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Trifluoromethyl phenyl diazirine (TPD)molecules are relatively stable carbene precursors, that readily form car-
bon covalent bonds with proteins. The stability of the diazoalkane intermediates is unknown, as are the factors
which control carbene/diazoalkane ratios. This leads to incomplete carbene insertion onto desired compounds.
Herein, stability and decay kinetics of diazoalkanes are evaluated from TPDs with various electron drawing
groups, including 3-Phenyl-3-(trifluoromethyl)-3H-diazirine (TPD-H), p-benzyl alcohol (TPD-CH2OH), p-4-
benzoic acid (TPD-COOH), and p-benzyl bromide (TPD-CH2Br). The spectroscopic analysis before and after
UVA activation is performed both in dilute chloroform and neat by 19F NMR and ATR-FTIR, respectively. The
increase of diazoalkane concentration after UVA exposure was in the order of: TPD-H > TPD-CH2Br > TPD-
CH2OH> TPD-COOH. Indirect carbene/diazoalkane ratios ranged from6: 1 to 3:1. Diazoalkanewas relatively sta-
ble over the evaluation period of 30 min (post-UVA activation) in all compounds except TPD-CH2Br, which ex-
hibits an 11 min half-life.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Photoaffinity labelling and tissue adhesives exploit diazirine's ability
of non-specific covalent insertion mediated photoactivation [1–3]. This
requires grafting of diazirine groups on macromolecules with reactive
functional groups of hydroxyl (–OH), carboxyl (–COOH) or bromide (–
Br). Photoreaction products of diazirine include carbene and
diazoalkanes that rapidly form covalent bonds to proximate amino
acids [4]. As presented in Scheme 1, upon activation with UVA light
diazirine molecules (a) either photoisomerize into diazoalkane (b) or
transform directly into reactive carbene species (c). The kinetics of
diazoalkane-to-carbene conversion is dependent on substituents
nearby diazirine and the solvating environment (i.e. solvent polarity)
[5,6]. Protein labelling and covalent insertion efficiency is dependent
on the conversion kinetics after photoactivation. Exploitation of carbene
insertion reactions has evolved new types of voltage- and UVA-
activated adhesive formulations [2,7–10]. Both voltage- and UVA-
generated carbenes covalently insert into tissue proteins providing
new strategies for adhering to wet tissue substrates. For these reasons,
the quantitative determination of diazoalkane decay kinetics is neces-
sary for accurate photoaffinity labelling as well as effective tissue
proximation by interfacial carbene insertion.
.V. This is an open access article und
Trifluoromethyl phenyl diazirines (TPDs; Scheme 1) are chemically
stable substituents compared to aliphatic diazirines [11–14].
Trifluoromethyl group (–CF3) prevents intramolecular generation of al-
kenes, favouring the high energy carbene [1,15–18]. Due to the strength
of C\\F bond, –CF3 group is not prone to structural rearrangements in
excited state, leading to a more efficient carbene insertion pathways
[19]. The phenyl substituents in aryl-diazirines influence the energy
barrier for photolysis and the ratio of carbene/diazoalkane species
(Scheme1) [20]. The aromatic ring enhances the stability of diazoalkane
compounds [21], where the diazoalkane isomer concentration can
reach 35% [11]. The exact kinetic parameters (i.e. half-life, decay rate
constants) of TPD photodecay under known parameters (wavelength,
energy dose, stability), compounds are unknown, which adds to com-
plexity of TPD's utilization [22–24].

Depending on the chemistry of diazirine substituents some
diazoalkane intermediates have longer lifetimes that should enable
quantitative analysis of decay kinetics by FTIR spectroscopy [6,25]. The
FTIR analysis can be extended to detect diazoalkane intermediates in
both solution (2042 cm−1) and in solid state (2033 cm−1) [26]. Pub-
lished reports indicate TPD conversion of 20–35% into diazoalkane
under 350 nm UVA light (450 W); reported range of diazoalkane half-
life is from 18 s to 22 min depending on both the TPD concentration
in solvent medium and the functional group/chemical structure on p-
position within TPD molecule [11,27]. Early investigations of
diazoalkane from diazirine photoisomerization exploited IR spectros-
copy, but they report no effects of aryl-substituents [28]. To our knowl-
edge, there is no systematic study that quantitatively correlates
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Scheme 1. TPDs (a: 1–4); diazoalkane (b); carbene (c) intermediates generated upon
UVA-activation.

2 I. Djordjevic et al. / Results in Chemistry 2 (2020) 100066
diazoalkane decay kinetics to the chemistry of functional group at-
tached to p-position on TPD molecules. This is rectified with solvent-
free analysis of TPDs presented in Scheme 1: (1) 3-Phenyl-3-
(trifluoromethyl)-3H-diazirine (TPD-H; unsubstituted TPD used as con-
trol), (2) 4-[3-(trifluoromethyl)-3H-diazirin-3-yl] benzyl alcohol (TPD-
CH2OH), (3) 4-[3-(trifluoromethyl)-3H-diazirin-3-YL] benzoic acid
(TPD-COOH) and (4) 4-[3-(trifluoromethyl)-3H-diazirin-3-yl] benzyl
bromide (TPD-CH2Br); with FTIR spectroscopy in attenuated total re-
flectance (ATR) mode. Note that compounds: 1, 2, and 4 are liquids
and 3 is solid at 25 °C.

Fluorine's presence in TPD compounds enables quantitative analysis
by 19F NMR [24] but the reactive carbenes inevitably react with solvent
medium, glass surfaces [29], and form intermolecular adducts that pre-
cipitate—preventing a thorough NMR-based quantitative analysis of
diazoalkane decay kinetics. However, 19F NMR enables detection of
diazoalkane intermediate in situ. To the best of our knowledge, this is
the first systematic investigation of UVA-activated TPDs by functional
groups in para position (1–4; Scheme 1). Furthermore, all the reaction
products generated by UVA activation of TPDs (in chloroform) are de-
tected and reported. The major objective of this work is quantitative
identification of diazoalkane intermediates and their stability by both
19F NMR (in solvent medium) and ATR-FTIR (solvent-free native
state) spectroscopy methods. The work is based on hypotheses that:
(i) diazoalkane stability/decay depends on the nature of the medium
where TPD compounds are activated with UVA light (i.e. solution used
for NMR analysis or exposure to atmosphere when analysed in neat
state with ATR-FTIR); (ii) the diazoalkane species in UVA-activated
TPDs, chosen for this study, are stable enough to be quantitatively
analysedwith relatively simple ATR-FTIR probe that requires no sample
preparation; (iii) TPDs do not undergo intramolecular rearrangement in
reactive state as both phenyl and –CF3 groups will not react with the
carbene intermediate. Diazoalkane decay kinetics and four TPD aryl-
substituents (1–4; Scheme 1) are analysed before and after 10 J UVA ac-
tivation at 365 nm; the diazoalkane FTIR peak absorbance
(~2090 cm−1) values are collected and normalized with respect to
UVA dose, time, and peak height. First-order kinetics, diazoalkane quan-
titation, and real-time stability up to 30 min evaluate the nature of TPD
molecules in their native and diluted state.

2. Materials and methods

2.1. Materials

Hexafluoro benzene (186.06 g·mol−1; HFB), 3-phenyl-3-
(trifluoromethyl)-3H-diazirine (186.13 g·mol−1; TPD-H; 1), 4-[3-
(trifluoromethyl)-3H-diazirin-3-yl]benzyl alcohol (216.16 g·mol−1;
TPD-CH2OH; 2), and 4-[3-(trifluoromethyl)-3h-diazirin-3-yl]benzyl
bromide (279.06 g·mol−1; TPD-CH2Br; 4) are purchased from TCI
Chemicals, Japan. 4-[3-(Trifluoromethyl)-3H-diazirin-3-YL] Benzoic
acid (230.14 g·mol−1 TPD-COOH; 3) is synthesized from TPD-CH2OH
in the following procedure. A solution of TPD-CH2OH (1 mol. eq.) and
potassium hydroxide (1.55 mol. eq.; 0.6 M KOH solution) is dissolved
in a mixture of water/dioxane (5/1), cooled down to 0 °C in an ice
bath and potassium permanganate (1.5 eq.) is added portion-wise.
The biphasic reactionmixture is vigorously stirred at room temperature
overnight (18 h). The suspension is filtered through a pad of Celite®.
The filtrate is cooled in an ice bath and acidified with 2 M HCl to
pH = 1. The obtained white precipitate is filtered off and dissolved in
ethanol. The organic layer is washed 5 times with water and one time
with brine, dried with anhydrous MgSO4, and the solvent is evaporated
in vacuum to yield pure TPD-COOH as a pale-yellow solid (yield: 92%).
1H NMR (400 MHz, CDCl3) δ (ppm): 8.14 (d, J = 8.4 Hz, 2H), 7.29 (d,
J = 8.4 Hz, 2H). 19F NMR (400 MHz, CDCl3) δ (ppm):−64.7 (s).

2.2. NMR spectroscopy analysis of TPD compounds before and after UVA
activation

TPDs are analysedwith NMR (JEOL ECA 400) at 400MHzwith CDCl3
used as a solvent. Both 19F and 1HNMR spectra before and after UVA ac-
tivation are collected and analysed. The TPD samples are dissolved and
mixed with HFB (internal standard) and subsequently UVA-activated
with UVA LED Thorlabs SOLIS 365C of dominant wavelength at
365 nm: constant UVA intensity of 100 mW·cm−2 is applied over
100 s duration for a total dose of 10 J. All the samples are mixed thor-
oughly before placing the tube inside the NMR chamber. The spectra
are collected for TPDs in the following states: (i) before UVA; (ii) imme-
diately after UVA activation; and (iii) 30 min after UVA activation.

2.3. ATR-FTIR analysis of diazoalkane decay from solvent-free TPD
molecules

FTIR spectroscopy is performed using PerkinElmer Frontier IR
equipped with attenuated total reflection (ATR) sampling accessory.
Pure liquid TPD compounds (1, 2 and 4) are pipetted onto glass slides,
while solid powder TPD (3) sample is placed between two glass slides
of approximate distance 50 μm. TPD samples are UVA-activated with
UVA LED Thorlabs SOLIS 365C of dominant wavelength at 365 nm: con-
stant UVA intensity of 100mW·cm−2 is applied over 100 s duration for
a total dose of 10 J. The surface of UVA-activated samples is directly
placed onto ATR crystal. FTIR spectra are recorded over accumulation
of 8 scans at resolution 4 cm−1, at range of 4000 cm−1 to 600 cm−1.
Spectra are collected on every 1 min for a total of 30 min post-UVA ac-
tivation. Diazoalkane absorbance values (~2090 cm−1) for all TPD com-
pounds are collected in triplicates and the average absorbances are
plotted against time. All the spectra are compared (neat/UVA-activated)
and curve-fitted to first order decay equation in OriginPro 2016
software.

3. Results

3.1. 19F NMR analysis of TPD compounds

TPDmolecules are deliberately chosen as diazirine precursors due to
the stabilizing effect of the aromatic ring and electron-withdrawing –
CF3 group [6]. Alkyl-diazirines are not included due to their propensity
for intramolecular side reactions [11]. TPD compounds with ‘handles’
(functional groups on para positions) are chosen with respect to those
utilized in biochemical conjugation, such as Michael addition of TPD–
CH2Br onto pendant –NH2 groups [9] or ester conjugation of diazirines
with either –COOH or –OH [16]. The formation and stability of interme-
diates generated from TPDs with 3 different functional groups (Scheme
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1) is compared to TPD-H, as control. 19F NMR results of TPDs (1–4; re-
ferred to as dilute further in text) in Fig. 1A–D (left column) indicate a
singlet diazirinepeak at−65ppmandnopresence of diazoalkane inter-
mediate that is normally positioned at−56 to−59 ppm [30] (1H NMR
spectra and peak assignment with exact values of chemical shifts are
presented in Supplementary information; Fig. S1). All 19F NMR signals
are referenced to 0.1% hexafluorobenzene (δ = −161.6 ppm, internal
standard) [31]. Spectrum of dilute 1 shows the ~5% of azine adduct
(judging from the integral values at −67.1 ppm Fig. 1A; left) and TPD
2 shows a doublet peak at −76.4 ppm (inset; Fig. 1B; left) assigned to
ether adduct as a results of carbene insertion into –OH group of 2 [30].
Carbenes are known to react readily with alcohols by –OH insertion
Fig. 1. 19F NMR spectra of dilute (left column) and UVA-activated (10 J; right column) TPD
corresponding peak integrals (I) calculated by taking HFB peak as reference are shown in each
[22] and the detection of ether dimer (or oligomer) is likely a conse-
quence of exposure of 2 to ambient light [24]. Similar adduct is observed
for TPD 3where the ester peak is detected at−75.9 ppm. TPD 4 displays
the diazirine peak without any adducts (Fig. 1C, D; left).

TPD solutions in CDCl3 (within 5 mm NMR tubes) are irradiated at
10 J UVA and vortexed prior to NMR analysis. 19F NMR spectra of UVA
activated 1–4 recordedwithin 10min (Fig. 1A–D; right) show reduction
of diazirine peak integral and the appearance of diazolkane at−57.2 to
−57.3 ppm; the 19F NMR spectra of TPDs 30min after UVA (not shown)
had no change in chemical shifts (Fig. 1A–D; right). Apart from
diazoalkane and diazirine peaks (still persistent 30 min after UVA acti-
vation) there are other trifluoro phenyl molecular species such: azines,
s with chemical shifts (δppm) for diazirine (−65 ppm) and diazoalkanes (−57 ppm);
spectrum: (A) 1 TPD-H; (B) 2 TPD-CH2OH; (C) 3 TPD-COOH; (D) 4 TPD-CH2Br.



Table 1
Calculated concentration changesmeasuredwith 19FNMRof TPD (1–4) diazoalkanea anddiazirineb peaks normalized to dilute compounds and expressed inpercentages for UVA activated
TPDs and for TPDs 30 min upon UVA (10 J)c.

NMR shifts (ppm) Functional group 1 (%) 2 (%) 3 (%) 4 (%)

UVA 30 min UVA 30 min UVA 30 min UVA 30 min

−57.2/−57.3 Diazoalkane 100 97.8 100 95.6 100 97.5 100 80.0
−65.1/−65.2 Diazirine 65.7 65.2 40.6 40.4 67.9 69.5 61.7 56.3

a Diazoalkane decay (%) = ([DA]30min/[DA]UVA) × 100; [DA]30min is concentration of diazoalkane measured 30 min upon UVA activation; [DA]UVA is concentration of diazoalkane mea-
sured immediately after UVA activation.

b Diazirine decay (%) immediately after UVA= ([DZ]UVA/[DZ]neat) × 100; Diazirine decay (%) 30min after UVA= ([DZ]30min/[DZ]neat) × 100; [DZ]UVA, [DZ]neat and [DZ]30min are diazirine
concentrations measured immediately after UVA activation, dilute compound and 30 min after UVA activation respectively.

c The calculated concentration values from 19F NMR integration are shown in Supplementary information, Table S1.
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ketones, alcohols, chlorides, ethers and esters. The full account on the
identification, peak assignment, and concentration of TPDs detected in
19F NMR spectra for: dilute, UVA activated, and 30 min post-activation
samples are presented in Supplementary information (Fig. S2;
Table S1).

Overall TPD concentration after UVA exposure drops by 20%, 35%,
20% and 25% for 1, 2, 3 and 4, respectively (Table S1). This concentration
reduction is a result of either precipitation (not visually observed) or
carbene insertion onto Si-OH of glass NMR tubes [29]. TPDs form stable
diazoalkanes in the range of 6.1–6.8% as a result of conversion from
diazirine under the given parameters (Table S1). Results in Table 1
show the stability of remained diazirine 30 min after exposure to UVA
light where the highest rate of diazirine decay (−5.4%) is recorded for
4 while diazirine groups of 1 and 2 decay is <1%. Increase in diazirine
Fig. 2. FTIR spectra of
19F NMRpeak for+1.6% is recorded for TPD 3 and is attributed to exper-
imental error, reverse photoisomerization, or both. Regarding the
diazoalkane decay Table 1 displays the persistence/stability in the
order of: 1 > 3 > 2 > 4; diazoalkane peak integral of 1 decreases only
for −2.2% while the same peak (−57.2 ppm) of 4 decreases for
−20.0% within 30 min upon UVA activation.

There is a clear correlation between carbene/diazoalkane ratios and
para substituents that can be exploited (Table S2). Electron-donating
groups promote carbene formation (2, carbene ratio/diazoalkane =
6:1) while electron-withdrawing groups (3) show lower carbene/
diazoalkane ratio = 3:1. Weak electron-donating groups show moder-
ate carbene/diazoalkane ratio = 4:1 in a case of 1 and 4 (Table S2).
The electronic effect of para substituent on the rate of chemical reac-
tions in general is determined by Hammett substituent constant.
neat TPDs (1–4).



Fig. 3.Diazoalkane detection and decay kinetics of TPD-H (1): (A) FTIR spectrumbefore (top) and after UVA exposure at 10 J (bottom); (B) absorbance readings at peak 2089 cm−1 vs time
post-UVA activation (standard deviation range is indicated in grey; n = 3).
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Decrease of carbene/diazoalkane ratio: 2> 4> 3 correlates to values of
Hammett constants: 0.11, 0.14 and 0.45 for 2, 4 and 3 respectively
(Hammett constant = 0 for reference compound TPD-H) [32]. Note
that above interpreted results are limited to TPDs under dissolved con-
dition in deuterated chloroform.
3.2. Solvent-free ATR-FTIR analysis: diazoalkane decay kinetics profile of
TPD compounds

Solvent-free TPDs are analysed with ATR-FTIR spectroscopy and the
measured spectral region for 1–4 is presented in Fig. 2. Similar to other
trifluoromethyl-phenyl compounds (i.e. trifluoromethyl benzoic acid)
the –CF3 group of analysed TPDs shows strong band from symmetric
stretching at ~1140 cm−1 region [33]. The diazirine ring itself is ex-
pected to be found near 1630 cm−1, but this symmetric band is weak.
Peak at 1631 cm−1 is assigned to N_N [34] while 1610 cm−1 and
1344 cm−1 are assigned to the C\\N bond. The distinctive peak at
938 cm−1 originates from out-of-plane bending vibrations of phenyl
ring, and exploited as a peak height reference [35]. TPD 2 shows broad
–OH peak centred at 3400 cm−1; –OH peak from –COOH group of 2 is
in the region of 2200–3200 cm−1 along with the strong characteristic
carbonyl peak at 1686 cm−1. Spectrum of 4 aligns with 1 because\\Br
peak is normally found below 600 cm−1 which is outside of the mea-
surement range.

Liquid TPD compounds are activated with a total dose of 10 J·cm−2

in order to avoid thermal activation they may occur under prolonged
exposure (10 MJ under Hg lamp) [36]. FTIR spectra are collected from
the sample surface within 5 min after UVA activation and are normal-
ized for comparison (Figs. 3A–6A). Real-time FTIR analysis observes
diazoalkane decay after irradiation. Diazoalkane decay is then evaluated
Table 2
FTIR absorbance values of neat 1–4 TPDs.

FTIR peak cm−1 Functional group Onset absorbance values

1 2 3

2090–2098 Diazoalkane 0 0.0028 0.02
1630–1634 Diazirine 0.0241 0.0349 0.09
1338–1344 C-N 0.1851 0.2337 0.32
1125–1151 CF3 0.7247 0.7726 1.06
937–967 Phenyl 0.3145 0.4396 0.48

a Normalized absorbance ratio (Adiazirine1/norm ) for compound 1 = Adiazirine
1 /Aphenyl1 = 0.0241/0.314
for first order kinetics up to 30 min (Figs. 3B–6B) [17]. Raw datasets
(n = 3) are shown in Supplementary information (Fig. S3).

The relative change of absorbance assigned to diazirine (N=N;
1630 cm−1) is also recorded, by the weak signal that will come with a
high degree of error due to stronger neighbouring peaks. Numerical
values of both peaks (diazirine and diazoalkane) along with C\\N
stretching vibration (1130 cm−1) before and after UVA activation are
displayed in Tables 2 and 3 respectively. Major absorbance peaks are
normalized against the aromatic C\\H (937–967 cm−1; Tables 2 and
3) [35] and –CF3 as an alternative (Tables S3 and S4) [34]. Exact values
of absorbances are listed in Fig. S4. Upon UVA exposure, all samples dis-
play the reduction of diazirine absorbance at 1630 cm−1, and there is an
obvious appearance of 2090 cm−1 broad peak assigned to diazoalkane
(Figs. 3–6A; Tables 2 and 3) [37]. This is consistent with expected
carbene vs diazoalkane formation; carbene is not detected in FTIR be-
cause of its nanosecond lifetime [20].

No diazoalkane peaks are observed in dilute TPDs by 19F NMR
(Fig. 1), but ATR-FTIR detects weak peaks at 2090 cm−1 (Fig. S4) for
neat 2–4. Absorbance values after UVA activation are presented in
Table 3. TPDs 1 and 4 show diazirine decay (1630 cm−1; Table 3)
while 2 and 3 show an increase of 1.5% and 19.1% (respectively) after
UVA activation. Diazirine peak overlaps with C\\N peak at 1610 cm−1

that is also subject to transformation during the activation with UVA
light. The peak overlap accounts for the observed increase.

The lowest absorbance value at 2090 cm−1 is recorded for 1 (Fig. 3A;
Table 3) and a 32% decay over 30min is shown in Fig. 3B. TPD 2 has the
strongest diazoalkane peak (Fig. 4A; Table 3; Fig. S3). The diazoalkane
absorbance value of 2 drops only 1.9% after 30 min as displayed in
Fig. 4B. The absorbance of broad –OH peak (3300 cm−1) decreased by
11% (Fig. S5A) after absorbing UVA light. This is attributed to carbene in-
sertion onto para-positioned –CH2–OH [22]. Although compound 3
Normalized absorbance ratio
w.r.t. phenyl peaka

4 1 2 3 4

67 0.0010 0 0.0064 0.0556 0.0023
81 0.0380 0.0766 0.0793 0.2043 0.0887
55 0.2190 0.5885 0.5316 0.6778 0.5114

0.7361 2.3043 1.7575 2.2074 1.7191
02 0.4282 1 1 1 1

5 = 0.0766.



Table 3
FTIR spectra ofUVA-activated1–4 TPDs immediately afterUVAexposure; % indicate increase/decrease (+/−) innormalized ratios calculated⁎ against untreated TPDs (outlined in Table 2).

FTIR peak cm−1 Functional group Onset absorbance values Normalized absorbance ratio, w.r.t. phenyl peak⁎

1 2 3 4 1 2 3 4

2090–2095 Diazoalkanea 0.0147 0.0823 0.0417 0.0397 0.0335 (+100%) 0.2140 (+97.0%) 0.1883 (+76.1%) 0.1025 (+97.7%)
1630–1634 Diazirineb 0.0127 0.0310 0.0539 0.0176 0.0290 (−62.1%) 0.0806 (+1.5%) 0.2433 (+19.1%) 0.0454 (−48.8%)
1339–1343 C-Nc 0.1981 0.2342 0.1066 0.0965 0.4520 (−23.2%) 0.6091 (+14.6%) 0.4813 (−29.0%) 0.2491 (−51.3%)
1121–1151 CF3 0.6430 0.6130 0.3946 0.6946 1.4670 1.5943 1.7815 1.7930
937–967 Phenyl 0.4383 0.3845 0.2215 0.3874 1 1 1 1

a Diazoalkane concentration change (%) for 2 = [(Adiazo2/norm UVA − Adiazo
2/norm Neat) / Adiazo2/norm UVA] × 100 = [(0.214 − 0.0064) / 0.214] × 100 = 97.0%.

b Diazirine concentration change (%) for 4 = [(Adiazirine4/norm UVA − Adiazirine
4/norm Neat) / Adiazirine4/norm Neat] × 100 = [(0.0454 − 0.0887) / 0.0887] × 100 = −48.8%.

c Change in concentration of C\\N bonds (%) for 3 = [(AC−N
3/norm UVA − AC−N

3/norm Neat) / AC−N
3/norm Neat] × 100 = [(0.4813 − 0.6778) / 0.6778] × 100 = −29.0%.
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shows intermediate concentration of diazoalkane within minutes after
absorbing UVA dose (Table 3), Fig. 5A indicates reduction of carbonyl
peak at 1686 cm−1. Similar to 2, compound 3 results in more pro-
nounced reduction of carboxyl –OH group as the UVA activation caused
a decrease in absorbance of characteristic broad peak at
2200–3200 cm−1 [38] down to 37.9% in comparison to neat 3 as a con-
sequence of carbene insertion (Fig. S5B). This result is in line with 19F
NMR analysis where both ether and ester bonds (for 2 and 3 respec-
tively) are detected (Fig. S2; Table S1). The concentration of diazoalkane
from 3 first increases within 5min post-UVA and later results with only
0.7% of diazoalkane decay after 30 min (Fig. 5B). TPD 4 has a relatively
smaller diazoalkane concentration in comparison to 3 (Fig. 6A;
Table 3), however Fig. 6B shows diazoalkane decay of 57.6% after
30 min. FTIR spectrum of 4 (Fig. 6A) reveals a new peak at 1719 cm−1

characteristic to >C=O from ketone group [39]. The hypothesized ex-
planation is that bromomethyl undergoes autoxidation sequence. Pri-
mary carbon radical forms a peroxide bridge that yields two
benzaldehyde equivalents under photooxidation [40]. Benzaldehyde re-
acts exothermically with diazoalkane, forming the ketone (1716 cm−1

peak) as predicted by the Büchner–Curtius–Schlotterbeck reaction
[41]. Ketone by-product is also identified with 19F NMR (Fig. S2) in all
UVA-activated TPDs with the highest concentration of trifluoromethyl
phenyl ketone (−71.3 to −71.6 ppm) detected for TPD-CH2Br
(Table S1).

In summary, from the highest to the lowest diazoalkane formation,
analysed TPD compounds follow the order of 1 > 4 > 2 > 3 judging
from the absorbance increase at 2090 cm−1 measured immediately
after exposure to UVA (Fig. S4; Table 3). Over the course of 30 min
post-UVA activation, the IR absorbance peaks are still detected with
the decrease of diazoalkane absorbance values of: −2.0%, −2.1%,
−32.7% and−71.1% for 3, 2, 1 and 4 respectively (Figs. 3–6). This result
proportionally represents relative diazoalkane persistence/stability in
Fig. 4.Diazoalkane detection and decay kinetics of TPD-CH2OH(2): (A) FTIR spectrumbefore (to
time post-UVA activation (standard deviation range is indicated in grey; n = 3).
the order of 3> 2> 1> 4. As there are no solvents present in these com-
pounds during the experiment, this persistence of diazoalkane indicates
that as long as there are no reaction sites in reaction proximity (i.e. so-
lutions/mixtures) diazoalkanes from TPDs may remain stable for past
30 min. The data in Figs. 3–6B are fitted according to the first order ex-
ponential decay equation ABS(t) = ABS0 + ABS30 ∗ exp(−t / τ) + and
the values are shown in Table S5. Compounds 1, 2, 3 show relatively
weak correlation towards the first order exponential decay with
R < 0.99. Compound 4 shows strong correlation with exponential
decay (R2 = 0.99, Fig. 6B) with a half-life of 11 min and rate constant
(k) of 0.00103 s−1.

4. Discussion

Diazoalkane formation and decay has been quantified as a function
of TPD para-substituents with biochemical ‘handle’ applicability; –
CH2OH (2), –COOH (3) and – CH2Br (4). 19F NMR analysis exploited
the –CF3 functional group and provided quantitative insight into the
various reaction products of intermolecular reactions and carbene/
diazoalkane ratios initiated by a 10 J of UVA light. TPD evaluation by
ATR-FTIR spectroscopy allowed rapid preparation and real-time record-
ing of diazoalkane decaywithin a neat environment that avoids solvent/
carbene cross-reactions. Both spectroscopic methods show that TPD-
generated diazoalkanes have relatively long half-lives. This opens pros-
pects for diazoalkane generation on-demand under relatively low UVA
intensities, although this is limited to the TPD scaffolds. In situ formation
of diazoalkanes is a sought-after technique to avoid the hazardous risks
of its synthesis and storage [42]. Amethod is also presented to calculate
the ratios of carbene/diazoalkane through indirect means, with the ra-
tios spanning from 6:1 to 3:1. Presented straightforward ratio calcula-
tion is possible with simple benchtop NMR instruments and doesn't
require ultrafast spectroscopy or carbon allotrope additives that may
p) and afterUVA exposure at 10 J (bottom); (B) absorbance readings at peak2090 cm−1 vs



Fig. 5.Diazoalkane detection and decay kinetics of TPD-COOH (3): (A) FTIR spectrum before (top) and after UVA exposure at 10 J (bottom); (B) absorbance readings at peak 2095 cm−1 vs
time post-UVA activation (standard deviation range is indicated in grey; n = 3).
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alter the reactive environment [23,43]. In terms of diazoalkane decay,
only TPD-CH2Br demonstrated repeatable first order decay with forma-
tion of FTIR peaks attributed to ketones. We speculate diazoalkane is
reacting with autooxidation products reminiscent of Büchner–Cur-
tius–Schlotterbeck reactions, known to form ketones [41]. Other TPD-
diazoalkanes had weak correlations with respect to first order decay ki-
netics and were otherwise stable over the 0.5 h evaluation period.

Towards photoaffinity labelling, the results herein display how 19F
NMR or solid state FTIR spectroscopy could optimize specific labelling
of amino acids (Glu, Asp) by diazoalkane or non-specific labelling
through carbene [3]. TPD-COOH had the highest efficiency of
diazoalkane formed and would be predicted to give the highest ratio
of specific labelling to nucleophilic amino acids of Glu, Asp, and Lys.
TPD-CH2OH had the highest efficiency of carbenes, would be predicted
to give the highest ratio of non-specific labelling through C\\H, O\\H,
N\\H, and S\\H insertion mechanisms. However, carbene/diazoalkane
ratios are likely to dependonmany factorswithin the chemical environ-
ment. Ratios and efficiency are important in other contexts as well, in-
cluding cyclopropenation of alkynes where the use of diazoalkanes
eliminates catalysis with precious metals [44]. Our paper reports that
once generated, the TPD-diazoalkanes decay only 2.5% over the period
of 30 min under ambient conditions for selected groups in para-
position of TPDs.

Three out of the four TPDsmerit further studies for further investiga-
tion of polymerization. TPD-CH2OH and TPD-COOH observed an instan-
taneous drop (11% and 38%, respectively) in the nucleophilic para-
Fig. 6.Diazoalkane detection and decay kinetics of TPD-CH2Br (4): (A) FTIR spectrum before (to
time post-UVA activation (standard deviation range is indicated in grey; n = 3).
substituents, suggesting UVA dosemay correlate with the degree of po-
lymerization. 19F NMR analysis also confirmed formation of ether and
ester bonds (for TPD-CH2OH and TPD-COOH respectively) which sup-
port applications where intermolecular reactions by carbene insertion
are needed. Simultaneous photooxidation (-CH2Br to -aldehyde) and
photoisomerization in TPD-CH2Br may be a promising new route for
polyketones. Further mass spectrometry analysis is recommended in
order to determine the size and number of ether/ester crosslinking
points. Previous investigations of oligomeric diazirines required rela-
tively large light doses of 10 MJ in perfluorinated solvents [36]. In con-
trast, the 10 J dose chosen herein is more in line with UVA energy
used to crosslink diazirine-grafted surgical adhesives and to avoid tissue
damage [2,3].

With the inherent TPD properties of cross-linking amino acids and
monomer polymerization, stimuli-responsive biomaterials are under-
way. Grafting TPDs onto biocompatible polymers is an emerging
bioadhesives strategy to overcome limitations with acrylates and two-
part adhesives [3,45–47]. In this tissue adhesive platform, diazirine
end-groups covalently anchor onto tissues upon voltage or UVA activa-
tion of 10–20 J and therefore enable tissue proximation in surgical pro-
cedures. Voltage activation differs from photocuring, as no diazoalkane
intermediates are observed (similar to thermocuring) [48]. Simulta-
neously, carbene-inserted crosslinked polymer matrix provides elasto-
meric layer that is biomechanically compatible with tissue interfaces
[3,49]. This emerging strategy may benefit from the presence of
diazoalkane, in terms of extended times for surgical interventions. The
p) and after UVA exposure at 10 J (bottom); (B) absorbance readings at peak 2091 cm−1 vs
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extended half-life of diazoalkane may be leveraged for alternative
designs.

Pendant side groups are one of many factors that can shift the pho-
tolysis of diazirine and generation of diazoalkane. Generally, the posi-
tion of diazoalkane band is correlated to the density of hydrogen bond
donor [50]. The detection of diazoalkane peak wavenumbers are differ-
ent from several previous studies and those are in the range of
2020–2135 cm−1 [17]. Care should be taken to distinguish diazonium
salts (characteristic band between 2245 and 2280 cm−1 [51–53])
from diazoalkane that in some cases could exist in equilibrium. Diazo-
to-diazonium equilibrium generally occurs in protic solvents [4] unlike
the experimental conditions reported in this paper (neat and dilute
TPDs). TPDs have shown a narrow range for diazoalkane
(2090–2098 cm−1) with persistence that varies from 2% up to 71%
decay over the period of 30min. Regarding the potential presence of di-
azonium species, it should be noted that the highest shift from2090 cm1

absorbance towards diazonium resonance was recorded for TPD-COOH
at 2095 cm−1. Another important conclusion is the noted absence of
peaks characteristic to toxic species such as hydrofluoric acid (HF,
−198 ppm) [54] or fluoroform (CHCF3,−79.5 ppm) [55]. This is partic-
ularly important for diazirine-grafted macromolecular surgical adhe-
sives [3].

5. Conclusion

Aryl-diazirines with three grafting handles in para position were
analysed for formation and decay kinetics of the diazoalkane intermedi-
ate generated by UVA activation. Both NMR (solution) and ATR-FTIR
(neat) spectroscopy analysis of aryl-diazirines revealed that decay ki-
netics of UVA-generated diazoalkane intermediates and their stability
depend on the nature of chemical substituents within diazirine mole-
cules as well as the chemical environment in which diazirine activation
occurs: solution and neat compounds. For the first time we report the
stability and conversion efficiency of diazoalkane intermediates in
neat and diluted states. Quantitative determination of various
diazoalkanes gives insight into their ambient stability towards
photoaffinity labelling, organic synthesis, and bioadhesive applications.
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