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Abstract: Relative kinetic data were determined for the 5-endo-trig cyclization of radical 12 compared to
hydrogen abstraction from (TMS);SiH in the temperature range of 344—430 K, which allows for the estimation
of a rate constant of 2 x 10* s™! at 298 K with an activation energy of ca. 9 kcal/mol for the cyclization
process. The 5-endo-trig cyclization of a variety of radicals that afford five-membered nitrogen-containing
heterocycles was addressed computationally at the UB3LYP/6-31G* level. The 5-endo vs 4-exo mode of
cyclication and the effect of delocalization of the unpaired electron in the transition state were investigated.
Because the ring formed during cyclization contains five sp? centers, electrocyclization via a pentadienyl-
like resonance form was also considered. For comparison, similar calculations were performed for 4-penten-
1-yl and related radicals. The factors that affect the activation energies of homolytic 5-endo-trig cyclization
were determined. In the absence of steric or conformational effects, the endo cyclization to form the five-
membered ring was strongly favored over exo cyclization to form the four-membered ring not only on
thermodynamic grounds but also kinetically. When a substituent on the double bond was able to delocalize
the unpaired electron in the transition state of the 4-exo path, the two modes of cyclization became kinetically
comparable. These results have an important bearing on the generalization of the Baldwin—Beckwith rules,
which classified the 5-endo-trig radical cyclization as a “disfavored” process.

Introduction Scheme 1
The 5endetrig mode of radical cyclization has been known R
. . R = R .
as a “disfavored” process because of the BaldvBeckwith 4-ex0 5-endo ’

set of empirical rules that predicts ring closures in radical

reactions'. For example, the prototype 4-pentenyl radicalR 2 1 3

= H) meets the stereoelectronic requirements forexdtrig

cyclization to give radical2, although it is unfavorable on  radicals (i.e., R= Ph) that could afford stabilized radicals have
thermodynamic grounds and the equilibrium lies well to the been reported to give 8adocyclization products in low yield,

right (Scheme 132 On the other hand, the formation 8fis a and it was suggested that these reactions involve competing
thermodynamically favorable process, although there are manyequilibria and fall under thermodynamic contfoln recent
cases in the literature where theebelo cyclization in such  years, some synthetically useful all-carborrdoring closures
systems has not been obser¢eBome substituted 4-pentenyl have been reported and the efficiency of these “exceptional”
cases has been attributed to a particularly congested transition
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(4) For example, see: (a) Walling, C.; Pearson, Ml.8Am. Chem. So4964
85, 2262-2266. (b) Lamb, R. C.; McNew, W. E., Jr.; Sanderson, J. R.;
Lunney, D. CJ. Org. Chem1971, 36, 174-177. (c) Castaing, M.; Pereyre,

"University of Athens . . . ) . M.; Ratier, M.; Blum, P. M.; Davies, A. GJ. Chem. Soc., Perkin Trans.
* Present address: Department of Chemistry, University of Wisconsin, 2 1979 287-292. (d) Beckwith, A. L. J.; Easton, C. J.; Lawrence, T.;
1101 University Ave, Madison WI 53706. Serelis, A. K.Aust. J. Chem1983 36, 545-556. (e) Beckwith, A. L. J.;
(1) (a) Baldwin, J. EJ. Chem. Soc., Chem. Commu®.76 734-736. (b) Boate, D. R.Tetrahedron Lett.1985 26, 1761-1764. (f) Urabe, H.;
Beckwith, A. L. J.; Easton, C. J.; Serelis, A. K. Chem. Soc., Chem. Kuwajiama, |.Tetrahedron Lett1986 27, 1355-1358. (g) Curran, D. P;
Commun.198Q 482-483. Chang, C.-T.J. Org. Chem.1989 54, 3140-3157. (h) Arnold, D. R.;
(2) (a) Beckwith, A. L. J.; Moad, GJ. Chem. Soc., Perkin Trans.188Q McManus, K. A.; Du, X.Can. J. Chem1994 72, 415-429. (i) Arnold,
1083-1092. (b) Maillard, B.; Walton, J. Cl. Chem. Soc., Perkin Trans. D. R.; Du, X.Can. J. Chem1994 72, 403-414. (j) Benati, L.; Capella,
2 1985 443-450. L.; Montevecchi, P. C.; Spagnolo, P.0rg. Chem1995 60, 7941-7945.
(3) Efficient 4-exocyclization with formation of substituted cyclobutanes was (5) (a) Julia, M.; Le Goffic, FBull. Soc. Chim. Fr.1965 1550-1555. (b)
developed usingemdisubstituents (Thorpelngold effect) and electron- Pines, H.; Sih, N. C.; Rosenfield, D. B. Org. Chem1966 31, 2255~
withdrawing substituents (CN or GBle). For example, see: (a) Park, S.- 2257. (c) Wilt, J. A.; Maravetz, L. L.; Zawadzki, J. . Org. Chem1966
U.; Varick, T. R.; Newcomb, MTetrahedron Lett199Q 31, 2975-2978. 31, 3018-3025. (d) Bradney, M. A.; Forbes, A. D.; Wood, J. Chem.
(b) Jung, M. E.; Trifunovich, I. D.; Lensen, Netrahedron Lett1992 Soc., Perkin Trans. 2973 1655-1660.
33, 6719-6722. (c) Jung, M. E.; Kiankarini, MJ. Org. Chem1995 60, (6) Beckwith, A. L. J.; Ingold, K. U. IrRearrangements in Ground and Excited
7013-7014. Statesde Mayo, P., Ed.; Academic Press: New York, 1980; pp-1810.
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state, to a rate enhancement induced by an extensive Thorpe Scheme 2

Ingold effect, or to the application of bicontinuous micro- Ro X Ro

emulsions’. A good number of efficient and synthetically useful R /
3

5-endoradical cyclizations have also been discovered in systems

. .. N N{
other than all-carbon atoms, i.e., sulfur- and silicon-centered K 0 R 0

radical$ or heteroatom-containing double borfd&!

The most widely applied Bndoradical cyclization is by far 3
the synthesis of saturated five-membered nitrogen-containing
heterocycled? Ikeda, Ishibashi, and co-workers were the first 4'9’(‘/ 5-endo
to show that a variety of halo-enamides of tygeafford
y-lactams in good yields under free-radical reducing condi- R . R Re
tions1® These 5endo cyclizations can be highly diastereo- Rs ! R Ry
selective or moderately enantioselective in the presence of chiral N N
auxiliaries. Scheme 2 depicts the generally accepted reaction R (0] R O
path, i.e., a competition between a kinetically favored and 6 7
reversible 4exo cyclization and a ®ndoring closure that is
under thermodynamic contrél. The regioselectivity of the Scheme 3
cyclization of radicab (4-exovs 5endg has been studied in
some detail by varying the substituents and temperature. O:H<N
Indeed, the quenching of radicalin a few cases afforded the N / 5 endo
p-lactam as the major product. Parsons and co-workers extended RO/\@/. -
this approach to the synthesis of substituted pyroglutamatés. /

Another efficient 5endocyclization, which is similar to the RO Br
above-discussed system in that the ring formed during cycliza-

4

(7) (a) Rao, A. V. R;; Singh, A. K,; Rao, B. V.; Reddy, K. Metrahedron
Lett. 1993 34, 2665-2668. (b) Schmalz, H.-G.; Siegel, S.; Bats, J. W.
Angew. Chem., Int. Ed. Endl995 34, 2383-2385. (c) Bogen, S.; Malacria, HN
M. J. Am. Chem. S0d.996 118 3992-3993. (d) Gao, J.; Rusling, J. F.
J. Org. Chem1998 63, 218-219. (e) Nonami, Y.; Baran, J.; Sosnicki, J.; 9 /
Mayr, H.; Masuyama, A.; Nojima, MJ. Org. Chem.1999 64, 4060—
4063. (f) Bogen, S.; Gulea, M.; Fensterbank, L.; MalacriaJMDrg. Chem.
1999 64, 4920-4925. (g) Bommezijn, S.; Gonzalez Martin, C.; Kennedy,
A. R.; Lizos, D.; Murphy, J. AOrg. Lett.200], 3, 3405-3407. ,
For recent examples, see: (a) Clive, D. L. J.; CantinJMChem. Soc., RO Br
Chem. Commurl995 319-20. (b) Clive, D. L.; Yang, WChem. Commun.

1996 1605-1606. (c) Journet, M.; Rouillard, A.; Cai, D.; Larsen, R.D.

Org. Chem.1997, 62, 8630-8631. (d) Cai, Y.; Roberts, B. . Chem. 9

Soc., Perkin Trans. 1998 467—-476. (e) Sannigrahi, M.; Mayhew, D. L.;
Clive, D. L. J.J. Org. Chem1999 64, 2776-2788.

For the 5endo cyclization to the azo groupyfazo alkyl radical) with
formation of hydrazyl radical, see: (a) Kunka, C. P. A.; WarkentigGah.
J. Chem.199Q 68, 575-580. (b) Engel, P. S.; He, S. L.; Smith, W. &.
Am. Chem. Sod997, 119 6059-6065.

(10) (a) For the %endocyclization of the G=C=N—C(O)—CH,—CHe radical

@

~

©

~

tion contains a nitrogen atom and five?spenters, has been
discovered in the field of modified nucleoside synthesis. Scheme

3 shows the ®ndoring closure proposed independently by two
to give the succinimidyl radical, see: Kaushal, P.; Roberts, B. Ehem.

Soc., Perkin Trans. 2989 1559-1568. (b) For the ®ndocyclization of groups as the key step within a radical cascade sequence for

an aryl radical onto a €N group, see: Orito, K.; Uchiito, S.; Satoh, Y.; the SynthESIS of anomeric SplronUC|EOS|aé§. It should be
Tatsuzawa, T.; Harada, R.; Tokuda, Mrg. Lett.200Q 2, 307—310.
(11) For the Sendocyclization to the carbonyl group, see: Yamamoto, Y.; Ohno,
M.; Eguchi, SJ. Org. Chem1996 61, 9264-9271 and references therein. (15) (a) Goodall, K.; Parsons, A. B. Chem. Soc., Perkin Trans1994 3257
(12) There are some efficient éndo radical cyclizations forming other 3260. (b) Goodall, K.; Parsons, A. Fetrahedron1996 52, 6739-6758.
heterocycles. For example, see: (a) Gopalsamy, A.; Balasubramanian, K. (c) Goodall, K.; Parsons, A. Hetrahedron Lett1997 38, 491-494. (d)
K. J. Chem. Soc., Chem. Commu®88 28—29. (b) Crich, D.; Yao, Q. Baker, S. R.; Parsons, A. F.; Pons, J.-F.; Wilson, Tétrahedron Lett.
Tetrahedronl 994 50, 12305-12312. (c) Capella, L.; Montevecchi, P. C.; 1998 39, 7197-7200. (e) Baker, S. R.; Burton, K. I.; Parsons, A. F.; Pons,
Navacchia, M. L.J. Org. Chem1996 61, 6783-6789. J.-F.; Wilson, MJ. Chem. Soc., Perkin Trans1999 427-436. (f) Bryans,
(13) (a) Ishibashi, H.; Nakamura, N.; Sato, T.; Takeuchi, M.; lkeda, M. J. S.; Chessum, N. E. A.; Parsons, A. F.; GhelfiTetrahedron Lett2001,
Tetrahedron Lett1991, 32, 1725-1728. (b) Sato, T.; Machigashira, N.; 42, 2901-2905.
Ishibashi, H.; Ikeda, MHeterocycles1992 33, 139-142. (c) Sato, T.; (16) Alternatively to free-radical reducing conditions using ;8oH or

Nakamura, N.; Ikeda, K.; Okada, M.; Ishibashi, H.; Ikeda, M Chem.

Soc., Perkin Trans. 1992 2399-2408. (d) Sato, T.; Chono, N.; Ishibashi,

H.; lkeda, M. J. Chem. Soc., Perkin Trans. 1995 1115-1120. (e)

Ishibashi, H.; Fuke, Y.; Yamashita, T.; Ikeda, Wetrahedron: Asymmetry
1996 7, 2531-2538. (f) Ishibashi, H.; Higuchi, M.; Ohba, M.; Ikeda, M.
Tetrahedron Lett1998 39, 75-78. (g) Ikeda, M.; Ohtani, S.; Okada, M.;

Minakuchi, E.; Sato, T.; Ishibashi, HHeterocyclesl998 47, 181-186.
(h) Ikeda, M.; Ohtani, S.; Yamamoto, T.; Sato, T.; IshibashiJHChem.

Soc., Perkin Trans. 1998 1763-1768. (i) Ikeda, M.; Ohtani, S.; Sato,
T.; Ishibashi, H.Synthesid998 1803-1807. (j) Ikeda, M.; Hamada, M.;
Yamashita, T.; Matsui, K.; Sato, T.; Ishibashi, H.Chem. Soc., Perkin

Trans. 11999 1949-1956. (k) Ishibashi, H.; Toyao, A.; Takeda, Synlett

1999 1468-1470. (I) Ishibashi, H.; Kodama, K.; Higuchi, M.; Muraoka,

O.; Tanabe, G.; Takeda, YTetrahedron2001 57, 7629-7637. (m)
Ishibashi, H.; Ishita, A.; Tamura, Oletrahedron Lett2002 43, 473—
475.

(14) During the preparation of this manuscript, two reviews on these radical
cyclizations appeared; see: (a) Parsons, ACFR. Acad. Sci. Paris, Ser.
llc: Chem. 2001, 4, 391-400. (b) Ishibashi, H.; Sato, T.; Ikeda, M.

Synthesi2002 695-713.
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(TMS);SiH,131417the reaction was carried out with Ni powder, copper(l)
and/or manganese(lll) saft3!8.19

(17) Schultz, A. G.; Guzzo, P. R.; Nowak, D. M.0rg. Chem1995 60, 8044—

8050

(18) (a) Cassayre, J.; Quiclet-Sire, B.; Saunier, J.-B.; Zard, Se#ahedron

1998 54, 1029-1040. (b) Cassayre, J.; Quiclet-Sire, B.; Saunier, J.-B.;
Zard, S. Z.Tetrahedron Lett1998 39, 8995-8998. (c) Cassayre, J.; Zard,
S. Z.Synlett1999 501-503. (d) Cassayre, J.; Dauge, D.; Zard, SSynlett
200Q 471-474.

(19) (a) Davies, D. T.; Kapur, N.; Parsons, A. Fetrahedron Lett1998 39,

4397-4400. (b) Attenni, B.; Cerrefi, A.; D’Annibale, A.; Resta, S.; Trogolo,
C. Tetrahedron1998 54, 12029-12038. (c) Davies, D. T.; Kapur, N.;
Parsons, A. FTetrahedron Lett1999 40, 8615-8618. (d) Clark, A. J.;
Dell, C. P.; Ellard, J. M.; Hunt, N. A.; McDonagh, J. Petrahedron Lett.
1999 40, 8619-8623. (e) Clark, A. J.; Filik, R. P.; Haddleton, D. M.;
Radigue, A.; Sanders, C. J.; Thomas, G. H.; Smith, MJ.EOrg. Chem.
1999 64, 8954-8957. (f) Davies, D. T.; Kapur, N.; Parsons, A. F.
Tetrahedror200Q 56, 3941-3449. (g) Clark, A. J.; Dell, C. P.; McDonagh,
J. P.C. R. Acad. Sci. Paris, Ser. lic: Che2001, 4,575-579. (h) Clark,

A. J.; Battle, G. M.; Bridge, ATetrahedron Lett2001, 42, 4409-4412.
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Scheme 4 Table 1. Kinetic Data for the Reaction of Bromide 11 with
(TMS)3SiH in tert-Butylbenzene?

Br
@\ L T,K initiator® Kifke,® M~
ll\l O
CH,4

344 AIBN 7.79+ 1.53
353 AIBN 5.91+ 1.49
Y 395 BOOB 3.25+-0.49
403 BOOB 2.96+ 0.20
421 BOOB 2.29£0.14
430 BOOB 2.02: 0.09

(TMS),Si

aConditions: [(TMS)SiH] = 12 x [11] and (TMS}SiH concentration
in the range of 0.1360.454 M. AIBN = azobis(isobutyronitrile); BOOB
= di-tert-butyl peroxide* Average of six different experiments. Errors

@\ /g} ke C@) correspond to one standard deviation.
N * N constant during the course of the reaction (bimolecular process
CH,4

CH, under pseudo-first-order conditions). Under these conditions,
12 13 eq 1 holds
i | (TMS);SiH (TMS), SiH [14)/[15] = ky[(TMS);SiH]/k, 1)
The quantities ofl4 and 15 were obtained by GC analysis,
following the thermally initiated radical reaction, by using an
O\ /Kh @ internal standard. The ratial4)/[15] varied in the manner
N” 0 N" 0 expected with a change in the silane concentration. Kiffie
c';H3 CH, ratios reported in Table 1 were obtained as the averages of six

different experiments. Linear regression analysis of a plot of
log(kn/ke) vs 11T yields the relative Arrhenius parameters given
by eq 2, wherg = 2.3RT kcal/mol and the errors correspond
to one standard deviation

14 15

noted that the two interpretations for the diastereochemical
outcome 9/10 = 2:1) of these cyclizations are in contrast.

Despite the extensive synthetic applications of thenBlo log k./k, (M 71) = —(1.93+ 0.09)+ (4.41+ 0.16)0 (2)
radical cyclizations, it is worth pointing out that kinetic

information r_egarding Fh_e:se transfprmations is limited, and th(_a Unfortunately, the rate constakit for the reaction obi-amide
reasons behind the efficiency of this disfavored process are still primary carbon-centered radicals with (TMSH and its

unknown?? Herein, we report a detailed theoretical study of omnerature dependence are unknown, although they are needed
the parameters involved in these transformations, together withiy optain the Arrhenius expression fég from the eq 24

some experiments leading to the establishment of rules that, inNewecomb and co-workers have shown that the rate constants
turn, might have synthetic utility. We anticipate thaebeo of a-amide secondary carbon-centered radicals withSBitd

trig radical cyclization is both the kinetically and thermody- 4.6 similar to those of alkyl radicals with BBnH?25 Because
namically favored path. the reactivity scales of alkyl radicals with BSnH and
(TMS):SiH areparallel,?* it is reasonable to assume that the
rate constants for the reactions of raditaland of a primary
5-Endo-trig Radical Cyclization of Enamides.For a detailed alkyl radical with (TMS}SiH are similar. From eq 2, a value

kinetic study of the radical cyclization of halo-enamides of type of ky/k. = 20.1 M1 is calculated at 298 K. Takidgky = 3.8
4, we chose the bromo derivativd reported by Ikeda and co-

workers. An indirect procedure for measuring the rate constant (22) Engel et af reported a rate constant of 1:31¢° M~* s™* at 110°C for
. . T K the following 5endocyclization:
of a unimolecular process involves competition between this

Results and Discussion

process and a bimolecular path of the radif@g-radical clock £ Bu\N_N FBU\N—I\]
methodology?? In his reviews, Newcomb summarized competi- . \_X _— U<

tion methods for this purposé Relative rate constants for the

5-endo CyClIZE?tIOﬂ ?an be'obtalned., provu.ied. that ?Qndltlons Ab initio calculations at UQCISD/6-31G*//UHF/6-31* level on theeBdo
can be found in which the intermediate raditalis partitioned cyclization of the prototype 4,5-diaza-4-penten-1-yl radical and the all-

; R ; ; carbon analogue 4-penten-1-yl radical suggest that the former radical cyclize
between the two reaction channels, i.e., the reaction with 7—8 orders of magnitude faster mainly because of a smale¥€N than

(TMS)3SiH and the cyclization (Scheme 4). 3 %_)C;ﬁ angle. ’ h 080 13, 317323, (b)
. . . . a) Griller, D.; Ingold, K. U.Acc. em. Resl 13, 317— .
This scenario can be achieved in the temperature range 344 Newcomb, M.Tetrahedron1993 49, 1151-1176. (c) Newcomb, M. In
430 K if the (TMS}SiH concentration remains essentially Radicals in Organic SynthesiRenaud, P., Sibi, M. P., Eds.; Wiley: New

York, 2001; Vol. 1, pp 31#336.
(24) Chatgilialoglu, C.; Newcomb, MAdv. Organomet. Chen1999 55, 67—
112.

(20) (a) Gimisis, T.; Chatgilialoglu, CJ. Org. Chem1996 61, 1908-1909.
(b) Chatgilialoglu, C.Nucleosides Nucleotides999 18, 547—-553. (c) (25) Musa, O. M.; Horner, J. H.; Newcomb, NI.Org. Chem1999 64, 1022-
Chatgilialoglu, C.; Gimisis, T.; Spada, G. €@hem. Eur. J1999 5, 2866~ 1025.
2876 (26) The temperature-dependent function for the reaction of 5-hexenyl radicals

(21) (a) Kittaka, A.; Tanaka, H.; Yamada, N.; Miyasaka,TEtrahedron Lett. with (TMS):SiH is as follows: logkn(M~1s71) = (8.86+ 0.36)—(4.47+
1996 37, 2801-2804. (b) Kittaka, A.; Asakura, T.; Kuze, T.; Tanaka, H.; 0.53)0, wheref = 2.3RTkcal/mol. See: Chatgilialoglu, C.; Dickhaut, J.;
Yamada, N.; Nakamura, K. T.; Miyasaka,J.Org. Chem1999 64, 7081 Giese, B.J. Org. Chem1991, 56, 6399-6403. Errors correspond to one
7093. standard deviation.
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Table 2. Reaction Barriers (E;), Reaction Enthalpies (H;), and
Partial Bond Lengths in the Transition State (drs) for the 5-Endo
Cyclization of Radical 16 Computed at Different Levels of Theory

method E,, kcal/mol H,, kcal/mol drs, A
UMP2/6-31G* 22.3 —28.4 2.225
UMP4(SDQ)/6-31G* 21.3 —26.1 2.235
UB3LYP/6-31G* 16.6 —22.8 2.265

(16.1p (—20.8%
UB3LYP/6-31+G* 16.6 —-21.8 2.262
UB3LYP/6-311G* 16.5 —21.9 2.256
UQCISD/6-31G* 17.6 —24.9 2.244
UQCISD/6-311G**// 17.2 —24.9

UQCISD/6-31G*

aValue corrected for the difference in ZPVE (cf. ref 27).

Table 3. Reaction Barriers (E;), Reaction Enthalpies (H;), and
Angles of Attack in the Transition State (¢) for the Cyclizations
Computed at the UB3LYP/6-31G* Level?

radical cyclization E,, kcal/mol H,, kcal/mol ¢, degrees

16 5-endo 16.1 —-20.8 88.1

4-ex0 21.1 6.1 118.9

21 5-endo 13.6 —-24.0 87.4

4-exo0 175 2.2 118.1

12 5-endo 10.3 —18.5 87.5

22 5-endo 11.1 —-24.3 87.4

23 5-endo 194 —-18.4 89.0

24 5-endo 9.5 -31.1 86.0

4-ex0 16.3 2.7 112.0

25 5-endo 135 -17.2 87.8

4-exo0 14.2 —6.1 118.3

17 26 5-endo 13.3 -16.5 88.1

Figure 1. Energy profiles (kcal/mol) for the éxoand 5endocyclizations 27 ‘5"::(]30 ﬁg __131 1;;;
of radical 16 at the UB3LYP/6-31G* level. ' ' '

4-ex0 14.8 -5.9 118.6

x 10° M~1s71, we obtain a value of 1.% 10* s7* for the rate
constant of the ®ndo cyclization of radicall2 at 298 K.
Similarly, the combination of eq 2 with the known Arrhenius
parameters for the reaction of the primary alkyl radical with
(TMS);SiH?6 yields log@/s™1) = 10.8 andE, = 8.9 kcal/mol.

aE, andH;, values corrected for the difference in ZPVE (cf. ref 27).

UMP4(SDQ)] to reduce computational costs. Furthermore,
enlargement of the basis functions to the valence tidple-
6-311G* basis set or addition of diffuse functions on heavy

MO calculations were performed to determine the factors that atoms (6-3%G*) has negligible effects. Finally, thE, value

affect the activation energy of theésydocyclization in radical
1227 Initially, we carried out calculations on the cyclization of
the model radicall6 to give they-lactam radicall7 via the
transition statel8 (see Figure 1) at different levels of theory.
Table 2 shows that UB3LYP/6-31G* calculations provide the
values of reaction barriers for ring closur&,), reaction

computed at the UB3LYP/6-31G* level differs only by 0.6 kcal/
mol from that computed using the more flexible 6-311G** basis
set in single-point UQCISD calculations (UQCISD/6-311G**//
UQCISD/6-31G*).

The UB3LYP/6-31G* calculations were extended to the
5-endovs 4-exoradical cyclization for a variety of enamide-

enthalpies I;), and partial bond lengths in the transition state type radicals and are reported in Table 3. A comparison of the
(drs) comparable to those computed with the more reliable ab first two rows that refer to radical6 and to the corresponding
initio correlated method UQC'SD Its performance is better than paths represented in Figure 1 shows that thexdmode is
that obtained with ab initio correlated methods in which electron gisfavored compared to the éido mode by 5 kcal/mol, in

correlation is estimated using perturbation theory [UMP2, contrast with the BaldwinBeckwith rulest Furthermore, the

(27) Unrestricted DFT calculations have been carried out with the Gaussian 98

system of prograni§ running on DEC-Alpha 500 computers employing
the B3LYP functional and the valence douldldasis set supplemented
with polarizationd-function on heavy atoms (UB3LYP/6-31G*). The nature

of the transition states has been verified by frequency calculations (one

formation of gf-lactam radicall9is 6.1 kcal/mol endothermic,
whereas the ®ndo cyclization is computed to be strongly
exothermic. The angle of attagk in the transition state48

and 20 is 88.1 and 118.9, respectively, indicating that the

imaginary frequency), and energy values have been corrected for the zero- disposition of the three interactive atoms in therocycliza-

point vibrational energy (ZPVE).

(28) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.

tion is considerably less than normal (109)Yand that the 4xo

A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A,, Jr.; Stratmann, fashion meets the stereoelectronic requirements according to

R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B. Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
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. W_;

Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-

Gordon, M.; Replogle, E. S.; Pople, J. Maussian 98 revision A.7;
Gaussian, Inc.: Pittsburgh, PA, 1998.
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Baldwin’s hypothesis. The replacement of the NH moiety by
NCHs in radical21 decreases both th& andH;, values by 2.5

3.9 kcal/mol in both modes of cyclization (Chart 1 and Table
3). The reason for the effect & by this replacement is 2-fold.
For the 5endocyclization, one-third of the decrease (0.8 kcal/
mol) is due to geometrical changes, whereas two-thirds is due
to the polar contribution. That is, from the values of the dihedral
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Chart 1
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Lrlxrko HaC rI\J”J*o Pry\rﬂko
CH, CH,4 CH,
21 22 24
Pr»\K . O LR
rﬂ/go NS0
CH, CH,
25 26:R=H
27: R =CH,
Scheme 5
CH, CH,
12 12a

angle,w(C,CsC4N3), formed between the plane of the olefinic
moiety and the radical center (cf. the transition si&& Figure

Figure 2. Picture of the SOMO of the UB3LYP/6-31G* transition states
for the 5endocyclizations of (A) radicall6 and (B) radical23.

—

Scheme 6

16 16a
H+
L —— L
H QH H OH
23 23a

1), the dispositions of the double bond and the radical center in destabilization of ther-orbital of the double bond is similar

the unrearranged radicab(r) and in the transition state{s)

are more similar for radic&1 (wyr = —32.7, wts = —40.0°)
than for radicall6 (wyr = —21.3, w1s = —38.9). In addition,
the replacement of NH by NCHidespite having no influence
on the electrophilicity of the radical (EA 0.53 and 0.54 eV
for radicals16 and21, respectively), destabilizes theorbital

of the double bond by 0.19 eV, thus favoring the attack of the
electrophilic radical cente?.

Table 3 also shows that replacement of the vinyl moiety in
21 with the cyclohexenyl group, as in radich? (Scheme 4),
further decreases thg, value for the 5endocyclization by 3.3
kcal/mol. The computed reaction barrier for raditais similar

(0.15 eV). It is reasonable to assume that the larger decrease is
due to a partial distortion of the double bond within the cyclic
moiety. This decreases the energy of the excited triplet state
and might also diminish the barrier for the addition of carbon-
centered radicals to alken#slt is worth mentioning that, in
both radicals22 and 12, the dispositions of the double bond
and the radical center in the unrearranged radiegk] and in
the transition stateufrs) are similar, as expected from the
presence of thé&l-methyl group (see the Supporting Informa-
tion).

The possibility of an electrocyclization via the pentadienyl
structure in the resonance forb6a (Scheme 6) could also be

to that estimated from the relative kinetic data, i.e., 10.3 vs 8.9 considered® However, the electron distribution in the SOMO

kcal/mol. One can argue that conformational interconversions reveals the radical nature of this reaction. In the transition state,
by rotation about the carbonyl carbon-to-nitrogen bond could the unpaired electron is localized at both the carbons at which
play an important role in the experimental value (Scheme 5). the unpaired electron is localized in the unrearranged and

In this respect, Newcomb and co-workers measured raterearranged radicals (Figure 2A for radick). It should be

constants in the range of-36 x 10 s7* for the G-N bond
rotation in ano-amide primary carbon-centered radical similar
to radical12 in the temperature range of 28340 K. These

remarked that the SOMO should be of the allyl type in the
transition state of an electrocyclic mechanism, i.e., spin density
at G and G. To force this situation, radicdlé was considered

values are ca. 30 times higher than the corresponding rateas protonated at the oxygen ato3), so that the pentadienyl-

constants estimated for theehdo cyclization of radicall2.
Furthermore, the UB3LYP/6-31G* calculations show that
rotamerl2ashould be not populated, its energy being 4.5 kcal/
mol higher than that of rotamet2, which is the most stable
conformer (Scheme 5). To evaluate the contribution of ring
conformation and of the olefin substitution to the reaction barrier
of radical12, the cyclohexenyl was replaced with the 2-butenyl
group @2). Ex decreases by 2.5 kcal/mol on going from radical
21to 22 This decrease is attributed to the destabilization of
the sr-orbital of the double bond by 0.16 eV and, therefore, to
more favorable polar effects. The decreas&pby 3.3 kcal/
mol going from radicaR1to 12is slightly larger, although the

(29) (a) Fischer, H.; Radom, lAngew. Chem., Int. EQ001, 40, 1340-1371.

type resonance structue8ashould prevail compared to radical
16. However, the calculations show that tkg value signifi-
cantly increases upon protonation (Table 3) and that the electron
distribution in the SOMO resembles that of raditél(Figure

2B for radical23).

The effect of delocalization of the unpaired electron in the
transition state was then investigated by carrying out calculations
initially on model radical®24 and25, where a phenyl group is
attached to the olefinic moiety. 4-Phenyl substitution (radical

(30) (a) For a review, see: Habermas, K. L.; Denmark, S. E.; Jones, T. K. In
Organic ReactionsPaquette, L. A., Ed.; Wiley: New York, 1994; Vol.
45, Chapter 1, pp-2158. (b) For a recent ab initio study of 1,4-pentadienyl
electrocyclic reaction, see: Martinez, C.; Cooksy, A.JL.Org. Chem.
2002 67, 2295-2302.
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Chart 2 Scheme 7 2

|ﬁl\ ] a,b,c
(0] N
28 29 30 N

Table 4. Reaction Barriers (E;), Reaction Enthalpies (H;), and
Angles of Attack in the Transition State (¢) for the Cyclizations 31 32
Computed at the UB3LYP/6-31G* Level?

radical cyclization E,, kecal/mol H;, kcal/mol ¢, degrees d(ore)
28 5-endo 16.3 —-19.0 88.9
4-exo 18.1 4.5 115.0
29 5-endo 17.9 —-14.1 87.9

30 5-endo 12.2 —30.7 88.9
PN PN
MeO N
aE, andH, values corrected for the difference in ZPVE (cf. ref 27). © 2\ | MeO j\ |
7N * TN
24) considerably decreases tBgvalue of 5endocyclization. J
MeO MeO Br

E, is about 4 kcal/mol lower than in radic@ll. The phenyl
group stabilizes the transition state by delocalizing the unpaired 33 34
electron. Indeed, 15% of the qualred electron is localized at a(a) i. NaH, DMF: ii. MOMCI, room temperature, 4 days, 65%. (b)
the phenyl group in the transition state. Thus, the energy seq, dioxane/AcOH (11:1), reflux, 8 h, 72%. (c) CBPPh, Et:N, CH,Cls,
difference between the &adoand 4exo cyclizations signifi- —60 to 20°C, 3 h, 77%. (d) -BusSn), hv, toluene, 48 h, 110C, 70%
cantly increases up to 6.8 kcal/mol in radi@dl On the other (3334 = 6:4). (¢) (TMS}SiH, AIBN, toluene, 5 h, 80C, 87% (ratio3¥
hand, 5-phenyl substitution (radic2) is expected to favor the =19).
4-exomode to a larger extent overeésdoring closure, as only
in the first case can the unpaired electron in the transition state
be delocalized to the phenyl group. Indeds}, of 5-endo
cyclization does not change significantly on going from radical
21 to radical 25, and the two mechanistic paths now have
comparables, values. To compare these findings with experi-
mental data, we also investigated the cyclization of radi2zéls
and27, because it has been reported that the nature of substituen
R on the radical center influences theexXd5-endo product
ratio 13" When the substituent R was 126), -lactam was the
only cyclic product formed, whereas the introduction of methyl
substituent Z7) led to the formation of botlf- andy-lactams
in similar amounts. Indeed, Table 3 shows that, for rad2&al
the 4exo cyclization is favored and that, for radical, the
reaction barriers for the two modes of cyclization are about the
same.

5-Endo-trig Cyclization of 4-Penten-1-yl and Related
Radicals.For comparison of the all-carbon analogues with the

stereoelectronic requirements according to Baldwin’s hypothesis.
In 4-phenyl-4-penten-1-yl radicaBQ), the E; decreases by4
kcal/mol because the phenyl group stabilizes the transition state
by delocalizing the unpaired electron. Indeed, it was found that
5-endocyclization occurs in a moderate yield (19%)There-
fore, the 5endoring closure is again favored over theetoe
mode, in contrast to the BaldwirBeckwith rulest This is
brobably due to an increase of the energy strain in the transition
state, which involves all of the atoms in the chain of thexé-
mode compared to the &adomode. Indeed, the strain energy
due to stretching and bending computed with the MM3
parameter® increases by only 0.8 kcal/mol on going from the
ground state to the transition state geometry for then8e
cyclization of 28, whereas the increment is 6.1 kcal/mol for
the 4exomode.

As noted above, the five 3@toms are not coplanar in the
transition state for the cyclization of radicap, the dihedral
o . . . angle between the olefinic plane and the radical center being
5-endocyclization of enamides, the ring closures of radicals about 40. This suggests that a change of hybridization of the
28-30 (.CharF 2) were also gonmdergq,. and the .results ar'€ central atom should not considerably affect Ehevalue. Table
summarized in ;I'able 4, Prfiwous ab initio calculatl_ons_ at the 4 shows that thé&, value increases by less than 2 kcal/mol on
UQCISD/6-31G*//UHF/6-31* level on the Bndocyclization replacing the NH moiety in radicadlé (sg? hybridization at N)

i — = 9b
of radical 28 gaveE, = 19.5 kcal/mol andp = 88.8°.% with a CH, group (sB hybridization at C in radica?9).
The trend found for radica?8 is the same as for radic&b. 5-Endo-trig Radical Cyclization of 6-Vinyluridines and

The_dlff_eren_ce between tte, values of '_[he ®ndoand 4exo Related Compounds.Protected 6-dibromovinyluridines react
cyclizations is reduced to 1.8 kcal/mol in the carbon analogue. |, qar free-radical conditions to provide the corresponding

Interestmgly, 4-p.ente.n-1?yl raFilcaI was found to produce the anomeric spironucleosides through a cascade reaction including
5-endocyclic radical in vibronically excited states in the gas .\ afficient 5endo radical cyclization (Scheme 32 To
pha;e._Moreover, the L_JBSLYP/G'SI;B“‘ value of 16'_3 keall determine experimentally the structural requirements for efficient
mol is in the range estimated experimentally for this process radical cascades and investigate in particular the influence of

31 i iti
(18 + 3 kcal/mol)™ The angles of attac_;lp in the transition the sugar moiety, we proceeded to the synthesis of the uracil
states of Sendoand 4exoclosure for radicaR8 are 88.9 and derivative 32. Compound32 was prepared in a three-step

,115'0' respectivelly, indicating thgt the d?spositipn of the three procedure starting from the commercially available compound
interactive atoms in the Badocyclization is con3|derably less 31 according to Scheme 7 with a 36% overall yield.
than normal (109.4) and that the 4xo fashion meets the

(32) Allinger, N. L.; Yuh, Y. H.; Lii, J.-H.J. Am. Chem. S04989 111, 8551~
(31) Watkins, W. K.; Olsen, D. KJ. Phys. Chem1972 76, 1089-1092. 8566.
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Scheme 8 Chart 3

35 33

36 37 O N | o)
J. HO
Reaction of the dibromo derivativ&2 with BusSre radicals, ?

generated by photolysis of hexabutylditin with 300-W visible
light in refluxing toluene for 48 h, afforded two products, which 43 44
were isolated in a 70% combined yield and in a r&&34 =

6:4. The vinyl bromide34, in turn, is present in aB/Z ratio of Table 5. Reaction Barriers (), Reaction Enthalpies (), and

Angles of Attack in the Transition State (¢) for the Cyclizations

78:22. Alternatively, upon reaction of compour82 with Computed at the UB3LYP/6-31G* Levela
(TMS)3SiH in toluene under standard free-radical conditions =~ jica cyclization E,. kealimol H, kealimol &, degrees
o H i 0

(AIBI\!, 80 _C, 5 h)_, we |_solated two produc_ts in an _87/o 38 5-endo 194 230 884

combined yield and in a ratio &3/34 = 1:9, the vinyl bromide 39 5-endo 18.4 111 88.2

34 being in anE/Z ratio of 46:54. According to the previous 40 5-endo 17.7 —25.5 88.1

proposalg®2lthe mechanism comprises a cascade of free-radical ~ 41 5-endo 13.0 —30.9 89.5
tions shown in Scheme 8, which involves bromine abstrac- 42 S-endo 20.2 164 g8.7

reac _ 1€ S, : . 43 5-endo 8.4 -333 90.2

tion by stannyl or silyl radical to generate the vinyl radiga 44 5-endo 8.5 —28.6 89.7

followed by a 1,5-radical translocation,esdocyclization of _ _

radical 36, and finally product formation by bromine-atom aE, andH, values corrected for the difference in ZPVE (cf. ref 27).

ejection from radicaB7.23 Upon comparison of these data with
an analogous atom dispositon at the reactive centers but in thds not efficient. The presence of the carbonyl group4
nucleoside case (Scheme?8¥1it appears that the replacement decrease&, by about 2 kcal/mol. The carbonyl group should
of a ribose moiety with a methoxymethylene group results in a delocalize the nitrogen lone pair, thus reducing its interaction
significantly less efficient radical cascade sequence, with the with the radical center and, consequently, increasing the
cyclized product formed in a low yield. Therefore, the ribose percentage of the unpaired electron at the carbon. This favors
moiety in the nucleoside case possibly creates a more crowdecthe interaction between the radical center and the double bond
transition state that is suitably positioned for a radical trans- in the transition state. Interestingly, the methoxy substituent in
location and/or cyclization. 41 further decreaseR, by about 5 kcal/mol. This should be
The UB3LYP/6-31G* calculations were performed to exam-  gye to both the enthalpic factor and the strong pyramidalization

ine the factors that influence theesidoradical cyclization in - nat this electronegative group induces at the radical center
such a system. Chart 3 shows the structures under consideration,.ause radica0is nearly planar. Calculations on radic

First, we studied the Bndocyclization of the simplest-aminyl

> . I . ) . where a silyl group is located to the radical center, confirmed
radical 38 containing a dienic moiety. In this radical, the

N . : . . this hypothesis. In this case, the radical center is planar because
delocalization of the unpaired electron in the transition state is . ;
L . : of the presence of a strongly electropositive silyl group, and
limited to a single double bond. Furthermore, the radical center . .

the E, value increases by about 7 kcal/mol on going from an

does not carry substituents, and the nitrogen lone pair cannot . . . .
be delocalized to a carbonyl group. Surprisingly, as shown in electronegative to an electropositixesubstituent. Interestingly,

Table 5,E, was found to be 19.4 kcal/mol, which is 3.3 kcal/ the energy required to bend the radical centers to the same extent
mol hig’her than the value for radicalé (cf. Table 3). as in their corresponding transition-state geometries is estimated
Substitution of the double bond with a methyl group in radical t0be 3.6, 1.6, and 5.3 kcal/mol for radical3-42, respectively.

39 decreases thE, value. This indicates that delocalization of However, as shown in Table 5, variations of the enthalpy factor

the unpaired electron to the double bond in the transition state ©n going from radicalgl0 and41 to radical42 are too large if
compared to the difference in the activation energy barriers.

(33) For some structurally analogous uracil derivatives obtaineddxoBadical i ianifi i
cyclization, see: Fenick, D. J.; Falvey, D.EOrg. Chem1994 59, 4791 This could suggest that polar effects play a significant role in
4799. the cyclization of radica#2.34
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On the basis of this discussion, it is not surprising that vinyl mentioning that the enhancement of reactivity noted for the
uridines can undergo a facileésxdoradical cyclization, because radical cascade sequence involving the intermedi§8&cheme
the uridinyl group can delocalize the unpaired electron in the 3) with respect to the analogous reaction of radg@&{Scheme
transition state. Indeed, the uridine group in the transition state 8) is probably due to an entropic factor, because the presence
of radical 43 further decreases tHg, value. A comparison of  of a sugar substituent should increase the rigidity about the
5-endocyclization of radicalstl and 43 indicates that thé, radical center.
andH, values decrease by 4.6 and 2.4 kcal/mol, respectively. Conclusions
Furthermore, substitution of the methoxy group with a ribosyl
group in radicak4 does not affect th&, value. This confirms We have faced the question: Isehdotrig radical cycliza-
that the inductive effect exercised by the oxygen atom is tion a disfavored process? Our results show that these reactions
responsible for the sizable lowering (45%) of the activation are not only thermodynamically but also kinetically favored.
energy on going from radic&8 to radicals43 and44. Baldwin—Beckwith rules favor a £xomode on stereoelectronic
The factors controlling the diastereochemical outcome of the grounds. Indeed, the @xo mode of cyclization meets the
5-endocyclization in Scheme 3 deserve some comments. The stereoelectronic requirements, but this is not enough to make
ratio 9/10 = 2:1 is independent of the experimental conditions, this mode kinetically favored. The four-membered strain in the
and the two interpretations for such a selectivity are somewhat transition state induces a higher activation energy than the five-
in contrasg®c2bChatgilialoglu et al. suggested a pyramidal C1 membered ring formation (cf. Figure 1). Only substituents that
radical where the inversion of configuration at'CGadical is strongly delocalize the unpaired electron in the transition state
the main factor controlling the outcome of the stereochemistry, of 4-exo cyclization and/or bulky substituents that play an
although the relative populations of the rotamers around the important conformational role in the transition state cérido
C1'—N1 bond might play a minor rol& In the limit of rapid cyclization can significantly change the reaction course. We are
inversion of the Cllradical, the product distribution is controlled ~ confident that similar guidelines will be useful to both homolytic
only by the difference between the total free energy of activation and heterolytic cyclizations, because the same factors should
for each pathway (CurtihHammett principle$s On the other ~ govern both classes of reactioffs.
hand, Kittaka et al. proposed that a planaf @tlical with rapid
C1—N1 rotation operates and that the cyclic product ratio h
depends simply on the different repulsions between the C2
carbonyl and the 'Zsubstituent in the two transition statés.
We have recently shown that the ‘Géadical in 2-deoxyuridine
case is indeed pyramidal (the ©IN1 bond is about 30out of
the plane OCTC2) and exists in two stable conformations- ( Supporting Information Available: Experimental procedures,
and S-anomers§® The o/ conversion proceeds via a roto- preparation and characterization of materials, and structural
inversion pathway with a low activation energy. The UB3LYP/ parametersdys, wyr and wrs) related to Tables 35 (PDF).
6-31G* calculations on radic&4 show that, also in the vinyl This material is available free of charge via the Internet at
derivative, the radical center is strongly pyramidal both in the http://pubs.acs.org.
ground and in the transition state, the’ €1 bond being 281 JA0261731
and 35.2 out of the plane OCC2, respectively. It is also worth
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