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The use of metal ions to promote the thermal Bergman cycli-
zation of enediynes is a rapidly developing area of research that
may lead to advances in synthetic transformations, as well as the
development of potential biochemical and therapeutic agents.1-12

Strategies toward these goals have included the preparation of
coordination complexes where enediyne chelation leads to a metal-
loenediyne framework with a diminished activation temperature
due to modulation of the alkyne termini separation.1-3,5,6,8,12In
addition,π-complexation of metals to enediyne substructures has
also been shown to geometrically or electronically influence the
activation barrier to thermal Bergman cyclization.10 These approa-
ches have yielded significant conceptual and practical advances
in the ability to control thermal cyclization temperatures across
a variety of enediynes with metals such as Ni, Cu, Ru, Pd, and
Pt.

The emerging theme from our contribution to this area is that
the metal center geometry, ligand flexibility, and steric bulk
adjacent to the alkyne termini can have profound effects upon
the enediyne cyclization temperatures, and the dynamic range
accessible by sampling oxidation states of a given metal cen-
ter.5,6,11-13 For biological applications, however, the ability to
employ in vivo metals or those which are traditionally less toxic,
leads to advantages for potential biological uses of metalloene-
diynes. Within this theme, we have reported the synthesis and
facile thermal reactivity of a novel bis(pyridine)enediyne ligand
and the corresponding Mg(II) complex.

The ligand (Z)-N,N′-bis[1-pyridin-2-yl-meth-(E)-ylidene]oct-
4-ene-2,6-diyne-1,8-diamine (3) was prepared in 75% yield by
reaction of 1,8-diaminooct-4-ene-2,6-diyne (1)13 with pyridine-
2-carboxaldehyde (2) in dichloromethane (Scheme 1). Reduction
of the 3 with 2.5 equiv of NaBH4 leads to the formation of the
reduced enediyne (N,N′-bis-pyridin-2-ylmethyl-oct-4-ene-2,6-
diyne-1,8-diamine,4) in 84% yield. The Mg(II) complex (5) was
prepared by incubation of3 with MgCl2‚6H2O in MeOH at 0°C
for 8 h followed by removal of the solvent under vacuum and
washing with ether.

The thermal reactivity of3 was evaluated by differential
scanning calorimetry (DSC). As a neat material,3 exhibits an
exothermic peak (∆H ) -52.1 kcal/mol) at 100°C, indicative
of thermal Bergman cyclization.1,3,6,13 The enhanced flexibility

and reduced steric crowding within the ligand deriving from
introduction of three atoms between the alkyne termini and the
bulky pyridine rings give compound3, to our knowledge, the
lowest thermal cyclization temperature for an acyclic enediyne
ligand to date. In solution,3 is stable for 12 h at room temperature
but degrades slowly over a 48-h period.

The thermal reactivity of5 is also striking. In methanolic
solution containing 20-fold 1,4-cyclohexadiene, warming of5 to
room temperature, or addition of Mg2+ to 3 leads to rapid and
pronounced changes in both the1H and{1H}13C NMR spectra.
The most diagnostic features are those associated with the-CH2-
Nd unit as well as the developing aromatic resonances of the
Bergman cyclized product6 (Scheme 1). After warming of5 to
room temperature, new resonances are observed atδ 4.99 ppm
(ph-CH2-Nd) as well as an aromatic multiplet atδ 7.35 ppm
in the 1H NMR spectrum. The resonances match very closely
with those observed for the uncomplexed benzylimine derivative
5-phenyloxazole-2-carboxaldehyde-N-benzylimine (4.97 ppm),14

indicating formation of the Bergman cyclized product. Since the
imine framework is very unstable under these experimental con-
ditions, identification of the reaction product was accomplished
by in situ NaBH4 reduction of6 at 2 h into the reaction, followed
by EDTA treatment to generate the more stable demetalated benz-
ylamine 7 (Scheme 1). Four new singlets are now observed in
the1H NMR spectrum, two atδ ) 4.02 (-N-CH2-py) and 3.68
ppm (-CH2-N-) characteristic of the reduced enediyne ligand
4, and two atδ 3.97 (-N-CH2-py) and 3.89 ppm (ph-CH2-
N-) deriving from the reduced Bergman cyclized product7
(Scheme 1). These signatures match those of the literature com-
pound benzyl-pyridin-2-ylmethyl-amine15 confirming formation
of benzylamine linkage.

As a control, an authentic sample of the reduced cyclized
product7 was independently synthesized by reaction of pyridine-
2-carboxaldehyde witho-xylene diamine to yield9, followed by
reduction with NaBH4 to give the authentic product7 (Scheme
2). The most prominent differences between the spectra of4 and
7 derive from disappearance of the alkyne (δ 81.5, 95 ppm) and
olefin (δ 119 ppm) carbons, and the appearance of three
substituted benzene signals atδ 127.4, 130.2, and 138.7 ppm. In
addition to these diagnostic features, detection of both ph-CH2-
N- and -N-CH2-py resonances at 51.4 and 54.0 ppm,15

respectively, identify the in situ generated Bergman product.
Based on the half-life for the reaction (t1/2 ) 2.2 h), which was
determined from the disappearance of the olefin proton of5 at δ
6.06 ppm16 and the developing ph-CH2-N ) signal for 6 at
4.99 ppm, the yield of in situ cyclized product is approximately
40% prior to radical-mediated decomposition.

To estimate the composite13C NMR spectrum of the reduced
starting material and product, a 2:1 mixture of4:7 was compared
to the in situ thermal Bergman cyclization reaction. Although
modest (<0.5 ppm) chemical shift changes are observed due to
the presence of radical-mediated decomposition product,17 the
intensities and chemical shifts of the-N-CH2-py and ph-
CH2-N- resonances (δ 50-55 ppm), and the substituted benzene
signals (δ 127-131 ppm), correlate well with the 2:1 control
mixture of 4:7. Combined, the1H and 13C NMR data indicate
the Mg2+-induced formation of Bergman cyclized product5 at
ambient temperature.
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To evaluate the structural consequences giving rise to such
facile thermal reactivity, molecular mechanics calculations at the
MMX force field level18 have been performed for enediyne ligand
3, as well as a series of four- to six-coordinate Mg2+ structures.
Since Mg2+ is electrophilic and frequently forms five-coordinate19-23

or six-coordinate21,24-31 structures in the presence of anionic
ligands and coordinating solvents, the geometric starting point
for the latter calculations was the five- or six-coordinate MgN4Ox

(x ) 1, 2) construct where OH- was used to approximate solvent
(MeOH) or counterion (Cl-) coordination in solution. Within these
coordination environments, approximately 60 structures were
iteratively minimized until a subset of five of the lowest-energy
structures for each class were identified. The standard deviations
in the energies and alkyne termini separation (<4%) were obtained
from an average of these structures. The results show a systematic
decrease in the alkyne termini separation〈a〉 beginning with the
uncomplexed enediyne ligand3 with minimized (Z)-(E) stereo-
chemistry (4.03 Å), and continuing with increasing Mg2+

coordination number (MgN4 (3.93 Å) > MgN4O (3.90 Å) >
MgN4O2 (3.79 Å). The calculated〈a〉 values are consistent with
previously reported theoretical and X-ray structural characteriza-
tions of simple enediynes and their corresponding thermal
reactivities.5,11,12,32,33The trend in〈a〉 and the correspondingly low
activation temperature for5 relative to uncomplexed ligand3,

suggest that in solution5 is best described as a six-coordinate
Mg2+ complex (Figure 1).34 The structure/activity correlation
indicates that the facile thermal reactivity of5 results from the
ability of Mg2+ to coordinate both pyridine, and more importantly
the imine nitrogens, to draw the alkyne termini into close
proximity for cyclization. On the basis of the sluggish thermal
reactivity of the reduced ligand4 in the presence of Mg2+ (DSC
) 181°C, ∆H ) -49.6 kcal/mol), it appears that facile reactivity
of this framework is very specific to the presence of the imine
unit. One plausible explanation for the disparity in the reactivities
of ligands3 and 4 could derive from the poor basicity of the
imine nitrogen versus the corresponding amine, and consequently
the need for Mg2+ to adopt additional ligands (solvent or
counterion) to satisfy the Lewis acidity of the metal center. As
shown by the computational analysis, the increase in coordination
number can reduce the alkyne termini separation and lower the
barrier to thermal Bergman cyclization. Overall, the study
documents the ability to use biologically prevalent and innocuous
metals such as Mg2+ for initiating facile enediyne reactivity at
ambient temperature by metal coordination.
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Scheme 1.Syntheses of Enediynes3-5 and the in Situ Generation of Bergman Cyclized Products6,7a

a Reagents and conditions: (i) CH2Cl2, rt, 2.5 h, 75%; (ii) MeOH, NaBH4, rt, 1 h, 84%; (iii) MeOH, MgCl2, 0 °C, 8 h, 70%; (iv) MeOH, 1,4-CHD,
rt; (v) NaBH4, 5-10 °C, DMF, EDTA, CH2Cl2.

Scheme 2.Synthesis of Cyclized Product9 and7

Figure 1. Geometric structure of metalloenediyne5 (〈a〉 ) 3.79 Å),
determined by molecular mechanics calculations at the MMX force field
level. Atom color designations: magnesium (pink), nitrogen (blue),
oxygen (red), carbon (black), hydrogen (white).
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