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Calculations of the activation energy of cyclizationoekulfenyl-, a-sulfinyl-, anda-sulfonyl-5-hexenyl
radicals and their respective 5-methyl-5-hexenyl counterparts at the G3MP2B3 level agree quite well
with experimental data. The-sulfinyl-5-hexenyl radical exhibits unexpected regioselectivity (93.99:
6.01) via the 5-exo mode, whereas thesulfenyl- anda-sulfonyl-5-hexenyl radicals show increasing
branching ratios of the 6-endo product. In contrast, the cyclization ofatiselfur-based 5-methyl-
substituted counterparts yields essentially the 6-endo products in all cases; in particutesS G-
CHs-5-hexenyl radical gives high regioselectivity (98.85:1.15) via the 6-endo mode. Several other
5-substituted moieties, including the electron-withdrawing (CN ang)felectron-donating substituents
(NH,), also proceed preferentially to 6-endo closure. @&kgulfonyl-5-amine-5-hexenyl radical is calculated

to proceed to exclusively the 6-endo product, a demonstration of the high synthetic value of this reactant.

Introduction SCHEME 1. Cyclization of the 5-Hexenyl Radical

R\O R ; R :
R
, R

Several procedures have been proven to be viable for the
synthesis of organic and bioorganic compounds that contain
n-member ringg° One common procedure is intramolecular
radical cyclization, especially for five- or six-membered ridgs.
For example, the 5-hexenyl radicdl,(shown in Scheme 1),

undergoes ring closure to form (over 97%) a 5-exo primary R

H 2, R=H 3,R=H
Me 5, R=Me 6, R=Me

-

Fa;.Tt()gve\glg)o_gw_gg;rgip&ngdence should be addressed. Phone: (886)'2'2930'9085'pr0duCt,2, as opposed to a 6-endo produgt(less than 3%),
(1) Bennasar, M. L.; Juan, C.; Bosch,Ghem. Commur200Q 2459. which is supposed to be thermodynamically more stablghe )
(2) Ellis, D. A.; Hart, D. J.; Zhao, LTetrahedron Lett200q 41, 9357. plausible explanation referred to the so-called stereoelectronic
Ei; a’;'r‘]j:;v g- E-f gldfmag % Oé-ré)rghg;%‘gg%% 52766‘?83- control® However, it is still possible to achieve a reaction
(5) BeckW’ith,-A..‘L. J.; Ing‘old-, K. U. IfRearrangemenfs in Ground and y!EId'ng a six-membered ring bY SUbSt't_Uted radlcals_ of _Va”c_’us
Excited Statesde Mayo, P., Ed.; Academic: New York, 1980; pp 162 kinds12716 |n general, the regiochemistry of cyclization is
283. ) governed by not only a stereoelectronic factor but also polar
i e(girga)(gegg’c"m}t?' I/i' ﬂ'TS’t,r @frﬂ'eosgﬁsjé3H71'efg7hi;’;?ﬂrgf8e5re‘{‘fes and steric effects. One illustration involves the cyclization of
3925.

(7) Surzur, J. M. InReactve IntermediatesAbramovitch, R. A., Ed.;
Plenum: New York, 1981; Vol. 2, Chapter 3.

(8) Griller, D.; Ingold, K. U.Acc. Chem. Red98Q 13, 317.

(9) Jasperse, C. P.; Curran, D. P.; Fevig, T.Ghem. Re. 1991, 91,
1237.
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(10) (a) Leach, A. G.; Wang, R.; Wohlhieter, G. E.; Khan, S. I.; Jung,
M. E.; Houk, K. N.J. Am. Chem. So@003 125, 4271. (b) Della, E. W.;
Kostakis, C.; Smith, P. AOrg. Lett. 1999 1, 363. (c) Jursic, B. S.
THEOCHEM1999 492 285.
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SCHEME 2. Cyclization of a-Sulfur-Based 5-Hexenyl electron-deficient radical center, whereas the S atom in radical
Radicals 7 exerts a stabilizing influence through the mesomeric interaction
R i of the lone pair with the radical center. Radicdl@ and 13
7z s R R exhibit a more electrophilic character, wheréabas a more
X X \O( nucleophilic nature. According to frontier molecular orbital
(FMO) theory?* electrophilic radicals such d® and13 (sulfinyl
7.X=S,R=H 8.X=S,R=H 9.X=S,R=H

and sulfonyl, withg, values as the inductive component 0.52
and 0.535 respectively) have a lower SOMO energy level that
allows a more attractive interaction with the alkene HOMO.

5-methyl hexenyl radicat that yields 5-exd (40%) and 6-endo The terminal carbon (§ has a larger HOMO coefficient than

productss (60%), due to an unfavorable steric effect in the 5-exo that at G, providing a larger orbital overlap interaction with
mode of cyclizatiorf:111718Another illustration of the increased SOMO and thus increasing the probability of 6-endo closure.

endo/exo product ratio, 6:1, in the ring closure of the Foranucleophilic radical such as sulfeiylo =0.23), a more

5-carbomethoxy(CéMe)-5-hexenyl radical is attributed to the favorable orbital interaction in the transition structure occurs
combined polar and steric effects of the substituent. between the radical SOMO (due to the elevation of the SOMO

In the cyclization of 5-hexenyl radicals that contain an €nergy level) and the-bond LUMO. The greatest overlap is
o-heteroatom, the nature and reactivity of a radical center can the radical center with the larger LUMO coefficient & @hich
be altered significantly by an adjacent heteroatom such as'®2ds to @ 5-exo closure. These outcomes are thought to be
nitrogen and oxyge® For example, when the heteroatom was dominated mainly by two factorsa stereoelectronic effect, for
N, in a-ammonio-5-hexeny! radicals, cyclization proceeded with Which @ particular geometric relationship is required to maximize
high regioselectivity to the 5-exo mode as a major product, the.stab'lllzmg |nteract|.oﬁ‘§ anql a polar effect. A sphemaﬂc
whereas the 6-endo mode was not detected. Similarly, whenOrbital diagram of the interaction of the SOMO with HOMO
the heteroatom N was in th&-position, a 5-exo product was ©OF LUMO appears in Figure 1. o
formed exclusively; a heteroatom O in tfigposition likewise For the cyclization of the 5-methyl-5-hexenyl radical, in

10. X=SO,R=H
13. X=S0,,R=H

11.X=SO,R=H
14.X=S80,,R=H

12. X=SO,R=H
15.X=S0,,R=H

favored the 5-exo product (5-exo/6-eng098/2)2° The ring
closure ofa-sulfenyl-, o-sulfinyl-, and a-sulfonyl-5-hexenyl

which no heteroatom is involved and thg fsition carries a
substituted methyl group, the product ratio shifts from almost

radicals is reported with the sulfonyl group located external to absolute 5-extf (5-exo/6-endo= 99:1 for the nonsubstituted

the 5-hexenyl chaif:22 Della et al?® conducted experiments

5-hexenyl radical) to 40:60 of a 5-exo/6-endo mixttid steric

on the cyclization ofx-sulfur-based 5-hexenyl radicals in which ~ effect is ascribed at thes(osition such that the methyl group

the hetero group constitutes part of the hexenyl chain (including hinders the formation of 5-exo; a 6-endo closure is thus

a-sulfenyl, sulfinyl, and sulfonyl functional groups), shown in preferred. Our interest is the ring closure of substituents, CH

Scheme 2; their purpose focused on the effect of the longer NHz, CN, and NQ at the G position ofa-sulfur-based 5-(R)-

C—S bond on the cyclization and the presence of these groups>-hexenyl radicals, includingu-sulfenyl-, a-sulfinyl-, and

that might influence the regiochemistry of the ring closure. ~ @-Sulfonyl-5-substituted-5-hexenyl radicals. We calculated the
SO and S@ in radicals10and13, respectively, are strongly ~ activation energies, transition structures, rate coefficients, and

inductive electron-withdrawing groups that might destabilize an Pranching ratios for the formation of 5-exo and 6-endo products,
examined the influence of the substituents on the activation

energies, and rationalized the attributes to an intrinsic activation
energy and thermodynamic contribution based on the Marcus

(12) Dolbier, W. R., JrChem. Re. 1996 96, 1557 and references therein.
(13) Dolbier, W. R., Jr.; Rong, X. X.; Bartgerger, M. D.; Koroniak, H.;

Smart, B. E.; Yang, Z.-YJ. Chem. So¢Perkin Trans.1998 2, 219.
(14) Dolbier, W. R., Jr.; Rong, X. X.; Smart, B. E.; Yang, Z.-X.Org.
Chem.1996 61, 4824.
(15) Dolbier, W. R., Jr.; Li, A.; Smart, B. E.; Yang, Z.-¥. Org. Chem.
1998 63, 5687.

(16) Li, A.; Shatrev, A. B.; Smart, B. E.; Yang, Z.-Y.; Lusztyk, J.; Ingold,

K. U.; Bravo, A.; Dolbier, W. R., JrJ. Org. Chem1999 64, 5993.

(17) (a) Beckwith, A. L. J.; Blair, I. A.; Phillipou, GTetrahedron Lett.
1974 2251. (b) Beckwith, A. L. J.; Moad, G. Chem. SocChem. Commun
1974 472.

(18) Beckwith, A. L. J.; Lawrence. TJ. Chem. Sog¢Perkin Trans. 2
1979 1535.

(19) (a) Della, E. W.; Smith, P. Al. Chem. SocPerkin Trans. 12001,
445, (b) Della, E. W.; Smith, P. ATetrahedron Lett2001, 42, 481. (c)
Della, E. W.; Smith, P. AJ. Org. Chem200Q 65, 6627. (d) Della, E. W.;
Smith, P. AJ. Org. Chem1999 64, 1798. (e) Della, E. W.; Knill, A. M;
Smith, P. A.Chem. Commuri996 14, 1637. (f) Della, E. W.; Knill, A.
M. Tetrahedron Lett1996 37, 5805. (g) Della, E. W.; Knill, A. M.J.
Org. Chem1996 61, 7529. (h) Della, E. W.; Knill, A. M.Aust. J. Chem.
1995 48, 2047.

(20) (a) Wilt, J.J. Org. Chem1981, 103 5251;Tetrahedronl985 41,
3979. (b) Wilt, J. W.; Lustztyk, J.; Peeran, M.; Ingold, K. J.Am. Chem.
Soc.1988 110, 281.

(21) (a) Tsai, Y.-M.; Chang, F.-C.; Huang, L.; Shiu, C.qletrahedron
Lett 1989 30, 2121. (b) Ke, B.-W.; Lin, C.-H.; Tsai, Y.-MTetrahedron
1997 53, 7805. (c) Ke, B.-W.; Lin, C.-H.; Tsai, Y.-MTetrahedron Lett.
199Q 31, 6047.

(22) (a) Renaud, PTetrahedron Lett199Q 31, 4601. (b) Clive, D. L.
L.; Boivin, T. L. B. J. Org. Chem.1989 54, 1997. (c) Reutrakul, V.;
Poolsanong, C.; Pohmakotr, Metrahedron Lett1989 30, 6913.

(23) Della, E. W.; Graney, S. Dl. Org. Chem2004 69, 3824-3835.
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theory2728Understanding the origin of these rate effects in the
radical cyclization of substitutedr-sulfur-based 5-hexenyl
radicals assists the understanding of substituent effects on other
radical cyclization reactions.

Computational Methods

The geometries of all reactants, products, and transition structures
that involve radical cyclization were optimized using density
functional theor§°-33 with the hybrid UB3LYP4-36 functional in

(24) Fleming, I.Frontier Orbitals and Organic Chemical Reactigns
Wiley: London, 1976.

(25) Hansch, C.; Leo, A.; Taft, R. WChem. Re. 1991, 91, 165; record
the following values: S@(o; = 0.53), SO ¢ = 0.52), and S = 0.23).

(26) Carey, F. A.; Sundberg, R. Advanced Organic Chemistryith
ed.; Kluwer Academic/Plenum Publishers: New York, 2000; Part A.

(27) (a) Marcus, R. AJ. Chem. Physl956 24, 966. (b) Marcus, R. A.
Annu. Re. Phys. Chem1964 15, 155. (c) Marcus, R. AJ. Phys. Chem.
1968 72, 891. (d) Chen, M. Y.; Murdoch, J. R. Am. Chem. So0d.984
106, 4735 and references therein.

(28) (a) Magnoli, D. E.; Murdoch, J. R.. Am. Chem. S0d.981, 103
7465. (b) Murdoch, J. R.; Magnoli, D. B. Am. Chem. Sod 982 104.
3792. (c) Wolf, S.; Mitchell, J.; Schlegel, H. B. Am. Chem. S0d.981,
103 7694.

(29) (a) Anglada, J. M.; Domingo, V. Ml. Phys. Chem. 2005 109,
10786. (b) Zhang, W.; Du, BTHEOCHEM?2006 760, 131.

(30) Hohenberg, P.; Kohn, WPhys. Re. 1964 136B 864.
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(a) A nucleophilic radical (b) An electrophilic radical

FIGURE 1. Frontier orbital interactions for radicals: (a) LUMO with high-energy SOMO, and (b) HOMO with low-energy SOMO.

conjunction with the 6-31G(d) basis set in the Gaussian 03 of natural bond orbitals (NB®) ¢ (NBO 4.0 implemented in
package’ Each stationary point as an energy minimum or a saddle Gaussian software), we analyzed a possible orbital interaction
point was verified by calculation of the harmonic vibrational between the substituent and the radical center. Our calculated results
wavenumbers. Zero-point energies were included in the evaluationlisted in Table 1 show that the G3MP2B3 data agree reasonably
of activation energies and heats of reactions. Calculations of intrinsic with the experimental values, whereas at all other levels there are
reaction coordinate (IRG) were performed on all transition large deviations. For this reason, we undertook our calculation of
structures to confirm the connection between the reactants andall activation energies and thermodynamic data at this level, unless
products. Single-point calculations at two leveldB3LYP/6- otherwise stated.

311++G(d,p)//UB3LPY/6-31G(d) and CCSD(T)/cc-pVvDz//
UB3LPY/ 6-31G(d)y-were performed. Furthermore, for the calcu-
lation of the energies of all structures using the G3-MP2 method
at the UB3LYP/6-31G(d) geometries (G3MP2B3)the fourth- The reactants and two possible producsexo and 6-ende
Order Mﬂ”eFPlesset perturbation theOI’y (MP4) was Substituted of the Cyc“za“ons Oh_su”ur_based 5_hexeny| radica'a_s,

by the computationally less demanding MP2 approach. The detail ,_so anda- and their 5-substituted derivative N
description of the G3MP2B3 method can be found on page S37 of EOZ :alndol%ll—sig)oza)re depiited Zn%snumbereGd in Scﬁe(r%]}eﬂ:B'

ing Inf ion. X
Supporting Information Geometries Calculated at the B3LYP/6-31G(d) LevelThe

We investigated substituent effects on the rates of radical .
cyclization using transition-state theory with Wigner tunneling Calculated transition-state structuresoe$ulfur-based 5-(R)-5-

correction&® and obtained the branching ratio of reaction products hexenyl radicals in the cyclization show a chair conformation

by adapting a method similar to that described in the Rice With an energy less than that of the boat counterpart; for this
RamspergerKassel-Marcus (RRKM) theory. The Marcus theory  reason, we consider only the chair conformer of each transition-
has served to separate thermodynamic and intrinsic contributionsstate structure. (For example, for=RCN of sulfenyl systems,

Results and Discussion

to activation energies, as proposed by Murd&dlith calculations in the transition-state structure, forming the 6-endo product, the
chair conformation is about 4 kcal/mol less than that of the boat
(31) Kohn, W.; Sham, L. JPhys. Re. 1965 A1133. counterpart.) During the formation of cyclic products, either

3 g’ﬁgr%a)P%?‘;';gég‘-ggJég‘;m- Phys1992 96, 2155. (b) Becke, A.D.  5.ex0 or 6-endo, each transition-state structure is associated with
(33) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and  the formation of ones-bond and a cleavage of the nearby

Molecules Oxford University Press: Oxford, 1989. m-bond. The G—S; bond length in the transition-state structure
(34) Becke, A. D.Phys. Re. A 1988 38, 3098. of the forming 5-exo product (shown in Table S32) of th&

gg; 'éi‘ii(ec ';\\_NSSQ_]’CV%/;; a;hyziggygsé %86'4%_1988 37, 785. system is within 1.7461.765 A, with an electron-withdrawing

(37) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, Substituent at the £position correlating with a shorter bond
M. A; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; and an electron-donating group with a longer bond. In either

Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. _ _ . ; imi
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, the a_SO or a-SQ, SyStem’. the &-S, bond Wlt.h a S.Imllar
M.: Cammi, R.: Mennucci, B.. Pomelli, C.. Adamo, C.: Clifford, S..  Substituent behaves oppositely to the system, in which the

Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, C;—S; bond is longer with an electron-withdrawing substituent
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; ithi i i -
Ortiz 3. V.. Stefanov B. B Liu G- Liashenko. A Piskorz. B.: Komarommi. (within 1.775-1.797 A) but shorter with the donating counter
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. (40) Weinhold, F.; Landis, C. RChem. Educ. Res. Pra@001, 2, 91.
W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, (41) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88,
M.; Replogle, E. S.; Pople, J. &Saussian 98revision A.7; Gaussian Inc.: 899.
Pittsburgh, PA, 1998. (42) Carpenter, J. E.; Weinhold, B. Mol. Struct.1988 169, 41.
(38) Gonzalez, C.; Schlegel, H. B. Chem. Phys1989 90, 2154. (43) Reed, A. E.; Weinhold, RHI. Chem. Phys1985 83, 1736.
(39) (a) Curtiss, L. A.; Redfern, P. C.; Raghavachari, K.; Rassolov, V.; (44) Reed, A. E.; Weinstock, R. B.; Weinhold, ..Chem. Phys1985
Pople, J. AJ. Chem. Physl999 110, 4703. (b) Baboul, A. G.; Curtiss, L. 83, 735.
A.; Redfern, P. C.; Raghavachari, B.. Chem. Phys1999 110, 7650. (c) (45) Reed, A. E.; Weinhold, K. Chem. Phys1983 78, 4066.
Janoschek, R.; Rossi, Nht. J. Chem. Kinet2002 34, 550. (46) Foster, J. P.; Weinhold, B. Am. Chem. S0d.98Q 102, 7211.
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TABLE 1. Imaginary Wavenumbers/cn?, Activation Energies/kcal mol-1, and Rate Coefficients/s? for the Radical Cyclizations of
5-Hexenyl- and 5-Methyl-5-hexenyl Radicals at the UB3LYP/6-31G(d), UB3LYP/6-31+G(d,p)//UB3LYP/6-31G(d), CCSD(T)/cc-pVDZ//
UB3LYP/6-31G(d), and G3MP2B3 Levels

5-exo 6-endo
rate rate
wavenumber AEF coefficient wavenumber AEF coefficient
5-Hexenyl Radicals (1)
UB3LYP/6-31G(d) 447 .6i 6.3 1.22 107 414 .4i 8.8 1.14¢ 1P
UB3LYP/6-311-+G(d,p)//UB3LYP/6-31G(d) 7.2 2.68 10 9.6 2.95x 10¢
CCSD(T)/cc-pVDZ//UB3LYP/6-31G(d) 10.4 1.14 10 12.8 1.24x 102
G3MP2B3 447 9i 8.3 3.5% 10° 414 .8i 10.4 7.34¢< 103
expa 2.30x 10° 4,10x 1C°
5-Methyl-5-hexenyl Radicals (4)
UB3LYP/6-31G(d) 483.8i 8.8 1.1% 10° 417.8i 7.7 8.63« 1P
UB3LYP/6-311+G(d,p)//UB3LYP/6-31G(d) 9.5 3.9% 10¢ 8.4 2.74x 10°
CCSD(T)/cc-pVDZ/IUB3LYP/6-31G(d) 12.7 1.67 1 121 5.31x 10
G3MP2B3 483.8i 9.5 3.9% 10¢ 417 .8i 9.4 5.48< 10¢
expP 5.30x 10® 9.00x 108

aFrom ref 6b.° From ref 17b.£ All rate coefficients were calculated with TST theory and a Wigner tunneling correction.

SCHEME 3 substituents N@and CN extend by 0.100.11 and 0.070.09

A, respectively. The smaller elongation is explicable according
to the increased electrophilic character of ¢h6€0 anda-SO;,
systems, causing the displacement of the Cs bond electrons

to be less effective with the electron-withdrawing substituents.

i:’;;gb’fng g:ilgb},{ESH Z:’;;gb’f;fH Marcus Theory. To understand separately the intrinsic and
7.X=80, R=H 8.X=50, R=H 9.X =50, R=H thermodynamic contribution of substituent effects on the rate
10.X=S,R=CN 11.X=S,R=CN 12.X=S,R=CN C _ £ ; At

13.X—5  R-NO, 14.X—5 R-NO, 15.X -5, R-NO, of th_e a-sulfur-based (B)-5-hexenyl radical cy_chzgtlon, we
16.X=S,R=CH, 17.X=S,R=CH; 18.X=S,R=CH; applied the Marcus theory. The Marcus equation is
19.X=S,R=NH, 20.X=S,R=NH, 21.X=S,R=NH,

22.X=SO,R=CN 23.X=SO,R=CN 24.X=SO,R=CN + + 1 2 +
25.X=50,R=NO, 26.X=S0,R=NO,  27.X=S0,R=NO, AE" = AE, + LAE,, + (AE,,)/16(AE,) )
28.X=S0,R=CHj 29.X=S0,R=CH; 30.X=S0,R=CH;

31.X=S0,R=NH,
34.X=50,,R=CN
37.X = SO,,R=NO,
40.X = SO, , R =CHjs
43.X = SO,,R=NH,

32.X=S0,R=NH,
35.X=50,,R=CN
38.X = SO,,R=NO,
41.X = SO, ,R=CH;
44.X = SO,,R=NH,

36.X=S0,,R=CN
39.X = SO,,R =NO,
42.X = SO,,R=CHj;
45.X = SO,,R=NH,

part (within 1.768-1.775 A). This explanation also relates to
the mesomeric effect of the-S system (a more nucleophilic
nature) in favor of electron-withdrawing substituents to stabilize
the transition state (TS) (shortef-€S, bond), whereas the-SO

and o-SO; systems are more electrophilic and exhibit longer
C;—S, bonds with the same substituents. Other than the
inductive effect, a major factor that influences the-Cs bond
length of the transition-state structure in forming the 5-exo
product is the steric effect of the substituents. Among the latter,
the NG, and CH; groups are bulkier than other substituents,
preventing the approach of the @dical to the g atom and
thus lengthening the £ Cs bond in contrast to the smaller CN
and NH groups.

The principal factor that influences the length of the-Cs
bond in a transition-state structure for the formation of 6-endo
products is the inductive effect from the substituents. The more
strongly electron-withdrawing groups (CN, M@xtend the ¢—

Cs bond, whereas this length for the donating counterparts,(CH
NH,) is almost invariant in thet-S, o-SO, anda-SO, systems,

by comparison with the nonsubstituted analogues shown in
Table S33. The degree of elongation of the-Cg bond in these
systems is variable. In the-S system with CN and NO
substituents, the £ Cg bond lengths extend by 0.12 and 0.15
A, respectively, with N@ being longer. Our rationalization is
that the more strongly electron-withdrawing substituent cooper-
ates with greater displacement of the newly formed C; bond
electrons, to extend the;€Cs bond, whereas in the-SO and
o-SO, systems the &-Cs bonds with electron-withdrawing

9598 J. Org. Chem.Vol. 71, No. 26, 2006

where the activation energ\E*, of a nondegenerate reaction

is the sum of the intrinsic barrieAEz, and the thermodynamic
contribution, no matter whether the reactidtk,,, is exother-

mic or endothermic. The intrinsic barrier is the hypothetical
thermoneutral process, that is, a degenerate transformation. The
thermodynamic contribution is an estimate of the change in
activation energy caused by the substituent due to an alteration
of the heat of reaction, based on an assumption that the
hypersurface of potential energy behaves like two overlapping
parabolas representing reactant and product energies, depicted
in Figure 2.The termAE,Xn)lee(AEE) is a correction for non-
additivity of the intrinsic and thermodynamic effects. The
equation is practically equivalent to the assumption that half
the reaction energ\Ex, contributes to the activation energy
AE*. An equivalent expression to solve the resulting quadratic
equation for the intrinsic barrieAEf,, is

. AE*— (1)AE,, + JAE? — AE'AE,,

The Marcus equation permits a separation of intrinsic and
thermodynamic contributions to the activation energy. We used
this formula in our calculations of the intrinsic and thermody-
namic contributions after obtaining the activation energy and
the energy for the reaction.

Substituent Effects on Activation EnergiesThe calculated
activation energies, reaction energies, intrinsic barriers, and
thermodynamic contributions according to the formalism (2)
for the radical cyclization ofx-sulfur-based 5-(R)-5-hexenyl
radicals are listed in Table 2. The computational results for the
nonsubstituted parent radicals (R H) exhibit a strong
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Endothermic by C energy

Exothermic by C energy

A : Intrinsic barrier; B : Activation energy; C : Reaction energy

FIGURE 2. The potential energy diagrams to describe the Marcus theory model for degenerate and exothermic or endothermic reactions: (A) the
intrinsic barrier of the thermoneutral reaction; (B) the activation energy of the exothermic (the left graph) or endothermic (the right o), reactio
and (C) the reaction energy.

TABLE 2. Activation Energies/kcal mol™t, Reaction Energies/kcal mot?, Intrinsic Barriers/kcal mol 1, and Thermodynamic Contributions/
kcal mol~! to the Activation Energies for the Radical Cyclization of a-Sulfenyl-, a-Sulfinyl-, and a-Sulfonyl-5-(R)-5-hexenyl Radicald with the
G3MP2B3 Method?

5-exo 6-endo

AE* AETX" AE:) AEtthermo AE# AE"X"‘ AEé AE;‘hermo
2-S-G-H 11.8 —-11.5 17.1 12.6 —-13.7 18.8
2-S-G-CN 12.5(0.7) -9.0 (2.5) 16.7£0.4) (1.1) 8.8¢37) —211(74) 17.8 ¢1.0) -2.7)
2-S-G-NO; 9.9 (2.0) —13.0 (-1.5) 15.7 €1.4) (-0.6) 63(6.2) —19.0(5.3) 14.2 £4.5) -1.7)
2-S-Gs-CHj 13.1(1.3) -11.3(0.2) 18.3(1.2) (0.1) 11.80.8) —14.5(-0.8) 18.3 (-0.5) (-0.3)
2-S-G-NH, 14.7 (2.8) -7.9@3.7) 18.4(1.3) (1.5) 11.70.8) —16.2(-25) 19.0(0.2) €1.0)
2-SO-G-H 7.3 —19.3 15.5 8.8 —21.4 17.8
2-SO-G-CN 95(2.2) —14.8 (4.6) 16.0 (0.5) (1.7) 7.2{1.6)  —28.3(-6.9) 18.6 (0.8) €2.4)
2-SO-G-NO, 8.5 (1.1) —18.7 (0.6) 16.5 (1.0) (0.1) 7.21.6) —25.4(4.1) 17.6 (-0.3) -1.3)
2-SO-G-CHs 8.2(0.9) -18.0(1.3) 16.0 (0.5) (0.4) 7.71.0)  —21.9(-0.6) 16.9 (0.9) 0.1)
2-SO-G-NH; 6.9(-04) —15.4(3.9) 13.5¢2.0) (1.6) 6.6€22) —228(14) 15.9 ¢1.9) (-0.3)
2-SO-Cs-H 6.4 —18.7 14.1 6.2 —23.7 15.8
2-S0»-Cs-CN 9.5(3.2) —13.9(4.8) 15.7 (1.5) (1.7) 540.7)  —29.3(-5.6) 16.9 (1.1) €1.8)
2-S0-Cs-NO, 6.5 (0.2) —18.9 (-0.2) 14.4 (0.3) £0.1) 3.7¢25)  —27.7(4.0) 14.2 1.6) (-0.9)
2-SO-Cs-CHs 7.6 (1.3) —-17.9(0.8) 15.3 (1.1) (0.2) 5.04.2) —24.2(-0.5) 14.6 £1.2) (0.0)
2-SO-Cs-NH; 10.4 (4.1) —-13.6 (5.1) 16.5 (2.4) (1.7) 3.7¢5)  —252(-1.5) 13.3 (2.5) (0.0)

aValues relative to the parent (nonsubstituted radical) are given in parenth@esmodynamic contribution equals activation energy plus intrinsic
barrier.

preference for formation of the 5-exo products, especially in reaction. With this nonsubstituted radical as a parent compound,
a-S ando-SO systems. The stereoelectronic effect provides an we assess the substituent effects based on a comparison of these
explanation of the outcomes. In contrast, 6-endo products calculated data. A similar treatment is applied to h80 and
become dominant in most substituted analogues with ®Hs, o-SO;, systems.

NH,, CN, and NQ of a-sulfur-based systems, especially in For electron-withdrawing substituent CN in theS system,
a-SO,. This trend is ascribed to the steric effect of the the activation energies of cyclization to form 5-exo and 6-endo
substituent at the £position, which inhibits the direct formation  are reversed with respect to the parent compound (12.5 vs 8.8
of 5-exo products, but a detailed investigation is required for kcal/mol), and the calculated 5-exo/6-endo branching ratio is
the diverse 5-exo/6-endo ratios with respect to various substit- also reversed (0.2/99.8, in Table 4). The Marcus analysis shows
uents in thex-S, o-SO, anda-SO, systems. We employed the  a smaller intrinsic barrier for 5-exo formation (16.7 vs 17.8 kcal/
Marcus theory to evaluate quantitatively the intrinsic barrier and mol) but is much less exothermie-9.0 vs —21.1 kcal/mol)
thermodynamic contribution in these systems. As shown in than the 6-endo product. The great exothermic reaction energy
Table 2, the cyclization of the nonsubstituteeS system to in forming the 6-endo product thus dominates the activation
form a 5-exo product has a smaller activation energy (11.8 kcal/ energy in this cyclization of the.-S—CN-substituted radical.
mol) than for the formation of the 6-endo product (12.6 kcal/ A similar result is found for the N@substituent, except for a
mol); the calculated 5-exo/6-endo product branching ratio (83.1/ smaller intrinsic barrier in forming the 6-endo (14.2 vs 15.7
16.9, in Table 4) agrees satisfactorily with the experimental kcal/mol) than the 5-exo product, in contrast to the CN-
measurement (84/16). The Marcus analysis shows also a smallesubstituted analogue. In both cases, the electron-withdrawing
intrinsic barrier of 5-exo products (17.1 vs 18.8 kcal/mol) and substituents decrease the intrinsic barriers, in accordance with
less exothermic{11.5 vs—13.7 kcal/mol) than for formation =~ FMO theory for which the high-energy SOM@+S, nucleo-

of a 6-endo product. These two factors combine in the equation philic) reacts rapidly with the lowered LUMO because of the
and determine the observed activation energy of the cyclization strongly electron-withdrawing substituents CN and NDhe
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degree of electron-withdrawing character is evidently greater TABLE 3. Calculated Rate Coefficients/s™* at 298 K for Radical
in NO, so as to lower the LUMO more but is less exothermic CysdI|Zfano|n50fRa_85ur|1fenyl-'|aF_eSlél'fm)|/I-} afl‘:d . 4 bend
than the CN substituent. In contrast, for electron-donating & >4"0"™" ~(R)-5-hexenyl Radicals to Form 5-exo and 6-endo

substituents Ckland NH, for which each LUMO is raised to Products

a higher energy (Nkto a slightly greater extent through its _>exo 6-endo

more strongly donating character), the intrinsic barrier in ke k' © ko ko' e
forming either the 5-exo or 6-endo thus increases. As the 2-s-G-H 1.01x 10® 3.12x10° 2.04x 1® 4.17x 107

thermodynamic factor is more favorable toward forming 6-endo 2-SO-G-H 2.64x 103 1.56 x 1&; 1.68x 10‘; 9.47 x 1cr;0
han 5-ex r i min h ivation energy. The 2-SQ-Cs-H 1.37x 10" 9.56x 107 1.05x 10" 1.08x 10~

t "’t‘. 5t'e op Od.UCtt' tfdo 6 atzs Leﬁ?ﬁt atio ”e tehgyt € 2sGCN 3.37x 1 6.21x 10% 2.02x 106 7.93x 10710
activation energies 1o form 6-endo- us smallerthanto 5 5.G.No,  2.09x 10* 4.24x 105 1.15x 10/ 1.04x 106
form 5-exo-NH (11.7:14.7 kcal/mol), despite the intrinsic  2.s.G-CHs 6.87x 100 8.03x 10¢ 9.02x 1 5.36x 107
barrier to form the 6-endo product being larger (19.0:18.4 kcal/ 2-S-G-NH,  7.59x 10° 2.46x 10* 1.27x 10° 3.44x 1078

mol). A similar result prevails in forming 6-endo-Gland 5-exo- 2-S0-G-CN  361x 10" 1.02x10°° 1.92x 1P 1.18x 10°*
CH3 prOdUCtS (11 813 1 kcaI/mOI) 2-SO-Q,-N02 1.72x 105 5.76 x 1@8 1.92 x 105 6.66 x 1012

_ ) ~ 2-SO-G-CH; 3.89x 10° 4.87x 107 1.58x 10°F 1.27x 10°°
In the a-SO systems, the radical center is less nucleophilic 2-SO-G-NH, 1.83x 10° 2.47x 104 9.42x 10° 4.64x 10°°

and somewhat electrophilic; some stabilization results from gggzzgscg 3.§>gx 18; 2.(252>< 1gi S.OZX 18; 2.gzx 1gﬁ
z-conjugation involving the lone pair on sulfur: Cre&ty SOCeNO,  7.23x 100 7.27x 1 S4x 107 5.42x 1

- o . 2-SO-Cs-CH;  9.34x 10°F 1.24x 106 8.02x 107 2.04x 10°°
suggested that thg sulflny! group stabilizes a free rafj|cal by an 2-SQ-C:-NH2 109x 10° 524x 106 7.90x 1 7.23x 10-°
acceptor mechanism utilizing sulfur vacant d-orbitals. The . o ] _
SOMO energy level is thus expected to be lower than that of " Based on activation energies at the G3VMP2B3 eVl rate

; . coefficient for the forward reaction from the reactant to form the 5-exo

the a-S SyStem and re_aCtS with the raised HOMO for the product.cki": rate coefficient for the reverse reaction from the 5-exo product
electron-donating substituents (€EHnd NH) or the lowered to form the reactant k: rate coefficient for the forward reaction from
HOMO for the electron-withdrawing counterparts (CN and the reactant to form the 6-endo produtty’: rate coefficient for the reverse
NO,). The intrinsic barriers of--SO systems in the reaction ~ reaction from the 6-endo product to form the reactant.
with electron-withdrawing substituents are thus expected to be )
greater due to a larger energy gap between the SOMO andtheir a-SO-substituted counterparts. TheSO,—NH; has the
-bond HOMO. For examp|e, in our calculated resun, the smallest intrinsic barrier (133 kca|/m0|) due to the smallest
intrinsic barrier ofa-SO-CN/a-SO-NO; in forming 6-endo ~ SOMO to z-bond HOMO gap, but its 5-exo counterpart is
is 18.6:17.6 kcal/mol, and that @f-SO—CHs/a-SO—NH, is exceptionally high (16.5 kcal/mol), likely due to the steric effect
16.9:15.9 kcal/mol. The exothermicity of electron-withdrawing ©f NH2 orientation in this congested transition structure with
substituents CN and NOis much larger in forming 6-endo ~ @n a-SO;—NH; five-membered ring, which raises the energy.
products {-28.3 and—25.4 kcal/mol, respectively) than that of [N contrast, the unexpectedly small intrinsic barrier in forming
their electron-donating counterparts €&hd NH (—21.9 and  the 6-endo product with-SO,—NO, (14.2 kcal/mol) might be
—22.8 kcal/mol, respectively). These two factors counterbalance related taz-conjugation of NQwith the radical in the transition
each other and yield nearly equal activation energies, C\:NO structure, which stabilizes that state. These questions remain
CHa:NH, = 7.2:7.2:7.7:6.6 kcal/mol. A similar explanation is open for future investigation. The exothermicity factor is larger
applicable to the formation of 5-exo products, except that the for 6-endo products than for the 5-exo counterparts, which
exothermicity is much smaller than that of forming the 6-endo results in smaller activation energies in the formation of 6-endo
counterparts. Despite the smaller intrinsic barriers for formation CVC“Zat'OH products. o . -
of 5-exo products, the calculated activation energy barriers are ~ Calculation of Rate Coefficients.Employing the transition-

thus larger than those for formation of the corresponding 6-endo State theory (TST), we calculated the rate coefficients at 298 K
counterparts. for radical cyclization ofbx-sulfenyl-,a-sulfinyl-, ando-sulfonyl-

5-(R)-5-hexenyl radicals collected in Table 3; the branching
ratios of 5-exo and 6-endo channels calculated according to the
method described for the RRKM theory and some experimental
data are presented in Table 4. We take the G3MP2B3 energies
for these calculations. In Table ¥; represents the rate
coefficient for the forward reaction in forming the 5-exo product,
whereask;' is for the reverse reaction; analogouskg, for
6-endo, and its reversde'. We used this equation for the

The a-sulfonyl (@-SO;) system is remarkable for its lack of
stabilizing effect on a radical center through the lack of a lone
pair on the sulfur atom. Bordwell and [4tisuggested that
increasing the positive charge on sulfur also destabilizes the
electron-deficient radical, supported by high-level calculations
on the SCH-, SOCH-, and SQCH,- systems that show a
significantly unstable S&CH,-. a-Sulfonyl radicals are thus
highly electrophilic, kinetically unstable, and reactive to undergo

carbon-carbon bond formation with alkenés.The somo  calculation

energy level in this system would decrease fur_ther and approach w keT Qrs Ers — Enen,

the raisedr-bond HOMO in the electron-donating substituents. ky=kK"o— — > Ready (3)
The intrinsic barriers are thus expected to be further decreased h' Qgreact. RT

relative to those of thex-SO-substituted counterparts. Our

calculated result is consistent with this prediction in the
formation of either 5-exo or 6-endo products for which most
o-SOp-substituted intrinsic barriers are smaller than those of

in which ky is the rate coefficient in question; the varioQs
values denote the partition functions of the reactamts (
sulfenyl-,a-sulfinyl-, anda-sulfonyl-5-(R)-5-hexenyl radicals),

and the transition states (5-exo and 6-endo Epg.andEreact,
represent the total energies of the transition state and the reactant,

G (‘gd) -CFrzee?c?él ﬁ-u'g}iﬁ?rftitg%”_t E‘féwt%pk'?fgé%?' ngsmismgiehe, H. respectivelykg is Boltzmann’s constant aridPlanck’s constant;
"(48) Bordwell, F. G.; L?u, W.-Z.J. Phys. Org. C’h%nﬂggg 11, 397. o denotes the symmetry number of the react&ftindicates
(49) Paquette, LSynlett2001, 1, 1. the corresponding Wigner tunneling correctfdn.
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TABLE 4. Calculated Branching Ratiost of 5-exo to 6-endo branching ratio between the 5-exo and 6-endo products is 19.8:
Products for Radical Cyclization of a-Sulfenyl-, e-Sulfinyl-, and 80.2, consistent with the experimental data 23:77. A similar
a-Sulfonyl-5-(R)-5-hexenyl Radicals, with Some Experimental Data result holds for R= NH,, but for R= CN and NG, ks are
Calculated Experimeht more than 10 times as large kg, and the calculated ratios
5-ex0 6-endo 5-eX0 6-endo much favor 6-endo products (over 90%). Like the sulfonyl
2-S-G-H 83.1 16.9 84 16 system, kos increase much more in the substituted radicals,
2-SO-G-H 94.0 6.0 95.5 45 disregarding the character of the substituents, thakystofor
2-SQG-Cs-H 56.6 43.4 76 24 R = CHs, the calculated branching ratio of 5-exo/6-endo
2-S-G-CN 0.2 99.8 products is 1.2:98.8, consistent with experimental data 2.5:97.5.
2-5-G NG, 9.2 28 A similar result holds for both R= CN and NQ (more than
2-S-G-CH, 7.1 92.9 11 89 ) _
2-S-G:-NH, 05 995 99% in favor of 6-endo). An extreme case in our calculated
2-SO-G-CN 1.9 98.1 result occurs at R= NH; for which only the 6-endo product is
2-SO-G-NO, 8.2 91.8 predicted (the preference is 100%).
2-SO-G-CH;g 19.8 80.2 23 77
2-SO-G-NH; 16.3 83.7 .
2-S0-Cs-CN 0.1 99.9 Conclusion
ggggzggj 2:2 gg:g 25 975 The substituent effects on the rate of radical cyclization of

2-S0»-Co-NH, 0 100 o-sulfenyl-,a-sulfinyl-, ando-sulfonyl-5-(R)-5-hexenyl radicals,

in which R= H, CN, NG,, CHs, and NH, are rationalized
according to the calculated intrinsic barrier and thermodynamic
contributions derived from Marcus theory in conjunction with
1 (hv*) frontier molecular orbital theory. Our calculations of branching

aBased on activation energies and rate coefficients calculated at the
G3MP2B3 level P From ref 23.

KW=1+-—-|2 (4) ratios of 5-exo/6-endo cyclization products {RH and CH)
24 \kgT reproduce the data from experiment. khsulfonyl-substituted
species display almost exclusive regioselectivity (formation of
in whichv* is the imaginary frequency at the saddle point. Our 6-endo products) disregarding the type of substituents, whereas
calculated values df" are around 1.£1.3. for the nonsubstitute d counterparts, the predominant cyclization

In Table 3, the calculated rate coefficienkss) for formation products are 5-exo raldicals; the 5-exo/6-endo ratio decreases
of 5-exo products of the nonsubstituted reactants are larger tharin the following order: a-sulfinyl-(a-SO-) > a-sulfenyl-(o-
those kes) for formation of 6-endo products. We follow the S-) > a-sulfonyl-(@-SO;-), consistent with experimental ob-
method described by Brauman et>affor the calculation of servations.
branching ratio. The calculated branching ratio in Table 4 agrees
satisfactorily with the experimental data except for th€0,
radical, which exhibits a larger deviation. For the substituted
counterparts, the rate constantskefandk, are reversed; the
products thus prefer the 6-endo structure, and the calculate
branching ratio ¢-S-5-(R) =CHz) of 5-exo to 6-endo is
7.1:92.9, consistent with the experimental data 11:89 oF-6r
5-(R) = NHa, the analogous branching ratio becomes 0.5:99.5,
predominantly favoring 6-endo formation, as also in both cases  Supporting Information Available: Cartesian coordinates and
with a-S-5-(R)= CN and NQ. In the sulfinyl cases, the rate  energies of stationary points reported in this paper can be found
coefficients for 6-endo formation decrease but still dominate on pages S2S31; bond lengths and angles of reactants, transition
such that, although for R= CHs (a-SO-5-CH-5-hexenyl structures (5-exo and 6-endo) on pages -S324, activation

radical) k, is less than 10 times as large kas the calculated ~ €nergies on page S35, reaction energies on page S36, and that of
the G3MP2B3 method on page S37. This material is available free

of charge via the Internet at http://pubs.acs.org.
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