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ABSTRACT: A nitrosamine photooxidation reaction is shown to generate a peroxy R Tracer Studies
intermediate by experimental physical-organic methods. The irradiation of phenyl and | _ /rlq\N o
methyl-substituted nitrosamines in the presence of isotopically labeled 18-oxygen revealed el

that an O atom was trapped from a peroxy intermediate to trimethylphosphite or . =

triphenylphosphine, or by nitrosamine itself, forming two moles of nitramine. The
unstable peroxy intermediate can be trapped at low temperature in postphotolyzed
solution in the dark. Chemiluminescence was also observed upon thermal decomposition
of the peroxy intermediate, that is, when a postphotolysis low-temperature solution is

hv | |

brought up to room temperature. A DFT study provides tentative information for cyclic

nitrogen peroxide species on the reaction surface.

1. INTRODUCTION

Nitrosamines are carcinogenic substances, but current research
can look beyond their known role as biological alkylating
agents.l Nitrosamine studies have focused on sunlight
.2 .3 . 45
photolysis,” Fenton reactions,” or treatment with ozone,
hydroxyl radicals, or hydrated electrons®’ that lead to amines

via denitrosation (ie., loss of NO®) (Figure 1).%’
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Figure 1. Nitrosamine photodenitrosation and formation of amines
and imines; the latter is involved in a rebound reaction to abstract H at
the a-C—H group. This result is from previous literature (refs 14 and
15).

Except for a paper in 2015,"° there is no previous literature
that describes distinct photochemistry of nitrosamines in the
presence of oxygen. Figure 2 shows a reaction from the 2015
paper'® of an internal nitrosamine-to-molecular oxygen '*O
scrambling reaction (in general, oxygen isotopes can aid in
studying mechanisms for reactive intermediates that are difficult
to isolate” ™), but there is a need for determining whether
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Figure 2. An O atom from an incoming O, can displace the nitroso O
and generate the same compound but with an '®O label. This result is
from previous literature (ref 10).

external O atom transfer and trapping reactions occur in
nitrosamine photooxidations.

The 2015 paper was a preliminary study'’ that implied the
existence of a peroxy intermediate, but no O atom transfer to
trapping compounds was noted. In the current study, we
hypothesized that oxygen isotopes and trapping reactions will
demonstrate the formation of a peroxy intermediate in
nitrosamine photooxidation. The specific aim of the current
research was to determine whether O-transfer arises from
intermediates generated in the UV photolysis of nitrosamines.
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Figure 3. New results showing oxygen atom is incorporated into nitrosamines 1 and 2, or is transferred to form nitramine products 3 and 4. A
doubly '80-labeled nitramine [R*R'NN(="%0)'®0] was not observed. The O-transfer chemistry results from the intermediacy of a peroxy species,

where the radicals also produce products, including amines § and 6.
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Figure 4. New proposed mechanism where (A) O, adds to excited state nitrosamine to form a peroxy intermediate. The peroxy intermediate
transfers an oxygen atom to a phosphite trap or phosphine trap or into nitrosamine and forms the nitramine product or can release dioxygen with
180-label scrambling. (B) An excited nitrosamine leads to the loss of NO® and forms an amine product in a competitive process with path A.

Previous literature of the anaerobic photochemistry of
nitrosamines can be summarized in 4 points (i) literature was
focused on NO® expulsion reactions."' ™’ Early nitrosamine
photochemistry work can be traced back to Chow et al."' ™'
who used N,-degassed conditions. (ii) Anaerobic conditions
yielded aminyl radicals from the photolysis of aliphatic
nitrosamines. (iii) Flash photolysis and ESR studies of aliphatic
nitrosamines under anaerobic conditions were reported, where
the absence of O, gave a clearer view of R;N* and NO*
radicals."' ~"* (iv) Imines are also known to arise from the H
atom abstraction of a-C—H groups in a rebound reaction by
the aminyl radical, R,N°®. We view Chow’s nitrosamine
photochemistry under anaerobic conditions as a forerunner to
our nitrosamine photooxidation work described in this report.
To reiterate, O-transfer processes such as trapping and the
generation of nitramines 3 and 4 have not been reported.

In the current study, we report the first trapping of a peroxy
intermediate in nitrosamine photooxidation. A peroxy oxygen is
diverted to substrate in a self-oxidation to give nitramines 3 and
4 (Figures 3). As we will see, flowing '®0, gas in and tracing
'80-labeled compounds out offer new mechanistic insights.
Phosphite and phosphine traps for O atom transfer along with
chemiluminescence data, and DFT calculations have also
provided insight. Evidence has been collected that supports
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the mechanism depicted in Figure 4A for peroxy intermediate
formation and in Figure 4B for aminyl radical formation.

2. METHODS

Reagents and Instrumentation. N,N-Diphenylnitrous
amide 1, N-methyl-N-phenylnitrous amide 2, diphenylamine
5, N-methylaniline 6, trimethylphosphite, trimethylphosphate,
triphenylphosphine, CH;CN, CD;CN, CHCIl;, CDCI,, toluene,
and 0, gas (99% '80) were purchased from commercial
suppliers. Caution is required because nitrosamines are
carcinogenic. Nitrosamines 1 or 2 were irradiated with a pair
of 400 W metal halide lamps (4 > 280 nm) or with a 254 nm
UV pen light (Heraeus UV lamp). Electrospray ionization mass
data were collected in a positive ion mode with direct sample
introduction to the instrument. MS/MS data were collected
using a mass spectrometer and an electrospray ionization
tandem unit equipped with an LCI18-S column. HPLC/MS
data were collected using a C18 column (150 mm X 3.9 mm)
in 90% acetonitrile in water, UV—visible detection at 280 nm,
+ESI detector, and a fragment voltage of 175. MassLynx 1.4
software™ allowed the calculation of isotopomers and their
natural abundance. A GC/MS instrument was also used. Proton
NMR spectra were collected at 400 MHz.

Synthesis of N,N-Diphenylnitramide 3. Compound 3

was synthesized from diphenylamine using the procedure of
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Daszkiewicz et al.>' Structural identification of 3 was carried out
by IR, NMR, and mass spectroscopy, and the HPLC data
indicated a purity of 98%. HRMS (+ESI) calcd for C;,H;;N,0,
= 215.0821, obtained m/z = 215.0820. IR (neat): 875 cm™’
(N—O stretch), 1285, 1529 cm™" (NO, stretching frequencies),
2880, 2941, 2970 cm™" (aliphatic C—H stretching vibrations).
'H NMR (400 MHz, CD;CN) & 7.49—7.51 (m, 8H), 7.43—
7.46 (m, 2H).

Photooxygen Exchange and Transfer Reactions.
Nitrosamines 1 or 2 were irradiated under O, saturation. A
typical experiment contained nitrosamines 1 or 2 (1 mM) in 1
mL of '80,-saturated CHCl,;, CDCl;, or CH;CN in a vial (3
mL) or an NMR tube at 25 °C. The results were the same
using chloroform or acetonitrile solutions. Two different
methods were used to sparge solutions with *0,. Condition
A: Liquid N, was used to freeze and thaw solutions while under
vacuum, after which a connection was made to the %0,
cylinder, and the system was sealed during irradiation.
Condition B: Solutions were flushed with N,, followed by
180,. Samples were typically irradiated for 1 h and flushed again
with 80, gas after 30 min periods.

'80-Labeled and Unlabeled N,N-Diphenylnitrous
Amide (1) and N,N-Diphenylnitramide (3), and Diphe-
nylamine (5). MS/MS peaks showed 1 (m/z = 199) and '*O-
labeled 1 (m/z = 201) both at 24.69 min, 3 (m/z = 215) and
80-exchanged 3 (m/z = 217) at 25.53 min, and Ph,NH 5 (m/
z = 170) at 26.51 min. HPLC/MS: t; = 5.49 min; HRMS
(+ESI) caled unlabeled C,,H;;N,O 1 = 199.0871, found
199.0872; calcd for labeled C,,H;;N,'®0 1 = 201.0938, found
201.0958. HRMS (+ESI) calcd unlabeled C;,H;;N,0, 3 =
215.0821, found 215.0820; calcd for labeled C,,H,;N,'*0'°0 3
217.0876, found 217.0929. We previously reported the
detection of '®O-labeled nitrosamine 1 and Ph,NH 5.

'80-Labeled and Unlabeled N,N-Methyl-N-phenylni-
trous Amide (2) and N-Methylaniline, N-Methyl-N-
phenylnitramide (4), and N-Methylaniline (6). MS/MS
spectra show peaks for 2 (m/z = 137) and '*O-labeled 2 (m/z
= 139) at 12.69 min, 4 (m/z = 153) and '*O-labeled 4 (m/z =
155) at 13.94 min, and 6 (m/z = 108) at 4.81 min. HPLC/MS:
tr = 3.92 min; HRMS (+ESI) calcd unlabeled C,HyN,O 2 =
137.0715, found 137.0724; calcd for labeled C,H,N,'®0 2 =
139.0757, found 139.0755. We previously reported the
detection of '®0-labeled nitrosamine 2 and methylaniline 6."°

Detection of Diphenylanthracene (DPA) Endoper-
oxides by Mass Spectrometry. Mass spectrometry analyses
of DPA endoperoxides were carried out in a UHR-APCI-Q-
TOF Bruker Daltonics MaXis 3G spectrometer (Bruker,
Billerica, MA, U.S.A.) coupled to a 1200 Shimadzu HPLC
system CBM-20A (Tokyo, Japan). DPA'0O,, DPA'®0,, and
DPA'O'™0 were detected using an Atmospheric Pressure
Chemical Ionization (APCI) source in the positive mode.
Supelcosil (5 yum C18 150 X 4.6 mm i.d) column was used at
25 °C with solvent A (0.1% formic acid) and solvent B
(acetonitrile) with a flow rate of 0.8 mL/min. The linear
gradient used was as follows: 30% B at 0 min, 100% B at 10
min, 100% B at 20 min, 30% B at 22 min, 30% B at 30 min. The
APCI conditions were the following: capillary, 4.5 kV; corona,
3.5 kV; end plate, S00 V, dry heater, 180 °C; APCI heater, 300
°C, nebulizer 2.5 bar, dry gas, 5.0 L/min. Nitrogen was used as
collision gas, and collision energy used for all precursor ions
was 10 eV.
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In Situ Trapping Reactions with Trimethylphosphite.
Trapping studies were conducted in 700 uL of O,-saturated
CDCl; of 1 (20—60 mM) containing various concentrations of
(MeO);P at 27 °C. %0, or '*0, gas was flushed through the
reaction mixtures prior to photolysis, and at 30 min intervals,
the samples were flushed again with 160, or 180, gas for 3 min.
Concentrations of (MeO);P and (MeQO);P=0 were deter-
mined by '"H NMR with added toluene as the internal standard.
HRMS (+ESI) calcd unlabeled C;H,,PO, = 141.0317, found
141.0311; caled labeled C,H,,P**0'"0, = 143.0359, found
143.0352.

Postphotolysis Trapping Reactions with Triphenyl-
phosphine. Nitrosamine 1 (1 mM) was irradiated with the
254 nm UV pen light inserted into a 5.9 mL O,-saturated
CH,Cl, solution for 30 min at —90 °C. By the end of the 30
min, the temperature had increased to —70 °C. Afterward, in
the dark, PPh; (0.5 mM) was added to the solution and stirred
for ~5 min, where Ph;P=0 was detected by GCMS. Biphenyl
was used as the internal standard.

Chemiluminescence Measurements. A 10 mL CH,Cl,
solution of nitrosamine 1 (4.8 mM) was irradiated for S min
inside a glass Corex tube using a UV pen light in solution at
—72 °C (dry ice and ethanol). A Teflon tube was inserted into
the solution for the bubbling of oxygen or nitrogen. The
samples were prepared in (i) O,-saturated CH,Cl,, (ii) N,-
saturated CH,Cl,, and (iii) O,-saturated CH,Cl, where 9,10-
diphenylanthracene (100 mM) was added to the reaction after
the photolysis. In the dark, immediately after the irradiation, the
tube was transferred to a cuvette holder inside the photon
counter system. The light emission was immediately recorded
using a FLSP 920 photon counter (Edinburgh Instruments,
Edinburgh, UK.) consisting of two UV—visible Hamamatsu
detectors R9110, maintained at —20 °C using a COIl
thermoelectric cooler also purchased from Edinburgh Instru-
ments. During the chemiluminescence measurement, the
temperature of the solution was increased from —72 to 22 °C.

Computational Details. All of the calculations were
performed with Gaussian 09 (revision D.01)** at the wb97x-
D functional® and the 6-311+G(d,p) basis set, on the singlet
surface in gas phase, and were visualized with GaussView 5.0.”*
For calculations involving nitrooxide species, the unrestricted
@b97x-D functional was used to account for its diradical nature.
Unrestricted functional was also used to calculate the radical
rearrangement. These levels of theory were used in our
previous study involving nitrosamine,'’ and have been shown
to work well in singlet oxygen calculations.”> Frequency
calculations were performed in order to confirm the natures
of all minima (all positive eigenvalues in the Hessian) and first-
order saddle points (one negative eigenvalue in the Hessian).
The first-order saddle points were verified with intrinsic
reaction coordinate calculations.*®”” For these DFT calcu-
lations, extra quadratic convergence for self-consistent field
method (scf = xqc) and ultrafine integral (int = grid = ultrafine)
facilitated the convergence of all geometries. For all the
calculations involving the unrestricted method, command
“guess = (mix,always)” was used for the broken symmetry
wave function. The energies provided are the sum of electronic
energy and thermal energy at 298.15 K. Time-dependent
density functional theory (TD-DFT) calculations of vertically
excited singlet (S;) and triplet states (T,) were carried out with
®b97x-D/6-311+G(d,p), using the optimized singlet ground
state (S,) structures of 1 and B. Because of potential triplet
(T,) instabilities,*® the TD-DFT calculations were used with
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the Tamm—Dancoff approximation (TDA).*” All diradical
compounds were calculated with triplet broken symmetry
solutions.

3. RESULTS AND DISCUSSION

Photolysis of Nitrosamines 1 and 2 in the Presence of
80, or '°0,. Table 1 shows that '®O was exchanged with 1

Table 1. Products Formed Upon UV Irradiation of
Nitrosamines 1 and 2 in the Presence of 0,

% yield of photoproducts for nitrosamine after 3-h irradiation “
nitramine
16, + 18, b
30-labeled (F0+70) percent
nitrosamine | pitrosamine ’31 amine conversion
2-NoE .0~ unidentified
R1 RN R! %)
ll\l and [e} 2/N\ products
R27SN R H
180 R’
N_*.0"
R2 N
180
Ph
lll 8+2 17+2
Ph” \w
O | [(M+2)+H] = 442 [M+H]" = 6+2 35+4
1
201 170
(m/z=199)
Ph 1243 284
N
Me” "N | [(M+2)+H] = 6+2 [M+H]" = 4+2 5042
o
2 139 108
(m/z=137)

“The concentration of nitrosamines 1 or 2 was § mM in 1 mL
CH;CN, where the products were detected by HPLC/MS. Errors are
shown as mean =+ standard deviation. Control experiments
demonstrate that H,'®O is inert to 1 and 2 in the presence of UV
light in CH,CN. “Based on the combined areas of peaks at [M + H]*
and [(M + 2) + H]". “Yields for *O-labeled nitrosamines and amines
were previously reported.'’

and 2, and introduced into nitramines 3 and 4. Figures 5—7
show the mass data of 1 and 2 following UV irradiation for 3 h.
The MS/MS peaks are shown in Figure S for 1 (m/z = 199)
and '80-labeled 1 (m/z = 201 [(M + 2) + H]*) both at 24.69
min, nitramine 3 (m/z = 215 (M + H)*) and *O-labeled
nitramine 3 (m/z = 217 [(M + 2) + H]") both at 25.53 min,
and Ph,NH § (m/z = 170 (M + H)*, 26.51 min). Figure 6
shows the MS/MS peaks of unlabeled 2 (m/z = 137 (M + H)*)
and '80-labeled 2 (m/z = 139 [(M + 2) + H]*) both at 12.69
min, nitramine 4 (m/z = 153 (M + H)*) and '80-labeled
nitramine 4 (m/z = 155 [(M + 2) + H]") both at 13.94 min,
and amine 6 (m/z = 108 (M + H)") at 4.81 min.

Our identification of nitramine 3 and amine 5 was also
assisted by comparative analyses using synthesized or
commercial samples; that is, spiking a synthesized sample of
nitramine 3 increased the m/z = 215.0820 peak at 5.32 min,
and spiking a commercial sample Ph,NH § increased the m/z =
170.0963 peak at 5.71 min. It is worth noting that our mass
determinations do not prove the structures. For example, a
conceivable rearrangement pathway is from the diphenylaminyl
radical to the biphenyl-2-aminyl radical. However, DFT
calculations indicate a high barrier process AH* = 61.9 kcal/
mol (Figures S2 and S3, Supporting Information) and offer an
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explanation as to why the byproduct biphenyl-2-amine was not
detected in the reaction. We note that our interpretation of
reaction mixtures containing peroxide type compounds can be
problematic because of possible rearrangements and reactions
during ionization/spray processes while acquiring mass
spectrometry data.

In the reaction mixture, amines were formed in 17—28%
yields, as well as 4—6% of unidentified products. As 'O is
exchanged in 1, '%O="0 gas is expelled into the solution as
we will see next.

Photolysis of Nitrosamine 1 with '®0, Gas and
Trapping of Expelled '*0="80 Gas. The photolysis of 1
(S mM) was carried out in CH,Cl, presaturated with '*O, gas
at =72 °C in a sealed 4 mL quartz tube (diameter 1 cm). Some
residual '°0, remained. A UV pen-light was used in an inner
glass tube. After photolysis, the solution was brought up to a
room temperature of 22 °C, and 9,10-diphenylanthracene
(DPA, 5 mM) was added to the inside of the sealed quartz
tube. Using a reported technique,** molecular oxygen ('*0,,
160="%0 and '°0,) in the solution was trapped by irradiating
with a 500 W tungsten lamp for 90 min where the DPA
sensitized the formation of double labeled, mono labeled, and
unlabeled singlet oxygen, detected as the DPA endoperoxides
(DPA'0'"0, DPA'S0'®0, and DPA0™0). Figure 7 shows
the HPLC traces and mass spectra of DPA0'%0, DPA'°0**0,
and DPA'®0'"®0. Figure S4 (Supporting Information) shows
the product ion mass spectrometry data for the DPA'®0'0,
DPA'0'®0, and DPA®*0'0 endoperoxides.

Trapping of a Peroxy Intermediate with Trimethyl-
phosphite [(MeO);P] in Situ. A plausible explanation for the
generation of nitramines 3 and 4 is that the peroxy intermediate
transfers an O atom to nitrosamines 1 and 2. Thus, O atom
transfer of the peroxy intermediate to trapping agents
trimethylphosphite, (MeO);P, and triphenylphosphine, Ph,P,
were investigated next. Phosphites have been reported as in situ
trapping agents for heteroatom and hydrocarbon perox-
ides.**~*® Thus, we hypothesized that O-transfer of the peroxy
intermediate to (MeO);P will occur in the photoreaction of 1,
as we observe. The photolysis of 1 with (MeO),P and '*O, led
to '80-labeled phosphate [(MeQ),;P="40], indicating that the
oxygen atom transferred to phosphite originated from '*0,.
Table 2 shows that the O atom transfer was dependent on the
concentration of (MeO),P but not 1. That is, the yield of
(MeO),P=0 increased from 1.5 to 7.5 mM when the initial
(MeO);P concentration increased from 20 to 60 mM. In
contrast, the formation of (MeQ);P=0 remained constant at
~1.3—1.5 mM when the concentration of 1 increased from 20
to 60 mM. Trimethylphosphite is capable of trapping the
peroxy intermediate and is relatively unreactive to the
nitrosamine and oxygen reagents as well as the nitramine
product. Control experiments showed that the yield of
(MeQ);P=0 was 7-fold greater in the photoreaction of 1
with O, compared to a thermal reaction of (MeO)P with
nitramine 3 after 1 h. Similarly, a literature report showed that a
nitro compound was reduced to a nitroso compound with
triethylphosphite.*” The results of other control reactions also
demonstrate that (i) the photolysis of (MeO),P itself with O,
did not form (MeQ);P=0 (or only a minute amount formed:
precision = + 0.1%), (ii) nitramine 3 was not observed under
the anaerobic photolysis of nitrosamine 1, and (iii) '*O from
H,"*0 did not photochemically exchange with nitrosamine."’

Trapping of the Peroxy Intermediate with Triphenyl-
phosphine (Ph3P) in the Dark. Phosphines have been

DOI: 10.1021/acs jpca.7b02414
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Figure 5. HPLC-MS/MS of products formed after 3 h photolysis of nitrosamine 1 with '*0, in chloroform. Ion-selection analysis for (A) '*O-
labeled nitrosamine 1 (m/z = 201), (B) Ph,NH 5 (m/z = 170), (C) nitramine 3 (m/z = 215) and '*O-labeled nitramine 3 (m/z = 217). MS/MS
fragmentation of peak for (D) '®O-labeled nitrosamine 1 at 24.69 min, (E) Ph,NH 5 at 26.51 min, (F) unlabeled nitramine 3 at 25.53 min, and (G)
'80-labeled nitramine 3 at 25.53 min. The peaks at 24.69 min in (B) and 29.17 min in (C) are unidentified products.

reported as powerful reducing agents of organic peroxides.** ™"

Thus, we examined whether the O-transfer of the peroxy
intermediate to triphenylphosphine, Ph;P, occurs upon low-
temperature photooxidation of 1, which is observed. The
photolysis of nitrosamine 1 with O, was conducted in CH,Cl,
at —90 °C. Here, O, was bubbled into the solution during the
irradiation with a UV pen light. Immediately after the
photolysis, Ph;P was added to the reaction mixture in the
dark in a substoichiometric amount. GCMS data showed that
the amount of Ph;P=0O was 4% in CH,Cl,. Control
photochemical experiments with PhyP and O, showed some
formation of Ph;P=0, demonstrating that Ph;P can only be
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used as a trap in the dark. To further study the reaction at a low
temperature, chemiluminescence was discovered in the
decomposition of the peroxy intermediate, which sheds light
on the reaction mechanism.

Based on the above phosphite and phosphine trapping data,
the peroxy intermediate forms in a 4—13% yields in the
reaction.

Low-Level Chemiluminescence of Visible Light by
Excited Species. Chemiluminescence has been used in the

51,52 _ 1. .
»* which we find in our

past as evidence for excited species,
reaction upon the thermal decomposition of the peroxy
intermediate. Here, we find that in the presence of O,, a
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Figure 6. HPLC-MS/MS of products formed after 3 h photolysis of nitrosamine 2 with '*0, in chloroform. Ion-selection analysis for (A) '*O-
labeled nitrosamine 2 (m/z = 139), (B) N-methylaniline 6 (m/z = 108), (C) nitramine 4 (m/z = 153), and '®O-labeled nitramine 4 (m/z = 155).
MS/MS fragmentation of peak for (D) '8O-labeled nitrosamine 2 at 12.69 min, (E) N-methylaniline 6 at 12.69 min, (F) unlabeled nitramine 4 at
13.94 min, and (G) '8O-labeled nitramine 4 at 13.94 min. The peak at 4.81 min in (B) and 20.56 min in (C) are unidentified products.

peroxy intermediate is photochemically formed and produces
chemiluminescence in the dark. The photolysis of 1 with a UV
pen light and with O, bubbling was carried out at =72 °C in
CH,Cl, for 5 min, and then the sample at —72 °C was moved
to the dark. Figure 8 shows a weak chemiluminescence
emission detected in the visible region when the shutter door
is opened at 0.5 min (black trace). The zero to 0.5 min period
is the background of PMT, and from 0.5 min onward the
chemiluminescence of the sample is recorded. We attribute the
oscillations in the light emission to condensation because the
temperature increases from —72 to 22 °C over the course of the
8 min measurement. When the photoreaction is sparged with
N,, the chemiluminescence is reduced significantly (Figure SS,
Supporting Information), where not all O, is removed, and thus
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a minor chemiluminescence is observed. When activator
compounds 9,10-diphenylanthracene (DPA, blue trace) or
9,10-dibromoanthracene (DBA, red trace) are present, energy
is transferred to them from the excited species generated upon
decomposition of the peroxy intermediate. These results are
reminiscent of previous reports”> > of DPA- and DBA-
enhanced chemiluminescence for evidence of excited-state
ketones. The chemiluminescence data reported here and use of
(MeO);P and PhyP as trapping reagents in the above sections
point to the existence of a peroxy intermediate, which has been
studied with DFT calculations (described next).

A question arose to us: What is the possible structure of the
peroxy intermediate? Figure 9 shows conceivable structures for
the peroxy intermediate, including O-nitrooxide diradical A
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J. Phys. Chem. A 2017, 121, 5954—5966


http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b02414/suppl_file/jp7b02414_si_001.pdf
http://dx.doi.org/10.1021/acs.jpca.7b02414

The Journal of Physical Chemistry A

_ DPA'0160

DPA80'¢0

—~ DPA16Q180
D- SRS SR A 2L syt aiiusay
< 12 14 16 18
S Time (min)
=
<
> /363.1392
=
g DPA60160 DPA6Q180
= DPA'8080
°1 367.1477
]
364.1424
1] 368.1509
365.1453 |
3EI30 3é2 3é4 3 ; 3é8 3;0 3;2
m/z
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Table 2. UV Photoreaction of '°0, and Nitrosamine 1:
Yields of Oxidized Trapping Agents Present during the
Photolysis or Added after Photolysis in the Dark

yield of oxidized trap after
1 h irradiation”

nitrosamine 1 trap (MeO);P=0  (MeO);P=0
(mM) trap (mM) (mM) (%)
20 (MeO),P 20 1.5 7
20 (MeO),P 40 5.0° 12
20 (MeO),P 50 6.7° 13
20 (MeO),P 60 7.5¢ 13
40 (MeO),P 20 14° 7
60 (MeO),P 20 2.3¢ 6
yield of oxidized trap after
1 h irradiation®
nitrosamine 1 trap Ph,P=0 Ph,P=0
(mM) trap  (mM) (mM) (%)
1 Ph,P 0.5 0.02 4

“Detected by 'H NMR spectroscopy. bControl experiments
demonstrate that the aerobic UV irradiation of (MeO);P does not
form (MeO);P=0 in the absence of nitrosamine. Control experi-
ments show that 0 mM and ~0.2 mM of (MeO);P=0 arise from the
thermal deoxygenation of nitrosamine 1 and nitramine 3, respectively.
“Detected by GCMS using biphenyl as the internal standard. 9Control
experiments show that Ph;P does not deoxygenate nitrosamine 1, and
only deoxygenates nitramine 3 to a minor extent (<0.5%).
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[R,NN(-O*)0O0*], O-nitrooxide zwitterion B [R,NN*(=
0)O07], O-trioxidanyl diradical species C [R,NN*OO0O*],
O-trioxidanyl zwitterion species D [Ry;N*=NOOO], 1,2,3,4-
trioxazetidine E [cyclo-R,NNO;], 1,2,3,5,6-tetraoxadiazinane F,
and 1,2,3,5,6,7,8-hexaoxadiazocane G.

DFT Computational Evidence for the Peroxy Inter-
mediate. Figure 10 shows the wb97x-D/6-311+G(d,p)
calculated S, geometries of A, B, and D—G. Structures C and
D do not optimize to minima and are instead second-order
saddle points on the S, surface. The structures of the cyclic
peroxides were optimized with nonequivalent N—O bond
lengths: compare E (1.49 A) with F (1.37 A), and G (1.26 A).
Interestingly, one of the O—O bond lengths in G (1.69 and
1.31 A) is considerably longer than the O—O bond length in E
(1.43 A), F (1.45 A), and B (1.33 A).

Figure 11 provides support for the idea that the nitrooxide
exists as a zwitterion B and not a diradical A. Unrestricted
®b97x-D/6-311+G(d,p) calculations show that there is no spin
density for singlet nitrooxide. That the nitrooxide is a zwitterion
is also supported by natural bonding orbital (NBO)
calculations, where N(2) has a positive charge of +0.580, and
O(3) has a negative charge of —0.438, in which polar structures
are in general more stable as zwitterionic species than as
diradical species.”” Frontier molecular orbital (FMO) calcu-
lations (Figure 12) show that the highest occupied molecular
orbital (HOMO) of B with two nonbonding orbitals is
localized on N(1) and O(3). Both the lobes have p-character
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Figure 8. The UV—visible light emission by excited species produced
in post-UV irradiated samples of nitrosamine 1 (5 mM) in CH,Cl, at
=72 °C. After 30 seconds, the PMT window is opened, and the
chemiluminescence of the sample was recorded. (a) Black trace: The
sample was sparged with O, and then irradiated. After irradiation, the
chemiluminescence was detected at room temperature. (b) Red trace:
The sample was sparged with O, and then irradiated. After irradiation,
9,10-dibromoantharecene (DBA, 5 mM) was added to the reaction in
the dark, and the chemiluminescence was detected at room
temperature. All the traces were recorded in the dark. (c) Blue
trace: The sample was sparged with O, and then irradiated. After
irradiation, 9,10-diphenylantharecene (DPA, S mM) was added to the
reaction in the dark, and the chemiluminescence was detected at room
temperature. The spectral response range is from 185 nm to 900 nm,
with peak sensitivity at 450 nm. At 450 nm, the detector’s
photocathode has a radiant sensitivity of 90 mA/W and a quantum
efficiency of 24.8%.
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Figure 9. Possible structures of peroxy intermediates formed by the
photooxidation of nitrosamines.

and show the presence of a lone pair of electrons as would be
expected of zwitterionic B and not diradical A.
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Figure 12. Computed FMOs of intermediate B, in which the positive
isovalues are in red, and the negative isovalues are in green. Isovalue =
0.04.

TD-DFT calculations were also carried out with unrestricted
®b97x-D/6-311+G(d,p) calculations, along with the Tamm—
Dancoff approximation (TDA)*” due to possible triplet (T)
instabilities.”® The Sy—S; and S,—T, energy gaps shown in
Figure 13 are the vertical excitation energies. Figure 13 shows
that nitrosamine 1 has a §y—S; gap of 76.4 kcal/mol and a Sy—
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enthalpies (AH) are given in kcal/mol.

T, gap of 53.8 kcal/mol. These computed vertical energies are
reminiscent of the experimental relaxed S, and T, energies
reported for N-nitrosodimethylamine (72—73 kcal/mol and
58—59 kcal/mol, respectively).'"* The experimental relaxed
triplet excited-state energy of nitrosamine 1 has not been
reported. Next, we calculated the vertical S, and T, energies of
nitrooxide intermediate B. For B, the Sy—S; gap is 69.5 kcal/
mol and the Sy—T, gap is 31.6 kcal/mol. The resulting spin
densities on B were 0.0 on all atoms at both the S; and T,
states, thus providing further evidence that the nitrooxide
intermediate exists as a zwitterionic species rather than a
diradical species. We note that our attempted optimization of
triplet peroxy intermediates A—G resulted in their dissociation
to nitrosamine 1 and 302. The start guess structures for A—G
were generated from singlet ground state (stable forms) except
for C and D, which do not exist on the singlet surface. When C
and D were optimized on the T surface initially with the bond
distance of '*O—'80 constrained at 1.32 A, a subsequent
unconstrained optimization of C and D led to the dissociation
of 30,.

Figure 13 shows 1 and O, and peroxy species in relation to
excited state energies. The interconversion of 1 and O, to reach
B is a high-energy process (AH* = 51.3 kcal/mol and AH,, =
48.2 kcal/mol) and would require photoexcitation. On the basis
of the DFT data, we propose the structure of the peroxy
intermediate to be initially B. Figure 14 shows that the
activation energy (AH*) for O-transfer from B to (MeO);P is
11.6 kcal/mol, and AH,,; = —129.5 kcal/mol. In contrast, the
activation energy for O-transfer from B to 1 is higher in energy
(AH* = 22.5 keal/mol and AH,, = —76.2 kcal/mol). However,
paths to cyclic peroxides are too high to be reached thermally
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and would require photoexcitation. Thus, the proposed
interconversion of intermediates in Figure 13 is uncertain at
present. In contrast, our experimental data clearly provide
evidence for the existence of a peroxy intermediate (vide
supra), although its structure is uncertain at present. Based on
our experimental data, the peroxy intermediate in the
nitrosamine—>0, photoreaction is less reactive compared to
carbonyl oxide®®™®" and nitroso-O-oxide®*~*® that appear in
ozonolysis and triplet nitrene—>0, reactions, respectively, due
to the latter’s ability to oxidize solvents such as toluene.®”

In summary, the photolysis of nitrosamine with '*O, leads to
the formation of a peroxy intermediate. Our new findings are as
follows: (i) '80-labeled nitrosamines 1 and 2, and '*O-labeled
nitramines 3 and 4 are formed as products. (ii) An oxygen atom
is transferred to form the nitramine product. (iii) An oxygen
atom is also transferred to a (MeO);P or PhyP trap.
Experimental data show evidence for the existence of a peroxy
intermediate. For example, Table 2 shows that the peroxy
intermediate in the reaction can be trapped with (MeO);P, or
with Ph;P in the dark (after the photolysis at a low
temperature). Furthermore, the yield of the peroxy inter-
mediate is 4—13% based on our trapping experiments. The
peroxy intermediate leads to excited species and chemilumi-
nescence (Figure 15). The thermal decomposition of the
peroxy intermediate is attributed to the production of excited
species similar to 1,2-dioxetanes reported in the literature.”*™"*
Although there is yet no spectroscopic evidence for E or G,
they are notable owing to their structural similarity to 1,2-
dioxetanes and cyclic organosilicon peroxides, respectively,
which have been proposed.”>~”” Our DFT calculations
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Figure 15. Proposed mechanism in which chemiluminescence arises
by the initial formation of a peroxy intermediate followed by its
decomposition.

tentatively predict an initial formation of nitrooxide B, followed
by ring closure to reach E or dimerize to reach G.

4. CONCLUSION

The results here show the utility of using isotopically labeled
oxygen in a photooxidation reaction to gain insight into the
mechanism. Our work relied on the photolysis of 1 and 2 in the
presence of '*0, to produce '*O-labeled nitrosamines 1 and 2,
and '®O-labeled nitramines 3 and 4. The current work shows
nitrosamines in oxygen-transfer processes. Our previous work
showed that nitrosamines are an oxygen carrier platform. The
former is a photooxygen cycling process where some
nitrosamines are regenerated by the reversible binding of O,.
Further studies could include the synthesis of '*N-labeled
nitrosamines so that structural elucidation of the peroxy
intermediate by "N NMR spectroscopy is possible. Also, the
creation of a “persistent” peroxy intermediate by stabilizing it
kinetically with sterically hindered groups to shield the peroxide
groups would be useful as has been done with dioxaphosphir-
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anes*"" and carbonyl oxides®* that were otherwise difficult to
characterize. Further studies could also focus on the peroxy
intermediate and its implications in biological toxicity and
environmental fate of nitrosamines.
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