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Density functional theory computations were done to study the 5-exo radical cyclization reactions of

o-substituted 6,6-diphenyl-5-hexenyl radicals. The methoxy electron donor group substitution reduced
the barrier to reaction by about 0.5 kcal/mol. On the other hand, the electron acceptor group substitutions
(ethoxycarbonyl, carboxylic acid, carboxylate, and cyano) raised the barrier to reaction by varying amounts
(0.5-2.1 kcal /mol). The entropic terms of these cyclization reactions are briefly discussed. Solvent

effects on these reactions were explored by calculations that included a polarizable continuum model for
the solvent. The density functional theory calculated results were found to be in good agreement with
the experimental data available in the literature and help to explain some of the observed variation in
these types of cyclization reactions with various substitutions. Our results also provide an explanation
for why the rate constant for the carboxylate group substituted radical was found to be an order of
magnitude smaller than the rate constant for those radicals with carboxylic acid and ethoxycarbonyl

substitutions.

been widely investigated for many years, and the absolute rate
. . . L _ constants have been measured by indirect kinetic methods.

Radical reactions have attracted increasing interest for their nowcomb and co-workers have directly measured the rate
wide application in organic synthesis and in understanding the ¢,ngtants for a range of these types of cyclization reacfiohs.
reaction mechanisms and kinetics involved in radical chemical By introducing the use of a diphenyl group or so-called “reporter
reactl_oné;. The k|net|c_ effects of_d|ffe_rent substitutions on radical group”, Newcomb and co-workers have precisely measured the
reactions have remained a topic of interest for a number of years ot constants for a number of 5-exo radical cyclization
since they are informative for both mechanistic work and for o5ctiong-7 They obtained experimental rate constants in the
use in organic synthesis. 5-Exo radical cyclization reactions haverange ofk = (3.5-50) x 10° 51 for these kinds of cyclization
reactions with different substitutions.
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The preceding experimental reséitssuggest that the barriers
for these reactions vary noticeably with different substitutions.
In particular, the rate constant for the carboxylate group
substituted radical was found to be an order of magnitude
smaller than the rate constant for those radicals with carboxylic
acid and ethoxycarbonyl substitutions. The density functional
theory (DFT) method has been demonstrated to perform well
for finding the geometry, zero-point vibrational energies, and
reaction barriers for a number of radical reactién<.In this
article, we report DFT calculations for seven different 5-exo
radical cyclization reactions afi-substituted 6,6-diphenyl-5-
hexenyl radicals at the UB3LYP/6-3+G**//UB3LYP/6-31G*
level of theory. The calculated results were found to be in good
agreement with the experimental results in the literature. We
briefly discuss the effect of different substitution groups and
some solvent effects on the 5-exo radical cyclization reactions

examined here. We also discuss why the rate constant for the

carboxylate group substituted radical cyclization reaction is an
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Single-point energy calculations were also carried out at the
UB3LYP/6-31H-G** level of theory to get more accurate results.
The ZPE corrections were scaled by a factor of 0.9806he
Cartesian coordinates, the total energies, and selected output from
the calculations for all of the calculated structures are provided in
the Supporting Information. Intrinsic reaction coordination (IRC)
computations were done to confirm that the transition states
connected the appropriate reactants and products for the radical
cyclization reactions examined in our study. Solvent effects on the
reactions have also been considered by employing UB3LYP/6-31G*
optimizations of the gas-phase stationary points and using a
relatively simple self-consistent reaction field (SCRRhethod
based on the polarizable continuum model (PCM) of Tomasi and
co-workers'é

Results and Discussion

Figure 1 presents the optimized geometry obtained at the
UB3LYP/6-31G* level of theory for the unsubstituted reactant
radical (RR), transition states (TS), and product radical (PR)
for reactions A shown in Scheme 1.

Figure 1 shows that, as the reaction goes from the radical
reactant to the transition state, the distance between the C1 and
C5 atoms changes substantially from 3.109 to 2.399 A, and the
bond length of C5C6 changes from 1.351 to 1.380 A. As the
reaction goes from the transition state to the radical product,
the C5-C6 double bond completes its change from a double
bond to a single bond and the €C5 bond becomes completely
formed. The reaction process can also be monitored by
observation of the changes in the spin densities. In the radical
reactant, the spin density mainly concentrates on the C1 atom
and has a value of 1.05. In the transition state, the spin density
mainly delocalizes to the C1 and C6 atoms and has values of
0.83 for the C1 atom and 0.35 for the C6 atom. In the product
radical, the spin density mainly focuses on the C6 atom and
has a value of 0.73. Some spin density also delocalizes into the
nearby connected diphenyl group.

The optimized geometry, relative energies, and spin densities
were also calculated for radical cyclization reactions with
different substitutions as indicated in Scheme 1A and Table 1.
We only investigated the minimum-energy conformations of
the radicals, in which the substitution group and the alkyl
diphenyl group are always in trans configuration. The computed
optimized geometry and energies for all of the structures are
given in the Supporting Information. Table 1 shows the key
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FIGURE 1. Optimized geometry of the unsubstituted reactant radical, transition state, and product radical for type A reactions shown in Scheme

1.

TABLE 1. Comparison of the Distance of the C1 and C5 in the
Reactants, Transitions States, and Products for the Cyclization
Reactions Investigated Here

TABLE 3. Energetics for the Isodesmic Reactions (with ZPE at
UB3LYP/6-311+G**//UB3LYP/6-31G*)

substitutions reactants (kcal/mol) transition states (kcal/mol)
Me —4.93 —4.66
OMe —12.44 —-13.13
CN —12.45 —10.36
Ris(A) Ris(A) Ris(A) ARis(A) ARis(A) ARis(A) COEt —10.43 —-9.88
RR TS PR RR TS PR COH —10.92 —10.36
R=H 3109 2399 1533 0O 0 0 CO —17.00 —15.28
R= Me 3.107 2375 1586 —0.002 —0.024  0.053
R=OMe 3.164 2.367 1.592 0.055 —0.032  0.059
R=CN 3.066 2280 1599 -0.043 -0.119  0.066 without any substitution, the distance between the C1 and C5
nggﬁt 5-822 %g?g i-ggg :8-3}12 :8-827 8-825; atoms is 1.533 A and the reaction energy-i$9.7 kcal/mol.
R=CO, 2985 2320 1580 —0124 —0079 0047 For the reactions w_|th sgbstltutlons, t_he correspondlng _reactlons
] N are less exothermic, with the reaction energies ranging from
aNote: RR= radical reactant, TS transition state, and PR product —17.4 to —9.7 kcal/mol. For these reactions. the distance
radical. ’ ) ) ’

between the C5 and C6 atoms increases by about 604066

A. The lower values for the reaction energies can be attributed
to the interaction of these substitution groups with the diphenyl

group in the product radicals that also results in a larger distance

TABLE 2. Calculated Barrier and Reaction Energies at UB3LYP/
6-3114+G**//UB3LYP/6-31G* with ZPE Corrections

substitution barrier (kcal/mol) reaction energies (kcal/mol) between the C5 and C6 atoms.

Ez u e i'é‘i :ig'z To better understand the observed substituent effects, we also
R = OMe 355 152 did calculations for the isodesmic reactions (reactions in which
R=CN 6.33 -9.7 the reactants and products have the same number for each type
R = COEt 4.79 —11.8 of bonds and thus many sources of errors cancel) of the reactant
R=COH 4.80 -113 radicals and the transition states. These isodesmic reactions are
R=CO, 5.95 —14.3

shown as reactions B and C in Scheme 1. Selected results from
the isodesmic reaction calculations are collected in Table 3.

structural changes calculated for the distance of the C1 and C5 For the methyl substitution, the reactant radical is stabilized
atoms in the reactant radicals, the cyclization transition states,by 4.93 kcal/mol whereas the transition state is stabilized by
and their product radicals for the seven reactions examined. In4.66 kcal/mol, resulting in a slight net increase in cyclization
both the RR and TS, the distances between the C1 and C5 atom®arrier to reaction by about 0.27 kcal/mol. The stabilization
(Rys) of those substitutions that have strong conjugation with energies calculated are quite similar to those of the ring-opening
the radical center (namely the cyano, ethoxycarbonyl, carbonyl reactions with a methyl substitution on the radical cefitéte
acid, and carboxylate substitutions) are noticeably smaller thancan easily attribute these stabilization energies to the hyper-
those of methyl or methoxy substitutions. In the PR state, the conjugation of the methyl group with the radical center. As the
changes in the distance of the C1 and C5 atoms are relativelyreaction goes forward toward the transition state, the electron
insensitive, varying only a small amount with values from 1.580 spin density on the radical center decreases; thus, the hyper-
to 1.599 A for all of the substitutions. conjugation with the radical center in the transition state
Table 2 lists the calculated data for the activation barrier and becomes weaker compared with that in the reactant.
the reaction energies of the cyclization reactions studied. For the electron donor group, methoxyl substitution, the
Compared with the unsubstituted reaction, the methoxy substitu-reactant radical is stabilized by 12.44 kcal/mol whereas the
tion reduces the barrier by about 0.69 kcal/mol, while the cyano, transition state is stabilized by 13.13 kcal/mol, resulting in a
ethoxycarbonyl, carboxylic acid, and carboxylate substitutions net decrease in the barrier to reaction by 0.69 kcal/mol. The
raised the activation barrier by about 0.56, 0.55, 1.71, and 2.09distance between the radical center (C1) and methoxyl remains
kcal/mol, respectively. The methyl group substituent slightly unchanged, while the charges on the C1 atom increase from
increases the activation barrier by about 0.27 kcal/mol. The 0.108 to 0.135 as the reaction goes from the radical reactant to
radical cyclization reactions are expected to be exothermic sincethe transition state. This indicates that the methoxy! stabilization
ao-bond is formed at the expense ofrebond. For reaction 1 might be inductive instead of conjugative in nature.

1986 J. Org. Chem.Vol. 71, No. 5, 2006
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TABLE 4. Comparison of the Calculated and the Experimental Results for the Seven Reactions A of Scheme 1

theoreticdl (Eyring equation) experimentdl (Arrhenius equation)
AH# AH?* 4+ RT AS k Kobs Ea

(kcal/mol) (kcal/mol) (cal/mol K) logA (s (s (kcal/mol) logA
R=H 3.30 3.88 —9.14 10.79 2.3 10° 3.7x 107 3.49+/-0.14 10.1%4/-0.11
R=Me 3.60 4.18 -10.59 10.48 6.% 107 2.2x 10" 3.12+/-0.05 9.6%/—0.04
R = OMe 2.86 3.44 —8.39 10.96 7.2 108 4 x 107 2.34+/-0.22 9.36+/-0.16
R=CN 5.54 6.12 —10.14 10.57 3. 108
R = CO.Et 4.10 4.68 —9.36 10.74 5.3« 107 54x 10" 2.9+/-0.4 9.9+/-0.3
R=COH 4.10 4.68 —9.03 10.82 6.2 107 4 x 107
R=CO;" 5.29 5.87 —6.24 11.43 3.3 107 35x10fF 6.5+/-0.6 11.4-/-0.4

aThe theoretical data were calculated at the UB3LYP/643%1*//UB3LYP-6-31G* level of theory.” The experimental data are from refs 3, 7, and 17.

The electron acceptor group substitutions raise the barrier of accurate comparison, we need to deduce the relationship of the
the reactions compared with the unsubstituted reaction. The parameters between two equations.
cyano substituted reactant radical is stabilized by 12.45 kcal/

mol, whereas the transition state is stabilized by 10.36 kcal/ k=ksT/h x exp(ASR) x exp(~AH/RT) _
mol, resulting in a net increase 2.09 kcal/mol in the barrier to (Eyring equation)
reaction. The effgct of_ the cyano substitugnt can be attrib_uted k= Aexp(—E/RT)

to the strong conjugation of the cyano moiety with the radical (Arrhenius equation)

center. As the reaction goes toward the transition state, the

electron spin density on the radical center decreases from 0.827#rom the above two equations, we can easily obtain the
to 0.572; thus, the conjugation with the radical center in the following expressions:

transition state becomes weaker compared with that in the

reactant radical. The different conjugation can also be observed E,= AH"+RT A=KTh x e x "%

from the changes in the distance of the-&yano bond, which

increases from 1.392 to 1.413 A as the reaction goes from the Table 4 lists a comparison of the calculated and experimental
reactant to the transition state. data for the cyclization reactions of interest. At first sight, it is

somewhat surprising that the rate constants calculated in the
gas phase using a modest level of theory match reasonably well
with the experimental results. Further investigation of the

kinetics data shows the theoretical calculations overestimate the

It is intriguing to compare the isodesmic reactions for the
ethoxycarbonyl, carboxylic acid, and carboxylate substitutions.
All three of these substitutions result in a net increase in the

barrie_r to reactior_1: The ethoxycarbonyl and carboxylic acid s\ ation barriers by about 0-4.7 kcal/mol, while the
substitutions stapll|ze the reactgnt radical by .10.43 and 10.92 4 tivation entropy was underestimated by abou8Zal/mol
kcal/mol, respectively, and ;tab|llze t_he transm_on state_ by 9.88 compared with the experimental data in most cases. The
and 10.36 kcal/mol, respectively. This results in a net increase ynderestimation of the entropic term contribution to the activa-
in the barrier to reaction of 0.55 and 0.56 kcal/mol, respectively. tion free energy AG*) is about—0.6 to—2.4 kcal/mol at room

As for the carboxylate substitution, the reactant radical is temperature. For the carboxylate substitution, the calculated
stabilized by 17.0 kcal/mol while the transition state is stabilized activation barrier is underestimated by about 0.63 kcal/mol and
by 15.28 kcal/mol, resulting in a net increase in the barrier to the activation entropy calculated is in excellent agreement with
reaction of 1.71 kcal/mol. This increase in the barrier to reaction the experimental data. We will further discuss the reactions of
for the carboxylate substitution is noticeably larger than that the three carbonyl-containing substitutions in the next section.
for the ethoxycarbonyl and carboxylic acid substitutions. The  Radical cyclization reactions for the carboxylate substitution
kinetic effects on the cyclization reactions were examined by are thought to be important for studies of molecular rearrange-
considering the stabilization energy of the substitution groups ments catalyzed by coenzyme-Rlependent enzymes because
with the radical center. It is expected that a more effective the radical anion produced closely resembles the reactive species
delocalization of the reactions will lead to a higher activation in nature!’ Further investigation of the kinetics data for these
barrier. For the ethoxycarbonyl and the carboxylic acid substitu- three reactions shows that the activation entropy for the
tions, the electron density changes in the radical center C1 arecarboxylate substitution is6.24 cal/mol K, which contributes
0.261 and 0.262 from reactant radical to transition state, 1.83 kcal/mol to the activation free energy at room temperature.
respectively. For the carboxylate substitution, the electron For the ethoxycarbonyl and carboxylic acid substitutions, the
density change in the radical center on C1 is 0.569, and this &ctivation entropies are9.36 and—9.03 cal/mol K, respec-
makes the net increase in the activation barrier somewhat largertively, Which contribute 2.74 and 2.65 kcal/mol, respectively,

than those of the ethoxycarbonyl and carboxylic acid substitu- ©© the activation free energy at room temperature. The more
tions. favorable entropic terms for the reaction of the carboxylate

S . .. substitution compared with those of the other two reactions are
To gain insight into these reactions, we calculated the kinetics ;

: ) X o in agreement with the expectation of Newcomb and co-
data for reaction A in Scheme 1. The theoretical kinetics data
were based on the Eyring equation, while the experimental data (17 miranda, N.; Daublain, P.; Horner, J. H.; Newcomb, 34.Am.
available were based on the Arrhenius equation. Therefore, for Chem. Soc2003 125 5260.
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TABLE 5. Comparison of the Kinetic Data Calculated for the
Gas-Phase and Solution-Phase Reactions to the Corresponding
Solution-Phase Experimental Results

theoretical experimentd
o o AG* AG*  AG*  Kk(ACN) Kobs
(gas phase) (THF) (ACN) (s AG*  (sh
R = CO,Et 6.84 6.29 6.26 1.4 1C® 6.78 5.4x 107
R=COH 6.75 6.43 6.58 8.% 10" 6.95 4x 10/
R=CO," 7.11 6.69 7.83 9.% 10° 8.37 3.5x 10°

aFrom ref 17.

Guan et al.

the same influence on the reactivity of the ethoxycarbonyl and
carboxylic acid substitutions. In contrast, for the carboxylate
substitution, the solvent polarity has a different effect on the
reaction: the activation free energy decreases 0.41 kcal/mol in
THF while it increases 0.7 kcal/mol in ACN compared with
the gas-phase values, and this contributes to a further reduction
in the rate constant. This contrasting solvent effect on the
reaction of the carboxylate substitution helps confirm the
speculation that the radical anionic feature is critically important
for the much lower rate constant. In agreement with the
experimental results, the calculated rate constant for carboxylate
in ACN is 9.9 x 10° s, nearly 1 order of magnitude lower
than the 1.4x 10® s™1 and 8.3x 107 s™! rate constants for the
reactions of the ethoxycarbonyl and carboxylic acid substitu-

tions.

workerst” Their experimental results also show that even though Conclusions
there is a more favorable entropic term for the reaction of the  The 5-exo radical cyclization reactions @fsubstituted 6,6-
carboxylate substitution, the activation enthalpy factor contrib- diphenyl-5-hexenyl radicals have been investigated using DFT
utes much more to the activation free energy, which in turn calculations at the UB3LYP/6-3#1G**//UB3LYP/6-31G*
causes the rate constant for the carboxylate substitution reactiorlevel of theory. The methoxy substitution reduced the barrier
to still be 1 order of magnitude lower than those of the other by 0.5 kcal/mol, and the methyl substitution slightly raised the
two reactions. The negative charge in the radical anion was barrier by 0.3 kcal/mol. For the electron acceptor substitutions,
thought to be a critically important featuté.Our present such as ethoxycarbonyl, carboxylic acid, carboxylate, and cyano
theoretical calculations also show that the rate constant of thesubstitutions, the barriers to reaction were raised by 0.55, 0.56,
carboxylate case is slower but not too much more than that of 1.71, and 2.1 kcal /mol, respectively. The solvent effects on
the other two reactions. Considering the sensitivity to polar the reaction barriers were considered through the use of the
solvents for a reaction involving the carboxylate substitution SCRF method based on a PCM model. The calculated kinetics
that possesses a negative charge, the effects of the solvent werdata are in good agreement with the available experimental
introduced to the cyclization reaction comparison purposes. Theresults. Investigation of the reactions of carbonyl-containing
solvent effects on these three reactions were investigated usingsubstitutions in THF and ACN solvents shows that the radical
the UB3LYP/6-31G* optimizations of the gas-phase stationary anionic feature of the carboxylate group contributes to the further
points and then using the SCRF method based on a PCM modeteduction of its reaction rate constant, which is consistent with
developed by Tomasi and co-workéfsBecause the solvent  the experimental results reported by Newcomb and co-workers
used in the experimental work was acetonitrile (ACN), we used in ref 17.
its dielectric constant ot = 36.64 for the calculations in
acetonitrile solvent. We also did calculations for the relatively ;
low polar solvent tetrahydrofuran (THF) with a dielectric g(r)z;nlt;sogthgheDll?_ese:Lc(;l arsﬂfif;ﬂggL?ftg%]%Kong (HKU-
constant ofe = 7.58 for comparison purposes to estimate the B T
importance of a large change in the solvents dielectric property.  Supporting Information Available: Cartesian coordinates, total
Inspection of Table 5 shows that the activation free energy energies and vibrational zero-point energies for the reactants,
in both THF and ACN decreases compared with that in the gas transit_ion_states_ and products for the rgactions investigated. This
phase. However, the difference of the free energy calculated inMaterial is available free of charge via the Internet at http://
the THF solvent and the ACN solvent is very small, which pubs.acs.org.
means the different extent of the solvent polarity imposes nearly J0052328M

Acknowledgment. This research has been supported by

1988 J. Org. Chem.Vol. 71, No. 5, 2006



