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Intramolecular cyclization of an amidyl radical onto an olefin provides an appealing method for the
synthesis of lactams and other nitrogen-containing heterocycles. Here we conducted the first, systematic
theoretical study on the regioselectivity in the cyclization of various types of pent-4-enamidyl radicals
that carried synthetically relevant substituents. It was found that the cyclization of most of the substituted
pent-4-enamidyl radicals produced the 5-exo products (γ-lactams) almost exclusively. Marcus theory
analysis showed the involvement of both the thermodynamic (stabilization of the starting double bond or
the resulting radical center) and intrinsic (mainly steric effects) contributions in determining the 5-exo
selectivity. Nonetheless, in two types of systems we found that theδ-lactams became the favored products
through the 6-endocyclization. In one of the systems an aromatic substituent was placed at the C4-
position, whereas in the other system an electron-rich aromatic ring was incorporated into the pent-4-
enamidyl radical backbone at the C2- and C3-positions. This unprecedented 6-endomode of amidyl
radical cyclization provided an interesting route for the preparation of mono- and bicyclicδ-lactams
(pyridinones).

1. Introduction

Recently the radical-based cyclization methods have become
important components of the organic synthesis repertoire.1 The
utility of this methodology is mainly due to the fast rates of
radical reactions in general, the ease of five- and six-membered-
ring production, and the stability of unprotected polar functional
groups to the radical reaction conditions. Up to now most of
the radical cyclization reactions involve carbon-centered radicals,
whereas heteroatom-centered radicals have received consider-

ably less attention.2 This is, in part, because the precursors for
the heteroatom-centered radicals are either relatively unstable
or difficult to prepare. Furthermore, the factors that determine
the kinetics and regioselectivity in the cyclization of heteroatom-
centered radicals have not been well established.

A case for example is the intramolecular cyclization of an
amidyl radical onto an olefin. This cyclization reaction was
proposed many years ago to have high potential for the synthesis
of lactams and other nitrogen-containing heterocycles.3 Besides,
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because amidyl radicals are electrophilic in character, they can
provide an Umpolung reactivity that complements the nucleo-
philic character of nitrogen in polar reactions. Despite these
attractive features, synthetic applications of the amidyl radical
cyclization have remained very rare in organic chemistry. The
major reason for this is that the available precursors for amidyl
radicals have been limited, for many years, to some notoriously
reactive species such asN-halo- andN-nitrosoamides, whose
preparation precludes many functional groups in the substrate.

To solve the above problem a number of groups have
attempted to develop new methods to generate the amidyl
radicals under milder conditions. For example, Newcomb et al.
utilized N-hydroxypyridine-2-thione imidate esters andN-acyl
PTOC carbamates to produce amidyl radicals.4 Weinreb et al.
found that â-tosylethylhydroxylamine could be used as a
hydroxylamine equivalent in amidyl radical-olefin cyclizations.5

Zard et al. discovered thatN-allylsulfonimides andN-(O-
ethylthiocarbonylsulfanyl)amides could also serve as effective
amidyl radical precursors.6 More recently, Li and co-workers
reported a highly important and interesting finding thatN-
acyltriazenes could be used as a tin-free and initiator-free source
for amidyl radicals.7 With these improved methods in hand,
Clark et al.8 and Li et al.9 recently developed convenient routes
to the synthesis of cyclic iminoketones or lactams via amidyl
radical cyclization (Scheme 1). Zard et al. accomplished an
elegant total synthesis of (()-Aspidospermidine through a
cascade radical cyclization starting from an amidyl radical.10

Furthermore, in 2006 Newcomb et al. successfully produced

N-aryl-5,5-diphenyl-4-pentenamidyl radicals by 266 nm laser-
flash photolysis of the correspondingN-(phenylthio) deriva-
tives.11

The capability of producing amidyl radicals under mild
conditions evidently will boost their importance in the field of
organic synthesis. It is expected that an increasing amount of
research will be directed, in the future, to the exploration of
plausible cyclization reactions of diverse amidyl radicals under
various chemical environments. An important subject encoun-
tered in these studies will be the regioselectivity problem, which
is obviously crucial to the success of implementing the amidyl
radical cyclization reactions in any target-oriented organic
syntheses.12 Unfortunately the previous experiments have not
provided adequate information concerning the regioselectivity
in the cyclization of amidyl radicals. In this regard we have
carried out the first systematic theoretical study about the 5-exo
versus 6-endoselectivity in the cyclization of pent-4-enamidyl
radicals carrying various substituents (Scheme 2). Through the
study we hope to gain a rational understanding about the
regioselectivity in amidyl radical cyclizations. Additionally, we
hope to provide systematic regioselectivity data that may help
synthetic chemists design the experiments in a rational fashion.

2. Unsubstituted Pent-4-enamidyl Radical

Before discussing more complex systems, we first examine
the cyclization of an unsubstituted pent-4-enamidyl radical. Four
different transition state structures are successfully found for
the cyclization of this compound by using the standard
UB3LYP/6-31+G(d,p) method (Figure 1). Two of them cor-
respond to the 5-exocyclization mode, which are different from
each other for exhibiting either a boat-like envelope conforma-
tion or a chair-like envelope conformation. Meanwhile, there
are two transition state structures that can lead to the 6-endo
cyclization product. These two transition state structures differ
from each other because one of them exhibits the chair
conformation, whereas the other shows the boat conformation.

The energies for all the transition state structures are
calculated by using both the UCCSD(T)/6-311+G(d,p) and
UB3LYP/6-31+G(d,p) methods (Figure 2). It is found that the
energy level for the 5-exo-chair transition state is+6.9 (+5.3)
kcal/mol relative to the starting material, whereas the energy
level for the 5-exo-boat transition is+6.7 (+5.6) kcal/mol
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Newcomb, M.J. Am. Chem. Soc.1998, 120, 7738.

(5) (a) Lin, X.; Stien, D.; Weinreb, S. M.Tetrahedron Lett.2000, 41,
2333. (b) Li, X.; Artman, G. D.; Stien, D.; Weinreb, S. M.Tetrahedron
2001, 57, 8779. (c) Artman, G. D., III; Waldman, J. H.; Weinreb, S. M.
Synthesis2002, 2057.

(6) (a) Callier, A.-C.; Quiclet-Sire, B.; Zard, S. Z.Tetrahedron Lett.1994,
35, 6109. (b) Boivin, J.; Callier-Dublanchet, A.-C.; Quiclet-Sire, B.; Schiano,
A.-M.; Zard, S. Z.Tetrahedron1995, 51, 6517. (c) Callier-Dubalanchet,
A.-C.; Quiclet-Sire, B.; Zard, S. Z.Tetrahedron Lett.1995, 36, 8791. (d)
Gagosz, F.; Moutrille, C.; Zard, S. Z.Org. Lett.2002, 4, 2707. (e) Moutrille,
C.; Zard, S. Z.Chem. Commun.2005, 1848.

(7) Lu, H.; Li, C. Tetrahedron Lett.2005, 46, 5983.
(8) (a) Clark, A. J.; Peacock, J. L.Tetrahedron Lett.1998, 39, 1265. (b)

Clark, A. J.; Peacock, J. L.Tetrahedron Lett.1998, 39, 6029. (c) Clark, A.
J.; Filik, R. P.; Peacock, J. L.; Thomas, G. H.Synlett1999, 441. (d) Clark,
A. J.; Deeth, R. J.; Samuel, C. J.; Wongtap, H.Synlett1999, 444.

(9) (a) Tang, Y.; Li, C.Org. Lett. 2004, 6, 3229. (b) Chen, Q.; Shen,
M.; Tang, Y.; Li, C.Org. Lett.2005, 7, 1625. (c) Liu, L.; Chen, Q.; Wu,
Y. D.; Li, C. Z. J. Org. Chem.2005, 70, 1539. (d) Hu, T.; Shen, M.; Chen,
Q.; Li, C. Org. Lett. 2006, 8, 2647. (e) Lu, H. J.; Chen, Q.; Li, C. Z.J.
Org. Chem.2007, 72, 2564.

(10) Sharp, L. A.; Zard, S. Z.Org. Lett.2006, 8, 831.

(11) Martinez, E.; Newcomb, M.J. Org. Chem.2006, 71, 557.
(12) (a) Guan, X. G.; Phillips, D. L.; Yang, D.J. Org. Chem.2006, 71,

1984. (b) Matsubara, H.; Falzon, C. T.; Ryu, I.; Schiesser, C. H.Org.
Biomol. Chem.2006, 4, 1920. (c) d’Antuono, P.; Fritsch, A.; Ducasse, L.;
Castet, F.; James, P.; Landais, Y.J. Phys. Chem. A2006, 110, 3714. (d)
Tamine, J.New J. Chem.2005, 29, 962. (e) Hartung, J.; Kneuer, R.;
Rummey, C.; Bringmann, G.J. Am. Chem. Soc.2004, 126, 12121. (f) Leach,
A. G.; Wang, R. X.; Wohlhieter, G. E.; Khan, S. I.; Jung, M. E.; Houk, K.
N. J. Am. Chem. Soc.2003, 125, 4271. (g) Keseru, G. M.; Toke, L.; Hell,
Z.; Jaszay, Z. M.; Petnehazy, I.; Korecz, L.THEOCHEM1997, 392, 95.

SCHEME 1 SCHEME 2

Yu et al.

8026 J. Org. Chem., Vol. 72, No. 21, 2007



(values in parentheses are UB3LYP results). On the other hand,
the energy level for the 6-endo-chair transition state is+10.6
(+8.9) kcal/mol relative to the starting material, and the energy
level for the 6-endo-boat transition is+13.6 (+11.0) kcal/mol.
Evidently the 5-exomode of cyclization is more favorable than
the 6-endomode by over 3 kcal/mol, which corresponds to a
regioselectivity of 5-exo:6-endo > 99:1. Furthermore, the
reaction energies for both the 5-exo and 6-endo cyclization
products are about-21 to-22 (or-19 to-20) kcal/mol, which
indicates a highly exothermic transformation and, therefore, a
kinetic control in the regioselectivity.

A closer inspection of the four transition-state structures
reveals some structural features that may explain the energy
difference (Figure 3). It is found that the R1, R2, and R3

(symbols shown in Figure 3) parameters are fairly close to each
other in all the four transition states. This means that the bond
length is not a determining factor for the energy. On the other
hand, when we measure theθ angle between the attacking
nitrogen atom and the CdC double bond, we find that the 5-exo
transition state has a significantly largerθ angle than the 6-endo
mode by over 10°. According to the “Burgi-Dunitz”-like
trajectory13 for the trig-mode cyclization reactions, we expect
that the best overlap between the incoming reactive center and

FIGURE 1. Optimized structures for the transition state in the cyclization of the pent-4-enamidyl radical.

FIGURE 2. Energy profiles in different modes of cyclization of the
pent-4-enamidyl radical calculated by the UCCSD(T)/6-311+G(d,p)
method (UB3LYP/6-31+G(d,p) results are shown in parentheses).

FIGURE 3. Structural parameters in the transition states for the
cyclization of the pent-4-enamidyl radical.

Cyclization of Unsaturated Amidyl Radicals
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theπ-system should be close to 109°. Thus, the 5-exomode is
more favorable than the 6-endomode because the former allows
for a more desirable attacking trajectory in the cyclization.

Note that the free energy barriers calculated by the UCCSD-
(T)/6-311+G(d,p) method are systematically higher than the
values predicted by the UB3LYP/6-31+G(d,p) method by ca.
1-2 kcal/mol. Nonetheless, when the UCCSD(T) results are
plotted against the UB3LYP data, we obtain an excellent
regression line with a very high correlation coefficient of 0.9987
(Figure 4). Thus, although the UB3LYP method cannot ac-
curately predict the absolute free energy barriers, it can reliably
predict the relative free energies in the cyclization of pent-4-
enamidyl radicals. The same conclusion can also be made by
comparing the experimental11 and theoretical free energy barriers
for the cyclization ofN-aryl-5,5-diphenyl-4-pentenamidyl radi-
cals. As shown in Figure 5, although the UB3LYP free energy
barriers are systematically lower than Newcomb’s experimental
values by ca. 3 kcal/mol, the correlation coefficient between
the theoretical and experimental barriers is as high as 0.9827,
indicating the reliability of using the UB3LYP method to

calculate the relative free energy barriers. Furthermore, it is also
evident from Table 1 that the other popular DFT methods such
as BHandHLYP and MPW1K do not provide better predictions
than the B3LYP functional.

3. C5-Substituted Pent-4-enamidyl Radicals

According to the Baldwin-Beckwith rules,14 substitution on
an olefinic bond disfavors radical addition at the substituted
position. Thus, we expect that pent-4-enamidyl radicals carrying
substituents at the C5-position will enhance the regioselectivity
for the 5-exo cyclization mode. To examine whether this
hypothesis is correct, we have studied the cyclization of several
5-substituted pent-4-enamidyl radicals that possess typical
substituents including Me (to represent alkyl groups), Ph (to
represent aryl groups), CN, COOEt, and Cl (to represent
halogens). For each radical, we have considered both the 5-exo
and 6-endocyclization modes. In each mode, we have consid-
ered both the boat and chair conformations for the transition
state. Note that from now on all the calculations are performed
by using the UB3LYP/6-31+G(d,p) method. As demonstrated
in the previous section, although the UB3LYP method cannot
accurately predict the absolute free energy barriers, it can
reliably predict the relative free energy barriers and, therefore,
the regioselectivities.

The detailed activation free energies are shown in Table 2.
It is found that all the substituents at the C5-position decrease
the activation free energies for the 5-exomode cyclization, but
increase the activation free energies for the 6-endocyclization.
This observation appears to be consistent with the Baldwin-
Beckwith prediction. However, it is important to note that the
5-exocyclization is actually accelerated by the substituents. This
indicates that the steric hindrance cannot be the only driving
force for the enhanced regioselectivity. To further elucidate the
mechanism for the substituent effects, we decided to use the
Marcus theory15 to separate the intrinsic and thermodynamic
contributions to the observed activation free energies.

Briefly, the Marcus theory can be described by using the
following equation

where the activation free energy (∆Gq) of a nondegenerate
reaction is the sum of the intrinsic barrier (∆G0

q) and the
thermodynamic contribution (∆Gthermo

q). The intrinsic barrier
corresponds to a hypothetical thermoneutral process (i.e., a
degenerate transformation). The thermodynamic contribution is
an estimate of the change in the activation energy due to the
variation of reaction thermodynamics, which is based on an
assumption that the hypersurface of potential energy behaves
like two overlapping parabolas representing reactant and product
energies. Originally the Marcus theory was developed for the
electron-transfer reactions. More recently the Marcus theory has

(13) (a) Burgi, H. B.; Dunitz, J. D.Acc. Chem. Res.1983, 16, 153. (b)
Burgi, H. B.; Dunitz, J. D.; Lehn, J. M.; Wipff, G.Tetrahedron1974, 30,
1563.

(14) (a) Baldwin, J. E.J. Chem. Soc., Chem. Commun.1976, 734. (b)
Baldwin, J. E.; Cutting, J.; Dupont, W.; Kruse, L.; Silberman, L.; Thomas,
R. C. J. Chem. Soc., Chem. Commun.1976, 736. (c) Beckwith, A. L. J.;
Easton, C. J.; Serelis, A. K.J. Chem. Soc., Chem. Commun.1980, 482.

(15) (a) Marcus, R. A.J. Chem. Phys.1956, 24, 966. (b) Marcus, R. A.
Annu. ReV. Phys. Chem.1964, 15, 155. (c) Marcus, R. A.J. Phys. Chem.
1968, 72, 891.

FIGURE 4. Correlation between the UCCSD(T)/6-311+G(d,p) and
UB3LYP/6-31+G(d,p) results.

FIGURE 5. Correlation between the experimental and UB3LYP/6-
31+G(d,p) free energy barriers (kcal/mol).

∆Gq ) ∆G0
q + 1

2
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16∆G0
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also been successfully applied to a wide array of organic
reactions including the radical cyclization.16

By using the Marcus theory it is straightforward to calculate
the intrinsic barrier (∆G0

q):

With the intrinsic barrier in hand, we are then able to calculate
the thermodynamic contribution to the overall activation energy
using the following equation.

An important advantage of using Marcus theory is that we can
now quantitatively analyze the mechanism of substituent effects.
The Marcus theory allows us to separate the intrinsic contribu-
tions under a thermoneutral condition (for example, steric

hindrance in the transition state) from the thermodynamic
reasons (i.e., reactivity change because the reaction is more
exothermic or endothermic).

The intrinsic and thermodynamic contributions to the energy
barriers in the cyclization of 5-substituted pent-4-enamidyl
radicals are shown in Table 2. The results indicate that the
intrinsic contributions in the 5-exo cyclization are all around
15 kcal/mol. They are not dramatically changed by the substitu-
tion at the C5-position presumably because the C5-substituents
cannot produce significant steric hindrance in the 5-exo cy-
clization reaction. On the other hand, the thermodynamic
contributions in the 5-exocyclization vary in a range from about
-6 to -10 kcal/mol. All the substituents bring about a more
negative thermodynamic contribution than the unsubstituted
case. This behavior may be attributed to spin delocalization
effect produced by these substituents, which stabilizes the final
5-exo cyclization product. Thus, the 5-exo cyclization is
accelerated by the C5-substituent due to thermodynamic reasons,
but not due to the intrinsic contributions.

In comparison to the 5-exocase, the intrinsic contributions
in the 6-endocyclization increase significantly from+20.0 for
the unsubstituted radical to+28.0 kcal/mol for the chlorinated
radical. This increase is obviously due to the steric hindrance
produced by the C5-substituents, which can retard any attack
at the C5-position. Meanwhile, it is interesting to find that the
thermodynamic contributions in the 6-endocyclizations also
change dramatically in a range from about 0 to-8 kcal/mol.
Because there cannot be any strong interactions between the
substituents and the radical center in the 6-endo cyclization
product, we hypothesize that the variation of the thermodynamic
contributions may originate from the hyperconjugation between
the substituent and the CdC double bond in the starting material.
Anyhow, it is now clear that the C5-substituent decelerates the
6-endo cyclization due to both intrinsic and thermodynamic
reasons.

4. C4-Substituted Pent-4-enamidyl Radicals

The above results indicate that we can only see the 5-exo
products (i.e.,γ-lactams) in the C5-substituted pent-4-enamidyl
radicals. To synthesizeδ-lactams (i.e., 6-endoproducts) using
the same type of chemistry, we hypothesize that it is necessary

(16) (a) Alabugin, I. V.; Manoharan, M.J. Am. Chem. Soc.2005, 127,
12583. (b) Alabugin, I. V.; Manoharan, M.J. Am. Chem. Soc.2005, 127,
9534. (c) Alabugin, I. V.; Manoharan, M.; Breiner, B.; Lewis, F. D.J. Am.
Chem. Soc.2003, 125, 9329. (d) Wu, C. W.; Ho, J. J.J. Org. Chem.2006,
71, 9595.

TABLE 1. Experimental and Theoretical Free Energy Barriers in the Cyclization of N-Aryl-5,5-diphenyl-4-pentenamidyl Radicals

free energy barrier (kcal/mol)b

substituent
(X)

kc (s-1)a

exptl exptl B3LYP BHandHLYP MPW1K

H (7.8( 0.3)× 105 9.4( 0.0 14.0 17.8 14.0
F (1.3( 0.1)× 106 9.1( 0.1 13.8 17.4 13.7
COCH3 (3.0( 0.1)× 106 8.6( 0.0 12.2 16.1 12.4
CN (1.4( 0.1)× 107 7.7( 0.0 10.9 15.2 11.2

a Experimental values taken from ref 11.b Basis set) 6-31+G(d,p).

TABLE 2. Activation Free Energies (∆Gq) and Their Intrinsic
(∆G0

q) and Thermodynamic Contributions (∆Gthermo
q ) in the

Cyclization of C5-Substituted Pent-4-enamidyl Radicals
(units: kcal/mol)

5-exo 6-endo

R5 ) R5′ ∆Gq ∆G0
q ∆Gthermo

q ∆Gq ∆G0
q ∆Gthermo

q

H 9.1 15.4 -6.4 14.0 20.0 -6.8
Me 6.4 13.6 -7.2 16.4 20.8 -3.7
Ph 5.4 14.4 -9.1 21.7 22.0 -0.4
CN 6.4 16.3 -9.9 23.1 22.7 -0.5
COOEt 8.4 16.6 -8.2 22.6 24.5 -1.9
Cl 7.1 15.3 -8.3 20.3 28.0 -7.7

∆G0
q ) 1

2[∆Gq - 1
2
∆GR + x(∆Gq)2 - ∆Gq‚∆GR] (2)

∆Gthermo
q ) ∆Gq - ∆G0

q (3)
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to introduce a substitution group at the C4-position. This
substituent may retard the 5-exoattack at the C4-position due
to the steric hindrance. Simultaneously, the same substituent
may also stabilize the 6-endoproduct through the spin delo-
calization effect. The remaining question is: Which type of C4-
substituent is strong enough to completely alter the 5-exoversus
6-endoregioselectivity?

To answer the above question, we have examined a number
of C4-substituted pent-4-enamidyl radicals (Table 3). It is found
that an alkyl C4-substituent cannot change the 5-exo versus
6-endoselectivity because the former cyclization always exhibits
a lower activation free energy. Interestingly, from the least
sterically demanding group (H) to the most bulky one (t-Bu),
the activation free energy actually decreases for both the 5-exo
(by 0.4 kcal/mol) and 6-endo (by 4.9 kcal/mol) cyclizations.
Presumably, these decreases of activation energy are due to the
enhanced hyperconjugation ability of thet-Bu group as com-
pared to H. Thus, compared to the electronic factors, the steric
hindrance only plays a minor role in determining the regiose-
lectivity in the amidyl radical cyclization.

As to the electronic factors, we next consider several
synthetically relevant radical-stabilizing substituents including
Ph, CN, COOEt, Cl, and OMe at the C4-position. It is found
that the activation free energy for the 5-exocyclization increases
in all these C4-substituted compounds by 1.5-3.0 kcal/mol. This
observation can be explained by the fact that the hyperconju-
gation between the C4-substituent and the CdC double bond
is lost after the cyclization. Indeed, as shown in Table 2 the
thermodynamic contribution to the activation barrier of 5-exo
cyclization is always lower in the C4-substituted case than the
C4-H one.

On the other hand, it is also found that the activation barrier
for the 6-endocyclization is reduced by about 1-3 kcal/mol in
the presence of these radical-stabilizing C4-substituents. This
observation can be attributed to the enhanced hyperconjugation
between the C4-substituent and the radical center in the product.
In agreement with this explanation, the thermodynamic contri-
butions to the 6-endocyclization are calculated to be higher in
the presence of these C4-substituents.

The above results indicate that a radical-stabilizing group at
the C4-position can retard the 5-exocyclization but accelerate

the 6-endocyclization. The major reason for this behavior is
the thermodynamic factor instead of any steric hindrance. Due
to this phenomenon, the dominant 5-exoregioselectivity in the
amidyl radical cyclization can be greatly affected by these C4-
substituents. As shown in Table 3, in the cases with the CN,
COOEt, Cl, and OMe substituents, the energy barrier for the
5-exocyclization is only about 1 kcal/mol lower than that for
the 6-endocyclization. More significantly, in the case of Ph
substitution, the energy barrier for the 5-exocyclization is 1.5
kcal/mol higher than that for the 6-endocyclization. This means
a completechange of regioselectivity whereδ-lactams become
the major product!17

To confirm the above finding, we have also examined the
4-substituted pent-4-enamidyl radicals carrying other aromatic
groups including pyridine (to represent electron-poor arenes)
and furan (to represent electron-rich arenes). As shown in
Scheme 3, the pyridyl case exhibits a regioselectivity of 14:86
for 5-exo versus 6-endo, whereas the regioselectivity is 1:99
for the furanyl case. These results are compared to 7:93 for the
phenyl case. Thus, we conclude that all the aromatic groups at
the C4-position should lead to the 6-endo regioselectivity to
give δ-lactams as the major products. Furthermore, electron-
rich aromatic substituents tend to produce a higher 6-endo
regioselectivity than electron-poor ones.

5. N-Substituted Pent-4-enamidyl Radicals

Besides the C4- and C5-substituents, an additional position
where the substitution may strongly affect the 5-exo versus

(17) Recent examples for 6-exo-trig radical cyclizations: (a) Hartung,
J.; Gottwald, T.Tetrahedron Lett.2004, 45, 5619. (b) Zhang, X. Q.; Guzi,
T.; Pettus, L.; Schultz, A. G.Tetrahedron Lett.2002, 43, 7605. (c) Joshi,
S. N.; Puranik, V. G.; Deshmukh, A.; Bhawal, B. M.Tetrahedron:
Asymmetry2001, 12, 3073. (d) Pedrosa, R.; Andres, C.; Duque-Soladana,
J. P.; Roson, C. D.Tetrahedron: Asymmetry2000, 11, 2809.

TABLE 3. Activation Free Energies (∆Gq) and Their Intrinsic
(∆G0

q) and Thermodynamic Contributions (∆Gthermo
q ) in the

Cyclization of C4-Substituted Pent-4-enamidyl Radicals
(units: kcal/mol)

5-exo 6-endo

R4 ∆Gq ∆G0
q ∆Gthermo

q ∆Gq ∆G0
q ∆Gthermo

q

H 9.1 15.4 -6.3 14.0 20.8 -6.8
Me 8.6 14.1 -5.4 11.3 18.8 -7.4
i-Pr 8.7 13.5 -3.8 11.0 18.5 -7.5
t-Bu 8.7 13.0 -4.2 9.1 17.4 -8.4
Ph 12.1 16.1 -4.0 10.6 20.8 -10.2
CN 12.8 16.4 -3.6 13.0 22.8 -9.8
COOEt 11.1 15.1 -4.0 12.6 22.0 -9.4
Cl 11.8 18.0 -6.2 13.0 19.5 -7.5
OMe 10.6 14.3 -3.7 11.1 15.6 -8.4
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6-endoregioselectivity is at the amidyl nitrogen. To test this
type of substitution, we have studied several synthetically
accessible amidyl radicals carrying anN-H, N-Me, N-i-Pr,N-t-
Bu, or N-Ph group (Table 4).

As seen in Table 4, it is interesting to find that the activation
free energy is dramatically increased in both 5-exoand 6-endo
cyclization due toN-substitution by about 4-12 kcal/mol.
Examination of the intrinsic contributions to the energy barrier
indicates that theN-substitution leads to a more positive intrinsic
barrier by 2-5 kcal/mol, presumably because it causes some
steric hindrance at the nitrogen radical. Furthermore, it is evident
from Table 3 that the thermodynamic contribution to the energy
barrier becomes less negative by 2-8 kcal/mol in the presence
of an N-substituent. This observation may be attributed to the
hyperconjugation (or conjugation) interaction between the
N-substituent and the amidyl radical in the starting material,
which is completely lost after the cyclization. Thus, both the
intrinsic and thermodynamic factors increase the overall energy
barrier in the cyclization ofN-substituted amidyl radicals.

Comparing the 5-exoversus 6-endocyclizations, we find that
the N-substitution does not change the selectivity. In fact, as
shown in Table 4 all the energy barriers for all the 6-endo
cyclization reactions are about 5-6 kcal/mol higher than the
energy barriers for the 5-exo cyclization. This means an
overwhelming selectivity for the 5-exo products in all these
N-substituted amidyl radicals.

6. Bicyclic Systems

The above results strongly suggest thatγ-lactams (or,
pyrrolidinones) should be the predominant products in the
cyclization of almost all the pent-4-enamidyl radicals via the
5-exomode. The only chance to prepareδ-lactams (or, piperi-
dinones) through this type of chemistry requires one to introduce
an aryl group at the C4-position. Here we have examined an
additional type of substitution, where the aryl group is incor-
porated in the backbone of the pent-4-enamidyl radical. This
system is highly interesting from the synthetic point of view,
because it allows for the construction of bicyclic isoquinolinones
and their analogues from monocyclic starting materials.

Our results are shown in Scheme 4. It is found that the
incorporation of a benzene ring at the C2- and C3-positions
gives a resgioselectivity of 5-exo:6-endo) 98:2. Changing the
benzene ring to pyridine gives a similar regioselectivity of 5-exo:
6-endo) 94:6. Thus, both the benzene and pyridine substitu-

tions are not sufficient to cause the 6-endoselectivity. At this
point it becomes highly interesting to find that the incorporation
of a furan ring (where the vinyl group is at furan’s 3-position)
gives a regioselectivity of 5-exo:6-endo) 1:99. Furthermore,
when we move the vinyl group from furan’s 3-position to its
2-position, an even larger difference (i.e., 7.5 kcal/mol) between
the 5-exoand 6-endobarriers is obtained so that the 5-exo:6-
endoselectivity technically becomes 0:100.

To confirm the above findings, we also have examined the
pyrrole and thiophene systems. For the pyrrole system, the
6-endobarrier is about 6.2 kcal/mol lower than the 5-exobarrier,
which means that the 5-exo:6-endo selectivity is technically
0:100. For the thiophene system, the 6-endobarrier is about

TABLE 4. Activation Free Energies (∆Gq) and Their Intrinsic
(∆G0

q) and Thermodynamic Contributions (∆Gthermo
q ) in the

Cyclization of N-Substituted Pent-4-enamidyl Radicals
(units: kcal/mol)

5-exo 6-endo

RN ∆Gq ∆G0
q ∆Gthermo

q ∆Gq ∆G0
q ∆Gthermo

q

H 5.3 13.3 -8.0 8.9 17.8 -8.9
Me 9.1 15.4 -6.4 14.0 20.8 -6.8
i-Pr 11.2 16.5 -5.3 17.0 22.1 -5.1
t-Bu 10.5 14.9 -4.4 16.9 20.5 -3.6
Ph 15.6 16.5 -1.0 21.3 22.4 -1.0

SCHEME 4

Cyclization of Unsaturated Amidyl Radicals
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3.0 kcal/mol lower than the 5-exo barrier, which means that
the 5-exo:6-endoselectivity is around 1:99. Thus, the incorpora-
tion of a five-membered aromatic ring at the C2- and C3-
positions of the pent-4-enamidyl radicals can lead to a high
regioselectivity toward the 6-endo products, whereas six-
membered aromatic substitutions can only provide the 5-exo
products. These observations may be attributed to the strain
generated in trying to make two fused flat 5-membered rings.
Thus, our results suggest an interesting route for the synthesis
of dihydrofuropyridinone, dihydropyrrolpyridinone, and dihy-
drothienopyridinone derivatives (Figure 6).

7. Conclusions

Intramolecular cyclization of an amidyl radical onto an olefin
represents an appealing method for the synthesis of lactams and
other nitrogen-containing heterocycles. In the present research
we have performed the first, systematic theoretical study on the
regioselectivity in the cyclization reactions of various pent-4-
enamidyl radicals. The following conclusions can be made from
our results:

1. For an unsubstituted pent-4-enamidyl radical and a majority
of its substituted derivatives, the radical cyclization reaction
produces a 5-exoproduct (i.e., aγ-lactam) almost exclusively.

2. Substitutions at the C5-position enhance the 5-exoselectiv-
ity. Marcus theory analysis shows the involvement of both the
thermodynamic (stabilization of the starting double bond or the
resulting radical center) and intrinsic (mainly steric effects)
contributions to the enhanced regioselectivity.

3. Most C4-substituted systems also exhibit the 5-exo
selectivity. The only chance to seeδ-lactams as the major
products through 6-endocyclization requires the presence of
an aromatic substituent at the C4-position. Such a change to
6-endoselectivity is caused by the thermodynamic reasons, but
not by any steric reasons.18

4. Substitution at the amidyl nitrogen significantly decelerates
the cyclization reaction. However, this type of substitution does
not cause a change in the regioselectivity.

5. An additional method to cause the 6-endoselectivity is
the incorporation of an electron-rich aromatic ring into the pent-
4-enamidyl radical backbone at the C2- and C3-positions. This
method provides an interesting route for the preparation of
dihydrofuropyridinone, dihydropyrrolpyridinone, and dihy-
drothienopyridinone derivatives.

8. Computational Methodology

Ab initio calculations were performed with the Gaussian 03 suite
of programs.19 Geometry optimizations were performed with the
UB3LYP/6-31+G(d,p) method without any constraint. Frequency
calculations were carried out at the same UB3LYP/6-31G+(d,p)
level of theory for all of the species to confirm convergence to
appropriate local minima or saddle points on the energy surface.
In all instances, transition-state structures gave one and only one
significant imaginary frequency, while no imaginary frequencies
were observed for the minimum-energy species.

Single-point energies were calculated with the CCSD(T)/6-
311+G(d,p) method for the unsubstituted amidyl radical and the
UB3LYP/6-31+G(d,p) method for substituted systems. Corrections
of the energy to 298 K were made from the frequency calculations
including the zero-point energy corrections. It is worth noting that
a number of recent studies have demonstrated the reliability of using
the UB3LYP method to predict the geometry, zero-point vibrational
energies, and reaction barriers for various types of radical cyclization
reactions.12
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FIGURE 6. The structures for dihydrofuropyridinone, dihydropyr-
rolpyridinone, and dihydrothienopyridinone.
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