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The first fully conjugated bis-cyclopropenone (photo-DIBOD),
a derivative of dibenzo[a,e][8]annulene, has been synthesized.
350-420 nm irradiation of this robust compounds results in the
efficient formation of dibenzo [a, €] cyclooctadiyne, an unstable,
but useful SPAAC cross-linking reagent. Since photo-DIBO
doesn’t react with organic azides, this method allows for the
spatiotemporal control of the ligation of two azide-tagged
substrates.
In recent years the copper (I) - catalyzed 1,3-dipolar cycloaddition
of azides to terminal acetylenes (CuUAAC),! as well as the strain-
promoted, catalyst — free version of this reaction (SPAAC),? have
become very popular tools for the functionalization, cross-linking,
and immobilization of various substrates.’ These quintessential
“click-chemistries” have found numerous applications in molecular
biology,®** drug development,® biotechnology,® and materials
science.®®” The SPAAC ligation is better suited for applications in
living systems as it avoids the use of cytotoxic copper catalysts.® In
addition, terminal acetylenes were found to inhibit cysteine
proteases by forming thioethers with the catalytically active thiol .’
The utility of the SPAAC technique, on the other hand, is
somewhat restricted by the requirement for the derivatization of the
coupling partners with two different functionalities. While
introduction of an azide group is well developed for a large variety
of substrates, the incorporation of cyclooctyne moieties often
requires multiple synthetic steps. A limited number of pre-
functionalized SPAAC reagents are available commercially, but are
rather expensive. Alternatively, two azide-derivatized substrates
can be ligated using a bifunctional linker.****
Dibenzo[a,e]cyclooctadiyne (DIBOD 2a, a.k.a. Sondheimer
diyne), represents a unique cross-linking platform in this sense, as
it contains two azide-reactive strained triple bonds within the same
cyclic structure and allows for double-SPAAC click ligation of
azide-tagged substrates.’? Diyne 2a has been employed for the
cross-coupling of various azide-functionalized substrates from
biomolecules to metal — organic frameworks.***® The utility of this

“Department of Chemistry, University of Georgia, Athens, GA 30602
b Complex Carbohydrate Research Center, University of Georgia, Athens, GA 30602
Electronic Supplementary Information (ESI) available: synthetic procedures and
spectral data for the new compounds. See DOI: 10.1039/x0xx00000x

This journal is © The Royal Society of Chemistry 20xx

method, however, is limited by the low stability of the Sondheime*
diyne. In the neat form 2a completely decomposes within two tuy.
and exhibits half lifetime of only 10 min in a neutral aqueous
solution (ImM in PBS, pH 7.4, r.t.).*

To address this deficiency of the DIBOD cross - linker, w
envisaged protecting (or “caging”) triple bonds in the molecu!
with a photolabile functionality. Photochemical decarbonylation «
cyclopropenones is one of the most efficient methods for tt >
generation of reactive acetylenes, as it is characterized by very fast
rate, quantitative chemical and high quantum yields.™ This reactic
can be induced by NIR light under two-photon excitation
conditions® and proceeds smoothly in the solid state.” We ha' ¢
already employed this reaction for the generation of reactive triple
bonds in ynols,®® enediynes,”® and dibenzocyclooctynes -
Irradiation of bis-cyclopropenone 1 (photo-DIBOD) results in the
formation of the Sondheimer diyne 2, which, in turn reacts wi 1
two azide-functionalized substrates to create a stable covalent
cross-link (Scheme 1). It is important to note that the addition =~
second equivalent of azide to the diyne 2a proceeds at much higi..
rate than the first cycloaddition.*?
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Scheme 1.

Photochemical generation of cross-linker 2 from azide- ert
precursor 1 is not only reagent-free, but also allows for tre
spatiotemporal control of the ligation process. This reaction expands t -
family of recently developed “photo-click” ligation methods,? includir
cycloaddition of alkenes to photochemically generated nitrile imines:”
photo-initiated thiol-ene,” and thiol-yne® reactions, light-induced Diele
Alder,® as well as photo-Michael reaction.?® Additionally, phot -
DIBOD (1) is an interesting molecule in its own right, representing the
first known fully conjugated bis-cyclopropenone. Despite the presen: 2
of the cyclooctatetraene core and the obvious angle strain, uns
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compound is surprisingly stable in the solid state and in solutions (vide
infra).

We envisioned the preparation of dibenzo[a,e]dicyclopropa[c,g]
[8]annulene-1,6-dione (1a) and its derivatives by the double addition of
dihalocarbene across the triple bonds in dibenzocyclooctyne 2 followed
by the controlled hydrolysis. To address the limited solubility of the
parent diyne 2a, we have also synthesized 2,8-dibutoxy- (2b) and 2,8-
bis-[tetra(ethylene glycol)]- (2c) substituted analogs. Diynes 2a-c were
prepared using the modified method of Otera and coworkers.*?
Standard protocols for the generation of difluorocarbene require elevated
temperature and harsh conditions® that are not compatible with the
highly sensitive diynes 2a-c. The milder conditions of the recently
developed Hu-Prakash reaction® allow for the efficient formation of
difluorocarbene without significant decomposition of the substrate.
Treatment of diynes 2a,b,d with TMSCF; resulted in the formation of
the bis-difluorocyclopropenes 4a,b,d, which were subsequently
hydrolyzed on wet silica gel to afford the target bis-cyclopropenones la-
¢ (Scheme 2). The tetra(ethylene glycol) substituents in 2c were capped
with acetyl groups prior to cyclopropenation. The ester protection was
later removed by base-promoted hydrolysis (Scheme 2).1
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Scheme 2. Synthesis of photo-DIBOD Reagents and conditions: i) TMSCF;, Nal,
110°C, 4a: 60%, 4b: 80%, 4c: 25%; ii) wet silica gel, 1a: 81%, 1b: 73%; iii) K,COs,
MeOH (1c: 53% over 2 steps, ii and iii)

Bis-cyclopropenones la-c are bright yellow high-melting
crystalline compounds™ that have a long shelf life if stored in the dark.
The spectrum of photo-DIBOD 1a in the UVA region (Fig. 1) contains
two close-lying bands at 342 (log €=4.0) and 361 nm (log &= 4.1), as
well as two intense bands at shorter wavelengths (260 and 268 nm, log
e~ 4.8). Two weaker bands in the visible region (409 nm, log &= 2.9; 438
nm, log &= 2.6) are responsible for the color of these compounds (Fig. 1).
Alkoxy-substitution in 1b and 1c results in the 17 nm red shift of the
UVA bands, which is accompanied by a moderate hyperchromic effect
(360 nm, log € ~ 4.5, 378 nm, log &~ 4.4). Photo-DIBODs la-c do not
react with organic azides under ambient conditions. Irradiation of a
methanol solution of photo-DIBO 1a with 350 nm light in the presence
of butyl azide results in efficient decomposition of the starting material
(©=0.05), which could be observed by the bleaching of the 342-361 nm
bands. An isomeric mixture of head-to-tail (5) and head-to-head (6) bis-
triazole adducts was isolated from the photolysate in 77% preparative
yield (Fig. 1).

Interestingly, while the absorbance bands at 409 and 438 nm have
relatively low intensity, irradiation of photo-DIBOD 1a with 420 nm
fluorescent tubes in the presences of butyl azide produced the same
mixture of triazoles 5 and 6. Complete conversion, however, requires
longer irradiation times than with 350 nm lamps. Sensitivity to the violet
light makes the photo-DIBOD cross-linking procedure compatible with
the majority of modern confocal fluorescent microscopes.

Since photo-DIBOD derivatives la-c have very low aqueous
solubility, we decided to explore the feasibility of conducting photo-
crosslinking experiments employing nanocrystalline suspension of
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photo-DIBOD. Garcia-Garibay has previously reported that irradiau. .
of the nanocrystalline suspension of diphenylcyclopropenone results .
the efficient decarbonylation of the substrate.'” In fact, the quantum yie* '
of the process in the solid state is about 4 times higher than in soluticn
due to “quantum chain reaction.”*"* The nanocrystalline suspension ~f
photo-DIBOD 1a was prepared using reprecipitation techniques.’” \.
methanol solution of the substrate was slowly added to an aqueous PE .
buffer containing 15 mM of SDS under sonication. Dynamic ligi
scattering (DLS) studies performed on a photo-DIBOD suspensicn
revealed a mean distribution of particles at 572+130 nm.** The aqueo <
suspension of photo-DIBOD is chemically stable in the dark. While th2
intensity of the absorbance bands of la slowly decreases with time, this
observation can be attributed to the precipitation of the substrate. Even
after 48 h, full absorbance value was restored by sonication of t :
mixture for 15 min. In accordance with previously report
observations,’’® the efficiency of photodecarbonylation of 1a shov
dramatic enhancement in crystalline state (® = 0.41+0.8).
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Figure 1. UV spectra of ca. 80 uM solutions of photo-DIBOD (1a, solid line) and a
mixture of bis-triazoles (5 and 6, dashed line), as well as 0.78 mM solution ' _.o-
DIBOD (1a, dash-dotted line) in MeOH-CH,Cl, (9:1).

To demonstrate the utility of the photo-DIBOD crosslinker f r
biochemical ligations, we have derivatized a model protein, azide-tagg
bovine serum albumin (azido-BSA), with a variety of function..
moieties. The latter was prepared by treating the commercially availak’
BSA with 1-azido-3-iodopropane in TRIS buffer.** Fluorescent labelir
of azido-BSA was achieved by irradiation of 0.4 uM PBS solution of t}.~
protein containing 4 uM of the nanocrystalline suspension of la and 4
uM of Rhodamine B azide for 8 min using 350 nm fluorescent tub s
(Scheme 3).

BSA TAG = Rhodamine B (a); biotin (b); PEGsggq (¢)

Scheme 3. Photo-labeling of azido-BSA

This journal is © The Royal Society of Chemistry 20xx
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The SDS-PAGE analysis of the photolysate, conducted after
overnight incubation in the dark, clearly shows the efficient cross-
conjugation of azido-BSA with fluorescent dye (Fig. 2). Incubation of
the same mixture in the dark overnight, as well as irradiation of azido-
BSA — Rhodamine-azide mixture, does not produce labelled BSA 7a. As
a positive control experiment, we have incubated azido-BSA —
Rhodamine-azide mixture with freshly prepared Sondheimer diyne 2a.
As the gel image illustrates, the photo-DIBOD conjugation is at least as
efficient as the use of dibenzocyclooctadiyne 2a (Fig. 2).

Chem€omm

“click” conjugation of azido-BSA with PEGspq-acetylen.
Gratifyingly, the MALDI-TOF spectrum of the resulting product shov .
the same distribution of PEGylated BSA derivatives as in the phot:
conjugation experiment (Fig. $2).* These experiments demonstrate that
the photo-derivatization of proteins with 1a occurs only at azide moieti~3
and is as efficient as CUAAC ligations. Incubation of azido-BSA, phot.
DIBOD, and PEGsgpo-azide in the dark does not produce any BS/
PEGsooo conjugates.*

Lane 1 2 3 4 5 6 7 8 9

1L-

Lane 1 2 3 4
la + - -
2a = - + - -

= + - - +
Rhodamine- 3 + + + +
BSA-N; + + + +

2 ug of protein per 8 ug of protein pe

la + -+ - + - + -
2a - + - - - + -
hv + - - - + - -
Biotin-N3 + + o+ o+ + + + +
BSA-N; + + o+ o+ + + + +
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\ In-gel fluorescence

— . opge .
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Figure 2. SDS-PAGE analysis of BSA - Rhodamine B conjugation. Lane 1: photo-
DIBOD 1a, azido-BSA and Rhodamine B - azide irradiated; Lane 2: 2a, azido-BSA, and
Rhodamine B - azide incubated overnight; Lane 3: photo-DIBOD 1la, azido-BSA, and
Rhodamine B - azide incubated overnight in the dark. Lane 4: azido-BSA and
Rhodamine B - azide incubated overnight.

Photo-biotinylation of azido-BSA has been conducted following a
similar procedure. A PBS solution of azido-BSA (0.4 uM), biotin-azide
(4 uM), and nanocrystalline suspension of 1a (4 uM) was irradiated with
350 nm light for 5 min and incubated overnight. The protein was
separated from low-molecular weight compounds by spin-filtration and
further purified by size-exclusion chromatography. Western blot - anti-
biotin-HRP analysis demonstrates the efficient photo-biotinylation of
azido-BSA (Fig. 3)."* As in the previous experiment, azido-BSA —
biotin-azide cross-linking using Sondheimer diyne 2a in the dark has
been employed as a positive control.

The labeling of BSA with Rhodamine B and biotin demonstrated
the utility of photo-DIBOD for protein functionalization with relatively
small moieties. To test the capability of this platform for the conjugation
of larger substrates, we conducted the cross-linking of azido-BSA with
PEGsoo-azide™ (Scheme 3). A PBS solution of azido-BSA (0.4 pM),
PEGsoo0-azide (4 pM), and nanocrystalline suspension of 1a (4 pM) was
irradiated with 350 nm light for 8 min and incubated overnight. The
functionalized protein (7c) was concentrated via spin filtration (MWCO
10,000), purified on a Sephadex column, and lyophilized. Surprisingly,
the MALDI-TOF mass spectrum revealed a mixture of BSA derivatives
with various degrees of functionalization (Fig. S1).** To rule out the
possibility of non-specific reaction of photo-DIBOD 1a or of photo-
generated 2a with the protein, we have conducted copper-catalyzed

This journal is © The Royal Society of Chemistry 20xx

Figure 3. Western blot analysis of azido-BSA — Biotin-azide conjugation using differe *
protein loading: lanes 1-5, 2 pg per lane and lanes 6-7, 2 ug per lane. Lanes 2,7: pho*--
DIBOD 1a, azido-BSA and Biotin-azide irradiated; Lanes 3,8: 2a, azido-BSA, a .
Biotin-azide incubated overnight; Lanes 4,9: photo-DIBOD 1a, azido-BSA, and Bioti*
azide incubated overnight in the dark; Lane 5,10: azido-BSA and Biotin-azide incubat 1
overnight.

Finally, photo-DIBOD can be useful for the patterne
immobilization of various substrates. To illustrate this capability of tl
new photo-crosslinking platform, we have immobilized fluorescent dv-
in selected wells of 96-well plates.* Amine binding plates we ~
functionalized with azide moieties by incubation with 3-azidopropan-1-
amine. Methanol solution of Rhodamine B-azide and photo-DIP~ _
were added to each well and the loaded plate was irradiated with a 3oc
nm handheld fluorescent lamp via a shadow mask (Scheme 4). The plate
was thoroughly washed with methanol and fluorescent intensity of
individual wells was recorded using a plate reader (Table $1).** Inten.=
fluorescence of the irradiated wells demonstrates covale t
immobilization of the dye.

350 nm light
Vb
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Substrate Ov M N
. %
N
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Scheme 4. Light-directed Immobilization of Rhodamine B on a 96-well plate

Yov
o

Substrate
/
N, O
N3

Ns
Ny

In conclusion, we have reported the first synthesis of a conjugateu
bis-cyclopropenone-fused dibenzo[a,e]cyclo-octatetraene (phot -
DIBOD 1a) and its butoxy- (1b) and tetra-ethylene glycol (1c,
derivatives. Irradiation of photo-DIBODs gives the corresponding bi
alkyne with a quantum yield of @ =0.05, which acts as a linchpi» *~

J. Name., 2013, 00, 1-3 | 3
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conjugating two azides. In aqueous solutions, nanocrystalline suspension
of photo-DIBOD 1a serves as an efficient photo-crosslinker. The use of
the nanocrystalline suspension has an additional benefit by enhancing
the quantum yield of the process by almost an order of magnitude. We
have demonstrated the general applicability of this platform by
functionalizing a model protein, BSA, with a variety of functional
fragments. In addition, photo-DIBOD was employed for the light-
directed immobilization of azide-derivatized substrates.

The authors gratefully acknowledge Dr. Y. G. Zheng and Mr. Z.
Han’s help in the analysis of dye-labeled BSA. This project was
supported by grants from the National Science Foundation (VP, CHEM-
1213789) and the National Institutes of Health (RS, GM107012).
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