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Photoisomerization as a trigger for Bergman cyclization:
Synthesis and reactivity of azoenediynes
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Abstract—Cyclic enediynes 1a and 2a containing stable E-azo moiety (azoenediynes) have been synthesized. These compounds upon
irradiation with long wavelength UV isomerize to the Z-compounds 1b and 2b, which can be thermally reisomerized to the Z com-
pounds. Reactivity studies toward BC using DSC predictably indicate higher reactivity for the Z-isomers. Our studies may provide a
novel way to modulate the reactivity of enediynes under thermal or photochemical conditions.
� 2005 Elsevier Ltd. All rights reserved.
Modulation of reactivity toward Bergman cyclization
(BC) is an important aspect of research in enediynes.1

From a chemists� standpoint, there could be various
possibilities by which such modulations can be done.
Incorporation of strain,2 changing the hybridization,3

complexation with metal ions,4 pH,5 light6 or thiol-
based deprotection7 are some of the methods widely em-
ployed for enediyne activation. pH-based activation has
become an extremely attractive strategy as one can uti-
lize the intrinsic acidity of cancer cells. Pioneering work
has been carried out in several laboratories.5 In the area
of triggering by metal ion complexation, Konig et al.8 in
a pioneering work reported that for a bipyridyl contain-
ing enediyne, the decrease in the distance between the
acetylenic carbons undergoing covalent connection (c,
d-distance) upon complexation with mercury (II) brings
about a remarkable increase in its activity toward BC.
We envisioned that similar conformational changes
might be achieved if a group capable of switching be-
tween E and Z configurations is incorporated in an
enediyne moiety. Azo compounds are well known to ex-
ist in two isomeric forms Z and E. Their reversible isom-
erization, induced by light or heat, has been exploited
for photoresponsive host molecules,9 polymers10, and li-
quid crystals.11 Very recently, a light driven hairpin for-
mation in a peptide backbone has been achieved using
azo functionality.12 Consideration of all these led us to
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design two azo-based enediyne systems 1a and 2a. These
molecules exist in the thermally stable E-configuration.
Their photoisomerization to the Z-isomer and subse-
quent reactivity changes have been studied. These along
with their synthesis and characterization are reported in
this paper.

The synthesis of both the molecules involves bis-N alkyl-
ation of 2,2 0-azo bis phenol with the corresponding di-
bromo enediynes 3 and 4 (Schemes 1 and 2).13 While
the aromatic fused
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compound 1a could be prepared using Cs2CO3 in DMF
at room temperature and could be isolated pure by Si-
gel chromatography as a red solid, the non-benzenoid
compound could not be obtained under similar condi-
tion possibly because of the formation of a cyclic car-
bonate14 (10) from the dibromo enediyne 4. Thus, the
alkylation condition had to be modified and the target
molecule 2a was finally obtained, also as a red solid,
using NaH as base. Incidentally, the dibromides 3 and
4 were prepared from the dimesylates 6 and 9, which
were obtained from the diols 5 and 8, respectively.
The latter compounds (5/8) were prepared by a Pd
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Scheme 1. Synthesis of aryl-fused enediyne 1a.
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Scheme 2. Synthesis of aryl-fused enediynes 2a.
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(0)-catalyzed Sonogashira coupling.15 Both the azoen-
ediynes were fully characterized by NMR and mass
spectroscopy. For compound 1a, 1H NMR showed
characteristic singlet for the methylene proton at d
5.02, while the aromatic protons could be correctly as-
signed. For 2a, the ene-hydrogens appeared at d 5.9,
while the methylenes resonated as a singlet at d 5.04.
From MM2 calculations using Spartan,16 it was re-
vealed that there is significant reduction of c, d-distance
(the distance between the reacting acetylenic carbons) if
the E-azo functionality isomerizes to the Z form (data
shown in Table 1).

Having successfully synthesized the azoenediynes in the
thermally stable E configuration, the UV spectra (Fig. 1)
of both 1a and 2a were recorded before carrying out any
photoisomerization. The molecules exhibited character-
istic bands in three regions 220–260 nm (r–r*), 300–
350 (p–p*), and 438–445 nm (n–p*). The wavelength of
p–p* absorption region was selected as the irradiation
wavelength.

The photoisomerization of the E to Z azoenediynes 1a
and 2a was then studied (Scheme 3). Thus, their solu-
tions in methanol (0.005 M) were separately irradiated
with high pressure Hg lamp for 7 h. The color of the
solution, which was initially red, changed to yellowish
orange with time. The solvent was removed under cold
condition (�15 �C) and 1H NMR was recorded on the
residue. The singlet for the methylene protons for the
E-isomer 1a decreased in intensity, while a new peak ap-
peared at d 4.7, which was assigned to the Z isomer. The
ratio of the Z to E isomer was found to be 4:1. The
NMR solution upon heating to 60 �C for 4 h showed
complete disappearance of the Z isomer and reisomer-
ization to the E-isomer took place. For 2a, the methy-
lene and the ene-hydrogens for the Z-isomer appeared
at d 4.71 and 5.85, respectively. Here again the thermal
reisomerization from Z to E was observed. The kinetics
of thermal reisomerization of Z to E in both the cases
was studied. The reaction followed first order kinetics
(NMR spectra shown in Fig. 2). The rate of conversion
from Z-azo to E-azo was 1.4 times faster for the aryl
fused enediyne (Table 1). This indicates that differential
strain between the Z and E forms for 1a/1b is more than
that in 2a/2b, which is also reflected in their difference of
onset temperatures for BC.

The reactivity toward BC of these enediynes was then
studied by Differential Scanning Calorimetry (DSC).17



Table 1. Results of MM2 calculations

Compound c, d-distance (Å) Minimized energy (kcal/mol)

1a 4.161 108.81

1b 3.846 121.93

2a 3.938 87.57

2b 3.861 101.80

0.514

0.263

286.3 432.5
WAVELENGTH (nm)

578.8
0.011

A
b

s

a

b

d

c a for 1a λmax  305,350,440,nm

b for 1b λmax  295,353,438 nm
c for 2a λmax  307,351,445 nm
d for 2b λmax  300,355,443 nm

Figure 1. Absorption spectra of the various enediynes in the range of

300–500 nm.

igure 2. 1H NMR at different time points for 1a and 2a.

5394 M. Kar et al. / Bioorg. Med. Chem. Lett. 15 (2005) 5392–5396
The rate of heat supply was made faster for the Z-
isomer so that the DSC could be recorded in a short
time before significant isomerization can take place.
The various onset temperatures for BC, shown in Table
2, clearly show higher reactivity for the Z-isomer as
compared to the E-isomer (Fig. 3).18

In conclusion, we have synthesized two novel photo-
switchable azo enediynes. The reactivity of these can
be modulated by photochemical isomerization. Current
studies are aimed toward synthesizing azoenediynes with
a smaller ring size so that the photoisomerization can
lead to a molecule capable of undergoing BC under
ambient conditions.
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Scheme 3. Photoisomerization of E-enediynes to Z-enediynes and respective
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Table 2. Results of DSC and kinetics of Z to E conversion

Compound Onset temperature for E-azo enediynes

(TE, �C)
Onset temperature For Z-azo enediynes

(TZ, �C)
DT (TE � TZ) Rate constants for Z to

E thermal isomerization

(min�1)

1a 181 30 7.3 · 10�2

1b 151

2a 93.8 23.9 5.3 · 10�2

2b 69.6

150 270 390 110

10030 120 210 170

190 270

104.1

196.6

69.6
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Figure 3. DSC curves of various enediynes 1a/1b and 2a/2b.
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For 1a dH (200 MHz CDCl3) 7.80 (2H, d, J = 1.66 Hz
aromatic-H) 7.44–7.34 (4H, m, aromatic-H), 7.26 (2H,
q, J = 3.2, aromatic-H), 7.11 (2H, t, J = 3.9, aromatic-
H), 7.06 (2H, d, J = 8.31, aromatic-H), 5.11 (4H, s,
2 · CH2); dC (50 MHz, CDCl3) 152.11 (quaternary C),
142.98 (quaternary C), 131.47 (CH), 131.23 (CH),
128.05 (quaternary C), 124.95 (CH), 124.01 (CH),
121.66 (CH), 114.14 (CH), 87.62 (acetylenic-C), 85.56
(acetylenic-C) 58.33 (CH2); Mass (ES+) m/z 365.16
(MH+), 387.15 (MNa+).

For 1b dH (200 MHz, CDCl3) 7.45–7.15 (6H, complex
m, aromatic-H), 7.0 (2H, d, J = 8.2 Hz, aromatic-H),
6.85 (4H, m, aromatic-H), 4.79 (4H, s, 2 · CH2).

For 2a dH (200 MHz, CDCl3) 7.78 (2H, d,
J = 1.82 Hz, aromatic-H), 7.37 (2H, t, J = 1.43 Hz,
aromatic-H), 7.11 (2H, t, J = 1.16 Hz, aromatic-H),
7.017 (2H, d, J = 0.917, aromatic-H), 5.86 (2H, s, eth-
ylenic-H), 5.04 (4H, s, 2 · CH2); dC (50 MHz, CDCl3)
152.40 (quaternary C), 143.01 (quaternary C), 131.55
(CH), 123.66 (CH), 121.73 (CH), 119.52 (CH),
114.31 (ethylenic C), 91.426 (acetylenic C), 84.73 (acet-
ylenic C), 58.49 (CH2); Mass (ES+) m/z 315.09 (MH+),
337.07 (MNa+).

For 2b dH (200 MHz, CDCl3) 7.29 (3H, m, aromatic-H),
7.20 (2H, m, aromatic-H), 7.03 (2H, m, aromatic-H),
7.01–6.8 (1H, m, aromatic-H), 5.84 (2H, s, ethylenic-
H), 4.71 (4H, s, 2 · CH2).
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