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The photolysis of N-[4-(3-trifluoromethyl-3H-diazirin-3-yl)benzoyl]-2,20-ethylenedioxybis(ethylamine)
(1) in EtOH, PrOH, i-PrOH, BuOH, and i-BuOH was carried out in both solution (at room temperature) and
solid phase (at �196 �C), and the resultant C–H and O–H insertion products were analyzed semi-
quantitatively by LC/ESI-MS/MS. The carbene insertion reactions at low temperature produced all
possible C–H and O–H insertion products in a relatively uniform distribution, which could not be
accomplished by the solution-phase reaction.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

3-Aryl-3-trifluoromethyldiazirines have been used primarily in
photoaffinity labeling, a biochemical approach to identify a specific
receptor for a small-molecule ligand and a binding site within the
receptor molecule.1 Upon UV irradiation, the photoreactive group
introduced into the ligand is promoted to a carbene, which in turn
binds irreversibly to the receptor at the interaction site. Photo-
generated carbenes are very reactive and are thought to have a low
functional-group selectivity, which makes them essentially useless
for conventional organic synthesis, but recently it has been sug-
gested that they may have many applications in chemical biology.
For example, Richards et al.2 and Delfino et al.3,4 have used meth-
ylene carbene as a probing agent for protein surfaces, structures,
and folding. We and others have utilized carbenes generated from
immobilized aryldiazirines to photo-cross-link small molecules
onto solid surfaces as microarrays5–8 and affinity beads (Fig. 1a).9,10

These platforms are useful for screening protein–small molecule
interactions.

The photo-cross-linking strategy for immobilizing small mole-
cules onto a solid surface is unique in terms of attachment site
selectivity. We have shown that a carbene photo-generated from
N-[4-(3-trifluoromethyl-3H-diazirin-3-yl)benzoyl]-2,20-ethylene-
(N.K.); tel.: þ81 48 467 9364;

c.jp (N. Kanoh), takemi@

All rights reserved.
dioxybis(ethylamine) (1) not only reacted and was introduced
into a variety of small molecules5,6 but also generated multiple
conjugates from a molecule.7 The latter is very important to detect
possible binding proteins for small molecules because there are
examples in which one small molecule interacts with multiple
proteins by using different areas of its surface.11,12 To maximize
cross-linking efficiency and randomness toward functional groups,
we carry out the photo-cross-linking reaction in a semi-solid and
highly concentrated state (Fig. 1a):13 for example, when we prepare
microarrays, each small molecule solution spotted as an array was
dried and concentrated on the solid surface prior to photolysis.
Upon photolysis, the reactive carbene and a proximal small mole-
cule (or a functional group), which usually diffuse away in a fluid
solution, are expected not to diffuse apart because of limited dif-
fusibility. Therefore, even a small molecule (or a functional group)
having low reactivity would react efficiently with a proximal car-
bene to give a conjugate.8 Unless the small molecule and carbene
are aligned regularly, the cross-linking reaction occurs with low
functional group selectivity. To the best of our knowledge, there
is no precedent for producing a variety of surface-immobilized
conjugates from a small molecule.14

However, to explore the scope and limitations of the photo-
cross-linked platforms, it is important to know what functional
groups on a small molecule are used to produce conjugates with
photo-generated carbenes and to what extent these reactions
proceed.

In 1970s and 1980s, groups led by Tomioka, Plats, Moss, and
Gaspar studied the reactivity of photo-generated aryl carbenes
extensively. The carbenes were mostly derived from parent diazo
compounds in solidified organic molecules.15,16 Relatively few
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Figure 1. Production of photoadducts.
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studies have provided detailed and quantitative data regarding the
selectivity of diazirine-derived carbenes, particularly those, which
are linked to the other structures such as fatty acyl chains and
peptides.17–21 Specifically, information on the reactivity of photo-
generated carbenes from 1 would be very important for us in the
development of photo-cross-linked platforms. However, to analyze
the structures of the multiple conjugates generated from the photo-
cross-linking reaction, sensitive and systematic methods are needed.

Toward these ends, we have initiated studies to analyze and
quantify the functional-group selectivity of photo-generated car-
benes from 1. As preliminary results from these efforts, we describe
the semi-quantitative and systematic analysis of photolysis prod-
ucts of 1 in alcohols at ambient and low temperatures by LC/ESI-
MS/MS and MS/MS/MS (Fig. 1b).
2. Results and discussions

2.1. Photolysis of 1 in EtOH: characterization of all reaction
products and observation of dramatic differences in product
distribution depending on the reaction state (i.e., reaction
temperature)

The photolysis of aryldiazirines in organic solvents has been
reported to produce a variety of products.18–20,22 Indeed, as shown
in Figure 2a and b, we observed eight new peaks (2–10) after ir-
radiation (365 nm, 4 J/cm2) of an EtOH solution of 1 (w2 mM) at
room temperature. Among those eight products, three compounds
(3, 6, and 8; shaded peaks in Fig. 2b) were each shown by LC/ESI-MS
to have a molecular weight of 378 (observed as MHþ: m/z 379),
which was expected when the photo-generated carbene was
inserted into an EtOH molecule. The structures of the EtOH adducts
3, 6, and 8 were identified as ethyl ether and two diastereomers of
secondary alcohols as shown in Figure 2d, respectively.23

Structures of the other products were also elucidated. Com-
pound 2 was found to be identical to 1 in molecular weight but to
have a different retention time in LC. The UV spectrum of 2 revealed
that the compound has an absorption maximum at 293 nm, sug-
gesting that it was a diazo isomer as shown in Figure 2d.24 Com-
pounds 7 and 10 were found to have the same molecular weight of
366 (MHþ: m/z 367), corresponding to formal adducts between the
photo-generated carbene and H2O2. Because peak 7 disappeared
when triphenylphosphine was added to the reaction mixture after
irradiation, we assigned compound 7 as a hydroperoxide. Com-
pound 10 was identified as a hydrate of aryl trifluoromethyl ketone
11.23 Compounds 7 and 11 would have been generated by the
reaction of the carbene and dissolved oxygen.25 Compounds 4
(MHþ: m/z 335) and 9 (MHþ: m/z 351) were identified as a formally
reduced product and a formal H2O adduct, respectively.23

The same reaction performed at �196 �C, i.e., in the solid state,
gave almost the same products but with significantly different
product distributions. As clearly shown in Figure 2c, the carbene
insertion reaction with ethanol predominated over the other type
of reaction in the solid state: the ratio of the EtOH adducts (shaded
peaks) increased dramatically. In addition, MS/MS experiments
revealed that a large peak at w33 min contained two products:
primary alcohol 523 and the secondary alcohol 6.

The product distribution of the EtOH adducts was estimated on
the basis of the total ion chromatogram generated from the MS data
set for m/z 379. The relative ratios of peak intensities derived from
each compound were highly reproducible. Estimation using a UV
chromatogram was another possibility, but it was difficult to de-
duce the distribution from the UV trace because of signal overlap
and a lack of sensitivity. In the case of the overlapping of cross-
linked products in the chromatogram (for example, compounds 5
and 6), we estimated that diastereomers having the same atom
connectivity should be generated as a 1:1 mixture. This estimation
is thought to be acceptable because most pairs of diastereomers
throughout in this study were found to be produced approximately
in a 1:1 ratio when good peak separation was observed (vide infra).
As a result, the product distributions of EtOH adducts (3/5/6/8)
were estimated to be 87:0:6:726 and 21:13:33:33 in the liquid and
solid states, respectively.
2.2. MS fragmentation pattern analysis of the EtOH adducts

The collision-induced dissociation (CID) MS/MS spectra of
compounds 3, 5, 6, and 8 are shown in Figure 3a–d. The fragmen-
tation patterns of the structural isomers were clearly different,
whereas those of the diastereomers (6 and 8) were almost identical.
The major product ions in the CID spectrum of each structural
isomer were assigned as shown in Figure 3e–g on the basis of MS/
MS and MS/MS/MS experiments, accurate mass measurements, and
deuterium-labeling experiments.

Two primary fragmentation pathways that give m/z 274 and 231
were dominant in the CID mass spectrum of compound 3 (Fig. 3a).
The product ion at m/z 176 may be generated by a secondary
fragmentation from m/z 274, i.e., losses of CF3 and C2H5 from the
product ion at m/z 274 (Fig. 3e). In contrast to this, different sec-
ondary fragmentation pathways that give m/z 211 and 213, i.e.,
a loss of HF or H2O from m/z 231, emerged in the CID spectrum of 5,
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which does not have an ethoxy but rather a hydroxyethyl group
(Fig. 3b and f). The presence of the hydroxyl group is responsible for
the facile loss of HF in 5, at least in part, since roughly 40% of the
deuterium was lost in the MS/MS/MS spectrum of the deuteroxy
analog of 5 (see Supplementary data, Fig. S1). Although the dia-
stereomers 6 and 8 also have a hydroxyl group, the CID spectra of
these compounds (Fig. 3c and d) were clearly different from the CID
spectrum of 5 (Fig. 3b). In the CID spectra of 6 and 8, secondary
fragmentation channels, loss of 44 u from both m/z 274 and 231,
were dominant. The loss of 44 u was shown to be attributable to
C2H4O, which was originally in an ethanol molecule, but not in-
cluding the hydrogen of the OH group (see Supplementary data,
Figs. S2–S4). This observation implies that the hydrogen atom of the
hydroxyl group specifically migrated to the ionic fragment as the
neutral C2H4O was lost. Therefore, the characteristic product ions at
m/z 230, 210, 187, and 167 can be regarded as a common feature of
the cross-linked compounds having both 1-hydroxyalkyl and tri-
fluoromethyl groups at the benzylic position. In other words, these
ions may be useful for the LC/MS/MS-based characterization of the
homologous products generated by the photo-cross-linking of 1
with other alcohols.

2.3. Reaction with other alcohols: LC/MS/MS-based
characterization of the reaction products

We then performed photo-cross-linking experiments of 1 with
PrOH, i-PrOH, BuOH, and i-BuOH in both liquid and solid states, and
the resultant distributions of the photoadducts were analyzed. The
total ion chromatograms and the MS/MS spectrum for each adduct
(generated from the MS data sets for MHþ at m/z 393 for propanols;
MHþ at m/z 407 for butanols) were obtained (Fig. 4), and their MS/
MS fragmentation patterns were compared with those of the EtOH
adducts (3, 5, 6, and 8).

For example, the photo-cross-linking of 1 with i-PrOH in the
solid state gave four isomeric products as expected, and all of them
were separated by LC as shown in the chromatogram (Fig. 4a). The
most hydrophobic isomer (12) gave a secondary fragmentation
product with m/z 176 in its CID spectrum (Fig. 5a), and the presence
of isopropyl ether was suggested. The ions at m/z 246 and 203 can
be attributed to a loss of 42 u from m/z 288 and 245, respectively.
These 42 u (C3H6: propene equivalent) losses are consistent with
the presence of an isopropyl group. The second and third peaks in
the chromatogram (14, 13) showed secondary losses of HF and H2O
from m/z 245 in their CID spectra (Fig. 5b and c), and the presence of
a 2-hydroxypropyl group at the benzylic position was suggested.
The CID spectrum of the first peak (15) showed product ions at m/z
230, 210, 187, and 167, which are characteristic for a 1-hydroxyalkyl
unit (i.e., 1-hydroxy-1,1-dimethyl group) at the benzyl position
(Fig. 5d), as described previously.

The photo-cross-linking experiments of 1 with i-PrOH in the
liquid state also gave four products, although the ratios between
the products were quite different, i.e., the relative abundances of 13
and 14 were very low (Supplementary data, Fig. S5).

Similarly, the photo-cross-linking experiment of 1 with i-BuOH
in the solid state gave the six expected isomeric products as shown
in the chromatogram (Fig. 4b). The MS/MS spectrum of compound
16 showed characteristics of O–H insertion products, whereas the
spectra of 17 and 21 clearly exhibited secondary fragment ions at
m/z 230, 210, 187, and 167, revealing the presence of a pair of di-
astereomeric 1-hydroxyalkyl derivatives (Supplementary data,
Fig. S6). Compounds 19 and 20 were suggested to be another dia-
stereomeric pair containing a hydroxyalkyl side-chain since their
MS/MS spectral patterns, including the secondary loss of H2O, were
almost identical. The remaining compound 18 may be assigned to
the remaining isomer. The structures of 16–21 are summarized in
Figure 6. Compounds 16–21 were also observed in the liquid state
experiment but the relative abundances of the isomers were dif-
ferent from the solid state experiment. Again, the relative abun-
dance of 16 was very high while the abundances of 19 and 20 were
very low (Supplementary data, Fig. S5).

In the case of the photo-cross-linking experiment of 1 with
PrOH in the solid state, six products were expected but only five
peaks were observed in the chromatogram (Fig. 5c). We deduced all
of the six expected isomers including two diastereomeric pairs
were actually present but only five peaks were observed due to
peak overlap. We assumed that each diastereomeric pair consisted
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of roughly equal amounts of diastereomers, and that the two di-
astereomers in a pair were reasonably well separated by the LC
system as in the previous cases. Based on these assumptions, the
data could be interpreted as follows. The first and third peaks were
assigned to the diastereomeric pair having a 1-hydroxyalkyl group
at the benzylic position (27 and 24) as they showed almost identical
MS/MS spectra containing m/z 230, 210, 187, and 167 ions (Sup-
plementary data, Fig. S7). The last peak 22 was attributed to the O–
H insertion product with m/z 176 in its MS/MS spectrum. The MS/
MS spectra of the second and the fourth peak were similar, and
both showed the characteristics of hydroxyalkyl derivatives. The
synthetic 3-hydroxy-1-propyl derivative (25; see Supplementary
data) eluted at the second peak position, and the MS/MS spectrum
of the synthetic sample (Supplementary data, Fig. S8) was similar to
that of the second peak. Therefore, the majority of the intensity of
the second peak was considered to be due to 25. The remaining
fourth peak can be assigned to one of the 3-hydroxy-2-propyl de-
rivatives (23); however, it is also very likely that a similar amount of
diastereomer was present somewhere, as in the other cases. The
second peak decreased to the size nearly equal to that of the fourth
peak in the liquid state experiment (Supplementary data, Fig. S5).
The MS/MS spectrum of the second peak in the liquid state prod-
ucts was similar to that of 23. These observations suggested that
most of the intensity of the second peak in the liquid state products
was attributable to one of the 3-hydroxy-2-propyl derivatives (26).
Hence, we concluded that the second peak in the solid state
products was a mixture of 25 (major component) and 26 (minor
component).
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Similarly, only seven peaks were observed in the chromatogram
of the photo-cross-linking of 1 with BuOH in the solid state
(Fig. 4d), although eight isomeric products were expected. The first
and fifth peaks were assigned to the diastereomeric 1-hydroxyalkyl
derivatives (35 and 30) as they showed almost identical MS/MS
spectra that included m/z 230, 210, 187, and 167 ions (Supple-
mentary data, Fig. S9). The last peak was attributable to the O–H
insertion product 28 because of m/z 176 in its MS/MS spectrum. The
second, third, fourth, and sixth peaks gave MS/MS spectra having
the characteristics of hydroxyalkyl derivatives. The third and sixth
peaks showed similar peak areas, and their MS/MS spectra were
similar to each other’s as well. This suggested that the third and
sixth peaks represent a pair of diastereomers. On the other hand,
the synthetic 4-hydroxy-1-butyl derivative 31 eluted at the fourth
peak position. The MS/MS spectra of the synthetic 31 (Supple-
mentary data, Fig. S8) and the second and fourth peaks were similar
to one another. We therefore concluded that another dia-
stereomeric pair eluted in the second and fourth peaks, and the 4-
hydroxy-1-butyl derivative 31 co-eluted with the fourth peak,
which is significantly bigger than the second peak, since the second
peak and the fourth peak showed similar peak areas in the chro-
matogram of the liquid state products. We assumed the amount, if
any, of 31 in the liquid state products was very small. Unfortunately,
we could not find any evidence to indicate that the diastereomeric
pairs of 29 and 33 or of 32 and 34 correspond to the second and
fourth peaks, or to the third and sixth peaks, respectively. There-
fore, structural assignments for these diastereomeric pairs in Fig-
ure 6 may be reversed.

Based on the structural assignment discussed it was possible to
categorize the cross-linked products into four classes (Fig. 7): (1)
ether-type compounds that were generated by the insertion of the
carbene into the O–H bonds highlighted in red; (2) compounds
from the carbene insertion at C1–H bonds highlighted in light blue;
(3) compounds from the carbene insertion at the terminal methyl
C–H bonds highlighted in green; and (4) compounds from the
carbene insertion at the internal methylene groups highlighted in
purple. As described, we assigned two compounds that gave the
same fragmentation pattern as a pair of diastereomers having the
same atom connectivity in those cases where the reaction can
produce a pair of diastereomers (such as 6 and 8). In case one of the
diastereomers overlapped with other products, the ratios of dia-
stereomers having the same atom connectivity were estimated as
1:1 mixtures.

As can be clearly seen in Figure 7, all photolysis experiments
performed in solution gave O–H insertion products in more than
70% of the total insertion reactions. It is generally accepted that
alcohols in solution react with carbenes in the singlet state to give
O–H insertion products as major products.27 Interestingly, when
a C–H bond into which the carbene inserts is on a methyl or
methylene group, the level of C–H insertion products in solution
tends to decrease as the C–H bond moves away from the hydroxyl
group. On the other hand, insertions into the methine C–H bond in
solution tend to dominate over those of other C–H bonds even
when the methine C–H bond is away from the hydroxyl group. This
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tendency can be explained when the triplet carbene is thought of as
an intermediate: the carbene’s rate-limiting abstraction of a hy-
drogen atom produces a radical pair, both of which in turn bind to
the formal insertion product.16

Solid-phase reactions are different from those occurring in so-
lution in many respects. Striking differences were found in the
percentage of terminal methyl C–H insertion products and O–H
insertion products. In every case performed in the solid state, the
percentage of total C–H insertions increased dramatically at the
expense of O–H insertion reactions. In other words, the insertion
reactions in the solid state became more nonselective. Further-
more, it should be noted that all possible isomers were produced
under these conditions. Among the C–H insertion products, the
percentage of C–H insertions at the terminal methyl groups was
significantly increased.

3. Conclusion

In summary, we analyzed the photolysis products from 1 and
five alcohols using LC/ESI-MS/MS and MS/MS/MS and found that
the reactions in the solution phase were different from those in the
solid phase. Especially in the solid phase, all C–H and O–H insertion
products were formed in close to equivalent amounts. This obser-
vation is basically in accord with that of Tomioka et al., although
they used other carbene species and alcohols that produced much
simpler combinations of photo-cross-linked products.22

Although temperature effects should be considered for strict
discussion, the results of this study support at least in part that the
photo-cross-linking process for immobilizing small molecules on
solid supports, in which solutions of small molecules were con-
centrated on the solid support in a solid or highly viscous state after
which the small molecules were photo-cross-linked, takes place in
a highly functional group-independent manner, which cannot be
accomplished by conventional solution-phase reactions. Further
evaluation of the nonselectiveness of the reaction of the carbene
generated from 1 with other molecules will be reported in due
course.

4. Experimental

4.1. Materials and methods

All chemicals and solvents were purchased from commercial
vendors and used without further purification. N-[4-(3-Tri-
fluoromethyl-3H-diazirin-3-yl)benzoyl]-2,20-ethylenedioxybis-
(ethylamine) (1) was prepared according to the reported
procedure.5

4.2. Photolysis of 1 in alcoholic solution (general procedure)

An alcoholic solution of compound 1 (trifluoroacetic acid salt,
1 mg/mL, w1 mL) in a 10 mL glass vial was exposed to UV irradi-
ation of 4 J/cm2 at 365 nm using a CL-1000L ultraviolet cross-linker
(UVP Inc., CA, USA). The photolyzed solution was immediately
stored at �20 �C until analyzed by LC/ESI-MS.

4.3. Photolysis of 1 in solidified alcohol at low temperature
(general procedure)

An alcoholic solution of compound 1 (trifluoroacetic acid salt,
1 mg/mL, w1 mL) in a 10 mL glass vial was cooled in a Dewar flask
containing liquid N2. The Dewar flask containing the solidified
sample and liquid N2 was set in a CL-1000L ultraviolet cross-linker
and exposed to UV irradiation of 1 J/cm2 at 365 nm. The surface of
the sample became yellow. The sample was allowed to thaw, during
which time the yellow color faded. The freeze–irradiation–thaw



Figure 7. Distribution of C–H and O–H insertion products from the photolysis of 1 in
alcohols. The reactions were performed at room temperature (liquid phase: designated
as L) and at �196 �C (solid phase: S). Graphs and numerical values within or near each
bar refer to the percentages of the products that were generated by the insertion of the
carbenes into the chemical bonds shown in the same color. *Total percentage of C–H
insertion product from three equivalent C–H bonds.
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cycle was repeated another three more times. The photolyzed
sample was stored at �20 �C until analyzed by LC/ESI-MS.

4.4. LC/MS and LC/MS/MS analyses of the photolysis products

The photolyzed solution was typically diluted 1/100 with water
or 0.05% aq formic acid and analyzed with a 4000Q TRAP mass
spectrometer (MSD Sciex, Foster City, CA, USA) equipped with an
Agilent 1100 LC system using the following conditions.

Flow rate: 100 ml/min.
Solvent A: 0.05% formic acid in water (HPLC grade).
Solvent B: 0.05% formic acid in acetonitrile (HPLC grade).
Gradient: 5%B/0–5 min; 5–45%B/5–65 min; 45–80%B/65–70 min.
Column: Inertsil ODS-3 1.5 mm i.d.�200 mm (GL Science, Tokyo,
Japan).
Column oven temperature: 25 �C.
Typical injection volume: 1 mL.
Ionization mode: ESIþ.
LC/MS scan mode: Q3.
LC/MS/MS scan mode: Triple Quadrupole (Q3 scan with Q1 pre-
cursor selection).
MS/MS (low-energy CID) condition: 45 V collision energy, N2 col-
lision gas.
In the typical LC/MS runs, MS/MS of selected precursor ions
were also monitored. This facilitated matching of peaks between
separate runs, even if there were some variations in retention time,
which may be caused by a limited pumping reproducibility at the
low-flow rate gradient.
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