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Substituent effects on the ring-opening reactions of 2-aziridinylmethyl radicals were studied
systematically for the first time utilizing the ONIOM(QCISD(T)/6-311+G(2d,2p):B3LYP/6-311+G-
(3df,2p)) method. It was found that various substituents on the nitrogen atom had a relatively
small effect on the ring opening of the 2-aziridinylmethyl radical. A π-acceptor substituent at the
C1 position reduced the energy barrier for C-C cleavage dramatically, but it increased the energy
barrier for C-N cleavage significantly at the same time. When the C1 substituent is alkyl, the ring
opening should always strongly favor the C-N cleavage pathway, regardless of whether the N
substituent is alkyl, aryl, or COR. When the C1 substituent is CHO (or CO-alkyl, CO-aryl, or CO-
OR but not CO-NR2), the ring opening strongly favors the C-C cleavage pathway, regardless of
whether the N substituent is alkyl, aryl, or COR. When the C1 substituent is aryl (or alkenyl or
alkynyl), the ring opening should favor the C-C cleavage pathway if the N substituent is alkyl or
COR. If both the C1 substituent and the N substituent are aryl, the ring opening should proceed
via both the C-C and C-N cleavage pathways. The solvent effect on the regioselectivity of the
ring opening of the 2-aziridinylmethyl radicals was found to be very small. The substituent effects
on C-C cleavage could be explained successfully by the spin-delocalization mechanism. For the
substituent effects on C-N cleavage, an extraordinary through-bond π-acceptor effect must be taken
into account. Furthermore, studies on bicyclic 2-aziridinylmethyl radicals showed that the ring
strain could also affect the regiochemistry of the ring-opening reactions.

1. Introduction

The ring opening of the 2-aziridinylmethyl radical (1)
can result in the formation of either an allylaza radical
(2) through C-N bond cleavage or a vinylazamethyl
radical (3) via C-C bond homolysis (see Scheme 1).1 This
rearrangement reaction has drawn considerable attention
in organic chemistry during the past several years
because a variety of nitrogen-containing heterocycles
including pyrrolidines and pyrrolizidines can be con-
structed efficiently by combining this ring opening with
other radical reactions (see Scheme 2 for an example).2

Two dramatically different products (i.e., a nitrogen-
centered radical vs a carbon-centered radical) can be
generated in the rearrangement shown in Scheme 1.
Therefore, the regioselectivity of the ring opening is an

important and interesting subject. The early experimen-
tal studies by Murphy et al. showed that substituted
2-aziridinylmethyl radicals (R1 ) R2 ) alkyl) open
exclusively to nitrogen-bearing radicals, with no evidence
of any C-C bond breakage.3 Recent theoretical studies
by Pasto and Radom et al. on unsubstituted 2-aziridi-
nylmethyl (R1 ) R2 ) H) revealed that the energy barrier
for C-C bond cleavage is about 25 kJ/mol higher than
that for C-N cleavage.4

(1) (a) Li, J. J. Tetrahedron 2001, 57, 1-24. (b) Gansauer, A.;
Lauterbach, T.; Narayan, S. Angew. Chem., Int. Ed. 2003, 42, 5556-
5573.
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The above experimental and theoretical results let
many researchers believe that C-N cleavage is always
kinetically favored over C-C cleavage in the ring opening
of 2-aziridinylmethyl radicals.1b,2 Nonetheless, it was once
reported by Schwan et al. that the ring opening of aryl-
substituted (at the R2 position) 2-aziridinylmethyl radi-
cals produced some vinylazamethyl radicals through C-C
bond homolysis.5 Thus, certain substituents on the
2-aziridinylmethyl radicals may change the regioselec-
tivity of their rearrangement reactions. Unfortunately,
this particular finding by Schwan et al. has not received
adequate attention. Few others have ever investigated
the substituent effects on the ring-opening reactions of
2-aziridinylmethyl radicals.

Herein, we report the first systematic study about the
substituent effects on the ring-opening reactions of
2-aziridinylmethyl radicals. Three types of substituents,
(i.e., alkyl, aryl, and acyl groups) are interesting to us
because the precursors of the 2-aziridinylmethyl radicals
with these three types of substituents are well-defined
species in synthetic organic chemistry, and they are
relatively straightforward to synthesize. It is worth
noting that few experimental chemists have examined
the acylated 2-aziridinylmethyl radicals (at either the R1

or R2 position, see Figure 1). However, we envisage that
these synthetically accessible 2-aziridinylmethyl radicals
may have rich and unprecedented chemistry due to the
presence of the acyl groups.

The focus of the present study is the substituent effect
on the regiochemistry of the ring opening of 2-aziridi-
nylmethyl radicals. Moreover, because few have ever
investigated the relative rate of the ring opening of
various 2-aziridinylmethyl radicals, the substituent ef-
fects on the velocity of the ring opening of 2-aziridinyl-
methyl radicals are also investigated here. It is worth

noting that a number of studies of the substituent effects
on the ring opening of cyclopropylcarbinyl radicals and
oxiranylcarbinyl radicals have been performed.6

2. Methods

Ab initio calculations were performed with the Gaussian 03
suite of programs.7 Geometry optimizations were performed
using the B3LYP/6-31G(d) method without any constraint.
Frequency calculations were carried out at the B3LYP/6-31G-
(d) level of theory and were performed on all of the species to
confirm their convergence to appropriate local minima or
saddle points on the energy surface. In all instances, transi-
tion-state structures gave one significant imaginary frequency,
whereas no imaginary frequencies were observed for the
minimum-energy species.

Single-point energies were determined using the ONIOM
method8 because pure QCISD(T) calculations for the substi-
tuted 2-aziridinylmethyl radicals were impractical for our
computational resources. A two-layer ONIOM method was
utilized, that is, ONIOM(QCISD(T)/6-311+G(2d,2p):B3LYP/
6-311+G(3df,2p)). The inner layer treated at the “high” level
(i.e., QCISD(T)/6-311+G(2d,2p) was comprised of four heavy
atoms and their hydrogens, whereas the whole system was
treated at the “low” level (i.e., B3LYP/6-311+G(3df,2p), see
Chart 1). Corrections of the energy to 298 K were made from
the frequency calculations, including zero-point energy cor-
rections.

(2) (a) Stamm, H.; Assithianakis, P.; Buchholz, B.; Weib, R. Tetra-
hedron Lett. 1982, 23, 5021-5024. (b) Werry, J.; Stamm, H.; Lin, P.-
Y.; Falkenstein, R.; Gries, S.; Irngartinger, H. Tetrahedron 1989, 45,
5015-5028. (c) De Kimpe, N.; Jolie, R.; DeSmaele, D. J. Chem. Soc.,
Chem. Commun. 1994, 1221-1222. (d) De Kimpe, N.; DeSmaele, D.;
Bogaert, P. Synlett 1994, 287-288. (e) Molander, G. A.; Stengel, P. J.
Tetrahedron 1997, 53, 8887-8912. (f) DeSmaele, D.; Bogaert, P.; De
Kimpe, N. Tetrahedron Lett. 1998, 39, 9797-9800. (g) Marples, B. A.;
Toon, R. C. Tetrahedron Lett. 1999, 40, 4873-4876. (h) Kitagawa, O.;
Yamada, Y.; Fujiwara, H.; Taguchi, T. Angew. Chem., Int. Ed. 2001,
40, 3865. (i) Prevost, N.; Shipman, M. Org. Lett. 2001, 3, 2383. (j)
Tehrani, K. A.; Nguyen, T.; van Karikomi, M.; Rottiers, M.; DeKimpe,
N. Tetrahedron 2002, 58, 7145. (k) Prevost, N.; Shipman, M. Tetra-
hedron 2002, 58, 7165. (l) D’hooghe, M.; Van Brabandt, W.; De Kimpe,
N. Tetrahedron 2003, 59, 5383.

(3) (a) Dickinson, J. M.; Murphy, J. A. Tetrahedron 1992, 48, 1317-
1326. (b) Dickinson, J. M.; Murphy, J. A. J. Chem. Soc., Chem.
Commun. 1990, 434-436.

(4) (a) Pasto, D. J. J. Org. Chem. 1996, 61, 252-256. (b) Smith, D.
M.; Nicolaides, A.; Golding, B. T.; Radom, L. J. Am. Chem. Soc. 1998,
120, 10223-10233.

(5) Schwan, A. L.; Refvik, M. D. Tetrahedron Lett. 1993, 34, 4901-
4904.

(6) Recent examples: (a) Franz, J. A.; Shaw, W. J.; Lamb, C. N.;
Autrey, T.; Kolwaite, D. S.; Camaioni, D. M.; Alnajar, M. S. J. Org.
Chem. 2004, 69, 1020-1027. (b) Cooksy, A. L.; King, H. F.; Richardson,
W. H. J. Org. Chem. 2003, 68, 9441-9452. (c) Ding, B. W.; Bentrude,
W. G. J. Am. Chem. Soc. 2003, 125, 3248-3259. (d) Tian, F.; Baker, J.
M.; Smart, B. E.; Dolbier, W. R. J. Fluorine Chem. 2002, 114, 107-
111. (e) George, P.; Glusker, J. P.; Bock, C. W. J. Phys. Chem. A 2000,
104, 11347-11354. (f) Halgren, T. A.; Roberts, J. D.; Horner, J. H.;
Martinez, F. N.; Tronche, C.; Newcombe, M. J. Am. Chem. Soc. 2000,
122, 2988-2994. (g) Muck-Lichtenfeld, C. J. Org. Chem. 2000, 65,
1366-1375. (h) Tian, F.; Bartberger, M. D.; Dolbier, W. R. J. Org.
Chem. 1999, 64, 540-546. (i) Martinez, F. N.; Schlegel, H. B.;
Newcomb, M. J. Org. Chem. 1998, 63, 3618.

(7) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.;
Kudin, K. N.; Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.;
Barone, V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson,
G. A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.;
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,
H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo,
C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin,
A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma,
K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.;
Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui,
Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.;
Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Challa-
combe, M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.;
Gonzalez, C.; Pople, J. A. Gaussian 03, revision B.04; Gaussian, Inc.:
Pittsburgh, PA, 2003.

(8) (a) Dapprich, S.; Komiromi, I.; Byun, K. S.; Morokuma, K.;
Frisch, M. J. THEOCHEM 1999, 461-462, 1. (b) Bersuker, I. B.
Comput. Chem. 2001, 6, 69.

SCHEME 2. Synthesis of Octahydroindolizines by
Shipman et al.2i

FIGURE 1. Acylated 2-aziridinylmethyl radicals.
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3. Results and Discussion

3.1. Unsubstituted 2-Aziridinylmethyl Radical.
Ring opening of the unsubstituted 2-aziridinylmethyl
radical was studied previously by Radom et al. using the
CBS-RAD method.4b Although the CBS-RAD method
(or any other composite ab initio method) is probably able
to provide very accurate results, we do not expect that
this highly resource-demanding method is applicable to
the substituted 2-aziridinylmethyl radicals. Therefore, in
the present study, a two-layer ONIOM(QCISD(T)/6-
311+G(2d,2p):B3LYP/6-311+G(3df,2p)) method is uti-
lized to calculate the activation free energies of the ring-
opening reactions.

The calculation results suggest that the unsubstituted
2-aziridinylmethyl radical has two possible geometrical
isomers. The cis isomer is more stable than the trans
isomer by 4.6 kJ/mol at the B3LYP/6-311+G(3df,2p) level.
At the QCISD(T)/6-311+G(2d,2p) level, the activation
free energies for C-C cleavage are 42.4 (cis) and 40.4
(trans) kJ/mol (see Scheme 3). These values are about 2
kJ/mol higher than those predicted by the CBS-QB3
method. The QCISD(T)/6-311+G(2d,2p) activation free
energies for C-N cleavage are 14.2 (cis) and 17.2 (trans)
kJ/mol. (For the transition states of the C-N and C-C
cleavages, please see Figure 2.) These values are within
0.5 kJ/mol of the CBS-QB3 results. On the basis of these
comparisons, it is concluded that the calculation results
by the ONIOM(QCISD(T)/6-311+G(2d,2p):B3LYP/6-
311+G(3df,2p)) method are of good quality (i.e., error ≈
2 kJ/mol).

It is worth mentioning that the conformational change
from the cis-2-aziridinylmethyl radical to the trans-2-
aziridinylmethyl radical has an activation free energy of
79.6 kJ/mol. This activation free energy is much higher
than the activation free energies of both the C-C (42.4
kJ/mol) and C-N (14.2 kJ/mol) cleavage reactions. Thus,
both the C-C and C-N cleavage reactions are much
faster than the conformational change of the 2-aziridi-
nylmethyl radical. There is no need to consider the

conformational change in the time scale of the ring-
opening reaction. The overall ring-opening kinetics of the
2-aziridinylmethyl radical should be dominated by the
more abundant isomer. Therefore, in the following sec-
tions, we will focus on the ring opening of the energeti-
cally favored isomers.

3.2. N-Substituted 2-Aziridinylmethyl Radicals.
The ring opening of various N-substituted 2-aziridinyl-
methyl radicals is studied using the ONIOM(QCISD(T)/
6-311+G(2d,2p):B3LYP/6-311+G(3df,2p)) method. Both
the C-N cleavage and C-C cleavage pathways are
considered. Although the N substituent causes two
possible isomers, we report the activation free energies
for only the energetically favored isomer for every species
(see Table 1).

The results suggest that most of the N-substituted
2-aziridinylmethyl radicals prefer the trans isomer,
except for the H and CHO substituents. Compared to the
unsubstituted case, the CH3 and CH2CH3 substituents
on nitrogen increase the activation free energy of the
C-N cleavage by ca. 3 kJ/mol. However, the CHO,
COCH3, COOCH3, and Ph groups slightly reduce the
activation free energy of C-N cleavage by 0.4-3.2 kJ/
mol. The CONH2 group reduces the activation free energy
of C-N cleavage significantly by 5.2 kJ/mol.

For C-C cleavage, all of the substituents on nitrogen
reduce the activation free energy. The most significant
reduction (-10.6 kJ/mol) is seen for the CHO substituent.
The slightest reduction (-3.0 kJ/mol) is seen for the
CONH2 group. Despite these reductions, all of the activa-
tion free energies of C-C cleavage in Table 1 are
considerably higher than the activation free energies of
C-N cleavage by ca. 20-30 kJ/mol. Therefore, these
N-substituted 2-aziridinylmethyl radicals should open
predominantly to nitrogen-bearing radicals.

3.3. C1-Substituted 2-Aziridinylmethyl Radicals.
The ring opening of various C1-substituted 2-aziridinyl-
methyl radicals is also studied using the ONIOM(QCISD-
(T)/6-311+G(2d,2p):B3LYP/6-311+G(3df,2p)) method. Both
the C-N cleavage and C-C cleavage pathways are
considered. It is worth noting that each C1-substituted
2-aziridinylmethyl radical has two diastereomeric iso-
mers (i.e., trans-C1 and cis-C1), depending on the relative
orientation between the C1 substituent and the CH2‚
center. Thus, both of these geometric isomers are con-
sidered in the present study. For each isomer, there are
two possible isomers that rely on the orientation of the
N-H group. Herein, we report the activation free ener-
gies for only the energetically favored isomer for each
species (see Table 2).

The results show that the cis- and trans-CH3 substit-
uents at the C1 position reduce the C-N cleavage
activation free energy slightly by less than 0.1-1.1 kJ/
mol. The cis- and trans-CH3 substituents at the C1

position also reduce the C-C cleavage activation free
energy by less than 8 kJ/mol. Comparing the C-N and
C-C cleavage activation free energies of the C1-CH3

case, we can predict that the C1-alkylated 2-aziridinyl-
methyl radicals should open predominately to the N-
centered radicals.

Strikingly, the π-acceptor groups, including CHO,
COCH3, and COOH, at the C1 position increase the C-N
cleavage activation free energy dramatically by 7.7-16.9
kJ/mol. Simultaneously, these groups decrease the C-C

CHART 1

SCHEME 3. Activation Free Energies (∆Gq,
kJ/mol) for the Ring-Opening Reactions of cis- and
trans-2-Aziridinylmethyl Radicalsa

a The values from the top to the bottom for each reaction
pathway are obtained from the QCISD(T)/6-311+G(2d,2p) (298 K),
CBS-QB3 (298 K), and CBS-RAD (0 K)4b methods, respectively.
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cleavage activation free energy considerably by 24.8-34.8
kJ/mol. Because of these remarkable effects, the C-N
cleavage activation free energies of these radicals are
much higher than those of C-C by 5.4-22.6 kJ/mol.
Therefore, the C1-CHO, C1-COCH3, and C1-COOH
2-aziridinylmethyl radicals should open predominantly
to the C-centered radicals.

Furthermore, CONH2, CHdCH2, CtCH, and Ph at the
C1 position also increase the C-N cleavage activation free
energy significantly by 4.0-9.4 kJ/mol. Simultaneously,
these groups reduce the C-C cleavage activation free
energy by 15.6-27.8 kJ/mol. Because of these effects, the
activation free energies for the C-N and C-C cleavages
become close to each other. Therefore, we expect to see a
mixture of C- and N-centered radicals as the ring-opening
products for the C1-CONH2, C1-CHdCH2, C1-CtCH,
and C1-Ph 2-aziridinylmethyl radicals. This prediction
is in agreement with Schwan’s experimental findings
because his group showed that the ring opening of C1-
arylated 2-aziridinylmethyl radicals produced both ami-
nyl radicals by way of C-N bond cleavage and R-aminyl
carbon radicals via C-C bond homolysis.5

Interestingly, the π-donor groups, including F, NH2,
and OCH3, at the C1 position slightly decrease the C-N
cleavage activation free energy by 1.5-10.1 kJ/mol.
Meanwhile, these groups slightly decrease the C-C
cleavage activation free energy. The overall effect is that
the C-N cleavage activation free energy is much lower
than the C-C cleavage activation free energy. Thus, the

C1-F, C1-NH2, and C1-OCH3 2-aziridinylmethyl radi-
cals should open predominantly to the N-centered radi-
cals.

3.4. N- and C1-Disubstituted 2-Aziridinylmethyl
Radicals. Herein, the ring opening of the 2-aziridinyl-
methyl radicals with both N and C1 substituents is
studied. For the C1 substituent, both the trans and cis
isomers are considered. For the N substituent, only the
energetically favored isomer is employed in the study (see
Table 3).

The results in Table 3 show that when the C1 sub-
stituent is alkyl, the ring opening should always strongly
favor the C-N cleavage pathway, regardless of whether
the N substituent is alkyl, aryl, or COR (see Figure 3).
However, when the C1 substituent is CHO (or CO-alkyl,
CO-aryl, or CO-OR but not CO-NR2), the ring opening

FIGURE 2. Transition states (B3LYP/6-31G(d)) for the C-N (a) and C-C (b) cleavages of the 2-aziridinylmethyl radical (unit
for bond length, Å; unit for bond angle, deg).

TABLE 1. Activation Free Energies (∆Gq, kJ mol-1) at
298 K for the Ring Opening of the N-Substituted
2-Aziridinylmethyl Radicalsa

R1 favored isomerb C-N cleavage C-C cleavage

H cis-R1 14.2 42.4
CH3 trans-R1 17.3 34.1
CH2CH3 trans-R1 16.9 34.8
CHO cis-R1 13.7 31.8
COCH3 trans-R1 12.8 32.3
CONH2 trans-R1 9.0 39.4
COOCH3 trans-R1 13.8 34.8
Ph trans-R1 11.0 34.6

a ∆Gq’s are calculated using the ONIOM(QCISD(T)/6-
311+G(2d,2p):B3LYP/6-311+G(3df,2p)) method. b cis-R1 or trans-
R1 depicts the orientation of the R1 group on N relative to the
-CH2

• group. The most stable isomer is used in the calculation.

TABLE 2. Activation Free Energies (∆Gq, kJ mol-1) at
298 K for the Ring Opening of the C1-Substituted
2-Aziridinylmethyl Radicalsa

R2

favored
conformationb

C-N
cleavage

C-C
cleavage

H cis-H 14.2 42.4
cis-CH3 cis-H 13.1 34.2
trans-CH3 cis-H 14.1 39.1
cis-CHO cis-H 24.3 7.6
trans-CHO trans-H 31.1 8.5
cis-COCH3 cis-H 23.1 9.5
trans-COCH3 trans-H 29.7 11.7
cis-COOH cis-H 21.9 16.5
trans-COOH trans-H 27.6 17.6
cis-CONH2 cis-H 20.3 20.6
trans-CONH2 cis-H 18.2 26.8
cis-CHdCH2 cis-H 18.8 16.5
trans-CHdCH2 cis-H 20.0 14.6
cis-CtCH cis-H 18.9 17.7
trans-CtCH trans-H 23.6 14.9
cis-Ph trans-H 20.5 15.3
trans-Ph cis-H 19.4 16.4
cis-F cis-H 4.1 42.4
trans-F cis-H 9.0 42.3
cis-NH2 cis-H 11.1 33.7
trans-NH2 cis-H 12.7 24.4
cis-OCH3 cis-H 8.0 28.9
trans-OCH3 cis-H 11.8 33.6

a ∆Gq values are calculated using the ONIOM(QCISD(T)/6-
311+G(2d,2p):B3LYP/6-311+G(3df,2p)) method. b cis-H or trans-H
depicts the orientation of the H group on N relative to the -CH2‚
group. The most stable isomer is used in the calculation.

Wang et al.

3636 J. Org. Chem., Vol. 70, No. 9, 2005



should strongly favor the C-C cleavage pathway, regard-
less of whether the N substituent is alkyl, aryl, or COR.
Finally, when the C1 substituent is aryl (or alkenyl or
alkynyl), the ring opening should favor the C-C cleavage
pathway if the N substituent is alkyl or COR. If both the
C1 substituent and the N substituent are aryl, the ring
opening should proceed via both the C-C and C-N
cleavage pathways. These results are summarized in
Figure 3.

3.5. Solvent Effects. Experimentally, the ring opening
of the 2-aziridinylmethyl radicals is performed in organic
solutions. Thus, it is important to know the effects of
solvents on the kinetics of the ring-opening reaction.
Herein, we utilize the polarized continuum model (PCM)

with the cavity definition given by the UAHF of Tomasi
and co-workers9 to examine the solvent effects on the ring
opening of a few 2-aziridinylmethyl radicals. For solvents,
we select cyclohexane (C6H12, dielectric constant ε ) 2.02),
tetrahydrofuran (THF, ε ) 7.58), acetonitrile (MeCN, ε

) 36.64), and dimethyl sulfoxide (DMSO, ε ) 46.7) (see
Table 4).

The results in Table 4 suggest that the solvent effects
on the ring-opening reactions of 2-aziridinylmethyl radi-
cals are very small. From vacuum to DMSO, the activa-
tion free energy varies maximally by 0.8 kJ/mol. There-
fore, it is valid to use the gas-phase data to evaluate the
reactivities of 2-aziridinylmethyl radicals in organic
solutions.10

3.6. Mechanistic Considerations. At this point, we
wish to gain some understanding about the mechanism
of the ring opening of substituted 2-aziridinylmethyl
radicals. First, the above results show that all of the N
and C1 substituents (i.e., alkyl, COR, aryl, alkenyl,
alkynyl, F, NH2, and OCH3) decrease the C-C cleavage
activation free energy. This observation is not surprising
because these substituents are known to stabilize the
carbon-centered radicals11 through the spin-delocalization
mechanism.12

To demonstrate the spin-delocalization effect on the
C-C cleavage activation free energy, we calculate the

(9) (a) Tomasi, J.; Persico, M. Chem. Rev. 1994, 94, 2027. (b) Barone,
V.; Cossi, M.; Tomasi, J. J. Chem. Phys. 1997, 107, 3210.

(10) Small solvent effects on radical ring opening have also been
observed for other radicals. See: Fu, Y.; Li, R.-Q.; Liu, L.; Guo, Q.-X.
Res. Chem. Intermed. 2004, 30, 279.

(11) Henry, D. J.; Parkinson, C. J.; Mayer, P. M.; Radom, L. J. Phys.
Chem. A 2001, 105, 6750.

(12) (a) Jiang, X.-K. Acc. Chem. Res. 1997, 30, 283. (b) Liu, L.; Cheng,
Y.-H.; Fu, Y.; Chen, R.; Guo, Q.-X. J. Chem. Inf. Comput. Sci. 2002,
42, 1164.

TABLE 3. Activation Free Energies (∆Gq) (C-N vs C-C,
kJ mol-1) at 298 K for the Ring Opening of the N- and
C1-Disubstituted 2-Aziridinylmethyl Radicalsa

R1/R2 H CH3 CHO Ph

H 14.2 vs 42.4b 17.3 vs 34.1 13.7 vs 31.8 11.0 vs 34.6
(cis-R1) (trans-R1) (cis-R1) (trans-R1)

cis-CH3
13.1 vs 34.2 17.8 vs 27.7 15.1 vs 25.0 12.3vs 28.8
(cis-R1) (trans-R1) (trans-R1) (trans-R1)

trans-CH3
14.2 vs 39.1 9.0 vs 31.6 14.7 vs 28.0 6.0 vs 34.8
(cis-R1) (cis-R1) (cis-R1) (cis-R1)

cis-CHO 24.3 vs 7.6 28.7 vs 10.3 21.4 vs 9.6 19.7 vs 10.3
(cis-R1) (trans-R1) (trans-R1) (trans-R1)

trans-CHO 31.1 vs 8.5 19.0 vs 9.2 21.0 vs 8.9 13.6 vs 11.7
(trans-R1) (cis-R1) (cis-R1) (cis-R1)

cis-Ph 20.5 vs 15.3 21.9 vs 10.7 16.8 vs 9.8 15.9 vs 11.4
(trans-R1) (trans-R1) (trans-R1) (trans-R1)

trans-Ph 19.4 vs 16.4 15.3 vs 10.4 18.4 vs 8.9 10.5 vs 13.0
(cis-R1) (cis-R1) (cis-R1) (cis-R1)

a ∆Gq values are calculated using the ONIOM(QCISD(T)/6-
311+G(2d,2p):B3LYP/6-311+G(3df,2p)) method. b cis-R1 or trans-
R1 depicts the orientation of the R1 group on N relative to the
-CH2

• group. The most stable isomer is used in the calculation.

FIGURE 3. Predicted reaction pathways for the ring opening
of various substituted 2-aziridinylmethyl radicals.

TABLE 4. Activation Free Energies (∆Gq, kJ mol-1) at
298 K for the Ring Opening of Some 2-Aziridinylmethyl
Radicals in Vacuum and in Organic Solutionsa

R1 R2

favored
conformationb solvent

C-N
cleavage

C-C
cleavage

CH3 cis-CH3 trans-R1 vacuum 17.8 27.7
C6H12 17.5 27.9
THF 17.1 28.0
MeCN 17.0 28.1
DMSO 17.0 28.0

CHO cis-CHO trans-R1 vacuum 21.4 9.6
C6H12 21.5 9.3
THF 21.9 9.0
MeCN 22.0 8.8
DMSO 22.0 8.8

Ph trans-Ph cis-R1 vacuum 15.9 11.4
C6H12 15.9 11.5
THF 15.7 11.6
MeCN 15.7 11.7
DMSO 15.7 11.7

a ∆Gq values are calculated using the ONIOM(QCISD(T)/6-
311+G(2d,2p):B3LYP/6-311+G(3df,2p))/PCM(UAHF) method. b cis-
R1 or trans-R1 depicts the orientation of the R1 group on N relative
to the -CH2

• group. The most stable isomer is used in the
calculation.
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spin carried by the C1 carbon atom in the starting
materials13 and in the transition states for the C-C
cleavage reactions. From these data, we can calculate the
change of spin (∆spin) on C1 from the starting material
to the transition state (i.e., ∆spin ) spin(transition state)
- spin(starting material), see the Supporting Information
for details). Then the ∆spin values are plotted against
the C-C cleavage activation free energies for all of the
radicals shown in Tables 1-3 (41 species in total, see
Figure 4).

It is clear from Figure 4 that the ∆spin (C1) values
correlate nicely with the C-C cleavage activation free
energies for all of the 2-aziridinylmethyl radicals. The
correlation coefficient is as high as 0.972. The slope of
the correlation is positive, which indicates that less spin
on C1 should result in a lower activation free energy for
C-C cleavage. Therefore, the substituent effect on the
activation free energy of C-C cleavage is determined
mainly by the ability of the substituent to delocalize the
spin carried by the C1 atom.

Having explained the substituent effects on C-C
cleavage, we examine the substituent effects on C-N
cleavage next. In the C-N cleavage pathway, the transi-
tion state leads to the formation of a nitrogen-centered
radical. We wonder whether the spin-delocalization effect
also plays an important role here. Therefore, we calculate
the change of spin (∆spin) on N from the starting
material to the transition state. These ∆spin (N) values
are plotted against the C-N cleavage activation free
energies for all of the radicals shown in Tables 1-3 (see
Figure 5). Unfortunately, it is found that the ∆spin (N)
values have only a loose correlation with the C-N
cleavage activation free energies.

3.7. Extraordinary C1 Effects of the π-Acceptor
Groups. The above analysis indicates that the spin-
delocalization effect cannot fully account for the C-N
cleavage activation free energies. Further analysis re-
veals some intriguing effects of the substituents at the

C1 position. As shown in Table 2, the CH3, F, NH2, and
OCH3 substituents at the C1 position reduce the C-N
cleavage activation free energy by 0.1-10.1 kJ/mol.
However, the π-acceptor groups, including CHO, COCH3,
and COOH, at the C1 position dramatically increase the
C-N cleavage activation free energy by 7.5-15.5 kJ/mol.
In addition, groups with both π-acceptor and π-donor
characters (i.e., CHdCH2, CtCH, and Ph) at the C1

position also significantly increase the C-N cleavage
activation free energy by 4.6-9.4 kJ/mol.

It is worth noting that the C1 substituent is separated
from the C2-N bond by one sp3 carbon (i.e., C1). Thus,
the C1 substituent cannot increase or decrease the spin
carried by the nitrogen atom in the transition state via
the spin-delocalization mechanism. There must be some
other unusual reason that is responsible for the dramatic
increase in the C-N cleavage activation free energy in

(13) Because of the orbital overlap, the C1 carbon atom carries some
spin in the 2-aziridinylmethyl radicals in spite of the fact that the C1
carbon is not the radical center. For more discussions about this, please
see section 3.7.

FIGURE 4. Correlation between the ∆spin (C1) values and
the C-C cleavage activation free energies for all of the radicals
shown in Tables 1-3.

FIGURE 5. Correlation between the ∆spin (N) values and
the C-N cleavage activation free energies for all of the radicals
shown in Tables 1-3.

TABLE 5. Activation Free Energies (∆Gq, kJ mol-1) at
298 K for the Ring Openings of the C1-substituted
Cyclopropylcarbinyl, Aziridinylmethyl, and
Oxiranylcarbinyl Radicalsa

X R C-X cleavage C-C cleavage

CH2 H 37.4 37.4
cis-CHO 50.6 7.1
trans-CHO 52.2 7.7
cis-Ph 41.3 14.2
trans-Ph 40.7 11.7

NH H 14.2 42.4
cis-CHO 24.3 7.6
trans-CHO 31.1 8.5
cis-Ph 20.5 15.3
trans-Ph 19.2 16.4

O H 17.3 51.7
cis-CHO 23.3 22.3
trans-CHO 23.5 23.6
cis-Ph 18.3 24.4
trans-Ph 21.3 24.3

a ∆Gq values are calculated using the ONIOM(QCISD(T)/6-
311+G(2d,2p):B3LYP/6-311+G(3df,2p)) method.
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the presence of the π-acceptor C1 substituents (including
the groups with both π-acceptor and π-donor characters).
To find out this unusual reason, we performed some
natural bond orbital (NBO) analyses14 for the C1-CHO
and C1-CHdCH2 2-aziridinylmethyl radicals.

The NBO analyses reveal significant hyperconjugative
interactions of the antibonding π*(CHdO) or π*(CHd
CH2) orbital with the σ(C1-C2) and σ(C1-N) orbitals, and
these hyperconjugative interactions lower the energies
of the σ(C1-C2) and σ(C1-N) orbitals (for details, please
read the Supporting Information). At the same time, both
the σ(C1-C2) and σ(C1-N) orbitals have hyperconjugative
interactions with the σ*(C2-N) antibond, which weakens
the C2-N bonding strength. Because lowering the ener-
gies of the σ(C1-C2) and σ(C1-N) orbitals will bring about
weaker σ(C1-C2)-σ*(C2-N) and σ(C1-N)-σ*(C2-N) hy-
perconjugative interactions, the presence of an antibond-
ing π*(CHdO) or π*(CHdCH2) orbital may increase the
C2-N bonding strength via a through-bond relay mech-
anism. Thus, all of the C1 substituents that have a π*
orbital may increase the energy barrier for C2-N cleav-
age.

It is worth noting that the above mechanism is
validated by the NBO analysis. However, the NBO
analysis provides only relatively low hyperconjugative
interaction energies. Thus, the proposed mechanism may
not be adequate for explaining the extraordinary C1

substituent effect on C-N cleavage. Nevertheless, at this
point, we should point out that the extraordinary C1

substituent effect is not limited to the 2-aziridinylmethyl
radicals. In Table 5, the activation free energies for the
ring opening of the C1-substituted cyclopropylcarbinyl,
aziridinylmethyl, and oxiranylcarbinyl radicals are shown.
It is clear that the C1-CHO and C1-Ph substituents
reduce the C-C cleavage activation free energies dra-
matically, but at the same time they significantly in-
crease the C-X cleavage activation free energies. There-
fore, the special π-acceptor effect is also applicable to the
C1-substituted cyclopropylcarbinyl and oxiranylcarbinyl
radicals.

3.8. Bicyclic 2-Aziridinylmethyl Radicals. In the
above sections, we have studied the ring opening of
monocyclic 2-aziridinylmethyl radicals. Herein, we extend
our research to the ring opening of bicyclic 2-aziridinyl-
methyl radicals. We envisage that the bicyclic 2-aziridi-
nylmethyl radicals will be very interesting precursors for
synthetic organic chemists. The ring opening of bicylic
2-aziridinylmethyl radicals, when combined with further
radical reactions, may be employed to construct sophis-

(14) Glendening, E. D.; Badenhoop, J. K.; Reed, A. E.; Carpenter,
J. E.; Weinhold, F. NBO, Version 3.1; Theoretical Chemistry Institute,
University of Wisconsin, Madison.

TABLE 6. Activation Free Energies (∆Gq) at 298 K for
the Ring Opening of the Bicyclic 2-Aziridinylmethyl
Radicalsa

a ∆Gq values are calculated using the ONIOM(QCISD(T)/6-
311+G(2d,2p):B3LYP/6-311+G(3df,2p)) method.

TABLE 7. Activation Free Energies (∆Gq) at 298 K for
the Ring Opening of the Bicyclic 2-Aziridinylmethyl
Radicalsa

a ∆Gq values are calculated using the ONIOM(QCISD(T)/6-
311+G(2d,2p):B3LYP/6-311+G(3df,2p)) method.

TABLE 8. Activation Free Energies (∆Gq) at 298 K for
the Ring Opening of the Bicyclic 2-Aziridinylmethyl
Radicalsa

a ∆Gq values are calculated using the ONIOM(QCISD(T)/6-
311+G(2d,2p):B3LYP/6-311+G(3df,2p)) method.
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ticated nitrogen-containing heterocycles in a highly intel-
ligent and efficient way.

In the first class of bicyclic 2-aziridinylmethyl radicals,
the aziridine nitrogen and the C1 carbon are at the
bridge-head position (see Table 6). Thus, the ring opening
of the aziridine ring does not change the size of the other
ring system. The calculation results suggest that C-N
cleavage is strongly favored over C-C cleavage.

In the second class of bicyclic 2-aziridinylmethyl radi-
cals, the aziridine nitrogen and the C2 carbon are at the
bridge-head position (see Table 7). C-N cleavage will
increase the size of the other ring, but C-C cleavage will
not do so. It is found that under this condition C-N
cleavage is favored much more over C-C cleavage.

Finally, in the third class of bicyclic 2-aziridinylmethyl
radicals, the C1 and C2 carbons are at the bridge-head
position (see Table 8). C-C cleavage will increase the size
of the other ring, but C-N cleavage will not do so. It is
found that C-N cleavage is still favored over C-C
cleavage when the other ring is four-membered. Strik-
ingly, when the other ring is five- or six-membered, C-C
cleavage is strongly favored over C-N cleavage.

The above results demonstrate that the ring strains
may also affect the regiochemistry of the ring opening of
bicyclic or multicyclic 2-aziridinylmethyl radicals signifi-
cantly. By tuning the size of the rings and the position
of the C and N atoms, one can deliberately select the
C-N or C-C cleavage pathway. It is worth noting that
we have not considered the substituent effects in the
bicyclic 2-aziridinylmethyl radicals. By taking both the
ring size and the substituent effects into consideration,
one will have great opportunities to accomplish highly
creative and elegant syntheses of sophisticated hetero-
cycles on the basis of the 2-aziridinylmethyl radical
chemistry.

4. Conclusions

In the present study, we investigate the substituent
effects on the ring-opening reactions of 2-aziridinylmethyl
radicals systematically for the first time. The following
major findings were obtained.

1. The ONIOM(QCISD(T)/6-311+G(2d,2p):B3LYP/6-
311+G(3df,2p)) method is found to be a good compromise
between accuracy and efficiency for the study of substi-
tuted 2-aziridinylmethyl radicals.

2. Various substituents on the nitrogen atom have little
effect on the ring opening of the 2-aziridinylmethyl
radical. A π-acceptor substituent at the C1 position
decreases the energy barrier dramatically for C-C cleav-
age, but it increases the energy barrier significantly for
C-N cleavage.

3. When the C1 substituent is alkyl, the ring opening
always strongly favors the C-N cleavage pathway,
regardless of whether the N substituent is alkyl, aryl, or
COR. When the C1 substituent is CHO (or CO-alkyl, CO-
aryl, or CO-OR but not CO-NR2), the ring opening
strongly favors the C-C cleavage pathway, regardless
of whether the N substituent is alkyl, aryl, or COR. When
the C1 substituent is aryl (or alkenyl or alkynyl), the ring
opening favors the C-C cleavage pathway if the N
substituent is alkyl or COR. If both the C1 substituent
and the N substituent are aryl, the ring opening proceeds
via both the C-C and C-N cleavage pathways.

4. The solvent effect on the regioselectivity of the ring
opening of the 2-aziridinylmethyl radicals is very small.

5. The substituent effects on C-C cleavage can be
explained successfully by the spin-delocalization mech-
anism. For the substituent effects on C-N cleavage, an
extraordinary through-bond π-acceptor effect must be
taken into account.

6. Studies on bicyclic 2-aziridinylmethyl radicals show
that the ring strain can also affect the regiochemistry of
the ring-opening reactions.
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