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Photolysis of azides 1-4 in methanol, which have a built-in intramolecular triplet sensitizer, yields mainly
carbamates 5-8. Laser flash photolysis of 1-4 shows formation of their triplet-excited ketone, which decays
by intramolecular energy transfer to form triplet nitrenes 1n-4n. Irradiating 1-3 in matrices yields iso-
cyanic acid, whereas photolysis of 4 forms isocyanate 4i. The depletion rate of the azide bands between
2100 and 2200 cm! is different than the rate of formation for the isocyanic acid bands at ~2265cm~1;
thus, the formation of isocyanic acid is a stepwise process. Irradiating 1 in matrices produces an absorp-
tion band due to nitrene 1n (Amax ~ 343 nm), which is depleted upon further irradiation, whereas the
absorption due to 4-acetyl benzaldehyde (Amax ~ 280 nm) increases with prolonged irradiation. We pro-
pose that formation of isocyanic acid in matrices must come from secondary photolysis of nitrenes 1n-3n.
This mechanism is further supported by calculation, which show that the estimated transition state for
1n-4n to fall apart to yield alkoxy and cyanato radicals is only ~34 kcal/mol above the ground state of
the triplet nitrenes and thus the cleavage can take place photochemically. Thus, nitrenes 1n-4n can be
formed selectively, but these intermediates are highly photosensitive and undergo secondary photolysis
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in matrices.
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1. Introduction

Carboalkoxy nitrene intermediates are highly reactive, making
them useful in processes such as crosslinking polymers and pho-
toaffinity labelling [1]. For example, the indiscriminate insertion
of the singlet carboalkoxy nitrene into C-C bonds has been used
to functionalize nanotubes [2]. Lwowski et al. first demonstrated
that photolyzing carbonazidic acid ethyl ester in cyclohexene yields
mainly compounds that can be attributed to the formation of sin-
glet carboethoxy nitrene, which inserts into the C-C and the C-H
bonds of the solvent [3]. Lwowski et al. also studied the reactiv-
ity of carboethoxy nitrene with cis- and trans-4-methyl-2-pentene
as a function of the alkene concentration, and found that the car-
boethoxy nitrene addition to the double bond is stereospecific only
at high concentrations of alkene [4]. The authors concluded that
singlet carboethoxy nitrene is produced initially, but subsequently
relaxes to triplet carboethoxy nitrene, which adds to the double
bond in a stepwise, non-stereospecific mechanism. Thus, triplet
carboethoxy nitrene has been assigned as the ground state of car-
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boethoxy nitrenes. Photolysis of carbonazidic acid ethyl ester at
low temperature further supports that the triplet is the ground
state, since it gives rise to EPR signals assignable to the forma-
tion of triplet carboethoxynitrene [5]. Calculations confirm that the
triplet carboethoxy nitrene is between 3 and 8 kcal/mol lower in
energy than the singlet [6-9]. Recently, Buron and Platz detected
triplet carboethoxy nitrenes directly with laser flash photolysis of
carbonazidic acid ethyl ester and estimated the rate of intersystem
crossing from the singlet to triplet nitrene to be on the order of
108s-1[6].

In contrast, Lwowski and coworkers demonstrated that photol-
ysis of carbonazidic acid methyl ester in matrices yields methoxy
isocyanate, which reacts further to produce isocyanic acid [10]. It
was concluded that the excited state of carbonazidic acid methyl
ester, rather than the singlet carbomethoxy nitrene, undergoes a
Curtius rearrangement to form the methoxy isocyanate, since no
intermediates were detected in the matrices. Similarly, Teles and
Maier have also shown that photolyzing carbonazidic acid methyl
ester in matrices yields mainly methoxy isocyanate and a small
amount of diazenedicarboxylic acid dimethyl ester, formaldehyde
and isocyanic acid [11].

Triplet carboalkoxy nitrene can be formed by intramolecu-
lar triplet sensitization, which bypasses the singlet carboalkoxy
nitrene [3]. For example, sensitized photolysis of carbonazidic acid


http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:annag@uc.edu
dx.doi.org/10.1016/j.jphotochem.2008.10.015

158 R.S. Murthy et al. / Journal of Photochemistry and Photobiology A: Chemistry 201 (2009) 157-167

ﬁOiNS ©j\/OTN3 @LOJ\NJ \(@/OEN:;
o 1 2 ° 3 . 4

Scheme 1.

ethyl ester presumably forms triplet carboethoxy nitrene, which
decays by abstracting H-atom from the solvent to form carbamic
acid ethyl ester. Furthermore, at cryogenic temperatures Schuster
and coworkers irradiated 4-acetylphenoxy carbonyl azide, 4, which
has a built-in triplet sensitizer, and obtained EPR spectrum of the
triplet 4-acetylphenoxy carbonyl nitrene intermediate, 4n [12].

In this article we studied the photoreactivity of azides 1, 2,
3, and 4 that have a build-in triplet sensitizer, to determine the
triplet reactivity of these azides in solutions and cryogenic matrices
(Scheme 1). The laser flash photolysis of 1, 2, 3 and 4 in solu-
tions reveals as expected, that the azides undergo intramolecular
energy transfer to from the corresponding triplet nitrenes 1n, 2n,
3n and 4n, respectively, which mainly decay to form carbamates.
In contrast, photolysis of 1-3 in argon matrices yields isocyanic
acid whereas 4 forms isocyanate derivative. We used IR and UV
spectroscopy, and calculations to support the theory that isocyanic
acid and isocyanate are formed via secondary photolysis of triplet
nitrenes 1n-4n in matrices.

2. Experimental
2.1. Calculations

All calculations were performed using Gaussian 03 [13]. All
geometries were optimized by using the B3LYP level of theory
and the 6-31G(d) basis set [14]. Transition states were calculated
with the same level of theory and basis set and intrinsic reaction
coordinate (IRC) calculations were done to connect the transition
states to their reagent and products [17]. The UV spectra were cal-
culated using time-dependent density functional theory (TD-DFT)
[15]using B3LYP/6-31G(d) as well. We used self-consistent reaction
field (SCRF) method with the integral equation formalism polariz-
able continuum model (IEFPCM) for solvation calculations [16].

2.2. Phosphorescence

The phosphorescence spectra were obtained on a phosphorime-
ter in frozen ethanol matrices at 77 K.

2.3. Laser flash photolysis

Laser flash photolysis were done with excimer lasers (308 nm,
17 ns), which have been described in detailed [18,19]. All spectra
and kinetic traces were obtained at ambient temperature. A stock
solution of 1-4 in were prepared with spectroscopic grade solvents,
such that the solutions had an absorption between 0.6 and 0.8 at
308 nm. Typical ~1 mL of the stock solution was placed in a quartz
cuvette, which was purged with nitrogen or argon for 5min. The
rates were obtained by fitting an average of 3 kinetic traces. The
absorption spectra were measured using an excimer laser in con-
junction with an optical multichannel analyzer, or by measuring
the absorption point by point over a range of wavelengths.

2.4. Matrix isolations

Matrix isolation studies were done using conventional equip-
ment using IR and absorption spectrometers [20,21].

2.5. Preparation of starting materials

2.5.1. 4-Acetylbenzyl azidocarbonate (1)

A solution of 1-(4-hydroxymethyl-phenyl)-ethanone (2.5¢g,
17mmol) and N,N-dimethyl-aniline (2.02g, 17mmol) in dry
THF (25mL) was added slowly to a stirred solution of
bis(trichloromethyl) carbonate (1.83 g, 6 mmol) in dry THF (25 mL)
while the reaction mixture was maintained at 0°C. The resulting
mixture was stirred at 0°C for 10 min and then at room tempera-
ture for 3 h. The reaction mixture was extracted with diethyl ether
(100 mL), the organic layer dried on anhydrous magnesium sul-
fate and evaporated under vacuum. The resulting 4-acetylbenzyl
chloridocarbonate (2.83 g, 15 mmol, 90% yield) was added slowly
at room temperature to a vigorously stirred solution of sodium
azide (4.23 g, 65 mmol) in dry acetone (50 mL). This mixture was
stirred vigorously at room temperature for 4 h. The reaction mix-
ture was concentrated under vacuum, the residue extracted with
diethyl ether (150mL) and the organic layer dried on anhydrous
magnesium sulfate and evaporated under vacuum. The residue was
purified by a silica gel column eluted with 5% ethyl acetate in hex-
ane to yield 4-acetylbenzyl azidocarbonate (2.33 g, 11 mmol, 65%
yield).

IR (CHCl3): 2168, 2143, 1730, 1686, 1235cm~!. 'TH NMR
(250 MHz, CDCl3): § 2.61 (s, 3H), 5.27 (s, 2H), 7.46 (d, 8 Hz, 2H), 7.96
(d, 8 Hz, 2H) ppm. 13C NMR (400 MHz, CDCl3): § 197.5, 157.5, 139.4,
137.3, 128.7, 128.2, 127.7, 127.2, 69.1, 26.7 ppm. UV-vis (methanol)
Amax: 206, 246, 287 nm. HRMS calculated for C1gH11N303 (M+H):
220.0722. Found: 220.0828.

2.5.2. 2-0Oxo0-2-phenylethyl azidocarbonate (2)

A solution of 2-hydroxy-1-phenyl-ethanone (2.3 g, 15 mmol)
and N,N-dimethyl-aniline (2.22 g, 15 mmol) in dry THF (25 mL) was
added slowly to a stirred solution of bis(trichloromethyl) carbonate
(2.02 g,7mmol)indry THF (25 mL) maintained at 0 °C. The resulting
mixture was stirred at 0°C for 10 min and then at room tempera-
ture for 3 h. The reaction mixture was extracted with diethyl ether
(100 mL), the organic layer dried on anhydrous magnesium sulfate
and evaporated under vacuum to yield 2-oxo-2-phenylethyl chlori-
docarbonate (2.5 g, 13 mmol, 86% yield), which was added slowly at
room temperature to a vigorously stirred solution of sodium azide
(4.92 g, 75 mmol) in dry acetone (50 mL). The resulting mixture was
stirred vigorously at room temperature for 4 h. This mixture was
concentrated under vacuum, the residue extracted with diethyl
ether (100mL) and the organic layer dried on anhydrous mag-
nesium sulfate and evaporated under vacuum. The residue was
purified by silica gel column eluted with 5% ethyl acetate in hexane
to yield 2-oxo-2-phenylethyl azidocarbonate (1.33 g, 6.1 mmol, 41%
yield).

IR (CHCl3): 2161, 2128, 1738, 1702, 1256cm~!'. 'H NMR
(250 MHz, CDCl5): 8 5.43 (s, 2H), 7.50 (d, 7.5Hz, 2H), 7.63 (d,
7.5Hz, 1H), 7.90 (d, 8.0 Hz, 2H) ppm. '3C NMR (400 MHz, CDCl3): §
198.0,158.0,134.2,133.9,128.9, 127.8,66.6 ppm. UV-vis (methanol)
Amax: 206, 246, 287 nm. HRMS calculated for CgH7N303Na (M+Na):
228.0385. Found: 228.0445.

2.5.3. 3-Oxo-3-phenylpropyl azidocarbonate (3)

A solution of 3-hydroxy-1-phenyl-propan-1-one (1.8¢g,
11 mmol) and dimethylaniline (2.0 g, 11 mmol) in dry THF (25 mL)
was added slowly to a stirred solution of bis(trichloromethyl)
carbonate (1.32g, 4.4 mmol) and dry THF (25 mL) maintained at
0°C. The resulting mixture was stirred at 0°C for 10 min and then
at room temperature for 3 h. The reaction mixture was extracted
with diethyl ether (100 mL), the organic layer dried on anhydrous
magnesium sulfate and evaporated under vacuum to yield 3-oxo-
3-phenylpropyl chloridocarbonate (2.0g, 10 mmol, 91% yield),



R.S. Murthy et al. / Journal of Photochemistry and Photobiology A: Chemistry 201 (2009) 157-167 159

which was added slowly at room temperature to a vigorously
stirred solution of sodium azide (3.21 g, 50 mmol) in dry acetone
(50 mL). The mixture was stirred vigorously at room temperature
for 4 h. The reaction mixture was concentrated under vacuum, the
residue extracted with diethyl ether, and the organic layer dried
on anhydrous magnesium sulfate and evaporated under vacuum.
The residue was purified by silica gel column eluted with 5% ethyl
acetate in hexane to yield 3-oxo-3-phenylpropyl azidocarbonate
(1.74 g, 8 mmol, 73% yield).

IR (CHCl3): 2199, 2147, 1721, 1683, 1273cm~'. 'TH NMR
(250 MHz, CDCl3): § 3.38 (t, 7Hz, 2H), 4.67 (t, 7Hz, 2H), 7.48 (7,
7.5Hz, 2H), 7.60 (t, 7.5Hz, 1H), 7.95 (d, 7.5Hz, 2H) ppm. 13C NMR
(400 MHz, CDCl3): § 196.1, 157.5, 136.3, 133.6, 128.8, 128.1, 63.6,
37.0 ppm. HRMS calculated for CgH7N303Na (M+Na): 242.0542.
Found: 242.0580.

2.6. Photolysis

Alcohols 9-12 and carbamate 11 were identified by HPLC and a
GC-MS comparison with independent samples.

2.6.1. Photolysis of 1

A degassed solution of 1 (300 mg, 1.37 mmol) in dry methanol
(100 mL) was irradiated with a medium-pressure arc lamp through
a Pyrex filter for 2 h. HPLC analysis of the reaction mixture showed
some remaining 1 (15%) and the formation of a major product 3
(71%) and a minor product 1-(4-hydroxymethyl-phenyl)-ethanone
(9%). The solvent was removed under vacuum and the resulting
oil purified on a neutral alumina column eluted with 20% ethyl
acetate in hexane to obtain 1 (45mg, 0.21 mmol, 15% recovery)
and carbamic acid 4-actyl benzyl ester (5) as a white solid (159 mg,
0.82 mmol, 60% yield).

M.p.: 88-90°C. IR (CHCl3): 3408, 3332, 1694, 1673cm™'. 'H
NMR (250 MHz, CDCl3): § 2.61 (s, 3H), 4.78 (br s, 2H), 5.17 (s,
2H), 7.45 (d, 7.8Hz, 2H), 7.96 (d, 8.3Hz, 2H) ppm. 13C NMR
(400 MHz, CDCl3): § 197.7, 156.4, 141.6, 128.6, 127.9, 127.7, 126.6,
66.0, 26.6 ppm. MS (70eV) m/e 193 (M*), 178, 150, 135, 107, 89, 77.
HRMS calculated for C1gH13NO3 (M+H): 194.0817. Found: 194.0858.

2.6.2. Photolysis of 2

A degassed solution of 2 (100 mg, 0.46 mmol) in dry methanol
(100 mL) was irradiated with a medium-pressure arc lamp through
a Pyrex filter for 1 h. HPLC analysis of the reaction mixture showed
some remaining 2 (28%) and the formation of major products
6 (35%) and hydroxy-1-phenyl-ethanone (33%). The solvent was
removed under vacuum and the resulting oil purified on neutral
alumina column eluted with 20% ethyl acetate in hexane to obtain
2 (28 mg, 0.13 mmol, 28% recovery) and carbamic acid 2-oxo-2-
phenyl-ethyl ester (6) as a white solid (33 mg, 0.17 mmol 37% yield).

M.p.: 148-150°C (Ref. [22] 150-152°C). IR (CHCl3): 3412, 3328,
1695, 1674cm~'. TH NMR (250 MHz, CDCl3): § 5.0 (br s, 2H), 5.35
(s, 2H), 7.47 (d, 7.8 Hz, 1H), 7.63 (t, 7.8 Hz, 2H), 7.93 (d, 8.3 Hz, 2H)
ppm. 13C NMR (400 MHz, CDCl3): § 193.0, 156.0, 134.2, 133.9, 128.9,
127.8, 66.6 ppm.

2.6.3. Photolysis of 3

A degassed solution of 3 (100 mg, 0.43 mmol) in dry methanol
(40 mL) was irradiated with a medium-pressure arc lamp through
a Pyrex filter for 14 h. HPLC analysis of the reaction mixture showed
some remaining 3 (7%) and the formation of a major product 7
(80%) and smaller amount of 3-hydroxy-1-phenyl-propan-1-one
(11%). The solvent was removed under vacuum and the resulting
oil purified on HPLC eluted with ethyl acetate and hexane to obtain
recovered 3 (19 mg, 0.082 mmol, 19% recovery) and carbamic acid

3-0x0-3-phenyl-propyl ester 7 as a white solid (52 mg, 0.25 mmol,
58% yield).

M.p.: 135-138°C (Ref. [23] 148-149°C). IR (CHCl5): 3426, 3332,
1682 cm~1. TH NMR (250 MHz, CDCl3): 8 3.33 (t, 7 Hz, 2H), 4.53 (t,
7Hz, 2H), 4.61 (br s, 2H), 7.48 (t, 7.5Hz, 2H), 7.60 (t, 7.5Hz, 1H),
7.97 (d, 7.5 Hz, 2H) ppm. 13C NMR (400 MHz, CDCl3): § 197.2, 156.6,
136.6, 133.4, 128.7, 128.5, 128.1, 128.3, 60.4, 37.8 ppm.

3. Results and discussion
3.1. Phosphorescence spectra

We measured the phosphorescence spectra of 1-3 at 77K. No
significant phosphorescence emission was observed for 1 and 2,
presumably because the triplet ketones are efficiently quenched
by intramolecular energy transfer to the azido chromophores. The
acetophenone chromophore in 1-4 absorbs above 300 nm, whereas
the carbonazidic acid ester group absorbs mainly around 280 nm
[3]. Thus, by irradiating with light above 300 nm, only the ace-
tophenone chromophore absorbs and forms the triplet state of
the ketone [24]. The triplet ketone can transfer its energy to the
azido group, which should fall apart to give a triplet carboalkoxy
nitrene intermediate (Scheme 1). We can estimate the energy of
the triplet-excited ketone in 3 and the analogous acid chloride,
3(Cl, to be around 73 kcal/mol, which is similar to the energy of the
lowest triplet ketone in acetophenone (see Fig. 1) [25]. The yield
of phosphorescence for 3 is lower than for 3Cl, presumably since
the triplet ketone in 3 decays both by energy transfer to the azido
moiety and phosphorescence. However, azide 3 showed the largest
amount of phosphorescence of azides 1-3, presumably because it
is the most flexible of the azides in this study and thus can be frozen
into conformers for which energy transfer is not efficient.

3.2. Product studies

Photolysis of 1-4 in methanol via a Pyrex filter yielded carba-
mates 5-8 as the major products, and lesser amounts of alcohols
9-12, respectively (Scheme 2). Alcohols 9, 10, 11 and 12 are mainly
formed by hydrolysis of the corresponding carbamates, and become
more prominent when the reaction mixture is heated to remove the
solvent. Thus, the product ratios from solution photolysis of 1-4
were analyzed directly with HPLC and the conversion kept below
30%. Carbamates 5, 6 and 7 were also isolated from the product
mixture by column chromatography to characterize them.

Carbamates 5-8 must come from nitrenes 1n-4n, respec-
tively, abstracting H-atoms from the solvent. This is in agreement
with Lwowski et al, who showed that the intermolecular
triplet-sensitized photolysis of carbonazidic acid ethyl ester with
acetophenone yields carbamic acid ethyl ester [3]. Similarly, Schus-
ter and coworkers showed that photolyzing 4 in the presence of
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Fig. 1. Phosphorescence of 3 and 3Cl.



160 R.S. Murthy et al. / Journal of Photochemistry and Photobiology A: Chemistry 201 (2009) 157-167

L, o=
AN
AT 07N, MeOH Ac/\OJLNHZ + ac” O OH
1
5 9

Product ratio = 8:1

)CJ’\ hv = i 0]
Ph\[(\o N:  MeOH Y\O NH, * PhJ‘I\/OH
0 ‘ O 10

Product ratio = 1:1

Ph 0" "Ny MeOH Ph)k/\OJLNHZ + Phk/\OH
3 7 1

Product ratio = 7:1

I o ok
—_—

Ac~,

fo) N, MeOH  Ac< OJLNHZ + AG\OH
4 8 12

Product ratio = 3:1

Scheme 2.

alkenes yields non-stereospecific aziridine products, as expected
for trapping nitrene 4n with alkenes [12]. However, irradiating 4
in tert-butyl alcohol gives 8, 12, 13 and 14 (Scheme 3). Schuster
et al. concluded that 13 is formed from the insertion of the sin-
glet nitrene 4s into the solvent and 14 comes from 4s inserting
into its phenyl ring. Thus, Schuster et al. suggest that the triplet and
the singlet nitrene are in equilibrium with each other in the viscous
tert-butanol, which is reasonable since the energy gap between the
singlet and the triplet nitrene has been estimated to be between 3
and 8 kcal/mol [6-9]. In comparison, Schuster et al. showed that
photolysis of 4 in a less viscous solvent, cyclohexane yields mainly
products attributed to triplet nitrene 4n.

Similarly, we did not observe any photoproducts from 1-4 in
methanol which can be attributed to trapping the corresponding
singlet carboalkoxy nitrenes and thus it is unlikely that singlet
and triplet nitrenes are in equilibrium, because the triplet nitrenes
react faster in methanol that is a good H-atom donor than in
tert-butanol.
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Buron and Platz have shown that direct photolysis of car-
bonazidic acid ethyl ester yields triplet nitrene and radical 15
(Scheme 4) [6], which comes from cleavage of the C-N ester azide
bond. Radical 15 decays by expelling carbon monoxide and forming
an ethoxy radical. It is possible that 1-4 undergo similar photo-
cleavage which will results in formation of 9-12 (Scheme 5). It can
also be theorized that 9-12 come from 1-4 undergoing cleavage of
the C-0 bonds as shown in Scheme 5.

Thus, photolysis of 1-4 in methanol supports that the main reac-
tivity of 1-4 is forming triplet nitrenes, which decay by H-atom
abstraction to form carbamates 5-8.

3.3. Calculations

We used molecular modeling to aid the characterization of the
intermediates formed upon irradiation of 1-4 and to access the fea-
sibility of various reaction for the triplet state of these azides and the
corresponding triplet nitrenes. The calculations demonstrated that
1-4 each have several minimal-energy conformers that are within
a few kcal/mol of each other. The structures of the corresponding
triplet nitrenes 1n-4n and isocyanates 1i-4i were also optimized,
and the IR spectra of all species were calculated (Scheme 6).

We used azide 16 as a model for 1-4, and calculated the most fea-
sible reactions on its triplet surface. Azide 16 is an excellent model
for 1-4, because the most significant difference between 16 and

H
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Scheme 3.
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Fig. 2. Points on the potential energy surfaces (kcal/mol) for triplet reactivity of 16Z in the gas phase and in methanol (parenthesis). T4 is the optimized triplet state of 16Z.

16Z-TS is the calculated transition state for forming 16n and a nitrogen molecule.

1-4is the acetophenone moiety that serves only as the triplet sen-
sitizer. We optimized the Z and E conformers of 16 and found that
the Z conformer of 16 is about 1 kcal/mol lower in energy than its
E conformer. This is similar to the result obtained by Liu et al. [9]
We optimized the first excited triplet state (T;4) of 16, where an
electron has been promoted from a filled orbital on the azide moi-
ety into the * orbital of the azide and found it was located 52 and
55 kcal/mol above the ground state (Sg) of 16, in the gas phase and
in methanol, respectively. In T4 of 16Z the N-N-N is bend 120° and
the N1-N2 bond length is 1.47 A. The C=0 and the C-0 bond lengths
are 1.21 and 1.33 A, respectively in T;5 of 16Z and thus similar to the
C=0 and C-0 bond lengths in Sy of 16Z.

We calculated the triplet transition state for cleaving 16Z to form
a nitrogen molecule and triplet nitrene 16n (see Fig. 2). This transi-
tion state was only 3 kcal/mol above the T4 of 16Z in the gas phase
and 1 kcal/mol in methanol. Intrinsic reaction coordinate (IRC) [31]
calculations allowed us to correlate Ty 4 in 16Z and 16n to this tran-
sition state. Since the energy of Ty in 16 is well below the energy
of the triplet sensitizer in 1-4 and the transition state for forming
16n from T;4 of 16 is located within a few kcal/mol, the calcula-
tions support that triplet-sensitized photolysis of 1-4 can produce
1n-4n, respectively. The effect of solvation of the reactivity of 16
was calculated using IEFPCM model with methanol and acetonitrile
[16]. The effect of solvation was not significant for either methanol
or acetonitrile.

In comparison, the triplet transition states for 16Z to fall apart
to give an azido and methoxycarbonyl radical is 97 kcal/mol above
Sp of 16Z, and the triplet transition state for 16Z to form a methoxy
and acyl azide radical is located 104 kcal/mol above Sy. The calcula-
tions indicate that cleavage of either the C-N or the C-O bonds
in 16 must come from an excited state that is higher in energy
than Ty of 16. Similar calculations for 16E give comparable results.

Since the energy of the triplet sensitizers in 1-4 is between 72 and
74 kcal/mol [25] above their Sy and the energy of the triplet tran-
sition states for the C-O and C-N bond cleavages are considerable
higher, it is highly unlikely that triplet sensitization will result in
the cleavage of the C-O or the C-N bond in 1-4.

We calculated the transition state for 16n to form methoxy (17)
and cyanato (18) radicals, which are located ~34 kcal/mol above
16n (Fig. 3). IRC calculations correlate this transition state to 16n
and the methoxy and cyanato radicals. Since this transition state is
~34 kcal/mol above 16n this process can only be expected to take
place photochemically. We optimized the structure of the possible
products from the methoxy and cyanato radicals and found that
methoxy isocyanate, and formaldehyde and isocyanic acid, are 15
and 45 kcal/mol more stable than 16n, respectively. Thus, it is pos-
sible that photolysis of 1n-4n results in formation of alkoxy and
cyanato radicals, which can either, recombine to isocyanate 1i-4i
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Fig. 3. Points on the potential energy surfaces (kcal/mol) for triplet reactivity of 16n

in the gas phase and in methanol (parenthesis). 16n-TS is the calculated transition

state for 16n to fall apart to yield 17 and 18.
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or undergo intermolecular H-atom abstraction to form isocyanic
acid and the corresponding aldehyde.

We optimized the first triplet state (T;) of methoxy isocyanate
(16i), which is located 40 kcal/mol above Sy of 16i (Fig. 4). The C-N
bond lengthens from 1.23A in Sy to 1.40A in Ty of 16i and the
N=C=0 angle goes from 170 to 123°. The lengthening of the C=N
bond in T; in 16i is reflected by the calculated IR stretch of N=C=0
chromophore, which is at 1819 cm~1, in comparison, the calculated
IR band for the N=C=0 moiety in Sy of 16iis at 2293 cm~!. We calcu-
lated the transition state for Ty of 16i to fall apart to form methoxy
and cyanato radicals and found it was located 21 kcal/mol above
T1. Thus, sensitized photolysis of isocyanates 1i—4i can form vibra-
tionally hot triplet states of 1i-4i that can cleave to form alkoxy and
cyanato radicals.

Finally, we used time-dependent density functional theory (TD-
DFT) [15] to estimate the absorption spectra for 1n-4n (Table 1).
The effect of solvation was calculated using IEFPCM model with
methanol and acetonitrile [16].

3.4. Laser flash photolysis

The transient spectrum obtained by laser flash photolysis (17 ns,
308 nm) of 1 in acetonitrile, immediately after the laser pulse over
a 20ns window, has Amax at 330nm (Fig. 5), which we assign
to the triplet ketone in 1. This assignment is further supported
by laser flash photolysis of 9 that yields a similar transient of

Table 1

Major absorption spectral features (nm, (oscillator strength)) for 1n, 2n, 3n and 4n?°,

3.4 Laser Flash Photolysis. (A)
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Fig.5. Transient spectrafrom laser flash photolysis of 1 (A) In acetonitrile at different
time delays. (B) In methanol and dichloromethane immediately after the laser pulse
over a 500 ns window. (C) Kinetic trace at 306 nm in acetonitrile. (D) Kinetic trace
at 344 nm in acetonitrile.

its triplet ketone. In comparison, the transient spectrum obtained
1000 ns after the laser pulse showed an absorbance band with a
maximum absorbance at around 340 nm. We assign the band at
340 nm to 1n. Laser flash photolysis of 1 in methanol, ethanol and
dichloromethane resulted in similar transient spectra as obtained
in acetonitrile. Buron and Platz reported that triplet carboethoxy
nitrene in Freon solution has a broad, transient spectrum with Amax

Major electronic transition above 300 nm

1n
GP¢ 313(0.0036) 332(0.0061) 367(0.0144)
CH3CN 311(0.0038) 353(0.0045) 372(0.0017)
MeOH 311(0.0037) 353(0.0045) 372(0.0017)
2n
GP 309(0.0043) 346(0.0067) 359(0.0011)
CH3CN 309(0.0036) 359(0.0078) 393(0.0017)
MeOH 309(0.0036) 359(0.0078) 393(0.0016)
3n
GP 313(0.0040) 363(0.0102) 411(0.0091)
CH3CN 313(0.0036) 370(0.0008) 371(0.0014)
MeOH 313(0.0036) 370(0.0009) 371(0.0012)
4n
GP 309(0.0074) 314(0.0035) 365(0.0048)
CH3CN 312(0.0031) 315(0.0102) 365(0.0062)
MeOH 312(0.0031) 315(0.0101) 365(0.0062)

411(0.0132) 617(0.0095)

391(0.0286) 429(0.0022) 519(0.0031) 673(0.0009)
391(0.0284) 428(0.0022) 519(0.0031) 617(0.0009)
396(0.0036) 520(0.0117)

405(0.0047) 584(0.0148) 636(0.0023))

406(0.0047) 584(0.0148) 636(0.0022)

500(0.0011)

376/(0.0069) 381(0.0010) 421(0.0152) 582(0.0014)
376(0.0070) 380(0.0010) 420(0.0151) 581(0.0014)
383(0.0018) 394(0.0021) 519(0.0031) 642(0.0657)
394(0.0025) 582(0.0012) 694(0.0862)

394(0.0024) 581(0.0012) 694(0.0856)

2 The wavelength of the electronic transitions in nm.

b Number in parenthesis is the calculated oscillator strength (f) for the electronic transition.

¢ GP: gas phase.
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Fig. 6. The most intense absorption band in 1n is mainly due to electron transition
from the m-orbital (A) and the lone pair in the ketone (B) to one of the singly occupied
orbitals on the nitrogen (C).

~400nm [6]. TD-DFT calculation for carboethoxy nitrene, locate
the most intense electronic transitions at 412 nm (f=0.0090) and
364 nm (f=0.0082), which are due to promotion of an electron from
the lone pairs on the oxygen atoms to one of the singly occupied
orbitals on the nitrogen atom [6]. The calculated UV spectrum for
1n has the mostintense transition at 367 nm in the gas phase, which
is predominantly an electronic transition from the 7 orbitals of the
aromatic system to one of the singly occupied orbitals on the nitro-
gen atom (Fig. 6). TD-DFT calculation in methanol and acetonitrile
put the most intense band at ~390nm and it is due to a mixed
electronic transition out of the m-orbitals and the lone pair on the
ketone oxygen atom into the half full orbital on the nitrogen atom
(Fig.6). Hence, the absorption for 1n was expected to shift to alower
wavelength in comparison to carboethoxy nitrene. The absorption
of 1n was not quenched in oxygen-saturated solution, but the yield
was decreased, because some of the triplet ketone in 1 is quenched.
We determined the lifetimes of the triplet ketone in 1 and 1n from
the bi-exponential decay of the transient at 344 nm to be 100 ns
and 2 s, respectively, in methanol. Furthermore, we were able to
measure that the rate of formation of 1n at 306 nm to be the same
as the decay of the triplet ketone or ~1.0 x 107 s~1. In comparison,
the triplet ketone in 9 is longer lived, 0.7 s in acetonitrile, because
it does not decay by intramolecular energy transfer.

Laser flash photolysis of 2 in acetonitrile, methanol and ethanol
yielded absorption due to 2n (Apax ~ 350 nm and a much weaker
band at ~450nm), and its triplet ketone (Amax ~320nm, Fig. 7).
The latter can be assigned to the triplet ketone based on its similar-
ity to the transient spectrum of acetophenone [26]. The absorption
of 2n fits reasonably with its calculated spectra (Table 1), which
show major bands at 359 and 584 nm in both methanol and ace-
tonitrile. The calculated band at 359 nm fits well with the observed
Amax ~350nm but we did not observe an intense band above
500 nm, only a weak band ~450 nm. However, the assignment of
the transient with Amax ~350 nm to 2n was further supported by

80x10° 4 (A)

o —— Azide 2 in O, Saturated Ethanol

=] —— Azide 2 in Argon Saturated Ethanol

c 40

©

£ o
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< -40
rr—T——r— T
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Azide 3 in Argon Saturated Ethanol

Absorbance

300 400 500
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Fig. 7. Transient spectra obtained by laser flash photolysis of (A) 2 and (B) 3 in
ethanol. The spectra were recorded immediately after the laser pulse over a window
of 500 ns.
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Fig. 8. Transient spectra obtained by laser flash photolysis of4 in nitrogen-saturated
methanol.

obtaining a transient spectrum in oxygen-saturated ethanol. The
oxygen quenches the triplet ketone in 2 (Amax ~320nm) and thus
decreases the yields of the 2n (Fig. 8). The decay of the transient
at 350 nm in argon- or nitrogen-saturated solutions is best fitted
as bi-exponential decay. The shorter lived component is due to the
triplet ketone that decays with a rate of 3.3 x 106 s—1, whereas the
longer lived component (2n) has a lifetime of ~2 us.

Similarly, the transient spectra obtained by laser flash photolysis
of 3 in acetonitrile and methanol showed a band at 320 nm which
we assign to the triplet ketone in 3, whereas 3n has a transient
absorption with Apmax at ~350 nm and a broad but less intense band
with Amax ~460nm (Fig. 7). The most intense calculated electron
transitions for 3n are located at 370 and 420 nm, which support the
assignment of this transient to 3n. In oxygen-saturated solutions
both the absorption of the triplet ketone in 3 and 3n are quenched.
The decay of the triplet ketone in 3 is 1.6 x 106 s—1 which is some-
what slower than observed for 2, because the distance between
ester azide and the triplet ketone chromophores is larger. The life-
time of 3n is ~ 2 s in methanol.

Laser flash photolysis of 4 showed the transient spectra of the
triplet ketone at 400 nm, which decays with a rate of 5 x 10651,
whereas the transient due to 4n has Amax ~ 320 nm and has a life-
time of 2 ws in methanol (Fig. 8). The transient spectrum of the
triplet ketone is similar to what Schuster and coworkers reported
for 4 [12], whereas the assignment of the absorption band with
Amax ~ 320 nm to 4n is based on the TD-DFT calculations (Table 1).
The major calculated electron transition for 4n in methanol are
located at 315nm (f=0.0102) and 694 nm (f=0.0856). The tran-
sition at 315nm is mainly due to electron being promoted out
of m-orbitals to one of the half full p-orbital on the nitrogen
atom. However, we cannot measure the transient absorption above
600 nm and verify that 4n absorbs in that region.

Due to the acetophenone chromophore, the transient spectra
of nitrenes 1n-4n are different from the transient spectrum of
16n and the TD-DFT calculations support this difference. The laser
flash photolysis demonstrate that 1n-4n have similar lifetime in
methanol since they decay by intramolecular H-atom abstraction
to form the corresponding carbamates. Furthermore, the lifetimes
of 1n—4n are similar to the reported lifetime of triplet nitrene 16n
in methanol [6]. The rate of the energy transfer in 1-4 is affected
by the intramolecular distance between the ketone and the ester
azide moieties and by the energy of the triplet ketone. The rate
of the energy transfer in 3 is the slowest, as expected, whereas it
is the fastest in 1. Schuster and coworkers have previously shown
that the triplet ketone chromophore in 4 has a lifetime of 100 ns
in tert-butyl alcohol, which is similar to what we observe [12].
The rate of energy transfers in 1-4 are slower than we observed
in 2-azido-1-phenyl ethanone [30], which is reasonable because
of the increased distance between the ketone and the azido chro-
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Fig. 9. IR spectra of 1 in argon matrices. (A) Before (red) and after 22 h of irradiation (green). (B) The expanded IR spectra between 2300 and 2050 cm~! before (red), after 2 h
(blue), 6 h (pink) and 22 h (green) of irradiation. The insert displays the rate of disappearance for the band at 2111 cm~! and the rate of formation for the band at 2267 cm~!.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

mophores in 1-4. Furthermore, the energy of triplet ester azides is
~55 kcal/mol above their Sy whereas triplet alkyl azides have been
estimated to be only ~44 kcal/mol above their Sg [31].

3.5. Matrix isolation spectra

We deposited 1-4 in argon matrices at 14 K. The vibrational
stretch of the azide chromophore was observed between 2100 and
2200cm! (see Figs. 9-13). Irradiating azides 1-3 in the matri-
ces reduced their intensities. The most significant bands that
were formed by irradiation were at ~2267-2247 cm~! and we
assign them to isocyanic acid based on comparison with literature
[27]. Crowley and Sodeau showed that isocyanic acid has strong

—— 29 h 15 min
—— 1h 16 min
—— 45 min
—— 15 min

300 350 400 450 500
Wavelength [nm]

Fig. 10. Differential UV spectra of 1 in argon matrices after 1/4 (red), 3/4 (black), 1
(1/4) (green), and 29 (1/4) (purple) h of irradiation.

absorbance bands at 2267, 2261 and 2259cm™! in argon matrices
[27]. Apart from the reduction of the azide bands and the forma-
tion of the isocyanic acid bands, the IR spectra of 1-3 before and
after photolysis were remarkably similar, presumably because the
majority of the IR bands belong to the triplet sensitizer, which is
unchanged upon photolysis. We quantified at several different time
intervals, how much the azide bands were depleted compared to
how much the isocyanic acid bands grew, and found the rates to
be different. This is best seen for 1 (see Fig. 9B); after 2 h of irra-
diation, the azide band at ~2111 cm~! was reduced by 80%; after
6 h, it decreased by 95%; and after 22 h the intensity decreased by
93%. After 2 h of irradiation, the isocyanic acid band at 2267 cm~!
had grown in and had an intensity of 0.07; after 6h its intensity
was 0.14 and after 22 h the intensity was 0.24. Thus, the intensity
of the isocyanic acid band increased significantly, although we saw
very little additional depletion of the azide bands. The azido band
at 2143 cm~! did not react significantly upon irradiation and thus
itis likely that this band is due to conformer of azide 1, which is not
well aligned for energy transfer and that the triplet ketone decays
by phosphorescence rather than undergoing energy transfer. We
plotted the intensity of the azido band at 2111 cm~! and isocyanic
acid band at 2267 cm~! versus time of irradiation in Fig. 9, which
further illustrates that the rate of depletion of the azido band is
faster than the rate of formation of the isocyanic band.

Since the rates for depleting the azide bands and forming iso-
cyanic acid were the most different for 1, we used UV absorption
spectroscopy also to follow its reactivity in matrices. Irradiation
of 1 in argon matrices produced an absorption band with Amax
at 343 nm, which we assign to 1n, based on its similarity to the
transient spectra of 1n in solutions (Fig. 10). The band at 343 nm
decreased upon furtherirradiation and, after 3 (1/4) h of irradiation,
it was depleted. It should be pointed out that the argon matri-
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Fig. 12. IR spectra of azide 3 in argon matrices before (red) and after 1 h (blue), 19 h (pink) and 79 h (green) of irradiation.

ces prepared for UV absorption experiments are thinner than the
matrices analyzed with IR spectroscopy and thus the reaction times
faster. Photolyzing 1 also produced a band with Apax at ~280 nm,
which we assign to acetyl benzaldehyde, because the absorption
spectrum for acetyl benzaldehyde is very similar.

Azide 2 has four azide vibrational bands at 2119, 2135, 2155
and 2178 cm~! (Fig. 11). Photolysis reduced the intensities of the
azide bands, and the most significant bands that formed were at
2247 and 2263 cm~!. We assign both these bands to isocyanic acid.
Presumably, two isocyanic acid bands are formed from 2 in differ-
ent environments within the argon matrices. Typical matrix effects
cause splitting of a few wave numbers, which fits with our obser-
vations [29]. We also observed the N-H stretch for isocyanic acid
at3313cm1.

Azide 3 has four azide bands, at 2122, 2140 2150 and 2183 cm ™!
(Fig. 12). Irradiation reduced the intensity of the bands, and we

2203 cmt 2192 cm-t

observed a new band at 2203 cm~! that we assigned to isocyanate
3i. We base our assignment on the observation of Lwowski et al.
that methoxy isocyanate has a strong vibrational band at 2209 cm~!
[10]. Furthermore, Maier et al. also reported a strong band at
2204cm~! for methoxy isocyanate in argon matrices [11]. The
vibrational band at 2203 cm~! grew in for the first 19h of irradi-
ation, but decreased upon further photolysis. During this decrease,
we observed the formation of isocyanic acid bands at 3317,2260 and
771 cm~!. The calculated isocyanate band for 3iisat 2293 cm~!, and
scaling of 0.96 [28] put this band at 2201 cm~!, which is in excellent
agreement with the experimental band. Isotope labeling with 1°N
shifted the band at 2203-2190 cm~!, which is consistent with the
calculated shift of ~10cm~! for 3i.

The calculated IR spectrum of 3n has vibrational bands at 1047,
948 and 639cm! that are affected by N labeling. The calcu-
lated intensity of the 1047 cm~! bands is 33 km/mol whereas the
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Fig. 13. IR spectra of azide 4 in argon matrices before (red) and after 15 min (blue) and 30 min (pink) of irradiation.
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other two band have intensities of less than 7 km/mol. These bands
shifted to 1043, 945 and 629 cm™1, respectively, upon >N substitu-
tion. Thus, these three bands are the vibrational bands that involve
the C-N bond in 3n. Even with the aid of 1°N labeling, we were not
able to locate these bands, presumably because their intensity is
low.

Irradiating 4 in matrices led to the depletion of the azide bands
at 2153, 2162 and 2170 cm~! (Fig. 13). The most significant bands
that grew in were at 2203 and 2192 cm~!, which we assigned to
isocyanate 4i based on its similarity to 3i. Presumably, two differ-
ent conformers of 4i arise from different conformers of 4, however,
we cannot rule out that matrix splitting is responsible for the two
isocyanate bands. We also observed the formation of IR bands at
1163, 951, 909, 834, 580 and 517 cm~!, which belonged to 4i. This
assignment is supported by calculations that place the isocyanate
bands for 4i at 2296 and 2297 cm~!. Scaling with 0.96 locates the
calculated isocyanate bands at 2204 and 2205 cm~!, which is in
excellent agreement with experiment [28].

Finally, we deposited carbonazidic acid ethyl ester, which does
not have an intramolecular sensitizer, into argon matrices. Pro-
longed irradiation of this azide in matrices through a Pyrex filter did
not yield any products, whereas irradiation through quartz yielded
ethoxy isocyanate and isocyanic acid. This experiment verifies that
the reactivity of 1-4 in matrices is taking place via triplet sensitiza-
tion and not direct irradiation. The results of the quartz photolysis
of carbonazidic acid ethyl ester in argon matrices is very similar
to what Lwowski and coworkers observed for carbonazidic acid
methyl ester [10].

Photolyzing 1-3 in argon matrices yielded isocyanic acid as the
final product, but in a stepwise manner. It is unlikely that azides 1
and 2 formed isocyanic acid via isocyanates 1i and 2i, respectively,
because we did not observe any IR bands that could be assigned
to isocyanates, as for azide 3. In comparison, prolonged irradiation
of isocyanate 3i yields the more stable isocyanic acid and aldehyde
21 (Scheme 7). Since the azide bands in 1-3 were depleted faster
than the isocyanic acid bands were formed, we propose that irradi-
ating azide 1-3 in matrices yields 1n-3n, respectively, and that the
nitrene intermediates absorb another photon to form alkoxy and
cyanato radicals. The cyanato radical can then abstract an H-atom
from the alkoxy radical to form isocyanic acid and the correspond-
ing aldehyde (19-21). We cannot account for the aldehyde bands in
the matrices with IR spectroscopy, since their carbonyl bands are
buried under the carbonyl band of the starting material. Neither,
can we observe triplet nitrenes 1n-3n directly in matrices using IR
spectroscopy. Nevertheless, the formation of nitrene intermediate
in matrices was confirmed by UV absorption spectroscopy.

Likewise, matrix irradiation of 4 yields 4i, presumably via sec-
ondary photolysis of 4n to form alkoxy and cyanato radicals that

recombine, since the aryloxy radical does not have any abstractable
H-atom. The formation of 4n in matrices is in agreement with find-
ings by Schuster and coworkers, who demonstrated that irradiating
4 at 8 K gives rise to an EPR signal that they assigned to 4n [12]. 1t is
not likely that 1n-4n are in equilibrium with their singlets in matri-
ces at 14 K, since the singlets are at least 3 kcal/mol higher in energy.
Furthermore, Liu et al., have calculated that the transition state for
singlet carbomethoxy nitrene (16 s) to undergo Curtius rearrange-
ment to form methoxy isocyanate is between 9 and 14 kcal/mol
above 16s and thus not likely to take place from relaxed singlet
nitrenes at cryogenic temperature [9].

Thus, triplet ester nitrenes 1n-4n are photolabile in matri-
ces. Similarly, triplet phenyl nitrene and alkyl nitrene have also
been reported to undergo secondary photoreaction in matrices
[31,32]. Furthermore, we theorize, that direct photolysis of azide
16 in matrices yields singlet nitrene 16s, which then intersystem
crosses to form triplet nitrene 16n. The rate of intersystem cross-
ing from the singlet to the triplet has been estimated to be 108 s~
at room temperature [6], and should not be affected strongly by
temperature. Thus, singlet 16s relaxes to 16n, which undergoes
secondary photolysis to yield methoxy isocyanate, and explains
why direct and sensitized photolysis of ester azides in matrices
yield similar products. This theory would also explain the for-
mation of diazenedicarboxylic acid dimethyl ester that Teles and
Maier [11] observed along with methoxy isocyanate by irradiat-
ing carbonazidic acid ethyl ester in matrices, since triplet nitrenes
generally dimerize to form azodimers [32]. Furthermore, this is
in agreement with Wasserman et al. finding that low temper-
ature photolysis of carbonazidic acid ethyl ester results in EPR
signal [5].

4. Conclusions

Our results show that photolyzing azides 1-4 in methanol
results in intramolecular energy transfer to form triplet ester
nitrenes 1n-4n that decay mainly by H-atom abstraction from
the solvent. Photolyzing 1-3 in argon matrices at low temperature
yields isocyanic acid from secondary photolysis of 1n-3n. Similarly,
photolyzing 4 in matrices yields isocyanate 4i via secondary pho-
tolysis of 4n. Thus, triplet ester nitrenes can be formed selectively
via intramolecular photosensitization, but these intermediates are
themselves highly photoreactive.
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