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The photodenitrogenation of chiral trisubstituted 1-pyrazolines has been studied by laser flash
photolysis. These experiments have permitted the detection of two transients that have been
assigned, for each pyrazoline, to the trimethylene-type diradical resultant from the extrusion of
nitrogen (lifetime τ ) 0.1-0.8 µs) and to the pyrazoline triplet (τ < 9 ns), respectively. The efficiency
of the photosensitization process has been evaluated by determination of the corresponding
quenching rate constant in each instance. Theoretical calculations support a mechanistic pathway
involving a trimethylene radical as intermediate that rapidly evolves to the corresponding
cyclopropane derivative. The cyclopropane ring-closure is predicted to be faster than rotation around
the C-C bond, thus accounting for the observed stereospecificity.

Introduction

The photochemical denitrogenation of 1-pyrazolines is
a method extensively used in organic synthesis to prepare
cyclopropane derivatives. The mechanism of these reac-
tions has been controversial for long time. At present, it
is accepted that these processes generally involve diradi-
cals, although the mode of formation and their structure
as singlet or triplet may vary with the substrate and
reaction conditions.1 The presence of a photosensitizer
is often required for the reaction to take place efficiently
and to avoid the formation of byproducts such as cyclo-
reversion or insertion olefines.2,3 This fact suggests that
the process occurs via triplet excited states.4 Trapping
of triplet diradicals has been achieved, indeed, by using
stable nitroxides as scavengers5 whose efficiency depends
strongly on steric and solvent effects,6 as well as on the
transient lifetimes.

The intermediacy of triplet diradicals has been invoked
to explain the low stereoselectivity observed in the
photochemical denitrogenation of some diazabicyclo[2.2.1]-
heptenes (DBH) to produce housanes.4b The photochemi-
cal behavior of DBH derivatives has been rationalized
by means of theoretical calculations accounting for the
nature of the experimentally observed triplet intermedi-
ates.7,8

1-Pyrazolines are currently produced through 1,3-
dipolar cycloadditions of diazoalkanes to electron-
deficient olefines. When these substrates are chiral, the
π-facial diastereoselection of the cycloaddition is respon-
sible for the configuration of the newly created stereo-
genic centers. If the photolysis of the pyrazolines takes
place via open-chain diradicals, it is possible that the
cyclopropane ring closure is not stereospecific, so that a
mixture of all possible diastereomers would be expected.

In our laboratory, we have performed the highly
stereoselective cycloaddition of diazomethane to optically
active trisubstituted olefins derived from D-glyceralde-
hyde9 and (-)-verbenone,10 and we have investigated the
origin of the π-facial diastereoselection.9,11 Photolysis of
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the resultant pyrazolines has been shown to be stereo-
specific (Scheme 1) allowing the preparation of cyclo-
propane derivatives used as synthetic precursors to a
variety of products such as conformationally constrained
amino acids10,12 and peptides,13 amino alcohols,14 and
cyclopropane carbocyclic nucleosides.15 In a previous
paper, we studied the photophysics of two diastereomeric
pyrazolines and their stereospecific denitrogenation to
the corresponding cyclopropanes. We suggested therein
that the pyrazoline decomposition takes place by nitrogen
extrusion with the concomitant production of a tri-
methylene-type diradical, in such a way that cyclo-
propane ring-closure should be faster than rotation
around the C-C bond.16

In this work, we extend this study to other trisubsti-
tuted 1-pyrazolines in order to detect and characterize
the transients involved in the process and to determine
the efficiency of the photosensitizers by means of laser
flash photolysis (LFP) experiments. Theoretical calcula-
tions have been done to account for the more favorable
mechanistic pathway, for the nature of the transient
intermediates, and to explain the observed stereo-
specifity.

Results and Discussion

1. Photolysis of the Pyrazolines. For this study, we
have chosen pyrazolines 1-7 (Scheme 1) that were
synthesized through the 1,3-dipolar cycloadditions of
diazomethane to suitable olefins prepared, in turn, from
D-glyceraldehyde acetonide.9 Pyrazoline 3 was prepared
and characterized for the first time in this work, and its
stereochemistry was unambiguously assigned by X-ray
diffraction analysis (see the Supporting Information).

Under stationary irradiations, pyrazolines 1-7 af-
forded the corresponding cyclopropanes 1a-7a with total
stereospecificity.9,16 The pyrazoline solutions, contained
in Pyrex reactors, were irradiated with a 125 W medium-
pressure mercury lamp. For 4 and 5, acetone was used
both as sensitizer and solvent. In the other cases,
benzophenone was the sensitizer and dichloromethane
was the solvent. Yields were excellent for the decomposi-
tion of 1-3 and 6-7 (88-100%) and moderate (46-52%)
for 4-5. In the latter cases, yield was lower (ca. 35%)
when benzophenone was used as sensitizer. These results
are probably due to the lability of the nitro group under
the reaction conditions leading to the production of
unidentified photoproducts.

Attempts to trap the postulated intermediate diradicals
failed, since the addition of dimethyl acetylene dicar-
boxylate or TEMPO did not result in the formation of
defined products. Nevertheless, is noteworthy that, when
the photolysis of 7 was performed in the presence of
Tempo, the corresponding cyclopropane was obtained in
only 40% yield (cf. 90% yield under the usual conditions)
along with much polymeric material. The steric hin-
drance of the tertiary-carbon radical could avoid the
interaction with the scavenger that would react only with
the primary-carbon radical, thus accounting for the
formation of undefined substances.

LFP experiments were carried out to verify the nature
of the transient species and to state the role of the
sensitizers. Since the ground-state UV absorption spectra
of pyrazolines show a band corresponding to an n-π*
transition that maximizes at 320-330 nm, compounds
1-3 and 7 were irradiated, as degassed dichloromethane
solutions, with 355 nm laser pulses of 40 mJ (9 ns/pulse
width) and their transient absorption spectra were
recorded. Figure 1 shows the transient spectra obtained
for 3 as well as the deactivation decay profile at 420 nm.
This decay shows an emission signal that quickly builds
up a positive transient absorption following the kinetics
of the laser pulse profile. As a consequence, we can only
state that the transient species responsible for the
emission has a lifetime τ < 9 ns and a transient emission
spectrum deduced by global analysis that maximizes at
440 nm. The positive part of the decay follows a deactiva-
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SCHEME 1

FIGURE 1. Transient absorption and emission spectra (λex

) 355 nm, 40 mJ/pulse, 9 ns width) of a nitrogen-purged
dichloromethane solution of pyrazoline 3. Inset: decay trace
at 420 nm.
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tion with a rate constant kd ) 2.0 × 106 s-1 corresponding
to a deduced lifetime τ ) 0.5 µs. Finally, a flattened decay
was also observed at longer times. Table 1 shows also
the decay constants for pyrazolines 1, 2, and 7 deduced
in a similar way by using the global analysis.

In an earlier work,16 we assigned these positive ab-
sorptions to transients corresponding to the pyrazoline
triplet and the diradical resultant from extrusion of
nitrogen prior to the cyclopropane ring-closure. The latter
detection of the transient species responsible for the
emission led us to a reassignment. Thus, we now suggest
that the trimethylene-type diradical, in each case, cor-
responds to transients listed in Table 1, with lifetimes
between 0.1 and 0.8 µs while transients living <9 ns
should be the pyrazoline triplets.

In a similar manner, kd for the benzophenone triplet
was determined from the mono exponential decay of its
transient and found to be 5.5 × 105 s-1. Moreover, the
addition of amounts of a determined pyrazoline to the
benzophenone containing solution resulted in the dis-
appearance of the sensitizer transient-absorption cen-
tered at 530 nm parallel to the appearance of a weak
absorption in the 390-450 nm interval. The quenching
rate constant (kq) for pyrazolines 1-4 and 7 were
determined from the respective Stern-Volmer graphs
and are listed in Table 2. The values of kq, which is a
quantitative measure of the efficiency of the photo-
sensitization process, are similar for all pyrazolines
except 4, in good agreement with the results of stationary
irradiations.

Then, the results of all these experiments point out the
feasibility of the production of triplet diradicals during
the photodecomposition of the pyrazolines to afford
cyclopropanes.

2. Theoretical Calculations

We have studied the photodenitrogenation of pyrazo-
line 4, due to the simplicity of the nitro and methyl
groups compared to the ester groups present in the other
pyrazolines. The calculations have been focused in the
nitrogen elimination pathway, and the results are ex-
pected to be valid for all pyrazolines considered in the
previous section.

Figure 2 shows the structures of the pyrazoline in its
ground state, s4, and in the first triplet excited state,
t4. The values of selected geometry parameters are
presented in Table 3, and atomic spin populations derived
from the Mulliken population analysis are presented in
Table 4.

When going from s4 to t4 the pyrazoline ring loses its
planarity. Moreover, we can observe a lengthening of the
C3-N3, N2-N3, and C1-C2 bonds and a shortening of
C1-N2. On the other hand, the orientation of the
dioxolane ring does not change upon excitation.

t4 corresponds to the mixed n-π*/π-π* triplet state
described by Yamamoto et al.8 The unpaired electrons
are located in the pyrazoline nitrogen atoms (see Table
4). The C1-N2 bond distance is notably shorter than the
C3-N3 one. However, the cleavage of C1-N2 is ener-
getically more favorable. This process leads to the forma-
tion of the diazenyl diradical t8 with a Gibbs activation
energy of 5.3 kcal mol-1. The structures of the stationary
points corresponding to the nitrogen elimination from t4
are shown in Figure 3. Their relative energies, Gibbs
energies, as well as values of selected geometry param-
eters have been included in Table 3, and atomic spin
populations are shown in Table 4. At the transition state
TS(t4-t8) the unpaired electrons are mainly located at
the C1, N2, and N3 atoms, whereas for t8 the atomic spin
population on N3 is drastically reduced. The cleavage of
the C1-N2 bond makes the rotation around the C1-C2
bond possible, as we can observe from the variation of
the φ dihedral angle. In this way, steric repulsion
between methyl and dioxolane groups is minimized.

The cleavage of the second C-N bond (C3-N3) leads
to the formation of the trimethylene diradical t9 with a
potential energy barrier of 1.4 kcal mol-1 and a Gibbs
activation energy of only 0.4 kcal mol-1. For this reason,
t8 is expected to be an intermediate with a very short
lifetime. In t9, we can observe a stabilizing interaction
involving the C5 hydrogen atom and the nitro group with
an O-H distance of 2.64 Å.

t9 may evolve to the singlet potential energy surface
and then to the cyclopropane product. This process
competes with the conformational rearrangement associ-
ated to the rotation around the C1-C2 bond to form t9′.
The structures of t9′ and the conformational transition
state are shown in Figure 4, and their energies and
geometrical parameters have been included in Table 2.
The computed energy barrier associated to this process
is 8.2 kcal mol-1, and the reaction energy is 2.5 kcal
mol-1. The imaginary frequency of the transition state

TABLE 1. Decay Rate Constantsa and Lifetimesb of the
Pyrazoline Transients

pyrazoline kd t

1c 8.3 × 106 0.1
2c 3.8 × 106 0.3
3 2.0 × 106 0.5
7 1.2 × 106 0.8

a In s-1. b In µs. c Reference 16.

TABLE 2. Benzophenone Quenching Rate Constantsa

by Pyrazolines

pyrazoline kq

1b 1.7 × 109

2b 1.2 × 109

3 1.8 × 109

4 3.9 × 105

7 1.2 × 109

a In s-1 mol-1 dm3. b Reference 16.

FIGURE 2. Structure of the ground state (s4) and first triplet
excited state (t4) of pyrazoline 4.
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corresponds to a rotation around C1-C2 bond coupled
with a rotation of the dioxolane group around the C2-
C5 bond. In this way, t9′ is also stabilized through a
interaction between C5-H and the nitro group, the O-H
interatomic distance being 2.42 Å. At the transition state
TS(t9-t9′), the dioxolane and nitro groups are eclipsed.
We have also located a transition state structure in which
the dioxolane and methyl groups are eclipsed, but it is
2.4 kcal mol-1 higher in energy than TS(t9-t9′).

Rotation around C1-C2 is hindered due to steric
repulsion between dioxolane and nitro or methyl groups.

In contrast, rotation around C2-C3 is much easier. We
have located the transition state corresponding to this
process and the computed energy barrier is only 2.0 kcal
mol-1.

The t9′ conformer would also be produced in the
nitrogen elimination from pyrazoline 5, resulting from
the addition of diazomethane to the Z isomer of the olefin.
If conformational rearrangement is faster than cyclo-
propane ring-closure, the latter process would not be
stereospecific.

We have studied the competition between these two
processes for a model system in which the dioxolane
group has been replaced by a methyl. For this system,
we have optimized the geometries of the two conformers
t9 and t9′ and of the conformational transition state at
the CASSCF level of calculation. Moreover, we have
located two minimum energy-crossing points between
triplet and singlet states in the vicinity of each minimum.
The energies of all these structures have also been
calculated at the BPW91 level of calculation. The results
are summarized in Figure 5. We can obseve that t9 is
the most stable conformer and that its rearrangement
to t9′ involves an energy barrier of 5-6 kcal mol-1

depending on the level of calculation. These values are
about 2-3 kcal mol-1 smaller than the value calculated
for the real system (8.2 kcal mol-1). The triplet-singlet
crossing points are very close to the energy minima and

TABLE 3. Relative Energies,a Gibbs Energiesa at 1 atm and 298.15 K, and Selected Geometry Parametersb for the
Stationary Pointsc Corresponding to Nitrogen Elimination from Pyrazoline 4

∆E ∆G C1-N2 C3-N3 C1-C2 C2-C3 N2-N3 φd

s4 -52.0 -49.7 1.54 1.48 1.55 1.55 1.24 -9.0
t4 0.0 0.0 1.48 1.58 1.59 1.57 1.28 -7.2
TS(t4-t8) 5.9 5.3 1.86 1.51 1.55 1.57 1.22 -1.1
t8 -12.0 -15.7 3.61 1.54 1.50 1.54 1.19 89.4
TS(t8-t9) -9.8 -15.3 3.80 1.82 1.50 1.52 1.16 89.9
t9 -23.9 -40.5 1.51 1.50 92.4
TS(t9-t9′) -15.7 -31.7 1.51 1.51 162.5
t9′ -21.4 -38.1 1.50 1.50 -115.3

a In kcal mol-1. b Interatomic distances in Å and dihedral angle in deg. c See Figures 2-4. d C4-C1-C2-C5 dihedral angle.

TABLE 4. Atomic Spin Populations for the Stationary
Pointsa Corresponding to Nitrogen Elimination from
Pyrazoline 4

C1 C3 N2 N3 NO2

t4 0.087 0.073 0.722 0.847 0.155
TS(t4-t8) 0.417 0.128 0.625 0.532 0.262
t8 0.736 0.168 0.677 0.145 0.226
TS(t8-t9) 0.733 0.503 0.463 0.057 0.228
t9 0.748 1.071 0.262
TS(t9-t9′) 0.734 1.073 0.246
t9′ 0.710 1.096 0.226

a See Figures 2-4.

FIGURE 3. Structure of the stationary points corresponding
to nitrogen elimination from pyrazoline 4 in the first triplet
state.

FIGURE 4. Structure of the stationary points corresponding
to conformational rearrangement of t9.

FIGURE 5. Schematic representation of the potential energy
surfaces for the T1/S0 deactivation and conformational re-
arrangement of model trimethylene diradical obtained at the
CASSCF level of calculation. Relative energies obtained at the
CASSCF (BPW91) levels of calculation are in kcal mol-1. φ is
the C4-C1-C2-C5 dihedral angle.
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the energy necessary to reach them is much smaller than
the conformational potential energy barrier. The energies
of the crossing points computed at the BPW91 level of
calculation are very similar to the CASSCF energies.17

At the geometry of the minimum of the triplet t9, the
singlet is 0.7 kcal mol-1 higher in energy at the CASSCF
level of calculation. When the geometry of the singlet is
allowed to relax the system evolves toward the corre-
sponding cyclopropane.

At the crossing point close to t9 the spin-orbit coupling
constant is 0.3 cm-1. For parent trimethylene it has been
shown that spin-orbit coupling constant has the largest
value when both terminal methylene groups are in a face
to face arrangement.18 We have performed a restricted
optimization at the CASSCF level of calculation of a
structure for t9 in which the N1-C1-C2-C3 dihedral
angle is 90° and one of the H-C3-C2-C1 dihedral
angles is -90°. This structure is 2.6 kcal mol-1 above the
minimum of t9, and the computed spin-orbit coupling
constant is 1.1 cm-1. At this geometry, the singlet is 3.1
kcal mol-1 lower in energy than the triplet. The energy
necessary to reach this structure is notably lower than
the conformational potential energy barrier.

These results suggest that intersystem crossing to the
ground-state potential energy surface is faster than the
conformational rearrangement, so that the formation of
cyclopropane is stereospecific.

Concluding Remarks

The intermediacy of trimethylene-type diradicals in the
photodenitrogenation of chiral 1-pyrazolines to cyclo-
propanes has been evidenced. The stereospecificity ob-
served in these processes can be explained on the basis
of theoretical calculations. Thus, starting from the triplet
pyrazoline the cleavage of one of the C-N bonds leads
to the formation of a diazenyl diradical (Figure 6). The
Gibbs activation energy of 5.3 kcal mol-1 computed for
pyrazoline 4 is compatible with a lifetime lower than 0.9
ns. The cleavage of the second C-N bond is expected to

be very fast, so that the diazenyl diradical cannot be
detected with our present equipment. This process leads
to the formation of a trimethylene diradical. Intersystem
crossing to the ground state leads to the formation of the
corresponding cyclopropane. This process is faster than
rotation around a C-C bond, so that the reaction is
stereospecific.

Experimental Section

Materials. Pyrazolines 1-7 were prepared as previously
described.9 (4S,4′S)-4-(2′,2′-dimethyl-1′,3′-dioxolan-4′-yl)-3,3-
bis(methoxycarbonyl)-1,2-pyrazoline, 3, is a new product whose
configuration was determined by X-ray analysis (see the
Supporting Information). Physical constants and spectroscopic
data of 3 follow.

Pyrazoline 3: crystals; mp 95-97 °C (from CH2Cl2/pen-
tane); [R]D -228.3 (c 1.03, CHCl3); 1H NMR (CDCl3) δ 1.24 (s,
3H), 1.33 (s, 3H), 2.87 (m, 1H), 3.63 (dd, J ) 8.1 Hz, J′ ) 6.3
Hz, 1H), 3.76 (s, 3H), 3.87 (s, 3H), 4.03 (complex absorption, 2
H), 4.56 (dd, J ) 18.1 Hz, J′ ) 7.7 Hz, 1H); 13C NMR (CDCl3)
δ 25.02, 40.98, 53.23, 53.90, 68.27, 73.22, 79.22, 100.45, 109.46,
165.00, 166.03.

Cyclopropane 3a. Obtained from photolysis of pyrazoline
3 in the usual way.9 This compound also resulted from LFP of
3: oil; [R]D -15.38 (c 0.26, CH2Cl2); 250-MHz 1H NMR (CDCl3)
δ 1.30 (s, 3 H), 1.41 (s, 3H), 1.51-1.62 (m, 2 H), 1.98 (m, 1 H),
3.69 (s, 3 H), 3.71 (m, 3 H), 3.69-3.81 (m, 2 H), 4.07 (dd, 2J )
8.0 Hz; 3J ) 5.7 Hz, 1 H); 62.5-MHz 13C NMR (CDCl3) δ 18.67,
25.50, 26.60, 29.84, 52.72, 52.86, 69.16, 75.43, 81.24, 109.45,
168.03, 170.11.

LFP Experiments. The nanosecond LFP experiments were
performed by using an LKS60 instrument from Applied
Photophysics. Pulses of ca. 9 ns and energies of 40 mJ were
provided by a Q-switched Nd:YAG laser (Spectron Laser
Systems, UK). All experiments were carried out on nitrogen-
saturated dichloromethane solutions contained in quartz cells.
The transient spectra were obtained by recording the transient
decays at different analyzing wavelengths. Typically, the data
from four laser pulses at 355 nm were averaged prior to
computer processing. In addition, global analysis of the
complete kinetic data set of the decays was carried out by using
GLint, which is a form of global analysis developed by Applied
Photophysiscs Ltd. that uses the Marquardt-Levenberg al-
gorithm and four order Runge-Kutta numerical integration.19

Sensitizing experiments were performed with benzophenone
in dichloromethane solution. Aliquots of each dissolved pyr-
azoline were added by using a microliter syringe.

Details of Calculations. All calculations have been done
using the Gaussian-98 program.20 Molecular geometries have
been fully optimized using the BPW9121,22 density functional
method with the standard 6-31G(d) basis set.23 Harmonic
vibrational frequencies of all the stationary points have been
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Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;
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FIGURE 6. Schematic representation of the potential energy
surface for the nitrogen elimination from a chiral 1-pyrazoline.
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computed to characterize them as energy minima (all frequen-
cies are real) or transition states (one and only one imaginary
frequency). For open-shell systems, a spin-unrestricted formal-
ism has been adopted.

CASSCF24 calculations have been performed for a model
system with an active space of six electrons in five orbitals.
This active space includes the two open-shell orbitals of the
trimethylene moiety and the π orbitals of the nitro group.
Minimum energy singlet-triplet crossing points have been
located using the methodology developed by Robb et al.25 using
state-averaged orbitals with a weighting of 50%/50% to the
triplet and singlet states. The CASSCF spin-orbit coupling

has been computed using a one-electron approximation with
effective charges of 5.6 on O and 3.6 on C.26
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