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ABSTRACT

The intramolecular cyclization of 5-hexenyl radicals continues to be an important synthetic method for the construction
of five-membered rings. The synthetic utility arises from the high degree of regioselectivity to give predominantly
cyclopentyl products in high yield under mild conditions. Recently we reported product cyclization studies on 4-oxa
perturbed 5-hexenyl radical. In this paper, we report our results from a computational study (UB3LYP and UCCSD (T))
of the cyclization of a series of 5-hexenyl and 3- and 4-oxa-5-hexenyl radicals. Three highly conserved cyclization tran-
sitions states (exo-chair, exo-boat and endo-chair) were located for 10 acyclic radicals. Activation energies were calcu-
lated for the three modes of cyclization for each radical. Calculated values for the exo/endo cyclization ratios had a high
level of agreement with experiment and predictions were offered for two cases that have not been experimentally tested.
The increased percentage of exo-cyclization with 3- and 4-oxa substitution is the result of an increase in the energy dif-
ference between the exo- and endo-chair transition states compared to the hydrocarbon systems. The decreased rate of
cyclization of the 4-oxa compounds is primarily due to the stabilization of the initial acyclic radical by the vinyl ether
linkage. The increase in the rate of cyclization with 3-methyl substitution is due to the increased conformational energy

of the starting acyclic radical.
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1. Introduction

Radical cyclizations continue to be extremely useful re-
actions for the construction of ring systems via single
[1-5] and tandem cyclizations [6-9]. The utility of these
reactions stems from the relatively mild reaction condi-
tions (low to moderate temperature and neutral pH),
which makes the system compatible with multiple func-
tionalities and the predictable regioselectivity of the cy-
clization. The cyclization of 5-hexenyl radical based sys-
tems has been the most widely employed and studied
radical ring-closure reaction. Beckwith established rules
to predict the regiochemical outcome for radical cycliza-
tions [10]. In general, these systems cyclize under kinetic
control to give exo cyclopentyl products. This is in con-
trast to the intermolecular addition of radicals to alkenes,
which in general add endo [11,12].

In the mid-1980’s, Beckwith and Schiesser [13,14] and
Spellmeyer and Houk [15] presented force-field molecu-
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lar mechanics based models to analyze the intramolecular
cyclization of radicals. These studies were quite suc-
cessful in explaining the regiochemistry of the cycliza-
tions and, in some cases, offered explanations for relative
rates of the reactions. Both of these studies concluded
that these exothermic cyclizations were characterized by
an early transition state and that exo versus endo selec-
tivity could be attributed to conformational and steric
factors in the transition state. More recently, several
groups have successfully employed DFT and/or ab initio
methods to analyze a variety of radical cyclizations
[16-19]. A few years ago, we reported a kinetic and pro-
duct study on the cyclization of a series of 4-oxa-5-he-
xenyl radicals [20]. We found that 4-oxa substitution in-
creased the preference for exo cyclization and decreased
the rate of cyclization 3.7-fold compared to the related
hydrocarbon 5-hexenyl radicals. In order to better under-
stand these effects we initiated a computational study of
the 4-oxa-5-hexenyl intramolecular radical cyclizations.
The study was expanded to S5-hexenyl radicals and
3-oxa-5-hexenyl radicals in order to make compari-
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sons using the same computational models. Here we pre-
sent UB3LYP and UCCSD (T) calculations on ten 5-he-
xenyl-based radical cyclizations (Figure 1).

2. Computational Methods

Global energy minima conformations of the acyclic 5-he-
xenyl radicals (1, 4, 7) and the cyclization products (2, 3,
5, 6, 8, 9) were determined using the Spartan 08 program
at UHF-3-21G level of theory [21]. These geometries
were further optimized using UB3LYP/6-311+ G (d,p) in
the Gaussian 03 program [22]. Transition states (TS)
were identified at the UB3LYP/6-31G (d) level of theory
and then further optimized at UB3LYP/6-311+ G (d,p).
All stationary points were analyzed by calculation of
their vibrational frequencies. G° values were calculated
at 298 K and 1 atm. All transition states had one imagi-
nary frequency that corresponded to the reaction coordi-
nate for cyclization. Single-point energies were deter-
mined at the UCCSD (T)/6-31G (d) level of theory using
geometries from the UB3LYP/6-31G (d) calculations:
(UCCSD (T)/6-31G (d)// UB3LYP/6-31G (d)). All repor-
ted UCCSD (T) total electronic energies were not cor-
rected for zero-point energy (ZPE).

The geometries determined at UB3LYP/6-31G (d) and
the UB3LYP/6-311+G (d,p) levels of theory were very
similar and, in general, differed by no more than 0.025 A
in bond lengths, 0.2° in bond angles and 0.6° in dihedral
angles. We found that the energy consequences of the
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Figure 1. Cyclization of 5-hexenyl radicals.

Copyright © 2013 SciRes.

geometries determined using the 6-31G (d) basis set vs.
6-311+G (d,p) to be insignificant when evaluated at a
single level of theory: e.g. energies for UCCSD (T)/
6-31G (d)//B3LYP/6-31G (d) were within 0.15 kcal/mol
of the energies calculated using UCCSD (T)/6-31 G(d)
//B3LYP/6-311+G (d,p). These small differences can-
celed out when we determined the activation energies (E,

= E(acyclic radical) — E(transition state))-

3. Results and Discussion
3.1. Transition States

We located three transition states for cyclization of the
5-hexenyl radicals that were similar to the structures pre-
viously reported by Spellmeyer and Houk (UHF-MP2/
STO-3G) [15] for the parent system: exo-chair, exo-boat
and endo-chair (Figure 2). In general, we found that
transition state bond lengths and bond angles for a par-
ticular transition state (e.g. exo-chair) were remarkably
similar across the three systems that we examined:
5-hexenyl radical 1a, 3-oxa-5-hexenyl radical 7a and
4-oxa-5-hexenyl radical 4a. With the exception of the
intrinsic difference of C-O vs. C-C bond lengths, the
bond with the largest variation for a particular type of
transition state is the partially formed new o-bond which
varies from system to system by a maximum of ~0.1 A.
Corresponding transition state bond angles are all within
3° of each other. The largest variations were seen in the
dihedral angles (4° - 11.5°) of the three 5-hexenyl transi-
tion states (1a-TS) compared with the respective
4-oxa-5-hexenyl transition states (4a-TS). The dihedral
angles for the 5-hexenyl transition states were much
closer to the values found for the 3-oxa-5-hexenyl system
(7a-TS) varying only 4° - 7°.

The transition state geometries for each pathway
(exo-chair, exo-boat and endo-chair) across the 10 radi-
cals examined are consistent with the previously identi-
fied early nature of the transition states (Table 1). At the
transition state, the forming o-bond (C1-C5 or C1-C6) is
long at 2.25 - 2.35 A while the breaking double bond
(C5-C6) is only slightly elongated at 1.36 - 1.38 A (com-
pared to 1.33 A in the acyclic radicals). Even strongly
polarizing the double bond by 4-oxa substitution has only
a small effect on the position of the transition states for
all cyclization modes. The endo transition states have
shorter C5-C6 bond lengths (~1.358 A) than the exo
transition states (~1.368 A) and the forming bond (C1-C6
endo; C1-C5 exo) is ~0.07 A longer for endo transition
states (Table 1). These results indicate that the endo-
cyclization mode has a slightly earlier transition state
than the exo mode, which is consistent with the higher
exothermicity of the endo pathway. There are also small
differences in the C1-C5 bond distances in the kinetically
dominant exo-chair transition states: 4a (2.255 A) < 1a
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4a Exo Chair TS

4a Exo Boat TS

4a Endo Chair TS

Figure 2. Transition states for the cyclization of acyclic radical 4a.

Table 1. Comparison of select transition state bond dis-
tances. (A, UB3LYP/6-31G geometries).

Radical 18 ces S OC6 ¢
exo endo

la Exo-Chair 2.276 1.369 - -
Exo-Boat 2276 1.370 - -

Endo-Chair - - 1.359 2.356
4a Exo-Chair 2.255 1.369 - -
Exo-Boat 2.281 1.368 - -

Endo-Chair - - 1.357 2.334
7a Exo-Chair 2.295 1.365 - -
Exo-Boat 2.309 1.369 - -

Endo-Chair - - 1.358 2.363

Average 2282 1.368 1.358 2.351

(StDev) (0.018)  (0.002)  (0.001) (0.015)

(2.276 A) < 7a (2.295 A). These data suggest that exo-
chair transition state for 7a is earlier than the exo-chair
transition state for 1a, which in turn is earlier than the
exo-chair transition state for 4a.

This trend also follows the calculated AG,,, (UB3LYP/
6-311+G (d,p)//UB3LYP/6-31G (d)) for the exo mode of
cyclization: 4a (—8.6 kcal/mol) < 1a (—8.7 kcal/mol) < 7a
(—14.4 kcal/mol).

The 3-methyl substituted systems give rise to a dou-
bling of possible transition states as the methyl group can
reside in either a pseudo-equatorial or pseudo-axial posi-
tion. The transition states with the 3-methyl group in the
pseudo-equatorial position were found to be lower in
energy than the corresponding axial isomers.

3.2. Activation Energies and Exo/Endo Product
Ratios

Table 2 lists the computed activation energies (£,) cal-
culated as the difference in the energy of the acyclic al-
kenyl radical in its lowest energy conformation and the
energy of the specific transition state. While the trends
for the AG* data derived from the DFT calculations mir-

Copyright © 2013 SciRes.

rored the E,’s derived from the UCCSD (T) calculations,
we found that the UCCSD (T) values more closely re-
produced the experimental data for the endo/exo ratios of
the cyclizations (vide infra). With this in mind, most of
the discussion below will focus on the UCCSD (T) total
electronic energies.

In general, we found that the exo-chair TS had the
lowest E, for a given cyclization with the notable excep-
tion of the 5-methyl substituted hydrocarbon radicals 1b
and 1d where the endo-chair was the lowest energy
pathway. In all cases 5-methyl substitution increased the
E, for the exo-chair TS’s (1.2 - 2.9 kcal/mol) and
exo-boat TS’s (0.9 - 2.6 kcal/mol) while having a smaller
effect on the endo-chair TS’s (= 0.5 kcal/mol). The in-
crease in E,’s of the exo-chair TS’s are due (in part) to
unfavorable 1,3-diaxial interactions with the pseudo-
axial methyl group and axial ring hydrogens at C1 and
C3 (for 1b and 4b). The 5-methyl endo-TS’s have the
pseudo axial methyl group slightly canted away from the
forming cyclohexyl ring. This increases the distance of
the 1,3-diaxial interactions leading to smaller changes in
the endo chair E,’s with 5-methyl substitution. Interest-
ingly the difference in E, for the exo-chair and endo-chair
in the hydrocarbons 1a (1.9 kcal/mol) and 1c¢ (2.2
kcal/mol) is significantly smaller than the values for
3-oxa and 4-oxa compounds 4a (5.0 kcal/mol), 4¢ (5.3
kcal/mol) and 7a (4.0 kcal/mol). In the hydrocarbon
radicals, the increase in the energy of the exo-chair E,
pathway with S-methyl substitution is enough to raise the
exo pathway above the endo pathway. In contrast 5-
methyl substitution raises the £, of the exo-chair pathway
to a greater extent in the 3- and 4-oxa compounds than in
the hydrocarbon radicals, but this increase is not enough
to overcome the large initial energy difference favoring
the exo-cyclization pathway for 3- and 4-oxa radicals.
The result is that all 3- and 4-oxa radicals are predicted to
cyclize to give almost exclusively exo products (cyc-
lopentanes), while 5-methyl substituted hexenyl radicals
1b, and 1d should cyclize to give endo (cyclohexane) do-
minated product mixtures. Previously Houk’s force-field
based calculations led him to explain the preference for
exo closure for the 5-methyl-3-oxa radical 7b on
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Table 2. Calculated activation energies (kcal/mol): E, = Eacyciic radicat) — Etransition state)-

G' UB3LYP/6-311+G (d.p)

E, UCCSD (T)/6-31G (d)

Acyclic Radical Exo-Chair Exo-Boat Endo-Chair Exo-Chair Exo-Boat Endo-Chair
TS TS TS TS TS TS
O 10.8 12.2 135 8.5 10.1 10.4
1a
Me
K\W 14.3 15.3 132 10.3 11.7 9.9
1
CHs
U 9.3/11.2° 10.6/12.8° 12.4/14.4° 8.1/9.4° 9.6/10.8° 10.3/11.5°
e
Me Me
U 12.3/15.8° 13.3/16.0° 11.5/14.4° 9.9/13.1° 11.2/12.8° 9.8/11.8°
1
o
( ] 11.5 14.3 17.5 10.5 13.2 15.5
da
O _Me
K T 16.5 17.0 17.4 13.4 14.1 15.1
ab
CHz._O
\Q ﬂ 8.8/11.5° 11.6/14.0° 15.3/17.8° 8.7/10.9° 11.3/13.3° 14.0/15.9°
dc
Me_ _O_ _Me
( W 13.7/17.7° 14.1/17.6° 15.2/18.1° 11.5/15.1° 12.2/14.7° 13.6/16.2°
ad
q
K. | 6.9 8.7 11.9 6.6 8.9 10.6
Ta
O/\H/Me
L 10.9 12.9 124 8.8 11.5 11.0
7

a. The first value is with the 3-methyl in the pseudo-equatorial position and the second value is with the 3-methyl in the pseudo-axial position.

decreased steric interactions for the exo-boat transition
state with oxa versus methylene substitution at the 3-po-
sition. In contrast to our results, Houk found the exo-boat
was the lowest energy transition state for both 7a and 7b.

Table 3 shows our calculated exo/endo product ratios
(based on the relative E, values) and compares these re-
sults with the available experimental data. While both the
UB3LYP/6-311+G (d,p) and the UCCSD (T)/6-31G (d)
calculations give excellent agreement with the experi-

mental data, the UCCSD (T) calculations appear superior.

Our calculations show that all 3-oxa and 4-oxa radicals

Copyright © 2013 SciRes.

should cyclize to give >95% exo products. The ratio for
radical 4b stands out as the only entry that does not agree
with the experimental data. In this case our calculations
predict ~95% exo product and the reported value was
62%. Given the excellent agreement in the seven other
cases for which we have both calculated and experimen-
tal endo/exo data suggests that there may be an error in
the experimental determined value for 4b. In addition,
we predict that the experimentally unobserved radical 1d
will cyclize to produce an almost equal mixture of endo
and exo products whereas the 4-oxa radical 4d should

1J0C
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Table 3. Exo/Endo product ratios.

Table 4. Cis/Trans product ratio for Exo-cyclizations.

Calculated % Exo % Exo
Acyclic % UCCSD (T TCO)  Ref
E 6-31G(d)

1a 99% 96% 98% 40 [23]
1b 16% 37% 40% 40 [23]
1c 100% 98% 96% 80 [24]
1d 26% 48% - -
4a 100% 100% 100% 40 [20]
4b 86% 95% 62% 40 [20]
4c 100% 100% 100% 40 [20]
4d 94% 97% - 40 -
7a 100% 100% 100% 40 [25]
7b 92% 97% 98% 40 [26]

cyclize with a strong preference for the exo pathway. The
increased preference for exo cyclization with the 3- and
4-oxa substituted radicals make these systems well suited
for the synthesis of tetrahydrofurans.

The exo cyclization of 3-methyl substituted radicals 1¢
and 4c can give either cis or frans substituted 1,3-di-
methylcyclopentane 2¢ and 2,5-dimethyltetrahydrofuran
Sc. The equatorial methyl exo-chair and the axial methyl
exo boat transition states both lead to formation of the cis
products, whereas the axial methyl exo-chair and equato-
rial methyl exo boat transition states lead to trans prod-
ucts. We calculated the cis/trans ratio by using a Boltz-
man distribution of AE,’s over the four exo transitions
states. Our results give good-excellent agreement with
the experimental data showing the strong preference for
cis products (Table 4). The preference for cis products is
driven by the dominance of the low energy equatorial
methyl exo-chair pathway.

3.3. Activation Energies and Reaction Rates

The magnitude of the first order rate constant for cycliza-
tion is related to the lowest energy E,. We have previ-
ously reported that 4-oxa radical 4a cyclizes 3.7 times
slower than the hydrocarbon radical 1a [20]. We initially
attributed this result to the less favorable nature of the
nucleophilic radical adding to the electron rich vinyl
ether double. Examination of the data from our calcula-
tions shows that the increase in the E,’s for the three cy-
clization pathways for 4a compared to 1a is chiefly due
to the lower energy of the conjugated vinyl ether linkage
on the reactant acyclic radical. Table 5 compares the
relative energies of isomeric radicals and their transition
states. These data show that the vinyl ether linkage low-
ers the energy of the acyclic 4-oxa radicals 4a and 4b by
~6 kcal/mol compared to their isomeric 3-oxa radicals 7a
and 7b. Radical 7a has been reported to cyclize ~40

Copyright © 2013 SciRes.

Calculated Experiment
Radical UCCSD (T) 6-31G(d LXpenment Ref

% Cis % Trans % Cis

Me
\O 82 18 71 29 [24]

1c

Me (0)
\K ﬂ 95 5 93 7 [20]

dc

Table 5. Relative energies of hexenyl radical cyclization wi-
thin isomeric compounds. (UCCSD (T)/6-31G(d), kcal/mol).

% Trans

Acyclic  Exo-Chair  Exo-Boat  Endo-Chair
Radical TS TS TS

(0]
( ﬂ 0 10.5 132 15.5
4a

ISOMERS

ow
L 58 124 147 16.4

7a
Me
C\H/ 0 10.3 11.7 9.9
1b
Me
\O 1.4 9.5 11.0 11.7
e

O _Me
( \"/ 0 13.4 14.1 15.1
4b

Me (0]
\K ﬂ 2.0 10.7 13.3 16.0
4

Me
o“m
K 6.4 15.2 17.9 17.4

7b

times faster than radical 1a [25], which is consistent with
our finding that 7a has the lowest E, value for all the
cyclizations we have examined. It is interesting to note
that all of the transition states for the cyclization of 7a
are higher in energy than the respective transition states
for 4a, but the large difference in the energy of the
acyclic radicals give rise to smaller E,’s and a faster rate
of cyclization for 7a. The comparative rates of cycliza-
tion (7a > 1a > 4a) also correlate with the calculated
AG.,’s (the more exergonic cyclizations proceed faster).
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An interesting feature of the 3-methyl substituted
compounds (1c, 1d, 4¢ and 4d) is that they all have lower
Ea’s for all three equatorial methyl transition states
(exo-chair, exo-boat and endo-chair) when compared to
the corresponding unmethylated compounds (e.g. 1a vs.
1c and 1d vs. 1b, etc). The equatorial 3-methyl group has
little effect on the conformational energy and the geome-
try of the transition states. Therefore the lower E,’s are
principally the result of the increased conformational
energy imposed by the methyl group on the acyclic
starting radicals. This is analogous to the “gem dialkyl
effect” [27], but here we see a substantial effect with
only one substituent. The kinetic data is consistent with
these findings: 4¢ cyclizes six times faster than 4a [20];
1c cyclizes 3.2 times faster than 1a [24].

4. Conclusion

Our calculations show that the UB3LYP calculated tran-
sition state geometries are highly conserved across the
three 5-hexenyl radical systems. We studied and the
UCCSD (T) calculated E,’s give excellent predictions for
the exo/endo cyclization ratios. The increase in the pref-
erence for exo cyclization in the 3-oxa and 4-oxa radicals
is due to the increased difference between the E,’s for the
exo-chair and endo-chair pathways. The high regioselec-
tivity of these reactions make them well suited for the
synthesis of tetrahydrofurans. The observed changes in
the rates of cyclization for the 4-oxa and 3-methyl sub-
stituted radicals are primarily the result of differences in
the relative energies of the starting acyclic radicals.
These results highlight the importance of considering the
effects of structural changes on both the starting material
and the transition state when evaluating changes in acti-
vation energies.
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