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Abstract
We report a new bioorthogonal ligation reaction between p-nitrodiphenylazirine and dimethyl
fumarate. This photoinduced azirine-alkene cycloaddition provides a rapid (~ 2 min) and highly
selective route to protein conjugation at neutral pH and room temperature in biological medium.

Bioorthogonal chemistry has provided a multiplexed covalent strategy to study biomolecular
dynamics and function in their native environment.1 A central challenge in this emerging
field is the development of new bioorthogonal reactant pairs that show high, yet selective,
reactivity toward each other in biological media.2 To this end, we have recently reported a
photoinduced tetrazole-alkene cycloaddition reaction (“photoclick chemistry”) for labeling
of proteins in both biological media3 and live cells.4 A key attribute of this reaction is that
the reactive nitrile imine dipoles are generated in situ in the native biological environment
only upon photoirradiation, thereby providing a spatiotemporal control over the reaction
potentially useful in the study of spatial cell biology.5

In our efforts to exploit the reactivity of the photogenerated reactive intermediates for
bioorthogonal reaction development, we were intrigued by the earlier reports in which
highly reactive nitrile ylides are generated photochemically via ring opening of 2H-azirines6

with essentially monophotonic efficiencies.7 The nitrile ylides react spontaneously with a
wide variety of alkene dipolarophiles to produce Δ1-pyrrolines (Scheme 1).8 Computational
studies suggested that nitrile ylide has a lower activation barrier during the cycloaddition
reaction with ethylene compared to nitrile imine and thus is a more reactive dipole.9 By
harnessing the latent high reactivity of azirine, herein we report the development of a new
bioorthogonal reaction based on the photoinduced azirine-alkene cycloaddition, termed
“azirine ligation”, and its application for fast and selective protein conjugation with a
polyethylene glycol in biological medium.

To examine whether the in situ photogenerated nitrile ylides undergo selective reactions
with alkenes in aqueous medium, we first prepared a series of 2H-diarylazirines (Scheme 2)
carrying either electron-withdrawing or electron-donating groups on the phenyl rings by
following the published procedures.10 Briefly, 2H-diarylazirines were readily accessed
through a three-step procedure: (i) the Mizoroki-Heck reaction to generate the substituted
stilbenes, (ii) the iodoazidation of stilbenes by treatment with sodium iodide and iodine
monochloride, and (iii) the elimination of HI with potassium tert-butoxide to yield initially
vinyl azide, which upon standing at room temperature releases N2 and cyclizes to form
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azirines. The kinetic azirines were the major products in the mixture and were isolated and
used in the subsequent studies (see Table S1 in the Electronic Supplemental Information for
yields). The azirine structures were assigned based on 1H- and HMBC-NMR data (Figure
S1). The structure of azirine 4 was also confirmed by X-ray crystallography (Figure S2). As
expected, the C=N bond of the azirine ring is perfectly co-planar with respect to the
neighboring benzene ring with the dihedral angle of N1-C1-C3-C8 equal to −4.4(12)°,
suggesting that azirine π system is in excellent conjugation with the benzene ring.
Furthermore, the bond angles of N1-C1-C2 and C1-C2-N1 were found to be 70.5(5)° and
48.0(4)°, respectively, both of which deviate dramatically from typical values for the sp2

(120°) and sp3 (109.5°) hybridized carbons and thus provide the basis for the inherent high
reactivity of azirines.11

To test the compatibility of the azirine-mediated cycloaddition reaction with protic solvents
including water, a solution of azirine 1 and 5 equiv of methyl methacrylate in benzene, ethyl
acetate, ethanol, or ethanol/water (1:1) mixture was irradiated with a handheld UV lamp
(UVM-57, 302 nm, 115V, 0.16 Amps) at room temperature for 2 h. We found that the
cycloaddition reactions were highly regioselective: only two diastereomers were observed in
the 1H-NMR spectra with the endo/exo ratios of roughly 1:1. The yields ranged from 100%
in benzene and ethanol, to 87% in ethyl acetate, to 56% in ethanol/water (1:1) mixture
(Table S2). This partial tolerability to water prompted us to examine the reactivity of other
2H-diarylazirines in ethanol/water mixture, and the results are summarized in Table 1. The
nitro group-containing azirines (2, 3) afforded the cycloadducts in greater than 95% yields
and essentially 1:1 endo:exo ratios (entries 2–3 in Table 1). The azirines containing the
electron-donating groups (4, 5) did not yield any cycloadducts (entries 4–5 in Table 1),
indicating that the electron-withdrawing groups are crucial for the stabilization of nitrile
ylides in aqueous medium.12 Presumably, by delocalizing the negative charge on carbon into
the neighboring phenyl rings, nitro group facilitates the nitrile ylides to adopt the linear
geometries (shown in Scheme 1) which have been postulated to accelerate the cycloaddition
reaction.13 When dimethyl fumarate was used as dipolarophile, the reactions showed higher
conversions and endo selectivity compared to those with methyl methacrylate (entries 6–10
in Table 1), indicating the notion that higher dipolarophile reactivity leads to faster nitrile
ylide-mediated cycloaddition14 also operates in aqueous medium.

To simulate how the cycloaddition reaction proceeds in a biological medium, we chose the
water-tolerant azirine 2 and performed an HPLC-based kinetic analysis of the cycloaddition
reaction between 2 and 20 equiv of dimethyl fumarate in an acetonitrile/PBS buffer (1:1)
mixture (Figure 1).4b We found that azirine 2 disappeared in about 100 sec, with concurrent
appearance of two pyrroline cycloadducts (endo: exo ≈ 7:3). No nitrile ylide intermediate
was detected in HPLC, suggesting that the nitrile-ylide mediated cycloaddition is very fast
and that the azirine ring-opening reaction is likely the rate-determining step. By fitting the
data to an exponential decay equation, the first-order rate constant for the azirine ring-
opening was determined to be 0.0379 s1 (Figure S3).

To assess whether the azirine-alkene cycloaddition is suitable for protein ligation, we
prepared the azirine-containing lysozyme by acylating lysozyme surface lysines with azirine
8 succinimide ester (Figure 2a). LC-MS analysis of the reaction mixture revealed the
following composition: 44% monoacylated (Lyso-Azi; expected mass 14598 Da, found
14598.6 ± 0.5 Da; Figure 2b left panel), 23% diacylated, 7% triacylated and 26% unreacted
lysozyme. After removal of the excess small-molecule reagent, 70 equiv of dimethyl
fumarate was added and the mixture was irradiated at 302 nm for 2 min before the LC-MS
analysis. The mass of the pyrroline cycloadduct (Lyso-Pyr) was identified in the reaction
mixture (expected 14742 Da, found 14742.2 ± 0.6 Da; Figure 2b right panel); the conversion
from Lyso-Azi to Lyso-Pyr was estimated to be 80% based on the ion counts (Figure S4). It
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is noteworthy that the Michael addition products derived from lysozyme lysine addition to
dimethyl fumarate were not detected in the reaction mixture during the LC-MS analysis.

To further establish the yield and selectivity of the azirine ligation, the azirine-containing
lysozyme mixture was incubated with 100 equiv of dimethyl fumarate covalently linked to a
monodisperse polyethylene glycol (mPEG-fumarate 9, MW ≈ 5 kDa) in PBS buffer, and the
mixture was irradiated at 302 nm at room temperature for 2 min. As shown in Figure 3, a
distinct higher molecular weight band corresponding to the PEGylated lysozyme was
observed only for the azirine-containing lysozyme and only after photoirradiation (compare
lane 4 to lanes 1–3).15 Importantly, the Michael addition adducts were not observed (lanes 1,
3), indicating that fumarate serves as selective reaction partner for the nitro-substituted
azirine 8. The yield as measured by densitometry was about 41% after the total amount of
azirine-modified lysozymesin the mixture (74%) was considered as the starting materials.

In summary, we have developed a new bioorthogonal reactant pair, namely, p-
nitrodiphenylazirine and dimethyl fumarate. This photoinduced azirine-alkene cycloaddition
provided a fast (~2 min) and highly selective route to protein conjugation at neutral pH and
room temperature in biological media. Compared to photogenerated nitrile imine which was
detectable during the cycloaddition reaction in aqueous buffer,4b the in situ generated nitrile
ylide intermediate appears to be more reactive and thus require highly electron-deficient
dipolarophiles such as fumarate for efficient reactions in aqueous buffer. At present, 302-nm
UV light was used for photoactivation of the azirine-fumarate cycloaddition reaction, which
may cause photodamage to living cells. However, it should be possible to tune
photoactivation to the long-wavelength region, e.g., 365 nm, by placing auxochromic groups
on the phenyl rings,16 thereby affording two-photon 700-nm photoactivatable azirines.17

Nevertheless, this azirine ligation reaction could be particularly valuable in the future for
spatially controlled protein functionalization both in vitro and in vivo.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
HPLC traces of the mixtures of the azirine 2-fumarate cycloaddition reactions in
acetonitrile/PBS buffer (1:1) at intervals of 0, 15, 30, 45, and 60 sec. DF =
dimethylfumarate; Azi = azirine 2.
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Fig. 2.
Selective modification of the azirine-containing lysozyme by dimethyl fumarate: a) reaction
scheme; b) ESI-MS of the azirine-modified lysozyme (Lyso-Azi, left) and pyrroline
cycloadduct (Lyso-Pyr, right) showing the charge ladder and the calculated intact mass.
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Fig. 3.
Selective PEGylation of the azirine-containing lysozyme via azirine ligation: left, reaction
scheme; right, SDS-PAGE analysis of the reaction mixtures after photoirradiation at 302 nm
for 2 min in the presence or absence of mPEG-fumarate 9. The gel was stained with
Coomassie blue. The mPEG-lysozyme adduct was indicated with an arrow.
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Scheme 1.
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Scheme 2.
Synthesis of 2H-diarylazirinesa
a Conditions: i) 5 mol% Pd(OAc)2, triethanolamine, 100 °C; ii) NaN3, ICl, acetonitrile, 0 °C
to r.t.; iii) KOtBu, Et2O, 0°C to r.t., then r.t., 72 hr.
b TBDPS was removed by treatment with TBAF in THF to give compound 4. Compound 5
was derived from 4 through acetylation. See Electronic Supplemental Information for yields
and synthetic details.
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Table 1

Photoinduced 1,3-Dipolar Cycloaddition of Azirines with Dipolarophiles in Ethanol/Water (1:1) Mixturea

entry azirine dipolarophile conversionb endo:exo b

1 1 56% 50:50

2 2 96% 52:48

3 3 95% 55:45

4 4 0%c -

5 5 0%c -

6 1 84% 70:30

7 2 97% 70:30

8 3 99% 70:30

9 4 54% 65:35

10 5 93% 70:30

a
Reactions were conducted by irradiating 5 mg of azirines 1–5 and 5 equiv of either methyl methacrylate or dimethylfumarate in 2 mL ethanol/

water (1:1) mixture in quartz test tubes for 2 h.

b
Based on 1H-NMR of the crude products after removal of solvent and excess reagent.

c
Ethanol addition products were observed in 1H-NMR.
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