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The use of light to interconvert chemical structures between
two isomeric forms has matured into an exciting field. It has
the potential to impact a wide range of applications from
optoelectronics to photorelease because it offers a convenient
means to modulate the way materials absorb, emit, and rotate
light, or the way they accept and transport charge.[1] Only
recently have some research groups refocused their efforts to
apply the concepts of molecular photoswitching to control
chemical reactivity, despite the fact the concept was intro-
duced over 20 years ago.[2]

The potential role of light integrated with chemical
reactivity is especially significant in modern therapeutic
technologies. It can be used to trigger the rearrangement of
a molecular structure to activate “masked” chemotherapeutic
agents that are broadly toxic, have severe side effects and
cannot be administered in their “unmasked” forms. One
notable example that would benefit from such photocontrol is
the Bergman cyclization of the enediyne architecture, a
reaction that is important in antitumor activity and one where
the presence of a precise arrangement of p bonds is essen-
tial.[3,4] The attempts made to regulate the activity of
enediynes have all met with different levels of success,[5] and
suitable photoactivation of enediynes for clinical settings has
remained an elusive goal. Here we describe our approach to
activate enediynes by taking advantage of the fact that the
hexatriene structures found in the dithienylethene (DTE)
backbones (compounds B, 1o, and 6, for example) undergo
reversible ring-closing reactions when irradiated with UVand
visible light.[6]

This concept is illustrated in Scheme 1. By integrating the
hexatriene and enediyne structures into a single molecule
(compound B), we have developed a system that uses visible
light to control the Bergman cyclization. Only ring-open
isomer B contains the enediyne architecture (highlighted in B
by the shaded box) that undergoes spontaneous cyclization
and yields the active diradical (A), which is the chemical
species responsible for the high antitumor activity. UV light
triggers the photocyclization of the hexatriene in B and

converts it to its ring-closed counterpart C. This photo-
chemical reaction also rearranges the p system and localizes it
along the rigid backbone formed during the ring-closing
reaction (highlighted in C by the shaded box). The conse-
quence is the removal of the enediyne architecture necessary
for spontaneous conversion to the diradical, making ring-
closed isomer C inactive. Visible light activates the system by
triggering the ring-opening reaction, regenerating enediyneB.
The fact that this system is activated with visible light, which
penetrates tissue deeper and with less damage than the more
commonly used UV-light, is particularly important and adds
to the appeal of the system. This offers a significant advantage
over previously reported examples that require extended
irradiation periods with high-energy UV light to alter ring
strain,[7] cleave a protecting group[8] or create the enediyne
structure.[9]

Two enediyne derivatives are described herein. Both
compounds, 1o and 6, can be prepared from the same alkyne-
linked bis(thiophene) 4 as shown in Scheme 2. Compound 4 is
prepared in four steps from 3-bromo-2-methyl-5-phenylthio-
phene (2)[10] by first converting the bromide into the iodide in
order for it to undergo a more facile palladium-catalyzed
Sonogashira coupling reaction with trimethylsilylacetylene.
After removing the silyl protecting group, alkynylthiophene 3
can be subjected to another Sonogashira coupling with the
same iodothiophene as was used to prepare it in the first
place. The enediyne portions of compounds 1o and 6 are
installed by one-pot alkylzirconations with halogenated
phenylacetylene (for 6) or trimethylsilylacetylene (for
1o).[11] This multistep method ensures that the two alkyne
groups are appropriately positioned cis to each other so that
the enediynes can eventually undergo the Bergman cycliza-
tion. This step completes the synthesis of compound 6. In the
case of compound 1o, the ten-membered ring is best formed
by deprotecting the trimethylsilylacetylene moieties using
strong base and quenching the generated anion with 1,4-
diiodobutane.

Because the distance between the two alkyne groups in
enediyne 6 is large enough to prevent spontaneous cyclization

Scheme 1. Photochemical rearrangement used to create the enediyne
structure. Only isomer B has the conjugated p system that undergoes
the Bergman cyclization and produces the diradical A. Isomer C is
inactive.
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to the diradical at room temperature,[4,12] compound 6
represents a useful model to characterize the photochemical
properties of the generalized hexatriene backbone. This
thermal stability is supported by lack of degradation at
ambient temperature when compound 6 is kept in the dark.
Only when the compound is heated to ca. 175 8C is degrada-
tion apparent. The hexatriene in 6 is very sensitive to UV
light, and irradiation of solutions of 6 with l = 365 nm
immediately leads to significant optical changes. The photo-
induced cyclization is best monitored using UV/Vis absorp-
tion spectroscopy (Figure 1a), where there is an obvious

decrease in the high-energy absorptions of the ring-open
isomer and an accompanying emergence of absorption bands
in the lower-energy regions of the spectrum (lmax = 575 and
393 nm).[13] These trends are typical for the cyclizations of
DTE derivatives and account for the change of the solutions
from colorless to purple due to the creation of the linearly
conjugated pathway in the ring-closed form. The spectral
changes stop after 90 seconds (at a concentration of 2.65 <
10�5m), and a photostationary state containing 92% of the
ring-closed isomer is formed according to 1H NMR spectros-
copy. The ring-closed isomer is stable at ambient temperature
as long as it is kept in the dark. Irradiation of the colored

solution with visible light (l> 490 nm)[14] converts the ring-
closed isomer back to 6 and regenerates the original
absorption spectrum.

The ten-membered carbocycle in enediyne 1o is installed
to facilitate the Bergman cyclization at lower temperatures.[4]

The photochemical reaction of compound 1o is shown in
Figure 1b. Ring-closing to isomer 1c is also accomplished
using l = 365 nm, while the reverse reaction is triggered with
visible light (l> 490 nm). In this case, the photostationary
state contains 82% of 1c, as determined by 1H NMR
spectroscopy. Similar trends are observed in the UV/Vis
absorption spectrum as were already described for compound
6, including the unchanged spectrum corresponding to the
photostationary state when the sample is stored in the dark at
ambient temperature.

A first indication of the difference in thermal reactivity
between isomers 1o and 1c is that when a mixture is heated to
75 8C, isomer 1o completely degrades while 1c can still be
detected by 1H NMR spectroscopy long after all of 1o is
consumed. In fact, we took advantage of this selective
reactivity to isolate pure samples of compound 1c from the
photostationary state for further studies.[15]

The formation of the reactive diradical, Bergman cycliza-
tion product of the ring-open isomer, 1o, can be probed by
using 1H NMR spectroscopy and 1,4-cyclohexadiene as a
radical-trapping agent. When a mixture of 1o and a large
excess of 1,4-cyclohexadiene were heated at 75 8C the peaks
corresponding to 1o decreased while peaks assigned to
compound 7 appeared. The reaction follows pseudo-first-
order kinetics (Figure 2) with apparent rate constants being
k= 7.0 < 10�5 s�1 for the disappearance of 1o (corresponding
to a half-life of 165 min) and k= 6.8 < 10�5 s�1 for the
formation of 7.[15, 16]

On the other hand, the ring-closed isomer (1c) shows
significant thermal stability. When a solution of 1cwas heated
(in the presence or absence of 1,4-cyclohexadiene) under
identical conditions used to convert isomer 1o to 7, only
minimal decay was observed (Figure 2) and no character-
izable compounds were produced, demonstrating how the
Bergman cyclization can be photoregulated by rearranging

Scheme 2. Synthesis of DTE derivatives 1o and 6 with enediyne substructures. Cp=cyclopentadienyl, HMPA=hexamethylphosphoric triamide,
TMS= trimethylsilyl.

Figure 1. Changes in the UV/Vis absorption spectra of compound 6
(a) and 1o (b) upon irradiation with l =365 nm (benzene solutions,
2.65C10�5m and 8.22C10�5m for 6 and 1o, respectively). Spectra
were recorded every 10 seconds until a 90-second period (for 6) and a
120-second period (for 1o) were completed.
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the p bonds in the dithienylethene structure. Future gener-
ations of the photoswitches will contain modifications to
induce the Bergman cyclization at biological temperatures
and present appropriate functionality for biocompatibility.
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Figure 2. Changes in the concentrations of compounds 1o (*; initial
concentration 4.22C10�3m), 1c (^; initial concentration 2.42C10�3m),
and 7 (^) as monitored by 1H NMR spectroscopy. The concentrations
are measured by comparing the integrated areas under the peaks for
each compound against p-nitroanisole as an internal standard and are
normalized for easier comparison. The left vertical axis corresponds to
the disappearance of compounds 1o and 1c, where C is the concen-
tration of 1o or 1c at a given period of time and C0 is initial
concentration of each compound. The right vertical axis corresponds
to the appearance of compound 7, where C7 is concentration at a
monitored period of time and C7,inf is the final concentration of 7.
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