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Radicals masquerading as electrophiles: a computational study of the
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Ab initio calculations using 6-311G**, cc-pVDZ, and aug-cc-pVDZ, with (MP2, QCISD, CCSD(T))
and without (UHF) electron correlation, and density functional methods (BHandHLYP and B3LYP)
predict that cyclization of the 5-aza-5-hexenoyl and (E)-6-aza-5-hexenoyl radicals proceed to afford the
5-exo products. At the CCSD(T)/cc-pVDZ//BHandHLYP/cc-pVDZ level of theory, energy barriers
(AE*) of 36.1 and 47.0 kJ mol~" were calculated for the 5-exo and 6-endo pathways for the cyclization of
the 5-aza-5-hexenoyl radical. On the other hand, at the same level of theory, AE* of 38.9 and

45.4 kJ mol™" were obtained for the 5-exo and 6-endo cyclization modes of (E)-6-aza-5-hexenoyl
radical, with exothermicities of about 27 and 110 kJ mol~! calculated for the exo and endo modes,
respectively. Under suitable experimental conditions, the 6-endo cyclization product is likely to
dominate. Analysis of the molecular orbitals involved in these ring-closure reactions indicate that both
reactions at nitrogen are assisted by dual orbital interactions involving simultaneous SOMO-n* and
LP-r* overlap in the transitions states. Interestingly, the (Z)-6-aza-5-hexenoyl radical, that cannot
benefit from these dual orbital effects is predicted to ring-close exclusively in the 5-exo fashion.

Introduction

Radical cyclization reactions have become part of repertoire of
the synthetic organic chemist, even for the synthesis of nitrogen-
containing heterocycles such as alkaloides."> The majority of
examples that involve addition onto carbon-nitrogen double-
bonds typically involve alkyl radicals and, to a lesser, extent
vinyl radicals.* However, these systems are often plagued by poor
selectivity.*® For example, Bowman and his associates found that
the phenylselenide 1 underwent addition at both ends of the imine
n-system to yield five- and six-membered heterocycles in 42 and
18% yield, respectively (Scheme 1).3
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In 1998, Ryu and co-workers demonstrated that acyl radicals
add readily to carbon-nitrogen multiple bonds with complete
selectivity for the formation of the smaller heterocycle in which
the acyl radicals attacked the nitrogen of the reacting imine.® For
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example, when the 3-bromopropylimine 2 was treated with carbon
monoxide in the presence of tributyltin hydride and AIBN, 2-
pyrrolidinone 3 was obtained in 81% yield (Scheme 2). Further-
more, additions onto a variety of imines invariably gave rise to the
smaller heterocycle, with no trace of either the larger heterocycles
in which acyl radical attack has occurred at the carbon end of the
imine 7-system, or directly reduced materials (Scheme 3).%7
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The origin of this selectivity raises intriguing mechanistic
questions. It is well known that acyl radicals are considered
nucleophilic in the context of addition to C=C double bonds
containing electron-withdrawing groups.® Within this in mind,
the experimental observations seem contradictory because only
products from attack of the acyl radical at the nucleophilic
imine nitrogen are observed. In order to understand the intimate
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details surrounding this highly regioselective cyclization process,
we sought recourse to ab initio and density functional techniques.
We now report the results of computational investigations into
the ring-closure reactions of 5-aza-5-hexenoyl (4) and 6-aza-5-
hexenoyl radicals (5) (Scheme 4).°
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Methods

Ab initio and DFT molecular orbital calculations were carried
out on Compaq Personal Workstation 600au, Alpha Station
DS10L, and Dell PowerEdge 400SC computers using the Gaussian
98 and Gaussian 03 program.'®" Geometry optimizations were
performed using standard gradient techniques at the SCF, MP2,
BHandHLYP and B3LYP levels of theory using restricted (RHF,
RMP2, RBHandHLYP and RB3LYP) and unrestricted (UHF,
UMP2, UBHandHLYP and UB3LYP) methods for closed- and
open-shell systems, respectively.”> In every case, standard basis
sets were used. All ground and transition states were verified
by vibrational frequency analysis. Further single-point QCISD
and CCSD(T) calculations were performed on each of the MP2,
BHandHLYP and B3LYP optimized structures. When correlated
methods were used, calculations were carried out using the
frozen core approximation. Values of (s?) never exceeded 0.86
before annihilation of quartet contamination (except for some
UHF calculations) and were mostly 0.79 at correlated levels of
theory. Where appropriate, zero-point vibrational energy (ZPE)
corrections have been applied. Natural bond orbital (NBO)
analyses"® were performed within the Gaussian 03 program.
Optimized geometries and energies for all transition structures
in this study (Gaussian archive entries) are available in the ESI.

Results and discussion

Intramolecular addition reactions of the 5-aza-5-hexenoyl
radical (4)

Extensive searching of the C;HyNO potential energy sur-
face at the UHF/6-311G**, MP2/6-311G**, MP2/cc-pVDZ,
BHandHLYP/6-311G**, BHandHLYP/cc-pVDZ, B3LYP/6-
311G**, and B3LYP/cc-pVDZ levels of theory located transition
states 10 and 11 for the 5-exo and 6-endo ring-closure reactions
involving the 5-aza-5-hexenoyl radical (4) (Scheme 4). Analysis of

the appropriate force constants provided computational evidence
for these structures as being true transition states. The important
geometric features of transition states 10 and 11 are summarized
in Fig. 1, while calculated energy barriers (AE} and AE}, Scheme 5)
together with the corresponding imaginary frequencies are listed
in Table 1. Full computational details are available in the ESI.

O
o a [ r < 9
UHF/6-311G"" 1820 A  117.4° 1246 UHF/6-311G™ 2188 A  1256° 965
MP2/6-311G: 1783A  1129° 1210 MP2/6-311G: 2106 A  1200° 92,0
MP2/cc-pVDZ, 1786 A 1133 1212 MP2/cc-pVDZ, 2115A  1206° 928
BHandHLYPB-311G™ 1913 A 1167°  126.4 BHandHLYP/6-311G™ 2172 A  1218° 935
BHandHLYPcG-pVDZ 1917 A 117.0° 1265 BHandHLYP/cc-pVDZ  2179A  121.9° 934
BALYP/6-311G~ 2027 A 1180° 1983° B3LYP/6-311G™" 2200A  1205° 930
B3LYP/cc-pVDZ 2030 A  1182° 1285° B3LYP/cc-pVDZ 2218A  1206° 928

Fig. 1 Optimized structures of transition states 10 and 11 for the 5-exo
and 6-endo cyclization reactions of 5-aza-5-hexenoyl radical (4).
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Inspection of the transition structures shown in Fig. 1, reveals
that the endo structure 11 adopts a boat-like conformation, that
resembles other radical 6-endo cyclizations."* Surprisingly, the exo
structure 10 adopts a chair-like conformation, in which the imine
m-system is not orientated in a manner that allows the radical
SOMO to overlap efficiently, rather it appears that the nitrogen
lone-pair is predominantly directed toward the acyl carbonyl.
Indeed, dihedral angles between the carbonyl and imine groups
are predicted to be very different, with values lying in the range:
24.0 to 51.8° (10) and 109.0 to 138.3° (11), respectively. Further
examination of these structures indicate that the transition state
separations located for the endo pathway are significantly larger
than those located for the exo pathway, at all levels employed.
This is perhaps not unexpected as it is a reflection of the differences
between carbon—carbon and carbon—nitrogen o-bond lengths. The
transition state separations are predicted to be 1.783-2.030 A
for the exo pathways, compared to 2.106-2.213 A for the endo
pathways. In addition, the angles (a) located around the carbonyl
n-system (O-C1-X) are calculated to be much wider in 11 (X =
C2) than those in 10 (X = N). At the MP2/cc-pVDZ level of
theory the angles (a) located for structure 10 and 11 are predicted
to be 113.3 and 120.6°, respectively, while angles of 117.0° (10)
and 121.9° (11) were located at the BHandHLYP/cc-pVDZ level
of theory. B3LYP/cc-pVDZ calculations predict these angles to
be 118.2° (10) and 120.6° (11) for the exo and endo pathways,
respectively.
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) cyclization reactions of 5-aza-5-hexenoyl radical (4) and imaginary frequencies (v)* of transition states 10 and 11

) and reverse (AE}

¢
29
1

Table 1 Calculated energy barriers® for the forward (AE

11

10

v

ZPE

+
1
2

AE

AE:

AE} +ZPE

4
+
1

AE

v

i +ZPE

AE

AE:

ZPE

+
1
1

AE

1

AE!

Method

4371
7151
7011
4741
4651
372i
358i

131.0
122.2
123.7
113.5
117.6

85.7

90.5

141.4
127.2
129.4
126.3
113.5
106.2
121.1
125.4
124.9
124.4
124.0
99.5
97.2
92.3
92.1
91.7

61.4
70.3
69.3
52.0
51.0
42.1
40.8

64.5
86.0
86.8
78.0
60.7
57.0
52.9
52.2
47.6
53.0
47.0
42.4
41.3
37.0
36.9
36.5

6531
S12i
5671
5091
5171
3561
353i

191.7
184.5
185.9
172.4
173.6
143.4
145.0

199.7
184.0
185.7
175.5
167.4
162.9
177.5
178.7
177.1
176.6
176.6
149.2
150.8
150.0
149.5
149.5

71.3
51.8
51.7
39.7
39.2

74.5
62.7
64.4
49.5
57.3
54.2
40.0
39.8
36.8
36.3
36.1
22.3
21.2
20.5
20.1
19.9

BHandLYP/aug-cc-pVDZ/BHandHLYP/cc-pVDZ

QCISD/cc-pVDZ//BHandHLYP/cc-pVDZ
CCSD(T)/cc-pVDZ//BHandHLY P/cc-pVDZ

B3LYP/6-311G**
B3LYP/aug-cc-pVDZ//B3LYP/cc-pVDZ
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“ Energies in kJ mol™'. ® Frequencies in cm

As shown in Table 1, for both the exo and endo pathways,
calculated energy barriers (AE}) for the reverse (ring-opening)
reactions (Scheme 5) are always larger than those (AE}) for the
forward (cyclization) process; these reactions are predicted to be
exothermic at all levels of theory employed in this study. For
example, the energy barrier (AE?) for the exo and endo cyclization
pathways are calculated to be 74.5 and 64.5 kJ mol™', respectively,
at the UHF/6-311G** level of theory, indicating that the endo
pathway is energetically favoured by 10 kJ mol™". As expected, elec-
tron correlation is important in these calculations; MP2/6-311G**
serves to alter these energy barriers to 62.7 and 86.0 kJ mol™!
for the exo and endo cyclizations, respectively. Interestingly,
calculations with electron correlation employed here afford lower
energy barriers (AE?) for the exo pathways than those for the
endo pathways, which is good agreement with the experimental
observations.® Inclusion of zero-point vibrational energy correc-
tion (ZPE) serves to decrease these barriers by about 10 kJ mol~".
At the CCSD(T)/cc-pVDZ//MP2/cc-pVDZ level of theory, the
energy barriers (AE}) located for the exo and endo pathways are
predicted to be at 54.2 and 57.0 kJ mol™', respectively, with the exo
pathway energetically favoured by only 2.8 kJ mol~'. In contrast,
when DFT methods were employed for geometry optimizations,
the predominance of the exo pathway is further increased. For
example, at the CCSD(T)/cc-pVDZ//BHandHLYP/cc-pVDZ
level of theory, the energy barriers located for the exo and the
endo pathways are predicted to be 36.1 and 47.0 kJ mol™',
respectively, with the exo pathway preferred by 10.9 kJ mol™!,
while the CCSD(T)/cc-pVDZ//B3LYP/cc-pVDZ calculations
predicted 19.9 and 36.5 kJ mol~! of energy barriers for these same
two reactions, respectively, with the exo pathway energetically
favoured by 16.6 kJ mol™'. Tt is interesting to note that the
B3LYP and higher single-point calculations of the structures
optimized by the B3LYP level of theory afford significantly lower
energy barriers. These observations suggest that significant enough
differences between the MP2 and B3LYP surfaces might exist as
to affect the single-point calculations reported above. As we have
note previously, we urge the use of caution in the use of B3LYP
for the study of radical reactions.”*

Mechanistic insight into the cyclization of the 5-aza-5-hexenoyl
radical

As already witnessed, the 5-exo and 6-endo cyclizations require
addition of the acyl radical at the appropriate end of the imine
n-system to afford the new o-bond. In order to provide further
insight into the mechanism of the cyclization, we examined more
closely the environment about the forming bonds within each the
transition state.

When the cyclization proceeds in the exo mode, addition is
required to take place onto the nitrogen atom. This raises some
interesting mechanistic issues, as both the SOMO and the nitrogen
lone-pair are able to participate in the bond-formation process.
Consequently, as shown in Scheme 6, there are two main methods
of cyclization available: 5-exo homolytic addition onto the imine
nitrogen atom (Path A—the “standard” free-radical process) or
nucleophilic addition by the imine nitrogen atom onto the carbonyl
carbon of the acyl radical (Path B).

Inspection of the motion vectors associated with the transi-
tion state (10) reveals some interesting features (Fig. 2). When
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Fig.2 BH and HLYP/6-311G** generated motion vectors for transition
state 10.

animated, the acyl carbon in 10 appears to swing above the imine
nitrogen during bond formation, as indicated by the motion arrows
in the structure of 10.1 These unusual observations prompted us
to look more closely at the molecular orbitals involved in this
intramolecular homolytic addition process.

Visualisation of the Kohn-Sham orbitals generated at the
BHandHLYP/6-311G** level of theory reveals the origin of the
unexpected motion in transition state 10. Not unexpectedly, the
transition state “SOMO” comprises interaction of the unpaired
electron in the acyl radical with the imine n* orbital. Somewhat
surprisingly however, of similar energy is a second orbital interac-
tion comprising interaction of the nitrogen lone pair with the acyl
radical n* orbital (Fig. 3).

121 kJ mol”!
5 0
I-P_ =
H 226 kJ mol”!
10a 10b

Fig. 3 Kohn-Sham SOMO-rn (left) and LP-n* (right) interactions in
transition state 10.

Natural bond orbital (NBO) analysis at the BHandHLYP/6-
311G** level of theory reveals that the SOMO-n* overlap depicted
in 10a is worth about 120 kJ mol~!, with the LP-r* interaction
(10b) worth some 225 kJ mol~'. These calculations indicate clearly
that both radical and nucleophilic interactions operate during that
5-exo ring-closure of 4 and that the nucleophilic character of the
imine dominates over the radical interaction in the transition state.
We have reported recently similar observations for intermolecular

homolytic addition of radicals that can also act as electrophiles
with both imine and carbonyl n-systems.'®

Intramolecular addition reactions of the 6-aza-5-hexenoyl radical

Extensive searching of the C;HsNO potential energy surfaces at
the same levels of theory employed above located transition states
12 and 13 for the exo and endo pathways of the intramolecular
addition reactions of the (E)- and (Z)-isomers of the 6-aza-5-
hexenoyl radical (Scheme 4). Analysis of the appropriate force
constants provided computational evidence for these structures
as being true transition states. The important geometric features
of transition states 12 and 13 are summarized in Fig. 4, while
calculated energy barriers (AEF and AE%, Scheme 5) together with
the corresponding imaginary frequencies are listed in Tables 2 and
3. Full computational details are available in the ESI.

(Br12
r o 6 r o 0
UHF/B-311G1: 2126A  1277° 1057 UHF/6-311G™ 1925A  1184° 1150
MP2/6-311G™ 2119A  1267° 1045 MP2/6-311G™" 1695A  1108° 1298
MP2/cc-pVDZ, .. 2124A 127.3° 1040 MP2/cc-pVDZ, .. 1707A  1115° 1297
BHandHLYP/6-311G 2145 A 127.2°  105.6° BHandHLYP/6-311G 1.883 A 1135 123.8°
BHandHLYP/co-pVDZ 2152 A 127.8° 1057° BHandHLYP/cc-pVDZ 13888 A  1138° 1235
B3LYP/6-311G™ 2162A 1270° 1060 B3LYP/6-311G: 2012A  1143° 1209
B3LYP/cc-pVDZ 2172A  1277° 1059 B3LYP/ec-pVDZ 2021A  1140° 120.9°
N
T o 6 T o )
UHF/6-311G** 2122 1282 1079 UHF/6-311G" 2021 1220 1010
MP2/6-311G™ 2117 1270 1082 P2/6-311 1.944 1193 94.8
MP2/ce-pVDZ, 2,122 1274 1079 MPZ/C’;;EV 959 1197 95.3
BHandHLYP/8-311 2138 1277 1084 HandHLYP/B-311G* 2012 1204  97.8
BHandHLYP/cc-pVDZ 2145 1282 1084 BHandHLYP/cc-pVDZ ~ 2020 1207  97.8
B3LYP/6-311G* 2154 1275 1090 B3LYP/6-311G" 2033 1199 970
B3LYP/cc-pVDZ 2166 1280 1090 B3LYP/cc-pVDZ 2045 1202 970

Fig. 4 Optimized structures of transition states 12 and 13 for the 5-exo
and 6-endo cyclization reactions of the (E)- and (Z)-isomers of the
6-aza-5-hexenoyl radical (5).

Inspection of Fig. 4 reveals that the exo structure (£)-12 adopts
a chair-like conformation, which resembles typical radical 5-exo
cyclizations. The endo structure (E)-13 also adopts a chair-like
conformation; however, the geometry about the forming bond
bears a striking resemblance to that in transition state 10; that
is, the imine m-system in this structure is not orientated in a
manner that allows the radical SOMO to overlap efficiently, rather
it appears that the nitrogen lone-pair is predominantly directed
toward the acyl carbonyl carbon. Similarly, the structure around
the forming bond in the exo structure (E)-12 is calculated to be
close to that in transition state 11 despite any conformational
differences. In short, the geometrical trends observed in 10 and
11 can be seen in (E)-13 and (E)-12, respectively. For example,
the transition state separations located for the exo pathway ((E)-
12: 2.119-2.172 A) are significantly wider than those located for
the endo pathway ((£)-13: 1.695-2.021 A). In addition, the angles
located around the carbonyl n-system (O-C1-X) are calculated

This journal is © The Royal Society of Chemistry 2006
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to be much wider in 10 (X = C2) than those in 11 (X = N). At
the MP2/cc-pVDZ level of theory the O-C1-X angles located
for structure 10 and 11 are predicted to be 127.3 and 111.5°,
respectively, while angles of 127.8°((E)-12) and 113.6° ((E)-13),
and 127.7° ((E)-12) and 114.0° ((E)-13) were located at the
BHandHLYP/cc-pVDZ and B3LYP/cc-pVDZ levels of theory,
respectively.

Once again, inspection of the transition state motion vectorsf
and the Kohn—-Sham orbitals calculated at the BHandHLYP/6-
311G** reveals the same interesting dual orbital effect operating
in transition state ((E)-13) as was observed in (10) (Fig. 5).

74 kJ mol!

Fig. 5 Kohn-Sham SOMO-n* (left) and LP—n* (right) interactions in
transition state (£)-13.

Table 2 shows that in both exo and endo pathways, these
reactions are calculated to be exothermic at all levels of theory em-
ployed in this study. Once again, calculations that include electron
correlation generally afford lower energy barriers. For example,
at the CCSD(T)/cc-pVDZ//MP2/cc-pVDZ level of theory, the
energy barriers located for the exo and the endo pathways are
predicted to be 43.1 and 53.1 kJ mol™', respectively, with the
exo pathway preferred by 10.0 kJ mol~!, while the CCSD(T)/cc-
pVDZ//BHandHLYP/cc-pVDZ calculations provide values of
38.9 and 45.4 kI mol™, respectively, with the exo pathway favoured
by only 6.5 kJ mol~'.

What is clear from the calculated data is that, while the exo
reaction is significantly less exothermic than the corresponding
endo process, the former reaction is still favoured slightly from
a kinetic perspective. However, with a calculated exothermicities
around 27 kJ mol~" at some levels of theory, it is likely that the endo
product will be formed through reversible exo addition competing
with irreversible endo addition, although the exact outcome of this
competition would depend on the concentration of any radical trap
(e.g. Bu;SnH) used. These predicted outcomes to be compared
with recent experimental data from our laboratories, in which
the cyclization of the (E)-6-aza-7-ethyl-5-octenoyl radical (14)
was demonstrated to afford 1-(3-pentyl)-2-piperdinone exclusively
(Scheme 7),"” however, it should be noted that the alkyl substituent

o
OV\/VN\C\ d\‘/i/
. [
14

Scheme 7

on nitrogen is likely to favour endo attack from an electronic
perspective, pushing 14 further in the endo direction when
compared with (E)-5. We are currently further investigating the
effect of substitution on these interesting reactions.

It is of interest to compare the calculations to this point
with those for the cyclization of the stereoisomeric (Z£)-6-aza-
5-hexenoyl radical. The data presented in Fig. 4 and Table 3
clearly indicate that unlike its (E£)-isomer, the (Z)-6-aza-5-hexenoyl
system ((Z)-5) is predicted to cyclize exclusively in the exo mode,
with energy barriers (AE}) for the exo mode lying between about 42
and 76 kJ mol~' depending on the level of theory, some 40 kJ mol ™!
lower that the corresponding barrier for the endo mode of attack
(Table 3).

Inspection of Fig. 4 and 6 provides a clear explanation for the
differences observed for these two geometrical isomers. While the
exo mode of cyclization via transition state 12 is largely unaffected
by the geometry about the imine n-system, the same cannot be
said for the endo mode of attack. While (E)-13 can benefit by
the dual orbital effect described above, the geometry about the
imine m-bond in the (Z)-system renders it impossible for the
analogous LP-n* interaction to become effective in the ring-
closure transitions state (£)-13 (Fig. 6). As a consequence, the
cyclization of the (Z)-6-aza-5-hexenoyl radical is purely governed
by the SOMO-r* interaction. The lack of the (additional) LP-r*
during cyclization, out of necessity, leads to higher energy barriers
for ring-closure. Given that both (E)- and (Z)-isomers of the 6-
aza-5-hexenoyl radical (5) are calculated to have similar energy
barriers for exo cyclization (viz. 40 and 45 kJ mol™', respectively)
to afford the substituted cyclopentane, these calculations suggest
that the LP-nt* available in (E)-13, and lost to (Z)-13, is worth
some 40 kJ mol~".

Fig.6 Kohn-Sham SOMO-n* interactions (left) and nitrogen LP (right)
in transition state (Z)-13.

Conclusions

We have demonstrated that intramolecular homolytic addition
reactions of acyl radicals onto imines can proceed in both exo and
endo modes, depending on the ring-size involved and geometry
of the imine moiety. Unless steric interactions prevail, addition
to the nitrogen end of the imine nt-system involves dual orbital
interactions involving both SOMO-n* and LP-r* interactions
in which the latter interaction can dominate. We conclude that
acyl radicals derive significant energy benefit by masquerading as
electrophiles in reactions with imines.

This journal is © The Royal Society of Chemistry 2006
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