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Abstract: Phenyl azide, 2,6-diethylphenyl azide, 2,6-diisopropylphenyl azide, and 2,4,6-tri-tert-butylphenyl
azide were studied by laser flash photolysis (LFP) methods. LFP (266 nm) of the azides in glassy
3-methylpentane at 77 K produces the transient UV—vis absorption spectra of the corresponding singlet
nitrenes. At 77 K, the singlet nitrenes relax to the corresponding triplet nitrenes. The triplet nitrenes are
persistent at 77 K and their spectra were recorded. The rate constants of singlet to triplet intersystem
crossing were determined at this temperature. LFP of 2,4,6-tri-tert-butyl phenyl azide in pentane at ambient
temperature again produces a singlet nitrene, which is too short-lived to detect by nanosecond spectroscopy
under these conditions. Unlike the other azides, the first detectable intermediate produced upon LFP of
2,4,6-tri-tert-butyl phenyl azide at ambient temperature is the benzazirine (285 nm) which has a lifetime of
62 ns controlled by ring opening to a didehydroazepine. The results are interpreted with the aid of Density

Functional Theoretical and Molecular Orbital Calculations.
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|. Introduction Scheme 1

The chemistry of aryl azides has a long history that dates
back to the 19 century and has been reviewed several tifnés.
Phenyl azide was first synthesized by Greiss in 18&ince
then, many derivatives have been the subject of extensive
investigation because of their important biological and industrial
applications as photoaffinity labeling agehfscross-linking
reagents in photoresistshe formation of conducting polymets,
and the light induced activation of polymer surfaés.

The mechanistic details of the decomposition of phenyl azide
are complex! and have been studied extensively by analysis
of reaction mixtures, matrix-isolation spectroscopy, laser flash
photolysis (LFP), and modern molecular orbital (MO) theory.
Several reactive intermediates are formed on photolysis of
phenyl azide, the key intermediate among them is the singlet
phenylnitrenela (Scheme 1).

The existence of singlet phenylnitrefia was demonstrated
in 1997 by its direct detection upon laser flash photolysis (LFP)
(1) Abramovitch, R. A.; Davis, B. AChem. Re. 1964 64, 149.
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of phenyl azide2a.1>~14 The transient spectrum dfa displays

a sharp and intense band at 350 nm. Kinetic studies of this
transient provide information about the lifetimelaat ambient
temperature<{1 ns), the barrier to its rearrangement (5.6 kcal/
mol), and the rate constant of intersystem crossing (IS&, 3
1P s71) of singletlato triplet phenyl nitrene8a.12-14

Theory predicts that singlet nitrena has an open-shell
electronic structure and can be thought as a 1,3 bira#icHl.

(12) Gritsan, N. P.; Yuzawa, T.; Platz, M. 3. Am. Chem. Sod 997, 119
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(14) Gritsan, N. P.; Zhu, Z.; Hadad, C. M.; Platz, M. 5.Am. Chem. Soc.
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10.1021/ja035833e CCC: $25.00 © 2003 American Chemical Society



Photochemistry of Ortho Dialkyl Phenyl Azides ARTICLES
Compared to phenylcarbei®ésa the biradical nature ofla N N
facilitates its cyclization to benzazirirka, which then rapidly " "
undergoes a ring-expansion reaction to form didehydroazepine Slower Faster
5a (Scheme 1).
' n 1 4
X =CHs

5-0-0 -0

Even though benzazirinka has never been directly observed,
the intermediacy ofla is supported by modern MO calcula-
tions'®>1%and by conventional chemical trapping experiméfts.
Photolysis of phenyl azid2a in ethanethiol produces ethylth-
ioaniline, presumably from nucleophilic interception 4172

N3 N EtS H SEt
NH»
hy EtSH
-3 > >
— —
2a 4a

Decomposition of phenyl azid2a at ambient temperature

in amine containing solution generates 3H-azepines in good

yield!® via trapping of didehydroazepirtsa.

0~ 0=0-0

Matrix isolation experiments performed at very low temper-
ature!® time-resolved infrared (TRIR) studies at ambient tem-
peraturé?® and LFP studi€’é provided direct observation &&.
Didehydroazepinésa has a characteristic broad and intense
UV —vis absorption at 340 ni#;122%whose growth exhibits the
same rate constant as the decay of singlet nitfen@ and an
intense IR absorption at 1890 cattributed to the stretching
of the ketenimine functional grou3:2°

Sundberg and co-workéefs discovered that ortho alkyl
substituents direct the cyclization of the nitrene nitrogen away
from the substituent.

NEt, NEt,
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Am. Chem. S0d99Q 112 5879. (c) Donnelly, T.; Dunkin, I. R.; Norwood,
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Chem. Soc1978 100, 282.
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513.

This laboratory has investigated a series of methyl substituted
singlet phenylnitrenes using LFP methdd# single ortho or
para methyl group has no influence on the lifetime of the singlet
aryl nitrene. However, twmrtho-methyl groups extend the
lifetime of 2,6-dimethylphenylnitrene to 12 ns at ambient
temperature, and raises the energy barrier to rearrangement by
2 kcal/mol?2 These results are in excellent agreement with
Karney and Borden’s calculations which indicate that steric
strain increases upon cyclization of the singlet meta-xylyl nitrene
to the corresponding azirirfé:253d

These results stimulated us to extend the steric effects to
include di-ortho ethyl, isopropyl arntert-butyl substituents and
herein we are pleased to report our results.

N N N N N
f Me. i _Me Et\©/a FPr i i-Pr tBu, i t-Bu
1a 1b 1c 1d t-Bu

Il. Laser Flash Photolysis Studies

II.1 LFP of Phenyl Azides at 77K. The transient absorption
spectrum of singlet phenylnitreda has been measured directly
at ambient temperatureand at a lower temperature (150 K).
Other nitrenes, however, may not be directly observable at
ambient temperature or even at 150 K by nanosecond spectros-
copy. This led us to further decrease the reaction temperature.

Laser flash photolysis (LFP, 266 nm, 5 ns, 50 mJ) studies of
la—1f were performed in glassy 3-methylpentane at 77 K, in
boiling liquid nitrogen. The data obtained wittf are repre-
sentative. The spectrum recorded immediately after the laser
flash (Figure 1A, solid line) is assigned to the open-shell singlet
nitrene 1f, and the transient spectrum formed at later times
relative to the flash (Figure 1A, dashed line) is attributed to the
triplet nitrene3f. Figure 1A illustrates thalf (346, 363 nm)
and 3f (313 nm) have distinct absorption spectra.

The 77 K LFP technique can also be utilized to directly
measure the rate constant of intersystem crossigg) (which
is based on the assumption that ISC is the dominant reaction of
singlet phenylnitrenes at this temperature. As shown in Figure
1B, the variation in optical density as a function of time exhibits
first-order kinetics at 363 and 313 nm. The growth of triplet
phenylnitrenesf (313 nm) and the decay of singlet phenylnitrene
1f (363 nm) exhibit the same rate constampéc.

The data obtained by LFP studies of several singlet and triplet
phenylnitrenes at 77 K are summarized in Table 1.

I1.2 LFP of 2,6-Diethyl and 2,6-Diisopropyl Phenyl Azide.
The results obtained by LFP of 2,6-diisopropyl phenyl azide
are very similar to the data reported with parent phenyl a%de.

(22) Gritsan, N. P.; Gudmundsdottir, A. D.; Tigelaar, D.; Platz, MJSPhys.
Chem. A1999 103 3458.
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Figure 1. (A) Transient U\V+-visible spectra produced upon LFP (266 nm) o o o o)

of 2,4,6-tritert-butylphenyl azide in 3-methylpentane at 77 K. The solid

line was observed over a window of 20 ns immediately after the laser flash;
the dashed line was recorded over a window of 30 ns apnd after the

laser pulse. (B) The variation in optical density as a function of time at B
363 nm (decay) and 313 nm (growth) following excitation of 2,4,Grt-
butylphenyl azide in glassy 3-methylpentane at 77 K.

Table 1. Summary of LFP Data Obtained at 77 K

In (Kows - Kisc)

singlet triplet
nitrene Amax (NM) Kgecay (57%) nitrene Amax (NM) Kgrowtn (57%)
la 349 3.8x 108 3a 300 3.8x 108
1c 350 8.4x 108 3c 306 1.2x 107
1d 360 9.3x 108 3d 310 1.4x 107 T T T T
1f 346, 363 6.8x 10° 3f 313, 388 6.9 10° 35 4.0 45 5.0

1T x 10°. K™

Figure 4. (A) A plot of kops versus 1T and (B) Arrhenius plot of I
— kisc) versus 1T for the decay of singlet nitrenkc in pentane.

0.12 4
_ 3 -1
8 010+ e than the time resolution of our instrument. Instead, the transient
g 0.08 — i - s e signal of the corresponding didehydroazepiicavas observed
S 006 o between 300~ 400 nm with a maximum at around 360 nm
2 0.04 4 (Figure 3). This spectrum greatly resembles that of parent system
S h 53.14

0.02—
0004 e £ N LFP of 2c in pentane at 193 K produces the transient

“'. T T T ! absorption spectrum of Figure S4 (Supporting Information). This
0 20 o 60 8o 100 spectrum is significantly different from that at ambient tem-
Time, ns .

perature (Figure 3), and most resembles the spectrum observed

Figure 2. Variation in optical density as a function of time at 350 nm . . . .
following excitation (266 nm, 150 ps, 10 mJ) of 2,6-diethylphenyl azide in in a frozen glass at 77 K with a 200 ns recording delay time

pentane at ambient temperature. (Figure S2, dashed line).
The temperature dependence of the observed rate constant,

LFP of 2,6-diethyl phenyl azide produces a short-lived kqs for the decay of singlet nitrengc is examined and the
transient absorption at 350 nm at ambient temperature. results are listed in Table S1 (Supporting Information). The

The decay of transient absorption of singlet nitréoat 350 magnitude ofk,,s decreases as the temperature decreases until
nm at ambient temperature is shown in Figure 2. This decay about 170 K, whereupon a limiting value is reached (Figure
can be fit to an exponential function and solved to yield an 4A). This is similar to the trend observed with singlet phe-
observed rate constaky,s The lifetime of singlet nitrenécis nylnitrene1a* and a series of its derivativés22.24.26
then determined from the reciprocal lofsto giver = 9 ns at The temperature independent rate constant observed at low
ambient temperature. This is much longer than that of parenttemperature, which is determined to be (£®.1) x 10" s71,
singlet phenylnitrenda (~1 ns)!* and is slightly shorter but  is associated with the rate constant of ISC to the lowest triplet
close to that of singlet 2,6-dimethylphenylnitrehie (12 ns)?2 state kisc). Following our studies of parent singlet phenylni-

The transient spectrum of singlet nitretie could not be trené* and other substituted phenylnitrerféd#26it is assumed
obtained directly at ambient temperature, as its lifetime is shorter thatk,pshas two components: the rate constant of rearrangement

12016 J. AM. CHEM. SOC. = VOL. 125, NO. 39, 2003
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(kr) and the rate constant of intersystem crosskigr)

Kobs = kg  Kisc (2)
Assuming further thakisc does not vary with temperature in
solution over the range of this study allows deduction of the
rate constant of rearrangemek)(3-222426Arrhenius treatment
of kg, represented adys — kisc), is depicted in Figure 4B,
where a linear relationship is found with a regression coefficient
of 0.992 for the least-squares linear fitting. Thus, the deduced
Arrhenius parameters for singlet nitretie to rearrangement
have an activation energ¥y) of 5.2 + 0.5 kcal/mol, and a
preexponential factord) of 101205 571, This energy barrier
is similar to that of parent phenylnitreriea (5.6 + 0.3 kcal/
mol)!4 but is significantly smaller than that of 2,6-dimethylphe-
nylnitrene1b (7.0 & 0.3 kcal/mol)?2 Furthermore, the preex-
ponential factor forlc to rearrangement is about 1 order of
magnitude smaller than those df and 1b (1030-13.1:03
S—l)_l4,22

One can imagine that compensating experimental errors in
the activation energies and preexponential terms may obscur
or falsely amplify trends in the barrier heigitsFor this reason,
a fixed preexponential value of #1345~ or a fixed intercept
of In(10130-134 was applied to the Arrhenius treatment of In
kr versus 1T, similar to that of Figure 4B, and this treatment
gives a largelE, (6.2~6.7 kcal/mol) but a poorer regression
coefficient (0.965) than those derived from Figure 4B. Never-
theless, this energy barrier is still lower than, but closer to, that
of 1b.

LFP (266 nm, 150 ps, 10 mJ) of 2,6-diisopropylphenyl azide
2d in pentane at 193 K produces the transient absorption

spectrum of Figure S5 (Supporting Information). This spectrum *
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Figure 5. (A) Transient UV--visible spectra produced upon LFP (266 nm)
of 2,4,6-tritert-butylphenyl azide in pentane at ambient temperature. The
solid line was observed over a window of 10 ns just after the laser flash;
the dashed line was recorded over a window of 30 ns andslffter the
laser pulse. (B) The variation in optical density as a function of time at
285 nm (decay) and 350 nm (growth) following excitation of 2,4,Gért-
butylphenyl azide in pentane at ambient temperature.

of diisopropyl nitreneld is twice as large as singlet phenylni-
trenela, but less than half of that of diethylphenylnitrebeat
260 K.

1.3 LFP of 2,4,6-tri-tert-Butylphenyl Azide in Fluid
Solution. LFP (266 nm) of 2,4,6-trtert-butylphenyl azide2f

resembles that observed in a glass at 77 K 300 ns after the lasef? Pentane, at ambient temperature, produces the transient

pulse and is attributed to the triplet nitrei@el. At a time
resolution of 100 ns, our optical multichannel analyzer could
not detect singlet nitrengd at 193 K in the condensed phase.
Furthermore, no significant didehydroazepine transient absorp-
tion was detected at this temperature either.

At ambient temperature, LFP @fl produces a broad transient
absorption with maximum at 360 nm (similar to Figure 3)
assigned to didehydroazepiel, and the decay of transient
absorption of singlet nitrengd is not observable. The band at
310 nmiis likely due to the triplet nitrer8d. Thus, the lifetime
of 1d must be shorter than 5 ns at ambient temperature.
However, the decay of transient absorption of singlet nitrene
1d at 360 nm, is observed at 260 K (Figure S6) or lower
temperatures. This decay trace can be fit to an exponential
function and solved to yield observed rate constlpt, of 1.6
x 10 s~1, which corresponds to a lifetime of6 ns at 260 K.

At this temperature, the lifetimes of singlet phenylnitreteg
its 2,6-dimethyl analoguéb, and 2,6-diethyl analogukc are
about 31*4022and 13 ns (Table S1), respectively. The lifetime

(23) (a) Poe, R.; Schnapp, K.; Young, M. J. T.; Grayzar, J.; Platz, M. 8m.
Chem. Soc1992 114, 5054. (b) Schnapp, K. A.; Poe, R.; Leyva, E.;
Soundararajan, N.; Platz, M. Bioconjugate Chen1993 4, 172. (c) Zhai,
H. B.; Platz, M. S.J. Phys. Org. Chenil997, 10, 22. (d) Gritsan, N. P;
Zhai, H. B.; Yuzawa, T.; Karweik, D.; Brooke, J.; Platz, M. B.Phys.
Chem. A1997, 101, 2833.

(24) Gritsan, N. P.; Gudmundsdottir, A. D.; Tigelaar, D.; Zhu, Z.; Karney, W.
L.; Hadad, C. M.; Platz, M. SJ. Am. Chem. So@001, 123 1951.

(25) Karney, W. L.; Borden, W. TJ. Am. Chem. S0d 997, 119, 3347.

(26) Gritsan, N. P.; Likhotvorik, I.; Tsao, M.-L.;&ebi, N.; Platz, M. S.; Karney,
W. L.; Kemnitz, C. R.; Borden, W. TJ. Am. Chem. So@001, 123 1425.

absorption spectra of Figure 5A. The transient absorption of
singlet nitrenelf at 346 and 363 nm could not be observed at
ambient temperature presumably due to its very short lifetime
under these conditions. Instead, a transient species, which
absorbs strongly around 285 nm, with a long tail extending to
about 400 nm, is observed immediately after the laser pulse.
This transient spectrum is significantly different from that of
singlet nitrenelf and triplet nitrenef. Its maximum absorption
exhibits a blue shift of 30 nm relative to that 8f, and it does

not display the structured bands at 363 and 346 nm as does
singlet nitrenelf observed at 77 K. The carrier of 285 nm
transient absorption will be assigned to benzazidhen the
basis of its kinetic and spectroscopic properties (vide infra).

N

t-Bu t-Bu

t-Bu
4f

Note that direct observations of benzazirines are rare,
particularly in the liquid phase. Other cases are the azirines
produced by photolysis afrtho-biphenyl azide?’22,6-difluoro
and pentafluorophenyl azid®; and 1-naphthyl azid&c

Hundreds of nanoseconds after the laser flash, the 285 nm
transient absorption vanishes and a new transient absorption

J. AM. CHEM. SOC. = VOL. 125, NO. 39, 2003 12017



ARTICLES Tsao and Platz
400 Q
16 Slope = -3.725 = -Ea/R; Ea=7.4 kcal/imol
300 Intercept = 29.043 = In A; A= 102%™
e . 151
% 200 8
3 <

100 —

! 2
T T T T T T T 1

1860 1870 1880 1890 1900 1910 1920 1930
Wavenumber, cm”'

Figure 6. Transient IR spectrum produced upon LFP (240 nm) of 2,4,6-
tri-tert-butylphenyl azide in acetonitrile at ambient temperature. The
spectrum was recorded over a window gid immediately after the laser
flash.

appears which absorbs broadly and intensely at-3@® nm
with a maximum of 350 nm. Its lifetime is more than tens of
microseconds (Figure 5A). This longer-lived transient species
can be identified as didehydroazepbfedbased on the similarity
of its UV—vis absorption to the spectrum generated from phenyl
azidé? and its derivatives (Figure 3). The carrier of the 285
nm absorption band must decay to form didehydroazepine
consistent with its assignment to benzaziritie

To further support the assignment of didehydroazepife
LFP of azide2f was investigated with infrared detection. Figure
6 depicts the time-resolved infrared (TRIR) spectrum produced
upon LFP (240 nm) of 2,4,6-ttert-butylphenyl azide Zf) in
acetonitrile at ambient temperature. Excitation light of 240 nm
was chosen instead of 266 nm beca2fsabsorbs more strongly

14 —

13

[ I [ [ I [
34 36 38 40 42 4.4
1T x 10°

Figure 7. Arrhenius plot for the temperature dependence of the observed
decay rate constamps at 290 nm upon LFP (266 nm) of 2,4,6-te¥t-
butylphenyl azide in pentane.

Scheme 2
w I o I
N & iNA .
/éT R4 R4 2 a:Ry;=Ry=H

b: R2= H, R1 = CH3
¢: Ry =H, R4 =CH,CH3
d: Rz = H, Ry = CH(CH3)2

Rz Rz e:Ry=H, Ry = C(CHa)3

1 3 f: R, =Ry =C(CH3)3

and the results are listed in Table S2 (Supporting Information).
The magnitude oKkqps Which follows the Arrhenius equation,
decreases as the temperature decreases. An Arrhenius treatment
of the kops data is presented in Figure 7. Unlike singlet
phenylnitrene in which a curved Arrhenius plot was observed
for its decay rate constants, Figure 7 displays an excellent linear

at the shorter wavelength and 240 nm is the shortest accessiblge|ationship between lkypsand 17T over the entire temperature

excitation wavelength of the TRIR spectrometer. The spectrum

range of the study.

of Figure 6 reveals that the longer-lived transient species absorbs Following a least-squares linear correlation of the data, the

strongly at 1894 cm!, a characteristic IR absorption of the
ketenimine functional group. This IR absorption greatly re-

activation energye, and preexponential factdk for the decay
of 285 nm transient are found to g = 7.4 + 0.2 kcal/mol

sembles that of didehydroazepine generated by LFP of phenylgnga = 1012.6:02 g1,

azide?°
To explore the lifetime of the carrier of short-lived 285 nm

transient absorption and the connection of this species with

didehydroazepin®f, kinetic studies were performed at selected
wavelengths as shown in Figure 5B. It was found that the
disappearance of the transient absorption at 285 nm and th
formation of the 350 nm transient signal are exponential. The
observed rate constankgs of both processes are equal within

experimental error demonstrating that these two transient specie

11l. Computational Chemistry

1.1 Singlet—Triplet Splitting of Substituted Phenylni-
trenes. The electronic structures of a seriesastho-alkylated
phenylnitrenes (Scheme 2) were investigated using computa-

Sional methods. The geometries of these nitrenes were optimized

using the complete active space self-consistent field (CASSCF)
methodolog¥® with the 6-31G* basis s&tin which five d-type

S(5D) functions were employed. Due to free rotation of C

are _connected by acommon mechanistic ?tep- Fur_thermore, th€'oond(s) in the alkyl substituents, several rotational isomers can
lifetime of the carrier of the 285 nm absorbing species, deduced be found in these nitrenes. However, only the most stable

from the reciprocal okops iS 62+ 2 ns in pentane at ambient
temperature (Figure 5B).
LFP (266 nm) of 2,4,6-triert-butylphenyl azide in pentane

isomers were chosen and studied in detail with the exception
of 3f. An isomer of 3f with Cs symmetry was used as a
representative molecule instead of the most stable isomer that

at 193 K produces the transient absorption spectrum of Figure yyas not have any molecular symmetry. This analysis was

S7 (Supporting Information). The transient spectrum observed

performed because th@&s point group can be used to great

at 193 K shows exactly the same features as that obtained at,y antage in electronic structure calculations, and@sisomer

ambient temperature immediately after the laser flash (Figures

5A); however, the lifetime of the 285 nm transient species

is geometrically and energetically similar to the most stable one.
The triplet state oBf with Cs symmetry is only 0.02 kcal/mol

extends to the microsecond time scale at the lower temperature 5 )\ the most stable isomer at the B3LYP/6-31G* level of
The temperature dependence of the observed rate constanteory. Moreover, a vibrational frequency calculatior@mith

kobs fOr the decay of transient absorption at 285 nm is examined

(27) (a) Tsao, M.-L.; Gritsan, N.; James, T. R.; Platz, M. S.; Hrovat, D. A.;
Borden, W. T.J. Am. Chem. So@003 125, in press. (b) Morawietz, J.;
Sander, WJ. Org. Chem1996 61, 4351. (c) Dunkin, I. R.; Thomson, P.
C. P.J. Chem. Soc., Chem. Commuad®8Q 499.
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(28) (a) Roos, B. O. IAb Initio Methods in Quantum Chemistriyawley, K.
P., Ed.; Wiley: New York, 1987; Vol.2, p 399. (b) Roos, B. &lv. Chem.
Phys.1987 69, 339. (c) Roos, B. Olnt. J. Quantum Chem. Symp98Q
14, 175.

(29) Hariharan, P. C.; Pople, J. Aheor. Chim. Actal973 28, 213.
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Table 2. Calculated Absolute Energies (Hartrees) of Triplet
Nitrenes 3a~3f and Singlet—Triplet Energy Gaps (kcal/mol) of
Singlet Nitrenes 1la~1f Using the CASSCF, CASPT2, and DFT
Computational Methods

The singlet-triplet splitting of nitrenesla~1f was also
studied by density functional theory (DFT) with Becke’s three
parameter hybrid functional using the LYP correlation functional
(B3LYP).2! Geometries of singlet nitrenelsa~1f as well as
triplet nitrenes3a~3f were fully optimized using the UB3LYP/
6-31G* (6D) method, and their single-point energy calculations
were performed with the extended 6-31G(2d,p) basis sét
for the UB3LYP/6-31G* optimized geometries. The results are
listed in Table 2 as well.

Because singlet nitreneksa~1f have open-shell electronic
structures the DFT method failed to describe these broken
symmetry systems correctly. However, the energy of the broken-
symmetry unrestricted DFT wave functiofse.sg IS best
interpreted as a 50:50 mixture of triplet and singletEs, for
which the<&> value is~ 1.016:3334Thus, the DFT energy of
the singlet state can be estimated by this sum mééféd*as

CASSCF? CASPT2" DFT®

substituents 3 AEsr 3 AEst 3 AEsr

—284.594522 17.88-285.399723 19.52-286.389598 15.16
b —362.668826 16.04-363.745850 17.82-365.049901 13.67
c —440.736211 16.36-442.080415 17.89-443.698143 13.74
d —518.799366 16.15-520.417320 17.93-522.344683 13.72
e
f

o]

—596.854703 15.47-598.752589 17.42-600.985105 13.27
—752.988064 15.31-755.430741 17.08-758.284476 13.05

2 CASSCF(8,8)/6-31G* level of theory.CASPT2(8,8)/6-31G*//CASS-
CF(8,8)/6-31G* level of theory: UB3LYP/6-311G(2d,p)//UB3LYP/6-
31G* level of theory.

Cs symmetry at this level verifies its nature as minimum on the
potential energy surface rather than a transition state.
Phenylnitrene 1a and 3a) along with 2,6-dimethyl Xb and E
3b), 2,6-diisopropy! {d and3d), and 2,6-ditert-butyl (leand
3e) phenylnitrenes areC,, symmetric, while 2,4,6-trtert-
butylphenyl nitrene Xf and 3f) hasCs symmetry. As for 2,6-
diethylphenyl nitrenelc and3c), two isomers are found to have
the lowest energies. The most stable isomer stoygymmetry,
whereas the other one h@ssymmetry. The energy difference
between these two isomers is smaller than 0.1 kcal/mol.

1a/3a (Cy)  1b/3b (Cyy) 1¢'/3¢" (Cy)

s= 2% Egg0— By (2

Compared to the singletriplet splitting calculated by CASSCF
and CASPT2 (Table 2), DFT with the sum method underesti-
mates AEst by 2~4 kcal/mol. However, this deviation is
independent of substituent; that is, the trends in the sirglet
triplet splitting as a function of substitution are similar between
the DFT sum method and the CASSCF and CASPT2 calcula-
tions. This is consistent with the published resultsmeftaand
para substitution effects on the electronic state energies of
phenylnitreng®

I11.2 Intramolecular Rearrangement of Singlet PhenyIni-
trene. The intramolecular rearrangement of singlet phenylnitrene
1 proceeds by a two-step procé8he first step is cyclization

N

1¢/3¢ (Cy) 1d/3d (Cyy)

- N = = N = of phenylnitrene to form benzazirikg and the second step is
C 7 - . ring enlargement o# to give didehydroazepin®g (Scheme 3).
To explore the potential energy surface of these processes for
singlet nitrenesla~1f, stationary points are examined using
1e/3e (Cay) modern MO theory.

Because the first cyclization step involves both open-shell
(la~1f) and closed-shell4@~4f) singlet species, the DFT
method alone could not answer this question properly as
described previously. Therefore, CASSCF, CASPT2, and DFT/
CASPT2 combination methods are used to explore the cycliza-
tion step. For CASSCF and CASPT2 methods, the geometries
; o . of la~f, 4a~f and the transition states connecting between them
states, and the adjacent-C bond lengthr() in singlet nitrenes (TS1_s a~f) were optimized at the CASSCF(8,8)/6-31G* level

3a~1f 'Sj[ atbouttho.g_s 'g‘ Iolngﬁr than |nf ttrr]re t_rlpllett S.tftes' 'I;hrs dof theory, and then the CASPT2 energies of these CASSCF
demonstrates the oira IC? character ot the singlet nitrenes foun geometries were determined using the CASSCF wave functions
in previous calculation¥*~16 There is very little influence of

bstituent tin th iric dat as a reference. These calculations produce the geometric
substituent present in the geometric data. . information of Tables S4S7 (Supporting Information), and
The calculated singlettriplet energy gapAEst, with the

i . o ; . yield the relative energies of Table S8. Note that due to severe
CASSC.:F(S’S)IB 31G me_thonl IS given In Ta_ble 2'.T° include problems of orbital rotations during the CASSCF geometry
dynamic electron correlation in the multiconfiguration calcula-

. . . optimization of TS;—4f, calculations of this molecule could not
tlons,. CASPTZ e.nerg|e.s were determined for C.ASSCF be completed with the CASSCF method, and the CASPT2
optimized geometries using the CASSCF wave functions as a

; : . calculation of TS;_4e was too expensive to perform with our
reference. These CASPT2 energies are also listed in Table 2. wat 1-4e Was Xpensv P with ou
Both CASSCF and CASPT2 calculations show that alkyl (31) (a) Becke, A. D.J. Chem. Phys1993 98, 5648. (b) Lee, C.; Yang, W

1/3f (Cy)

Geometric and thermodynamic information concerning these
nitrenes are listed in Table S3 (Supporting Information) and
Table 2. Table S3 reveals that the-N bond length 1(;) in
singlet nitrened a~1f is 0.05~0.06 A shorter than in their triplet

substitutions lower the singletriplet energy gap by 1:52.5

Parr R. GPhys. Re. B 1988 37, 785. (c) Miehlich, B.; Savin, A.; Stoll,
; Preuss, HChem. Phys. Lett1989 157, 200.

kcal/mol. However, the bulkiness of alkyl groups has very little (32) (a) Frisch, M. J.; Pople, J. A.; Binkley, J. $. Chem. Phys1984 80,

influence onAEsr.

(30) (a) Anderson, K.; Malmqyist, P.-A.; Roos, B. O.; Sadlej, A. J.; Wolinski,
J. Phys. Chem199Q 94, 5483. (b) Anderson K.; Malmqust P.-A;
Roos B. OJ. Chem. Physl992 96, 1218. (c) Anderson K.; Roos, B. 0.
Int. J. Quantum Chenil993 45, 591.

3265. (b) Clark T Chandrasekhar J.; Schleyer, P. J. Romput. Chem.
1983 4, 294.

(33) Cramer, C. JEssentials of Computational Chemistry Theories and

Models Wiley: New York, 2002.

(34) (a) Ziegler, T.; Rauk, A.; Baerends, E.Theor. Chim. Acatl977, 43,

261. (b) Cramer, C. J.; Dulles, F. J.; Giesen, D. J.; AlnloChem. Phys.
Lett. 1995 245, 165.
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Scheme 3
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C R2 =H, Rl = CH2CH3
d: Rz =H, Rl = CH(CH3)2
€ R2 = H, Rl = C(CH3)3

f: R2 = Rl = C(CH3)3

computational resources. Regarding the DFT/CASPT2 method,andTS,—s relative to4 at the B3LYP/6-313+G(2d,p)// B3LYP/
the geometries of triplet nitrene®a~3f and singlet species  6-31G*+ZPE level are given in Table S9 (Supporting Informa-
4a~-4Af and TS;-4a~f were optimized at either the BSLYP or  tion). DidehydroazepineSa~f are found to be 7:18.8 kcal/
UB3LYP level of theory for closed-shell and open-shell species, mol more stable than their corresponding benzazirieesf.
respectively, with the 6-31G* basis set in which six Cartesian Moreover, the activation energy of this step is affected by the

d functions (6D) were employed. Frequency calculations were nature of alkyl substituents: the bulkier the alkyl substituents,
also performed at the same computational level to examine thethe larger the activation energy (Table S9, Figure 9).

number of imaginary frequencies, and to obtain the zero-point  The DET/CASPT2 energies relative to the singlet nitrehes

vibrational energy (ZPE) corrections. Single-point energy o stationary points involved in the rearrangement of phenylni-
calculations were conducted with an extensive 6-8612d,p) yrenesia~f are derived from the deduction of their singtet

basis :set for the (U)B3LYP/6f3lG* optlmlzeq geometries. The triplet splitting (AEsy) from their DFT energies relative to triplet
energies ofTS;—4 and 4 relative to triplet nitrenes3 at the nitrenes3 (AEoer) as shown in eq 3. These results are given in
B3LYP/6-311G(2d,p)//B3LYP/6-31G*- ZPE level of theory Figure 8. In Figure 9 these DFT/CASPT?2 relative energies are
will be denoted ad\Eprr. CombiningAEper with the CASPT2 g0 4 1 position benzaziringsat zero so that the second step
smgle.t—trlplet energy gap AEst) of Ta}ble 2 .the relative of the rearrangement can be clearly visualized. Figures 8 and 9
energiesAEpericaspr20f TS1-4 and4 to singlet nitrened can g, hat the bulkiest substituentert-butyl, dramatically
be deduced from eq 3 as reduces the energy barrier of the first cyclization step and raises
AEpericaspra= AEprr — AEgr ©) the barrier of the secoer'ring-expansion step.
To understand the origin of the alkyl substituent effects, the

The observed geometric data from the DFT method are listed intramolecular rearrangement of phenylnitrenes with 2-methyl
in Tables S4-S7 with the CASSCF result, and the DFT/CASPT2 19, 2-isopropyllh, 2-tert-butyl 1i, and 4tert-butyl 1j substit-
energies are given in Table S8 and Figure 8. uents are investigated computationally using the same theoretical
The second step of the rearrangement reaction involves onlymethods performed for dialkyl substituted analogues. At first,
closed-shell singlet species. Thus, DFT is reasonably expectedsinglet-triplet energy gaps atg~j were determined using the
to be accurate for computing the properties of stationary points CASSCF(8,8)/6-31G* geometry optimizations followed by
of the second step. The geometries4pf5, and TS;-s, the CASPT2(8,8)/6-31G* single-point energy calculations. Second,
transition states connectingand 5, were fully optimized at ~ DFT energies of all stationary points involved in the rearrange-
the B3LYP/6-31G* level. Some selective bond lengths in these ment of 1g~j (Scheme 4) were calculated using the B3LYP/
species are listed in Tables S4-S7. Zero-point energies at the6-3114-G(2d,p)//B3LYP/6-31G*+ ZPE method. Finally, the
B3LYP/6-31G* level and single-point energies with the 6-8G: DFT/CASPT2 relative energies to singlet nitrerdefor these
(2d,p) basis set were calculated for the B3LYP/6-31G* opti- stationary points are deduced from eq 3. These energies are
mized geometries. These energies along with the energies of given in Table S10 (Supporting Information) and Figure 10,
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along with those of unsubstituted phenylnitrele for com-
parison. Note that cyclization of nitrendg~i might proceed

toward or away from the alkyl substituent. Inspection of the
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Figure 9. DFT/CASPT2 energies relative to benzazirink$or species
involved in the rearrangement of (A) phenylnitreba 2,6-dimethylphe-
nylnitrene 1b, and 2,6-diethylphenyl nitrengc and (B) 2,6-diisopropy-
Iphenylnitrene 1d, 2,6-ditert-butylphenyl nitrenele and 2,4,6-tritert-
butylphenylnitrenelf.

isomer. As predicted by analogy to the monosubstituted species,

the most stable structure of the benzazirines withtevbbutyl
substitutions is the 1,5-dert-butylbenzazirine (Figure 12), an

data in Table S10 reveals that the energy barriers to cyclizationintermediate derived from the cyclization of tleetho,ortho-
away from the alkyl substituents are, unsurprisingly, smaller di-tert-butylphenylnitrene. Other members of thetelit-butyl
than those to cyclization toward them and are diminished as substituted benzazirines are 84.3 kcal/mol higher in energy
the size of the alkyl group increases. Regarding the second ring-than the 1,5-diert-butylbenzazirine.

expansion step, tert-butyl substituent on eithesrtho (for the
mode of away from substituent) para position dramatically

Regarding the methylated ateit-butylated didehydroazepines,
the methyl substituent prefers the 7-carbon position, followed

raises the barrier for this process. The DFT/CASPT2 energiesby 4-carbon and then 3-carbon, while tee-butyl group favors

relative to singlet nitrenes (Figure 10A) and to benzazirine

the 7-carbon position, followed by 3-carbon and then 4-carbon

(Figure 10B) give a much clearer picture of the effects of the position. Both methyl andert-butyl substituents significantly

tert-butyl substituent.

The relative energies of a series of monomethyl, dimethyl,
monotert-butyl, and ditert-butyl substituted benzazirines and

didehydroazepines were calculated using the B3LYP/6+&3-1

disfavor the 5- and 6-carbon positions (Figures 13 and 14).
IV. Discussion

The observed absorption maxima bd, 1c, 1d, and 1f at

(2d,p)//B3LYP/6-31G* method with correction of the unscaled 349, 350, 360, and 363 nm, respectively, and thos&apBc,
B3LYP/6-31G* ZPE differences. The results are presented in 3d, and3f at 300, 306, 310, and 313 nm, respectively, reveal
Figures 11-14. The most stable structure of the monomethylated only small substituent effects of alkyl groups on fhgx of the
benzazirines is the 2-methyl derivative, followed by the 5-methyl transient absorption of singlet and triplet phenylnitrenes. Both
derivative. Consequently, the most stable of the dimethylated 1f and3f show a small red shift¢13 nm) relative to the parent
benzazirines is the 2,5-dimethyl derivative (Figure 11). The nitrenesla and3a. Singlet nitrenes absorb UWis light with

benzazirine (1,5-dimethyl substitution) derived from the cy- a significant red shift{50 nm) relative to their triplet statés.

clization of theortho,ortho-dimethylphenylnitrene is ca. 0.49

kcal/mol less stable than its 2,5-dimethyl analogue.
For the benzazirines with mortert-butyl substitution, the
most favorable structure is thet&rt-butyl derivative (Figure

12). The next most stable structure is the 1-substituted analoguegroups (Table 2). Photoelectron spectroscopy of the anion of

which is 1.2 kcal/mol higher in energy than theestbutyl

As to the calculated singletriplet energy gapAEsr,

CASSCF, CASPT2, and DFT methods predict that the presence

of alkyl substituents will lower th&Est by 1.5~2.5 kcal/mol,
but there is only a small influence due to the size of the alkyl

lareveals aAEst value of 18 kcal/mof®
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Figure 10. DFT/CASPT2 energies of species involved in the rearrangement
of phenyl nitrenela, 2,4,6-tritert-butylphenylnitrenelf, 2-tert-butylphe-
nylnitrene 1i, and 4tert-butyl- phenylnitrenelj (A) relative to singlet
nitrenesl and (B) relative to benzazirines

Combining this experimental result with the CASPT2 ener-
gies, the estimatedEst values forlb~1f are 15.6-16.4 kcal/
mol. Note that although the absolute value\&st computed
by the DFT method are about 4 kcal/mol smaller than the
CASPT?2 energies, the relative energiesAdist predicted by
DFT, CASSCF, and CASPT2 are similar.

Ortho alkyl substituents accelerate the rate of intersystem
crossing kisc) within a factor of 3. The directly observegsc
of parent phenylnitrene in a rigid glass at 77 K is 38 s 1
(Figure S1, Supporting Information), a value very close to the

(35) (a) Travers, M. J.; Cowles, D. C.; Clifford, E. P.; Ellison, G. B.Am.
Chem. Soc1992 114, 8699. (b) McDonald, R. N.; Davidson, S.J1.Am.
Chem. Soc1993 115 10 857.
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corrected with the unscaled B3LYP/6-31G* ZPE differences.

literature value of 3.2x 10° s~ measured in pentarié. The
alkyl substituent effects in a glassy matrix can be depicted from
theksc of 1c, 1d, and1f, which are 1.0x 107, 1.2 x 107, and

6.8 x 1P s71, respectively. This is in agreement with that of
the methylated analogué&3 Furthermore, a small medium
effect onkisc is observed in the case of diethylphenylnitrene.
The kisc rate constant determined from the dynamicsoin
solution phase (1.5« 10’ s™%) is slightly faster than that
observed in a glassy matrix medium (1x010” s™1).

The calculated bond lengths in Tables-S% demonstrate
that the size of the alkyl substituents have very little influence
on the N-C; and N-C; bond lengths. Calculations predict that
the N—=C; bond lengths of singlet nitrends~1f are around
1.274~1.276 A, thus their bond orders should be approximately
two. This illustrates the biradical character of these singlet
nitrenes, which is consistent with published computational
resultst*~16 Alkyl substituents have little influence on the-Gl
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Figure 13. Relative energies of (A) mono- and (B) di- methyl substituted
didehydroazepines using the B3LYP/6-313(2d,p)//B3LYP/6-31G* method
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bond length but not for the €C bond lengthy, (Scheme 2,

Table S3). It is found that bulkier alkyl groups result in longer
values ofr,. This is a result of the higher steric strain present
in the singlet nitrene with the larger alkyl substituent. Moreover,
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Figure 14. Relative energies of (A) mono- and (B) diért-butyl substituted
didehydroazepines using the B3LYP/6-313(2d,p)//B3LYP/6-31G* method
corrected with the unscaled B3LYP/6-31G* ZPE differences.

hydrogen of the alkyl substituents is very sensitive to the size
of the specific alkyl substituents (Table S7). The valuehofy
becomes shorter going from singlet nitreht transition state
TS;-4 when the alkyl substituents are smaller (substituants

b, andc) but the distance elongates going frarto TS;—4 when

the alkyl substituents are bulkier (substituedise, andf).

dyp=283A

N\

HH N H

H
= >

1e

Becausealy—H is somewhat related to the steric strain between
the nitrogen atom and those alkyl substituents, the changes in
dn-n mentioned above indicate that the steric strain is increasing
whenla, 1b, andlccyclize but that the steric strain is released
during the cyclization ofld, 1e, and1f.

Ea1, the activation energy of the first cyclization step for
singlet phenylnitrenes to rearrangement, is also sensitive to the

dn-n, the distance between the nitrene nitrogen and the closestsize of the alkyl substituents. Table S8 and Figure 8 show that
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dimethyl and diethyl derivatives have the largé&si values, expansion process off to form ketenimine5f, then 4f is

but thatE,; drops dramatically when the size of alkyl substit- expected be an observable intermediate. Indeed, a transient
uents increases with the isopropgdj or tert-butyl groups Le species with an absorption maximum at 285 nm is observed
and 1f). Inspection of the data in Table S10 and the potential upon LFP of 2,4,6-triert-butylphenyl azide2f in pentane at
energy surface in Figure 10 reveals that the barrier fter- ambient temperature (Figure 5A). This species converts to

butylphenylnitreneli to cyclization toward théert-butyl group didehydroazepinéf with a time constant of 62 ns at room
is only 0.44 kcal/mol greater than that of unsubstituted phe- temperature. The 285 nm transient cannot be attributed to the
nylnitrenelaand that the activation energy fbrto cyclization singlet 2,4,6-tritert-butylphenyl nitrenelf for three reasons.
away from theert-butyl group is 3.56 kcal/mol lower than that  First, it lacks the 363 and 346 nm characteristic absorptions of
of 1a. The similarE,; values oflf (Figure 8) and ofli for the 1f observed at 77 K (Figure 1); second, its lifetime at 193 K is
cyclization away from thedert-butyl group indicates that the  significantly longer compared to that of the singlet nitrene at
main origin of the dramatic drop &,1 value is due to the strain 77 K; and finally, the Arrhenius plot is completely different
released between the nitrogen atom and the alkyl substituentfrom that of singlet parent phenylnitrene. The carrier of the 285
that the nitrene nitrogen atom moves away from during the nm absorbing transient cannot be attributed to triplet 2,4,6-tri-
phenylnitrene cyclization process. tert-butylphenyl nitrene3f as it shows a significant (20 nm)
blue shift relative to that o8f, observed at 77 K, in a glassy
matrix. Furthermore, its 62 ns lifetime in pentane at ambient

Released strain
Small change of strain

Iy /1 temperature is too short for a triplet nitrene suct3twhich is
. . Bt AN l Byl A expected to dimerize over hundreds of microseconds to form
B B N B! ‘B’ the azo compound. Thus, the 285 nm transient is attributed to
benzazirine4f. Time-dependent DFT calculatiolisat the
B3LYP/6-31G* level predict thadf will absorb strongly at 282
Bu' Bu! Bu' . . . .
nm, which is in excellent agreement with the experimental result.
1f TS 4f Af

Also, the calculated activation energy (6.32 kcal/mol, see Table
S9) for 4f to ring expand to form5f is very close to the

. The tlrlleorencal finding .OI] akaI subsytuent leffeCtS on B fexperimental barrier deduced from the temperature dependence
'2 e|>_<fce_ ent ?g_reelmer;]t W'tl .t N exp_le_;]lml_efnta mea??;inzlzent %Tof the observed decay rate constants of 285 nm transient
the lifetime of singlet phenylnitrenes. The lifetimeslaf : absorption (7.4+ 0.2 kcalimol),

and 1c (Figure 2) are determined to bel, 12, and 9 ns at

ambient temperature, compared to the 6 ns lifetimd ofat V. Conclusions
260 K (Figure S6). Moreover, the lifetime af is too short to
be measured at ambient temperature. Singlet 2,6-diethylphenylnitrenkc, 2,6-diisopropylphenyini-

Theory predicts that the bulkiness of alkyl substituents will trene 1d, and 2,4,6-tritert-butylphenylnitrenelf are directly
alter not only the energy barrier of the first cyclization step, observed in a glassy matrix at 77 K by LFP methods. Alkyl
but that of the second ring-expansion step as well. The substituents exert a small red shift on the transient absorption
computational data of Table S9 and Figure 9 indicate that the of singlet phenylnitrenes. Singlet phenylnitredes1d, and1f
bulkier alkyl substituents have a greater activation energy for convert to their triplet states exclusively at 77 K with ISC rate
the second stepEgy). Therefore, the more hindered alkyl constants in the range of (6:8 12) x 10° s,
substituent will lower the barrier of the first step but raise the  The lifetime of 1¢ at ambient temperature in pentane~i9
barrier of the second step. In the extreme case of 2,4{8#tri-  ns, which is shorter than that of the 2,6-dimethyl analojoe
butyl derivativelf, the energy barrier of the second step is larger The energy barrier fotc to rearrangement is determined to be
than that of the first step; that is, unlikea~1c whose rate- 5.2 + 0.5 kcal/mol or 6.26.7 kcal/mol with compensating
determining step (RDS) for rearrangement is the cyclization step, changes in the preexponentfabalue, and is smaller than that
1f will have the second step, ring-expansion, as its RDS. of 1b. Furthermore, at 260 Kld has a lifetime of~6 ns, a
Inspection of the predicted activation energy in Figures 9 and value shorter than that dfc at ambient temperature.

10 reveals that theert-butyl substituent.on paraposition raises_ In the two-step process of the singlet phenylnitrene rear-
the E energy by 1.43 kcal/mol relative to the parent species, rangement, the energy barrier of the first cyclization step and
and that aert-butyl substituent at thertho position raises the  ¢ocong ring-expansion step are influenced bydtibo,ortho-

Eaz value by 2.03 keal/mol folli to rearrangement away from  giqiky| substituents. Bulkier alkyl groups lower the barrier of
the tert-butyl group. As shown in Figure 9, tf&; value of1f the first step and raise the barrier of the second step, presumably
Is 3.33 kcal/mol greater than that of parent phenyInitréae e 1o the changes in the steric strain in the reactive intermedi-
This is very close to the combined values (3.46 kcal/mol) of ,ic and transition states. In the presenctexfbutyl substit-
those ofli and1j, suggesting that the steric effects of both the  onis at everprtho andpara position, the second step becomes

ortho and para tertbutyl groups play an important role in ¢ rate_determining step and benzaziriidoecomes observ-
producing the largeEs, energies. Furthermore, @rt-butyl able. LFP of 2,4,6-triert-butylphenyl azide in pentane at

substituent at thpara position also destabilizes the ketenimine 4 pient temperature produces the transient spectruf,of
intermediatéj (Figure 1OB) This is consistent with the energy which absorbs Strongly at 285 nm. The lifetimed4dfis 62 ns

difference betweee andSf shown in Figure 9. in pentane at ambient temperature, and the activation energy
Because benzazirindf is predicted to be-5 kcal/mol more

stable tharilf (relative to their corresponding singlet nitrenes) 56, aqida, M. E.; Jamorski, C.; Casida, K. C.: Salahub, . Rhem. Phys.
and the rate-determining step fbirto rearrangement is the ring- 1998 108 4439.
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60~6i, 7g~7i) and transition stateS6,-sa~j, TSssa~j, TS1-6g~i,
TSe-7g~i) were fully optimized by the DFT method at the B3LYP/
6-31G* level of theory except S:-sa~j and TS1-¢g~i for which the
broken symmetry DFT calculations of UB3LYP/6-31G* were used and
Laser Flash Photolysis.Two sets of LFP apparatus were used in yielded the<S> values of 0.16-0.31. Vibrational frequencies were
this study. In the older version of the spectrométég Nd:YAG laser calculated for the (U)B3LYP/6-31G* optimized geometries to analyze
(Continnum PY62C-10, 266 nm, 150 ps, 10 mJ) or KrF excimer laser the nature of the stationary points (minimum or transition state) and
(Lumonics, 249 nm, 12 ns, 50 mJ) was used as the excitation light Were used to account for ZPE differences. Single-point energies were
source. The probe light of a pulsed xenon lamp was focused into a calculated using the 6-3%15(2d,p) basis set with the same DFT
0.25 m grating monochromator (Oriel 77200) and detected with a Method for the (U)B3LYP/6-31G* optimized geometries. Time de-
photomultiplier tube (PMT). The signal from the PMT (Hamamatsu, Pendent DFT calculatiodsof 3a~f, 4a~f, and5a~f were performed
R928) was recorded with a digitizer (Tektronix 7912AD, 7A29 at the B3LYP/6-31G* level of theory.
amplifier, 7B92A time base) and transferred to a personal computer.  To investigate the alkyl substituent effects on the stability of
Transient absorption spectra were recorded using an EG&G Princetonbenzazirine4 and didehydroazeping, the geometries of a series of
Applied Research model 1460 optical multichannel analyzer (OMA). monomethyl, dimethyl, montert-butyl, and ditert-butyl substituted
This instrument was based on a hard-wired computer interface. The benzazirines and didehydroazepines (see Figured8%or structures)
new version of the flash photolysis instrument is described elsewhere. were optimized using the B3LYP/6-31G* method. The relative energies

for 4f to ring-expansion to form didehydroazepiskis 7.4 +
0.2 kcal/mol with a preexponential factor of 2§02 s~1,

VI. Experimental Section

Stock solutions of phenyl azid@svere prepared in dry spectroscopic
grade solvents to an optical density (OD) of about~2% at the

of these species were then computed using the B3LYP/6-G12d,p)//
B3LYP/6-31G* method and were corrected with the B3LYP/6-31G*

excitation wavelength (266 or 249 nm). The temperature was maintained ZPE differences.

at 77 K by means of boiling liquid nitrogen or varied in the range of

170~ 300 K by passing a thermo-stabilized nitrogen stream over the

All DFT calculations were carried out with GAUSSIAN 98.
Materials. Pentane, hexane, and acetonitrile (Aldrich) are spectro-

sample and I_(ept to withif: 1 K. In these experiments,_ a quartz cuvette scopic grade and used as received. Diethyl etherreBdLi hexane
was placed in a quartz cryostat. The sample solutions were changedsq)ytion were used as received. THF was refluxed over sodium and

after every laser shot, unless otherwise indicated.
Time-Resolved Infrared (TRIR) Studies. TRIR experiments were

distilled under argon prior to use. Commercially available 2,6-
diethylaniline, 2,6-diisopropylaniline, and 2,4,6-teirt-butyl aniline

conducted with a JASCO TRIR-1000 dispersive-type IR spectrometer (ajqrich) were used without further purification. The preparation of

with 16 cnt?! resolution following the method described in the
literature3®

Computational Chemistry. To estimate the singletriplet splitting
and the energy barrier for singlet phenylnitrerd@s-1j to cyclize to
form benzazirinela~4j, the geometries ofa~1j, their triplet states
3a~3j, and TS;-sa~ TS;_4e, the transition state of the cyclization
process, were fully optimized using the CASSCF(8,8) methaith
the 6-31G* (5D) basis sé&?.This (8,8) active space consists of seven
7 MOs and the in-plane 2p AO on the nitrene nitrog&tlhe effects
of including dynamic electron correlation are determined by CASPT2/
6-31G* calculation¥ for CASSCF(8,8)/6-31G* optimized geometries
with  CASSCF(8,8)/6-31G* wave functions as a reference. Both
CASSCF and CASPT2 calculations are carried out with MOLCAS
version 5.0°°

To compute the singlettriplet splitting using the DFT and sum
method!6-3334geometries of singleta~1f and triplet3a~3f were fully
optimized using the unrestricted B3LYPmethod with 6-31G* (6D)
basis set. For the DFT calculations td~1f with broken symmetry,
their HOMO and LUMO are mixed during the computation so that an
<&> value of 1.0 is obtained as a 50:50 mixture of their lowest triplet

2,6-diethylphenyl azidé' 2,6-diisopropylphenyl azid€,and 2,4,6-tri-
tert-butylphenyl azid® followed the procedures described in the
literature.
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and singlet state. These DFT wave functions were also tested to ensur

their stability. Single-point energies were calculated using the UB3LYP/ Intemet at hitp://pubs.acs.org.

6-311+G(2d,p) method for the UB3LYP/6-31G* optimized geometries.
Finally, the DFT singlettriplet energy gaps were computed from these
UB3LYP/6-311G(2d,p) energies with the sum method (ed®2f:3*
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