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Abstract: The chemical reactivity of nitrile imines is of
great utility in organic synthesis with applications rapidly
expanding into the materials and life sciences. Yet, our
understanding of the electronic and molecular structures
of nitrile imines remains incomplete and the elementary
mechanism of their photoinduced generation is entirely
unknown. Here, femtosecond infrared spectroscopy
after 266 nm-excitation of 2,5-diphenyltetrazole has
been carried out to temporally resolve the formation
and structural relaxation dynamics of the nascent
diphenylnitrile imine in liquid solution under ambient
conditions. The infrared-spectroscopic evolution is inter-
preted by an initial sequence of intersystem crossings
within 250 fs followed by the cleavage of N, with
formation of a structurally relaxed nitrile imine on the
adiabatic ground-state singlet surface within a few tens
of picoseconds. The infrared spectrum supports the
notion of a “floppy” nitrile imine molecule whose
equilibrium character ranges from fully propargylic to
fully allenic in the room temperature liquid solution. )

Introduction

Nitrile imines are highly intriguing reactive intermediates in
organic synthesis;!"! particularly, in 1,3-dipolar cycloaddition
reactions” with applications in the construction of five-
membered heterocycles and natural products,”! polymer
functionalization and cross-linking,”’ cell-adhesive surface
patterning,”! as well as peptide and protein tagging.”! Even
in the absence of a substrate, nitrile imines are elusive
species that rapidly decay and therefore need to be prepared
in situ for a desired application. Matrix isolation techniques
have enabled the unambiguous detection of such species!”
and when combined with high-resolution infrared (IR)
spectroscopy and quantum chemical calculations, detailed
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information about their molecular structure and their
chemical reactivity under cryogenic conditions can be
obtained.”

The nitrile imine class of compounds presents a formida-
ble challenge for electronic structure theory because a
complete valence bond description requires no less than six
distinct canonical structures as depicted in Figure 1a.>1%
Which of these six resonance forms dominate the valence-
bond wave function depends critically on the nature of the
substituents, R and R’. The simplest representative, formo-
nitrile imine, H-CNN—-H, adopts the axially chiral allenic
structure, (ii), with the propargylic form, (i), constituting a
transition state for the stereomutation of (ii).['%!!]

Nitrile imines can be prepared either by dehydrochlori-
nation of hydrazonyl halides or by dinitrogen elimination
from 2,5-disubstituted tetrazoles.'¥) The latter reaction can
be regarded as a retro-[3+2]-cycloaddition, or, more cor-
rectly, as a 1,3-dipolar cycloelimination of N, from the
tetrazole.'" 2 Tt is most often carried out photolytically (see
Figure 1b and Supporting Information, Scheme S1), but to
the best of our knowledge, the molecular-level mechanism
of the N,-extrusion from tetrazoles has not yet been
explored in a time-resolved fashion. There exists only an
early flash-photolysis study of tetrazoles by George and co-
workers!"™ but its time-resolution was limited to several
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Figure 1. a) Six limiting valence isomers of nitrile imines: (i) propar-
gylic, (i) allenic, (iii) carbenic, (iv) diradical, (v) 1,3-dipolar (or allylic),
and (vi) reverse 1,3-dipolar. b) Photolytic generation of nitrile imines
from tetrazoles. c) DFT-optimized molecular structures with atom
labels of diphenyltetrazole (1), and diphenylnitrile imine (2),
(R=R’=phenyl, Ph, cf. also structural data given in the Supporting
Information).
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nanoseconds and the spectral kinetics were monitored in the
ultraviolet-to-visible (UV/Vis) region; thus, details about the
dynamic evolution of the molecular and electronic structure
of the system following the initial photon absorption
remained entirely hidden.

Here, we wish to fill this gap for the first time by
studying the photochemistry of the model system, diphenyl-
tetrazole 1 (cf. Figure 1c), in tetrahydrofuran (THF) solution
under ambient conditions, following its photoexcitation with
50fs duration laser pulses centered at 266 nm. Taking
advantage of the unique structure-specificity of femtosecond
infrared (IR) detection, we set out to monitor directly in
the time domain the formation and relaxation dynamics of a
nitrile imine bearing a phenyl ring at each of the two
terminal atoms of the central CNN-moiety (i.e. diphenylni-
trile imine 2, R=R’'=Ph). The analysis of the rich time-
resolved spectra is facilitated here by accompanying elec-
tronic structure calculations based on density functional
theory (DFT, see Supporting Information for experimental
and computational methods.)

Results and Discussion

The electronic absorption spectrum of 1 in liquid THF
solution is shown in Figure 2a. In the near UV, it consists of
two broad bands peaking at 274 nm and 241 nm. The
absorption profile is modulated by a pronounced Franck-
Condon progression with a spectral spacing of roughly
920 cm ™" indicating that the S;-state is bound. This interpre-
tation is further corroborated by a measurement of the
stationary fluorescence spectrum (cf. Figure 2a), which
peaks at 319 nm corresponding to a peak-to-peak Stokes
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Figure 2. a) Experimental electronic absorption (solid blue) and emis-
sion (solid green) spectrum of 1 in THF-solution under ambient
conditions and theoretical absorption spectrum based on TD-DFT
calculations (dashed). Numbers indicate spectral position (in nm) of
band maxima, 0-O-transition and excitation photon, respectively. b) and
c) Highest occupied and lowest unoccupied transition orbital, respec-
tively, corresponding to the Sy—S, transition. Difference electron
densities are given in the Supporting Information.
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shift of roughly 5150 cm . The total fluorescence quantum
yield, ®; was estimated to be no more than 4% (see
Figure S1 and Table S1). A fluorescence lifetime of 1.4 ns
was determined by time-correlated single photon counting
(cf. Figure S2).

According to quantum-chemical calculations based on
time-dependent (TD) DFT, the 274 nm-band arises from the
n—m* transition accessing the first excited singlet state, S;, of
the solute (cf. Figure 2b and c for the highest occupied and
lowest unoccupied transition orbitals, respectively™). A
geometry optimization of the S;-state followed by a normal
mode analysis confirms the bound nature of this lowest
singlet m—m* state and suggests that the 920 cm'-progression
results from an asymmetric in-plane deformation of the
central tetrazole ring (cf. Figures S3 to S5 for optimized
geometries and their DFT-predicted vibrational spectra).
Note that the lowest singlet excited state of the simplest
congener of 1, 2H-tetrazole (R=R’=H in Figure 1b), is a n—
n*-state and not a m-m*-state as evidenced by complete
active space self-consistent field and multireference config-
uration interaction methods.'" The DFT-level-of-theory
chosen here is able to reproduce this result fully (see
Figure S6 for a detailed discussion of the electronic structure
of 1 and its relation to that of 2H-tetrazole). However,
according to the very same DFT-method, the lowest n-n*-
state of 1 is actually S5 and as such it is much higher in
energy that the lowest n-n* state. It turns out that S; is also a
bound state and when geometrically relaxed, it is located at
an energy of ~85.7kJmol ! (or ~7165cm™') above the
relaxed S; (see Table S2 for the energetics of the photo-
chemistry and photophysics of 1). It is therefore quite likely
than the lowest n-n* state contributes to the absorption
band at shorter wavelengths around 241 nm. The peculiar n—
w¥/n-n* state reversal upon introduction of the two phenyl
rings results simply from the mixing of the n-orbitals on the
central N-heterocycle with those on the peripheral aryls.

The Fourier-transform infrared (FTIR) spectrum of 1 in
THF solution is displayed in Figure 3, top panel. The
spectrum emphasizes the absorption bands arising from
vibrational motions that are predominantly localized on
either of the two phenyl rings, Ph and Ph’ (a;-vibrational
species in the local C,-symmetry of a monosubstituted
benzene). Importantly, except for the phenyl CH-stretching
modes around 3100 cm™', tetrazole, 1, does not have any
appreciable IR-activity for wavenumbers larger than
1640 cm™ (cf. Figure S5).

According to the DFT-calculations, the pair of bands
peaking at 1497 cm™" and 1530 cm™ originates from the (#s)
and (ss)-modes of the Ph and Ph’ substituents, respectively,
whose character is primarily CH in-plane bending (see
Figure 1c for atom labels. Mulliken numbering as recom-
mended in Ref. [17] is used here; see inset Figures 3 as well
as Figures S7 and S8 for atomic displacement vectors of
these ring modes). In contrast, the two bands located at
1597 cm™ and 1611 cm™' are due to the (#,) and (M,)-
modes involving mostly symmetric C°C™ and C°C™-stretch-
ing motion, which is coupled to CH-in-plane bending. In
addition, the (#,) and (Ms) modes also modulate the N*C-
distance whereas the (9,)" and ()’ modes give rise to an
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Figure 3. Experimental stationary FTIR spectrum of 1 in liquid THF
(blue curve, upper panel) in comparison with a predicted spectrum of
1 derived from DFT (blue curve, lower panel). The gray spectrum is a
DFT-predicted spectrum of 1 in its S;-state and its intensity was divided
by 3. The insets sketch the atomic displacements involved in the (94,)
and (Ms)-modes of the phenyl rings.

oscillation of the C°C’-distance. Since the N’C' bond is more
polarized than the C°C'-bond, the vibrations, (#,) and (#s),
involving the nitrogen-bound phenyl ring are more intense
than the equivalent modes, (#,)" and (#s)’, of the carbon-
bound phenyl substituent.

Femtosecond 266 nm-pump/IR-probe spectra recorded
in the ring-mode region of 1 in THF solution are reproduced
in Figure 4a for a variety of different time delays ranging
between 500 fs and 50 ps. Three pronounced negative bands
can be detected at exactly the spectral positions of the (s),
(Ms)', and (#my)-modes of the tetrazole. These features
represent a pump-induced bleaching of the sample due to
the depletion of population in the electronic ground state of
1. At the same time, two very strong induced absorptions
are also detected, which are shifted to lower wavenumbers
with respect the (9,) and (#;)-bleaching bands. As indicated
by the curved arrows in Figure 4, both absorption bands
exhibit a pronounced dynamic spectral narrowing and a
concomitant delay-dependent shift to higher wavenumbers,
which leads to the buildup of two resonances at 1486 cm™
and 1594 cm™!, each having a spectral width that is
comparable to that of the bleaching bands. These induced
absorptions may arise either from an electronically excited
state of 1 or from a photochemical product such as the
nitrile imine, 2.

The (TD)DFT-predicted IR spectrum of the geometry-
optimized S;-state of 1 is displayed in Figure 3 (gray curve,
lower panel). It features two induced absorptions, which are
indeed shifted to lower wavenumbers relative to the ()
and (#s)-bands of the ground state. However, the fre-
quency-downshift observed in the experiment is much small-
er than that predicted by theory. Furthermore, according to
the theory, the (9,) and (M;)-vibrations of the S;-state fully
delocalize over the entire molecule and thus, couple very
strongly to the central five-membered tetrazole ring (see
Figure S7. As a result, the excited state absorptions are
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Figure 4. UV-pump/MIR-probe spectra of 1 in THF-solution following
266 nm excitation for various time delays as indicated in the legend.
a) Phenyl mode region. The gray spectrum represents the inverted
stationary FTIR spectrum of 1. b) allene/nitrile stretching region.
Numbers indicate peak positions in 1/cm.

predicted to be three to ten times as intense as the ground
state absorptions. Therefore, neither the spectral positions
nor the relative signal strengths of the experimentally
observed induced absorptions fully support their assignment
to the S;-state of 1.

Additional information about the structural evolution of
the system can be gleaned from the allene/nitrile stretching
region around 2200 cm . This is exactly the region in which
(hetero)cumulenes and nitrile imines are expected to
absorb.* A series of corresponding 266 nm-pump/IR-
probe spectra covering delays between 250 fs and 50 ps is
displayed in Figure 4b. Much to our surprise, even at the
earliest delay, a broad and structureless induced absorption
is detected here. It is initially centered around ~2050 cm™,
but it rapidly shifts within only 1 ps by almost 80 cm™' to
higher frequencies while at the same time retaining its
structureless profile. Subsequently, the spectral shape of the
induced absorption drastically changes. A narrower high-
frequency feature centered at ~2175cm ' gradually rises
and at the same time, a peculiar low-frequency wing reach-
ing all the way out to 2000 cm ™ is formed. Finally, on a time
scale of several tens of picoseconds, the dominant high-
frequency peak progressively shifts to an asymptotic position
of 2208cm™' while its peak height slightly decreases.
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Simultaneously, the extended low-frequency wing splits off
from the dominant peak and becomes its own distinct
spectral feature. As verified by independent step-scan and
rapid-scan FTIR-spectroscopy (see Figure S9), the absorp-
tion spectrum in the spectral window between 2000 cm™' and
2250 cm ™! experiences a common decay following bimolecu-
lar kinetics on a time scale of ~100 ms, during which the
overall spectral profile is preserved. This strongly suggests
that from 50 ps onwards the entire IR-activity in the broad
region of Figure 4b is due to a single species only and that
this species has a finite lifetime even in the absence of
quenchers.

Fitting time-resolved traces at various representative
probe wavenumbers with multiexponential kinetics reveals
principal components with time constants that fall into the
three intervals, (10 ps <7, <20 ps), (2 ps<7, <5 ps), and 73 <
0.7 ps (see Figure S10 and Table S3 for fitting results). Thus,
according to the UV/IR-data, tetrazole 1 decays upon
266 nm-excitation within the experimental time resolution
by cleaving dinitrogen (with a quantum yield of 96 %) and
forming a nascent species -presumably a nitrile imine- that
exhibits a CN-stretching absorption, which is strongly down-
shifted with respect to that of a typical organic nitrile.
Moreover, it seems as if within several tens of picoseconds, a
significant structural relaxation toward the classical nitrile
occurs as evidenced by the appearance of the prototypical
absorption centered at 2208 cm ™.

However, before such a conclusion can be drawn with
confidence, we need to revisit the photochemistry of 1 under
cryogenic conditions. Irradiation of 1 in a poly(vinyl
chloride) film with 250 nm-light at 85K was shown to
produce nitrile imine 2 (cf. Figure 1c) but with diphenylcar-
bodiimide, Ph-N=C=N-Ph (3) as a side product.®™ In an
Ar-matrix at 12 K, the 254 nm-irradiation also produced 2,
but then a continued irradiation at 370 nm was required for
the formation of 3 (cf. Scheme S1 for a survey of the
photochemical processes inferred from matrix isolation
studies). Importantly, carbodiimide 3 is a heterocumulene
and as such, its N=C=N antisymmetric stretching vibration
also absorbs in the region of Figure 4b (cf. Figure S11 for
the FTIR-spectrum of 3). To identify conclusively the
photochemical product that is responsible for the UV-pump/
IR-probe spectrum recorded at the longest delays we
improved in a first step the signal-to-noise ratio in the
frequency domain by averaging all spectra recorded between
50 ps and 100 ps. Such data processing is allowed because of
the shape stability of the spectrum from 50 ps onwards. In
addition, we removed the ground-state bleaching bands by
subtracting the properly weighted stationary FTIR-spectrum
of 1 to obtain a purely absorptive product spectrum that
covers both, the region of the phenyl ring modes and the
allene/nitrile stretching region.

The result of this analysis is displayed in Figure 5 (upper
panel) along with the stationary spectrum of the parent
compound. For comparison, the lower panel of Figure5
displays the DFT-predicted IR-spectra of both the putative
nitrile imine product, 2, and the tetrazole parent, 1. In the
region of the phenyl ring modes, the agreement between
experiment and theory is remarkable both, in terms of
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Figure 5. Top panel: Purely absorptive product spectrum obtained upon
266 nm excitation of 1 in THF-solution (blue curve). a) Phenyl mode
region. b) Nitrile stretching region. Numbers indicate peak positions in
1/cm. The gray spectra represent the corresponding stationary IR
spectrum of 1. DFT-predicted spectrum of 2 (blue) in comparison with
that of 1 (gray) in c) the phenyl mode region and d) the nitrile
stretching region.

spectral positions as well as intensities of the product bands
with respect to those of the parent. Apart from 2, the DFT-
predicted UV-pump/IR-probe spectra were also computed
for other putative stable products including diphenylcarbo-
diimide, 3, and those that have been identified previously in
matrix isolation studies of the photolysis and thermolysis of
mono- and disubstituted tetrazoles.®™ ¢! As shown in detail
in Figures S11 and S12, none of these products is in
reasonable agreement with our UV-pump/IR-probe data in
the ring-mode region.

Thus, we can conclude confidently here that the 266 nm-
excitation of diphenyltetrazole generates a structurally fully
relaxed diphenylnitrile imine after 50 ps. Furthermore, the
1486 cm ™' and 1594 cm™' can now be assigned to the (os)
and (#,) modes of the phenyl ring attached to the nitrogen
terminus of the central nitrile imine moiety of 2 (see also
Figures S5 and S8). The conclusion is further corroborated
by the previous matrix isolations studies,’ which identified
these two modes at 1490 cm™' and 1598 cm™' when 2 was
trapped in solid argon at 12 K.

In the nitrile stretching region of Figure 5, we notice that
averaging has clearly accentuated the fine structure of the
absorption band. Apart from the dominant peak at
2208 cm™!, at least two additional maxima at 2075 cm™! and
2120 cm™' can be distinguished. The overall profile can be
fitted satisfactorily by a superposition of three Gaussian line
shapes (see dashed curves in Figure 5b), which is indicative
of the relaxed product, 2, adopting multiple distinct
structures. To reemphasize, the spectral fine structure
cannot be assigned to different chemical products because of
the spectrally invariant kinetic decay in this window for
delays longer than 50 ps. However, from IR-spectra of cryo-
trapped nitrile imine species with various substituents, R
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and R’, in combinations with DFT calculations, it was
concluded that nitrile stretching frequencies above
2150 cm™ are indicative of the R—CNN—R moiety adopting
the propargylic structure (form (i) in Figure 1a) whereas
frequencies between 2000 cm™! and 2100 cm ™! are signatures
of a prevailing heterocumulenic structure (form (ii)).!"*%

Thus, we have to conclude here that in THF solution at
room temperature, nitrile imine, 2, adopts several distinct
but coexisting structures whose IR-spectroscopic character
ranges from propargylic all the way to allenic. These
structures can then be regarded as bond-shift isomers on a
single adiabatic ground state potential energy surface (PES),
and indeed, the monosubstituted nitrile imine, Ph—CNN-H,
was recently trapped in a rare gas matrix at 20 K in both, its
propargylic and allenic forms at the same time. In the case
of 2, we infer further that at room temperature the system is
fully fluxional because of the mutual kinetic decay on the
millisecond time scale. These conclusions line up with the
notion of nitrile imines being “floppy” molecules.!"?!

As shown in Figure 1c, DFT-calculations clearly favor
the propargylic form (i) for 2. All efforts in identifying a
local heterocumulenic minimum energy structure by scan-
ning the singlet PES of 2 along the out-of-plane N*-C*~C"
angle, a, and the relative twist, 8, between the two phenyl
planes were unsuccessful even though a continuum solvation
model was invoked (cf. Figure S13 for a contour plot of this
relaxed two-dimensional propargylic-to-allenic interconver-
sion potential). Thus, an explicit treatment of the solvent
within the framework of an adequate multireference method
is probably required to capture correctly a bond shift
isomerism of 2 also in terms of theory. It turns out that the
relaxed interconversion potential is extremely shallow with
an idealized allenic structure (a=120° and 6=90°) being
energetically only 12 kJmol™ above the stable propargylic
form. This allows the nitrile imine to sample a very wide (a,
0)-configuration space upon thermal excitation at room
temperature. A numerical simulation of the spectral profile
that takes into account a thermally broadened Boltzmann
density in the relaxed interconversion potential is given in
the Supporting Information, Figures S14 and S15. Such an
analysis demonstrates that the huge spectral width of the
IR-activity seen in Figure 5b can indeed be rationalized
satisfactorily by the floppy nature of the nitrile imine.
However, the model is unable to explain the spectral fine
structure, which we attribute to the neglect of discrete
solvation.

What remains to be explored is the mechanism leading
to elimination of N, from 1. The formation of a thermally
and structurally relaxed 2 is observed on a time scale of
several tens of picoseconds; yet, the ultrafast appearance of
IR-activity around 2050 cm™' (cf. Figure 4b) is very strong
evidence that the tetrazole ring has already suffered from
the N,-loss on a sub-picosecond time scale.

At first glance, the extremely rapid nature of the
photodissociation seems to be in contradiction with our
ability to detect a stationary fluorescence from the solution
and the bound nature of the S;-state as confirmed independ-
ently by DFT. Any ultrafast nonradiative deactivation of S,
will inevitably quench its photoluminescence. The
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fluorescence quantum yield is normally given by ®;=k,/(k,,
+k.), where k, is the radiative rate and k, is the rate
constant for the nonradiative deactivation channel; that is,
an internal conversion, an intersystem crossing (ISC), or a
photochemical conversion such as the Nj-loss. This however
immediately suggests that N, cannot be eliminated from the
locally excited singlet n—n* state. Rather, N, must be
eliminated from a lower-lying excited state, which in the
case of 1 can only be a triplet state (see the above discussion
regarding the electronic structure of 1 and Figure S6).
Interestingly, the 0-0 transition can be located from the
stationary absorption and emission spectra in Figure la at a
wavelength of 303 nm. Thus, a 266 nm-photon prepares S;
with excess vibrational energy of roughly 55 kJmol™'. If
intersystem crossing necessitates this excess energy, it must
compete with the inevitable dynamics of vibrational energy
relaxation (VER). The initial processes can then be written
succinctly (cf. Scheme 1) as a branched decay of the optically
prepared hot n-m* state, S,", either into the triplet
manifold, *1 (T,), which ultimately leads to N,-elimination
and nitrile imine formation, or into the relaxed n—m* state,
S;™, whose only decay path is photoluminescence.

In this notion, the fluorescence quantum yield equals the
quantum yield for the formation of S,", i.e. ®;=kypr/(kisc
+kygr). Using the inverse of the appearance time of the
induced absorption at 2050 cm™' as a lower limit for the
intersystem crossing rate, i.e. k;gc=1/0.25 ps, and neglecting
any other deactivation channels for S, a perfectly reason-
able vibrational relaxation rate of kyggz=1/6 ps would bring
the experimentally observed fluorescence quantum yield in
harmony with the ultrafast photodissociation; i.e. ®;=0.04.
Thus, Scheme 1 is able to reconcile the two seemingly
contradictory observations (ultrafast nitrile imine formation
on the one hand and sizeable stationary fluorescence on the
other) with perfectly realistic rate parameters.

To test these notions in greater detail relaxed PES scans
were conducted along the distance between the centroids of
the two fragments, X=N"-N* and Y=C-N'-N?, and along
the two local bond lengths, r(N>-N%) and r(C’-N*) (see
Figure 6a). The former scan represents the concerted break-
age of the two bonds, C’-N* and N°>-N°, while the latter
tracks the stepwise bond breakage via the ring-opened
intermediate, Ph—C’(N,)-N'=N°-Ph, ie. (FE)-1-(diazo-
(phenyl)methyl)-2-phenyldiazene, (4, cf. Figure 6b and
Scheme S1). On the relaxed Sj-surface (gray potential),
species 4 corresponds to a shallow minimum with an energy
of 172 kJmol™ relative to 1 and the succeeding elimination
process, 4—2+N,, necessitates the crossing of a barrier of
56 kJmol ™. In contrast, the barrier along the X-Y inter-
centroid distance amounts to only 210kJmol™'. These

N

ko » 1(T,) —2> 2

(S 1 i
ke 1 (8)) —=>"1(S,)
Scheme 1. Excited-state decay competition between vibrational energy
relaxation leading to photoluminescence and intersystem crossing
leading to nitrile imine formation.
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Figure 6. a) Potential energy surfaces along the reaction coordinates for
the concerted (1—2+N,) and the stepwise (1—4—2+N,) 1,3-dipolar
cycloelimination, The gray surface is the relaxed adiabatic Sy-surface.
Solid curves represent the corresponding local singlet (blue) and triplet
(red) PESs. The dashed red curve represents the relaxed adiabatic T;-
surface and the dashed blue curve is its corresponding local Sy-surface.
The asterisk and hash mark indicate singlet-triplet, the diamond
triplet-triplet curve crossings, and the daggers indicate energy barriers.
The short-dashed curves represent an out-of-plane structural relaxation
of the T,-state. b) DFT-optimized structure of singlet and triplet (E)-1-
(diazo(phenyl)methyl)-2-phenyldiazene. Left: '4 is fully planar. Right: *4
is non-planar.

numbers suggest that the concerted mechanism of the
thermal 1,3-dipolar cycloelimination of N, from 1 is slightly
favored over the stepwise mechanism.

The UV-absorption, however, initiates the same elimi-
nation from the locally excited S;-state of 1 (blue curve,
Figure 6a). Motion along the N*-N?* distance away from the
Franck—Condon region brings the system to an energetically
lower-lying curve crossing (marked by an asterisk) with a
higher triplet state, which in turn exhibits a steep gradient
towards a geometry resembling 4 (indicated by a diamond).
Here, the system can reach the triplet ground state via
internal conversion. A very small out-of-plane distortion
suffices to relax the T;-state energetically. The minimum
energy structure on the adiabatic T,-surface is indeed a ring-
opened diradical form as shown in Figure 6b. However,
even when energetically relaxed, *4 is also a highly unstable
species because i) it matches nearly perfectly a geometry, at
which the T;*- and S,-surfaces cross (hash mark in Fig-
ure 6a), and ii) it is energetically located above the ground-
state barriers for N,-loss.

According to these calculations, the N,-loss is effectively
facilitated by a sequence of ultrafast non-adiabatic transi-
tions that shuttle the system from the singlet to the triplet
and back to the singlet manifold without requiring any
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large-amplitude structural modifications except for motion
along the N*-N* displacement. These initial stages precon-
figure the system in both, its electronic and nuclear degrees
of freedom for the final cleavage of the N*~C® bond with
generation of dinitrogen and 2 in its singlet electronic
ground state.

Importantly, once the system has crossed either of the
two higher Sj-barriers, the nascent product emerges with a
bent CNN-moiety that reminds us of the carbenic, the two
dipolar, and the diradical forms of nitrile imines as depicted
in Figure la. Therefore, at the barrier top, the system has
not yet acquired the full C=N triple-bond character of the
propargylic form or the C=N=N heterocumulenic character
of the allenic form of a nitrile imine. The final motion
towards the asymptotic limits of Figure 6a affect the relative
orientation of the two phenyl rings and will therefore be
hindered by solvent friction. Hence, we can envision the
evolution from the barrier top toward the well-separated
fragments, 2+ N,, as a creeping motion along the bottom of
the adiabatic Sy-PES; a motion, which takes place on a time
scale of up to tens of picoseconds during which the system
will gradually acquire its full nitrile/cumulenic stretching
vibrational character. We can follow this biphasic evolution
of the system IR-spectroscopically most clearly in the C=N/
C=N=N stretching region: The initial electronic relaxation
and the ring-opening dynamics manifest themselves in an
ultrarapid (within the time-resolution) appearance of the
broad and structureless band at the very low-frequency edge
of Figure 4b. The ensuing loss of the dinitrogen fragment
and the downhill creeping motion on the adiabatic Sy-surface
from the barrier top toward the fully relaxed products is
then reflected in the continuous frequency-upshift of this
absorption and the emergence of the peculiar spectral fine
structure on a tens of picoseconds scale.

Conclusion

In summary, we have been able to disclose the elementary
dynamics of the photoinduced 1,3-dipolar cycloelimination
of dinitrogen from the model system, 2,5-diphenyltetrazole,
and the concomitant formation of the elusive nitrile imine
using the structure-sensitive technique of femtosecond UV-
pump/IR-probe spectroscopy. Aided by detailed DFT and
TDDFT calculations, we could sketch a molecular-level
mechanism that is compatible with the complex IR-spectro-
temporal evolution in the phenyl ring mode region and the
nitrile/allene stretching region. Specifically, we found that
N, is cleaved from the tetrazole within less than 500 fs in a
consecutive rather than a concerted fashion and N,-loss is
brought about by a sequence of non-adiabatic transitions.
The intermediate singlet diazodiazene structure is energeti-
cally located above the barrier for N*~C° bond breakage and
can thus not be observed. However, the departing N,-
molecule leaves behind a nitrile imine fragment that is
strongly distorted along its CNN-angle, and thus reminiscent
of the carbonic, dipolar, and diradical forms rather than the
allenic or propargylic forms that are normally adopted by
nitrile imines. At early times (<500 fs), the IR-absorption in
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the allene/nitrile stretching region reports on the evolution
of the system toward the favored propargylic form while its
spectral profile at late delays (>50ps) attests the final
product a high degree of structural flexibility. The fully
relaxed nitrile imine is elusive in nature, it has a lifetime of
~100 ms under the photochemical conditions of our experi-
ments, and it decays in the absence of substrates presumably
by dimerization according to second-order kinetics. We are
currently engaged in quenching experiments of nitrile imines
that are aimed at exploring the chemical reactivity of these
intriguing species in more detail. Finally, we emphasize that
a proper theoretical treatment of the molecular dynamics
leading to the formation of nitrile imines by N,-elimination
from tetrazoles requires theoretical models that are far more
sophisticated than those we have applied herein. Ab initio
molecular dynamics simulations are urgently needed that
take into account the multireference character of nitrile
imines properly and include a realistic explicit solvation
approach.
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