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Abstract: The photochemistry of para- and ortho-biphenylyl azides and 1-naphthyl azide was studied by
ultrafast spectroscopy. In every case, the singlet azide second excited states were observed by transient
absorption spectroscopy and were found to have lifetimes of hundreds of femtoseconds. The decay of the
S; states of the azides was accompanied by the growth of transient absorption of the corresponding singlet
nitrenes. The intermediate S; state of the azides could not be observed due to its low instantaneous
concentration resulting from fast fragmentation and nitrene formation. Quantum chemical calculations predict
that the S; state of the azide is bound and that there is a much lower barrier toward arylnitrene formation
from the S; state of the azide. Vibrational cooling of para-biphenylnitrene (11 ps) was experimentally
observed. The lifetime of singlet ortho-biphenylnitrene was 16 ps in acetonitrile and was not affected by
perdeuteration of the aryl ring. The lifetime of singlet 1-naphthylnitrene is 12 ps in acetonitrile at ambient
temperature.

I. Introduction chemical computational methods provides tools with which to

Photolysis of aryl azides promotes nitrogen extrusion and the P€9in to understand how the excited-state surface of the aryl
release of singlet nitrendsThe chemistry of arylnitrenes has ~aZides connects to the ground-state surfaces of the nitrenes. In

been extensively studied by chemical, physical, and computa-this paper, we describe the application of ultrafast trqnsient
tional methodg. The quantum yields of light-induced decom- @Psorption spectroscopy to the study of the photochemistry of
position of the naphthy! azides are close to unity, and that of Para-andortho-biphenylyl azidesRBA andOBA, respectively)
simple phenyl azides falls in the range of 9017 and depends and 1-naphthyl azidel(NA) and report the observation of the
on the concentration of the aziddo our knowledge, simple S, azide excited states and lifetimes and the spectra and lifetimes
phenyl, biphenylyl, and naphthyl azides are not known to have of the corresponding singlet aryl nitrenes in acetonitrile solution
any observable fluorescence, which is consistent with their large & ambient temperature.

quantum yields for extrusion of molecular nitrogen. Otherwise, || Results and Discussion

essentially nothing is known of the details by which aryl azide ) o N
excited states decompose to form singlet nitrenes. The develop- !l-1. Computational Chemistry: Ground-State Equilib-

ment of ultrafast spectroscopic technilesd modern quantum ~ flum Geometries and Vertical Excitation Energies and
Electron Densities. The singlet ground (§ states of1INA

I?ﬁg%m:)cggt‘gcsrﬁcgg@iw- (Figure 1), PBA, OBA (Figure 2), and phenyl azidePA,
(1) (a) Lwowski, W., EdNitrenes Wiley: New York, 1970. (b) Scriven, . Supporting Information) were optimized at the RI-CGhd
o l(:.)VGA_tzidesNang ngtlretnesh;ce;\igmilghPresg N%:V\rlw Yn%’o 193?;-255 ) B3LYPS levels of theoryINA andPA were optimized withCs
a ritsan, N. P.; Platz, M. V. ys. Org. e 3 . . . . .
Platz, M. S. Nitrenes. IiReactbe Intermediates Chemistrivloss, R. A., symmetry. Optimizations performed without symmetry restraints
Platz, M. S., Jones, M., Jr., Eds.; Wiley: New York, 2004; pp-5660. remainedCs symmetric, and therefore only the results obtained

(c) Schuster, G. B.; Platz, M. Adv. Photochem1992 17, 69—143. R g . . K o .
(3) (a) Budyka, M. F.; Biktimirova, N. V.; Gavrishova, T. N.; Laukhina, 0.  With Cs species will be described here. Vertical excitation

B- FF*,U_SE-O % d'?;‘é%k‘f)hepﬂ}f’ﬂ@v?k%‘i% (E) /XVT%WQE;n'ﬁgétLhiESVES\?C&EPkO' energies, oscillator strengths, and the primary occupied and

Khim. Zh. (Russ. Ed2005 71, 64. (c) Budyka, M. F.; Kantor, M. M.; virtual orbitals contributing to the lowest energy singlet excita-

Alfimov, M. V. lzv. Akad. Nauk, Ser. Khinl992 3, 752. (d) Jenkins, R. i i i

F.; Waddell, W. H.; Richter, H. WJ. Am. Chem. Sod.987, 109, 1583. tions are listed in Table 1.

(e) Geiger, M. W.; Elliot, M. M.; Karacostas, V. D.; Moricone, T. J.;

Salmon, J. B.; Sideli, V. L.; St. Onge, M. Rhotochem. Photobiol984 (5) (a) Hatig, C.; Weigend, FJ. Chem. Phy2000 113 5154. (b) H#ig, C.;

40, 545. (f) Koryttsev, K. Z.; Oleinik, A. V.; Zhurnal, MFiz. Khim.1973 Weigend, FJ. Chem. Phys200Q 113 5154.

47, 700. (g) Koryttsev, K. Z.; Oleinik, A. V.; Korshuniv, I. ATr. Khim. (6) (a) Becke, A. DPhys. Re. A 1988 38, 3098. (b) Becke, A. DJ. Chem.

Khim. Tekhnol1971, 1, 207. Phys.1993 98, 5648. The version of the B3LYP density functional used
(4) Rulliere, C.Femtosecond Laser PulseSpringer-Verlag: Berlin, Heidel- includes VWN-V rather than VWN-III. (c) Lee, C.; Yang, W.; Parr, R. G.

berg, 1998. Phys. Re. B 1988 37, 785.
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Figure 1. RI-CC2/TZVP 1-naphthyl azide Soptimized geometry and excited-state difference density plots( S densities less the ground-state
density). A red surface surrounds areas where electron density is depletedofrargr8en surface surrounds areas where electron density is accumulated
in the excited state. Bond distances and angles are listed in angstroms and degrees, respeeney.[ots are plotted with isocontour values-0.02
and+0.005 a.u., respectively.

1.241 1175

PBA

Figure 2. RI-CC2/TZVP biphenylyl azide §optimized geometries and 8xcited-state difference density plots (®nsities less the ground-state densities).
A red surface surrounds areas where electron density is depleted fomg&en surface surrounds areas where electron density is accumulated in the
excited state. Bond distances and angles are listed in angstroms and degrees, respectively. Surfaces are plotted with isocontat0.¢&lwees.of

Contour surfaces for these orbitals are presented in theplanes*,azide) orbital transition in which ther* orbital is
Supporting Information (as well as a more complete list of localized on the azide unit. However, because these transitions
higher energy excitations). Transitions corresponding to the have multiconfigurational character, electron redistribution as
second excited states JSare characterized by oscillator a result of excitation requires consideration of the total electron
strengths, which are one or two orders of magnitude greaterdensities for the ground and excited states.

than those for the first excited state;(SInspection of the One can visualize such electron redistribution by the use of
orbitals involved in the excitations reveals that the second a difference density between the excited and the ground state
excited state (8 is characterized by a — (r*,aryl) transition (using the g geometry). The difference densities at the RI-
in which thez* orbital is localized on the aryl ring, whereas CC2 level for the first (9 and second ($ excited states relative
the first excited state ¥ is characterized by a — (in- to the ground state are depicted in Figures 1 and 2 for 1-naphthyl
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Table 1. RI-CC2 and TD-B3LYP Aryl Azide Vertical Excitation Energies?@

TD-B3LYP RI-CC2
state character energy/eV (nm) oscillator strength character energy/eV (nm) oscillator strength
Phenyl Azide PA)

1 5d' — 27d 3.92 (316) 1.68< 10°° 5d' — 274 4.36 (284) 5.33 104
2 5d' — 6d’ 4.82 (257) 8.21x 1072 54" —7d’ 4.96 (250) 213« 102
1-Naphthyl Azide LNA)

1 7d' — 384 3.70 (335) 1.98 10 7d' — 384 4.28 (290) 4.74¢ 1074
2 7d'— 8d’ 3.97 (312) 1.75¢ 107t 7d" —9d’ 4.34 (286) 2.24¢< 1072
p-Biphenylyl Azide PBA)

1 5la— 53a 3.78 (328) 2.06 104 5la— 53a 4.29 (289) 1.0% 103
2 5la— 52a 4.37 (284) 6.6% 101 5la— 54a 4.74 (262) 7.26 102
o-Biphenylyl Azide OBA)

1 5la— 53a 3.88 (320) 7.4% 104 5la— 54a 4.36 (284) 5.0% 104
2 5la— 54a 4.50 (276) 3.0% 102 5la—53a 4.74 (262) 2.26 1072

aUsing the corresponding fully optimized ground-state) @ometry at the same level of theory for determining the excited states.

S,

12174 | NNN =1233

1456 TINNN = 122.9 NNN =
ol 1.435

1.404 Dihedral = 133.4

1420 i dral = 157.7

Figure 3. RI-CC2/TZVP aryl azide excited-state equilibrium geometries. Bond distances and angles are listed in angstroms and degrees, respectively.

azide and the biphenylyl azides, respectively. In those figures, [1.2. Excited-State Equilibrium Geometries and Potential
green contours correspond to electron density accumulation inEnergy Surfaces.Using the recent implementation of RI-CC2
the excited state, and red contours correspond to depletion fromanalytical gradients for excited states, the equilibrium geometries
S,. Difference densities of the second excited states reveal afor the first and second excited states of each aryl azide were
redistribution of electron density, which is localized to the aryl’'s computed. Attempts to optimize the excited states’ geometries
a system and for which there is no appreciable change in using time-dependent density functional theory at the TD-
electron density for the azide moiety. In contrast, electron B3LYP level failed due to instabilities in the DFT reference
redistribution in the first excited state is characterized by a wave function as the proximal NN bond lengthened in the
depletion of electron density from the aryl azidetssystem first excited state. Therefore, the discussion here will be limited
and in the region of the NN bond proximal to the naphthalene to the RI-CC2 results. Equilibrium geometries of the first and
unit. Loss of electron density in the proximaHW bonding second excited states are displayed in Figure 3. With the
region is consistent with expulsion of,Nn the first excited exception of modest changes in bond lengths, the geometries
state, as will be_discussed Iater. (TD-BSLMI_?fference densities (7) (a) Furche, F.: Ahlrichs, RI. Chem. Phys2002 117, 7433. (b) Furche,

are presented in the Supporting Information.) F.; Ahlrichs, R.J. Chem. Phys2004 121, 12772.
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of the aryl azides’ second excited statg)(&e similar to those
of the ground state. However, there is an increased coplanarity
of the phenyl rings in the Sand $ states of the biphenylyl
azides. In contrast, the first excited state)(iS characterized
by a remarkable lengthening of the proximat+N bond and
bending of the azide functionality. All of the aryl azides have
a proximal N-N bond length of~1.45 A in the $ states~0.2
A longer than for the §ground state. Two minima on thg S
surface of phenyl azideP@) were identified. The first has a
cisoid arrangement of atoms about the proximatNNbond,
while the second geometry is transoid. The proximaNNbond
in the cisoid species is somewhat longer with a distance of 1.51
A. However, the RI-CC2 calculations demonstrate that the
transoid azide is energetically preferred by 9.5 kcal/mol relative
to the cisoid $ for PA. We optimized both cisoid and tran-
soid $/S; conical intersections (Cl) for phenyl azide at the
CASSCF(4,6)/SVP level of theory (Supporting Information).
At this theoretical level, the transoid Cl is favored energetically
by 10.2 kcal/mol. Both conical intersections share geometric
features similar to those of the; Sntermediate that was
optimized at the RI-CC2/TZVP level of theory. Of particular 12 13 14 15 16 17 18 19 2 21
interest is the proximal NN bond length. The cisoid and N-N (Angstroms)
transoid conical intersections have-N bond lengths of 1.47

120 ~ Na ‘

Relative E (kcalimol)

12 13 14 15 16 17 18 19 2 21
N-N (Angstroms)

Relative E (kcal/mol)

and 1.44 A, respectively. These data suggest that a neatby S
S; conical intersection irPA (and, by analogy, related aryl
azides) could provide an avenue for the decay of thet&e
back to the §surface. For this reason, we do not expect the
cisoid species to be the major contributor to the observed
chemistry on the Ssurface. The lengthening of the proximal
N—N bond is consistent with the depletion of electron density
in this region as observed in the excited states’ difference density
plots (see Figures 1 and 2). 12 13 14 15 16 17 18 19 2 21
Furthermore, given the electron redistribution that occurred N-N (Angstroms)
n th_e first excited state as We," as the Iengthenlr!g of the Figure 4. Aryl azide RI-CC2/TZVP rigid potential energy curves fop N
proximal N—N bond, we hypothesized that the first excited state expulsion. Ground stat®, first excited state£), and second excited state
may be dissociative to form molecular nitrogen and the (M). The arrows indicate the NN bond length of the fully optimized
corresponding singlet arylnitrene. To compute approximate Stationary point on each respective energy surface.
barriers for N expulsion on the ground and excited states’ . )
potential energy surfaces, the proximat-N bonds for the was comparable to the groun_d state, yielding barne_rsi_ﬁﬂ—
respective equilibrium geometries were stretched incrementally 5_9 kca_lllr_nol (and, once again, _reﬂects an upper limit to 'the
and the energy was computed to generate potential energydlssouatlon energy due to the rigid scan). The b!phenylyl azides,
profiles for the various surfaces. Because the remaining internalhowever' demonstrated somewhat lower barriers-82—33

coordinates of the aryl azides were not relaxed as the proximal keall rgolbfor thﬁ 2 surfagesh C0|:13|?tent W'.th dour hypg;fllle SIS
N—N bond was stretched, the resulting approximate energy sr:ate a_dove, OW‘?VG(;'_'S(;_ at the first exmtz ;ta?ac( on of
barriers represent the upper bound for this process. three azides examined is dissociative toward the formation o

Nonrelaxed (rigid) potential energy curves fos kpulsion the singlet arylnitrene andJNand the computed (upper limit)

. L2 . . barrier is 79 kcal/mol for dissociation on the;Surface. A
from the aryl azides are shown in Figure 4. Energetic barriers . . : .
for N, expulsion on the §ground-state surface are consistently Su/S; state crossing occurs in the excited-state potential surface
>60 kcal/mol for the three aryl azides. Experimental activation Tigledihfizrsttg?;irzrs)gir?ZIdfoi/igzsggh;:Injg?;?Itr{;z;:
energies to the decomposition of aryl azides are much smaller, = "~ . >INg pro .

L . " to return to g without dissociation. This may account for the

as, for example, the activation energies to decomposition of 1- . . . L .
and 2-naphthyl azides are 34.1 and 38.1 kcal/mol, respecfively. slightly Ies§ than unit quantum yields of decomposition of simple
For comparison, fully relaxed computational studies spava ph::gyl riflligiil discussed. rigid scans provide an upper limit
biphenylyl azide’s decomposition to singfeira-biphenylnitrene pre Y >ed, g P UPP
and molecular nitrogen is 40.2 kcal/mol at the RI-CC2 level of to the dissociation barrier to form the singlet arylnitrene and
theory. This difference indicates that the rigid scan noted aboveNz'.T0 verify the p.rqper'ues of the potential energy surface
. . . o . derived from the rigid scan, we performed a fully relaxed
is, as expected, an upper limit to the dissociation barrier. In the

. . . potential energy surface scan of the-N coordinate inINA
second excited statesSN, expulsion in the naphthy! azides (Figure 5). In general, the features of the ground and excited

(8) (a) Boshev, G.: Dyall, L. KAust. J. Chem972 25, 599. (b) Boshev, G.; states’ potential energy surfaces are similar to those obtained
Dyall, L. K. J. Chem. Soc. B96§ 976. from the rigid scan, but there are some important differences.

Relative E (kcal/mol)
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Figure 5. RI-CC2/TZVP fully relaxed potential energy curves fop N
expulsion in 1-naphthyl azide. Ground sta®),(first excited state £),
and second excited staml)( The arrows indicate the NN bond length of
the fully optimized stationary point on each respective energy surface.

The barrier for expulsion of Non the g surface is~55 kcal/
mol. On the $ surface, the barrier for Nexpulsion is
~52 kcal/mol, similar to the value computed for thesarface.

One feature that was not immediately apparent was the shallow

nature of the $potential energy surface in the vicinity of its
equilibrium bond length. The fully relaxed scan of the-N
coordinate on the Ssurface further supports the hypothesis that
this state is dissociative. The barrier fog &kpulsion is reduced
to ~2 kcal/mol. The §S; state crossing occurs at the slightly
shorter N-N distance of~1.65 A. A very interesting feature
of the fully relaxed $ potential energy surface is the presence
of an intersection with the ;Ssurface near the Frank-Condon
point at~1.2 A. Taken together with the shallowness of the
potential energy surface in this region, it appears thate®
couple vibronically to gnear the $geometry, thus providing
a route for decay of electronically excited Sate to the lower
energy $ surface.

The calculations (Table 1) predict that the transition f&
S, has a much larger oscillator strength than thet® S
transition in all of the aromatic azides considered here. Thus,
UV excitation of the biphenylyl and naphthyl azides is predicted
to promote the ground-state azide to thesfte. The Sstate
will deactivate rapidly to the Sstate of the aromatic azides
apparently by vibronic coupling. The; State of the azide will
then undergo nitrogen extrusion with a small barrier-@fkcal/
mol. This process is highly exothermic (typically 5340 kcal/
mol), and a vibrationally excited nitrene will be formed. The
S, state of the azide may also deactivate to the ground state
thereby reducing the efficiency of arylnitrene formation (Scheme
1).

11.3. Ultrafast Spectroscopic Studies of Aromatic Azides.
A. paraBiphenylyl Azide. The photochemistry ofpara-
biphenylyl azide PBA) is summarized in Scheme 2. The
initially formed relaxed singlet nitren&PBN hasimax = 343
nm andzr ~9 ns at ambient temperatutéit ambient temper-
ature, the lifetime of the nitrene is controlled by cyclization to
benzazirinePBAZ. At 77 K, PBN undergoes intersystem
crossing to®PBN with rate constankisc = (9.3 £ 0.4) x 10°
s71 in 3-methylpentan&.The benzazirines derived from most
phenylnitrenes rapidly ring open at ambient temperature to form

Scheme 1
—7)— IC
S,(azide)
S,(azide)
hv
(nitrene)
S(azide)
Scheme 2
. . N3 hv . . 1N3‘
PBA PBA*
.N2
y Y
(Y =
PBAZ PBN
U \/
b Sada
/ 3PBN
Ph pBK
BR
Y
N=—N,

BP
BP = para-biphenyl

1,2,4,5-azacycloheptatetraenes (also referred to as didehy-
droazepines or cyclic ketenimines).

Ultrafast LFP ofPBA (A = 0.6 at 266 nm) in acetonitrile at
ambient temperature produces the transient spectra shown in
Figure 62 There is a broadly absorbing transient at 480 nm that
forms within the laser pulse (Figure 6, inset) and decays with

,a time constant of~100 fs. As the transient absorption decays

at 480 nm, it grows at 350 nm. The latter species is readily
assigned to'PBN on the basis of nanosecond time-resolved
studiest® The precursor of the singlet arylnitrene must be an
excited state of the nitrene or azileBA*, which absorbs at
480 nm. This initially detected transient is assigned to the S
state ofPBA on the basis of our calculations for the oscillator
strengths and necessary excitation energies, as listed in
Table 1.

As expected, relaxed singlet nitretieBN does not exhibit
any significant population decay on the 100 ps time scale
(~9 ns)® However, the transient absorption spectrum of the
singlet nitrene {PBN) undergoes subtle reshaping within a few

(9) Burdzinski, G.; Gustafson, T. L.; Hackett, J. C.; Hadad, C. M.; Platz, M.
S.J. Am. Chem. So@005 127, 13764.
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at 480 nm
1~100fs

30
5
25 0
% T ; : r — 100 fs
= 20 05 00 05 10 15 200fs
< Time Delay / ps

350

T
400

T T
450 500
Wavelength / nm

550

600

Figure 6. Transient absorption spectra recorded in a-1000 fs time
window for para-biphenylyl azide in acetonitrile. The time dependence of
the signal at 480 nm is shown in the inset.

AAT107

340 360

380
Wavelength / nm

400

50_/g———o——n
40 at 345 nm
gSO— t=11ps
<
4 20
at 380 nm
109 S
0 T T T T T
0 20 40 60 80 100

Time Delay / ps

Figure 7. Transient absorption spectra recorded in-4.@0 ps time window
for para-biphenylyl azide in acetonitrile (upper graph), and selected kinetic
traces at 345 nm@&) and 380 nm M).

picoseconds of the laser pulse as shown in Figure 7. A decay
(11 ps) is observed on the red edge (380 nm), and a rise
(11 ps) is observed on the blue edge (345 nm) of the absorption
band. The time-dependent band narrowing is characteristic of
vibrational cooling (VC) of species initially formed with excess
vibrational energy! The 11 ps time constant is consistent with
other reports of VC of polyatomic molecules. A derivative of
1PBN, 3,5-dichloroertho-biphenylnitrene, also undergoes
vibrational cooling in cyclohexane with an 11 ps decay tihe.

B. ortho-Biphenylyl Azide. The photochemistry obrtho-
biphenylyl azide OBA) (Scheme 3) resembles that of thera-
isomer, but with two distinct differences. First, theho-phenyl
group accelerates cyclization of the singlet nitrene to the
corresponding benzaziri®.This is still the major route by

(11) (a) Laermer, F.; Elsaesser, T.; Kaiser,@iem. Phys. Letl989 156, 38.
(b) Miyasaka, H.; Hagihiro, M.; Okada, T.; Mataga, Ghem. Phys. Lett.
1992 188 259. (c) Schwarzer, D.; Troe, J.; Votsmeier, M.; ZerezkeJM.
Chem. Phys1996 105 3121. (d) Elsaesser, T.; Karser, Wnnu. Re.
Phys. Chem1991 42, 83.

(12) Gritsan, N. P.; Polshakov, D. A.; Tsao, M.-L.; Platz, M.Fhotochem.
Photobiol. Sci.2005 4, 23.

a)
20 at 480 nm
1=450fs
154 |
% J
= 3 T
<109 . ¥ 3.0
< 0.3 ps \¥
0.4 ps
54 0.5 ps
0.7 ps
1.3 ps
0- T T T T T
400 450 500 550 600
Wavelength / nm
b)
25
‘ 2ps 20 -
5ps . . at 400 nm
20 10ps © =16 ps
20ps 3 104
@ 40ps < .|
215 500 ps  °
NG o4
< T T T T T T
<104 0 20 40 60 80 100
Time Delay / ps
5_
O_

T T T T
450 500 550 600
Wavelength / nm

T
400

Figure 8. Transient absorption spectra recorded between (a)03ps
after the laser pulse and with (b)-300 ps time windows foiortho-
biphenylyl azide in acetonitrile. The time dependences of the signal
measured at 480 and 400 nm are shown as insets.

which relaxed*OBN will decay. Furthermore, relaxed singlet
ortho-biphenylnitrene YOBN), in addition to forming a benz-
azarine OBAZ), can also cyclize in a minor process to form
isocarbazolelC). Isocarbazole will then undergo a rapid (ns)
1,5-hydrogen migration to form carbazolg)(*° This process
is catalyzed by water. Carbazole formation is synthetically
useful, and this reaction has stimulated many stutfiés.
Isocarbazole absorbs strongly in the visible region because of
its quinoidal nature, making it an attractive candidate for study
by time-resolved method8:1? Singlet '1OBN has a subnano-
second lifetime at ambient temperature. LFROBA at 77 K
in glassy 3-methylpenatne produces a singlet nitrene with
Amax = 410 nm andr = 59 ns under cryogenic conditiohs.

There is a report of an ultrafast study of a related system.
Ultrafast LFP of 2-azido-3,5-dichlorobiphenyl produces the
expected nitrene Afhax = 425 nm in cyclohexane); see
Scheme 4. Benzazirine formation should be unimportant in this
system because the bulky chlorine substituent should retard that
reaction. Unsurprisingly, nanosecond and ultrafast LFP produce
broad intense absorption of the dichloroisocarbazole with a
maximum at 450 nm in cyclohexane. The lifetime of singlet
3,5-dichloroertho-biphenylnitrene is 260 ps in cyclohexane and
is only 62 ps in methanol.

Ultrafast LFP ofortho-biphenylyl azide OBA) in acetonitrile
(A = 0.6 at 266 nm) at ambient temperature produces the

(13) (a) Smith, P. A. S.; Brown, B. Bl. Am. Chem. Sod951, 73, 2438. (b)
Smith, P. A. S.; Brown, B. BJ. Am. Chem. S0d951, 73, 2435. (c) Smith,
P. A. S.; Hall, J. HJ. Am. Chem. S0d.962 84, 1632.

(14) Lehman, P. A.; Berry, R. . Am. Chem. S0d.973 95, 8614.

(15) (a) Sundberg, R. J.; Brenner, M.; Suter, S. R.; Das, BeRahedron Lett.
197Q 31, 2715. (b) Sundberg, R. J.; Heintzelman, R. WOrg. Chem.
1974 39, 2546. (c) Sundberg, R. J.; Gillespie, D. W.; DeGraff, B.JA.
Am. Chem. Sod975 97, 6193.
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Scheme 3
=~ (0
N3 OBA N3* 1OBA*
l-Nz
/ 1N \N
N oBAz ToBN
‘ IC
Y \J Y
Ph N \
S0BN H
C
OBK
BR
\NV_N
N
BP
BP = ortho-biphenyl
Scheme 4
Cl Cl Cl
Minor
o (>
cl Ng ci 'N ci N/ H
Major
Cl Y

transient spectra in Figure®8Transient absorption at 480 nm
(*OBA* in the S state) is formed within the laser pulse and
decays with a time constant of 4830150 fs. As this absorption
decays, a new absorption at 400 M@®BN) grows with a time
constant of 280t 150 fs. There is an isosbestic point at 435
nm. Singletortho-biphenylnitrene decays with a time constant
of 16 + 3 ps (Figure 8b, inset). The 16 ps time constant
represents the population decay of the singlet nitré@&K)

by isomerization to both isocarbazole and a benzazirine (and

subsequently the benzazirine ring expands to form a 1,2-
didehydroazepine). The spectrum @BN does not undergo
reshaping characteristic of vibrational cooling, even though the
decay of!OBN takes place on the time scale of vibrational
cooling. Thus, eithetOBN is formed vibrationally relaxed, or,
most likely, we are monitoring the disappearance'©8N
before it can shed its excess heat to solvent.

The transient spectrum of isocarbazole, if present at all, is
extremely weak, becaus®©BN deactivates mainly to form
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OBAZ .10 Similar results were obtained upon LFP aftho-
biphenylyl azideds. In this case, the lifetime of the perdeuterated
10BA-dy was 4504 150 fs, and that ofOBN-dy was 12 ps.

C. 1-Naphthyl Azide. The photochemistry of 1-naphthyl
azide has been studied by chemitéalphysicall’~1° and
computational method$:2° This work provides a coherent
mechanistic framework with which to interpret ultrafast experi-
ments.

(16) (a) Hilton, S. E.; Scriven, E. F. V.; Suschitzky, 8.Chem. Soc., Chem.
Commun.1974 21, 853. (b) Carroll, S. E.; Nay, B.; Scriven, E. F. V,;
Suschitzky, HSynthesi4975 710. (c) Carroll, S. E.; Nay, B.; Scriven, E.
F. V.; Suschitzky, HTetrahedron Lett1977 943. (d) Leyva, E.; Platz,
M. S. Tetrahedron Lett1987, 28, 11. (e) Carroll, S. E.; Nay, B.; Scriven,
E. F. V.; Suschitzky, H.; Thomas, D. Retrahedron Lett1977 3175. (f)
Nay, B.; Scriven, E. F. V.; Suschitzky, H.; Khan, Z. Bynthesisl977,
757.

(17) Schrock, A. K.; Schuster, G. B. Am. Chem. S0d.984 106, 5234.

(18) Dunkin, I. R.; Thomson, P. C. B. Chem. Soc., Chem. Comma98Q
499.

(19) Maltsev, A.; Bally, T.; Tsao, M.-L.; Platz, M. S.; Kuhn, A.; Vosswinkel,
M.; Wentrup, C.J. Am. Chem. So2004 126, 237.

(20) Tsao, M.-L.; Platz, M. SJ. Phys. Chem. 2004 108 1169.
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Figure 9. Transient absorption spectra recorded in (&P@® ps and (b) £100 ps time windows for 1-naphthyl azide in acetonitrile. Graphs (c) and (d)

represent kinetic traces at 460 and 380 nm.

Nanosecond (ns) time-resolved laser flash photolysis of
1-naphthyl azideXNA) in 3-methylpentane at 77 K produces

Scheme 5
Nj Ny

singlet 1-naphthylnitreneINN) (Amax = 362, 383, and 397
nm) within the 5-10 ns time resolution of the experiméfit.
CASSCEF calculatior8 predict that!INN absorbs strongly at

O .
_>
342, 411, and 493 nm in fair agreement with experiment. At
NA

77 K, 11NN relaxes to the lower energy triplet stafd NN).
The gas-phase, singtetriplet energy separationAEst, is

TINA*

predicted to be 13.9 kcal/mol by CASPT2//CASSCF(12,12)/

6-31G* calculationg? and for which the triplet is the ground

experimentally determined singtetriplet splitting of phenyl-
nitrené-24 (17—18 kcal/mol).
The intersystem crossing (ISC) rate constant'bfiN is

state. This energy separation is smaller than the calculated and \ N
N
=
-
—
(1.14+0.1) x 10° s tat 77 K and is not expected to be sensitive ‘

to temperaturé? The triplet nitrene has been well characterized

by matrix EPR2® IR, and UV—vis spectroscopic method%20

1NAZ TINN

and, in the latter two cases, the spectra have been adequately

simulated by modern theofy:20

At ambient temperature, singlet 1-naphthylnitrene cyclizes

faster to form naphthazirinENAZ (Scheme 5) than it will relax

Y sy
to 31NN.1°20The calculated barrier to cyclization is 5.5 kcal/
mol, as predicted by CASPT2//CASSCF(12,12)/6-31G* calcula- Np\
tions1920LFP of INA at ambient temperature forms the azirine NN
Np

1INAZ, which was detected by time-resolved IR spectroscopy

(21) (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 10857.

(22) Kim, S.-J.; Hamilton, T. P.; Schaefer, H.J;F.Am. Chem. S0d.992 114,
5349

(23) Hrov;at, D. A.; Waali, E. E.; Borden, W. T. Am. Chem. S0d.992 114,
(24) Castéll, O.; Gafey, V. M.; Bo, C.; Caballol, RJ. Comput. Chen1996
17, 4

(25) (aj Wasserman, Prog. Phys. Org. Cheni971 8, 319. (b) Coope, J. A.

R.; Farmer, J. B.; Gardner, C. L.; McDowell, C. A. Chem. Physl1965

42, 54. (c) Kuzaj, M.; Luerssen, H.; Wentrup, 8ngew. Chem., Int. Ed.

Engl. 1986 25, 480.

Np = 1-naphthyl 31NN

(1728 cnT1).20 Triplet nitrene31NN is formed 2.8us after the
laser pulsé/2°presumably by equilibration dfNAZ and'1NN
followed by intersystem crossing (ISC) (Scheme 5). Naph-
thazirineINAZ has been characterized by both matrix IR and
UV —vis spectroscopic method%2° Unlike the benzazirines,
the ring expansion of naphthazirines to cyclic ketenimines is
endothermic, and this reaction is not observed in solution at
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ambient temperature. Photolysis of naphthazirines immobilized optimized using the approximate second-order coupled-cluster wave
in cryogenic matrices does, however, lead to the formation of function model using the resolution-of-the-identity approximation (RI)

cyclic ketenimines (benzodidehydroazepin€s).
Ultrafast LFP ofINA (A = 0.65 at 266 nm) in acetonitrile

produces the transient spectra of Figure 9. The transient
absorption band centered at 460 nm is formed within the time
resolution of the spectrometer (300 fs). We attribute the transient

for the electron repulsion integrals (RI-CC2nd with the hybrid
density functional, B3LYP.In the RI-CC2 calculations, a frozen-core
approximation was employed in which the 1s electrons of C and N
atoms were excluded from the correlation treatment. The TZVP
([11s6pld]/[5s3p1d] for C, N and [10s]/[4s] for H) basis sets of Ahlrichs
and co-worker® were used for all calculatiorf§2° The equilibrium

absorption spectrum observed at 460 nm at early delay timeSgeometries for the excited states were optimized using recent imple-

to the S state of INA. This excited-state species decays
with a time constant of 730 fs. The spectral position of the
excited azide $(r — (7r*,aryl)) of 1INA is not far from the $
(r — x*) absorption of naphthalene (see Figure S1 in the
Supporting Information).

At longer delay times X3 ps), only the 385 nm band is

mentations of analytical gradients for RI-C€2' and time-dependent
density functional theory (TD-DFT) in TURBOMOLE: 35 Ground-
state vibrational frequency calculations were computed using the
analytical second-derivative program AOFORCE. When possible, the
vibrational frequencies of the stationary points on the excited-state
potential energy surfaces were computed by numerical differentiation

observed. The carrier of this species can be assigned Withofthe analytical gradients for the RI-CC2 and TD-DFT for geometries

confidence to the absorption &NN, previously observed by
nanosecond time-resolved LFPIIA at 77 K. This spectrum

displaced by central differences (0.02 a.u.). Minima were characterized
to have all real vibrational frequencies. CASSCF(4,6) calculations with
the SVP basis set were performed with the Gaussian 03 suite of

is broader than that observed by nanosecond spectroscopy abrograms®

77 K;20 however, this is not troubling as sharper spectra are

IV.2. Femtosecond Broadband UV-Vis Transient Absorption

invariably obtained at cryogenic temperature relative to ambient gpectrometer. The laser system (see Figure S2 of the Supporting
temperature. An isosbestic point in the ultrafast data is observedinformation) consists of a short pulse titanium-sapphire oscillator

at 410 nm, but it is less obvious than f8BA andOBA, as the
absorption spectra dfLNA* in the S state and1NN overlap
significantly. The transient absorption'dNN at 385 nm decays

(Coherent, Mira) generating 30 fs pulses at 800 nm that seeds a high-
energy titanium-sapphire regenerative amplifier (Coherent/Positive
Light, Legend HE USP). The regenerative amplifier produces 2.5 mJ,

with a time constant of 12 ps (Figure 9d) at ambient temperature 40 fs pulses at 1 kHz. The main part of the beam is used to pump two

to form naphthazirinel(NAZ). 1NAZ absorbs strongly below

300 nm and cannot be detected in this study (that is, the

absorption is outside our spectral probe range of-3&8f0 nm).
Evidence of vibrational cooling dfLNN (e.g., spectral envelope
rephasing) is not present. Indeed, normalization of N

OPAs (OPerA Coherent) equipped with BVis and SFG modules,
respectively, allowing us to generate a pump pulse tunable from 240
to 800 nm. A small portion of the fundamental is used for white light
generation in the range 32000 nm by focusing a small portion of
the fundamental output (800 nm, 13) into a 1 mnthick Cak; plate.

To create a stable white light continuum, the fundamental power density

absorptiqn band, at its maximum amplitude (to eliminate the i, the focus is carefully adjusted and &a& s the Cafrotates by a
contribution of the 12 ps component), does not show any band small angle of 1.5 A 50 mm lens collimates the white light continuum

narrowing effect. Thus, eithétNN is formed thermally relaxed
or it is formed vibrationally excited and isomerizes to naph-
thazirine ((NAZ) at the same rate that it undergoes vibrational
relaxation.

beam, which then passes through an iris to select the central, uniform
region of the beam profile. The white light continuum is split into two
parts, probe and reference, of nearly equal intensity by using reflection
from the front (probe) and back (reference) surfacea 6 mmthick

Deuteration of the solvent has no discernible influence on Cak plate. Both beams pass through the sample, but only the probe

the observed dynamicsldy = 270 nm,7; = 0.8 ps, 12 =
15 ps).

I1l. Conclusions

UV photolysis of ortho- and para-biphenylyl azide and
1-naphthyl azide excites the aromatic azides to thest&tes,
which arexr — (z*,aryl) in nature. These states absorb broadly

in the visible and have lifetimes of hundreds of femtoseconds.

They decay by internal conversion to the lower energgt&tes
which arexr — (in-planes*,azide) in nature. These states are
not detected as they immediately fragment foae kcal/mol

overlaps with the pump beam in the sample.

The sample is circulated in a Harrick Scientific flow cell (1 mm
thick Cak windows), and the optical path length was 1 mm. The angle
between pump and probe beam 1 %0 avoid rotational diffusion
effects, the angle between polarizations of the pump beam and the probe
beam was set to the magic angle (5¥7by rotating al/2 waveplate.

The detection system consists of an imaging polychromator (Triax
550 Jobin Yvon, equipped with holographic grating operating in-250
800 nm, 150 gr/mm) and thermoelectrically cooled, back illuminated
CCD camera (Symphony Jobin Yvon, chip 204812 pixels). Both
the probe and the reference are focused on the entrance slit (0.5 mm
wide) and detected on a separate vertical region of the CCD chip.

barrier) to form molecular nitrogen and the corresponding singlet Ratioing of the two spectra minimizes noise due to white light

arylnitrenes. The rate of decay of the Sate of the azides is

the same as the rate of formation of the singlet nitrenes. Singlet(26) (a) Ahlrichs, R.; Ba M.; Haser, M.; Horn, H.; Kémel, C. Chem. Phys.

para-biphenylnitrene is formed with excess vibrational energy
and undergoes vibrational cooling in 11 ps. Singhetho-

biphenylnitrene and 1-naphthylnitrene have lifetimes of 16 and gg
15 ps, respectively. These nitrenes disappear at a rate comparable

to that of vibrational cooling.

IV. Experimental and Computational Methods

IV.1. Computational Methods. Geometry optimizations were
performed with the TURBOMOLE 5.71 suite of programs for electronic
structure calculation®:?” The geometries of the ground states were

13410 J. AM. CHEM. SOC. = VOL. 128, NO. 41, 2006

Lett. 1989 162 165. (b) For the current version of TURBOMOLE, see
http://www.turbomole.de.
(27) Treutler, O.; Ahlrichs, RJ. Chem. Phys1995 102, 346.
) Scliger, A.; Huber, C.; Ahlrichs, RJ. Chem. Phys1994 100, 5829.
) Eichkorn, K.; Weigend, F.; Treutler, O.; Ahlrichs, Rheor. Chem. Acc.
1997 97, 119.
(30) Hatig, C.; Weigend, FJ. Chem. Phys200Q 113 5154.
(31) Hatig, C.; Kohn, A.J. Chem. Phys2002 117, 6939.
(32) Furche, F.; Ahlrichs, R]. Chem. Phys2002 117, 7433.
(33) Furche, F.; Ahlrichs, R]. Chem. Phys2004 121, 12772.
(34) Hatig, C.J. Chem. Phys2003 118 7751.
(35) Kohn, A.; Hatig, C.J. Chem. Phys2003 119, 5021.
(36) Frisch, M. J.; et alGaussian 03revision C.02; Gaussian, Inc.; Wallingford,
CT, 2004.
(37) Lessing, H. F.; von Jena, £hem. Phys. Lettl976 42, 213.
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continuum fluctuations. A shutter (Uniblitz) set in the pump beam are analyzed by fitting to a sum of exponential tern®ft) =
minimizes the sample irradiation time, while a shutter set in the probe YA exp(—t/zi) + C, with independent amplitudes;, lifetimes, z;, and
beam permits background and emission measurements (white lightoffset, C. Convolution with a Gaussian response function is included
continuum OFF, pump ON). To increase the signal-to-noise ratio of in the fitting procedure. The instrument response fwhm is approximately
recorded transient absorption spectra, a modulation technique is used300 fs. All experiments are performed at room temperature.
The CCD camera acquisition is referenced to an optical chopper (New  IV.3. Materials. All of the azide$® are known and were synthesized
Focus 3501) placed in the probe beam (25 Hz), which operates in and purified by the methods described elsewhéfé %1517 Acetonitrile
synchronization with another chopper placed in the pump beam (12.5 (Sigma-Aldrich, spectrophotometric grade) was used as received.
Hz). Probe and reference spectra are integrated during a 20 ms exposuréicetonitrile-d; was purchased from Cambridge Isotopes.
and an additional 20 ms is required to reset the CCD for the next
acquisition. At a given pumpprobe delay, 250 acquisitions are taken Acknowledgment. This work was performed at The Ohio
with every other acquisition recorded with the presence of the pump. State University Center for Chemical and Biophysical Dynamics
Spectra with and without the pump are used to calculate a transient(CCBD) and The Ohio Supercomputer Center. Support of this
a_bsorpﬂon _spectr_um. This modulatlon method results in a very good work, and of the CCBD, by the National Science Foundation
signal-to-noise ratio, so amplitudes smaller than 0.001 absorbance could .
be measured. is gratef_ully acknowledged. We grateful_ly acknqwledge fruitful
) . . discussions with Andreas Ko (Kemisk Institut, Aarhus
Transient absorption spectra are recorded at different ptprgbe . .
delay times using an optical delay line consisting of computer- Universitet).
controlled, motorized translation stage mounted with a retroreflector. )
The entire set of pumpprobe delay positions (cycle) is repeated at Supporting Information Available: Ultrafast LFP transient
least three times, to observe data reproducibility from cycle to cycle. Spectra of naphthalene, additional computational data, Cartesian
Spectra are recorded using home-developed software, written in coordinates of the geometries discussed herein, and complete
Labview 7.0, which also controls the optical delay line, shutters,CaF ref 36. This material is available free of charge via the Internet
rotation, and CCD acquisition. at http://pubs.acs.org.
The absorbance of the sample solutions is typically-0.6 at the
excitation wavelength, and the sample volume is 50 mL. Pump pulse JA061520I
energy is about 6:J at the sample position. Transient absorption

spectra are corrected for chirp in the probe contind#iKinetic traces (39) Talrose, V.; Yermakov, A. N.; Usov, A. A.; Goncharova, A. A.; Leskin,
A. N.; Messineva, N. A.; Trusova, N. V.; Efimkina, M. V. UV/Visible
Spectra. IlNIST Chemistry WebBook, NIST Standard Reference Database
(38) Nakayama, T.; Amijima, Y.; Ibuki, K.; Hamanoue, Rev. Sci. Instrum. Number 69 Linstrom, P. J., Mallard, W. G., Eds.; National Institute of
1997 68, 4364. Standards and Technology: Gaithersburg, MD, 2005.
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