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Abstract Dialkyldiazirine photoaffinity probes are unparalleled tools
for the study of small molecule–protein interactions. Here we summa-
rize the basic principles of structure, bonding, and photoreactivity of di-
alkyldiazirines, current methods for their synthesis, and their practical
application in photoaffinity labeling experiments. We demonstrate the
unique utility of dialkyldiazirine probes in the context of our recent
photoaffinity crosslinking-mass spectrometry analysis to reveal a hid-
den cholesterol binding site in the Hedgehog morphogen proteins.
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1 Introduction

Protein–ligand interactions are essential to the survival,

development, and growth of all living organisms, and lie at

the heart of modern drug development. Study of these in-

teractions is crucial to the understanding of biological pro-

cesses at the molecular and atomic levels. The ability of

small molecule photoaffinity labeling probes to capture

noncovalently bound proteins in a spatially precise manner

makes them powerful tools for studying protein–ligand in-

teractions.1,2 The diazirine group satisfies many of the crite-

ria for an ideal photoactive unit: it is small, nonpolar, and

generally robust toward storage. Moreover, diazirines are

inert in biological environments, absorb light at biocompat-

ible wavelengths, and show diminished nonspecific binding

upon photoactivation relative to other labeling probes. Re-

cent years have seen an increase in the use of diazirines as

probes to investigate protein–receptor interactions in vitro,

in cells, and in whole organisms.3–5 To this end, two general

classes of diazirine have been employed, namely (trifluoro-

alkyl)aryldiazirines6 and dialkyldiazirines.7 While the for-

mer have been widely used and are accessible by well-es-

tablished methods, there are notable gaps in the study and

synthesis of dialkyldiazirines.8 In this review, we focus on

the bonding and structure, photochemical reactivity, and

main synthetic routes to dialkyldiazirines, as well as their

practical application in photoaffinity crosslinking experi-

ments. As an example, we present our use of a diazirinyl

cholesterol photoaffinity probe to identify an elusive bind-
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ing site in the Hedgehog morphogen proteins,9,10 and pro-

vide a perspective on future opportunities in diazirine-

based probe synthesis and application.

2 Structure, Bonding, and Spectral Properties

Diazirines are three-membered nitrogen-containing

heterocycles that are constitutionally isomeric to the di-

azo group.11 3H-diazirine, the simplest member of the dia-

zirine family, was first synthesized in 1961,12 and its

structure was later elucidated by rotational spectroscopy

(Figure 1a).13 The dNN and dCN bond lengths in this mole-

cule were initially characterized to be 1.228(3) Å and

1.482(3) Å, respectively, with a R-C-R angle of aHCH =

117(2)°. More recently, a combination of micro- and milli-

meter-wave rotational spectroscopies have provided the

structure of 3H-diazirines with greater precision, at values

of dNN = 1.2280(25) Å, dCN = 1.4813(24) Å, and aHCH =

120.54(27)° (Figure 1a).14 Alongside these measurements,

computational studies at CCSD(T) and MP2 levels of theory

and with a mixed cc-pwCVQZ basis set have provided an

equilibrium geometry in which dNN = 1.226 Å, dCN = 1.475

Å, and aRCR = 119.9°.15

Figure 1  Structure, bonding, and spectroscopic properties of dialkyldi-
azirines. (a) Experimental bond lengths and angles for 3H-diazirine and 
3,3-dimethyldiazirine from refs. 15 and 16, respectively. (b) Frontier 
molecular orbitals of 3H-diazirine, reproduced with permission from ref. 
34. (c) Approximate ranges for dialkyldiazirine spectroscopic properties.

The corresponding parameters in the simplest dialkyldi-

azirine, 3,3-dimethyldiazirine, have been determined by ro-

tational spectroscopy to be 1.228(3) Å and 1.482(3) Å, re-

spectively, with a R-C-R angle of aHCH = 117(2)°.16 For refer-

ence, (trifluoromethyl)aryldiazirines have similar dNN but

slightly longer (by ca. 0.020 Å) dCN bond lengths.17

Investigation of the ground-state electronic structure of

3H-diazirine in 1969 revealed the resemblance of its low-

lying bonding molecular orbitals (MOs) to those in cyclo-

propane and cyclopropene.18 Namely, the low-lying MOs of

diazirines consist largely of C2s atomic orbitals that form the

-bonding framework. However, the frontier orbitals of dia-

zirines differ significantly from those of cyclopropane and

cyclopropene, where the nitrogen lone pairs contribute to

-bridged -bonding within the three-membered ring.19,20

The highest occupied MO (HOMO), corresponding to the

lone pairs on the nitrogen atoms, is an overall nonbonding

Walsh-type MO with partial C–N -bonding and N=N -an-

tibonding character (Figure 1b). The next lower-energy oc-

cupied orbital (HOMO-1) is a N=N -bonding MO. The low-

est unoccupied MO (LUMO) is a N=N * orbital, while the

next higher-energy virtual MO (LUMO+1) is a C–H * MO

largely localized on the hydrogen atoms of the alkyl substit-

uents.15 This portrait of the diazirine frontier MOs is sup-

ported by the observation that the N=N stretching frequen-

cy in the first diazirine excited state decreases relative to

the ground state, consistent with an n → * transition that

weakens the N=N bond.

The electronic absorption spectrum of 3H-diazirine was

reported as early as in 1962, featuring a maximum absorp-

tion around 320 nm (Figure 1c).21,22 Later studies with 3,3-

dimethyldiazirine revealed maximum absorption values of

345 and 363 nm (ambient temperature, pentane),23 which

fall in the general range of 350-380 nm for alkyl diazirines

with substituents of various electronic and steric proper-

ties.24,25 The fluorescence spectra of dialkyldiazirines show

a weak emission peak between 380 and 410 nm.26 In the in-

frared (IR) region, 3H-diazirine features a characteristic

N=N stretch at 1560–1630 cm–1 of medium to strong inten-

sity, consistent with typical values of 1560–1585 cm–1 for a

variety of diazirine structures.25 1H nuclear magnetic reso-

nance (NMR) spectra of dialkyldiazirines can be distin-

guished by an upfield chemical shift of -diazirine protons

by approximately  0.60–0.68 ppm due to the anisotropic

shielding effect of the diazirine -system.26 For the same

reason, the 13C NMR chemical shift of the diazirine carbon

in dialkyldiazirines generally falls in the range of  20–30

ppm. A rich history of rotational spectroscopy characteriza-

tion of diazirines provided the first clues about their struc-

ture; the interested reader is directed to detailed reviews on

these topics.27

3 Photoreactivity

While initial investigations profiled the thermal reactiv-

ity of diazirines, computation of their excited-state elec-

tronic structure in 1966 explained their photochemical re-

activity toward carbene formation.28–30 Subsequent experi-

mental and theoretical studies have demonstrated that n →

* photoexcitation of an electron in the ground state (S0)

produces a singlet excited state (S1), which can follow a

number of reaction pathways (Figure 2).31–36 First, the S1

state can undergo simple fluorescence emission and return

to the ground state (S0). Second, photolysis can lead to ex-

trusion of N2 and generation of a carbene in a doubly excit-
Synlett 2021, 32, A–G
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ed singlet state with the ()0()2 configuration. In contrast,

the thermolysis of diazirines typically yields a ground-state

singlet carbene in the ()2()0 configuration.24,37 The singlet

carbene generated by photolysis is responsible for concert-

ed insertion into a nearby R–H bond, which is the working

principle for photoaffinity labeling.

Figure 2  Photochemical reactivity of dialkyldiazirines. 3,3-Dimethyldi-
azirine is shown as an example. Red arrows indicate the desired inser-
tion reaction for photoaffinity labeling.

Photoexcited diazirines are also susceptible to a number

of nonproductive decay mechanisms that reduce the effi-

ciency of photoaffinity labeling (Figure 2). A significant

side-reaction of dialkyldiazirines with -protons is their

high propensity to undergo a 1,2-hydride shift and expel N2

to form an olefin upon photolysis.38–40 While it was first

proposed that the S1 excited state undergoes a 1,2-hydride

migration with concomitant loss of N2, more recent studies

indicate that the hydride shift occurs after the generation of

a singlet carbene from the S1 state with an activation barri-

er of 2.6 kcal mol–1. The stepwise mechanism has been cor-

roborated by kinetic isotope effect studies and high-level ab

initio computations on 3,3-dimethyldiazirine.41 Laser flash

photolysis studies on -halodiazirines have demonstrated

that the 1,2-hydride shift is accelerated by solvent polarity

and by the branching of -alkyl substituents.42

A second predominant side-reaction of photoexcited di-

azirines is their facile rearrangement to diazo isomers upon

exposure to >340 nm light (Figure 2).43–50 While the diazo

isomer can also yield an excited-state singlet carbene upon

irradiation with <315 nm light,51 emission at this wave-

length is minimal from UV-A bulbs used in biological ex-

periments. Unlike -aryl and -heteroatom-stabilized diazo

compounds, dialkyldiazo compounds are prone to protona-

tion at the diazo substituted carbon; displacement of N2 by

a nucleophile can result in ‘pseudo-carbene’ photolabel-

ing.49,52,53 Because the intermediate diazo compound has a

lifetime of milliseconds,50 as compared to the picoseconds

lifetime of the excited state carbene, this results in a broad-

er labeling radius that is not diffusion limited.

While 1S → 1T intersystem crossing has been detected

for dimethylcarbene in the gas phase, it has yet to be ob-

served by laser flash photolysis at ambient temperature in

nonpolar aprotic solvents.54,55 However, O2 trapping studies

have indicated that intersystem crossing of the singlet car-

bene to the triplet is capable of kinetically competing with

both inter- and intramolecular R–H insertion reactions by

singlet dimethylcarbene (Figure 2).23,56 Theoretical studies

indicate that the singlet-triplet energy gap becomes signifi-

cantly lower with increasing alkyl substitution α to the car-

bene.57–59 Triplet dimethylcarbenes can exhibit alternative

forms of radical reactivity such as nonspecific atom ab-

straction and elimination.23

Excited-state carbenes that do not react by these path-

ways can also be quenched by insertion reactions with sol-

vent. O–H insertion by stabilized carbenes in protic solvent

is well-documented, and facile insertion into solvent O–H

bonds has also been observed in less stabilized dialkylcar-

benes based on alcohol trapping studies.23 For (trifluoro-

methyl)phenyldiazirine and analogues, a half-life of 160–

200 ns has been reported in polar aprotic solvents (e.g., pyr-

idine, acetonitrile) and 150 ns in nonpolar solvents (e.g.,

hexafluorobenzene).60 The yield of O–H insertion is highly

influenced by solvent hydrogen bonding, where stronger

hydrogen bonds reduce the extent of O–H insertion.61 The

various fates of photoexcited diazirines reduce crosslinking

efficiencies, motivating further study of their behavior in

biological systems and new chemical tactics to tune their

reactivity.

4 Synthesis

The synthesis of dialkyldiazirines from carbonyl com-

pounds was first published in 1960,11 and subsequent pro-

tocols have followed this method relatively closely.8 Dialkyl

diazirine formation from a carbonyl substrate typically pro-

ceeds in three steps (Table 1): (1) Condensation of the car-

bonyl 1 with a nucleophilic nitrogen atom source to form an

imine; (2) Addition of an electrophilic nitrogen atom source

across the C=N double bond of the imine to form a diaziri-

dine 2; (3) Oxidative dehydrogenation of the diaziridine to a

diazirine 3.

Table 1 provides examples of reagents and conditions

that are commonly used for the synthesis of dialkyldiazir-

ines.12,62–75 Formation of the imine from 1 is typically car-

ried out using ammonia, either in methanolic solution (en-

tries 5–11) or condensed as a liquid (entries 1–4). For steri-

cally hindered carbonyl substrates, imines can be accessed

in two steps via formation of the cyclohexylamine

imine/enamine or the O-nitroso oxime before treatment

with ammonia (entries 10 and 11). For diaziridination, hy-

droxylamine-O-sulfonic acid (HOSA, or HAOSA) is the domi-

nant source of the second nitrogen atom.76 A variety of oxi-

dants have been reported for dehydrogenation of the dia-
Synlett 2021, 32, A–G
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ziridine to the diazirine, including Ag2O (entries 4 and 6),

AgNO3 (entries 8 and 9), and CrO3 (entry 7). Recently, one-

pot synthesis of diazirines from dialkyl ketones in air under

strongly basic conditions in liquid ammonia has been re-

ported to provide yields of up to 90% (entry 1). Notably, a

standard protocol for the synthesis of (trifluorometh-

yl)phenyldiazirines – namely, formation of an O-tosyl ox-

ime, diaziridination using NH3, and oxidation – is unsuit-

able for the synthesis of dialkyldiazirines, likely due to un-

desired Beckmann rearrangement of the O-tosyl oxime

intermediate.

The typical yields for dialkyldiazirines using the proto-

cols listed in Table 1 are generally less than 50%, with a few

exceptions noted above. The harsh conditions and relatively

poor yields for diazirine introduction present a bottleneck

in the synthesis of many dialkyldiazirine probes. As a result,

diazirine-containing fragments are often incorporated into

more complex probe structures at a late stage of synthesis.

While improving overall yields, this strategy can signifi-

cantly modify the structure of the parent molecule and lim-

it the location of the reactive carbene, motivating the devel-

opment of new preparative methods.

5 Application in Photoaffinity Labeling

Diazirine-containing molecules can serve as biochemi-

cal tools to elucidate noncovalent small molecule binding

sites in proteins. While the crosslinking radius for dialkyldi-

azirine labeling upon photoactivation has yet to be rigor-

ously defined, present studies report an experimental value

of approximately 9 Å.77 Depending on substitution, the life-

time of a carbene generated from a diazirine in nonpolar

solvents can be on the scale of nanoseconds to microsec-

onds, but is significantly shorter (diffusion-controlled, <1

ns) upon the addition of polar solvents like amines and wa-

ter. The shorter lifetime of dialkyldiazirines in aqueous en-

vironment theoretically imparts a shorter radius and a bet-

ter resolution for photoaffinity labeling. Due to fractional

quantum yields and various sources of interference in bio-

logical samples, exposure times for protein and cell photo-

labeling experiments are generally on the scale of minutes

to hours.

A typical protocol for protein photoaffinity labeling

with a diazirine probe entails incubation of the probe with

the sample in vitro, in cell lysates, or in live cells.78 Subse-

quently, samples are irradiated with UV-A light, commonly

using 365 nm bulbs, for 1 to 60 minutes while the sample is

incubated at low to room temperature (0–23 °C). The de-

sired dialkylcarbene species generated by photoactivation

of the diazirine can covalently attach to amino acids within

the labeling radius in a residue-agnostic manner. This

serves as an excellent alternative to immunolabeling meth-

ods, especially for proteins of unknown identity or proteins

that lack suitable antibodies.

6 Discovery of a Cholesterol-Hedgehog Pro-
tein Interface

The Hedgehog (Hh) morphogen proteins play critical

roles in the embryonic development of humans and higher

organisms.9,10,79 Hh proteins are initially translated as 35–

50 kDa proteins that consist of an N-terminal ‘Hedge’ (sig-

naling) domain and a C-terminal ‘Hog’ (catalytic) domain.

To form the active morphogen, the Hog domain cleaves the

protein backbone and simultaneously modifies the termi-

nal carboxy group of the Hedge domain as a cholesterol es-

ter.80 While the mechanism of the autoproteolysis step is

well-established, the noncovalent interactions that facili-

tate cholesterol esterification remain obscure. To define the

noncovalent cholesterol binding site within the Hog do-

main, we employed a diazirine analogue of cholesterol as a

photoaffinity labeling probe.10

We first evaluated the properties of a nonsymmetrical

dialkyldiazirine representative of our photocholesterol

probe (Figure 3). While structure and bonding of symmetri-

cal dialkyldiazirines have been extensively analyzed, the

features of nonsymmetrical dialkyldiazirines are not widely

Table 1  Summary of Reagents and Conditions for Synthesis of Dial-
kyldiazirines

Entry Conditions ‘a’ Conditions ‘b’ Yield (%) Reference

1a NH3(l), HOSAb KOH, air 44–90 62

2 NH3(l), HOSA t-BuOK, air 62 63

3 NH3(l), HOSA I2, Et3N 22–57 64–70

4 NH3(l), HOSA Ag2O 27–43 64

5 NH3(MeOH), HOSA I2, Et3N 29–70 71,72

6 NH3(MeOH), HOSA Ag2O 14–27 12,73

7 NH3(MeOH), HOSA CrO3 48–50 74

8 NH3(MeOH), tBuOCl AgNO3, NaOH 27 12

9 NH3(MeOH), HOSA AgNO3, NaOH 25 12

10 1. CyNH2, TFA
2. NH3(MeOH), HOSA

I2, Et3N 58 75

11 1. NH2OH
2. NaNO2, AcOH
3. NH3(MeOH)
4. HOSA

I2, Et3N 29 72

a One-pot synthesis
b HOSA: hydroxylamine-O-sulfonic acid
Synlett 2021, 32, A–G
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reported. In particular, schematic representations of the

MOs of a nonsymmetrically substituted dialkyldiazirine

have yet to be reported. We therefore computationally eval-

uated the MOs of 3-ethyl-3-methyldiazirine, the simplest

non-symmetric dialkyldiazirine, at the B3LYP/6-311G(d,p)

level of theory.81–85 Our MOs for 3-ethyl-3-methyldiazirine

closely resemble those in 3,3-dimethyldiazirine,20 suggest-

ing that the substitution by different straight-chain alkyl

groups in methyl diazirines will have a minor effect on their

frontier MOs. Calculation of the equilibrium geometry us-

ing Gaussian 16 at the B3LYP/6-311+G(d,p) level of theory

yielded dNN = 1.2285 Å, dCN = 1.4795 Å, and RCR = 117.49°,

which is in decent agreement with X-ray crystal structures

of glycosylidene-derived diazirines86 and substituted aziad-

amantanes.87,88 Our calculated N=N stretching frequency of

1703 cm–1 for 3-ethyl-3-methyldiazirine corresponds well

with the empirical N=N stretching frequency of other dial-

kyldiazirines.24

Figure 3  Geometry and frontier molecular orbitals of 3-methyl,3-eth-
yldiazirine calculated at the B3LYP/6-311G(d,p) level of theory. For com-
parison, a schematic representation of the frontier molecular orbitals of 
dimethyldiazirine is shown in Figure 1b.

Owing to the poor solubility of 27-nor-25-ketocholes-

terol (4) in polar solvents, conversion to 25-diazirinylcho-

lesterol 5 (‘photocholesterol’) under conventional condi-

tions afforded rather low yields (<20%) (Figure 4a).10 Grati-

fyingly, two-step imine formation with cyclohexylamine

and TFA followed by NH3 in MeOH, diaziridination with HO-

SA, and oxidation with I2 gave photocholesterol 5 in a sub-

stantially higher yield (61%).71 We assessed photoactivation

of 5 as a 10 mM solution in N,N-dimethylformamide (DMF)

using a five-tube 368 nm UV lamp. The N=N absorbance at

350 nm was observed to follow approximately first-order

decrease with a half-life of around 2 minutes (Figure 4c).

To identify the noncovalent binding site for cholesterol

in the Hog domain of the Hh protein, we incubated pho-

toaffinity labeling probe 5 with active, purified Hog protein

at low temperature (0 °C) to trap the noncovalent 5:Hog

complex (Figure 4b). Photocrosslinking, followed by SDS-

PAGE separation, in-gel digestion, and mass spectrometry

analysis revealed a predominant peptide that contained the

mass of the 5-derived modification. Crosslinking occurred

at either a histidine, a leucine, or a glutamate residue in this

sequence, consistent with trapping of a highly reactive 5-

derived carbene and/or its diazo isomer. Localization of the

modified peptide provided a pivotal constraint for molecu-

lar dynamics analysis of the Hog-cholesterol binding site,

revealing a dynamic, hydrophobic environment that coordi-

nates esterification.

7 Conclusions and Outlook

This review has summarized the bonding and structure,

photoreactivity, synthesis, and biochemical application of

dialkyldiazirines as photoaffinity labeling probes. The use

of diazirines for photoaffinity labeling will expand in years

to come, and significant opportunities remain to improve

their synthesis and utility. Design of -substituted diazir-

ines that favor singlet R–H insertion may avoid facile alkene

formation and/or spatially imprecise diazo trapping. Pre-

parative methods that capitalize on recent advances in ni-

trogen atom insertion chemistry using transition-metal-

based atom-transfer reagents may enable milder, higher-

yielding diazirine synthesis for late-stage installation.89

Moving forward, a better understanding of the chemical

properties of these dialkyldiazirine-based probes in biolog-

ical systems — in particular, their labeling radius, lifetimes,

Figure 4  Elucidation of the cholesterol binding site in the Hedgehog 
protein using a photocholesterol probe. (a) Synthesis of photocholes-
terol 5. Conditions: (a) (i) CF3CO2H, CyNH2, 17 h, 145 °C; (ii) NH3, 
MeOH, 4 h, 0 °C; (iii) HOSA, 24 h, 0–23 °C; (iv) I2, Et3N, CH2Cl2, 1 h, 0–23 
°C (61%: overall yield). (b) Model of the apo protein, showing the pep-
tide crosslinked by 5 upon photolysis. (c) Fluorescence absorbance 
spectrum of 5 upon continuous irradiation with 368 nm light.
Synlett 2021, 32, A–G
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and quenching behavior — will also be required to fine-tune

the reactivity and strategically insert the dialkyldiazirine

moiety within probe molecules of interest.
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