclization 6fto 1,2-diethynylcyclo-
excess bromide. S|Ope5 are C|ear|y the same for all. I’]eXEI"I(?."l,7 followed by prOtonation or halide addition, because

Some Samp]es deposited a flocculent ye||0W materiaL espe_this too would be first order in acid or halide. Electron transfer
cially at higher concentrations ob. Upon isolation and  from X~ to p-benzyne can also be rejected, because it is
dissolution in CDC}, it showed ndH NMR signals, consistent ~ endothermic by>170 kJ mot*.!8 Electron transfer t®, as in
with a polymer that tumbles slowly, as had been observed from Cyclization of some cross-conjugated enediyfas even more
other enediyneéz_ GPC ana|ysis indicated a Weight_average unfavorable. Finally, a reversal of the order of nUCleOph”iC
molecular mass of 21 kDa. Data from experiments at high addition and protonation in Scheme 3 can be excluded by the
[enediyne], where polymerization complicates the reaction, have observation of deuterium incorporation from DMSig-which
therefore been excluded from Table 1. One entry without added is & sufficiently strong acid to trap the aryl anion but would not
halide, which was not used in evaluating the avelagkistrates

(14) Semmelhack, M. F.; Sarpong, R.Phys. Org. Chen2004 17, 807.

a faster disappearance Bf (15) Lo, C.-Y.; Kumar, M. P.; Chang, H.-K.; Lush, S.-F.; Liu, R.<5.Org.

Y|eIFjs are included in Table 1. They ofte.n reach 190%, (16) %a*;ewlio&?_}?yl_leoéffcz:_\(.; Lin, C.-FAngew. Chem., Int. EC002 41,
especially at low [enediyne]. A quantitative yield of a single 4077. (b) Magnus, P.; Eisenbeis, S. A.; Rose, W. C.; Zein, N.; Solomon,
product is rare and perhaps uniquepifbenzyne chemistry, ‘J’V-AJmAg“an?eg‘d 59"&9??&1}129%2627- (c) Schottelius, M. J.; Chen, P.
owing to polymerizatiod? indeed, only 55%8 (X = H) was (17) Kaneko, T.; Takahashi, M.; Hirama, Mngew. Chem., Int. EA999 38,
obtained earlier fron®.° 12617,

(18) (a) Wenthold, P. G.; Squires, R. R.; Lineberger, WJCAm. Chem. Soc.
1998 120, 5279. (b)CRC Handbook of Chemistry and Physi8éth ed.;

(12) John, J. A.; Tour, J. MJ. Am. Chem. S0d.994 116, 5011. Lide, D. R., Ed.; CRC Publishing Co.: Cleveland, OH, 2005; pp-1866.
(13) Bhattacharyya, S.; Pink, M.; Baik, M.-H.; Zaleski, J. Mhgew. Chem., (19) Treitel, N.; Eshdat, L.; Sheradsky, T.; Donovan, P. M.; Tykwinski, R. R.;
Int. Ed 2005 45, 592. Scott, L. T.; Hopf, H.; Rabinovitz, MJ. Am. Chem. So006 128 4703.
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Scheme 4. Detailed Mechanism of Halide Addition to p-Benzyne
9
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The unfavorability of the addition in eq 2 is due to the extra
electron of ArX~—, which must be in a high-energy* or o*
orbital, whereas the electron pair of Ais in a o orbital.
Furthermore, an intrinsic barrier can arise from the transfer
of a o electron in Ar to ax* electron in ArX—,2” whereas in

convert thep-benzyne to a phenyl cation. We therefore assert the addition top-benzyne an electron is readily transferred

Scheme 3 as the mechanism of this reaction.
The biradical nature of gp-benzyne 9) raises further

from oneo orbital into another, where two electrons pair, as in

11

guestions of mechanism and transition-state structure (Scheme In competition experiments, Biis 20 times as reactive toward

4). Exactly how doe$ lead t08? “Electron pushing”, as ia0,

is a unique mix of transfers of an electron pair and a single
electron. The transition state implied b§ is more informative.
Because the biradical is a singlet, with two electrons of opposite
spin, those electrons can pair in anerbital while the electron
pair from X~ is transferred to the otherorbital. Alternatively,
those two paired electrons may be viewed as forming a weak
bond (strictly, ac antibond§® between carbons 1 and 4, as in
12, and the reaction is a nucleophilic displacement of C4 as
leaving group. This addition is then quite different from the
nucleophilic additions to the genuine sigma bonds-beénzynes

or of butalene, or to a cationio-benzyne in the gas pha%é:??

It is the reverse of the collision-induced decomposition that
generatesp-benzyne in the gas pha%eand a nonradical
pathway was proposed for addition of 3-fluoropyridine to a
cationicp-benzyne in the gas pha%e.

The immediate precursor 8fis the haloaryl anio7. This is

6 as CI, but 1,4-cyclohexadiene trafis2.5 times as well as
Br~ adds. These results are evidence for the role of solvation
in creating a barrier to halide addition, which is ignored in Table
2 and Figure S2. Indeed, the data in Table 1 show small
variations due to polymerization, which competes with halide
addition to6, especially for Ct and with added water. Without
any added halide the rate constant for disappearanéeisf
clearly higher, owing to polymerization.

The variations in the extent of deuterium incorporation
represent an interesting manifestation of selectivity in the
reactions of aryl aniofd. The deuterium content &fis observed
to increase from X= 1 to Br to Cl. In the absence of added
D,0, the source of that deuterium is DMS3#@-The fact that
DMSO-ds can compete with pivalic acid demonstrates that the
species that reacts is a very strong base. This is evidence that
the intermediate that is trapped by acid is an aryl anion (or
aryllithium), which is unselective toward acids. The variations

a strong base that can abstract a proton from any acid, but itwith halide are too large to be due to substituent effects of
cannot accept a second halide. The contrast between thehalogens on the basicity and selectivity of the para lone pair in

reactivities of p-benzyne6 and anion7 accounts for the
incorporation of one halide and one proton. This differs from
radical reactions of p-benzyne, whereby hydrogen or halogen
can be added in either step.

It is informative to compare the halide addition of Schemes
3 and 4 to one of the steps ik@ substitution (eq 23t This
addition to an aryl radical is energetically favorable with strong
nucleophiles, but not with halick,whose addition is further
retarded by an intrinsic barrier. Addition of " Xo biradical9
might appear to be even more unfavorable, as with addition of
hydrogen atomd?

Ar'+ Nu — ArNu™ 2)

Nevertheless, the thermodynamic data in Table 2 show that

halide addition tq-benzyne is exothermic, not only in the gas
phase, but also in water. Moreover, the computed energy of
interaction between Cland 9 (in the gas phase) shows no
activation barrier, as can be seen from Figure S2 in the
Supporting Information. This ignores the necessity of desol-
vating the ion, which does create a barrier.

(20) Hoffmann, R.; Imamura, A.; Hehre, W. J. Am. Chem. Sod.968 90,
1499.

(21) (a) March, JAdvanced Organic Chemistryth ed.; Wiley: New York,
1992; p 646. (b) March, Advanced Organic Chemistryth ed.; Wiley:
New York, 1992; p 648.

(22) (a) Breslow, R.; Napierski, J.; Clarke, T. €. Am. Chem. Sod 975 97,
6275. (b) Nelson, E. D.; Artau, A.; Price, J. M.; Keittaa, H. 1.J. Am
Chem Soc 200Q 122 8781.

(23) Wenthold, P. G.; Paulino, J. A.; Squires, R.RAmM. Chem. Sod 991,
113 7414,

(24) Amegayibor, F. S.; Nash, J. J.; Lee, A. S.; Thoen, J.; Petzold, C. J,;
Kenttanaa, H. I.J. Am. Chem. SoQ002 124, 12066.

(25) (a) Daasbjerg, KJ. Chem. Soc., Perkin Trans.1®94 1275. (b) Parker,
V. D. Acta Chem. Scand.992 46, 307.

(26) Logan, C. F.; Chen, B. Am. Chem. S0d.996 118 2113.
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7. Instead, we infer that the variations arise indirectly, through
hydrogen bonding of X to the pivalic acid. This reduces its
reactivity, relative to that of DMS@s. Because hydrogen
bonding increases front Ito Br~ to CI~, the relative effective-
ness of DMSQds also increases in this order.

Asymmetricp-benzynes, liké, show little selectivity between
the two sites. This explains the 1:1 ratio of sporolides A/B or
of cyanosporasides A/BLow selectivity also explains incor-
poration of Br from seawater. In contrast, reaction with®
is calculated to be endothermic, so it is unlikely to compete.
This unreactivity also raises the possibility that reaction of the
p-benzyne with nucleophiles is another mechanism besides atom
abstraction for detoxifying enediyne antibiot#Ss.

This mechanism can account for the biosynthesis of sporolides
and cyanosporasides. Moreover, it accounts for their isolation
as 1:1 mixtures and for their single chlorines. Scheme 3 thus
provides a pathway for attaching o an unactivated aromatic
ring. It is consistent with the kinetic data that show that the
rate of the reaction is first order in enediyne and independent
of the concentrations of acid and halide and even independent
of which halide is present. The remarkable result is that this
reaction represents a new method for halogenation in both nature
and the chemical laboratory. Experiments are underway to
explore the extension to other enediynes and to azaenediynes
and enyne-allene®, as well as to other nucleophiles and
electrophiles. We anticipate that this reaction is a general one
for incorporating nucleophiles into aromatics.

(27) (a) Pearson, R. Gymmetry Rules for Chemical Reactiovley: New
York, 1976; p 440 f. (b) Enemaerke, R. J.; Christensen, T. B.; Jensen, H.;
Daasbjerg, KJ. Chem. Soc., Perkin Trans.2b01, 1620.

(28) Biggins, J. B.; Onwueme, K. C.; Thorson, J.S8ience2003 301, 1537.

(29) (a) David, W. M.; Kerwin, S. MJ. Am. Chem. Sod.997, 119, 1464. (b)
Schreiner, P. R.; Navarro-Vazquez, A.; Prall, Mcc. Chem. Re2005
38, 29.
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