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Determination of Solvent-Trapped Products Obtained by Photolysis of Aryl
Azides in 2,2,2-Trifluoroethanol

Magne O. Sydnes,[a] Issei Doi,[a] Ayako Ohishi,[a] Masaki Kuse,[b] and Minoru Isobe*[a, c]

Introduction

Since the first reported use of aryl azide for photoaffinity la-
beling by Fleet et al.[1] this structural motif has become one
of a handful of moieties of choice for incorporation into nat-
ural products for use in photoaffinity labeling studies of pro-
teins.[2–4] A common understanding among users of aryl
azide photoprobes (exemplified by compound 1, Scheme 1)
for protein-labeling studies is that irradiation of the azide
generates a short-lived nitrene 2, which quickly rearranges
to ketenimine 3. Intermediate 3 can then undergo an inser-
tion reaction upon attack by a nucleophile present in the
active site of the protein, thus forming the (azepine-)labeled
protein 4 (Scheme 1, NH-insertion product shown).[2,5–7]

Fundamental work by Platz and co-workers,[8] Schuster
and co-workers,[9] and others[10–15] into the outcome of photo-
irradiation of nonfluorinated or fluorinated aryl azides in
various solvents with or without additives also shows aze-
pines as one of the major products of these reactions, often
together with large amounts of polymeric material.[12] How-
ever, in our recent work in which azidofluorocoelenterazine
analogue 5 was irradiated in 2,2,2-trifluoroethanol (TFE)
with a high-pressure mercury lamp we could not find, con-
trary to our expectation, any evidence that the correspond-
ing azepine species 6 was formed.[16] The products that could
be detected and elucidated after extensive MS and MS/MS
analysis, as well as proton/deuterium-exchange experiments
followed by further MS and MS/MS analysis, were amine 7
and hydroxylamine derivative 8 (Scheme 2).[16] Initially we
thought that amine 7 could be formed either from hemiami-
nal 9 by hydrolysis or from azide 5 by direct photoreduction.
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Scheme 1. Common understanding of the outcome of photoirradiation of
aryl azides in protein-labeling studies.
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However, the investigation presented herein strongly sug-
gests that the hemiaminal species is not as unstable as ini-
tially thought. Thus, amine 7 in our previous study is most
likely derived from direct photoreduction of compound 5.
The fact that azepine 6 was not formed or not detected
under these conditions was puzzling and warranted further
investigation. The results of these studies are reported
herein.

Results and Discussion

The aryl azides 25–29 and 34–38 chosen for this study are
depicted in Schemes 3 and 4. Within this group of com-
pounds we find the azide functionality surrounded by quite
varied electronic environments. The group includes non-
fluorinated (25, 29, 34, 35), ortho-fluorinated (26, 28, 36–38),
ortho- and para-difluorinated (27) aryl azides as well as one
compound containing an ortho-methoxy group (compound
29). With such a broad spectrum of compounds, we expected
to see a varied outcome of the photoirradiation reaction.
On the basis of reports by Platz and co-workers[8c] and
Karney and Borden,[13] we expected the fluorinated aryl
azides to generate more-stable nitrene intermediates than
the nonfluorinated aryl azides and thus form, for example,

hemiaminal products resulting from the recombination of
anilino and alkyl radicals. However, the expected nonfluori-
nated compounds would generate less-stable intermediates
and therefore would most likely undergo intramolecular re-
arrangement followed by trapping to form the correspond-
ing azepines.

Synthesis

Azides 25–29 required for this study were synthesized in
three steps from the corresponding ethyl esters 10–14, which
contained the required fluorine functionality if necessary, by
using chemistry well established within the group.[16] As out-
lined in Scheme 3, the synthesis started with nitration of the
aromatic esters 10–14 by treatment with concentrated nitric
acid in concentrated sulfuric acid at 0 8C. This resulted in
the smooth formation of the corresponding nitro compounds
15–18. Unfortunately, in our hands this method failed to
convert ethyl 4-methoxyphenylacetate (14) into ethyl 4-
methoxy-3-nitrophenylacetate (19) in a synthetically useful
yield. However, by using a slightly modified literature
method[17] (treatment of 14 with concentrated HNO3 in a
mixture of acetic acid and acetic anhydride), we were able
to obtain the desired compound 19 in 48% yield after a
simple purification by flash chromatography. The nitro
group within compounds 15–19 was then reduced to the cor-
responding amines 20–24 upon treatment with hydrogen
over Pd/C (10%) in ethanol. Diazotization of the amines
with sodium nitrite, followed by displacement with sodium
azide (Sandmeyer reaction) using methodology reported by
Pinney and Katzenellenbogen[18] gave the desired aryl azides
25–29.

Aryl azides 34 and 35 were synthesized from the corre-
sponding amines 30 and 31 through a slightly different route
by using a procedure reported by Knaus and co-workers.[19]

The two amines were first converted into the corresponding
azides 32 and 33 upon treatment with sodium nitrite and
concentrated hydrochloric acid followed by addition of
sodium azide (Scheme 3). Compounds 32 and 33 were then
heated at reflux in ethanol containing catalytic amounts of
concentrated H2SO4 to form the corresponding ethyl esters
34 and 35. The final three compounds (36–38) used in this
study are depicted in Scheme 4. These compounds were pre-
pared as photolabeling units for tautomycin, and the synthe-
sis of these azides was recently reported.[20]

Photolysis and MS analysis

With the desired aryl azides in hand, the focus was shifted
towards the photolysis experiments. By conducting a few
preliminary experiments we found that the optimum condi-
tions for the photolysis were obtained when a solution of
aryl azide in TFE (2 mm) was irradiated for 20 min at room
temperature. 2,2,2-Trifluoroethanol was chosen as solvent
for these experiments based on previous experience within
the group, during which we found that TFE was an efficient
solvent for trapping intermediates derived from photochem-

Abstract in Japanese:

Scheme 2. Structure of compounds 5–9, R=para-hydroxyphenyl
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ical reactions,[21] possibly as a result of the unique physical
properties of TFE.[22]

With the optimal photolysis conditions established we
could now submit our aryl azides to these conditions. Aryl
azides 25–27 and 36–38 were irradiated with a high-pressure
mercury lamp, whereas compounds 28, 29, 34, and 35 were
irradiated with a low-pressure mercury lamp.[23] After irradi-
ation of solutions of these compounds in TFE for 20 min the
resulting product mixtures were analyzed by nano-LC-ESI-
QTOF-MS and -MS/MS. MS spectra obtained for the major
product in the respective experiments revealed molecular
ions with the masses given in Table 1. These masses all cor-
respond to the expected mass for the solvent-trapped prod-
ucts. However, as depicted in Scheme 5, there are three po-
tential products that can be formed under our irradiation

conditions that match these masses. Fortunately, the prod-
ucts have different numbers of exchangeable protons
(Scheme 5). This difference in exchangeable protons can be
exploited by conducting proton/deuterium (H/D) exchange

Scheme 3. Synthesis of aryl azides 25–29, 34, and 35. [a] These conditions were only used for the synthesis of 19.

Scheme 4. Structure of the final three aryl azides used in this study
(compounds 36–38).

Table 1. Observed masses for the solvent-trapped products in H and D

solvent.

Starting
material

Solvent-trap-
ped product

Observed m/z
in H solvent
ACHTUNGTRENNUNG[M+H]+

Observed m/z
in D solvent
ACHTUNGTRENNUNG[M+Dn+D]+ [a]

No. of D
in ESI+

25 39 264 267 3
26 40 282 285 3
27 41 300 303 3
28 42 296 299 3
29 43 308 311 3
34 44 278 281 3
35 45 278 281 3
36 46 469 475 6
37 47 483 489 6
38 48 561 567 6

[a] n=number of exchangeable protons.

Scheme 5. Possible structures of products from photoirradiation of azides
25–29 and 34–38 in TFE that match the detected masses (exchangeable
protons associated with the ring-system are indicated in bold. For substi-
tution patterns (X, Y, Z, n, and R) see Schemes 3 and 4.
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experiments followed by MS and MS/MS analysis to deter-
mine the structure of the products formed. We previously
reported that such experiments can be a powerful method
for structure elucidation.[24]

Small samples of the solutions containing the photolysis
products were therefore subjected to our H/D exchange
conditions (see Experimental Section for details),[24] and the
resulting product mixtures were examined by nano-LC-ESI-
Q-TOF-MS and -MS/MS. By such means we found that all
the solvent-trapped products had a mass increase matching
the expected mass increase for the corresponding hemiami-
nals (Table 1 and Scheme 5). Contrary to our expectations,
irradiation of the nonfluorinated aromatic azides 25, 29, 34,
and 35 also resulted in the formation of hemiaminals 39, 43,
44, and 45, respectively. As briefly mentioned above, the
nonfluorinated azides were expected to generate a less-
stable nitrene intermediate, which should be more suscepti-
ble than the fluorine-containing azides to rearrangement
prior to trapping by the solvent. We therefore expected, for
example, azide 25 to form the corresponding azepine (see
Scheme 5, Y=Z=H). However, careful examination of the
data obtained from the analysis of the products derived
from photolysis of the nonfluorinated aryl azides failed to
reveal any evidence that the corresponding azepine was
formed.

The main fragmentation patterns for compounds 39–45 in-
volved the loss of C2H4 (28 Da) through a McLafferty rear-
rangement followed by loss of H2O (18 Da) or loss of HDO
(19 Da) in products derived from H/D exchange (Scheme 6
and Figures S1A and S1B (Supporting Information), in this
case exemplified with data for compound 39). The product
resulting from McLafferty rearrangement has one more po-
tential exchangeable proton (indicated in gray in Scheme 6).
However, we do not observe any H/D exchange at this posi-
tion owing to the origin of the proton and to the fact that
this rearrangement occurs in gas phase.

The remaining three recombination products showed loss
of C4H9 through McLafferty rearrangement followed by loss
of carbon dioxide as shown for compound 46 in Scheme 7.

In the MS/MS analysis of the parent ion derived from
aryls 42–45 after treatment with deuterated solvent, a rather
unusual fragmentation pattern was observed. For example,
for compound 45 we observed a “doublet” at m/z 235 and
234; further fragmentation gave rise to signals at m/z 207
and 206 (Figure 1 and Figure S2 (Supporting Information)).
Similar “doublets” were present in the spectra obtained for
the remaining hemiaminals 42–44 in this series. The validity
of these fragmentation patterns was confirmed by using ESI

ion trap (ESI-IT) MS and MS/
MS, which showed the exact
same phenomenon. This frag-
mentation pattern arises from
the loss of C2H4 by McLafferty
rearrangement to give rise to
the peak at m/z 253
(Scheme 8). Further loss of
water (18 or 19 Da) results in
the formation of the two peaks
at m/z 235 and 234. Finally, loss
of carbon monoxide (28 Da)
gives rise to the signals at
m/z 207 and 206, as outlined in
Scheme 8. To verify if this phe-
nomenon is common for aryl
acetic acid ethyl esters after ex-
posure to deuterated solvents,

Scheme 6. Structures of the fragmentation products derived from compounds 39–41 (exchangeable protons are
indicated in bold, and the protons indicated in gray cannot be exchanged).

Scheme 7. Products of the fragmentation of compound 46 (exchangeable
protons are indicated in bold).
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we performed a control experiment: Phenyl acetic acid ethyl
ester (R=H in Scheme 8) was subjected to the H/D ex-
change conditions used throughout this work and analyzed
by ESI-IT-MS and -MS/MS. The MS spectrum obtained for
this ethyl ester revealed similar “doublets” (m/z 120 and 119
as well as m/z 92 and 91) (see Figure S3 (supplementary ma-
terial)) as those found in the spectra from azides 42–45. As
seen in the spectra depicted in Figures S2 and S3 (supple-
mentary material), the ratio between the peaks making up
the “doublet” is not the same for the two compounds after
the same fragmentation has taken place. This is most likely
due to the equilibrium existing prior to the McLafferty rear-
rangement. For the hemiaminal compound 45 the protona-
tion will predominantly take place at the amine functionali-
ty, and thus the equilibrium shown in Scheme 8 will be shift-
ed towards the left. However, protonation of the phenyl
acetic acid ethyl ester can only take place at the carbonyl
functionality, thus resulting in the shift of the equilibrium to-
wards the right. On the basis of these findings, we concluded
that this phenomenon is common during MS/MS analysis of
these compounds after exposure to deuterated solvent.

It was somewhat surprising that the hemiaminal com-
pounds survived the LC-MS experiment, which is carried
out under acidic conditions (0.025% trifluoroacetic acid).
This might be because the trifluoromethyl functionality
lowers the activity towards acid owing to its strong electron-
withdrawing effect. The corresponding ethanol adduct
would be unstable under these conditions and therefore not
detectable. To prove unambiguously that the compounds
formed under our irradiation conditions were, indeed, the
hemiaminal compounds reported, we decided to scale up
one of the reactions to isolate sufficient amounts of the pho-
tolysis product for 1H and 19F NMR spectroscopic analysis

as well as for low- and high-resolution FAB-MS analysis.
Aryl azide 37 was chosen as a suitable candidate for this
purpose, and a larger amount of the compound was irradiat-
ed in TFE under our standard conditions. The resulting
product mixture was purified by HPLC with a mobile phase
containing acid,[25] and by such means hemiaminal 47 was
isolated. Owing to the rather unstable nature of compound
47 in isolated form, we were not able to obtain a pristine
1H NMR spectrum. However, the spectrum enabled the un-
ambiguous assignment of all the CH protons as shown in

Figure 1. Part of the MS spectra of compound 45 showing a “doublet”
after treatment with D-solvent (for the full MS spectrum, see Figure S2
in the Supporting Information).

Scheme 8. Fragmentation patterns for hemiaminal 45 and phenyl acetic
acid ethyl ester giving rise to “doublet” peaks in the MS and MS/MS
spectra (exchangeable protons are indicated in bold, and the protons in-
dicated in gray cannot be exchanged).
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Scheme 9. The two sets of quartets (owing to coupling with
fluorine) at d=4.56 and 4.50 ppm (hemiaminal 47 exists as a
�1:1 mixture of rotamers) serves as proof that the molecule

contains the hemiaminal functionality. The remaining chemi-
cal shifts were in full accord with the assigned structure. The
FAB mass spectrum of hemiaminal 47 showed a molecular
ion at m/z 483 (M+ +H) and an accurate mass measurement
on this species confirmed the molecular formula
C19H27N4O6F4 (M+ +H). The fact that we could isolate
ACHTUNGTRENNUNGhemiaminal 47 by HPLC serves as proof that the hemiami-
nals generated in this study can survive under the conditions
used for LC-MS and -MS/MS analysis. However, upon con-
centration, the hemiaminal is unstable and slowly decom-
poses.

Although the hemiaminal was the major product in these
reactions, the product mixture also contained several other
compounds. For example, photolysis of aryl azide 37 also re-
sulted in the formation of a hydrazine, an azo compound,
and small amounts of an aniline derivative (see Figure 2), as
evident from extensive MS and MS/MS analysis. However,
as previously mentioned, no azepine was found during these
analyses. There are several plausible explanations for this
fact: 1) azepine is not formed during the photolysis in TFE;
2) azepine decomposes before MS analysis; 3) azepine is so

weakly ionized during ESI-MS analysis that it cannot be de-
tected when it is present in small quantities.

A series of experiments were therefore conducted to un-
derstand more clearly the pathways involved in the conver-
sion of the starting material into the final products. For
these studies we used succinimide 49[20] (Scheme 10), which
is readily available in our laboratory. Compound 49 (Rt=

11.1 min) was irradiated in TFE with a high-pressure mercu-
ry lamp, and samples were taken regularly and analyzed by
HPLC.[27] This experiment allowed us to find that a primary
product was initially formed, but upon further irradiation it
diminish rapidly before finally disappearing totally. Howev-
er, by conducting the photolysis with a low-pressure mercury
lamp we found that the primary product had a longer life-
time and that the consumption rate of the starting material
was much faster than when the high-pressure mercury lamp
was used. The consumption of starting material relative to
formation of the different products was analyzed by HPLC
and plotted in Figure 3 as relative abundance based on peak
integration.

From Figure 3 we can see that the starting material 49 is
consumed rapidly in the first minute of irradiation. Howev-
er, the consumption rate decreases drastically upon further
irradiation, and there is still starting material left after
5 min. The primary product reaches its highest concentra-
tion at approximately 30 s and then slowly decreases to zero
after 5 min. Azo compound 61 and recombination product
51 reaches its maximum at about 2 min, and the concentra-
tion remains fairly constant from that time onwards. Nota-
bly, the photodecomposition rate of compound 49 in TFE is
much quicker than that of the remaining azides described in
this paper. This is most likely as a result of the two extra
chromophores associated with the succinimide group in this
compound.

The product mixture containing the primary product was
analyzed by nano-LC-ESI-Q-TOF-MS. We found that the
primary product had a mass m/z 251 (M+ +H). This mass
corresponds to any of the four intermediates 54–56 or 58

(Scheme 10). The UV spectrum
of what at first glance seemed
to be the primary product (Fig-
ure 4B) shows a red shift rela-
tive to the starting material
(Figure 4A), which indicates
that the intermediate is a non-
aromatic compound. These data
match well with the UV data
reported by Doering and Odum
for the diethylamine-trapped
ketenimine, that is, azepine 52
(Figure 4B).[10] These results in-
dicate that the primary product
derivative (tr=8.1 min)
(Scheme 10) was trapped by
water, which is present in the
mobile phase used for HPLC
analysis. The structure of the

Scheme 9. Assignment of 1H NMR chemical shifts for hemiaminal 47.
Spectrum measured in CDCl3.

Figure 2. HPLC chromatogram (UV 210 nm detection) of a representative product mixture eluted with the
Pre-Packed Gradient (PPG) system[24b,26] (the chromatogram shown is derived from analysis of the product
mixture of photolysis of aryl azide 37 irradiated with a high-pressure mercury lamp for 20 min).
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trapped primary product was tentatively assigned as com-
pound 50 (Figure 4B) by analogy to azepine 52. Unfortu-
nately, the extremely low ionization of the trapped primary
product in ESI-MS did not allow the confirmation of this
structure by MS analysis. Attempts to trap the primary
product with diethylamine did not improve matters. The
mass m/z 251 (M+ +H) probably only accounts for a frac-
tion of the formed primary product 56 ; the rest is trapped

by water to form compound 50. We also found the primary
product to be relatively stable at low temperature when
stored in TFE and it could be kept at �30 8C overnight with-
out decomposition. Similar observations have been reported
by Platz and co-workers.[29] On the basis of these findings
we concluded that the primary product is most likely keteni-
mine 56.

After irradiation of 49 for 5 min, the starting material was
almost totally consumed. As was the case previously, the
major product from the reaction was the corresponding
hemiaminal 51 (tr=8.8 min), as evident from MS and MS/
MS analysis, including H/D exchange experiments. The UV
spectrum of compound 51 is depicted in Figure 4C and con-
firms that the product is aromatic. Photolysis of succinimide
49 also resulted in the formation of dimer 60 (tr=5.2 min),
azo compound 61 (tr=12.3 min), and small amounts of ani-
line 57 (tr=6.6 min).

The products found in our study are normally the prod-
ucts derived from triplet nitrene 58 (Scheme 10). However,
triplet nitrene is commonly not formed at room tempera-
ture, unless the reaction is conducted in methanol.[30,31] Most
likely TFE facilitates intersystem crossing (ICS) at room
temperature through a mechanism similar to that for metha-
nol which results in the formation of products derived from
triplet nitrene. Indeed, when succinimide 49 in TFE was ir-
radiated with a high-pressure mercury lamp in the presence
of benzophenone, a triplet sensitizer, a similar product dis-
tribution as previously described was observed.

Scheme 10. Outline of plausible reaction pathways leading to aniline 57, azo-compound 61, hydrazine 60 and hemiaminal 51.

Figure 3. Time course for the photolysis of succinimide 49 in TFE irradi-
ated with a low-pressure mercury lamp (the data reported in this graph is
from analysis of azide 49, azo compound 61, and hemiaminal 51 with UV
detection at 254 nm and primary product derivative with UV detection at
295 nm and 254 nm).[28]
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On the basis of the findings
described above we can sum-
marize the reaction sequence
leading to the different prod-
ucts as depicted in Scheme 10.
Hemiaminal 51 is formed by re-
combination of anilino radi-
cal[8c] 59 and an alkyl radical,
dimer 60 is formed by recombi-
nation of two anilino radicals
59, azo compound 61 is formed by dimerization of triplet ni-
trene 58, and aniline 57 is formed by photoreduction of ex-
cited azide 53 and/or triplet nitrene 58.

In these studies we were not able to find any hydroxyla-
mine products resulting from the recombination of anilino
and alkoxy radicals or from nitrenium ions, as was the case
in our previous study[16] and which has been well studied by
McClelland et al.[32] This is probably due to the difference
between the solvation structure of the azides in this study
and that of coelenterazine analogue 5 in our previous work.

Conclusions

MS and MS/MS analysis combined with proton/deuterium
exchange experiments has again proved itself as a powerful
combination for structure elucidation. Photolysis of azides
25–29 and 34–38 gave the corresponding hemiaminal prod-
ucts resulting from recombination of anilino and alkyl radi-

cals as one of the major com-
pounds when irradiated in TFE
under our conditions. The re-
sults from this study indicate
that TFE has the capacity to
promote intersystem crossing
from singlet nitrene to triplet
nitrene at room temperature.
These aryl azides attached to
tautomycin through an oxime
linker (photoaffinity probe)
(see compound 62, Scheme 11,
for a general example)[20] are
now being used for protein la-
beling to determine the active
site of protein phosphatase 1.

Experimental Section

General

Unless otherwise noted, the reaction
flask was wrapped with aluminium foil
to protect the reaction mixture from
light, and non-aqueous reactions were
carried out under an argon atmos-
phere. Reactions were monitored by
thin-layer chromatography (TLC) car-

ried out on silica-gel-coated (0.25 mm) glass plates 60F254 by using UV
light as visualizing agent and molybdo(VI)phosphoric acid n-hydrate, p-
anisaldehyde, or basic KMnO4 solution followed by heating as developing
agents. Silica gel 60 (particle size 0.063–0.2 mm ASTM) was used for
flash chromatography. Elemental analyses were performed at the Analyt-
ical Laboratory, Bioagricultural Sciences, Nagoya University.

Instrumentation

NMR chemical shifts are reported as d values in parts per million (ppm)
relative to tetramethylsilane (d=0.00 ppm) as internal standard for
1H NMR and to residual chloroform (d=77.0 ppm) and DMSO (d=

39.5 ppm) 13C NMR. 19F NMR spectra were referenced externally to
1,1,1-trifluorotoluene at d=0.00 ppm. Photolysis was performed by using
either a high-pressure or a low-pressure mercury lamp. MS and MS/MS
spectra of material derived from photoirradiation of aryl azides 29–38
were measured on a Q-TOF mass spectrometer (Micromass, Manchester,
UK) equipped with a Z-spray-type ESI source. Data were acquired and
processed by using MassLynx version 3.4. All samples were desalted and
separated by a non-split-type prepacked gradient (PPG) system and an
appropriately adjusted nano-HPLC system (JASCO, Tokyo, Japan) with
a Develosil ODS-HG-5 column (Nomura, 150 mmP0.3 mm i.d.) before
online ESI-MS and MS/MS analysis. For H-MS and H-MS/MS of materi-
al derived from photoirradiation of azides 25–27 and 36–38 the column

Figure 4. A) UV spectrum of starting material 49 ; B) UV spectrum of trapped primary product azepine 50 ;
C) UV spectrum of hemiaminal 51. The UV spectra were recorded after 1 min irradiation of azide 49 in TFE
with a low-pressure mercury lamp. The HPLC flow was stopped at the peak maximum and UV spectra were
recorded.

Scheme 11. General example of a photoaffinity probe of tautomycin.
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was equilibrated with water (260 mL) containing 0.025% trifluoroacetic
acid at a flow rate of 10 mLmin�1 and then developed with a linear gradi-
ent from 0–100% of acetonitrile containing 0.025% trifluoroacetic acid
for 40 min at a flow rate of 5 mLmin�1. For the proton exchange experi-
ments (D-MS and D-MS/MS) the column was equilibrated with D2O
(260 mL) containing 0.025% CF3COOD at a flow rate of 10 mLmin�1

and then developed with a linear gradient from 0–100% acetonitrile con-
taining 0.025% CF

3
COOD at a flow rate of 5 mLmin�1. The column ef-

fluent was monitored at 210 nm and then introduced into the electro-
spray nebulizer without splitting. For H-MS and H-MS/MS of material
derived from photoirradiation of azides 32–35 the column was equilibrat-
ed with isocratic 40% acetonitrile/water containing 0.025% trifluoroace-
tic acid at a flow rate of 5 mLmin�1. For the proton exchange experiments
(D-MS and D-MS/MS) of material derived from photoirradiation of
azides 32–35 the column was equilibrated with isocratic 40% acetonitrile/
D2O containing 0.025% CF

3
COOD at a flow rate of 5 mLmin�1. MS and

MS/MS spectra of material derived from photoirradiation of aryl azides
32–35 were measured on a syringe injection ion trap HCT Plus mass
spectrometer (Bruker Daltonics, Bremen, Germany) equipped with an
orthogonal ESI source. Data were acquired and processed by using Com-
pass version 1.0 (esquireControl and DataAnalysis version 3.2) (Bruker
Daltonics), respectively. All MS experiments were preformed in the posi-
tive-ion mode.

Syntheses

Procedure for nitration of aryl compounds: HNO3 (0.9 mL of a 60% so-
lution) was added dropwise over a 5-min period to a stirred solution of
the relevant ethyl ester (14.1 mmol) in H2SO4 (8.0 mL) at 0 8C. The re-
sulting reaction mixture was then stirred at 0 8C for 45 min before being
diluted with EtOAc (15 mL) and poured into ice water (30 mL). The
aqueous phase was extracted with EtOAc (3P30 mL) and the combined
organic fractions were washed with water (2P30 mL) and brine (1P
30 mL) before being dried (Na2SO4). Filtration and concentration in va-
cuo gave a yellow oil, which was subjected to flash chromatography
(silica, eluant hexane/Et2O 3:2). Concentration of the relevant fractions
gave the desired nitroaryls in the yields specified below.

15 :[33] Ethyl 3-nitrobenzoate, 50% yield, white solid, m.p.: 35 8C (lit. [33]:
40–43 8C).

16 :[20] Ethyl 4-fluoro-3-nitrobenzoate, 90% yield, light-yellow solid, m.p.:
43.5–44 8C (lit. [20]: 43.5–44 8C).

17: Ethyl 4,6-difluoro-3-nitrobenzoate, 85% yield, white powder. M.p.:
36.5–37 8C; IR (KBr): ñmax =3074, 1732, 1532, 1353, 1293 cm�1; 1H NMR
(CDCl3, 270 MHz): d=8.78 (dd, J=7.0 and 8.1 Hz, 1H), 7.12 (t, J=

9.7 Hz, 1H), 4.44 (q, J=7.3 Hz, 2H), 1.42 ppm (t, J=7.3 Hz, 3H);
13C NMR (CDCl3, 151 MHz): d=164.8 (dd, JC�F=12 and 273 Hz), 161.3
(d, JC�F =5 Hz), 158.5 (dd, JC�F=13 and 273 Hz), 133.7 (dd, JC�F=3 and
7 Hz), 130.9 (d, JC�F =2 Hz), 116.4 (dd, JC�F=4 and 12 Hz), 108.1 (dd,
JC�F =24 and 27 Hz), 62.4, 14.1 ppm; 19F NMR (CDCl3, 376 MHz): d=

�30.5, �42.4; MS (EI+ ): m/z (%): 231 [M+] (5), 203 (23), 187 (47), 186
(58), 140 (78), 112 (100); HRMS (EI+ ): m/z calcd for C9H7NO4F2:
231.0343 [M]+ ; found: 231.0337; elemental analysis: calcd (%) for
C9H7NO4F2: C 46.76, H 3.05, N 6.06; found: C 46.72, H 2.91, N 6.04.

18 :[16] Ethyl (4-fluoro-3-nitrophenyl)acetate, 79% yield, light-yellow oil.

19 :[34] A solution of HNO3 (60%; 480.0 mg, 7.60 mmol) in acetic acid
(5.0 mL) was added dropwise to a stirred solution of 4-methoxyphenyl-
acetic acid ethyl ester (14) (1.25 g, 6.44 mmol) in acetic anhydride
(10.0 mL) at 0 8C. The resulting reaction mixture was stirred at 0 8C for
1.5 h before being diluted with EtOAc (10 mL) and poured into ice
water. The water phase was extracted with EtOAc (3P30 mL), and the
combined organic fractions were washed with water (2P20 mL) and
brine (1P20 mL) before being dried (Na2SO4), filtered, and concentrated
under reduced pressure. The resulting yellow oil was subjected to flash
chromatography (silica, eluant hexane/Et2O 3:2), and concentration of
the relevant fractions (Rf =0.3) gave ethyl (4-methoxy-3-nitrophenyl)ace-
tate (19) (738.5 mg, 48%) as a light-yellow solid. M.p.: 40 8C; IR (KBr):
ñmax =2921, 2853, 1729, 1619, 1571, 1530, 1456, 1358, 1090, 932 cm�1;
1H NMR (CDCl3, 600 MHz). d=7.79 (d, J=2.2 Hz, 1H), 7.48 (dd, J=2.2
and 8.6 Hz, 1H), 7.07 (d, J=8.6 Hz, 1H), 4.17 (q, J=7.1 Hz, 2H), 3.95 (s,

3H), 3.61 (s, 2H), 1.27 ppm (t, J=7.1 Hz); 13C NMR (CDCl3, 151 MHz):
d=170.7, 152.0, 139.2, 135.1, 126.4, 126.3, 113.6, 61.1, 56.5, 39.7,
14.0 ppm; MS (EI+ ): m/z (%): 239 [M]+ (82%), 166 (100), 150 (37), 90
(92), 77 (13); HRMS (EI+ ): m/z calcd for C11H13NO5: 239.0794 [M]+ ;
found: 239.0773.

Procedure for hydrogenation of nitroaryl compounds: Pd/C (10%;
100 mg) was added to a solution of the relevant nitroaryl reagent
(11.0 mmol) in EtOH (200 mL) at room temperature. The reaction mix-
ture was then stirred vigorously under an atmosphere of H2 for 23 h
before being filtered through a plug of celite and washed with EtOH (2P
10 mL). Concentration of the filtrate under reduced pressure gave a
dark-orange oil, which was subjected to flash chromatography (silica,
eluant hexane/Et2O 2:1). Concentration of the relevant fractions gave the
desired aryl amines in the yields specified below.

20 :[35] Ethyl 3-aminobenzoate, 95% yield, pale-yellow oil.

21:[20] Ethyl 3-amino-4-fluorobenzoate, 93%yield, yellow oil.

22 : Ethyl 3-amino-4,6-difluorobenzoate, 90% yield, white solid. M.p.:
62.0–62.5 8C; IR (KBr): ñmax =3444, 3350, 1715, 1603, 1509 cm�1; 1H NMR
(CDCl3, 270 MHz): d=7.35 (dd, J=7.0 and 10.0 Hz, 1H), 6.82 (t, J=

10.3 Hz, 1H), 4.36 (q, J=7.0 Hz, 2H), 3.68 (br s, 2H), 1.38 ppm (t, J=

7.0 Hz, 3H); 13C NMR ([D6]DMSO, 100 MHz): d=163.5 (d, JC�F =4 Hz),
152.5 (dd, JC�F=11 and 247 Hz), 152.4 (dd, JC�F =12 and 249 Hz), 133.5
(dd, JC�F =2 and 13 Hz), 117.2 (d, JC�F =7 Hz), 114.4 (dd, JC�F=3 and
10 Hz), 105.2 (dd, JC�F=23 and 27 Hz), 61.0, 14.3 ppm; 19F NMR (CDCl3,
376 MHz): d =�56.0, �60.7 ppm; MS (EI+ ): m/z (%): 201 [M]+ (100),
173 (33), 156 (57), 128 (19); HRMS (EI+ ): m/z calcd for C9H9NO2F2:
201.0601 [M]+ ; found: 201.0625; elemental analysis: calcd (%) for
C9H9NO2F2: C 53.73, H 4.51, N 6.96; found: C 53.66, H 4.34, N 6.89.

23 :[16] Ethyl (3-amino-4-fluorophenyl)acetate, 94% yield, orange oil.

24 :[34] The hydrogenation of 19 was conducted as described in the general
procedure save for the use of EtOH/water 9:1 as solvent to give ethyl (3-
amino-4-methoxyphenyl)acetate (24) in 86% yield as a light-yellow oil.
IR (neat); ñmax =3458, 3370, 2922, 2853, 1726, 1611, 1517, 1448, 1223,
1143, 1030 cm�1; 1H NMR (CDCl3, 600 MHz): d=6.72 (d, J=8.1 Hz,
1H), 6.65 (d, J=2.0 Hz, 1H), 6.62 (dd, J=2.0 and 8.1 Hz, 1H), 4.79 (br s,
2H), 4.13 (q, J=7.1H, 2H), 3.83 (s, 3H), 3.47 (s, 2H), 1.25 ppm (t, J=

7.1 Hz, 3H); 13C NMR (CDCl3, 151 MHz): d=172.0, 146.4, 136.1, 126.7,
119.0, 115.8, 110.3, 60.7, 55.5, 40.8, 14.2 ppm; MS (EI+ ): m/z (%): 209
[M]+ (100), 194 (39), 136 (88), 121 (37); HRMS (EI+ ): m/z calcd for
C11H15NO3: 209.1052 [M]+ ; found: 209.1032.

Procedure for azide formation from aryl amines: NaNO2 (1.20 g,
17.4 mmol) and NaN3 (1.70 g, 26.2 mmol) were added successively to a
stirred solution of the relevant aryl amine (8.7 mmol) in trifluoroacetic
acid (35 mL) at 0 8C. The reaction mixture was stirred at 0 8C for 10 min
before being diluted with Et2O (30 mL), and the resulting solution was
poured into ice water (30 mL). The water phase was extracted with Et2O
(2P30 mL) and the combined organic fractions were washed with water
(2P20 mL) and brine (1P20 mL) before being dried (Na2SO4). Concen-
tration under reduced pressure gave a dark-orange oil, which was sub-
jected to flash chromatography (silica, hexane!hexane/Et2O 9:1!8:2
gradient elution). Concentration of the relevant fractions gave the de-
sired aryl azides in the yields specified below.

25 :[36] Ethyl 3-azidobenzoate, 88% yield, yellow oil. UV/Vis (CH2Cl2):
lmax (loge)=295 (3.40), 251 (4.13), 217 nm (4.55); IR (neat): ñmax =2983,
2394, 2109, 1721, 1586, 1297 cm�1; 1H NMR (CDCl3, 270 MHz): d=7.82
(app dt, J=1.1 and 7.8 Hz, 1H), 7.70 (app t, J=2.4 Hz, 1H), 7.42 (t, J=

7.8 Hz, 1H), 7.12 (ddd, J=1.1, 2.4, 7.8 Hz, 1H), 4.40 (q, J=7.0 Hz, 2H),
1.41 ppm (t, J=7.0 Hz, 3H); 13C NMR (CDCl3, 68 MHz): d=165.8,
140.4, 132.0, 129.7, 125.9, 123.3, 119.8, 61.5, 14.4 ppm; MS (EI+ ): m/z
(%); 191 [M]+ (72), 163 (100), 146 (67), 135 (43), 134 (45), 106 (44), 91
(80), 90 (81), 63 (68); HRMS (EI+ ): m/z calcd for C9H9N3O2: 191.0695
[M]+ ; found: 191.0660; elemental analysis: calcd (%) for C9H9N3O2: C
56.54, H 4.74, N 21.98; found: C 56.54, H 4.76, N 21.94.

26 :[20] Ethyl 3-azido-4-fluorobenzoate, 94% yield, orange oil.

27: Ethyl 3-azido-4,6-difluorobenzoate, 89% yield, yellow oily solid.
M.p.: <30 8C; UV/Vis (CH2Cl2): lmax (loge)=295 (3.43), 249 (4.12),
233 nm (4.13); IR (KBr): ñmax =2986, 2113, 1717, 1604, 1244, 1122 cm�1;
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1H NMR (CDCl3, 400 MHz): d=7.69 (dd, J=6.8 and 9.2 Hz, 1H), 6.95
(t, J=10.0 Hz, 1H), 4.40 (q, J=7.2 Hz, 2H), 1.40 ppm (t, J=7.2 Hz, 3H);
13C NMR (CDCl3, 100 MHz): d =162.6 (d, JC�F =5 Hz), 158.9 (dd, JC�F=

11 and 262 Hz), 156.9 (dd, JC�F =12 and 259 Hz), 124.5 (dd, JC�F=4 and
12 Hz), 123.8 (t, JC�F =3 Hz), 115.9 (dd, JC�F =4 and 12 Hz), 106.4 (dd,
JC�F =22 and 27 Hz), 61.7, 14.0 ppm; 19F NMR (CDCl3, 376 MHz): d=

�45.9, �52.1 ppm; MS (EI+ ): m/z (%): 227 [M]+ (16), 199 (82), 182
(25), 171 (38), 170 (33), 142 (38), 126 (100), 115 (68), 75 (44); HRMS
(EI+ ): m/z calcd for C9H7N3O2F2: 227.0506 [M]+ ; found: 227.0474; ele-
mental analysis: calcd (%) for C9H7N3O2F2: C 47.58, H 3.11, N 18.50;
found: C 47.51, H 3.04, N 18.51.

28 :[16] Ethyl (3-azido-4-fluorophenyl)acetate, 95% yield, yellow oil.

29 : Ethyl (3-azido-4-methoxyphenyl)acetate, 65% yield, light-yellow oil.
UV/Vis (CH2Cl2): lmax (loge)=345 (2.61), 294 (3.51), 253 nm (3.77); IR
(neat): ñmax =2924, 2848, 2116, 1733, 1510, 1451, 1439, 1305, 1246, 1153,
1100, 1029 cm�1; 1H NMR (CDCl3, 600 MHz): d=7.01 (dd, J=2.2 and
8.2 Hz, 1H), 6.94 (d, J=2.2 Hz, 1H), 6.84 (d, J=8.2 Hz, 1H), 4.15 (q, J=

7.1 Hz, 2H), 3.86 (s, 3H), 3.53 (s, 2H), 1.26 ppm (t, J=7.1 Hz, 3H);
13C NMR (CDCl3, 151 MHz): d =171.4, 150.9, 128.3, 127.2, 126.4, 121.1,
112.1, 60.9, 56.0, 40.4, 14.2 ppm; MS (EI+ ): m/z (%): 235 [M]+ (28), 207
(16), 206 (23), 154 (41), 134 (100), 92 (31); HRMS (EI+ ): m/z calcd for
C11H13N3O3: 235.0957 [M]+ ; found: 235.0972; elemental analysis: calcd
(%) for C11H13N3O3: C 56.16, H 5.57, N 17.86; found: C 56.18, H 5.69, N
17.69.

Preparation of 32 and 33 : A solution of NaNO2 (1.78 mmol in 10 mL of
water) was added dropwise to a stirred solution of the relevant acetic
acid (1.66 mmol) in concentrated HCl (3.0 mL) at 0 8C. The resulting re-
action mixture was stirred at 0 8C for 15 min before a solution of NaN3

(17.8 mmol in 10 mL of water) was added dropwise over a period of
15 min. The reaction mixture was then heated to room temperature and
stirred for 20 min before being extracted with EtOAc (3P5 mL). The
combined organic phases were dried (Na2SO4), filtered, and concentrated
in vacuo to give the desired compounds in the yields specified below.

32 :[37] 3-Azidophenylacetic acid, 99% yield, pink needles. M.p.: 64 8C; IR
(KBr): ñmax =2543 (br), 2118, 1711, 1587, 1410, 1298 cm�1; 1H NMR
(CDCl3, 600 MHz): d=7.32 (t, J=7.8 Hz, 1H), 7.07 (d, J=7.8 Hz, 1H),
6.97–6.94 (m, 2H), 3.64 ppm (s, 2H); 13C NMR (CDCl3, 151 MHz): d=

140.4, 135.1, 130.0, 126.0, 120.1, 118.1, 40.7 ppm; MS (EI+ ): m/z (%):
177 [M]+ (20), 149 (60), 121 (100), 104 (50), 77 (80); HRMS (EI): m/z
calcd for C8H7N3O2: 177.0538 [M]+ ; found: 177.0546.

33 :[19] 4-Azidophenylacetic acid, 93% yield, yellow needles. M.p.: 87–
88 8C (lit. [19]: m.p.: 86–88 8C); IR (KBr): ñmax =2561 (br), 2128, 1689,
1606, 1504, 1412, 1304, 1249 cm�1; 1H NMR (CDCl3, 600 MHz): d=7.26
(d, J=8.4 Hz, 2H), 6.98 (d, J=8.4 Hz, 2H), 3.62 ppm (s, 2H); 13C NMR
(CDCl3, 151 MHz): d=177.7, 139.3, 130.8, 130.0, 119.2, 40.3 ppm; MS
(EI+ ): m/z (%): 177 [M]+ (20), 149 (100), 104 (90), 77 (99); HRMS
(EI): m/z calcd for C8H7N3O2: 177.0538 [M]+ ; found: 177.0507.

Preparation of 34 and 35 : Concentrated H2SO4 (0.1 mL) was added to a
stirred solution of the relevant acetic acid (0.57 mmol) in ethanol
(1.0 mL). The resulting reaction mixture was heated at reflux for 2 h
before being diluted with EtOAc (1.0 mL) and neutralized with NaHCO3

(5 mL of a saturated aqueous solution). The resulting solution was ex-
tracted with EtOAc (2P5 mL) and the combined organic layers were
dried (Na2SO4). Filtration and concentration gave a yellow oil, which was
subjected to flash chromatography (silica, eluant hexane/Et2O 1:1). Con-
centration of the relevant fractions gave the target compounds in the
yields specified below.

34 :[37] Ethyl 3-azidophenylacetate, 87% yield, yellow oil. UV/Vis (Et2O):
lmax (loge)=280 (1.34), 230 (1.76), 206 nm (2.37); IR (neat): ñmax =2986,
2091, 1736, 1596, 1445, 1307 cm�1; 1H NMR (CDCl3, 600 MHz): d=7.30
(t, J=7.8 Hz, 1H), 7.06 (d, J=7.2 Hz, 1H), 6.96–6.93 (m, 2H), 4.16 (q,
J=7.2 Hz, 2H), 3.60 (s, 2H), 1.26 ppm (t, J=7.2 Hz, 3H); 13C NMR
(CDCl3, 151 MHz): d=171.0, 140.2, 136.0, 129.8, 125.9, 119.9, 117.7, 61.0,
41.1, 14.1 ppm; MS (EI+ ): m/z (%): 205 [M]+ (10), 153 (50), 136 (40),
77 (100); HRMS (EI): m/z calcd for C10H11N3O2: 205.0851 [M]+ ; found:
205.0835.

35 :[19] Ethyl 4-azidophenylacetate, 88% yield, yellow oil. UV/Vis (Et2O):
lmax (log e)=243 (2.00), 208 (2.29); IR (neat): ñmax =2982, 2143, 2115,
1740, 1589, 1492, 1295 cm�1; 1H NMR (CDCl3, 600 MHz): d =7.26 (d, J=

8.4 Hz, 2H), 6.94 (d, J=8.4 Hz, 2H), 4.14 (q, J=7.2 Hz, 2H), 3.58 (s,
2H), 1.25 ppm (t, J=7.2 Hz, 3H); 13C NMR (CDCl3, 150 MHz): d=

171.3, 138.9, 130.8, 130.6, 119.1, 60.9, 40.7, 14.1 ppm; MS (EI+ ): m/z
(%): 205 [M]+ (80), 177 (100), 149 (40), 132 (50); HRMS (EI): m/z calcd
for C10H11N3O2: 205.0851 [M]+ ; found: 205.0853.

General procedure for the photolysis experiments: A degassed solution
of the azide (�2.0 mm) in 2,2,2-trifluoroethanol was irradiated for 20 min
in an NMR tube (irradiation with a high-pressure mercury lamp) or in a
quartz cell (irradiation with a low-pressure mercury lamp). The resulting
solution was concentrated under reduced pressure and redissolved in
CH3CN/H2O (1:1; 0.5 mL). The resulting solution was then subjected to
MS and MS/MS analysis.

General procedure for the preparation of samples for MS and MS/MS
analysis: All samples for H-MS and -MS/MS were further diluted with
acetonitrile/H2O (1:1) containing 0.025% trifluoroacetic acid to
10 pmolmL�1 and all samples for D-MS and -MS/MS were further diluted
with acetonitrile/D2O (1:1) containing 0.025% CF3COOD to a concen-
tration of 10 pmolmL�1.

47: 19F NMR (CDCl3, 376 MHz): d=�13.0, �50.9 ppm; UV (MeOH):
lmax (loge)=292 nm (3.12); MS (FAB+ ): m/z (%): 483 (3); HRMS
(FAB+ ): calcd for C19H27N4O6F4: 483.1867 [M+H]+ ; found: 483.1877.
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