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ABSTRACT: Access to high quality photoaffinity probe molecules is often constrained by synthetic limitations related to
diazirine installation. A survey of recently published photoaffinity probe syntheses identified the Suzuki−Miyaura (S−M)
coupling reaction, ubiquitous in drug discovery, as being underutilized to incorporate diazirines. To test whether advances in
modern cross-coupling catalysis might enable efficient S−M couplings tolerant of the diazirine moiety, a fragment-based
screening approach was employed. A model S−M coupling reaction was screened under various conditions in the presence of
an aromatic diazirine fragment. This screen identified reaction conditions that gave good yields of S−M coupling product while
minimally perturbing the diazirine reporter fragment. These conditions were found to be highly scalable and exhibited broad
scope when applied to a chemistry informer library of 24 pharmaceutically relevant aryl boron pinacol esters. Furthermore, these
conditions were used to synthesize a known diazirine-containing probe molecule with improved synthetic efficiency.
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Diazirine-based photoaffinity labeling (PAL) reagents are
an important class of chemical probes.1 These

compounds are widely used owing to their rapid decom-
position upon exposure to 365 nm light to generate N2 and
short-lived, reactive carbenes that undergo C−H, N−H, and
O−H insertion to form stable covalent adducts with proximal
binding partners.2 This reactivity has proven useful in myriad
applications in biological systems including target deconvolu-
tion of phenotypic screening hits and assessment of in-cell
target engagement.3 Despite their prominence, diazirines have
been synthesized only by a limited set of methods,4 imposing
significant constraints on the design of diazirine-containing
PAL probes.
The impact of limited synthetic methods on chemical probe

design is illustrated in Figure 1, based on an extensive literature
survey.5 Figure 1A shows that approximately three-quarters of
diazirine probes have been prepared by amide bond formation,
alkylation, and esterification using diazirine-containing syn-
thons. These routes utilize reliable reactions, but because they
do not take advantage of modern synthetic methods, they

constrain diazirine incorporation to few positions within
probes. Figure 1B shows the distribution of diazirine probes
among the categories defined by James Hill and Avril
Robertson in their recent review of diazirine synthetic
chemistry:4 Nested, Replacement, or Appended. These terms
refer to diazirine placement within the structure of the
pharmacophore on which the diazirine probe is based, with
Nested diazirines conferring minimal structural perturbation,
Appended conferring major structural perturbation, and
Replacement conferring a moderate degree of perturbation.
Figure 1B shows that most diazirines fall under the Appended
or Replacement categories, a probe design result that is
unfavorable since structural perturbations often lead to
significant changes in intrinsic potency, physicochemical
properties, and membrane permeability.4 Because diazirine
PAL studies are extremely useful for investigating novel biology
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in intact cells, diazirine probes should exhibit minimal
structural and physicochemical divergence from unlabeled
parent compounds. Figure 1B also indicates that most diazirine
probes are Appended, an arrangement in which the reactive
carbene is placed at some considerable distance from the
parent pharmacophore; this contributes to low labeling
efficiency and increases the risk of false negatives since the
carbene is projected away from the biological binding partner.6

Convinced that available synthetic methods were compro-
mising diazirine PAL probe design across a broad range of
studies, we investigated expanding the range of methods for
their incorporation. A particularly notable finding in Figure 1A
is the near absence of metal-catalyzed cross coupling reactions,
which are so useful they have become ubiquitous across
medicinal chemistry,7 natural products total synthesis,8 and
chemical manufacturing.9 Potential reasons for this absence
have been noted: “there are several obstacles to consider,
namely, the diazirine thermal instability and the incompati-
bility with several metallic reagents.”4 Despite these challenges,
we undertook a study of Pd-catalyzed cross coupling of
diazirine-containing aryl halides and boronic acids to form

biaryls, i.e., the Suzuki−Miyaura (S−M) reaction, because of
its well-established utility.
Several characteristics drew our attention to biaryl synthesis.

Biaryls are found in many biologically important compounds,10

are consistently reported as hits in phenotypic screens,11 and
have been designed into DNA-encoded libraries.12 Structural
studies show that most biaryls in small molecule ligand−
protein complexes are within 5 Å of the protein.13 Although
biaryls have well-described liabilities,14 this structural class
remains important and valuable for drug discovery15 and is
likely to remain abundant in compound screening collections
for the foreseeable future.
Because biaryls are prominent in biologically active

compounds, the scarcity of published syntheses of biaryls
bearing nested diazirines16−18 suggests synthetic access is a
problem. The few previously reported syntheses (see Scheme 1
for examples) either use a 3−4-step reaction sequence to build
the diazirine from a biaryl carbonyl compound17 or employ
cross coupling reactions with low yields and very long reaction
times (e.g., several days).18 Both provide low to moderate
yields and require significant time. As noted,4 thermal stability
of the diazirine is one factor limiting application of metal-

Figure 1. Published diazirine PAL probes (n = 212) were analyzed according to (A) reaction used for diazirine incorporation and (B) category of
diazirine placement in probe versus unlabeled parent pharmacophore.4 As described by Hill and Robertson,4 the categories Nested, Replacement,
and Appended represent minimal, moderate, and major perturbations of structure and physicochemical properties, respectively. Despite their
advantages, Nested diazirines are the least common found in the literature. Chemical structures in part B are adapted from ref 4.
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catalyzed reactions; another is that diazirine itself is a
competent cross-coupling partner.19

The ideal S−M method for diazirine chemical probe
synthesis could be described by the following criteria: the
method should be suitable for the synthesis of biaryls
containing nested diazirines, should allow incorporation of
the diazirine late in the synthetic sequence, tolerate a wide
range of functionality typically present in drug-like compounds,
and be operationally simple. The approach to identify such S−
M conditions consisted of (1) an initial fragment-based

robustness screen to identify S−M conditions that give high
cross-coupling efficiency while not degrading aryl diazirines
followed by (2) a survey of pharmaceutically relevant
substrates to define the scope and limitations of the method.
The fragment-based robustness test developed by Glorius

and co-workers can be a useful tool for determining a
functional group’s potential for interfering in a given
transformation.20 Inspired by this approach, we sought to
assess the compatibility of the diazirine moiety with typical
palladium-catalyzed S−M cross coupling conditions. Thus, we
synthesized compound 1 for use as a spectator in the cross
coupling of a quinoline halide (2, 3) and a phenyl boronic acid
derivative (4, 5) (Figure 2). The ability of 1 to exhibit both a
UV signal and the appropriate mass ion on the mass
spectrometer facilitated its detection throughout our screening.
The cross coupling reaction was screened across solvents,
catalysts, and temperatures.21 Screening wells lacking catalyst
and base provided a control for the thermal stability
assessment of 1 (see SI for details). As stated earlier, the
propensity for the diazirine to participate directly in the
coupling was an anticipated competitive reaction. Indeed, in
some instances the product of direct coupling between 1 and
the boronate species was observed to produce 7. The
formation of 7 occurred in large part at high temperatures
(Figure 2), in agreement with published results.19 The totality
of these screening results indicated a preferred temperature of
40 °C for this reaction, which both preserved the diazirine and
limited its participation in the competitive side reaction.
Additionally, that temperature was adequate for the SPhos G2
Pd catalyst to yield an efficient cross-coupling of 2 and 5.
Lastly, the screening results indicated that the bromoquinoline
2 was a more competent coupling partner, leading to a higher

Scheme 1. Example Syntheses of Diazirine PAL Probes
Bearing Nested Diazirines via (A) Multistep Synthesis17 or
(B) Suzuki Coupling18

Figure 2. Screening results for the Suzuki−Miyaura cross-coupling of 8-haloquinolines 2 and 3 with phenylboronic acid derivatives 4 and 5 at three
different temperatures (25, 40, and 85 °C) with four different Pd catalysts in the presence of diazirine-containing spectator 1. Size of circle
proportionate to the conversion to desired product 6 as determined by HPLC UV area % (value given inside circle). Color of each circle indicates
the mol % diazirine 1 remaining after 3 h. Warmer colors and larger circles represent more favorable reaction outcomes.
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conversion efficiency than the chloroquinoline 3, which is in-
line with established trends.22

After the identification of S−M conditions suitable for
maintaining a stable diazirine moiety, we next turned toward
evaluating the ability of a diazirine-containing aryl halide to
participate as a partner in the cross coupling as a means of
enabling nested probe synthesis. Diazirine-containing aryl
bromide 8 was prepared in manner similar to Bender et al.23

and screened across an informer set of pinacol boronate
esters.24 This standardized set of complex molecules is an
effective way to evaluate the generality of a chemical
transformation in the context of pharmaceutically relevant
structures. As summarized in Scheme 2, the optimal S−M
conditions gave useful yields with 21 out of the 24 informer
boronates, a comparable result to that reported in the literature
using a heterocyclic bromide that did not contain a diazirine.24

The average yield across the entire set of 24 informer
substrates was 40%, and a variety of saturated and unsaturated
heterocyclic ring systems were tolerated. Substrates bearing
hydrogen bond donors were successfully coupled, including
aromatic amine 15, alcohol 25, and amide 29; however, some
substrates proved challenging (e.g., 12, 20, and 32). Gratify-
ingly, when representative examples were repeated on larger
scale, the resulting isolated yields tracked well with the original
screening results. Overall, the SPhos G2 Pd/K3PO4 system
exhibited excellent tolerance to pharmaceutically relevant
functional groups and structural motifs. To further examine
the scope of this reaction, the pinacol boronate informer
compound used to generate entry 25 was reacted with 3-(3-
bromophenyl)-3-(trifluoromethyl)-3H-diazirine (33) under
the standard conditions. The successful production of the
corresponding meta-substituted analog 34 confirmed these
conditions were applicable beyond p-halophenyldiazirine
synthons.
Encouraged by the results from the chemistry informer

library, we sought to apply these reaction conditions to the
synthesis of a known PAL probe containing a biaryl motif.
GSK-3 (36) is an ATP-competitive KSP inhibitor that has
been used to elucidate the allosteric binding mode for this class
of compounds.18 Luo and co-workers employed a room
temperature S−M coupling using a para-iodo-phenyl diazirine
(Scheme 1) to synthesize 36, using Pd(PPh3)4 as catalyst over
a six-day time period. We were intrigued to see if we could
improve upon their 20% isolated yield using the SPhos Pd G2/
40 °C conditions. Indeed, as shown in Scheme 3 the newer
protocol provided a significant boost in isolated yield (45% vs
20%) with a greatly shortened reaction time (3 h vs 6 d) using
a less reactive aryl bromide coupling partner.
In conclusion, we have identified an efficient and robust set

of Suzuki−Miyaura coupling conditions that allow for the
direct incorporation of the diazirine moiety into biaryl motifs.
These conditions have shown good scope of applicability
across a range of pharmaceutically relevant functional groups
and structural types as judged by their performance against a
(hetero)aryl boronate chemistry informer library. In addition,
these conditions have provided improved access to the known
PAL probe GSK-3. The availability of diazirine-tolerant S−M
coupling conditions should enable the synthesis of new Nested
PAL probe designs with better efficiency than existing
protocols. Ultimately, we hope that this work will help to
address some of the current gaps and limitations in diazirine
synthesis, thus enabling the discovery of novel tool compounds

Scheme 2. Results for the Suzuki−Miyaura Cross Coupling
of 8 with an Informer Library of Pinacol Boronate Estersa

aYields listed are based on 19F NMR spectroscopic analysis of 0.010
mmol scale screening reactions. Isolated yields of 0.1−0.4 mmol scale
reactions are listed in parentheses (see SI for details).

Scheme 3. Application of Optimized Suzuki−Miyaura
Conditions toward the Synthesis of GSK-3 (36)
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for elucidation of fundamental questions of ligand−target
interactions.
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