3844 Chem. Rev. 2006, 106, 38443867

Kinetics, Spectroscopy, and Computational Chemistry of Arylnitrenes

N. P. Gritsan*T and M. S. Platz*#

Institute of Chemical Kinetics and Combustion and Novosibirsk State University, 630090 Novosibirsk, Russian Federation, and
Department of Chemistry, The Ohio State University, Columbus, Ohio 43210

Received October 7, 2005

Contents
1. Introduction 3844
2. Photochemistry of Phenyl Azide and Kinetics and 3845
Spectroscopy of Phenylnitrene
2.1. Early Experimental Studies 3845
2.2. Recent Spectroscopic Observation of Singlet 3846
Phenylnitrene
2.3. Electronic Structure of Phenylnitrene 3847
2.4. UV-Vis Spectroscopy of Singlet and Triplet 3848
Phenylinitrene
2.5. Calculations on the Ring Expansion Reaction 3848
3. Kinetics and Spectroscopy of Substituted 3849
Phenylnitrenes
3.1. Substituent Effects on Intersystem Crossing 3850 . , , .~ , . -
3.2. Substituent Effects on the Rate Constants of 3851 Nina P. Gritsan received her Diploma in Physics from Novosibirsk State

University and her Ph.D. in Chemical Physics in 1979 from the Institute

the Ring Expansion of Phenylnitrene of Chemical Kinetics and Combustion (Novosibirsk) of the Siberian Branch

3.2.1. Influence of Para Substituents 3851 of the Russian Academy of Sciences (RAS). She was awarded the degree
3.2.2. Influence of Ortho Substituents 3853 of Doctor of Chemistry (similar to the habilitation in Europe) at the Institute
4. Photochemistry of Polycyclic Aryl Azides and 3861 of Chemical Physics of RAS (Moscow) in 1993. Currently, she is Professor
Kinetics and Spectroscopy of Polycyclic of Chemical Physics at Novosibirsk State University and head of the
Arylnitrenes Laboratory of Reaction Mechanisms at the Institute of Chemical Kinetics
| . I Studi and Combustion. Her research interests include experimental study of
4.1. Early Experimental Studies 3861 photochemical and photophysical processes using time-resolved and low-
4.1.1. Naphthyl Azides and Nitrenes 3862 temperature spectroscopic techniques and the application of quantum
4.1.2. Anthryl Azides and Nitrenes 3863 chemistry for understanding reaction mechanisms.
4.1.3. Pyrenyl Azides and Nitrenes 3863
4.2. Recent Experimental and Computational 3864
Studies
5. Conclusions 3866
6. Acknowledgment 3866
7. References 3866

1. Introduction

Arylnitrenes are very reactive and short-lived intermediates
commonly generated by decomposition of aryl azides.
Although other arylnitrene precursors are knéwnd their
study has led to many important mechanistic ideas, this
review will be limited to studies involving only azide - L -
precursors. Aryl azides have important applications as Matthew S. Platz earned B.Sc. degrees in chemistry and mathematics
photoresists in lithograph¥in the formation of electrically from the State University of New York at Albany in 1973 and a Ph.D. in

conducting polymersjn organic synthesiéin photoaffinity chemistry from Yale University in 1977 with Professor Jerome Berson.
labeling® and in the covalent modification of polymer Following 18 months as a postdoctoral fellow in the laboratory of Professor

. . . Gerhard Closs at the University of Chicago, Platz joined the faculty of
surfaces. Physical organic chemists seek to understand the 1o ohio” State Uiniversity in 1978, He was promoted to Associate

Professor on 1984 and to Professor five years later. Platz served as Chair
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#The Ohio State University. of nitrenes control their reactivity. Spectroscopic studies of
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Arylnitrenes

arylnitrenes have been performed in the gas phase, in low-
temperature glasses and inert gas matrices, and in solution,

using time-resolved methodologies. The traditional organic
chemistry of aryl azides and the intermediates derived from
their decomposition has been reviewed many titiéd and

so will receive only limited attention in this essay.

There has been recent dramatic progress in our experi-

mental and theoretical understanding of the arylnitrenes,
primarily as a result of the application of two tools, laser
flash photolysis (LFP) and high-level ab initio molecular
orbital (MO) calculationd* 1" The synergism between theory

and experiment in the study of the chemistry and spectros-

copy of phenylnitrene and its simple derivatives was il-
lustrated recently*1” The kinetics and spectroscopy of some
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In 1974, Wentrup® suggested again that the trappable
intermediate might bd or 5. For a long time, the nature of

Sddo

substituted phenylnitrenes were considered in detail in our the intermediate(s) involved in this reaction was unclear.

previous review$

Interesting new results shedding light on the influence of
ortho substituents on the chemistry of phenylnittérié and
on the kinetics and spectroscopy of polycylic arylnitréfes
were reported in the past few years. Moreover, the formation
of vibrationally hot singlepara- andortho-biphenylnitrenes
was detected very recemff®on a femtosecond time scale.
The present review will attempt to highlight developments
in the understanding of the spectroscopy and kinetics of
arylnitrenes. This review mainly covers the experimental and
theoretical discoveries of the last nine years (£92005).

However, the most important spectroscopic and computa-

tional results, which created the basis for the interpretation
of the more recent studies, will be thoroughly considered.

2. Photochemistry of Phenyl Azide and Kinetics
and Spectroscopy of Phenylnitrene

Before discussing recent experimental and theoretical

studies on the kinetics and spectroscopy of substituted

phenylnitrenes and polycyclic arylnitrenes, we will briefly

consider the photochemistry of the parent aryl azide, phenyl
azide. Our purpose here is to give a brief overview to provide
a context for discussion of the influence of the substituents.

2.1. Early Experimental Studies

Unfortunately, the major product obtained upon decom-
position of phenyl azide (and many of its derivatives) in
solution is polymeric taf. A fortunate exception is the
formation of azepines in the presence of primary and
secondary amines. The Huisgen grdupas the first to
observe that thermolysis @fin the presence of aniline leads
to extrusion of molecular nitrogen and formation of azepine
2a. It was postulated that thermolysis bfeads to extrusion
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.N2

1
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N,
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of nitrogen and the formation of a reactive intermediate
CsHsN. Huisgen and co-workers proposed that the trappable
intermediate was either a benzazirideor 1,2-didehy-
droazepine5 (produced by a rearrangement of singlet
phenylnitrene3).?”

Later?® Doering and Odum demonstrated that photolysis
of phenyl azide 1) leads to the evolution of molecular
nitrogen and once again to the formation of a diethylamine-
trappable intermediate §8sN) and ultimately azepingb.

Candidate structures for §sN” have been singlet8) and
triplet (33) phenylnitrene, benzazirind), and cyclic keten-
imine (5).

Chemical analysis of reaction mixtures has provided
evidence for all of these intermediat&s-6) under different
conditions. High dilution of phenyl azide suppresses polymer
formation?® and azobenzene forms, presumably due to
dimerization of triplet phenylnitrenes, or in concentrated
solutions by reaction of triplet phenylnitrene with phenyl
azide.

The dimerization of triplet phenylnitrene has never been
directly monitored by time-resolved techniques. However,
dimerization of substituted triplet phenylnitrenegala-
nitro**2and 2,4,6-triborom#Y), as well as polycyclic 1-naph-
thyl-,3233 1-anthranyl? and 1-pyrenylnitrene®;** was
studied by LFP techniques. The decay of triplet arylnitrenes
and/or formation of corresponding azo-compounds were
found to obey second-order kinetics with rate constants in
the range of (0.552.1) x 1® M~ s ! in benzene at room
temperaturél—3

The products of nucleophilic trapping?)( following
decomposition of were initially rationalized as arising from
benzazirine4.2”2° This explanation was generally accepted
in subsequent studi®sand supported by calculatioffsbut
in 1978, Chapman and LeRoux detected 1-aza-1,2,4,6-
cycloheptatetraenes) using matrix isolation IR spectros-
copy?” The existence of the cyclic keteniming was
confirmed by later spectroscopic studies in matfitesd
in solution3%3%401t was also established that ketenimifie
is the species trapped by nucleophiles in solution to form
azepine.%° Recently!! the low temperaturé®C NMR and
IR spectra of5 incorporated into a hemicarcerand were
reported. The lifetime o5 in the inner phase of a hemicar-
cerand was found to be 32 min at 194 K.

Experiments in matrices produced no evidence for the
intermediacy of4.5”:8 The strongest experimental evidence
to date for the intermediacy of is the observation that
photolysis ofl in ethanethiol affords-thioethoxyaniline 6)

in 39% vyield, presumably from the nucleophilic trapping of
4.42
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However, other interpretations of this experiment are

Gritsan and Platz

vis spectrum of triplet phenylnitrene and cyclic ketenimine

possible. One can also propose, for example, ethanethiol5. Schuster and co-workéP<Capplied time-resolved IR and

trapping of 1,2-didehydroazepirtefollowed by rearrange-
ment of the initially formed azacyclohexatriene intermediate.
Thus, decisive experimental evidence in favordois not
yet available.

It was found that the solution-phase photochemistry of
phenyl azide 1) is temperature dependefif.Photolysis of
1 in the presence of diethylamine at ambient temperature
yields azepin&b. Lowering the temperature suppresses the
yield of 2b and encourages the formation of azo compound.
Thus, high temperature favors reactions of singlet-state
intermediates, while low temperatures favor reactions as-
sociated with triplet phenylnitrene.

The EPR spectrum of triplet phenylnitrené3)( was
detected after photolysis df in a glassy matrix, and the

UV —vis spectroscopy to demonstrate that cyclic ketenimine
5is formed in solution and that this species absorbs strongly
at 340 nm.

In 1992, Schuster and PlatzGritsan and Pritchin& and
Budyka, Kantor, and Alfimot/ wrote similar schemes, which
economically explained much of the condensed-phase pho-
tochemistry of phenyl azide. UV photolysis dfproduces
singlet phenylnitrené3 and molecular nitrogen. In the liquid
phase,'3 isomerizes over a small barrier to form cyclic
ketenimine 5. Later computational work of Karney and
Bordert® showed this to be a two-step process involving
benzazirined, the species trapped by ethanethiol.

Scheme 1 represents a modern view of the mechanism of

temperature dependence of the EPR signal demonstrated thatcheme 1

the triplet state is the ground state of phenylnitréhe.

Reiser’s grouff was the first to observe the low-temper-
ature UV—vis spectrum of triplet phenylnitrer#®. A later
study?'® performed in low-temperature glassy matrices
revealed an additional long-wavelength band in the spectrum
of 3 (Figure 1), showing that the spectrum ¥ reported
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Figure 1. The absorption spectrum of triplet phenylnitrene in EPA
glass at 77 K The computed positions and oscillator strengths
(f, right-hand axis) of the absorption baftlare depicted as solid
vertical lines. For very small oscillator strengths, the value
multiplied by 10 is presented & 10). Reprinted with permission
from ref 52. Copyright 1999 American Chemical Society.

earlief* was contaminated by the presence of ketenirgine
It was found thaf3 is extremely light sensitive, and upon
photoexcitation at 77 K3 rapidly isomerizes to the isomeric
5_31b

Initial flash photolysis experiments involving gave
conflicting results with different authors favoring the pres-
ence of either triplet phenylnitrerfé benzaziriné®® or the
cyclic keteniminé® as the carrier of the transient spectra.
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phenyl azide photochemistry3 prefers rearrangement to
intersystem crossing (ISC) to the lower energy triplet state
at ambient temperature in the liquid phase. Below 180 K,
spin relaxation (ISC) t33 predominateg!®49

2.2. Recent Spectroscopic Observation of Singlet
Phenylnitrene

The key intermediate in Scheme 1 is singlet phenylnitrene
(*3), the only intermediate that had not been detected directly
or chemically intercepted prior to 1997. Gritsan, Yuzawa,
and Plat?® and the Wirz grouf} simultaneously reported
that LFP ofl or of phenyl isocyanate produces a previously
undetected transient withnax = 350 nm (Figure 2) and a
lifetime of ~1 ns at ambient temperature, which was assigned
to 13.

The decay ot3 in pentane was monitored at 350 nm over
the temperature range of 15@70 K, which allowed direct
measurement of the rate constant for intersystem crossing
(kisc) and of accurate barriers to cyclizatiehiThe formation
of the products (cyclic keteniming, triplet nitrene33, or
both) was monitored at 380 nth.The decay of3 and the
growth of the products are first order and can be analyzed
to yield an observed rate constambes. An Arrhenius
treatment of théogs data (open circles) is presented in Figure
3.

The currently accepted spectroscopic assignments were The magnitude okogs decreases with decreasing temper-

obtained by a combination of multiple techniques. Leyva et
al 31 applied matrix absorption and emission spectroscopy,
along with flash photolysis techniques. Chapman and Le-
Roux’ obtained the matrix IR spectrum of cyclic ketenimine
5, and Hayes and Sherid&mbtained the matrix IR and UY

ature until about 170 K, whereupon it reaches a limiting value
of about 3.2x 10° s~%. Below this temperaturdogs remains
constanf? The breakpoint in the Arrhenius plot is around
180-200 K and is in exactly the same temperature range
where the solution-phase chemistry changes from trapping
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Figure 2. Transient spectrum of singlet phenylnitrene produced
upon LFP of phenyl azidé. Spectrum 1 was recorded 2 ns after
laser pulse (266 nm, 35 ps) at 233 K. The long-wavelength band
(spectrum 2) was recorded with an optical multichannel analyzer
at 150 K (with a 100 ns window immediately after laser pulse,
249 nm, 12 ns). The computed positions and oscillator strengths
(f, right-hand axis) of the absorption bands are depicted as solid
vertical lines>? For very small oscillator strengths, a value multiplied
by 10 is presented (x 10).
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Figure 3. Arrhenius treatment of thkogs data (open circles) and
kr data (filled circles) for singlet phenylnitrene deduced upon
assuming thakisc is independent of temperatufelnset: temper-
ature dependence kfgs data. Reprinted with permission from ref
14. Copyright 2000 American Chemical Society.

of ketenimine5 with diethylamine to dimerization of3 to
form azobenzen®® Thus, the low-temperature data in Figure
3 was associated with the rate constant for 1ISG3oto 33
(kisc = (3.24 0.3) x 10° s %) and the high-temperature data
with kg, the rate constant for rearrangement®{Scheme
1).

Since at any temperatukggs = kr + kisc, by assuming
thatksc does not change with temperature, it was possible
to deduce values d&z as a function of temperature and to
obtain its Arrhenius parameters. An Arrhenius plokgf=
koss — kisc was linear (Figure 3, solid circles), giving an
activation energy for rearrangemeiti, (= 5.6 = 0.3 kcal/
mol) and preexponential factoA(= 101303 g71) 52
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Recently!® the LFP ofl was studied at 77 K where singlet
nitrene'3 cleanly relaxes to the triplet stai& The spectrum
of singlet phenylnitrene at 77 K was very similar to that
detected in solution (Figure 2). The rate constant of ISC at
77 K was found to be (3.& 0.3) x 10 s 119 Therefore,
kisc for 13 is indeed temperature independent.

2.3. Electronic Structure of Phenylinitrene

In phenylnitrene3, a lone pair of electrons occupies a
hybrid orbital, rich in 2s character, and the two nonbonding
electrons both occupy pure 2p orbitals. One of these is a
p—a orbital, and the othesia p orbital on nitrogen that lies
in the plane of the benzene ring. The near-degeneracy of
the two 2p orbitals gives rise to four low-lying spin states
a triplet GA,), an open-shell singlet4,), and two closed-
shell singlets ¥A;). The orbital occupancies and CASSCF-
(8,8)/6-31G* geometries of three lowest spin st8tese
shown in Figure 4.

() ()
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Figure 4. Orbital occupancies for nonbonding electrons and
CASSCF(8,8)/6-31G* optimized geometries of the lowest triplet
and singlet states of phenylnitretfBond lengths are in angstroms.
Reprinted with permission from ref 14. Copyright 2000 American
Chemical Society.
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In the A, and 'A, states, the 2pxr orbital and the in-
plane 2p orbital on N are both singly occupied. The tAg
states of3 are a mixture of two dominant configurations
one in which the in-plane p orbital on N is doubly occupied
and the 2p-r orbital is empty, which is slightly lower in
energy than the configuration in which these orbital oc-
cupancies are reversét354The two'A; states differ only
by a sign of this combination. In both tR&, and*A; states,
the C-N bond is relatively long and the phenyl ring shows
littte bond-length alternation (Figure 4). In tHé, state,
however, strong delocalization of the electron in the nitrogen
p— orbital into the ring leads to a very short-Ql bond
(1.276 A), and the bond lengths within the aromatic ring
resemble those of a cyclohexadienyl radit&f>*

The A, state lies well below théA; state due to the
delocalization that is present in the former state. The electron
in one of the singly occupiectr orbitals of the!A, state
conjugates with the-system of the benzene ring. The second
electron in a singly occupied orbital of th&, state remains
localized in a p-orbital which lies in the plane of the aromatic
ring. This confines the electron in the-orbital and the
electron of opposite-spin (resident in the in-plane 2p AO on
nitrogen) to different regions of space, thus minimizing their
mutual Coulombic repulsion enerd¥yNote that the open
shell3A; triplet is less sensitive to the separation of electrons
than is the singlet, because of exchange stabiliz&tion.
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Table 1. Relative Energies (kcal/mol) of the Lowest Spin States
of Phenylnitrene 3

electronic state

method 3A2 1A2 lA]_ ref
CISD+Q/DZ+d 0 183 32.4 53
0-S1-SDCI/6-31G*// 0 183 38.7 54
CASSCF(8,8)/3-21G
SDCI/6-31G*/CASSCF(8,8)/3-21G 0 18.3 30.6 55
CASSCF(8,8)/6-31G* 0 175 42.2 48
CASPT2(8,8)/6-311G(2d,p)// 0 185 36.9 48
CASSCF(8,8)/6-31G*
BLYP/cc-pVTZ//BLYP/cc-pvVDZ 0 29.5 56
CCSD(T)/cc-pvDZIl 0 35.2 56
CASSCF(8,8)/cc-pVDZ
(U)BPW91/cc-pvVDZ 0 143 59
(U)B3LYP/6-31G* 0 1438 60
experiment 0 182 30+5 57
0 18.3+0.7 58

The calculatet#>3-%6 and experimentally determined (using
gas-phase photoelectfrand electron detachméhispec-
troscopy) relative energies of the spin state8 afe shown
in Table 1. High levels of theory predict that the lowest
singlet state YA,) lies about 18 kcal/mol higher in energy
than the triplet ground statéA_), in excellent agreement
with the experimental result$>8Note that density functional
theory was also applied to estimate the singteplet
splitting (Table 1%89The broken symmetry wave function
of the 'A; state was found to have an$*> value~ 1.0
and should be regarded as describing a 50:50 mixture of
singlet and triplet states; thus, the sum method of Ziegler et
al$*was used to estimate the energy difference bet@en
and ®A,, which was found to be slightly underestimated
(Table 1).

2.4. UV-Vis Spectroscopy of Singlet and Triplet
Phenylnitrene

Gritsan and Platz

method, is the transition to thé, excited state, which has

a 368 nm excitation enerdgy. The main configuration
involved in this transition consists of an electron from the
lone pair orbital on nitrogen ghbeing promoted to the singly
occupied nitrogen 2p orbital that lies in the molecular plane
Py

In the electronic absorption spectrum of triplet phenyl-
nitrenes33, there is a strong sharp band at 308 nm, a broad
structured band at 370 nm, and a broad unstructured feature,
which tails out to 500 nm (Figure £} The first calculation
of this spectrum was performed by Shillady and Trindle using
the INDO/S method® The long wavelength maximum was
calculated to be at 380 nm and was assigned to anart
transition. The experimental long wavelength transition at
about 450 nm was not reproduced by this calculation. The
next transition was found to be at 330 nm and was assigned
to the excitation of the nitrogen lone pair electron to the
singly occupied nitrogen 2p orbital that lies in the molecular
plane (p).

Later, Kim, Hamilton and Schaeférperformed config-
uration interaction calculations & in its ground and excited
states with all single and double excitations, but they failed
to reproduce the electronic absorption spectrum of triplet
phenylnitrene quantitatively.

The spectrum of3 was very well reproduced (Figure 1)
using the CASPT2 level of theoPy.The improved cor-
respondence is a result of the combination of an improved
reference description and an adequate treatment of the
dynamical electron correlation in the CASPT2 procedure.

CASPT2 calculations predict that the vertical excitation
energy to the first excited state®g;) will be at 432 nm {
= 3.4 x 107%). This excited state consists principally of two
electronic configurations(1a) — 7(3b;) andx(3by) — m1*
(2&), wheren(3h) is a singly occupied orbital. The second
excited state is the®R, state and has a vertical excitation

The transient spectrum of Figure 2 was assigned to singletenergy of 393 nmf(= 9.4 x 10~3), which is associated with

phenylnitrene in its lowest open shell electronic configuration
(*A? state)>5? This assignment was supported by the
similarity of the spectrum (Figure 2) to that of the long-

lived perfluorinated singlet arylnitrené5The decay of this

7(2by) — (3by) andx(3by) — m,*(4b,) transitions.

The CASPT?2 calculations predict that transitions to the
2°B; (at 301 nmf = 0.013) and 3B, (at 299 nmf = 0.044)
states contribute to the most intense absorption band at 308

transient absorption at ambient temperatures is accompaniethm. The electronic configurations for thég3 state are the

by the formation of cyclic keteniming. As noted above,
LFP of 1 at 77 K produces singlet nitred8, which cleanly
relaxes to the triplet staf8. The spectrum of3 at 77 K is

the same as that detected in solution (Figuré®2).

The electronic absorption spectrumafin the 'A? state
calculated at the CASPT2 level is in good agreement with
the transient spectrum that is observed'®¢Figure 2). The
first two electronically excited singlet states ‘& are both
of A; symmetry and are predicted computationally to be at
1610 and 765 nm. Neither of these transitions has been

same as for the®B; state. The main configuration involved
in the BA, — 23B, transition consists of excitation of an
electron from the lone pair orbital {non nitrogen to the
singly occupied nitrogen 2p orbital that lies in the molecular
plane (p).

Therefore, the electronic absorption spectrd3and 33
are very similar, but all of the calculated and experimentally
detected bands 88 (Figure 2) exhibit a red-shift compared
to those of*3 (Figure 1)°2 This is very reasonable because
both of these species have very similar open-shell electronic

detected because not only does excitation into both of theseconfigurations A, and*A,).

states have zero oscillator strength due to symmetry con-

siderations, but these excited states are predicted to lie outsid@.5. Calculations on the Ring Expansion Reaction

the wavelength range accessible to most spectronfétérs.

The CASPT2 calculations predict a transition at 581 nm
to the 1B, excited state, with a very small oscillator strength
(1.6 x 10°4), which was assigned to a very weak band with
a maximum around 540 nm (Figure 2). The next excited state
is the 2A, state. This transition has a small oscillator strength
(2.1 x 1073 and an absorption maximum at 429 &fm.

The only intense absorption band in the absorption
spectrum of'3 is localized around 350 nm (Figure 2). The
strongest absorption band 18, predicted by the CASPT2

The GHsN potential energy surface originally received
less attention from theoreticians than from experimentalists.
Until the early 1990s, species on the reaction pathway for
ring expansion of3 and some of its simple derivatives had
been studied using only semiempirical meth&ef§:40.63.64
MNDO calculations by the Schuster group predicted the
intermediacy of azirinel and placed azeping below 4 in
energy® Their calculations found barriers of 12.4 and 3.6
kcal/mol for the first and second steps of the ring expansion,
respectively’® The much lower barrier computed for the ring
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opening of4 to 5 is consistent with the experimental finding
that5, not 4, is the species that is trapped in solutfén.
Recent calculatiod$on the ring expansion of the lowest
singlet state of phenylnitrendX>-3) to azacycloheptatetraene
(5) confirm a two-step mechanism. The first step, cyclization
of 13 to the azirine4, is predicted to be the rate-determining

Chemical Reviews, 2006, Vol. 106, No. 9 3849

The CASPT2/6-311G(2d,p) barrier for the procdss 5
is only ca. 3 kcal/mol, and this reaction is calculated to be
exothermic by about 5 kcal/mol (Figure 5). These compu-
tational results are consistent with the failure of Schuster’s
time-resolved IR experiments to detect®*° A 3 kcal/mol
barrier implies rapid conversion dfto 5 at room temper-

step. The CASPT2 energetics is depicted in Figure 5, andature, ad a 5 kcal/mol difference in energy betweémand

rel E
(kcal/mol)

-1.6

5
Figure 5. Energetics of the ring expansion of singlet phenylnitrene
(*A,-13), calculated at the CASPT2(8,8)/6-311G(2d,p)//CASSCF-
(8,8)/6-31G* level® Correction of the energy of3 by 3.4 kcal/
mol is also displayed (see text below).

the CASSCF optimized structures of the stationary points
are shown in Figure 6.

Figure 6. CASSCF(8,8)/6-31G* optimized geometries of stationary
points in the ring expansion of singlet phenylnitreb{'3).48 Bond
lengths are in angstroms, and bond angles are in degrees.

The CASPT2 calculated barrier of 9.2 kcal/mol is some-
what higher than the experimental barrier of &®.3 kcal/
mol.52 The discrepancy between the calculated and experi-

5 means that at 25C the equilibrium would overwhelmingly
favor 5. Nevertheless, although has not been observed
spectroscopically, it can be intercepted by ethanethiol to form
an ortho-substituted anilirfé.

According to a recent kinetic stutlyof the decay of
azepines in the inner phase of a hemicarcerand, the enthalpy
difference between the transition state @ cyclization
(TSs-4) and 5 was found to be 12.% 0.6 kcal/mol. This
estimation is in good agreement with the value 10.8 kcal/
mol (Figure 5) calculated by Karney and Bord€n.

3. Kinetics and Spectroscopy of Substituted
Phenyinitrenes

After the spectrum and dynamics of parent singlet phen-
ylnitrene3 were measuret;>2our group began a compre-
hensive study of the substituent effect on the spectroscopy
and dynamics of simple substituted phenylnitrenes. In
subsequent papet%,2°6771 the transient absorption spectra
of a series of substituted phenylnitrenes were recorded. They
are characterized by an intense absorption band in the near-
UV or visible region with maxima at 340440 nm.

Values ofkogs in substituted singlet phenylnitrenes were
measured by the decay of their absorption at the maxima of
their spectra as a function of temperattie®®” 71 As in
the case of3 (Figure 3), the magnitude dbgs decreases
as the temperature decreases, until a limiting value is reached
(Figure 7, 8). The temperature-independent rate constant,

100x10°

50

-1
Kops, 8

1000/T, K

mental barrier heights is due to the general tendency of theFigure 7. Temperature dependencekaks values ofpara-fluoro

CASPT2 method to overstabilize open-shell species (in this
case!A,-3) relative to closed-shell species (in this case, all
the other stationary points on the reaction péth).

This is confirmed by comparing the CASPT2 and multi-
reference configuration interaction (MRCISD+Q) energy
differences between open-shell singlét’() vinylnitrene and
2H-azirine#886 The nitrene and azirine serve as models for
1A,-3 and 4, respectively. This comparison with MR

(curve 1),para-chloro (curve 2)para-bromo (curve 3), angara-
iodo (curve 4) singlet phenylnitrene in pentane. Reprinted with
permission from ref 67. Copyright 1999 American Chemical
Society.

observed at low temperature was associated With It is
seen that in the case péra-bromo-,para-iodophenylnitrene
(Figure 7), andortho,orthadimethylphenylnitrene (Figure
8) the value ofkogs is independent of temperature over a

CISD+Q shows that CASPT2 underestimates the energy of very large temperature range 120-200 K).

the open-shell nitrene reactant relative to the closed-shell
2H-azirine product by 3.4 kcal/mdt.If the relative energy

of *A,-3 is also too low by a comparable amount, then a
better computational estimate of the barrier for the first step
in the ring expansion of3 would be ca. 5.8 kcal/mol, in
excellent agreement with experimént.

It is well-known'1~14.16.17.31b.4%hat the rearrangement of
singlet arylnitrenes is suppressed at 77 K and ISC becomes
the only reaction at this temperature. Intersystem crossing
rate constants of'3 and a series of itsortho-dialkyl
derivatives'® as well agara- andortho-biphenylnitrene’s2°

were measured recently in glassy 3-methylpentane matrices
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1 L 1 Table 3. Intersystem Crossing Rate Constants of Ortho- and

Meta-Substituted Phenylnitrenes

194 - substituent solvent kisc(x 10°s7Y)  ref

2-methyl pentane 181 68

2,6-dimethyl pentane 153 68

~ 184 r CRCICFCL 30+ 8 68

R 2,6-diethyl 3-methylpentane 2 19

T 2,4,6-trimethyl pentane 293 68

174 - CRCICFCL 20+1 68
2,4,6-tritert-Bu 3-methylpentane 6.8 19

2-fluoro pentane 3.305 71

16 L 3,5-difluoro pentane 3415 71

2,6-difluoro hexane 2403 71

- CCly 2.7+0.3 71

154 | 2,3,4,5,6,-pentafluoro  pentane 3315 71

T T T T T CHJCl» 10.5+ 0.5 62

3 4 5 6 7 2-cyano pentane 280.3 70

1000/T, K 2,6-dicyano CHCl, 45+ 05 70

Figure 8. Arrhenius treatment dogs values of singlepara-methyl _|c|>_eHnFtane 569')% gg ;8

(curve 1),ortho-methyl (curve 2) phenyl nitrene in pentane, and  ,_ rimidvl CH.CI 8004+ 200 69

singlet ortho,orthadimethylphenylnitrene (curve 3) in hexane. Z_py Y > a
- . L - ; phenyl pentane 17 1 18
Reprinted with permission from ref 68. Copyright 1999 American 2-phenyl-4,6-dichloro  pentane 1412 20

Chemical Society.
aMeasured at 77 K in 3-methylpentane glassy matrix.

Table 2. Kinetic Parameters of ParaSubstituted Singlet Aryl

Nitrenes (X~CeHa—N) in Pentane Table 4. Spin-Orbit Coupling Constants for the First Three

T295K, kisc Ea log A Singlet States of Four Para-Substituted Phenylnitrenes (in
para-X ns (x 1°sY)  (kcal/mol) (s ref cm™1)%
H ~1 3.2+0.3 56+0.3 13.1+03 52 state R=NO, R=F R=H R = NHMe
~3.8 19
CHs ~1 50+04  58+0.4 135£02 67 St 0.0 0.0 0.0 0.0
CFs 15 46+£08  56+05 12.9+05 67 S 11.9 16.6 155 18.8
C(O)CH 5.0 8+ 3 53+0.3 12.5£03 67 S 44.3 43.5 43.5 41.8
F ~0.3 35+1.4 53+0.3 132403 67
cl ~1 3.9+15 6.1+ 0.3 13.3£03 67 dimethylaminophenyl azides, which largely yield azoben-
Br ~3 17+ 4 4.04+0.2 11.44+0.2 67 Zenes on photo|ysf§
'OCFB 2 1 125?5010 E g g; The electron withdrawing substituents («QEOCH;, CN,
CN 844 612 72408 135L06 70 and NQ) have a smaller but measurable influencekga.
Ph 1542 1241 6.8+ 0.3 12.7+-03 18 It is interesting to note that both electron-donating and
9.3+ 0.4 18 -withdrawing substituents accelerate the ISC.
N(CHs)* 0.12 8300200 b b 72 Intersystem crossing rate constants of ortho- and meta-
NO* <20 >30 b b 73 substituted singlet phenylnitrenes are presented in Table 3.
aMeasured at 77 K in 3-methylpentane glassy mafriXot mea- It is seen from Table 3 that mono and atho-fluorine
sured.¢ In toluene.? In benzene. substituents have no influence on ISC rate constants. An

ortho-cyano group has little influence dgc, but twoortho-
cyano groups slightly accelerate ISC. artho-methyl group
accelerates ISC by about a factor of 3. Taxdho-methyl
ggroups are more effective than one at accelerating ISC. The
ffect of twoortho-ethyl or iso-propyl groups is similar to
hat of methyl substituents and is about twice as large as
that of twotert-butyl groups'®
Recently, Cramer and co-workétsalculated the elec-
: ; tronic structures and energies of the triplet and three singlet
3.1. Substituent Effects on Intersystem Crossing states oB3 and of a series of its singly substituted derivatives.

Values ofksc for singlet para-substituted phenylnitrenes The spin-orbit coupling constants were calculated using the

at 77 K. Table 2 demonstrates that f8rand itspara-pheny!
substituted analogue values lk§c measured at 77 K and
estimated from liquid-phase measurement are in very goo
agreement. This proves that the rate constant of intersyste
crossingkisc is indeed temperature independent, as was
assumed previoushy;17:52.6771

are given in Table 2. The rate constant of ISC fara- Pauli-Breit Hamiltonian to better understand the factors
bromo singlet phenylnitrene is about 7 times larger than that affecting the rates of ISC (Table 4).
of parent'3 and thepara-fluoro andpara-chloro analogues. For biradicals where two electrons are spatially proximate,

This is easily attributable to a small heavy atom effect. The as in nitrenes, SOC is the primary mechanism for ISC. For
heavy atom effect of iodine is larger than that of bromine, small amounts of SOC, the relative rate constakis
as expected, and increases the rate of ISC by more than &etween two systems can be estimated from the Landau

factor of 20, relative to paren8. Zener modet as

The CH;, CF;, acetyl, fluoro, and chloro substituents are , ) )
not sufficiently strongr donors or acceptors to significantly kI_SC _ [51HsolTo AE 1)
influence the size okisc (Table 2). The strongr donating Kisc [5,|Hsol To \AE

para-methoxy ancpara-dimethylamino groups have a huge
influence onksc, however. This is consistent with the whereHsgis the spin-orbit coupling Hamiltonian, andE
solution phase photochemistry para-methoxy andpara- is the energy difference betwed&p andS.



Arylnitrenes Chemical Reviews, 2006, Vol. 106, No. 9 3851

It was showr’ that for all substituents except those having net ethanethiét is not in conflict with the very short lifetime
a o value more negative than0.14, a near constait—S, of 4 in solution 1 ns), if the rate constant of its reaction
energy separatiom\Esy) is predicted. Even in the case of with ethanethiol is close to the diffusion limit(10° M1
substituents having the most negativealues, the decrease s'). Benzannellated derivatives dfhave been trapped by
of the energy separation does not excee® Xcal/mol>® ethanethid? as well as by amine¥;8°these results will be

Similarly, for a series obrtho,orthadialkyl substituted discussed in Section 4.1.1.
phenylnitrenes, CASSCF, CASPT2, and DFT methods Azirine-derived products were isolated upon photolysis of
predict that the presence of these substituents will lower the a few 3,4-disubstituted phenyl azides in meth&hal in the
AEst by only 1.5-2.5 kcal/mol*® Moreover, in phenyl- presence of diethylamirfé#? For instance, Younger and
nitrenes, the SOC matrix elements betwd@gandS, states Bell®? isolated azirine-derived diaminé&)(along with two
are required by symmetry to be zero and SOC can only beazepinesq and 10) upon photolysis of 3,4-diamidophenyl
accomplished dynamically, whereby &d/or S character azide () in tetrahydrofuran (THF) in the presence of DEA.
is mixed into S by geometric distortion. It was concluded
that the vibrationally averaged SOC matrix elements are - NE® Ny '
required for a more quantitative description of the ISC in o . [ " L Y
arylnitrenes?® NHCOCH; NHCOCH, —H N4
These results suggest thattho-alkyl groups (Table 3) feocts ;‘HCOCFs FICOCHN. | NHcocts ey o NHCOCH;
may accelerate ISC through a steric effect that forces the

nitrogen atom out of the plane of the aromatic ring, tus,  ony one azirine-derived produ@ was formed at low
facilitating vibronic mixing of the low-lying singlet excited temperature {70 °C), at both low (2x 103 M) and high

states into the lowest singlet state. _ (2 M) DEA concentration. At 30C, only 8 was formed at
Unfortunately, there is no quantitative explanation of the high DEA concentration, but all three producgs-(L0) were

pronounced gffect (up t@103).on the ISC rate of the strong  formed at 5x 10-3 M DEA with yields of 41, 16, and 43%,

donor substituents. According to the calculatihghe respectively. By analyzing the dependence of the product

second term of eq 1 cannot account for a chan_ge of ISC of ratios,8/9 and 8+9)/10, on the DEA concentration, Younger
more than about 1.4. Cramer etdhnalyzed the influence 5,4 Belp2 nicely demonstrated the interconversion of a

of substituents on the SOC in phenylnitrene using the yisybstituted benzazirine and singlet nitrene.
simplified two-electron in two-orbital configuration interac-
tion model of Michl”®> The strong donor substituents lead to

N N N
the increase of the energy separation between two NBMO, ' o o ' o
and this in turn produce a greater mixing of S1 and upper J = 1 e
singlet states (S2 and S3) if bonding between two NBMO [ & L & Lo
appears? The distortion of singlet nitrene (e.g., along the h ’ he ’ h
reaction coordinate for azirine formation) allows such © 0 ©
bonding.

Fs

For most substituted phenyl azides of intefé3§,5” "1 the
. rate constants of singlet arylnitrene decay and product
tghg Iggbslggje;gs%;egg‘sPohne:]h?nilirgtr?e Constants of formation (triplet nitrene and/or ketenimine) were found to
g EXp y be the same. With these arylnitrenes, cyclization to substi-
Cyclic ketenimine5 is the major, trappable, reactive tuted benzazirines is the rate-determining step of the process
intermediate in solution when phenyl azide (at moderate oOf nitrene isomerization to ketenimine in a manner similar
concentrations) is decomposed photolytically at 298 K. The to the parent phenylnitrene (Scheme 1). A few recently
rate of decay of singlet phenylnitrene is equal to the rate of discovered exceptiongyrtho-fluorophenylnitrené; ortho-
formation of the cyclic ketenimin®. Nevertheless the  biphenylnitrené? and 2,4,6-tritert-buthylphenylnitrené?
calculations of Karney and Bord&mreveal that this is a two- ~ Wwill be discussed in detail in Sections 3.2.2.
step process (Scheme 1). The first step, cyclization to The kinetics of rearrangement of substituted phenylnitrenes
benzazirines, is rate determining, followed by fast electro- have been studied by LPP.20626771 The temperature-
cyclic ring opening to cyclic keteniming. The predicted independent observed rate constants are associatelgyith
potential energy surface is shown in Figure 5. (Figs. 7,8). Plots of Ikos-kisc) were linear (Figures-911),
In the absence of nucleophiles, the cyclic ketenimine and these plots were used to deduce the Arrhenius parameters
polymerizes. At high dilution, it slowly reverts to benzazirine for cyclization of the substituted singlet aryInitrenes (Tables
4 and from there to the singlet nitred®. Eventually, the 2 and 5-7).
Sjﬂ%ﬁtsﬂ'f,fe"fugi'ﬁ;‘ %?nfgritzhée@_'é’wer energy triplet nitrene, 3.2.1. Influence of Para Substituents
Until recentlyl81®71there was rather little direct experi- Activation parameters of the cyclization of para-substituted
mental evidence for the intermediacy4énd its derivatives.  singlet phenylnitrenes are presented in Table 2. It is readily
Benzazirine4 has not been detected by matrix 3R846 seen from the table that substituents such as para CH,
However fluorinated® naphthaleni®’” and para-amind® halogen, and acetyl have little influence kg This is not
derivatives of4 have been generated as persistent species invery surprising given that theory predicts emphatically that
cryogenic matrices and characterized. Note, that azirines weresinglet phenylnitrene has an open-shell electronic struc-
detected in cases in which the barriers for ring-opening to ture#85354Therefore, cyclization of singled requires only
form azepines are relatively large (Sections 3.2.2 and 4.2).that the nitrogen bend out of the molecular plane, so that
It was proposed that parent benzaziridehas been  the singly occupied nonbonding molecular orbital (NBMO)
intercepted with ethanethiol (Section 243)The high yield can interact with the singly occupied NBMO.*8 Azirine
(39%) of o-thioethoxyaniline §) upon photolysis ofl in a formation is simply the cyclization of a quinoidal 1,3-
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Figure 9. Arrhenius treatment déz (= kogs — kisc) data for singlet Figure 11. Arrhenius treatment okg (= koss — kisc) data for
paramethyl (curve 1) andortho-methyl (curve 2) phenylnitrene  gingjetpara-fluoro (curve 1)meta,metadifluoro (curve 2)ortho-

in pentane and for singlertho,orthodimethylpenylnitrene (curve  g,,5romethylinitrene (curve 3) in pentane, aadho,orthodifluo-

3) in hexane. Reprinted with permission from ref 68. Copyright ophenyinitrene (curve 4) in CEICurve 5: Arrhenius treatment
1999 American Chemical Society. of the rate constant of the ring opening reactiag) for benzazirine
23a Reprinted with permission from ref 71. Copyright 2001
American Chemical Society.

Table 5. Summary of Kinetic Results for Singlet
Cyano-Substituted Phenylnitreneg’

7 (295)
substituent (ns) logA (s (kcal/mol) solvent

para-cyano,11a 8+4 135+ 0.6 7.2420.8 GHi

ortho-cyano,11b  ~22 128+ 0.3 55+0.3 GHi

2,6-dicyano,l1c ~25% 133+£0.2 6.4+£03 CHCl;
~2.3% 135+02 6.5+£04 GHp
~2.3 131+10 6.0+£1.1 THF

aLifetime estimated by extrapolation of the data to 295 K.

3 4 5 Table 6. Summary of Kinetic Results for Singlet
| Alkyl-Substituted Phenylnitrenes!®¢®
1000/T, K~
_ 7 (295) log A
Figure 10. Arrhenius treatment okg (= koss — kisc) data for substituent (ns) (s (kcal/mol) ~ solvent
singletpara-cyano (curve 1)ortho-cyano (curve 2) phenylnitrene  2_methyl,19a ~1a 12.84 03 53+04 GHi,
in pentane, for singlebrtho,orthadicyanophenylnitrene in CH 2,6-dimethyl 19b 12+ 1 13.0£0.3 7.04£0.3 GHiq
Cl, (curve 3Y° and for singletpara-biphenylnitrene (curve 4jin 1341 129+0.3 7.5+0.5 CRCICFCh
pentane. 2,6-diethyl,19c  ~9 12.14 05 52+05 GHi
2,4,6-trimethyl, 8+1 13.4+04 7.3+£04 CRCICFChL
19d
biradical, which originally has two orthogonal, antiparallel 4-methyl,19e ~1*  132+02 58+04 GHp
spins. Thus, large substituent effects are not anticipated. aLifetime estimated by extrapolation of the data to 295 K.

It was impossible to study the effect of stromgdonor

methoxy and dimethylamino substituents the arylnitrene photolysis ofpara-cyanophenyl azide in dimethylamifie.
underwent ISC to the triplet nitrene faster than cyclization

at all temperatures. NHN(CH), n )
Two para substituents, phenyl and cyano, depkgssd I w [
retard the rate of cyclization significantly (Table 2). Phenyl NH(CH), \_/
o o Ne
11a 12a 13a

and cyano are both radical stabilizing substituents. When
attached to the carbon atom para to the nitrene nitrogen, these
substituents concentrate spin density at this carbon and reduce
the spin density at the carbons ortho to the nitrene nitrogen. To test the validity of these qualitative expectations,
The reduced spin density at carbons ortho to the nitrogen CASPT2/6-31G* calculations on the ring expansion reactions
atom lowers the rate at which the 1,3-biradical cyclizes. The of singletpara-cyanophenylnitrene7@) were performed?®
lifetimes of these singlet nitrenes at ambient temperature areTable 8 shows that the barrier for cyclizationldfais more

15 ns (phenyl) and 8 ns (cyano), and the activation barriersthan 1 kcal/mol higher than that for parent phenylnitr&8ne

to cyclization are 6.8 and 7.2 kcal/mol? respectively, This is in quantitative agreement with experiment (Table 5).
compared to 5.6 kcal/mol for the unsubstituted pa8eiithe Recently, Cramer and coauthtfrperformed calculations
longer lifetime of singlepara-cyanophenylnitrene explains  of the ring expansion reaction for three para-substituted

CN
14a
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Table 7. Kinetic Parameters of Fluoro-Substituted Singlet Phenylnitrene®71.83

substituent T208 (NS) logA (s?) Ea (kcal/mol) solvent ref

H ~1 13.1+ 0.3 5.6+ 0.3 GHaz 52
2-fluoro, 22a 8+1 13.0+ 0.3 6.7+ 0.3 GHiz 71

10+ 2 CH.Cl, 71

10+2 CRCICFCL 71
4-fluoro,22b ~0.3 13.2+0.3 5.3+ 0.3 GHiz 71
3,5-difluoro,22c¢ ~3 12.8+0.3 5.5+ 0.3 GHiz 71
2,6-difluoro,22d 240+ 20 11.5+ 0.5 7.3+ 0.7 GHia 71

260+ 20 12.0+1.2 8.0+ 1.5 CCl, 71
2,3,4,5,6- 56t 4 12.84+ 0.6 7.8+ 0.6 GHi2 71
pentafluoro22e 32+3 13.8+ 0.3 8.8+ 0.4 CHCI, 62
perfluoro-4- 260t 10 13.2+ 0.2 9.4+ 04 CHCI, 62
biphenyl,22f 220+ 10 125+ 04 8.9+ 0.3 CHCN 83
4-CONHGHs-2,3,5,6-tetrafluoro22g 210+ 20 13.2+0.3 7.5+ 0.3 CHCN 83

Table 8. (8/8)CASSCF and CASPT2/6-31G* Energies (kcal/mdlRelative to the Reactants, for the Transition Structures and Products

in the Cyclization Reactions of Singlet Phenylnitrene and of thepara-,

ortho; meta, and 2,6-Dicyano Derivatived®

CASSCF CASPT2
substituent cyclization moéle azirine TS product TS product

H 4 8.9 4.7 8.6 1.6
para-cyano,11a 12a=124d 9.4 5.0 9.8 3.3
ortho-cyano,11b away from 128b 8.3 4.5 8.6 2.2

toward 12b 8.4 2.6 7.5 0.3
ortho,orthodicyano,11c 12e=12¢ 8.2 3.1 8.0 1.5
metacyano,11d away from 12d 8.6 4.4 8.2 1.2

toward 12d 8.1 2.9 7.6 -0.7

ancluding zero-point energy (ZPE) corrections, which range fret3 to 0.1 kcal/mol for transition structures and from 0.9 to 1.4 kcal/mol
for products.? Mode of cyclization, toward or away from the substituted carbon.

Table 9. CASPT2 Enthalpies H2es kcal/mol) of Stationary
Points Relative to the Singlet Arylnitrenes (15) for Different
Para Substituents R°2

R TS1 16 TS2 17
NHCHjs, 15a 12.3 8.5 13.3 1.7
H, 15b=3 8.5 2.7 5.8 -19
F, 15c 8.9 3.0 7.3 —-16
NO,, 15d 9.5 3.7 4.8 —0.7

a All structures were optimized at the CASSCF(8,8)/cc-pVDZ level.

singlet phenylnitrenes with substituents that range from
highly electron-donatingla, NHCHj) to highly electron-
withdrawing (L5d, NO,).

N }q .
kr kro
0=

15a-d

16a-d 17a-d

They optimized structures for the stationary points at the
BPW91, BLYP, and CASSCEF levels of theory. Table 9 gives

dimethylaminé*® or diethylamine’® At the same time,
photolysis of18 in diethylamine gives a hydrazine product
in 9% vyield’® The latter fact indicates that the lifetime of
15d is not extremely short. This finding is consistent with
the absence of azepine only if the cyclization reaction is
suppressed (Table 9).

For the NHMe-substituted case, ring expansion was
predicted to be weakly endothermic, and electrocyclic ring-
opening of16a was predicted to be the rate-determining
step?!’ The barrier to the cyclization df5awas found to be
about 4 kcal/mol higher than that of the parent sys&th
The predicted reduction of the reactivity, along with much
faster ISC ksc = (8.3 4 0.2) x 10° s1) than in parens,
accounts for the absence of 3H-azepines as produp@Eraf
dimethyaminophenyl azide photolysis in the presence of
nucleophiles?

3.2.2. Influence of Ortho Substituents

3.2.2.1.ortho-Alkyl Substituents. Photolysis of several
ortho-alkyl aryl azides (e.g.0-methyl, o-ethyl, and o-
isopropyl) in diethylamine affords nucleophilic trapping
products that are consistent with initial cyclization of singlet

data from only the most accurate calculations, those per-nitrene to the unsubstituted ortho carbon dily.

formed at the CASPT2/CASSCF level of thedfy.
The calculations found that in the case of F and,NO

substituents, as in the case of the parent system, cyclization

is weakly exothermic, and the formation of azirir6) is

the rate-determining step. In the case of the highly electron-

withdrawing NQ substituent, the barrier for cyclization was
calculated to be 1 kcal/mol higher than that for parent
phenylnitrene3.5®

Unfortunately, it was impossible to measure the rate
constant of cyclization ofl5d due to its very fast rate of
ISCS” No trace of the Bl-azepine was reported among the
products of p-nitrophenyl azide 18) photolysis in neat

N N N
i _CH; i _C,H; i _i-C3H;
19a 19f 19g

Murata and Tomioka have observed the tetracyanoethylene
trapping of singlet 2,4,6-tri-methylphenylnitren&9(), as
well as of its ring-expansion produ®.These resulf§86
demonstrate that steric effects play a role in determining the
barrier to ring expansion.
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Table 10. Kinetic Parameters in Pentane for the Second Step of the ortho position19¢ 19h, 19i). However, the experimental

the Singlet Arylnitrene Isomerization, the Ring-Opening results are opposite to this expectatiithe lifetimes of
Reaction®** the nitrenesl9cand19h were found to be shorter than that
_ T298 log Aro Ero of 19b, and singlet nitrend.9i was not observed in liquid
substituent (ns) (s7)  (kcal/mol) ref solution due to its very short lifetime. However, the benza-
2,4,6-tritert-buthyl,19i 62+2 12.6+0.2 7.44+02 19 zirine 20i was detectedifax = 285 nm, Figure 12, spectrum
2-fluoro, 22a 1004+ 10 13.5+0.4 9.0+£05 71
2-phenyl,28a 13+1 121401 5.7+02 18 i
28a-dy 1141 12.6+0.1 6.3=01 18 0.08
Note that the related cyclization of singlet nitrene to the
unsubstituted ortho carbon only was observed in the case of 3
o-flurophenylnitrené’ The singlebrtho-cyand®andortho- g
acetylphenylnitrené® undergo cyclization not only away T 004
from the substituent but also toward the cyano or acetyl ﬁ
group. As will be discussed in Sections 3.2.2.2 and 3.2.2.3,
both steric and electronic effects play important roles in these
cases.
As was written in Section 3.2, for most substituted 0.00 W~
phenylnitrene’$196771 cyclization to substituted benzazirines , , , —
is the rate-determining step of the process of nitrene 300 350 400 450
isomerization to ketenimine, similar to that of the parent Wavelength, nm
singlet phenylnitrené3. Figure 12. Transient absorption spectra produced upon LFP (266

nm) of 2,4 6-tritert-butylphenyl azide in pentane at ambient
temperature over a window of 10 ns just after the laser pulse (1)

'N
N.
@ o @ ™ N//\‘/R and 1us after the laser pulse (2).
—R — R —
7 kr kro U 1) and proven to be a precursor of ketenimie (Amax =

) ) 350 nm, Figure 12, spectrum 2). Therefore, it was possible
For these arylnitrenes, the Arrhenius parameters for theto measure the barrier for its ring-opening reaction (Table

cyclization reaction are presented in_ Tables’5However, 10)1°
for a few ortho-substituted phenylnitrenes (namelstho- To understand the origin of the alkyl substituent effects,
fluorophenyl-,ortho-biphenyl-, and 2,4,6-triert-butylphen-  the intramolecular rearrangement of phenylnitrenes with

ylnitrene), the ring-opening reaction was found to be the rate- 2-methyl (L9a), 2-isopropyl (99), 2-tert-butyl (19j) substit-
limiting step®1%71Therefore, for these nitrenes the Arrhenius yents were investigated computationdfiyt was found that
parameters for the ring-opening reactidikd, Aro, Ero) the energy barriers to cyclization for nitren#8g and 19
could be obtained (Table 10). away from alkyl substituents are unsurprisingly smaller than
N those to cyclization toward them and are diminished as the
. Mok A size of the alkyl group increases. The barrier for nitr&8p
fast slow U to cyclization toward theert-butyl group is only 0.4 kcal/
©/ T Q/ Tho \_/ mol higher than that of phenylnitred8. In turn, the barrier
to cyclization away from theert-butyl group is 3.6 kcal/
mol lower than that of3. The origin of the dramatic drop
A recent kinetic studi? demonstrated that a single ortho of the barrier is the strain released between the nitrogen atom
(199 (as well as paral99 methyl substituent has no and the alkyl substituent when the nitrogen atom moves away
influence on the rate of cyclization of the singlet tolylnitrene from substituent during the cyclization (Schemée2).
to the azirine (Table 6). In contrast to the casel®f,
cyclization of diertho-methyl-substituted nitrene&9b,d
necessarily proceeds toward a carbon bearing a substituent.

R=F, Ph, tert-Bu

Scheme 2

Released strain Small change of strain

It was found that in the case &Bbthe resulting steric effect N !
raises the barrier to cyclization by 2.0 kcal/mol® in But Bt L
quantitative agreement with the results of CASPT2 calcula- — — 0 B
tions of Karney and Bordet,who predicted that the barrier
to rearrangement af9a away from the methyl group is 2 But But
kcal/mol lower than toward the methyl group. The steric 19 TS10.201 20i
effect extends the lifetime df9b at ambient temperature to
12 ns in pentané Theory predicts that the bulkiness of alkyl substituents will
alter not only the energy barrier of the first cyclization step
N N b N but the second ring-expansion step as well. The computa-
Me\©/Me Bt Et ©Pr iPr vBu +Bu tional data indicate that the bulkier alkyl substituents have
the higher activation energy for the second steResults
19b 19 19h 19i tBu of calculations evidently showed that the bulkitst-butyl

substituent dramatically reduces the energy barrier of the first

Taking into account the pure steric effect of the methyl cyclization step and raises the barrier of the second ring-
substituent, it would be possible to expect even longer expansion step. Therefore, in this case the rate-determining
lifetimes of singlet arylnitrenes with bulky substituents in step is the second ring-expansion reaction as was found
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experimentallyt® Note that the calculated barrier (6.3 kcal/ tationally by performing (8/8)CASSCF and CASPT2/6-31G*
mol) is very close to the experimentally determined activation ab initio calculations (Table 8. Table 8 summarizes the
energy of this reactionBgo = 7.4 &+ 0.2 kcal/mol, Table results for the cyclization reactions pfara-, ortho-, and

10)%° metacyanophenylnitrenes anaktho,ortho-dicyanophenyl-
nitrene (1a—d). The zero-point corrected energies of the

N N " two possible productd,2 and12, are given, relative to the

Bu' B BN NTS reactants. Also shown are the relative energies of the
\©/T \Q/ Tho BN/ transition structures, TS1{ — 12) and TS (1 — 12),
Bt Bl Bt leading to each of the products. For comparison, the CASSCF
19 200 2 and CASPT?2 relative energies for the cyclization reactions
. ) of unsubstituted3 are given as welt®

3.2.2.2.ortho-Cyano Substituents.A cyano group is a CASSCF and CASPT2 calculations both overestimate the

smaller substituent than methyl and also should localize angiapjjity of the open-shell electronic structure of singlet
unpaired electron at the carbon where this substituent is nitrenest 1a—d by about 3 kcal/mol? as in the case of parent
attached. Thus, cyclization toward and away from the 1348 The ring opening is computed to require passage over
substituted ortho carbon should be more evenly balanced fory 23 kcal/mol lower energy barrier than reversion of the
a cyano than for an alkyl substituent. Consistent with this jntermediates to the reactants. Therefore, cyclization is the
hypothesis, the Smalley groipfound that singletortho- rate-determining step in the ring expansion reactions of
cyanophenylnitren&1b undergoes ring expansion to afford cyano-substituted phenylnitrenekla—d to 13 and 13
not only 13b, the product formed by cyclization away from (Scheme 3).
the cyano substituent, but a8l the product formed by Of particular interest in Table 8 are the results for
cyclization toward the cyano group (Scheme 3). Similar cyclization ofortho-cyanophenylnitrenel(lb). Cyclization
Scheme 3 of 11b toward the cyano substituent was predicted to have
i a slightly lower barrier height than cyclization away from
DN .o L N o y N . the cyano group, which is calculated to have the same barrier
y O ke N height as cyclization of3 at the CASPT2 level of theory.
w n oy " w “ w " These results are in accord with experimental data on the
11 12

z product ratio (63:37) and the experimental activation energy

= (Table 5)7°
kisc ‘kko Kro 3.2.2.3.ortho-Fluoro Substituents. Abramovitch, Chal-
Y land and Scrivett®? and the Banks grodp ¢ discovered
o L . Ne Y XN that unlike most arylnitrenes, polyfluorinated arylnitrenes
I;[ r Q have bountiful bimolecular chemistry. Polyfluorinated aryl-
X H w Y . . . .
w H = — nitrenes are useful reagents in synthetic organic chenftistry,
z Wz z in photoaffinity labeling?®~1% and for the covalent modifica-
N N tion of polymer surface$.The effects of the number and
WX Y z ‘HNBZ lHNE‘z positions of fluorine substituents on the ring expansion of
@ H H H CN phenylnitrene have been extensively investigated by members

® H CNH H BN. Ne Ly o N NE of the Platz groug?1°611% They concluded that fluorine
© H N OoNH HQ QH substitution at both ortho positions is required to inhibit ring
@ CNH H H N/ T wTIN expansion effectively.
w2 7 To understand the fluorine effect quantitatively, the
kinetics of fluoro-substituted phenylnitrenes (Scheme 4) was
results have been found in the ring expansion of singlet studied’* and the data were interpreted with the aid of
ortho-acetylphenylinitrené? molecular orbital calculation&:°

Laser flash photolysis studies were performedootio-
cyano (L1b) andortho,orthadicyano phenylnitrenel(Lc).”® Scheme 4

The results are given in Table 5. In pentane the barrier to N, X N N
cyclization ofortho-cyanophenylnitrene is the same, within X S e Y NN
experimental error, to that of parent phenylnitrene. The . W_’W O N v "
barrier to cyclization ofortho,orthadicyanophenylnitrene z z ’ z
(119 is about 1 kcal/mol larger than that of parent phen- 2 B =
ylnitrene ¢3). Variation of solvent has only a small effect jklsc \km Jk'm
on the kinetics of this nitrene. v

Product studies demonstrated th@tho-cyanophenyl- o L, N Y XN
nitrene (L1b) slightly prefers to cyclize toward the carbon j;i[ ) /QW WUY
bearing the cyano group (63:37) in pentane solvémhus, w w — =
the spin localization effect and the steric effect of cyano, 2 o Y

relative to hydrogen, essentially cancel, and there is no net j l
HNEt HNEt,

influence of the substitutent on the reaction barrier. The woxoxz
barrier to cyclization obrtho,orthedicyanophenylnitrenglc @ ®or
increases, but the increase is smaller than that found for 2,6- ® HoHOHCF BN AN~ N
dimethylphenylnitrene1©9b). @ F H HH “Qw WQY”
o) . . . . 1« N _
The qualitative predictions and experimental findings in @H F FH WA /N
F F F F

the case of cyano substituents have been analyzed compu- ©
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Table 11. Calculated Relative Energies (kcal/mof)for Species responsible, in part, for a higher activation barrier for
'r}VO'Ved n the 'E”SthSteFl’ of the glflgrgg Expension of insertion toward F than away from F. Therefore, the origin
Fluorosubstituted Phenylnitrenes™ of the influence oforthoortho-difluoro substitution on
substituent mode  CAS/6 PT2/6  PT2/c¢ prolonging the lifetime of singlet arylnitrene and increasing
H 3 0 0 0 the activation energy for cyclization is due to a combination
TS 8.9 8.6 9.3 of the steric effect and the extraordinary electronegativity
4 4.7 16 3.5 of the fluorine atom. In this case, the electronic and steric
oF 2T25a1 0 0 0 effects reinforce each other. This is the opposite of the case
- away 9.5 9.5 9.9 . .
23a 6.1 36 48 of ortho,ortho-dicyanophenylnitrenel(ld, where the elec-
TS2 toward 13.6 12.3 13.0 tronic and steric effects oppose and nearly cancel each other.
23d 0.7 —24 —-0.3 Unique kinetic results were obtained upon LFPodtho-
22b 0 0 0 fluorophenyl azidé! In this case the decay @2awas much
4-F 2T3§9b 373? 18'65 3?31 faster than the formation of products (ketenimi2¥a and
22¢ 0 0 0 triplet nitrene25a) at temperatures above 230 K (Figure 13).
3,5-diF TS 8.5 7.9 8.6
23c 3.2 —-0.7 1.1
22d 0 0 0
2,6-diF TS 13.9 13.0 13.4
23d 2.1 —0.5 1.0 \
aEnergies pertain to CASSCF(8,8)/6-31G* optimized geometries. 10x10 7 4 /1
b CASSCF(8,8)/6-31G* energ§ CASPT2N/6-31G* energy! CASPT2N/
cc-pVDZ energy.
Placement of fluorine substituents at both ortho positions A

(22d) raises the barrier to cyclization by about 3 kcal/mol, 0.5 —

relative to the unsubstituted system (Table 7). This is

consistent with the calculations of Karney and Bor8femho

found that cyclizationaway from an ortho-methyl or an /

ortho-fluorine group is favored by-23 kcal/mol relative to

cyclizationtoward the substituent. 0.0 _.\'bw._.- -
The work of Leyva and Sagre#fademonstrated, in fact,

that cyclization of the singlet nitrer#aproceeds away from

the fluorine substituent. The steric argument predicts that a

singleortho-fluorine substituent will have little influence on

the rate of conversion é&f2ato 233, since cyclization occurs
at the unsubstituted ortho carbon.

T T T T
3 4 5 6 7
1000/T, K
Figure 13. The temperature dependence of the rate constant of
decay of singlebrtho-fluorophenylnitrene?2a (curve 1) and the
apparent rate constant of formation of triplet 2-fluorophenylnitrene
. iy 25aand ketenimine€4a (curve 2). Solid lines (1) and (2): results

N . . . . .
| | of nonlinear global fit of the data to analytical solution according
- " e F Scheme 5. Reprinted with permission from ref 71. Copyright 2001
— —_— American Chemical Society.
23a' 22a 23a

Between 147 and 180 K, the rate constant for the growth of

However, the barrier to this process is larger (outside of the triplet is equal to the rate constant for the dis_appearance
experimental error) than that of the parent system (Table 7). 0f 22a and both rate constants are temperature-independent
In fact, the lifetime of singlet 2-fluorophenylnitren&2a) and close to the value_kfscfor _parent13. In this temperature
at 298 K is 8-10 times longer than that of the paref)( range (147180 K), singlet nitrene2a cleanly relaxes to
Therefore, a singl@rtho-fluorine atom exerts a small but  the lower energy triplet nitren25a
significant bystander effect on remote cyclization thatis not Above 180 K,22adecays by both intersystem crossing
simply steric in origin. This result is in good quantitative (kisc) and cyclization Kg), with the latter process gaining
agreement with the computational data of Karney and relative to the former as the temperature increases. The data
Borden?® who predicted that the barrier to cyclization of for temperatures above 180 K were explained by positing
22aawayfrom the fluorine substituent is about 1 kcal/mol that singlet nitren€2a and azirine23a (Scheme 5) inter-
higher than that for parent systei® (Table 11). convert under the experimental conditiohs.

To understand this substituent effect, the atomic charges Kinetic data for singletortho-fluoronitrene 228a were
for the different centers were computédt was found that analyzed! following Scheme 5. The equilibrium constant
fluorine substitution makes the adjacent carbon very posi- Kr (Kr = k-r/kr) was estimated to be about 0.5 aA@ to
tively charged ¢-0.48 e). In the transformation &?2ato be~350 cal/mol. Thus22aand23aare very close in energy.
TS1 (away from F) or TS2 (toward F), there is an increase The rate constankgo, for the ring opening reaction was
in positive character at the (ipso) carbon bearing the nitrogen.measured, and the Arrhenius parameters were found to be
The increased activation barrier to cyclization2@arelative ~ Aro = 10'¥#04 M~! 571 and Ero = 9000+ 500 cal/mol
to 13 is due to the build up of positive charges on the ortho (Table 10).
and ipso carbons in TS1 for cyclization 2Ra To test, computationally, the proposed explanation of the

For insertion toward F in TS2 there is an even greater unique kinetics observed f@2a a series of ab initio and
amount of positive-positive charge repulsion between the density functional theory (DFT) calculations on the second
ortho and ipso carbons than in TS1, and this effect is step of the ring expansion were performed (Table’1Zhe
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Scheme 5
N
N
N
F ke F
kr ©
£
22a 23a =
S
kisc l kro é
L
3N 5
F -
F @
25a 24a

Table 12. Relative Energies (in kcal/moB and Zero-Point

Vibrational Energies of Azirines 23, Ketenimines 24, and the (b)
Transition States (TS) Connecting Therh toward_ 154 23a s
transition :
azirine state ketenimine :o‘
method E ZPE relE zPE relE zPE £
4 TS 5 §
CASPT2/cc-pvD2 —285.41815 60.9 25 59.8 —4.5 60.8 ~
B3LYP/6-31G* —286.27659 57.7 4.7 56.7 —5.1 57.6 Ll
23a TSa 24a o)
CASPT2/cc-pvD2 —384.47462 55.7 7.0 54.6 —1.6 55.8 =
B3LYP/6-31G* —385.50238 52.8 8.1 51.7 —3.0 52.8
B3LYP/6-311G(2d,p)) —385.62115 7.0 -55
CCSD(T)/6-31-G*d —384.48202 11.2
234 TSd 244
CASPT2/cc-pVDZ2 —384.48308 55.9 2.4 548 —6.0 55.7 .
-31G* — _
B3LYP/6-31G 385'52131;4 521 Tstl Zitl)'s 6.8 528 Figure 14. Relative energies (in kcal/madb®of species involved
CASPT2/cc-pVDZ —384.48077 55.6 4.5 545 —4.3 555 in the ring expansions of singlet fluoro-substituted phenylnitrenes
B3LYP/6-31G* —385.50865 52.6 5.7 51.5-55 52.6 calculated at the CASPT2/cc-pVDZ//ICASSCF(8,8)/6-31G* level.
13c TSc 24¢ (a) Difluorinated phenylnitrenes. (b) Monofluorinated phenyl-
CASPT2/cc-pVDZ —483.52115 505 572 49.3 —2.7 503 nitren_es. Reprint_ed with_permission from ref 71. Copyright 2001
B3LYP/6-31G* —484.74392 47.7 6.4 46.6 —3.9 47.6 American Chemical Society.
13d TSd 24d . _ N .
CASPT 2/cc—p¥DZ —483.51566 50.7 5.7 49.6 —3.7 50.6 fluorine substituent (benzazirir28d) decreases the barrier
B3LYP/6-31G —484-713;47 478 6% 46851 479 to conversion of azirine23d to ketenimine24d slightly
B3LYP/6.31GX 38241002 326 85 315 60 326 (Figure 14). This is related to the more favorable thermo-

) ) o ) _ dynamics of conversion in the case 28d compared with
e e Somen ot st S eneas, 238 due 10 the slight sabilzaton of ketenimiadalby the
Energies for trar)1/sition states gnd ketenimines are r%lati’ve energies,ﬂu_Orlne "?‘djacem to nitrogen. The barf'er 1B8d — 24d is .
compared to the azirine, and are corrected for differences in zero-point Still predicted to be ca. 2.5 kcal/mol higher than the barrier
vibrational energy® Obtained using CASSCF(8,8)/6-31G* optimized for 4 — 5 at the same level of theof¥.
geometry and zero-point vibrational ener@y’t)b_taingd using B3LYP/ 3.2.2.4.ortho-Phenyl Substituents. Alkyl, cyano, and
6-31G* optimized geometry and zero-point vibrational energy. fluoro substituents in the ortho position do not change the

mechanism of phenyl azide photochemistry influencing only

CASPT2 results are depicted graphically in Figure 13, in a the rate constants of elementary reactidig(kr, k-r, kro
way that permits energetic comparisons of isomeric species.andk-ro). On the other hand, a number of photochemical

As shown in Figure 14, in all cases except the “away” and thermal cyclizations involving the ortho substituents are
ring expansion of 2-fluorophenylnitren24a), the transition known for ortho-substituted phenyl azidesThe most
state for the second step of the ring expansk8r- 24) is interesting and important reaction of this type is formation
computed to be lower in energy than that for the first step of carbazole27 on pyrolysid!! and photolysi¥2 of ortho-
(22— 23) at the CASPT2 level of theory. This is consistent biphenyl azide26aand a series of its derivatives.
with the experimental finding that, for all other fluorinated

phenylnitrenes, the nitrene decays at the same rate at which O O hvor A O O
the corresponding ketenimine is formed, whereas for nitrene N,

22a nitrene decay is faster than ketenimine growth. N, N
Curiously, the addition of a secorattho-fluorine sub- 26a 27a
stituent (i.e., in benzazirin23d) raises the barrier to reversion
to singlet nitrene22d, relative to the monartho-fluoro Since the early 1970s, the reactive intermediates involved

system (Figure 14). This is partly due to steric hindrance by in the transformation of26a to 27a were studied by
fluorine in the transition state for cyclization but is also due trapping!*® matrix spectroscop$;**and flash photolysi&:3¢115

to the stabilization oR3d by the fluorine attached directly ~ Swenton, Ikeler, and William¥ demonstrated that carbazole
to the azirine ring (vide suprd}.The addition of the second is derived from reaction of a singlet state species, presumably
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singlet nitrene28a, whereas triplet nitren29adimerizes to
form azo compoun@0a. Berry*'> and Sundberg studied

the formation of27afrom 26aby monitoring the change in
carbazole absorption at its maximum (289.4 nm). Carbazole
was formed in cyclohexane with a rate constant of 2.2
10° st at 300 K by passage over a reaction barrier of 11.5
kcal/mol1'® Sundberg et &l*3¢ obtained similar results in
hydrocarbon solutions, but they found that the rate constant
of carbazole formation is solvent dependent and increases
to ~2 x 10* st in methanol. Since the rate constaki)(

for cyclization of'3 is 5—6 orders of magnitude greater than
these value®?52 it seems unlikely that these values are

Transient absorption

actually the rate constants for formation2fain a simple
one-step mechanism from singletrtho-biphenylnitrene
(284).

Indeed, the Sundberg grotifbdemonstrated that, in the
presence of DEA, photolysis of azid26a leads to the
formation of azepineg3a (Scheme 6), with a concomitant

Scheme 6
OO0 +Q0
k
N. R \
N; 26a

reduction in the yield of carbazo®7a Sundberg et af?
concluded that DEA traps aziringla and that some3la
must revert to singlet nitrer@8ato explain the reduction in
the yield of23a Other groups have argued ti2ais the

0.0 —

L
300 350 400 450 500
Wavelength, nm

Figure 15. Transient absorption spectra detected over a window
of 20 ns following LFP ofortho-biphenyl azide26ain pentane at
ambient temperature. Spectra were obtained at 60 ns (19 ,2),

and 5 ms (3) after the laser pulse.

monitored at 1241 cmi. The rate constant for decay 82a

was equal, within experimental error, to the rate constant
for formation of27a[(11 + 1) x 10° s71], and both rate
constants are close to the value measured by Sundberg et
al. k= 9.8 x 10 s H1¥¢for the appearance &7a The
TRIR experiments thus demonstrate that azacycloheptatet-
raene32adoes indeed serve as a sourc@gdon the longer

time scale, presumably via the mechanism shown in Scheme
6.

However, the formation of carbazole in solution is at least
biphasic. In addition to the formation o27a on the
millisecond time scale, discovered previousHf;'1°some
formation of27awas detected on the nanosecond time scale
as well (Figure 15). The nanosecond growth of carbazole
absorption at 290 nm was accompanied by the nanosecond
decay of a transient absorption in the visible region between
400 and 500 nm. The time constants for the growth and decay
functions are the same within experimental error and are
equal to 70+ 5 ns in pentane at ambient temperattfr€he

amine-trappable species, and this hypothesis requires thahrecursor oR7awas assigned to isocarbaz@éa (Scheme

the formation of botf81a and 32afrom 28abe reversible
(Scheme 6).

Great progress has been made over the past few§&&is
in understanding the photochemistry oftho-biphenyl
azides. The photochemistry oftho-biphenyl azide26ahas
been studied by nanosecond LFP techniques with-W\é

6).18

LFP of perdeuterated azi@8a-dy at ambient temperatuife
demonstrated a pronounced kinetic isotope effect on the
kinetics of carbazole formation on the nanosecond time scale
(ka/kp = 3.4 £+ 0.2), which is consistent with the reaction
being the isomerization of isocarbazdéainto carbazole

and IR detection of the transient intermediates and by meansy 7,y a 1,5-hydrogen shift. In addition, methanol and water

of quantum chemical calculatiod%.Very recently?® the
formation and decay of singletrtho-biphenylnitrene 28a)

were found to accelerate the disappearance of the transient
absorption of34a produced upon LFP d26ain pentané?

was detected using femtosecond transient absorption techx yeasonable mechanism for this catalysis is shown in

nigues. The dynamics of substitutedho-biphenylnitrene,
3,5-dichloro-2-biphenylnitrene2gb), and products of its

Scheme 7.

rearrangement were also studied by pico- and nanosecondcheme 7

LFP and computational methods.

LFP data obtained at room temperature demonstrate that,

in agreement with previous flash photolysis studi€g!!s

27a is mainly formed on the millisecond time scale in

pentane (Figure 15%. The photochemistry a26awas also

studied by TRIR spectroscopy in acetonitrile. The charac-

teristic ketenimine IR band o082a was detected at 1868

cm1, This band appeared faster than the time resolution of

R
H .
O —o7 O H .. R
[ 0
| N INH
34a 27a

the apparatus (about 100 ns) and decayed on the microsecond The temperature dependence of the rate constants for the

time scale with a rate constant of (8t30.8) x 10 s™*. The
kinetics of carbazole27a) growth on this time scale was

decay of 34a and 34ads in pentane were studied. At
temperatures greater than 22260 K, the data follow the
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Arrhenius Law. However, the data deviates significantly from undergo exothermic 1,5-hydrogen shifts to form not only
linearity below 220 K. It was proposed that this deviation carbazole27abut also isomeric isocarbazol85aand36a
from linearity involves a change in mechanism: a 1,5- (Scheme 8). Both of these isocarbazoles were predicted to
hydrogen shift at higher temperature might be replaced by a

catalyzed process with a lower enthalpy of activation but Scheme 8

16, negative bands). This species has a strong absorption

also with a much more negative entropy of activafibn. _ O
Interesting transient species was observed at 161 K (Figure Q\_,
N H
74 AN
. :Ta \
AD & M O / /
Ly OO T
0.00 il 36a 35a H
\ y
/ X 27a
-0.04 7 J_Ph have an intense absorption around 360 nm, and it was
N 32a proposed thaB5a and 36a are responsible for the longer-
lived absorptions at 350450 nm seen in Figure 15.
0.08 k Presumably, subsequent 1,5-shifts3fa and 36a, reform
‘ 343 and eventually yield more carbazd@a, seconds to
“« Ph minutes after the laser pulse (Scheme'®8)herefore,
\ 3la formation of carbazole is not only biphasic but is most
-0.12 7 N probably triphasic.
The spectrum and kinetics of singlatho-biphenylnitrene
28awere recorded by LFP &f6ain glassy 3-methylpentane

T T T T
300 350 400 450 at 77 K. It was found that singlet nitrer8a has Amax =

Wavelength, nm 410 nm and its lifetime at 77 K is equal to 993 ns. The

Figure 16. The difference spectrum obtained by subtracting the Perdeuterated singlet nitrer28a<d, has a lifetime 80+ 2
transient spectrum detectedu4 after the laser pulse from that NS:
detected 15@s after the laser pulse. The computed positions and  Very recently?® the spectrum of singlet nitrerz8a was
relative oscillator strengths of the absorption bands of benzazirine detected in solution at ambient temperature using femtosec-
3laand .a.ZepinQZaa_re depiCted as solid vertical lines (negative ond transient absorption spectroscopy_ It was found that the
and positive, respectively). absorption oR8awith maximum at~400 nm grows with a
time constant 28@: 150 fs and decays with time constant
16+ 3 ps. The 16 ps time constant represents the population
decay time of singlet nitren@8a by isomerization to
isocarbazol8&4aand benzazirin8lawith the latter process
being predominant. Assuming that the preexponential factor
for cyclization of singlebrtho-biphenylnitrene28ais ~10'3
s1, the activation energy could be estimated~a3 kcal/
mol.

This estimate is in excellent agreement with the predictions

band at~305 and 340 nm and was assigned to benzazirine
3la Figure 16 demonstrate that the calculated spectrum of
3la is in very good agreement with the experimental
spectrum of this transient. Decay of aziriB&aleads to the
formation of a species with weak absorption at 3800
nm, which is consistent with formation of azepidRa
(Figure 16):8

In Freon-113 at ambient temperature, the lifetime of azirine

3lais 12+ 2 ns, which is about 6 times shorter than that of (14/14) CASPT2/6-31G*//(14.14)CASSCF/6-31G* of the

for |sqcarbazole34a disappearance and carbazdi¥a otential energy surface for the possible rearrangements of
formation. The temperature dependence of the observed rat(fhe singletortho-biphenylnitrene28a (Figure 17)t8

constantskypg for the decay of azirine8laand31a-dy were

studied, and the kinetic isotope effect kys was found to

be insignificant. The activation parameters wefg = 5.7
+ 0.1 kcal/mol andAgo = 1012101 571 for 31aandEro = SN
6.3 &+ 0.1 kcal/mol andAgo = 1012&01 g1 for the 34a (-28.3 keal/mol)

perdeuterated species (Table 10). The DFT calculations
predict that the barrier to ring-expansion of aziriBia to

azepine32ais AH* = 4.7 kcal/mol, which is within 1 kcal/ 8.7 keal/mol 6.8 keal/mol
mol of the experimental value of the activation energy.
Ne N

6 kcal/mol

As was mentioned above (Section 3.2.1), direct observa- N
tions of benzazirines are rare, especially in a liquid phase.
A special case is the azirine produced by LFP of 2,4,6-tri-
tertbutylphenyl azide in pentane at ambient temperature of singlet ortho-biphenylnitrene Z8a), their electronic energies

(Section 3.2.1, Figure 12j. relative to the nitrene28a (in parentheses), and the ener
It can be seen in Figure 15 and in the data of Sundberg etjiterences between the TSé aﬁ%a ) i

all13cthat there is at least one additional intermediate formed

31a' (0.1 kcal/mol) 28a (0.0 kcal/mol) 31a (-1.6 kcal/mol)
Figure 17. Structures of the intermediates formed upon cyclization

in LFP of 26a absorbing in the range 35@50 nm. The As shown in Figure 17, the energy difference betw2ga
lifetime for its decay is longer than that for azacyclohep- and the TS for its cyclization to azirirlais 6.8 kcal/mol.
tatetraene32a decay and carbazol27a formation® Ac- Calculations at the same level of theory predict an energy

cording to the DFT calculation'$, isocarbazole34a can difference of 8.5 kcal/mol between singlet phenylnitréde
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and the TS for its cyclization tet*® The latter energy
difference is known to be too high by3 kcal/mol#® and
the error in the energy difference betwe28a and the TS
for its cyclization to31ais likely to be about the same size. 03
Therefore, the activation energy of the cyclizatior28ato
benzazirine3lashould be about 2 kcal/mol lower than that
for parent phenylnitrene. The phenyl group lowers the
enthalpy of activation for cyclization by destabilizing singlet
nitrene28asterically, similar to the case afrtho-tertbutyl
substituent?

Although the more stable of the two bicyclic azirin844
is >27 kcal/mol higher in energy than isocarbaz8#s, the
barrier to isocarbazole formation is only 0.8 kcal/mol lower
than that to azepine formation. On the other hand, the TS
leading to31a has a higher entropy than the TS leading to
34a by 5.7 cal mot! K~118 At ambient temperature, the
higher entropy of the TS leading ®la would contribute
1.7 kcal/mol to reducing its free energy. Therefore, according

I
o
|

Transient absorbance

o
|

0.0 —

! T T T

to the calculations botBlaand34ashould be formed from 300 350 400 450

28aand azirine31ashould be the kinetically favored product Wavelength, nm

around room temperature in accord with experiment. The Figure 18. Transient absorption spectra detected over a window
effective activation energy of singlet nitre@8aisomeriza- ~ of 10 ns following LFP of 3,5-dichlor@-biphenyl azide26b in
tion, estimated theoretically, is4 kcal/mol and agrees very ~ Pentane at ambient temperature 15 ns (1), 60 ns (3 (B), and

well with the value estimated from experimental data( 30 ms (4) after the laser pulse.

kcaI/mO|). Scheme 9
Isocarbazole34a is computed to be more than 20 kcal/

mol lower in enthalpy thaB2a Therefore, unless chemically 7\

trapped, all of th&2athat is initially formed from28ashould O O

ultimately isomerize td34a by a pathway involving ring a >N .

closure of32ato 31a ring opening of3lato 28a and, NGy PP ﬂ

finally, passage of8aover the TS leading to ring closure ‘

to 34a c a

Therefore, the chemistry of the unsubstitutedho- hv /
biphenyl system is complicated by the fact that the key N ¢
intermediate of this reaction, singl@8a undergoes two ¢ Y, 26 L \
cyclization processes at competitive rates and that azepine

formation is reversible. It was propog@dhat replacement / al l O O
\N
1

of the ortho hydrogen d8awith chlorine atom should raise

the barrier to azirine formation and not influence the barrier - CO “ e
to isocarbazole formation. This would simplify the chemistry of N Y . 1L

of singlet nitrene and allow straightforward study of the \

isocarbazole formation. For this purpose, 2-azido-3,5-dichlo- a l

robiphenyl azideZ6b) was synthesized and its photochem- a \ NJ
istry was studied using nano- and picosecond transient O O '
N

absorption spectroscopy. al

“ of magnitude) at 161 K, which is opposite to the case at
O O room temperature, where they are very similar.
One of the intermediates is isocarbazdh (Amax = 320
cl N, 26b and 470 nm). Its lifetime in pentane at room temperature is
65 + 4 ns and is 263t 4 ns for perdeuterated analogue,

At ambient temperature, LFP @Bbin pentane produces similar to _the case _o$4a This mtermedlate?\é_lb) was not
the transient absorption spectra of Figure 18, which differ detected in acetonitrile due to the acceleration of its disap-
significantly from those of Figure 15. Thus, whereas unsub- Pearance by traces of water. Alcohols accelerate the trans-
stituted carbazole formation takes place mainly on the formation of34bto carbazole27b as well°
millisecond time scale at ambient temperature with didehy-  The second intermediat&1b, Amax = 360, 420, and 440
droazepin@2aserving as a reservoir @a, the chlorinated M) has a lifetime at room temperature of 12010 ns in
carbazole@7bis produced predominantly on the nanosecond pentane, 48+ 3 ns in acetonitrile and 53t 3 ns in
time scale and only to a minor extent from the corresponding 1-propanol. The decay @&7b to 27b was not accelerated
didehydroazepine82b and/or32b (Scheme 9). by the water and alcohols. The KIE for this reaction is close
The transient absorption in the visible region (Figure 18) to unity. Unfortunately, this intermediate was not identified.
was assigned to a mixture of two intermediates with maxima  As in the case of unsubstitutedtho-biphenylnitrene28a,
at 470 nm and 425 and 440 nm, respectively. The lifetimes the transient absorption spectrum of singlet nitr28b was
of the two intermediates differ significantly (by about 1 order detected at ambient temperature using a femtosecond-pump
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isocarbazole 34b) formation. Therefore, the barrier is
predicted to be about 3 kcal/m¥l,which is in perfect
agreement with experimentally estimated activation energy
for the rearrangement of the singlet nitre2&b.

A considerable acceleration of the singlet nitre2gb
rearrangement was observed in methanol. The rate constant

§ 0.002 of its decay was found to be (16 0.2) x 101°s™! (62 +

g* 10 ps)?° Note, that a similar, but even shorter lifetime, was
2 measured for parent singlet biphenylnitret8ain acetoni-

s trile — 16 &+ 3 ps?

8 Unexpectedly, the yield of isocarbazdddb was found

§ to depend on the energy of the photons used for the excitation
= 0.001 of azide26b.2° It drops significantly on going from excitation

by a YAG (266 nm) to excimer (308 nm) laser radiatf§n.

It is in line with the observation that in part the isocarbazole
34b was formed faster than 40 ps (Figure 19), presumably
from vibrationally excited singlet nitren28b.

4. Photochemistry of Polycyclic Aryl Azides and

0.000 — | : : | Kinetics and Spectroscopy of Polycyclic
400 450 500 550 Arylnitrenes
Wavelength, nm In this chapter, we will discuss the photochemistry of
Figure 19. Transient absorption spectra recorded in puipmbe polycyclic aryl azides and the properties of polycyclic

experiments (265 nm, 220 fs) upon photolysi26bin cyclohexane arylnitrenes. Fusion of a benzene ring to another aromatic
at ambient temperature (1) 40 ps, (2) 300 ps, and (3) 630 ps afterring changes the electronic structure of the nitrenes and
the excitation. related intermediates enough to alter their chemistry, kinetics,
) ) and thermodynamics. Polycyclic arylnitrenes can be gener-
probe setup (Figure 19) and at 77 K by conventional EFP.  5¢6q by thermolysis or photolysis of the appropriate aryl
The spectrum detected in cyclohexane 40 ps after the laselyzjges” The photochemical and thermal reactions of poly-
pulse was very close to the spectrum of singlet nit@8le ¢y clic aromatic azides have been reviewed periodiddlf16

at 77 K except for a shoulder at about 480 nm (Figure 19, 5nq therefore, we will consider the early experimental results
spectrum 1). The decay of singlet nitreB8b at 420 nm only briefly.

was accompanied by the growth of isocarbazZddé with

ps). It was proposed that the carrier of transient absorption ) ) ) o
detected in the region 46550 nm 40 ps after the pump As in the case of phenylnitrene and its derivatives, the
pulse is the isocarbazol4b, formed from a vibrationally ~ ground states of polynuclear arylnitrenes have triplet
hot state of the singlet nitrer@8b. The rate constant for ~ Mmultiplicity.3334117120 This was demonstrated by the obser-
vibrational relaxation o28bwas estimated to be (0-0 0.2) vation of the EPR spectra of triplet nitrenes in organic
x 101st (r = 11+ 2 ps). matrices at liquid-nitrogen temperature (Table 13).

The decay of singlet nitrer8bin hydrocarbon solutions For most polycyclic arylnitrenes, except for 2-nitreno-
was measured in three different types of experiments. Thenaphthalene, the D parameters are much smaller that of
rate constant o28b decay kogs) at room temperature was ) _ _
measured in cyclohexane using the picosecond ptpnpbe Table 13. Zero-Field Parameters and Singlet Triplet Energy
technique. The values dfoss were determined over the ~ SPiting for Arylnitrenes

temperature range 147167 K in pentane and at 77 K in nitrene D(cm?®) ref  AEsr(kcal/mol) ref
methylcyclohexanek(sc) were obtained using nanosecond phenyinitrene 0.998 115 18 22 57
LFP. It was proposef that the temperature dependence of 18.3+ 0.7 58
the rate constant of the singlet nitrene decay can be described ii'g gg
by th.e sum of the temes_rgtgzre-mdependent intersystem 1-nitrenonaphthalene 0.789 117 3.9 24
crossing rate constank§c) e and the rate constant of 2-nitrenonaphthalene 1.008 117 15.6 24
rearrangement. The Arrhenius parameters for the rate con- 0.89 118

stant of singlet nitren28b rearrangement were found to be 0.925 119

E.= 2.7 0.2 kcal/mol andh = 1011&02 57120 These values 1-nitrenoanthracene 0.65 120

are only effective parameters because the decag8hf _ 0.663 117

proceeds by three different reactions with the formation of 2 Mirenoanthracene 0 %?85 111720

benzazirine31b, isocarbazole34b, and unidentified inter- 9-nitrenoanthracene '0.47 120 5.3 23
mediate37h. Since31bis a minor product and the yields of 7.2 23
34band37bare comparable over a wide temperature range, 1-nitrenopyrene 0.73 34 9.8 60
the experimental activation energy could be compared with 2-nitrenopyrene 3}/ 152 60
the calculated value of the barrier to rearrangemerg8tf 23.0 60
to 34b. aExperimentally determined.Calculated by CASSCF/CASPT2

method.© Estimated by (U)B3LYP/6-31G* method ESR spectrum

It was shown, using simple UB3LYP calculatiofighat Was detected, bub value was not reported.

chlorine substitutionZ8b) does not influence the barrier to
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phenylnitrene (Table 13). As in the case of phenylnitrene
(Section 2.3), for polycyclic arylnitrenes one of the unpaired
elctrons occupies a p-orbital on nitrogen that lies in the plane
of the benzene rings and the other resides inragrbital.
Reduction of theD values is consistent with the increased
delocalization of the unpaired-electron into ther-electronic
system of triplet polycyclic nitrenes, relative to phenylnitrene.

4.1.1. Naphthyl Azides and Nitrenes

Much effort has been devoted to the study of the
photochemistry of 1- and 2-naphthyl azid88 &nd39). The
products obtained upon pyrolysis and photolysis of the
naphthyl azides were reported in the 19708.79.12+123 |n
1974, the Suschitzky gro&bdiscovered that the thermal
decomposition 0f38 and 39 in bromobenzene yields a
significant amount of dibenzo[a,h]phenazine (Scheme 10).

“\v&a

The photolytic decomposition of 2-naphthyl azi@8 in
diethylamine (DEA) leads to a diamine product, but pho-
tolysis of 1-naphthyl azide&38 in DEA produces mostly
azonaphthalene and aminonaphthalene in low yiealeng
with a very low yield of diamine addué#

In 1975, Carroll et al. found that the yield of diamine
product is sensitive to the photolysis tiffé.A drastic
reduction in photolysis time leads to a much-improved yield
of the diamine. In 1977, Suschitzky’s grddpliscovered that
the yield of diamine products formed on photolysis of the
naphthyl azides also can be significantly influenced by the
presence of (MNCH,), (TMEDA) as cosolvent. TMEDA
was found to improve the yield of diamine adducts upon
photolysis of bott88 and39in piperidine’® It was proposed
that complexation of singlet nitrene with TMEDA suppresses
ISC to the triplet nitrené?

Scheme 10
Et»NH

Gritsan and Platz

Scheme 11
RHN  NH

oS+ oﬁ“‘h“
\Jr

7N rng,
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12
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44

hydroazepines in the photochemistry of 1- and 2-naphthyl
azides. Additional evidence of these intermediates were
provided by the observations of adducts in the photolysis of
2-naphthyl azide with ethanethiét and with methanolic
methoxidel®®

In 1980, Dunkin and Thomson obtained infrared evidence
for azirines and didehydroazepines by UV-irradiatian>(
330 nm) of38 and 39 in nitrogen or argon matrices at 12
K.””In the case 088 the IR band at 1730 cm was formed
on initial photolysis and was assigned to tricyclic aziridé (
or 45). The IR bands at 1926, 1912 ci formed on
secondary photolysis of the tricyclic azirine, were attributed
to didehydroazepine intermediatd® pr/and46). Similarly,
photolysis 0f39 produces IR bands at 1708, 1723, and 1736
cm ! assigned t@l8 or/and50. The IR bands at 1911, 1923
cm~* were formed on secondary photolysis and assigned to
49 or/and51 (Scheme 12).

“’”CO

Scheme 12

N3

sob

38

Leyva and Platz demonstrated that reaction temperature Recently?®> photochemistry of azide38 and39 in argon

plays an important role in the photochemistry of 1-naphthyl
azide!®* similar to the case of parent phenyl azide
Moderate yields of adducts were observed by simply
lowering the temperature of the photolyss&&wnh DEA.
Although photolysis 0f38 and 39 in the presence of

matrix was reinvestigated, and new assignments of the
experimental UV-vis and IR spectra were presented. The
primary products were found to be corresponding triplet
nitrenes®40 and 347. According to the new assignmefit,
the peaks at 17101740 cm?, observed by Dunkin and

secondary amine did not lead to detectable azepine productsThompsort, belong to azirinestl and 48. However, the

a formal azepine adduct4, Scheme 11) was observed (12%
yield) upon photolysis 088 in cyclohexylamine, a primary
amine!??2 However, it has been substantiated thdlt is
obtained by the trapping of azirindél followed by re-
arrangement of the initially formed addus.1%3

peaks at 19161930 cm! were assigned not to azepidg
and 49 but to 46 and51. The details will be discussed in
Section 4.2.

In 1984, Schrock and Schuster comprehensively examined
the photochemistry of the naphthyl azides using a combina-

The photoproduct studies mentioned above, and thetion of product analysis, low-temperature spectroscopy, and

seminal contributions of HuisgehDoering and Odurt and
Wentrup?® suggest the intermediacies of azirines and dide-

LFP methodology? In the case 088, no transient absorption
above 350 nm was observed immediately after the laser flash.
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However, the transient absorption spectrum of triplet nitrene with a low-power continuous light source, a large yield (82%)
(40, Amax= 370 nm) was observed a few microseconds after of 1-aminopyrene was obtained. High-power laser excitation
the laser pulse. The intensity of the transient absorption of gave a high yield of 1,3%azopyrene and only a 4% yield of
340 increased exponentially with a time constant of 23 1-aminopyrené? Triplet sensitization of decomposition of
in benzene at ambient temperature. Triplet nitréd@ 54in benzene containghl M DEA at low irradiation power
disappeared within 100s accompanied by the concurrent gave l-aminopyrene in 55% yield.

formation of 1,1-azonaphthalene, which absorbs strongly at | 1976, Sumitani, Nagakura and Yoshihara demonstrated
420 nm. The formation of the azo compound exhibits second- that | FP of54 produces a transient species with absorption
order kinetics with a rate constant of110° M~ s™~. The  maximum at 455 nr0 This transient absorption disappeared
precursor to triplet nitrené40 was assigned to tricyclic  ith a time constant of 22 ns at room temperature and 34 ns
azirine41 (Scheme 13), a species that serves as a reservoirgt 77 K and decayed to a species with absorption maximum
at 420 nm. The intermediate with the 420 nm absorption
Scheme 13 disappeared in a second-order process to giveakdpyrene.
N; N N This spectrum also was formed on triplet sensitization and
“ i “ was identical to that of triplet 1-nitrenopyreri&%) observed
OO N OO - OO in a glassy matrix at 77 K. Therefore, the species with the
18 140 340 420 nm maximum was assigned to triplet nitré&gand its
precursor with maximum at 455 nm to singlet nitrené55.

N

336‘
| O 3N 1N N
~.N§N |
> U ” — “ — ”
for singlet 1-naphthylnitren&t0. However, the latter species

was not directly observed in this study. ss 'ss 56

Similar results were obtained upon photolysis of 2-naph-
thyl azide,39, except that in this case the transient absorption  In 1984, Schrock and Schustéreproduced the LFP
of triplet nitrene 347 was too weak to permit its direct results of Sumitani et al., but they did not exclude the
observation, and the formation of 2@zonaphthalene was possibility that the latter absorption was due to the azirine
found to be approximately 20 times slower than thabaf (56). However, in view of our recent results with phenyl-
Thus, it was concluded that the corresponding azidBe  nitrene and its substituted derivativés517it is clear that
formed upon photolysis 089 has a much longer lifetime  the species with absorption maximum at 455 nm is indeed
than the azirinet1 produced by photolysis 38 and that singlet nitrené55. Note, that until recentl§-5the spectrum
the difference in the lifetimes of these azirines is the key to of !55was the only spectrum of a singlet arylnitrene reported
understanding the profound difference in the photochemistry in the literature.

of 38 and39.% Preferential formation of triplet nitrene upon decay's6
. . is in agreement with our recent broken-symmetry DFT
4.1.2. Anthryl Azides and Nitrenes calculations® The singlet-triplet splitting was predicted to

There are three types of anthryl azides, namely, 1-, 2-, b€ much smaller than that for phenylInitrene and close to the
and 9-azidoanthracenes. Photolysis of these azides in organi®/T gap of 9-anthrylnitrene (Table 13), which also has a rapid
matrices at 77 K yields the corresponding triplet nitrenes, rate of ISC (Section 4.2}.In addition, cyclization of singlet
whose electronic absorption speétry120125126and EPR nitrene 55 to azirine’56 was predicted to be endothermic
spectral’120(Table 13) were recorded in the 1960s. (AH298 = 13.8 kcal).

The azo-compound was formed upon irradiation of 1-azi-  The photochemistry of 2-pyrenyl azided) is quite similar
doanthracenes in ethan@llt was formed in the reaction of  to that observed for 2-naphthyl azi@9.3® Irradiation in
triplet 1-nitrenoanthracene with starting azide with a rate benzene gives primarily 2;azopyrene. In the presence of
constant of about 5 10° M~ s71, DEA, the product is almost exclusively 1-amino-2-diethyl-

The product distributions observed upon photolysis of aminopyrene, and it reaches its maximum value at a very
2-azidoanthracene in the presence of nucleophiles resembldow concentration of DEA (4x 103 M).
those formed upon photolysis of 2-azidonaphthaf€ri¢’and LFP of 57 produces a transient absorption with maximum
provide evidence for the intermediacy of azirine and triplet at 420 nm?2 On a longer time scale, the absorption of'2,2
nitrenes. To our knowledge, the photochemistry of 9-azi- azopyrene grows by a second-order process. The 420 nm
doanthracene in solution has not been explored by chemicalabsorption band was also formed by irradiatiorb@fat 77
analysis of reaction mixtures. The results of a recent LFP K in glassy matrix. The EPR spectrum of triplet 2-ni-
and computational chemistry study of 9-anthryInitre5@{ trenepyrene38) was detected at 77 K and at 4 K.

will be reviewed in Section 4.2. The same absorption band was observed in DEA as a
solvent. It disappeared in a first-order process with a time
constant of 2.5s with formation of 1-amino-2-diethylami-
The photochemistry of 1-pyrenyl azidé4) was studied nopyrene, absorbing at 445 nm. The authors assigned the
in some detail in the 1978528130 and reexamined in 1984 420 nm absorption to triplet 2-nitrenopyrenésq) and
by Schrock and Schustétirradiation of54in deoxygenated  proposed that the conversion of singlet nitréb8 to its
benzene solution gives a high yield of tazopyrengs34 triplet ground state 368) is reversible®®* However, they
When54 was photolyzed in a diethylamine (DEA) solution expressed some skepticism in this assignment.

4.1.3. Pyrenyl Azides and Nitrenes
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Gritsan and Platz

4.2. Recent Experimental and Computational Ezrebkca"m‘ﬂ N A~
Studies *I [“] [
Indeed, our recent calculatidi§Table 13) contradict the -5 28
possibility of reversible conversion &8to 358. The broken- 20 |- 25, N
symmetry DFT as well as more accurate CASSCF/CASPT2 47 O
calculations predict that S/T gap of nitreb8is close to or P 150
even higher than that for phenylnitrei3e Therefore, the 5= 131
conversion oft58 to 358 is irreversible. ‘—/\N
We also performed calculations on the most interesting i : N « / Lo
stationary points on the potential energy surface (PES) of 10~ i ; i 2 —_— 4
singlet nitrené'58 (Figure 20). It is seen, that this region of i : 7.0 i N
{ 3.5 ! —
Eyel, keal/mol S A A N 60
03!
51— N 45 ol o/
SOMEE -
‘ & 5= O 41
oo s T
or == U o O e
-10 — —
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40
59 a5 = -39
-4.7 Figure 21. The relative energies of valence isomers of 1-naph-

51—

Figure 20. The relative energies of valence isomers of singlet
2-pyrenylnitrené58. B3LYP/6-31HG(2d,p)//B3LYP/6-31G* en-
ergies relative t0°58 plus S/T gap from the (16,15)CASSCF/
CASPT2/6-31G* calculation.

the PES is very similar to that of 2-naphthylnitrek&?
(Figure 22), for which no triplet nitrene was detected by LFP
and a long-lived azirine was observed instéad.

Moreover, time-dependent DFT calculations (TD-B3LYP/
6-314-G*) predicf® that azirine59 has very intense absorp-
tion bands at 430 nmf &= 0.14) and 378 nmf(= 0.11).
Therefore, it is most reasonable to assume that azbthe
was detected by Schrock and SchuStdn their LFP
experiments on the 2-pyrenyl azié&.

Very recently, Maltsev et al. reinvestigated the photo-
chemistry of 1- and 2-naphthyl azide38(and39) in argon
matrices?® This study allowed the authors to assign the-dV
Vis and IR spectra of triplet nitrene%0 and?47, azirines
41 and 48, azepinest6 and 51, as well as those of novel
ring expansion products, the cyclic ylidé® and61.

~n ~N
N .

— —

60 61

tional study of the potential energy surfaces on which the

-10.0
These authors also provided a comprehensive computa-'® I~ _\\ N
Q
above compounds undergo their rearrangements (Figures 21 51 47
- -16.6

and 22)5 It was predicted that singlet nitrerid0 cyclizes
selectively at the beta carbon with the formation of azirine
41. The azirine derived from cyclization at carbon atom 9 is
predicted to be very high in energy. Leyva and PRtz
proposed formation of both isomeric azirir€sand45, but
in view of the calculations onlglis likely to be presentin
solution.

Argon matrix photolysis of 1- and 2-naphthyl azidg®
and 39 at 313 nm initially affords the singlet naphthyl
nitrenes’40and47.25 Relaxation to the corresponding lower

thylnitrene40. Italic: CASPT2//CASSCF(12,12)/6-31G* energies
relative t0'40; Roman: B3LYP/6-311+G(2d,p)//B3LYP/6-31G*
energies relative t340 plus S/T gap from the above CASPT2
calculation. All energies include zero-point energy corrections at
the level used for geometry optimization. Note thais a transition
state by DFT but a (presumably shallow) minimum by CASSCF.
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Figure 22. Relative energies of valence isomers of 2-naphthyl-
nitrene 47. ltalic: CASPT2//CASSCF(12,12)/6-31G* energies
relative to'47, Roman: B3LYP/6-313+G(2d,p)//B3LYP/6-31G*
energies relative t347 plus S/T gap from the above CASPT2
calculation. All energies include zero-point energy corrections at
the level used for geometry optimization.

energy, persistent triplet nitren&t and347 competes with
cyclization to the azirinegll and 48, which can also be
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formed photochemically from the triplet nitrenes. On pro-
longed irradiation, the triplet nitren€40 and 247 can be
converted to the seven-membered cyclic ketenimdtesnd

51, respectively, as described earlier by Dunkin and Thom-
son?’

However, instead of the-quinoid ketenimined2 and49,
which are the expected primary ring-opening products of
azirines41and48, respectively, the novel bond-shift isomers
60 and61 were observed, which may be formally regarded
as cyclic nitrile ylides. The existence of such ylidic het-
erocumulenes had been predicted previddsgnd Maltsev
et al?® provided the first experimental observation of such
species.

The electronic absorption spectra of triplet nitred48
and 347 were detected experimentally and analyzed using
time-dependent DFT and CASSCF/CASPT2 technidbes.
Triplet nitrenes®40 and %47 have a moderately intense
absorption in the 406600 nm region assigned to two
transitions, both involving excitation within the system.
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lifetime of 41 also was measured in solvent mixtures of 1:3
and 1:1 DEA/acetonitrile. The absolute bimolecular rate
constants of reaction efl with DEA was estimated to be
~1.4 x 10° M~ s7%, a value much smaller than that of a
diffusion-controlled process. The slow rate of reaction of
DEA with 41 is consistent with the reported low yield of
DEA photoadduct observed upon photolysis38ft°

Unlike 38, LFP of 39in a glassy matrix at 77 K failed to
produce a detectable transient absorption above 320 nm. Even
the presumably persistent spectrum of triplet nitr&ewas
not observed. It appears at first sight to contradict the finding
of Maltsev et aP® that photolysis 0f39 in argon at 10 K
produces®47 as a primary photoproduct. It was proposed
that 47 could be formed as a secondary photoproduct in
argon at 10 K on 313 nm irradiation ¢824

The authors also proposed a second explanation to
reconcile both observatiod$lt was proposed that fo47
kr > kisc at 77 K but thakisc > kg at 12 K. If one assumes
thatksc = 1.1 x 10" s *andA = 10" s for the cyclization

They also have intense structured absorption bands in the'®action, we can conclude that the barrier to cyclizatn,

near-UV region around 366350 nm. The azirined1 and

48 have no pronounced absorption in near UV and visible
region, but they are characterized by a characteristdC
band in the IR spectrum with 1728 cfor 41 and 1724
cm ! for 48. The azepined6 and51 are characterized by a

broad absorption band at about 350 nm, which are very

similar to the case 05. The novel ylidic heterocumulenes
60 and 61 have very broad absorption bands in the visible
region with maxima around 450 nm.

Recently?* the solution phase photochemistry of naphthyl
azides38 and39 was reinvestigated using time-resolved IR
(TRIR) techniques. LFP experiments in glassy 3-methyl-
pentane at 77 K were performed as well. It was found that
LFP of 38 at 77 K produces singlet nitrertd0, which is

characterized by a structured band in the near-UV region
with maxima at 362, 383, and 397 nm. Indeed, calculations

predict that’40 will have intense absorptions at 400, 371,

348, 342, and 315 nm as well as weak absorptions at 593

and 534 nm. All of the intense bands involve—z*
excitations.

At 77 K, the singlet nitrené40relaxes to the lower energy
triplet nitrene®40 with ksc = (1.1 4+ 0.1) x 10" s'*. The
cyclization of*40 toward theS-carbon to form azirind1 is
predicted to be slightly exothermie-0.4 kcal/mol) and to
involve a barrier of 5.5 kcal/mol, according to CASPT2
calculations (Figure 22 However, CASPT2 calculations
were found to overestimate the barrier to cyclization of
phenylnitrene by~3 kcal/mol*4~1748 If one assumes that
the calculations on the naphthylnitrenes suffer from a similar
error, then the barrier to cyclization &0 can be estimated
to be~2.5 kcal/mol and would then be significantly smaller
than that of singlet phenylnitren® (5.8 kcal/mol)?? The
experiment at 77 K reveals that the rate constant of4lde
cyclization kgr) is slower thanksc at that temperature.
Assuming a normah factor of 133 s, this result indicates
that the barrier to cyclicization d#40 must be greater than
2.1 kcal/mol. This is consistent with the 2.5 kcal/mol barrier
estimated above.

In 1984, Schrock and Schuster determined the lifetime of
azirine41to be 2.8+ 0.2 us by measuring the growth rate
of 34032 The azirine41 was not observed in this study

because it does not absorb strongly at wavelengths greate

than 300 nn?> The expected azirind1 with lifetimes of
3.2 + 0.6 us was detected by TRIR spectroscépylhe

can be bracketed as follows: 03E, < 2.1 kcal/mol. This
result is consistent with theoretical predictions (Figure?2),
if the errors in CASPT2 calculations of the naphthylnitrene
cyclizations are smaller than those of the singlet phenyl-
nitrene cyclization.

Azirine 48 was detected in acetonitrile at ambient tem-
perature using TRIR spectroscopy, and its lifetime was
determined to be 15& 10 s in excellent agreement with
Schrock and Schuster’s observation of a slow rate of growth
of 2,2-azonaphthalen®&.The long lifetime of48is consistent
with theoretical calculations as well (Figure 22), since this
azirine is predicted to be-34 kcal/mol more stable than
singlet nitrené47, whereas the cyclization 680 to azirine
41is essentially thermoneutrd.

The rate constants of the decay were determined in the
presence of 25 and 50% DEA in acetonitrile at ambient
temperature. The absolute bimolecular rate constants of
reaction of48 with DEA was estimated as2.5 x 1° M~
s L. This rate constant is slightly faster but still similar to
that of azirine41 (1.4 x 1® M1 s,

The observed reaction of aziring8 with DEA is not
particularly fast, but trapping by DEA is still a dominant
process sincd8 has a long lifetime (15@s) in the absence
of the amine trap. This is consistent with the reported high
yields of adducts formed upon photolysis 89 in the
presence of secondary amifig®122122A DEA adduct is
inefficiently formed upon photolysis o388 at ambient
temperature because of the shorter lifetime of its naphthazir-
ine derivative 41), which converts td40in two steps and
consequently renders this azirine unavailable to nucleophiles.

As was mentioned previously, the photochemistry of
9-azidoanthracene in solution has not been explored by
chemical analysis of reaction mixtures. The singleiplet
splitting of 9-anthracenylnitrené§3) was predicted using
CASSCF/CASPT2 procedure (5.3 kcal/mol) and the simpler
(U)B3LYP broken-symmetry approach (7.2 kcal/mdsl),
which is much smaller than that for paréft® and naphthyl
nitrenes'40 and'47.2> Cyclization of singlet53 must involve
a bridgehead carbon to form an azirine intermedé&with

3N 'N

N

4

33 153 62
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a particularly high energy. Therefore, ISC is expected to be 7. References
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