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Abstract: Electronic and structural factors controlling the competition between 5-exo-dig and 6-endo-dig
cyclizations of sp?-radicals were analyzed using a combination of available experimental data and
computation. Although the stereoelectronically favored 5-exo pathways usually has the lower activation
energy, formation of a new aromatic ring not only makes the 6-endo process favorable thermodynamically
in conjugated systems but also lowers its activation barrier to the extent where the 5-exo/6-endo selectivity
is controlled by subtle factors such as the different sensitivity of the two pathways to strain effects in polycyclic
systems. In particular, the stronger sensitivity of the 5-exo pathway to strain leads to a crossover in selectivity.
The 6-endo cyclization is kinetically favored in smaller (and strained) cycles, whereas the 5-exo cyclization

has lower barriers in the larger rings.

1. Introduction

Conjugated molecules that incorporate acetylene moieties

have valuable electronic propertteand serve as convenient
building blocks in the synthesis of more advanced conjugated
materials? In particular, cascade radical cyclizatiénmovide

(1) (a) Gleiter, R.; Kratz, DAngew. Chem., Int. Ed. Engl993 32, 842. (b)
Bunz, U. H. F.Top. Curr. Chem1999 201, 131. (c) Hwang, G. T.; Kim,
B. H. Org. Lett.2004 6, 2669. (d) Kaafarani, B. R.; Wex, B.; Wang, F.;
Catanescu, O.; Chien, L. C.; Neckers, D.JCOrg. Chem2003 68, 5377.
(e) Diederich, FChimia2001, 55, 821. (f) Xiao, J.; Yang, M.; Lauher, J.
W.; Fowler, F. W.Angew. Chem., Int. E@00Q 39, 2132. (g) Martin, R.
E.; Diederich, FAngew. Chem., Int. EAL999 38, 1350. (h) Martin, R.
E.; Mader, T.; Diederich, FAngew. Chem., Int. EdL999 38, 817. (i)
Diederich, F.Chem. Commun2001, 219. (j) Mulen, K.; Wegner, G.
Electronic Materials: The Oligomeric ApproagWiley-VCH: Weinheim,
Germany, 1998.
(2) (a) Scott, L. T.Angew. Chem., Int. EQR004 43, 4994 and references
therein. (b) Bell, M. L.; Chiechi, R. C.; Johnson, C. A.; Kimball, D. B.;
Matzger, A. J.; Wan, W. B.; Weakley, T. J. R.; Haley, M. Wetrahedron
2001, 57, 3507. (c) Brown, R. F. C.; Harrington, K. J.; McMullen, G. L.
J. Chem. Soc., Chem. Commu®74 123. (d) Scott, L. T.; Hashemi, M.
M.; Meyer, D. T.; Warren, H. BJ. Am. Chem. S0d.991, 113 7082. (e)
Scott, L. T.; Hashemi, M. M.; Bratcher, M. S. Am. Chem. S0d.992
114, 1920. (f) Necula, A.; Scott, L. T0. Am. Chem. So200Q 122, 1548.
(g) Zimmermann, G.; Nuechter, U.; Hagen, S.; NuechterTktrahedron
Lett. 1994 35, 4747. (h) Liu, C. Z.; Rabideau, P. Wetrahedron Lett.
1996 37, 3437. (i) Mehta, G.; Panda, Getrahedron Lett1997, 38, 2145.
(j) Seiders, T. J.; Baldridge, K. K.; Siegel, J. 5.Am. Chem. S0d.996
118 2754. (k) Scott, L. T.; Cheng, P.-C.; Hashemi, M. M.; Bratcher, M.
S.; Meyer, D. T.; Warren, H. Bl. Am. Chem. S0d.997, 119, 10963. (I)
Yamaguchi, S.; Xu, C.; Tamao, K. Am. Chem. So2003 125 13662.
(m) Xu, C.; Wakamiya, A.; Yamaguchi, S. Am. Chem. So2005 127,
1638.
For the most recent examples and leading references, see:
Zhang, Y.; Wang, K. K.J. Org. Chem.2005 7, 2406. For a general
discussion of synthetic utility of radical reactions, see: (b) Giese, B.
Radicals in Organic Synthesis: Formation of CarbGarbon Bonds
Pergamon: Oxford, U.K., 1986. (c) Curran, D.$nthesid988 417 and
489. (d) Jasperse, C. P.; Curran, D. P.; Fevig, TChem. Re. 1991, 91,
1237. (e) Melikyan, G. GSynthesisl993 833. (f) Igbal, J.; Bhatia, B.;
Nayyar, N. K.Chem. Re. 1994 94, 519. (g) Snider, B. BChem. Re.
1996 96, 339. (h) Curran, D. P.; Porter, N. A.; Giese, Bereochemistry
of Radical Reaction3/CH: Weinheim, Germany, 1996. (i) Gansauer, A.;
Bluhm, H.Chem. Re. 2000 100, 2771. (j)Radicals in Organic Synthesis
Renaud, P., Sibi, M. P., Eds.; Wiley-VCH: Weinheim, Germany, 2001.
(k) Sibi, M. P.; Manyem, S.; Zimmerman, Ghem. Re. 2003 103 3263.
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an attractive approach to transforming polyacetylenes into new
polycyclic frameworks and may be implicated in the formation
of soot particles and carbon nanostructures. Many of such
cyclizations involve intramolecular attack of arfsyybridized
radicaf at a triple bond. The 6-endo and 5-exo modes of this
process (commonly referred to digy, or digonal cyclizations

in the Baldwin classificatiot) are illustrated in Scheme 1. Note
that these cyclizations do not need to follow tha@uDunitz
trajectory and thus are stereoelectronically different from the
analogous reactions of alkenes. On the other hand, stereoelec-
tronic factors for the radical cyclizations of alkynes have
interesting parallels in active field of cycloaromatization reac-
tions (Scheme 1.

Several literature examplemdicate that the 5-exo pathway
dominates when the acetylene and vinyl moieties are connected
by a saturated bridge. However, the situation is more compli-
cated when the bridge is unsaturated, and thus, the cyclization
involves completely conjugated molecules. For example, the

(a) Han, X,;

(4) In addition, chemistry of Sgcentered radicals attracted continuous attention
due to their involvement into DNA-damaging processes responsible for
the biological activity of enediyne antibiotics, in polymerization of
acetylenes and in organic synthesis.Eapdiyne Antibiotics as Antitumor
Agents Borders, D. B., Doyle, T. W., Eds.; Marcel Dekker: New York,
1995. (b) Chen, X.; Tolbert, L. M.; Hess, D. W.; Henderson, C.
Macromolecule001, 34, 4104. (c) John, J. A.; Tour, J. M. Am. Chem.
So0c.1994 116, 5011. (d) Mifsud, N.; Mellon, V.; Perera, K. P. U.; Smith,
D. W., Jr.; Echegoyen, L1. Org. Chem2004 69, 6124. (e) Smith, D. W.,
Jr.; Babb, D. A.; Snelgrove, R. V.; Townsend, P. H., lll; Martin, SJ.J.
Am. Chem. Sod 998 120, 9078.

(5) Baldwin, J. EJ. Chem. Soc., Chem. Commuad®7§ 734.

(6) (a) Jones, R. R.; Bergman, R. G.Am. Chem. Sod 972 94, 660. (b)
Bergman, R. GAcc. Chem. Red973 6, 25. (c) Prall, M.; Wittkopp, A.;
Schreiner, P. RJ. Phys. Chem. 2001, 105 9265. (d) Schmittel, M.;
Strittmatter, M.; Kiau, SAngew. Chem., Int. Ed. Endl996 35, 1843. (e)
Schmittel, M.; Vavilala, CJ. Org. Chem2005 70, 4865 and references
therein. (f) Nagata, R.; Yamanaka, H.; Okazaki, E.; Saitdetrahedron
Lett. 1989 30, 4995. (g) Myers, A. G.; Kuo, E. Y.; Finney, N. 3. Am.
Chem. Soc1989 111, 8057. (h) Saito, K.; Nagata, R.; Yamanaka, H.;
Murahashi, E.Tetrahedron Lett.199Q 31, 2907. (i) Myers, A. G
Dragovich, P. S.; Kuo, E. YJ. Am. Chem. S0d.992 114 9369.
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Scheme 1 @ Scheme 2. Selective 5-Exo-dig Cyclizations in Conjugated
. i . Systems!2-15.18
(a) radical cyclizations
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Schreiner 37 820’? OMe  >11-48%
. Alabugin Anthony
c the 5-exo product via bicyclo[3.1.0]hex-3,5-dien-2-yl radical
- intermediate instead of direct 6-endo cyclization.
Many of the literature cyclizations involving the addition of
2 . vinyl radicals to triple bonds in conjugated systems agree with
Schmittel Myers-Saito the intrinsic preference for the 5-exo process. For example,

# (a) 5-Exo-dig and 6-endo-dig cyclizations in parent and fully conjugated Kénig and Schreiner et ak.reported an example of the 5-exo-
systems. (b) Selected cycloaromatization reactions. dig cyclization of an enediyne promoted by the 2,2,5,5-
tetramethyl-4-piperidin-1-oxyl (TEMPO) radical (Scheme 2).
Our group found recently that B8n-initiated cyclizations of
diaryl-substituted enediynes proceed through the same pathway
but in considerably improved yields (vide infé&thus providing
a convenient synthetic approach to substituted fulvenes and
indenest* Through computational analysis of thermodynamics

6-endo cyclization of the parent conjugated 1,3-hexadiene-5-
yn-1-yl radical has been considered as the key step in the
formation of polycyclic aromatic hydrocarbons (PAHturing
combustion of hydrocarboridviost recently, Olivella and Sole
carefully studied the kinetic competition between 5-exo and
6-endo cyclizations in this system using both DFT and high of competing 5-endo-, 5-exo-, and 6-endo-dig pathways, we also

level multiconfigurational (CASSCF and RCCSD(T)) calcula- found that the 6-endo path is more exothermic and, thus, that
tions and found that the 5-exo activation barrier is only 1.4 kcal/ g_ayq products should be formed under kinetic coriffol.

mol lower than the 6-endo barrier (at the ZPVE-corrected gcpmjttel et al. found that triplet diradicals formed photochemi-
RCCSD(T)6-313G(3df,2p)//[CASSCF/6-31G(d) level), a no- ¢4y from enyne-carbodiimides (Scheme 2) and enyne-keten-
ticeable decrease in comparison to the difference between thgmines undergo exclusively-8xo-dig cyclizatiors

respective trigonal cyclizations of the 5-hexene-1-yl radi¢al. However, several recent articles suggested that this “intrinsic
The authors also suggested that the lowest energy pathway foryreference” is not absolute and that 6-endo cyclization can
the formation of phenyl radical involves the rearrangement of compete with the 5-exo pathway in conjugated syst&nfar
example, Anthony and co-workérfé8reported several surpris-

(7) (a) Brunton, S. A.; Jones, K. Chem. Soc., Perkin Trans200Q 763. (b) i i - i7ati i i i
Boger, D. L. Coleman. R. SI. Am. Chem. Soc988 110, 4796. (o) ingly efficient 6-endo cycllzatlons1 in con_stralned enediyne
Dittami, J. P.; Ramanathan, Metrahedron Lett1988 29, 45. (d) Grissom, systems (Scheme 3). Matzger et'%ldescribed thermal cy-

J. W.; Klingberg, D.; Meyenburg, S.; Stallman, B.1.0Org. Chem1994 ; i i ;
59, 7676. (&) Benafi, L. Leardini, R.: Minozzi. M- Nanmi, D.- Spagnolo, gloaromat|zat|on of tri- and tetraynes Where. formaﬂon of the
P.; Zanardi, GJ. Org. Chem200Q 65, 8669. (f) Marion, F.; Courillon, final product may proceed through a combination of 5-endo

C.; Malacria, M.Org. Lett.2003 5, 5095. and 6-endo cyclizations.

(8) For the role of PAH in the formation of soot particles see: (a) Haynes, B. ] .

S.; Wagnert; H. GlTrog. Energy Combust. Sd981, 7, 229.d (b) Calcote, Moreover, the ratio of £xo and 6-endo-dig products can
H. F. Combust. Flamel981, 42, 215. For mutagenic and carcinogenic P P ;
properties of PAH, see: (c) Longwell, J. P.$wot in Combustion System be very sensitive to the substitution pattern (e.g., in the
and its Toxic Propertied.ahaye, J., Prado, G., Eds.; Plenum: New York,

1983; p 37. (d) Thilly, W. G. IrSoot in Combustion System and its Toxic  (11) The difference is about 2:8 kcal/mol: (a) Denisova, T. G.; Denisov, E.
Properties Lahaye, J., Prado, G., Eds.; Plenum: New York, 1983; p 1. (e) T. Russ. Chem. BulR002 51, 949. (b) Wilt, J. W.; Lusztyk, J.; Peeran,
Lowe, J. P.; Silverman, B. DAcc. Chem. Re4.984 17, 332. (f) Ball, L. M.; Ingold, K. U.J. Am. Chem. S0d 988 110, 281. (c) Beckwith, A. L.

M.; Warren, S. H.; Sangaiah, R.; Nesnow, S.; GoldMutat. Res1989 J. Tetrahedrorl981, 37, 3073. (d) Beckwith, A. L. J.; Blair, I. A.; Phillipou,
224, 115. (g) Frenklach, M.; Clary, D. W.; Gardiner, W. C.; Stein, S. E. G. Tetrahedron Lett1974 26, 2251. (e) Lal, D.; Griller, G.; Husband, S.;
Symp. Int. Combust., Prot984 20, 887. (h) Kazakov, A.; Frenklach, M. Ingold, K. U.J. Am. Chem. S0d.974 96, 6355.

Combust. Flamd 998 112 270. (i) Kern, R. D.; Wu, C. H.; Yong, J. N.; (12) Konig, B.; Pitsch, W.; Klein, M.; Vasold, R.; Prall, M. Schreiner, P.R.
Pamidimukkala, K. M.; Singh, H. Energy Fuelsl988 2, 454. (j) Miller, Org. Chem.2001, 66, 1742.

J. A.; Volponi, J. V.; Pauwels, J.-iEombust. Flamé 996 105, 451. (k) (13) Kovalenko, S. V.; Peabody, S.; Manoharan, M.; Clark, R. J.; Alabugin, I.
Morter, C.; Farhat, S.; Adamson, J.; Glass, G.; CurlJRPhys. Chem V. Org. Lett.2004 6, 2457.

1994 98, 7029. (I) Wu, C.; Kern, RJ. Chem. Phys1987 91, 6291. (m) (14) Peabody, S.; Breiner, B.; Kovalenko, S. V.; Patil, S.; Alabugin, IOg.
Homann, K.Angew. Chem., Int. EA.998 37, 2435. (n) Gonzales, J. M.; Biomol. Chem?2005 3, 218.

Barden, C. J.; Brown, S. T.; Schleyer, P. v. R.; Schaefer, H. F., lll; Li, (15) Schmittel, M.; Rodriguez, D.; Steffen, J./gew. Chem., Int. E200Q
Q.-S.J. Am. Chem. So@003 125 1064. 39, 2152.

(9) (a) Walch, S. PJ. Chem. Phys1995 103 8544. (b) Dewar, M. J. S.; (16) For a formal 6-endo-dig radical cyclization of 2-isocyanobiphenyl radical,
Gardiner, W. C., Jr.; Frenklach, M.; Oref,J. Am. Chem. S0d.987, 109, see: Lenair, I.; Smith, M. LJ. Chem. Soc., Perkin Trans.2D0Q 641.
4456. (c) Madden, L. K.; Moskaleva, L. V.; Lin, M. Q. Phys. Chem. A (17) Bowles, D. M.; Palmer, G. J.; Landis, C. A.; Scott, J. L.; Anthony, J. E.
1997, 101, 6790. (d) Mebel, A. M.; Morokuma, K.; Lin, M. CJ. Chem. Tetrahedron2001, 57, 3753.

Phys.1995 103 7414. (18) Scott, J. L.; Parkin, S. R.; Anthony, J. ynlett2004 161.
(10) Olivella, S.; ScleA. J. Am. Chem. So@00Q 122, 11416. (19) Lewis, K. D.; Rowe, M. P.; Matzger, A. Jetrahedron2004 60, 7191.
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Scheme 3. Selective 6-Endo-dig Cyclizations”—19

3-10%

CH,OCH,, OCH,
=11-48%

Anthony Matzger

Scheme 4. Examples of Competing 5-Exo-dig/6-endo-dig
Cyclizations of Conjugated Radicals20-23

S-exo : 6-endo

R=H 0:1 18%

TMS1:0  82%

Bu 1:53 63%

+Bu 14:1  60%

. Ph 22:1 41%
Rainier CH,0Bn 2:1 11%

Wu
6-endo or 5-exo>6-endo
(depending on R)

[ ]
Vollhardt

5-exo0=6-endo

L]
Bergman
6-endo

cyclizations ofa-BusSn-imidoyl radicals reported by Rainier
and Kennedy; Scheme #).Another intriguing example is
provided by the topologically related diradicals produced in the
course of Bergman and MyerSaito cyclizations (Scheme 4).
Although Bergman and co-workers reported only the formation
of naphthalene product(0%) in the “double cycloaromati-
zation” of (Z,2)-deca-3,7-diene-1,5,9-triyr#é, Vollhardt and
Matzger found both the 5-exo (19%) and the 6-endo (2.5%)
products in a similar systefd.Moreover, Wu and co-workers

changed by strain and thermodynamic effects. Because differ-
ences in thermodynamic contributions to alternative cyclizations
modes may mask intrinsic stereoelectronic factors, we will

separate thermodynamic contributions to the reaction barrier
using Marcus theory?

2. Computational Details and Method

All reactant, product, and transition state geometries involved in
radical cyclizations were optimized at the UB3LYP/6-31G** level
using Gaussian 98 and 03 prograth&3LYP was shown to provide
results that are in good agreement with the higher level RCCSD(T)6-
311+G(3df,2p)//CASSCF/6-31G(d) computatiolsThe broken-spin
symmetry UB3LYP computations with both 6-31G** and cc-PVDZ
basis sets were performed for the biradical systems to investigate the
basis set effects on 6-endo cyclization. Accuracy of DFT description
of biradical reactions was also evaluated with the single-point BD(T)/
cc-pVDZ calculations (BD(T)= Brueckner Doubles calculation with
a triples contribution§$2728The zero-point energy correction on the
barriers and other activation parametepdf, AG*, and AS) were
obtained for selected radical cyclizations from frequency calculations.
The nature of transition structures was confirmed by the presence of a
single negative eigenvalue in the force constant matrix. The electronic
properties of radical systems were analyzed by Natural Bond Orbital
(NBO) computations using the NBO 4.0 progrdnmplemented in
Gaussian software.

3. Results and Discussion

Intrinsic Stereoelectronic Bias and Separation of Ther-
modynamic Contribution to the Reaction Barrier. In this
article, we will separate intrinsic and thermodynamic con-
tributions to the reaction barrier using Marcus the#ry,
which although originally developed for electron-transfer
reactions has been successfully applied to a wide variety of
organic reactiong’-33 We will analyze the intrinsic stereoelec-

(24) (a) Marcus, R. AJ. Chem. Physl956 24, 966. (b) Marcus, R. AAnnu.
Rev. Phys. Chem1964 15, 155. (c) Marcus, R. AJ. Phys. Cheml968
891.

reported that, depending on the substitution, didehydrotoluene(2s) (a) Becke, A. DPhys. Re. A 198§ 38, 3098. (b) Lee, C. T.; Yang, W

diradicals formed by the MyetsSaito cyclization yield either
exclusively the 6-endo product (18%) or a mixture of 5-exo
and 6-endo products in a ca. 4:1 ratio and a 63% combined
yield.?3

Thus, the growing body of available experimental evidence
calls for a detailed theoretical study to provide a unified
description of the disconnected experimental data, to identify

possible inconsistencies, and to guide future development. We(30

will outline the factors that control the selectivity of such digonal
radical cyclizations and determine whether the basic stereo-
electronic requirements for these reactions (exemplified by the

Baldwin rules) are absolute or can be attenuated or even reversed

by thermodynamic contributions to the reaction barriers.

To achieve this goal, we will organize our discussion
according to the following plan. First, we will determine
activation energies for the competing cyclization pathways in
the parent systems. After the electronic effects for the archetypal
cases are understood, we will investigate how the situation is

(20) (a) Rainier, J. D.; Kennedy, A. B. Org. Chem200Q 65, 6213. (b) Rainier,
D.; Kennedy, A, R.; Chase, Hetrahedron Lett1999 40, 6325.

(21) Bharucha K. N,; Marsh R. M.; Minto, R. E.; Bergman, RJGAmM. Chem.
Soc.1992 114, 3120.

(22) Matzger, A. J.; Vollhardt, K. P. GCChem. Commuril997, 1415.

(23) (a) Lin, C.-F.; Wu, M.-JJ. Org. Chem1997, 62, 4546. (b) Wu, H. J.; Lin,
C.F.; Lee,J.L.,; Lu, W.D.; Lee, C.Y.; Chen, C. C.; Wu, MT&trahedron
2004 60, 3927.

T.; Parr, R. GPhys. Re. B 1988 37, 785. (c) Stephens, P. J.; Devlin, F.
J.; Chabalowski, C. F.; Frisch, M. J. Phys. Chem1994 98, 11623.

(26) (a) Frisch, M. J. et alGaussian 98revision A.9; Gaussian, Inc.: Pittsburgh,
PA, 1998. (b) Frisch, M. J. et aGaussian 03revision C.01; Gaussian,
Inc.: Wallingford CT, 2004. See SI for details.

27) Schrelner P. R.; Navarro-Vazquez, A.; Prall, Atc. Chem. Re2005

8, 29 and references therein.
(28) (a) Crawford, T. D.; Kraka, E.; Stanton, J. F.; CremerJDChem. Phys.
2001, 114, 10638 (b) Cramer, C. J. Am. Chem S0d 998 120, 6261.

(29) Glendening, E. D, Badenhoop, J. K.; Reed, A. E.; Carpenter, J. E;

Weinhold, F.NBO 4.GQ University of Wisconsin: Madison, WI, 1996.

) (a) Shaik, S. S.; Schlegel, H. B.; Wolfe, heoretical Aspects of Physical

Organic ChemistryWiley & Sons: New York, 1992; pp 3344. (b) Pross,

A. Theoretical and Physical Principles of Organic Reait§i; Wiley: New

York, 1995.

1) Selected examples: (a) Gas-phase proton transfer: Magnoli, D. E;

Murdoch, J. RJ. Am Chem Soc 1981, 103 7465. (b) Theoretical study
on group transfer reactions: Murdoch, J. R.; Magnoli, DJBAm Chem
Soc 1982 104, 3792. (c) Gas-phasey3 reactions: Wolfe, S.; Mitchell,
J.; Schlegel, H. BJ. Am Chem Soc 1981, 103 7694. (d) Electron/proton
transfer reactions and nucleophilic substitutions: Murdoch, 1. Rm
Chem Soc 1983 105 2660. (e) Cyclopropylcarbinyl rearrangements:
Newcomb, M.; Johnson, C. C.; Makek, M. B.; Varick, T.JRAm. Chem.
So0c.1992 114, 10915. (f) Martinesker, A. A.; Johnson, C. C.; Horner, J.
H.; Newcomb, M.J. Am. Chem. S0od.994 116, 9174. (g) Reactions of
carbonyl compounds: Guthrie, J. P.; Guo, JJNAmM. Chem. S0d.996
118 11472. (h) Guthrie, J. PI. Am. Chem. So00Q 122 5529. (i)
Reactions of trialkyl phosphites: Canestrari, S.; MaA.; Sgarabotto, P.;
Righi, L.; Greci, L.J. Chem. Soc., Perkin Trans2P0Q 833. (j) Electron-
transfer dynamics in synthetic DNA hairpins: Lewis, F. D.; Kalgutkar, R.
S.; Wu, Y.; Liu, X.; Liu, J.; Hayes, R. T.; Miller, S. E.; Wasielewksi, M.
R. J. Am. Chem. So00Q 122 12346. (k) Group transfer reactions
involving radicals: Newcomb, M.; Makek, M. B.; Glenn, A. G. Am.
Chem. Soc1991, 113 949.

(32) For the extension of Marcus theory to describe processes that have no
identity reactions such as internal rotation and conformational rearrange-
ments, see: Chen, M. Y.; Murdoch, J. R.Am Chem Soc 1984 106,
4735.

w
—

J. AM. CHEM. SOC. = VOL. 127, NO. 36, 2005 12585



ARTICLES Alabugin and Manoharan

Table 1. Activation Barriers, Reaction Energies, and Intrinsic Barriers (all in kcal/mol) along with the Incipient C---C Distances (A) for
5-Exo-dig and 6-Endo-dig Cyclizations of Radicals (1—3) at the UB3LYP/6-31G** Level

5-ex0 6-endo
< H "
r
r'(R) r'(TS) AE AE, AE, r'(R) r'(Ts) AE AE, AE,
1a 3.212 2.325 4.4 —38.2 18.3 3.874 2.409 8.9 —40.9 25.2
2 3.211 2.329 4.5 —-32.3 16.8 3.743 2.412 7.2 —-41.6 23.4
3 3.297 2.325 4.1 —38.0 18.1 3.726 2.422 11.5 —40.8 28.2

aThe activation barriers at the BD(T)/cc-pVDZ//B3LYP/6-31G** level for 5-exo and 6-endo cyclizations are 5.7 and 9.2 kcal/mol, respectively.

= B CeC g
*é B %%
D-C

—
L

(b) Figure 2. SOMOs of conjugated vinyl and aryl radica#s7) (UB3LYP/
{ f << <

6-31G*).

systems in the following section, the barriers are given relative
Exothermicity of formation to the “near-attack” conformations.

Figure 1. (a) SOMOs of model vinyl radicald ¢3) with a saturated bridge All cyclizations are highly exothermic and have low activation
between the vinyl and acetylene moieties (UB3LYP/6-31G™). (b) Relative  parriers. Reaction energies for the six reactions in Table 1 are
exo_thermlcmes for the formation of 5-exo- and 6-endo products from similar because in all of them a strongebond is formed at
radicals1 and 2. . .

the expense of a weakarbond. The slight differences are due
to the greater stability of endocyclic alkenes d@rahs-dienes
relative to exocyclic alkenes arms-dienes$® (Figure 1). The
trends in the activation barriers indicate a strong stereoelectronic

tronic requirements of related reactions by comparing the
intrinsic barriers obtained from eq (9.

P " ; preference for the 5-exo-dig cyclizations that have significantly
AE = AE" — (1)AEg + AE™ — AE" AEg 1) lower barriers despite being slightly less exothermic than their
0 2 6-endo counterpar®.This preference is fully consistent with
the shorter incipient ¢--Cs distances in the starting materials
Electronic and Structural Effects in the 5-Exo- and and with the lesser deformation needed to form the new bonds
6-Endo-Dig Cyclizations. A. Thermodynamic Contribution. at the TS.

In the next three sections, we will concentrate on the role of  The 5-exo barriers are relatively insensitive to structural
the thermodynamic component in the competition between the changes il—3, while the 6-endo barriers change significantly.
5-exo and 6-endo cyclizations of hydrocarbon systems. We will As a result, the kinetic preference for the formation of 5-exo
start with the systems where exothermicities of the two reactions products significantly increases B It is interesting that the
are comparable and proceed further by introducing significant intrinsic barriers for both the 5-exo-“endo” and 6-endo-“endo”
thermodynamic bias to the 6-endo cyclization. cyclizations of radical are ca. 2 kcal/mol higher than that for

(a) Saturated Bridge. Computational results for the cycliza-  the respective “exo” cyclizations of radicawhere “exo” and
tions of hexynyl-1-ene-5-yne-1-yl and hept-1-ene-6-yne-2-yl “endo” refer to the orientation of the double bond of the vinyl
radicals1l and 2 as well as their benzannelated “hybri@” radical moiety relative to the formed cycle). Due to the
(Figure 1) are given in Table*.Higher level BD(T) computa-  unfavorable orientation of the radical orbital in the reactant,
tions suggest that DFT results are acceptable. To provide a bettefocking the reacting vinyl group in a benzene rir) leads to
reference point for the discussion of completely conjugated a further increase in the 6-endo barrier.

(33) Pericyclic reactions: (a) Yoo, H. Y.; Houk, K. N. Am. Chem. So4997, (b).Unsaturated Bndge.' Introdgctlon .Of ar-system between
119, 2877. (b) Aviyente, V.; Yoo, H. Y.; Houk, K. NI. Org. Chem1997, the triple bond and the vinyl radical (Figure 2) has two effects.
62, 6121. (c) Aviyente, V.; Houk, K. NJ. Phys. Chem. 2001, 105, 383. f i i ; i _
(d) Alabugin, I. V.; Manoharan, B. B.; Lewis, B. Am. Chem. So@003 FII’St,_ It preorganizes the reaCt'ng fgnchona! groups for the .bond
125, 9329. Pericyclic reactions in transition metal complexes: (e) Krist- forming step. Such preorganization provides an entropic ad-
jansdottir, S. S.; Norton, J. Rl. Am. Chem. Sod991, 113 4366. (f) ; ; P i i
Gisdakis. P Rech, N.J. Am. Chem. So@001 123 697. vantage over systems_ln Whlch_ the vinyl radlca! and the.trlple

(34) (a) TheAE* term corresponds t&, in the IUPAC nomenclature. For a  bond are connected with a flexible saturated britfge. addi-
more advanced but also more complicated parabolic model of radical
addition reactions, see: (b) Denisov, E. Russ. Chem. Re 200Q 69,
153. (c) Denisov, E. T.; Denisova, T. ®Russ. Chem. Re200Q 71, 417. (36) Schleyer, P. v. R.; Puhlhofer, Brg. Lett.2002 4, 2873.

(35) The “near-attack” conformation was taken as the reactant to facilitate the (37) Experimental precedents for analogued @fill be discussed in detail in
comparison with conjugated radicals discussed in the rest of the article. the following sections. Cyclizations of analogues of radahow strong
As a result, the experimentally observed barriers for these flexible systems 5-exo-selectivity: (a) Journet, M.; Malacria, M. Org. Chem1994 59,
will be different from the computed values. 6885. (b) Sha, C.-K.; Zhan, Z.-P.; Wang, F.&xg. Lett.200Q0 2, 2011.
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Table 2. Activation Barriers, Reaction Energies, and Intrinsic Barriers (all in kcal/mol) along with the Incipient C---C Distance (A) for
5-Exo-dig and 6-Endo-dig Cyclizations of the Radicals (4—7) at the UB3LYP/6-31G** Level

R
. 5-ex0 6-endo
5y
O~r r'R) r(TS) AE AE AE, r'(R) r'(TS) AE AE AE,
42 2.961 2.298 4.1 —-35.0 17.1 3.433 2.481 4.7 —70.8 29.5
5ab 2.832 2.327 2.4 —-37.9 15.6 3.263 2.463 4.2 —62.2 26.0
6 2.940 2.307 3.6 —-35.4 16.6 3.419 2.430 5.7 —59.8 27.5
7 2.649 2.376 0.5 —-40.5 12.6 3.147 2.427 5.3 —56.3 25.8

aThe activation barriers at the BD(T)/cc-pVDZ//B3LYP/6-31G** level for 5-exo and 6-endo cyclizations are, respectively, 5.3 and 6.1 kca#mol for
and 3.5 and 5.1 kcal/mol fds. P Computational results for the substituted radiare given in the Sl section (Tables S1 and S2).

Scheme 5. Structural Parameters (UB3LYP/6-31G**) of 5-Exo- and 6-Endo Cyclizations in Selected Conjugated Systems (5 and 6)3° 2

4 &
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aSee Table S2 in the Sl for further details.

tion, the absence of conformational equilibrium between reactive

and unreactive conformers simplifies computational analysis.

Finally, the incipient G--C bonds in the conjugated radicals
4—7 are 0.3-0.6 A shorter than those in radicals-3 with a

Second, the presence of an unsaturated bridge renders theaturated bridge. This trend, along with the high exothermicities,

6-endo cyclization much more exothermic by providing aromatic

stabilization to the products (Table 2). For example, the 36 kcal/

mol difference in the stabilities of benzene and fulvene is directly

accounts for very early transition states.
(c) Role of Benzannelation in Conjugated Systemslhe
6-endo cyclizations of benzannelated radicais7 are less

translated into the 36 kcal/mol difference between the reaction exothermic because the gain in aromatic stabilization in the
energies of 5-exo and 6-endo cyclizations in the parent radical benzene— naphthalene transformation is less than that for the

4 (Figure 2). From the practical perspecte, substantial
aromatic stabilization lowers the barrier for the 6-endo process,
thus bringing it sufficiently close to the 5-exo cyclization barrier
to allow selectiity to be controlled by subtle factorét the
UB3LYP/6-31G** level, the difference in the activation energies
of the two cyclizations of radical is only 0.6 kcal/mol (within

1 kcal/mol from the higher level ZPVE-corrected RCCSD(T)6-
311+G(3df,2p)//[CASSCF/6-31G(d) results of Olivella and
Solg.10

(38) For examples of using unsaturation in the bridge to alleviate unfavorable
enthropy contributions to cyclization reactions, see: Byrne, L. A.; Gilheany,
D. G. Synlett2004 6, 933.

formation of benzene. Again, the difference in the stabilities of
benzfulvene and naphthalene accounts almost exactly for the
24.5 kcal/mol difference in the exothermicities of the 5-exo and
6-endo cyclizations of radicals and 6 (Table 2 and Scheme
5). Since radicab is 2.5 kcal/mol less stable than its isonter
both cyclizations ob are more exothermic and proceed through
lower barriers. Finally, formation of phenanthrene in the 6-endo
cyclization of radical? provides even less aromatic stabilization
than in above, further decreasing the thermodynamic bias for
the 6-endo cyclization.

Interestingly, changes in the 6-endo intrinsic barriers are al-
most completely compensated by variations in the thermody-
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namic contribution, and thus, the activation barriers change only Ph Ph
slightly. In contrast, the 5-exo barriers vary to a larger extent Z Z =Z
because the relatively constant thermodynamic components do 8 . 9 ., 10 .
not mask the stereoelectronic contributions. As a result, the F ZPh ZPh

5-exo preference increases to 281 kcal/mol for benzanne-
lated system$® and6 (Table 2). Nevertheless, this is still con-
siderably smaller than in the nonconjugated systems given above
(Table 1), and only in the case of radicalhere the thermo- {“
dynamic bias for the 6-endo process is the smallest, there is a :{A jf‘“
substantial £5 kcal/mol) preference for the 5-exo cyclization. ! ! ?

Structural features of stationary points along the 5-exo and
6-endo reaction paths of radicalsand 6 are compared in Figure 3. SOMOs and s-character in singly occupied NBOs of aryl-
Scheme 5. Both cyclizations proceed through relatively early substituted vinyl radicals3¢-10) (UB3LYP/6-31G™).

reactant-like transition states where both the triple bond lengths scheme 6. Relative Energies of Fulvenes, Naphthalenes, and
and hybridization at the reacting carbons change only slightly Respective Radicals at the UB3LYP/6-31G** Level

from those in the reactant. Although the incipient--C @ R

distances are much shorter in radi6athe transition states for O ° R

the more exothermic cyclizations of radiéabccur somewhat R d “:
earlier than in the respective cyclizations of radigah accord R

with the HammonetLeffler postulate’® Geometries of the R=H: 0.0 243

-24.5
products reflect hyperconjugative delocalizing interactions that ~ r= Ph: 0.0 273 0'0 216
involve the radical centers and vicina{C—C) bonds*
(d) Aryl Substitution —Thermodynamic and Steric Con- the terminal substituents is already present at the TS stage.

tributions. Because the thermodynamic contribution signifi- Interestingly, the intrinsic barriers for radicdisand9 are also
cantly decreases the difference in the activation barriers for theSimilar, suggesting that the deactivating effect of benzylic
two cyclizations, one may expect the above kinetic preferencesconjugation is compensated by the difference in hybridization
to be sensitive to further structural modificatioisA practical and geometry. Aryl-substituted radicals have little s-character
way to modify the electronic properties of the reacting moieties and almost linear geometry at the radical center, whereas simple
and to further differentiate between the two cyclizations is to Vinyl radicals have a significant amount of s-character and are
introduce aryl substituents at the terminal carbons. The presencéioticeably bent. In addition to the usual consequences for
of such substituents imposes a dramatic effect on the cyclization.chemical reactivity and orbital energies, hybridization also
First, it disfavors the 6-endo process, especially in the case ofcontrols molecular geometry and determines the direction in
a,w-disubstituted reactants (Figure 3), where repulsion of two Which the radical orbitals are projected in space (the valence
Ph-substituents in the naphthalene product provides €6. 4 angles) as well as the relative size of the two orbital Id8es.
kcal/mol of steric destabilization (Scheme®6)Second, if the ~ Such differences in the projection trajectory should have
reactant radical is stabilized by benzylic conjugation, the Stereoelectronic consequences for the attack at the acetylene
conjugation is invariably lost in the 6-endo process. In contrast, 7Z-System.
the products of 5-exo cyclization do not suffer from the steric ~ B. Contrasting Effects of Strain on the Two Cyclizations.
repulsion between the terminal substituents and when the 5-exol he final experimentally relevant factor that may influence the
Cyc]ization proceeds onto an ary|_substituted trip|e bon@® in 5-exo/6-endo SeleCtiVity is strain. This factor should be espe-
which is stabilized by benzylic conjugation. Thus, both steric cially important in cascade radical cyclizations in Scheme 3
and thermodynamics contribute to the further decrease in theWhere rigid polycyclic frameworks are created as the result of
5-exo barrier. sequential cyclizations. We estimated these effects by annealing
The intrinsic barriers for 5-exo cyclizations of radic@land a cyclopentene ring at all possible positions of radifal
10 are almost identical, whereas the 6-endo intrinsic barrier Remarkably, independent of the exact pattéd+(16)in Figure
slightly increases, which suggests that steric interaction betweer?: such a structural change leads to an inversion of selectivity

(39) TheZ-fulvene radical obtained frofis 0.1 kcal/mol more stable than the
E-isomer formed fron®6. =
(40) (a) Leffler, J. ESciencel 953 117, 340. (b) Hammond, G. S. Am. Chem. = | 15 16
Soc.1955 77, 334. he °
(41) These interactions lead to increased bond order between the radical carbon 14
and adjacent atoms and decreased bonding in the vicinal bonds. Interest- =

ingly, the elongation of vicinal €C bond is more pronounced in the fulvene
radical where the only €C bond is available to delocalize the spin density
in contrast to the naphthyl radical where twe-C bonds are involved. s, %: 24.6

(42) Moreover, Olivella and Solead shown that 5-exo product can rearrange
in the 6-endo product under conditions when the former radical is not
trapped by H-abstraction. Even though the TS for the rearrangement is
rather high in energy relative to the 5-exo product, it is still lower in energy
than the barrier for direct 6-endo cyclization.

(43) For a seminal contribution, see: (a) Bent, H. @hem. Re. 1961, 61,

275. For a detailed discussion of the role of hybridization in chemical

properties of nonbonding orbitals see: (b) Alabugin, I. V.; Manoharan,
M.; Zeidan, T. A.J. Am. Chem. SoQ003 125, 14014. For the effect of
hybridization in X-H bonds, see: (c) Alabugin, I. V.; Manoharan, M; . L . L .
Peabody, S.; Weinhold, B. Am. Chem. So2003 125 5973. (d) Alabugin, Figure 4. SOMO and s-character in singly occupied NBOs in vinyl radicals
I. V.; Manoharan, M.; Weinhold, FJ. Phys. Chem. 2004 108, 4720. (14—16) containing the saturated rings (UB3LYP/6-31G**).
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Figure 5. Correlation of reaction energy and incipient € distance in reactant with activation and intrinsic barriers for 5-exo and 6-endo cyclizations of
cyclic hexa-1,3-diene-5-yne-1-yl derivatives4( 17—19).

Table 3. Activation Barriers, Reaction Energies, and Intrinsic Barriers (all in kcal/mol) along with the Incipient C-+-C Distance (A) for
5-Exo-dig and 6-Endo-dig Cyclizations of the Phenyl-Substituted Vinyl Radicals (8—10) in Figure 3 at the UB3LYP/6-31G** Level

5-exo 6-endo
r'(R) r'(TS) AEF AE AE, '(R) R'(TS) AEF AE AE,
R=Ph, R=H (8) 2.772 2.449 0.6 —43.7 13.8 3.238 2.404 4.6 —56.4 248
R=H, R=Ph @) 2.894 2.259 5.0 —-27.9 15.9 3.340 2.628 6.3 —-51.1 25.4
R=R'=Ph (10) 2.906 2.347 3.6 —32.9 15.8 3.396 2.340 9.9 —40.2 26.1
Table 4. Activation Barriers, Reaction Energies, and Intrinsic Barriers (all in kcal/mol) along with the Incipient C---C Distance (A) for
5-Exo-dig and 6-Endo-dig Cyclizations of the Radicals (14—16) in Figure 4 at the UB3LYP/6-31G** Level
5-ex0 6-endo
I " b
r
'(R) r(TS) AEF AE AE, "(R) r'(TS) AEF AE AE,
14 3.022 2.266 6.1 —28.8 175 3.511 2.483 5.4 —69.2 30.0
15 2.983 2.279 5.4 —30.9 17.4 3.452 2.483 4.8 —69.1 29.1
16 3.018 2.247 6.5 —30.9 18.8 3.469 2.481 4.3 —70.9 28.9

and renders the 6-endo cyclization a kinetically preferred strained than six-membered rings and is consistent with the
pathway (Table 4). much stronger variations in the incipient-€C distance in the
We have investigated the origin of this phenomenon more TS in the case of 5-exo cyclizations (Table 5). For example,
thoroughly by varying the ring size in radicid. The resulting the change froom = 0 (4) ton =1 (17) introduces~34 kcal/
changes in the reaction and activation energies of the two mol of strain in the 5-exo cyclization product, whereas the
cyclizations are summarized in Table 5. As ring size decreases,relative destabilization is only 19 kcal/mol for 6-endo cycliza-
the CI-C5 (or C1-C6) distance in the reactant and the tion. Differences between the acyclic and cyclobutene= (2,
activation energy of both 5-exo and 6-endo cyclizations of 18) systems are still significant: 19 (5-exo) versus 7 kcal/mol
radicals derived from ring-fused enediynes increase. However, (6-endo).As a result of these differences, an increase in the
the sensitivities of the two cyclizations to the ring size effect product strain should result in a 5-exe 6-endo crosseer in
are drastically differerft? with the 5-exo cyclization being much
more affected by ring strain effects than its 6-endo countetpart.
This observation suggests that five-membered rings are more

(45) For a rare example of 6-endo-dig selectivity in reactions of alkyl radicals
in polycyclic systems, see: (a) Breithor, M.; Herden, U.; Hoffmann, H.
M. R. Tetrahedron1997 53, 8401. (b) Hoffmann, H. M. R.; Herden, U.;
Breithor, M.; Rhode, OTetrahedron1997 53, 8383. The 6-endo-dig
cyclizations of vinyl radicals have also been enforced in some cascade
reactions where polycyclic strain slowed the alternative 5-exo-dig mode.
(c) Albrecht, U.; Wartchow, R.; Hoffmann, H. M. RAngew. Chem., Int.
Ed. Engl.1992 31, 910.

(44) Interestingly, 5-endo-dig cyclization of an isomeric hex-1,3-diene-5-yne-
2-yl radical is also highly sensitive to strain effects. Alabugin, I. V.
Manoharan, MJ. Am. Chem. So@005 127, 9534.
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Table 5. Incipient C---C Distances (A) along with the Activation Energies, Reaction Energies, and Intrinsic Barriers AE, (all in Kcal/Mol) for
5-Exo and 6-Endo Cyclizations of Ring-Fused Strained Systems Calculated at the UB3LYP/6-31G** Level along with s-Character of Radical
Carbon (%)@

/, I
(Cm 5-exo 6-endo

SOMO s-char  '(R) r(TS) AE® AE, AE, t(R) r’(TS) AE" AE, AE,

n=1(17)
24.32 4.155 2.197 296 -1.0 30.1  5.068 2.482 22,1 -51.9 442
n=2(18)
24.14 3.422 2227 134 -16.3 20.7 4.049 2.489 9.5 -63.6 33.8
n=3(14) "
24.56 3.022 2.266 6.1 -28.8 17.5  3.511 2.483 54  -69.2 30.0
N=4(19)
*,& 2481 2.793 2.323 2.4 -36.6 152 3.257 2.470 3.9 -745 293
i

aValues forn = 0 are given in Table 2.

selectiity, thus leading to the situation where the 6-endo acyclic case. Intriguingly,this region of increased strain

pathway becomes kinetically sfared in the more strained  corresponds to the crosser point between the 5-exo and

systemsAs we will show later in this article, this observation 6-endo pathwayssuggesting that the Marcus Eq 1, although
is of practical value in the design of selective radical processesnot perfect, should be suitable for the semiquantitative separation
and in understanding available experimental resflts. of the intrinsic activation energies.

The correlations between the barrier heights and reaction The difference in the above correlations provides further
energies are shown in Figure 5. Although the correlations seeminsight into the contrasting sensitivities of the 5-exo and 6-endo
to be almost linear, the slopes (0.72 for 5-exo and 0.84 for cyclizations to strain. Both thermodynamic and intrinsic terms
6-endo) are greater than those in the commonly used Evans are important for the 5-exo path as illustrated by a much steeper
Polanyi-Semenov relation (0.25) between activation energy and dependence of the activation energy from reaction exothermicity
reaction enthalphy in radical additions to alkefgdlthough compared to analogous correlation with the intrinsic barrier
the quality of correlations is noticeably improved by the (Figure 5). In contrast, in the case of 6-endo cyclization the
parabolic fit, the coefficients in these equations are different observed increase in the activation barrier rather closely parallels
from those given in the Marcus Eq 1. This is not surprising: the trend in the intrinsic barrier.
not only the shapes of the reactant and product potential energy Comparison of Theory and Experiment. Comparison of
surfaces differ from parabol#sbut the intrinsic activation  theory and experiment serves a dual purpose: (a) testing and
barrier itself should also change due to the strain effects. refining theory and (b) providing both an insight into and a

These factors notwithstanding, we found that the differences quality check of the experimental data. With this notion in mind,
in intrinsic energies correlate very well with the incipient let us proceed to the critical evaluation and comparison of the
distances between the reacting carbons. Moreover, Figure 5available experimental data. We will start with three cases where
suggests that the effect of strain is significant in the TSfer theory and experiment are in a perfect agreement and continue
1, 2 but not for the larger cycles & 3, 4) where the intrinsic to the discussion of two more complicated systems where such
activation energieAE, are not significantly different from the =~ agreement is yet to be found.

(a) Nonconjugated Systemd-ere the experimental data are

(46) Thi§ Qbsewa;ion is not limited to dig'c_yclizations. For_selected exa.mples unambiguous and C|ear|y indicate that 5-exo Cyc”zation is a
of similar strain effects on the competition between radical 6-endo-trig and . . LT
5-exo-trig cyclizations, see: (a) Kametani, T.; HondaH&terocycled982 preferred pathway (Scheme 7_)- This no“_on IS In a perf_eCt
1088 27, 1437 For the effect on Beroman cyclzation, See: (5 Jones, 6. 2dreement with the computational data in Table 6, which
B.: Wright, J. M.; Plourde, G., II; Purohit, A. D.: Wyatt, J. K.; Hynd, G.;  provides 4-7 kcal/mol lower barriers for the 5-exo path.

7 ?;’)“E‘Jgﬁi'K}T“c&!ﬁﬂ”s's,s‘é‘if’a%%y”s%igﬁ'z, 271. (b) Evans, M. G. Introduction qf a pitrogen aton20—22) slight!y lowers barriers
Gergely, J.; Seaman, E. @. Polym. Sci1948§ 3, 866. (c) Semenov, N. N. for both cyclizations, but the exact position of the nitrogen
o B e e g ot Gl T ), 1 herdly matters: it can be atiached to the benzene fing or (0 the
Angew. Chem., Int. E®001, 40, 1340 and references therein. (e) Shaik, triple bond without significant changes in the reaction PES.
\?\)o%ﬁ,cea.n;dlgl;lhild ?g-&ﬁ%%’&?ﬁ%ﬁ% %361'2(?2%?8)9&5'\4& L On the other hand, introduction of an amide moiety signifi-
Balderas, R.; Coote, M. L.; Henry, D. J.; Radom, 1.Phys. Chem. A cantly lowers the cyclization barriers and renders them more

2004 108 2874. (h) Henry, D. J.; Coote, M. L.; Gwez-Balderas, R.;
Radom, L.J. Am. Chem. So@004 126, 1732. (i) Henry, D. J.; Parkinson, (48) Note, however, that the systematic error caused by the first factor can be

C. J.; Mayer, P. M.; Radom, LJ. Phys. Chem. 2001 105 6750. (j) decreased by limiting the discussion to thelative trends insimilar
Gomez-Balderas, R.; Coote, M. L.; Henry, D. J.; Fischer, H.; Radom, L. reactions as it is done in this article.

J. Phys. Chem. 2003 107, 6082. (k) Wong, M. W.; Pross, A.; Radom, (49) Note that these barriers are likely to be different from those determined
L. J. Am. Chem. So&993 115 11050. (I) Wong, M. W.; Pross, A.; Radom, experimentally due to the presence of other conformers of the conforma-
L. J. Am. Chem. So2994 116 6284. (m) Wong, M. W.; Pross, A.; Radom, tionally flexible reactants. However, thelative barriers for the 5-exo and

L. J. Am. Chem. S0d.994 116, 11938. (n) Batchelor, B. N.; Fischer, H. 6-endo processes can be directly compared with experimental differences
J. Phys. Cheml1996 100, 9794. because both cyclizations proceed from the same “near-attack” conformer.
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Table 6. SOMOs, s-Character (%) of the Radical Centers, Activation Barriers, Reaction Energies, and Intrinsic Barriers (all in kcal/mol)
along with the Incipient C--C Distance (A) for 5-Exo-dig and 6-Endo-dig Cyclizations of Radicals (20—22) with the Amide and Amine

Bridges at the UB3LYP/6-31G** Level

@E}"]l\! Reactant 5-exo 6-endo
X/

SOMO s% r(R) r(TS) AE’ AE, AE, r'R) r(TS) AE’ AE, AR,
X=NH,
Y=CO 23.89 2788 2379 12 452 156 3276 2448 52 -55.0 252
20
X=NH,
Y=CH, 23.00 3.155 2342 35 -403 180 3.823 2440 10.1 -439 277
21
X=NMe,,
Y=CH, 2347 3502 2378 3.8 -40.8 18.6 4358 2425 10.5 -438 28.1
22 ]

Scheme 7. 5-Exo-dig Cyclizations of Aryl Radicals with Saturated

Bridge between the Acetylene and Aryl Moieties
5-exo-dig R!
Bu,SnH, AIBN (
(0]
N

@i /[0 Toluene

Table 7. Activation Barriers, Reaction Energies, and Intrinsic
Barriers (all in kcal/mol) along with the Incipient C---C Distance (A)

for 5-Exo-dig and 6-Endo-dig Cyclizations of Diaryl-Substituted

Systems (23—27) at the UB3LYP/6-31G** Level?

Ar
Pz

X N\
iy
Y O~Al

62-717% & r R (TS) AE AE  AE,
Br Ar=p-F—Ph, X=Y=H (23) 2.898 2341 35 —32.8 156
It _BusSnH, AIBN @\/é Ar=p-OMe-Ph, X=Y=H (24) 2.895 2.355 3.6 —32.7 15.7
Benzene N Ar=TFP, X=Y=H (25) 2915 2303 3.1 —-328 15.0
R =50,ph: 72% R Ar=Ph, X=F, Y=H (26) 2908 2346 36 —33.1 158
R R=Ac . 83% " Ar=Ph, X=H, Y=F (27) 2898 2350 35 —33.1 157
Br | | Bu.SnH. AIBN 4 aData for A=Ph, X=Y=H are available in Table 3.
. NR
NR  Benzene

enediynelO (Table 3). Both benzannelation and the presence
of terminal aromatic substituents promote the 5-endo pathway,
accounting for high selectivity and good reaction yields (see
Table 7 for the effect of the nature of aryl substitutéfit).
Although the situation is less favorable in the case of the diesters
reported by Kaig and Schreiner et al. (radical pattes)) the
combination of steric and conjugative effects of the terminal
substituents still should be sufficient to provide the rather high
5-exo/6-endo selectivity.

(c) Cyclization of Polycyclic Radicals.Theory and experi-
ment are once again in a perfect agreement in describing two
interesting radical-induced cyclization cascades discovered by
Anthony et alt”18 A particularly intriguing case is illustrated

n Scheme 3 where formation of an aryl radical is followed by
a sequence of 5-exo and 6-endo cyclizatibhaking into
account the previously discussed 5-exo preference for radical
5, it may seem surprising why the last step in this cascade as
well as a similar step in an earlier repSr(Scheme 3) and the
final step in a topologically related reaction described by
Matzger and co-worket$ proceed via the 6-endo path.

However, the computed activation energies (Scheme 9)
suggest that the combination of 5-exo and 6-endo pathways
fulvenes was formed in 2530% yield. Our grouf?4found euggested by Anthony for acetyle_nes. without terminal subsffitu-
recently that BySn-initiated cyclizations of diaryl-substituted tion indeed follows the lowest activation energy path. The first
enediynes also proceed through the 5-exo pathway and provide(>-€%0) step28 — 30) in the cascade proceeds through a very
57—82% yields of tin-substituted fulvenes (Scheme 8). low barrier: not only is the TS relatively unstrained but the

These results suggest a large preference for the 5-exo
cyclization that agrees very well with the significantly lower
calculated barrier for this pathway in the diphenyl-substituted

R'=TMS,R=COPh 67%
R'=TMS, R = COCF, 78%

Scheme 8. BuzSnH-Promoted 5-Exo-dig Radical Cyclization of
1,2-Bis(arylethynyl) Benzenes

Ar: Ph 82%

Z TFP  57%
Ar pMePh 72%

% p-OMePh 76%

SnBu,  PFPh  79%
exothermic. The observed increase in exothermicity is more
pronounced in the case of 6-endo cyclization where the classm
amide @1) resonancen(N) — z*(C=0) interaction) increases
the G=N double bond character in the ring and the aromatic
character in the newly formed six-membered ring. However,
this contribution is still not sufficient to lower the barrier for
the 6-endo cyclization below that for the 5-exo cyclization.

(b) Cyclizations of Substituted EnediynesThe first example
of such cyclizations was reported by #ig and Schreiner et
al’? in reactions of carboxyl-substituted enediynes with the
stable TEMPO radical where the mixture of stereisomeric

Bu3SnH

Toluene

TFP : tetrafluoropyridine

(50) The lower yield in the case of the bis-TFP (tetrafluoropyridinyl) enediyne
is due to the formation of acyclic products rather than the competition with
6-endo cyclization.
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Scheme 9. Activation Barriers, Reaction Energies, and Intrinsic Barriers (all in kcal/mol) along with the Incipient C---C Distances (A) for the
Cyclizations of 2,3-Diethynylbiphenyl Radical at the UBLYP/6-31G** Level

2.622

3.484 2462
3064 R 3.593) R R (2320 R
3.12 ‘7/ ----
A e
(O~
30 6-endo O
31
2829 28—>30 30—31 30—32
E,: 4.6(64) 0.3(0.2) 5.4(12.1) 10.0 (11.7)
AE,: -57.5(-47.2) -42.1 (-46.4) -57.3(-32.3) -19.2 (-13.8)

Table 8. Activation Barriers, Reaction Energies, and Intrinsic Barriers (all in kcal/mol) along with the Incipient C---C Distance (A) for
5-Exo-dig and 6-Endo-dig Cyclizations of Radicals (33—36) at the UB3LYP Level with cc-PVDZ and 6-31G** Basis Sets

5-ex0 6-endo
method r'(R) r(TS) AEF AE, AE, r'R) r'(Ts) AEF AE, AE,
1b 2.901 2.291 4.2 —34.2 17.0 3.444 2.437 5.7 —58.1 26.9
e 2.948 2.291 4.1 —-34.4 16.9 3.426 2.421 2E8 —58.7 46.5
34 | 2.932 2.295 1.2 —-41.9 14.7 3.524 2.441 3.7 —58.1 235
11d 2.904 2.292 NA NA NA 3.491 2.445 NA NA NA
35 | 2.822 2.335 1.4 —36.8 13.6 3.281 2.424 5.7 —54.2 25.6
1 2.796 2.361 1.0 —39.8 13.6 3.259 2.427 5.9 —55.6 26.4
36 | 2.809 2.337 1.4 —38.0 13.9 3.273 2.418 5.6 —55.3 25.9
1l 2.811 2.342 1.3 —-38.7 13.9 3.269 2.397 198 —54.5 42.7

aThe activation barriers at the BD(T)/cc-pVDZ//B3LYP/6-31G** level for 5-exo and 6-endo cyclizations are 5.8 and 10.2, respéciatlylated at
the UB3LYP/cc-PVDZ level® Calculated at the UB3LYP/6-31G** level.The 6-31G** geometries ofeactant and productsf both cyclizations show
unusual cumulenic Lewis structurdsjt the5-exo and 6-endo TSs exhibit proper saddle point geometries in which the 5-exo TS is 1.8 kcal/mol more stable.
€The barriers for 6-endo cyclizations of boB3 and 36 are strongly overestimated. Nevertheless, the TS geometries seem to be acceptable because the
single-point calculations at UB3LYP/cc-PVDZ and BD(T) levels provide results comparable to those for the monoradical species (see the Sfgpeeatiog |
and Tables S6 and S7 for more detail).

i i i 22,23
cyclization may also be assisted even further by the buttressingSCheme 10. SdegtethOUble Cyclizations of Triynes
effect of the second ethynyl moiety. On the other hand, after a O.F S0,Ph o
five-membered ring is formed in the first step, the second 5-exo O O
cyclization B0 — 32) should proceed via a TS annealed to a 50%

. . . L . . Et.N Q 13%
polycyclic skeleton. As discussed in detail in the earlier section 3 + O
14-CHD -
e —
Benzene Ph

on strain effects, the presence of such a structural feature
o

significantly increases strain in the 5-exo TS, explaining the
90

6-endo step30— 31) of the intermediate radical does not suffer
as much from the strain (the barrier increases by less than 1
kcal/mol). Interestingly, these effects may be partially compen-
sated by Ph-substitution at the acetylene moiety that renders
the final step in the analogous cascade significantly less
selective, thus allowing for the formation of the 5-exo/5-exo

product as el _ o summarized in Scheme 4 where the three topogically similar
Thus, it is the first step in the cyclization cascade that sets reactions of diradical species display contrasting 5-exo/6-endo
up the selectie 6-endo process in the second step by restraining selectivities. Since these cyclizations are structurally analogous
the TS geometryThe observed increase in the 5-exo barriers g the respective reactions of radicéland?, one should expect
in the polycyclic cases is analogous to the trends discussed abovéne preferential formation of the 5-exo product under kinetic
in the section deal_lng with the effects of strain at the selectivity qntrol conditions. Such a preference would be slightly larger
in the case of radical$4-19. for the system described by Vollhardt and Matzger (similar to
(d) Cascade Cyclizations of Triynesln contrast to the above | 4jical 7, Figure 2) than for the systems described by the
sections, not all of the experimental results discussed in this Bergman and Wu groups (Scheme 10). The latter systems are
part agree with the computational findings. The results are ¢joser 1o radicab where the difference between the 5-exo and
(51) Formation of products resulting from addition of the initiating Sn radicals 6'ehdo barriers is almost 3 kcal/mol less than in the case of
to one of the triple bonds is also possible. radical 7.

ca. 10 kcal/mol increase in the reaction barrier. In contrast, the
(2.5%)
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reacting acetylene moiety accounts for the higher yield of the
5-exo product as discussed in the previous sections. The
increased overall yield can be a consequence of the milder
conditions needed for thermal activation of Myefaito
cyclization relative to the Bergman cyclization.

Interestingly, the 5-exo preference decreases from 4.3 to 1.5
Figure 6. Structures of diradicals and radicals relevant to cascade 5-ex0- ~a1/mol when going from Vollhardt's radicab-I to Bergman’s
dig and 6-endo-dig cyclizations of triynes. . . - . .

intermediate33-1 (Table 8), providing a possible explanation

From the earlier studies on reactivity pbenzynes (H-atom  for the increased yield of the 6-endo product reported by the
abstractionf? one may expect that, due to the loss of the 9roups of Bergman and Wu. Low thermal stability of the fulvene
stabilizing “through-bond” interaction between the two radical Products provides a possible explanation for their absence. One
centers$? the reactions op-benzyne diradicals should be about can also speculate that the mechanism for the formation of
3-5 kcal/mol less exothermic than analogous reactions of 6-endo product may be more complex than a simple kinetic
monoradicals. This decrease in the thermodynamic componentPartitioning of the initially formed diradical along the two
should be partially translated in the cyclization barrier as well. competing paths. Indeed, it was suggested earlier that, in the

As far as the computational aspects are concerned, there ardarent system, the initially formed fulvene radical may rearrange
several practical considerations that have to be discussed first0 the more thermodynamically stable phenyl radical (the 6-endo
Most importantly, despite the topological similarity, reactions Product);® providing a possible explanation for the observed
of diradicals are very different from analogous reactions of 6-endo selectivity. However, this pathway can only increase the
monoradicals from the theoretical perspecfit&his difference isolated amounts of the 6-endo-products when H-abstraction is
stems from the multiconfigurational character of electronic remarkably slow.
p-benzyne wave function and renders theoretical studies of Itis interesting that BS-UB3LYP fails rather dramatically to
diradical reactivity particularly challenging. In fact, although Provide an acceptable description in some cases (e.g., it strongly
the relative trends in energetics &rmation of p-benzyne  overestimates the 6-endo cyclization barrier for diradiGas
species are described reasonably well by BLYP and B3LYP and36; Figure 6). Such results are the artifacts of DFT as it is
fuctionals5® application of DFT methods taeactions of readily illustrated by comparing 6-endo barriers with the DFT
p-benzyne diradicals puts one in uncharted terridry. results for relatednonagadicals6 and 35 and with the TS

To avoid the complications associated with the multicon- energies obtained by the higher level coupled-cluster BD(T)
figurational character of diradical wave functions, we calculated computations. Even though 6-endo activation energies are
PES for the radical additions using respective monoradicals improved by using a cc-PVDZ basis set and BS-UBLYP/6-
(Figure 2). This modification allowed us to use B3LYP 31G**activation energies for the 5-exo processes seem reason-
calculations with accuracy comparable to our results in other able, such aberrations suggest that one has to be extremely
hydrocarbon radical systems discussed earlier in this article.careful in applying DFT to multiconfigurationgt-benzyne
Moreover, since the selectivity should be controlled by the Species (a more detailed discussion of these observations is given
differencesn the activation barriers, the 5-exo/6-endo competi- in the SI).
tion is unlikely to change significantly in analogous reactions
of diradical species (Figure 6).

The computational results are in excellent agreement with We analyzed the interplay of stereoelectronic and thermo-
the more recent report of Vollhardt and Matzger, who found dynamic contributions to the activation barriers for 5-exo-dig
that intramolecular trapping of p-benzyne diradical formed  and 6-endo-dig radical cyclizations of aryl and vinyl radicals.
by the Bergman cyclization yields a ca. 8/1 mixture of 5-exo UB3LYP/6-31G** provides an acceptable description of selec-
and 6-endo products. This difference is in a qualitative agree- tivity in simple systems but should be applied with caution to
ment with the 4.9 kcal/mol preference for the 5-exo path (Table the cyclizations of diradical species. The 5-exo-pathway has a
8), especially if one considers the relatively low mass balance 3—7 kcal/mol lower barrier when the vinyl moiety and the triple
with the concomitant uncertainty about experimental accuracy. bond are connected through a saturated bridge. In completely
The low isolated yields of the products suggest partial decom- conjugated systems, the kinetic preference for 5-exo-dig cy-
position along the reaction path which is likely to take a heavier clization is noticeably decreased by the favorable thermody-
toll on the less stable 5-exo products. namic contribution to the formation of aromatic 6-endo products.

The most recent set of results of Wu and co-workers is also As a result, the difference between 5-exo and 6-endo barriers
consistent with the slight preference for the 5-exo-dig cycliza- in polycyclic systems can be readily overturned by the high
tion. In this case, the presence of a terminal Ph group at thesensitivity of the 5-exo cyclization to the strain effects. The
role of such effects in generation of pentagons in the process
(52) Logan, C. F.; Chen, B. Am. Chem. Sod.996 118 2113. of carbon nanotubes formation is under current investigation.

(53) (a) Squires, R. R.; Cramer, C.J.Phys. Chem. A998 102 9072. (b)
Davico, G. E.; Bierbaum, V. M.; DePuy, C. H.; Ellison, G. B.; Squires, R.

4. Conclusions
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