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The radical cascade cyclizations of N-alkenyl-2-aziridinylmethyl radicals to pyrrolizidines and
indolizidines were examined using density functional theory (DFT) calculations. A large preference
for cyclization to pyrrolizidines was found. These predictions corroborated very well with
experimental results, leading to an efficient synthesis of pyrrolizidines. No radical cascade cyclization
to indolizidines could be performed in practice as only ring opening of N-alkenyl-2-aziridinylmethyl
radicals to N-allyl-N-alkenylamines occurred.

1. Introduction

2-Oxiranylmethyl radicals1-5 and their carbon ana-
logues, i.e., cyclopropylmethyl radicals,1 have received
considerable attention in recent years because of their
pronounced potential to give rise to ring-opening reac-
tions, the resulting radicals being of utility in a variety
of synthetic transformations (Scheme 1; Z ) O, CR1R2).

The cyclopropylcarbinyl-homoallylic rearrangement
has been widely studied, showing that stereoelectronic
factors determine the outcome of the reaction.2,6-8 The
related â-cleavage of oxiranylcarbinyl radicals has also

been widely reported.2,3,7,9,10 The ring opening of aziri-
dinylmethyl radicals, i.e., the nitrogen analogues of
2-oxiranylmethyl radicals and cyclopropylmethyl radi-
cals, did not receive such pronounced attention (Scheme
1; Z ) NR). The â-cleavage of these aziridinylmethyl
radicals has an analogous synthetic potential which has
not been unraveled yet. It is known from both ab initio
theoretical studies and experimental work that 2-aziri-
dinylmethyl radicals have a kinetic preference to ring
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SCHEME 1. Ring Opening of 2-Oxiranylmethyl,
Cyclopropylmethyl, and 2-Aziridinylmethyl
Radicals
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opening by cleavage of the C-N bond while a thermo-
dynamic preference for cleavage of the C-C bond is
observed.3,8 The cyclization of N-butyl-4-pentenylaminyl
radicals is a slow and irreversible process that is acceler-
ated by small amounts of bis(tributyltin) oxide.11 This was
the start of some conflicting reports on such radical
cyclizations. Other reports claimed the reversible cycliza-
tion of the photochemically generated N-butyl-4-pente-
nylaminyl radical,12 while failures of similar radicals
were reported as well.13 These reports initiated studies
of the kinetics of the 5-exo cyclization of the N-alkyl-4-
pentenaminyl radical to the corresponding pyrrolidine
derivative.14 In contrast to the conclusions of Maxwell,11

the latter publication states that all 5-exo cyclizations
proceeded in a facile way and that bis(tributyltin)oxide
had no catalytic effect. The cyclization of the N-methyl-
pent-4-enylaminyl radical was investigated theoretically
at the CBS-RAD (B3LYP, B3LYP) level of theory. This
radical is predicted to undergo irreversible cyclization
through the 5-exo manifold.15,16 In the latter publication,
the irreversible nature of the cyclization of the N-meth-
ylpent-4-enylaminyl radical was confirmed. Computa-
tions of the energies of the N-methyl-4-pentenylaminyl
radical and the cyclized N-methyl-2-pyrrolidinylmethyl
radical with a high level of theory (fourth-order Møller-
Plesset perturbation theory) indicated that the cyclization
is slightly exergonic at 298 K.14

Cascade reactions have become an interesting tool to
construct more complex compounds. Such domino reac-
tions lead to a minimization of waste as compared to
stepwise reactions which consume larger amounts of
reagents, solvents, and energy.17 Radical domino reac-
tions are faced with the problem of the intramolecular
cyclizations of N-alkenylaminyl radicals.17,18 Examples of
such efficient cyclization in the direction of pyrrolizidines
or indolizidines have been reported recently.19-21

To gain insight in the radical cascade of carbon-
centered and nitrogen-centered radicals en route to
pyrrolizidines and related bicyclic compounds, a theoreti-
cal study of the radical ring opening of N-alkenyl-2-
(bromomethyl)aziridines with DFT calculations was un-
dertaken. The purpose of this study was to investigate
the synthetic potential of these domino reactions leading
to important skeletons in natural product chemistry. In

this context, particular attention is paid to the type of
substitution in the alkenyl side chain and the alkenyl
length.

2. Computational Details

Transition state theory is an adequate method for the
evaluation of macroscopic kinetic quantities of chemical
reactions.22-26 It has proven its success in many studies for
the quantitative prediction of kinetic parameters.27 In TST,
the rate coefficient for the reaction A f B is given by

where kB represents the Boltzman constant, T is the temper-
ature, h is the Planck constant, ∆E0 represents the molecular
energy difference at absolute zero between the activated
complex and the reactant (with inclusion of the zero-point
vibrational energies), and q‡ and qA are the molecular partition
functions of the transition state and reactant, respectively. The
molecular properties, such as geometries (moments of inertia),
ground-state energies, and frequencies, required for the evalu-
ation of the partition functions and the reaction barrier ∆E0

are obtained by ab initio molecular calculations.
All ab initio calculations were carried out with the GAUSS-

IAN 98 software package28 within the DFT framework.29 It is
generally accepted that the hybrid functional B3LYP30 in
combination with a sufficiently large basis set is able to
reproduce accurate geometries especially for radical struc-
tures.31-33 The vibrational frequencies of the optimized struc-
tures are also calculated at the same level of theory. The
B3LYP harmonic vibrational frequencies are systematically
larger than the observed experimental frequencies. The over-
estimation, however, is found to be relatively uniform, and as
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a result generic frequency scaling factors are often applied. A
scaling factor of 0.9614 is applied to the frequencies in the
evaluation of the partition functions34 while the zero-point
vibrational energies are scaled with 0.9806.34

According to specific studies on similar radical reactions,27

the B3LYP method gives a reliable and quantitatively good
description of geometries, frequencies, reaction barriers, and
preexponential factors. In the latter study, it concerned a ring-
opening reaction of the 2-aziridinylcarbinyl radical toward
formation of the aminyl radical. However various conflicting
reports appeared on the radical cyclization of N-butyl-4-
pentenylaminyl radical.11,14-16 This motivated us to investigate
whether B3LYP/6-311G** energies are accurate enough for our
applications, i.e., if they are capable of reproducing aminyl
radical kinetics within acceptable accuracy from the experi-
mental values. Our reference experiments were taken from
the recent literature35 which concerned a kinetic scale for
various dialkylaminyl radical reactions as shown in Scheme
1. The kinetic results are summarized in Table 1. The B3LYP
functional largely overestimates the activation barriers of the
studied cyclization reactions. Values of about 40 kJ/mol are
found whereas the experimental measured barriers are in the
order of 20 kJ/mol. For all tested basis sets the activation
barrier remains far too high. According to studies on bond
dissociation energies of N-H bonds it was found that the
B3P86 functional has the potential to provide accurate kinetics
for nitrogen centered radicals.36-38 The B3P86 functional
improves the energetic results drastically, and the energy
barriers approximate the experimental data very well. The
inadequacy of the B3LYP functional for the cyclization of
aminyl radicals is quite surprising since the functional has
proven to work well for other radical reactions involving
carbon-centered radicals.39,40 The previous discussion points
attention to the fact that DFT methods may be very useful
but only in combination with a good functional for the
application of interest. B3LYP is commonly accepted to
produce good results for a lot of applications but the present
study shows that despite the common trust it is always needed
to test the functional for the given application.

The preexponential factors are quite well predicted within
the B3LYP/6-311G** level. This is not too surprising since the
latter quantity merely depends on the frequencies and geom-
etries which are commonly accepted to be well predicted with
the B3LYP functional. The frequency factor is still slightly too

high, but we believe this can be resolved by taking into account
internal rotations properly. A similar procedure was shown
for the cyclization of the butylbenzene radical.41 Since the main
goal of the paper concerns the reproduction of the synthetic
potential of domino reactions, the computationally expensive
exact treatment of internal rotations is not performed in this
work. The overall agreement for the rate constant at 20°
predicted with the B3LYP/6-311G**//B3P86/6-31G(d) method
is surprisingly good: the theoretical value of 4.19 × 105 must
be compared with the experimental value of 3.20 × 105. The
B3LYP/6-311G**//B3P86/6-31G(d) method will be further used
throughout the paper.

3. Results and Discussion

3.1. Cascade Reaction toward the Formation of
Pyrrolizidine Radicals. The formation of pyrrolizidine
radicals starting from aziridinylmethyl radicals can be
interpreted as the result of a cascade of carbon- and
nitrogen-centered radicals, as schematically shown in
Scheme 3 (reaction 1).

The theoretical predictions of the critical energies of
the various steps of the domino reaction (reaction 1) are
schematically given in Figure 1, while the kinetic pa-
rameters are listed in Table 2.

The 2-aziridinylmethyl radical can occur as its trans
and cis isomers (cf. inversion at nitrogen), as depicted in
Figure 2.
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TABLE 1. Kinetic Parameters of Dialkylaminylradicals Depicted in Scheme 2

Ea (exp) A (exp) k293.15K (exp) Ea (theor) A (theor) k293.15K (theor) level of theory

1exp-2exp 22.59 3.40E+09 3.20E+05 B3LYP/6-311G**//B3LYP/6-31G(d)
41.84 4.89E+02 B3LYP/6-311G**//B3LYP/6-31+G(d)
43.15 2.84E+02 B3LYP/6-311G**//B3LYP/6-311+g(d,p)
41.21 1.68E+10 6.34E+02 B3LYP/6-311G**//B3LYP/6-311G**
25.59 4.19E+05 B3LYP/6-311G**//B3P86/6-31G(d)
28.78 1.10E+05 B3LYP/6-311G**//B3P86/6-31+G(d)
29.59 7.87E+04 B3LYP/6-311G**//B3P86/6-311+g(d,p)

3exp-4exp 24.6 4.57E+09 1.90E+05 36.31 9.04E+03 B3LYP/6-311G**//B3LYP/6-31G(d)
41.64 9.95E+02 B3LYP/6-311G**//B3LYP/6-31+G(d)
41.17 3.14E+10 1.21E+03 B3LYP/6-311G**//B3LYP/6-311G**
43.45 4.70E+02 B3LYP/6-311G**//B3LYP/6-311+g(d,p)
26.31 5.80E+05 B3LYP/6-311G**//B3P86/6-31G(d)
29.99 1.24E+05 B3LYP/6-311G**//B3P86/6-31+G(d)
31.17 7.65E+04 B3LYP/6-311G**//B3P86/6-311+g(d,p)

SCHEME 2. Unimolecular Dialkylaminyl Radical
Reactions

Van Speybroeck et al.
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The trans isomer is energetically favored by 6.22 kJ/
mol and is retained for further calculations of the reaction
barriers (cfr. Figure 1). In addition, the trans-aziridinyl-
methylradical shows multiple conformers, which can be
assessed by applying various internal rotations of main
subgroups of the molecule.42,43 It is well-known that the
reaction barriers are slightly altered by explicitly ac-
counting for the internal rotations. Only the frequency
factor can be seriously affected depending on the specific
nature of the molecule under study. Taking into account

the main objective of this paper to study the synthetic
potential of the domino reactions and in view of the
numerical cost of an exact treatment of internal rotations,
only the most stable conformation is retained for further
kinetics. The reaction barrier at 0 K is calculated as 22.51
kJ/mol which is in fair agreement with CBS-RAD results
(15.4 kJ/mol) given by Smith et al. for the ring opening
of the 2-aziridinylcarbinyl radical toward formation of the
aminyl radical.27 The optimized structure of the resulting
N-allylaminyl radical (2) is shown in Figure 2. The

FIGURE 1. Potential of the reaction route leading to pyrrolizidines.

SCHEME 3. Reaction Routes Starting from 2-Aziridinylmethyl Radicals toward Pyrrolizidines and
Indolizidines

Cascade Cyclizations to Pyrrolizidines and Indolizidines
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activated complex is characterized by one imaginary
frequency at 565.58i 1/cm, corresponding to the cleavage
of the C-N bond. This corresponds well with the experi-
mental studies of Toon and Marples on aziridinyl carbinyl
radicals, who showed that only products of C-N bond
cleavage were found experimentally.8

The next step is the cyclization of the aminyl radical
(2), which is trapped in an intramolecular fashion to give
the 2-pyrrolidinylmethyl radical (3). According to several
references, the cyclization of lower alkenyl and its
substituted analogues is a stereoelectronically controlled
process.44,39 Beckwith showed that intramolecular addi-
tion of lower alkenyl radicals and related species occurs
preferentially in the exo mode rather than in the endo

mode. Preferable interactions occur between the radical
center and the double bond if the radical’s singly occupied
orbital (SOMO) and alkene’s π*-molecular orbital are
properly aligned. The specific molecular orbital in the
transition state resulting from the latter interaction is
shown in Figure 3a and is responsible for an extra
stabilization of the transition state which is not present
for the endo cyclization.45

The most stable transition state for 5-exo cyclization
is shown in Figure 2 (TS23,a) and resembles a chair
conformation as was suggested by Beckwith for the
analogous ring-closure reaction of the 5-hexenylradical.46

Spellmeyer and Houk also postulated a boatlike transi-
tion state for the exo cyclization of this radical, which

(42) Van Speybroeck, V.; Van Neck, D.; Waroquier, M.; Wauters,
S.; Saeys, M.; Marin, G. B. J. Phys. Chem. A 2000, 104, 10939-10950.

(43) Van Speybroeck, V.; Van Neck, D.; Waroquier, M. J. Phys.
Chem. A 2002, 106, 8945-8950.

(44) Beckwith, A. L. J. Tetrahedron 1981, 37, 3073-3100.

(45) Tuzun, N. S.; Aviyente, V.; Houk, K. N. J. Org. Chem. 2003,
68, 6369-6374.

(46) (a) Beckwith, A. L. J.; Easton, C. J.; Serelis, A. K. J. Chem.
Soc., Chem. Commun. 1980, 482. (b) Beckwith, A. L. J.; Lawrence, T.;
Serelis, A. K. J. Chem. Soc., Chem. Commun. 1980, 484.

TABLE 2. Kinetic Parameters of Various Domino Reactions Displayed in Scheme 2

reaction 1 1 f 2 2 f 3 3a f 4a 3a f 4b 3b f 4c 3b f 4d

∆E0 22.51 33.67 25.34 34.01 16.88 26.88
Ea 23.70 32.62 23.80 32.65 15.87 25.43
A 8.22 × 1012 6.26 × 1010 5.90 × 1010 8.16 × 1010 3.30 × 1011 3.14 × 1011

reaction 2 5 f 6 6 f 7 7 f 8

∆E0 23.36 66.52 12.79
Ea 23.58 64.67 12.27
A 9.05 × 1012 2.09 × 1010 5.22 × 1011

reaction 3 9 f 10 10 f 11 11 f 12

∆E0 23.73 58.35 13.84
Ea 24.97 60.20 13.33
A 9.41 × 1012 2.20 × 1010 7.04 × 1011

reaction 4 13 f 14 14 f 15 15 f 16

∆E0 24.05 48.49 19.55
Ea 25.21 46.88 19.19
A 9.10 × 1012 1.60 × 1010 7.92 × 1011

FIGURE 2. Structures of various reactants, products, and transition states leading to pyrrolizidines.

Van Speybroeck et al.
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was slightly more activated.47 To check the validity of
the more activated boatlike structures for our systems,
we located them on the potential energy surface. It was
found that all boatlike structures are about 15 kJ/mol
more activated than their corresponding chairlike tran-
sition states and are therefore taken out of considera-
tion.

The lowest energy transition state (TS23,a) is charac-
terized by an axial position of the N-propenyl side chain
and leads to a cis-conformation of the product (3,a) that
lies ∼7 kJ/mol higher in energy than the lowest energy
conformer (3,b) (schematically depicted in the potential
energy diagram of Figure 1). The most stable product
resulting from the cyclization of the aminyl radical (2) is
the trans-conformer in which the propenyl substituent
at the nitrogen and the methylene substituent are on the
opposite side of the ring (3,b in Figure 2). Both product
conformers can transform into each other by an inversion
at the nitrogen center, while the rest of the molecule
relaxes accordingly. The barrier for this inversion was
calculated as 7.0 and 14.3 kJ/mol for 3,a f 3,b and 3,b
f 3,a respectively. These values are less than the barrier
for cyclization itself. The trans-conformer of the product
can be reached directly through a higher energy transi-
tion state (TS23,b in Figure 2) that is 13.9 kJ/mol more
activated. The origin of this energy difference must again
be traced back to stereoelectronic effects in the transition
state. This is illustrated in Figure 3b where the molecular
orbital resulting from the interaction of the SOMO and
the π* molecular orbital of the alkene is visualized for
the higher energy transition state. The orbital overlap
is no longer optimal for this transition state. In the case
of nitrogen-substituted alkenes the products resulting
from cyclization can transform into each other, but for
the carbon analogues, i.e., as in 5-hexenyl, the two
products cannot transform into each other. In these cases
both reaction routes must be taken into consideration.

The activation energy to cyclization via the exo mode
trough the transition state TS23,stereo1 is predicted as
33.67 kJ/mol. The reaction enthalpy at 0 K amounts to
-39.32 kJ/mol. According to these results, the cyclization
of the aminyl radical is an irreversible process (k2f3/k3f2

≈ 2.2 × 105). In the literature, many conflicting reports
are found on a similar although different reaction, i.e.,
the cyclization of the N-methyl-N-4-pentenylaminyl radi-
cal through the exo mode. The previous findings can
mainly be summarized as follows: Newcomb and co-
workers predicted that the cyclization of the latter radical

is a reversible process,12,14 whereas Tsanaktsidis and co-
workers revised this reaction and concluded that the
cyclization is a slow irreversible process (kforward .
kreverse).11,15,16 Both authors supported their claims by
theoretical and experimental findings. From the theoreti-
cal point of view the degree of exothermicity raises some
questions, since it seems to vary largely in terms of the
level of theory used for the molecular orbital calculations.
Newcomb and co-workers did not, however, address the
transition states, and thus, a direct comparison with
experimental data is not possible.

In light of the previous results it is useful to comment
further on our energetic results. The degree of exother-
micity and the activation barriers seem to depend largely
on the functional used. Our B3LYP energetic results can
merely be summarized as follows: (i) the activation
barrier amounts to approximately 50 kJ/mol and (ii) the
reaction is reversible characterized by a reaction enthalpy
of 9.6 kJ/mol. On the basis of the level of theory study
on the cyclization of dialkyl aminyl radicals for which
experimental results are available, it seems that the
B3LYP energetic results are highly inaccurate for the
type of systems studied here. The energetic results on
the B3LYP/6-311G** level are shown in the Supporting
Information for the interested reader. The B3P86 func-
tional improves the results substantially and alters the
main conclusions for the 5-exo cyclization: (i) the reaction
is activated by 34 kJ/mol and (ii) is irreversible with a
reaction enthalpy of about 40 kJ/mol. Earlier results by
Jursic on bond dissociation energies of nitrogen contain-
ing radicals suggest similar findings, although a clear
consensus is not available.36 On the basis of our results,
some indications are available to unravel the conflicting
discussions found in the literature on the cyclization of
the N-methyl-N-4-pentenylaminyl radical, but no con-
clusive statement can be made since it concerns a
different system.

The next step in the radical cascade is the formation
of the bicyclic skeleton, after which the radical cascade
terminates into azabicyclic compounds as schematically
depicted in Scheme 2. Experimentally the cascade reac-
tion of aziridines to pyrrolizidines was found to be a
stereoselective process as it leads to one stereoisomer
with respect to the methyl substituent and the bridge-
head hydrogen. Theoretically, this stereoselectivity of this
process can be validated by calculating the kinetics of
both reaction routes.

From the microscopic point of view various reaction
routes are possible starting from 3,a and 3,b, and for both
starting conformers two possible transition states are(47) Spellmeyer, D. C.; Houk, K. N. J. Org. Chem. 1987, 52, 959.

FIGURE 3. Molecular orbitals in the transition state resulting from the interaction of SOMO and π alkene orbital for TS23,a
(a), TS23,b (b) and six-membered TS67 (c) ring closure, respectively.
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possible leading to a specific stereoisomer for the bicyclic
skeleton. The structures of the final stereoisomers are
shown in Figure 2. At 300 K, 6% of 3 will reside in
conformer 3,a and 94% will appear in conformer 3,b. The
latter results are derived from the energetics of the
various conformers of 3. The individual rate constants
for the reaction routes leading to 4,a, 4,b, 4,c, and 4,d
can be calculated and are tabulated in Table 1. The
structures indicated by 4,a and 4,d correspond to a
stereoisomer in which the methyl substituent and the
bridgehead hydrogen are on the opposite side of the ring,
whereas 4,b and 4,d are characterized by relative posi-
tions of the latter groups on the same side of the ring.
The energetically most favored structure 4,a is charac-
terized by two fused five-membered rings, both of which
have an envelope-like form (cf. Figure 2). The latter
structure is approximately 7 kJ/mol more stable than the
second isomer. The reaction leading to the bicyclic
skeleton is, however, kinetically controlled: taking into
account the Boltzmann distribution for the various
conformers of 3 and the rate constants for the various
reaction routes, we find that at 300 K the reaction route
leading to the second isomer is 23 times faster than the
pathway leading to the first isomer. The reaction route
3 leading to the second isomer has a substantially lower
activation energy and slightly higher frequency factor.
The exact values for the kinetic parameters are given in
Table 1. Experimentally, the cascade reaction of aziri-
dines was also found to be stereoselective leading exclu-
sively to the isomer 2. The theoretical results clearly
show that the process is kinetically controlled since the
energetically preferred isomer 1 is not preferentially
formed.

3.2. Reaction Preference of Cascade Cyclization
toward Pyrrolizidines and Indolizidines. All at-
tempts to synthesize an indolizine experimentally via a
similar radical-induced cascade failed, as only the cor-
responding amounts of the N-allyl-2,2-dimethyl-5-hex-
enylamine (cf. 6 and hydrogen capture) could be isolated
from the reaction of 2-(bromomethyl)-1-(2,2-dimethyl-5-
hexen-1-yl)aziridine with tributyltin hydride in benzene
under reflux in the presence of AIBN. The underlying
reaction mechanism was investigated by studying the
variations in the synthetic potential in terms of the
alkenyl length and the type of substitution in the alkenyl
side chain (Scheme 2, reactions 2-4). The kinetic pa-
rameters for the various reactions are listed in Table 1,
and the synthetic potential of the various reaction routes
is shown in Figure 4.

The kinetics of the ring opening reactions (5 f 6, 9 f
10, 13 f 14) are almost unaltered by varying the length
of the alkenyl chain. It can be expected that all suggested
aminyl radicals (6, 10, 14) will undergo regioselective exo
ring closure.44 The ring closure of the aminyl radical with
a hexenyl radical attached is clearly much more activated
(about 25 kJ/mol) than with an attached pentenyl radical.
Beckwith reported rate constants, reaction enthalpies,
and entropies for ring-closure reactions in the exo mode
of the series from butenyl to octenyl radicals.44 In general,
the reaction barrier reflects the heat of formation of the
ring being formed: it is small for cyclopentyl and cyclo-
hexyl rings but much larger for 3- or 4-membered rings.
When taking a closer look at his experimental results,44

it is clear that the reaction barrier for formation of

cyclohexyl radicals is larger than for cyclopentyl radicals,
in accordance with our theoretical results.

The transition states for steps 2 f 3 (TS2,3) and 6 f
7 (TS6,7) are shown in Figures2 and 5, respectively.

For 5-exo cyclizations of the aminyl radicals the ending
2-propenyl chain is oriented almost trans with respect
to the rest of the molecule, while for all 6-exo cyclizations
the corresponding angle deviates largely from the trans
orientation. These structural changes have a large impact
on the degree of delocalization of the molecular orbital
resulting from the interaction of the SOMO and π*
molecular orbital that was responsible for the stabiliza-
tion of the transition state for five-membered ring forma-
tion. The specific orbital is shown in Figure 3c. The
orbital overlap over the double bond of the propenyl
ending chain is no longer present, and thus, the transi-
tion state for 5-exo cyclization of the aminyl radical is
stabilized over the corresponding 6-exo cyclizations.

The influence of substituents in the alkenyl chain on
the reaction barriers was also investigated. By proper
substitution, the barrier may be lowered by about 18 kJ/
mol (reaction 4) but still remains substantially higher
than for the 5-exo cyclization pathway. In the literature,
many comments are made on the “5exo : 6endo” rate,
but much less is known about the “5exo : 6exo” variation.
From the experimental paper of Newcomb and co-
workers, it can be derived that the 6-exo cyclization is
only 10 kJ/mol more activated than the 5-exo cyclization.
At this point it is not clear whether the “5exo : 6exo”
rate can be substantially altered by placing other sub-
stituents at various positions of the dialkylaminyl radical.
This aspect needs further investigation. The preexpo-

FIGURE 4. Potential of the reaction routes leading to
pyrrolizidines and indolizidines.

FIGURE 5. Structure of the transition state leading to
indolizidines.
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nential factors for steps 2 f 3, 6 f 7, 10 f 11 and 14 f
15 are all in the same order of magnitude. Our theoretical
results confirm the experimental finding that no efficient
route toward indolizidines can be established, since the
intermediate 6-exo cyclization of the aminyl radicals
forms a bottleneck in the radical cascade.

4. Conclusions

In this paper the kinetics and thermodynamics of
radical cascade cyclizations of N-alkenyl-2-aziridinyl-
methyl radicals to pyrrolizidines and indolizidines were
studied by density functional theory calculations. Ex-
perimentally, pyrrolizidines could be synthesized ef-
ficiently while the synthesis toward indolizidines failed.
In this paper the underlying microscopic reasons for this
behavior were investigated, and it was found that the
initial ring opening of the N-alkenyl-2-aziridinylmethyl
radicals is almost unaltered by the length of the alkenyl
chain and the type of substituents in the alkenyl side
chain. The reaction barrier for cyclization of the formed
aminyl radical varies largely in terms of the length of
the alkenyl chain, i.e., the route toward indolizidines is

characterized by a higher barrier of approximately 35 kJ/
mol. Experimentally, the cascade reactions toward pyr-
rolizidines seem to be a stereoselective process as only
one isomer with respect to the methyl substituent and
the bridgehead hydrogen was found. Theoretically, a
large kinetic preference was also found for formation of
this isomer, despite the fact that the second isomer is in
principle more stable.
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