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Abstract: The diastereofacial selectivity operating in Diels—Alder additions involving spirocyclic cross-
conjugated cyclohexadienones with dienes of varying reactivity has been investigated. The study has
included the ether series 1la—c as well as the lactone/ketone pair 2a/2b. In all cases, the preferred [4+2]
cycloaddition pathway consisted of bonding from that z-surface syn to the oxygen atom. 4-Substituted-4-
methyl-2,5-cyclohexadienones (monocyclic systems) were also examined and found to undergo bond
formation preferentially from the face bearing the more electron-withdrawing of the two groups at the 4
position. Kinetic parameters were determined for the cycloaddition of 1a and 2a to cyclopentadiene. The
rate acceleration profile of solvents was in the order CF;CH,OH > CH3CN~CH,CI; for the production of
9a from 1a and CF;CH,OH > CH,Cl, > CH3CN for the production of 21a from 2a, respectively. This spread
in polarity had no major impact on product distribution, a phenomenon also reflected in the behavior of
4-substituted-4-methyl-2,5-cyclohexadienones under comparable conditions. Theoretical assessment of
these experimental facts was undertaken at the HF/6-31G* level. The facial selectivity is understandable
in terms of the secondary interaction between the HOMO of the diene and LUMO of the dienophile as well
as the effective hyperconjugation between the newly forming bond and the 4-anti-C—C ¢-orbital due to the
more electron-donating bond, as defined by the Cieplak model.

The capacity for generating four contiguous stereogenic observed facial selectivities have been accounted for in terms
centers in a single laboratory operation is obviously responsible of hyperconjugativé, electrostatic, torsional’® and orbital
for the widespread interest in the synthetic utility of the Diels  interactions:~15 A rationale consistent with all of the experi-
Alder reactiont The stereochemical features of such cycload- mental observations continues to be sought.
ditions have more recently been recognized to be capable of Our own interest in this area stems from two divergent
modulation by a neighboring heteroatomic substituent. Desym- directions. The Ohio State group has had a long-standing interest
metrization in this manner with continued operation of high in the chemistry of spirotetrahydrofuratfs,and ultimately
diastereoselectivity offers additional stereochemical advantages. became interested in the stereochemical issues surrounding the
Previous studies involving functionalized facially unsymmetric participation of cyclohexadienoné&a in cycloadditions to
semicyclic diened cyclopentadieneband 1,3-cyclohexadienes  appropriately reactive diené&Pursuit by the Hiroshima team
have given evidence that high facial selectivity can be attained of a total synthesis of scyphostatin necessitated that appreciation
during [4+2] cycloaddition to symmetric dienophiles. Relatively be gained of ther-facial selectivity capable of being exhibited
rigid cyclic dienophiles have been the least studied. by 2al8 These preliminary considerations have since been

In select cases, steric effects control selectiVitiWhen — —— :
structural inequities are brought more into balance, increasingly © JEXT(”;EE‘%‘(“SCtgcgprﬁ]%dnsf_mgfﬂc dc'ﬁgr%sg(ggl'gggeh'\é" jez'ge?gf W.
subtle effects gain prominence. Under these circumstances, the  Datta, S. C.; Franck, R. W.; Tripathy, R.; Quigley, G. J.; Huang, L.; Chen,

S.; Sihaed, AJ. Am Chem Soc 199Q 112 8472. (c) Kawamata, T.;
Harimaya, K.; litaka, Y.; Inayama, £hem Pharm Bull. 1989 37, 2307.

T leoshlma Unlver5|_ty. ) (d) Giuliano, R. M.; Buzby, J. H.; Marcopulos, N.; Springer, JJPOrg.
* The Ohio State University. Chem 199Q 55, 3555. (e) Burnouf, C.; Lopez, J. C.; Calvo-Flores, F. G.;
(1) (a) Oppolzer, WComprehensie Organic Synthesid/ol, 5; Trost, B. M., Laborde, M. A.; Olesker, A.; Lukacs, @. Chem Soc, Chem Commun
Fleming, ., Paquette, L. A, Eds.; Pergamon: Oxford, 1991; pp-3E®. 199Q 823. (f) Grabley, S.; Kluge, H.; Hoppe, H.-lngew Chem, Int.
(b) Carruthers, WCycloaddition Reactions in Organic Synthesterga- Ed. Engl 1987, 26, 664.
mon: Oxford, 1990. (c) Fringuelli, F.; Taticchi, AThe Diels-Alder (4) Exemplary functionalized cyclopentadienes; (a) Breslow, R.; Hoffman, J.
Reaction-Selected Practical Method®hn Wiley and Sons: New York, M. J. Am Chem Soc 1972 94, 2110. (b) Franck-Neumann, M.; Sedrati,
2002. M. Tetrahedron Lett1983 24, 1391. (c) Corey, E. J.; Weinshenker, N.
(2) (a) Fallis, A. G.; Lu, Y. F. InAdvances in CycloadditionCurran, D. P., M.; Schaaf, T. K.; Huber, WJ. Am Chem. Soc1969 91, 5675. (d)
Ed.; JAI Press Inc.: Greenwich, Ct 1993; Vol.1; pp@6. (b) Ohwada, T. Paquette, L. A.; Vanucci, C.; Rogers, R. DAm Chem Soc, 1989 111,
Chem Rev. 1999 99, 1337. (c) Mehta G.; Uma, RAcc Chem Res 200Q 5792. (e) Ishida, M.; Beniya, Y.; Inagaki, S.; Kato, BAm Chem Soc
33, 278. 199Q 112, 8980.
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expanded to include spirooxetadé and spirooxiranelc as
well as the spirocyclic diketon2b. The discoveries made in

the context of these investigations have been amalgamated in

the present joint contribution.

O (0]
X
0
(HoChn 0
1a,n=3 2a,X=0
1b,n=2 2b, X = CH,
1c,n=1

The serieda—c was probed in the expectation that alterations
in the size of the heterocyclic ring would be accompanied by
changes in the basicity of the ethereal oxygen cefitérould

Scheme 1
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gation? The chemical nuances separafiagrom 2b are more
disparate. Are the prospects for recognizing an electrostatic

a ground-state parameter of this nature exercise any influencecontrol mechanism thereby enhanced? These cross-conjugated

on kinetic selectivity? Do the steric changes that accompany
spiro ring contraction facilitate attack from the same or opposite
face? And what can be expected of differences in hyperconju-

(5) Exemplary functionalized 1,3-cyclohexadienes; (a) Auksi, H.; YateSaR.

J. Chem 1981, 59, 2510. (b) Holmberg, K.; Kirudd, H.; Westin, G\cta
Chem, Scand., Ser. B974 28, 913. (c) Gillard, J. R.; Burnell, D. 1.
Chem. So¢Chem. Commuri989 1439. (e) Gillard, J. R.; Newlands, M.
J.; Bridson, J. N.; Burnell, D. Xan. J. Chem1991, 69, 1337.

(6) (a) Liotta, D.; Saindane, M.; Barnum, G. Am. Chem. Sod 981 103
3224, (b) Tfa-Huu-Dan, M.-E.; Wartchow, R.; Winterfeldt, E.; Wong,
Y.-S. Chem Eur. J. 2001, 7, 2349. (c) Jeroncic, L. O.; Cabal, M.-O.;
Danishefsky, S. J.; Shulte, G. M.Org. Chem 1991, 56, 387. (d) Dauben,
W. G.; Kowalczyk, B. A.; Lichtenthaler, F. Wi. Org. Chem 1990 55,
2391. (e) Goldenstein, K.; Fendert, T.; Proksch, P.; Winterfeldt, E.
Tetrahedron200Q 56, 4173. (f) Winterfeldt, E.; Bbm, C.; Nerenz, F.
Advances in Asymmetric Synthesi&\l Press Inc.: Greenwich, CT 1997;
Vol 2, p 1.

(7) (a) Paquette, L. A. Ilsymmetric Synthesislorrison, J. D. Ed.; Academic
Press: New York, 1984; Vol.3, and references therein. (b) Silvero, G.;
Lucero, M. J.; Winterfeldt, E.; Houk, K. NTetrahedron1998 54, 7293.

(8) (a) Macaulay, J. B.; Fallis, A. G.. Am Chem Soc 199Q 112 1136. (b)
Coxon, J. M.; McDonald, D. Qletrahedron Lett1992 33, 651. (c) Poirier,
R. A.; Pye, C. C,; Xidos, J. D.; Burnell, D. J. Org. Chem 1995 60,
2328.

(9) (a) Kahn, S. D.; Hehre, W. J. Am Chem Soc 1987 109 663. (b)
Paquette, L. A.; Branan, B. M.; Rogers, R. D.; Bond, A. H.; Lange, H.;
Gleiter, R.J. Am Chem Soc 1995 117, 5992. (c) Wipf, P.; Kim, Y.J.
Am Chem Soc 1994 116 11678. (d) Wipf, P.; Jung, J.-KChem Rev.
1999 99, 1469. (e) Wipf, P.; Kim, Y.J. Org. Chem 1993 58, 1649. (f)
Solomon, M.; Jamison, W. C. L.; McCormick, M.; Liotta, D.; Cherry, D
A.; Mills, J. E.; Shah, R. D.; Rodgers, J. D.; Maryanoff, CJAAmM Chem
Soc 1988 110, 3702. (g) Swiss, K. A.; Hinkely, W.; Maryanoff, C. A,;
Liotta, D. C. Synthesisd992 127.

(10) (a) Brown, F. K.; Houk, K. NJ. Am Chem Soc 1985 107, 1971. (b)
Houk, K. N.; Gonzolez, J.; Li, YAcc Chem Res 1995 28, 81.

(11) (a) Inagaki, S.; Fukui, KChem Lett 1974 509. (b) Inagaki, S.; Fujimoto,
H.; Fukui, K.J. Am Chem Soc 1976 98, 4054.

(12) (a) Ishida, M.; Kobayashi, H.; Tomohiro, S.; Inagaki,JSChem Soc,
Perkin Trans 2 200Q 1625. (b) Ishida, M.; Beniya, Y.; Inagaki, S.; Kato,
S.J. Am Chem Soc 199Q 112 8980. (c) Ishida, M.; Aoyama, T.; Beniya,
Y.; Yamabe, S.; Kato, S.; Inagaki, Bull. Chem Soc Jpn 1993 66, 3430.
(d) Ishida, M.; Tomohiro, S.; Shimizu, M.; Inagaki, Shem Lett 1995
739. (e) Ishida, M.; Kobayashi, H.; Tomohiro, S.; Wasada, H.; Inagaki, S.
Chem Lett 1998 41.

(13) Mazzocchi, P. H.; Stahly, B.; Dodd, J.; Rondan, N. G.; Domelsmith, L.
N.; Rozeboom, M. D.; Caramella, P.; Houk, K. N Am Chem Soc 198Q
102 6482.

(14) Paquette, L. A.; Bellamy, F.; Wells, G. J.;Ba, M. C.; Gleiter, RJ. Am
Chem Soc 1981, 103 7122.

(15) (a) Gleiter, R.; Paquette, L. Acc Chem Res 1983 16, 328. (b) Bdim,
M. C.; Eiter, R G.Tetrahedronl98Q 36, 3209. (c) Bhm, M. C.; Carr, R.
V.C.; Glelter R.; Paquette, L. Al. Am Chem Soc 1980 102 7218 (d)
Paquette L.A; Carr R. V. C.; Bon, M. C.; Gleiter, RJ. Am Chem
Soc 1980 102 1186.

(16) (a) Paquette, L. A. IRhemistry for the 2%Century Keinan, E., Schechter,
I., Eds.; Wiley-VCH: Weinheim, 2001; pp 3%3. (b) Paquette, L. A.
Recent ReDevel. In Chemical Sciences, 199F. (c) Paquette, L. AAust
J. Chem 2004 57, 7.
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(18) (a) Takagi, R.; Miyanaga, W.; Tamura, Y.; Ohkata, Ghem Commun
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Am Chem Soc 1993 115 7389.
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dienones appeared well suited for critical analysis of the source
of stereocontrol in their DielsAlder reactions.

Results and Discussion

Synthesis.Substrateda and2a were prepared by oxidative
cyclization of 3-(4-hydroxyphenyl)propanoB#) and its car-
boxylic acid derivative3b with iodobenzene diacetate The
rather modest yield associated with the productioriafvia
this protocol prompted alternate advance on this dienone by
way of the pathway given in Scheme 1. Addition of the Normant
reagent to4

HO 0
PhI(OAc)2
OH o
MeCN or MeOH
x X
3a, X=H, 1a, X=H,
3b,X=0 2a,X=0

followed by monotosylation was met with spontaneous cycliza-
tion to give6.2%-22Introduction of the pair of double bonds were
achieved by 2-fold bromination-dehydrobrominatf8rollow-

ing arrival at7, the acetal functionality was hydrolyzed in dilute
acid to unmask the keto group.

The preparation oflb was accomplished by irradiation of
benzene solutions g¥-benzoquinone with a 125 W medium-
pressure mercury arc with concomitant bubbling of ethylene
through the mediurd* 1-Oxaspiro[2.5]octa-4,7-dien-6-onkdj
was formed by the oxidation & with sodium bismuthaté®
Diketone 2b was conveniently available by several routes
reported earlief®

L
(0]
R
CH20H
8

(20) (a) McKillop, A.; McLaren, L.; Taylor, R. J. KJ. Chem Soc, Perkin
Trans 1 1994 2047. (b) Pelter, A.; Elgendy, Setrahedron Lett1988
29, 677. (c) Tamura Y.; Yakura, T.; Haruta, J.; Kita, ¥.Org. Chem
1987, 52, 3927.

(21) Cahiez, G.; Alexakis, A.; Normant, J. Fetrahedron Lett1978 19, 3013.

hv
CH2=CH2
—_—
CeHg
(7%)

NaBiOg
B —d
HOAc, H,0

(30%) 1c
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Table 1. Stereoselectivities Determined for Diels—Alder Reactions tions that are featured. The consistent adopticenofotransition
Involving 1a—c and CP or SH states was further reflected in those coupling constants involving
runno.  dienone solvent reaction conditions 9:10° yield, %° the bridgehead protong & 3.4—4.3 Hz).
A. cyclopentadiene (CP): Response of 1lac to Other Dienes.Our interest in examin-
% iﬁ g:zgkl %g:g';gays 3112 ié ing 1128 arises from its rigid conformational features, which
a 3 ) ays : . . . L
3 1a CRCH,OH  25°C. 1 day 046 86 lock the exocyclic double bon_ds |nt(_) the r_eact|ve cisoid
4 la CRCH,OH  36°C,6h 92:8 90 geometry. Wherl1lwas heated witha—c in refluxing toluene
5 1b CRCH,OH  36°C,6h 86:14 96 for several hours, a sole product was isolated in all three
6 b CRCHOH  36°C,8h 8515 95 examples. Definition of these adducts as the result of exclusive
7 1c CRCHOH  36°C,13h 81:19 82 X ) .
8 1c  CRCH,OH 36°C.15h 8317 86 syn capture as ii2 was validated by X-ray crystallographic
B. spiro[2,4]hepta-4,6-diene (SH): anall;;sw ofl2aand detailed NOESY studies involvidig@b and
9 la  CRCHOH 55°C,15h 77:23 86 12c
10 1b CRCH,OH  55°C,18h 67:33 83
11 1b CRCH,OH  55°C,21h 64:36 84
12 1c CRCH,OH  55°C,11h 65:35 67 X
13 lc  CRCHOH 55°C,17h 66:34 59 _lac
X
aThe ratios were determined by integration of #heNMR spectra of X = H. CH
unpurified field fragments? Isolated yields after chromatographic purifica- (X'=H, CHp)
tion.
CP,X=H

Cycloaddition of Cyclopentadiene (CP) and Spiro[2.4]- SH, X, = CH,CH,

hepta-4,6-diene (SH) to lac. The first candidate reactions
involved CP and its somewhat more sterically shielded homo-
logue SH.?” These studies, which were initially performed in
the absence of Lewis acid catalysis to simplify mechanistic
considerations, are summarized in Table 1.

As for CP, endo adduct9 and/or 10 can result in each
example depending on the level and direction sofacial
selection that is operative. These reactions were found to procee
very slowly in CHCl, and CHCN at room temperature or in
toluene at 9C°C. For this reason, a switch was made to the
more polar trifluoroethanol as solvent. As seen for ruagt,1
diastereoselectivity was not hardly eroded in this medium even
as the temperature was increased to°G6

Further use was made of the kinetic acceleration realized with

The next candidate diene was the sterically more demanding
diphenylisobenzofurai3.2° Heating this co-reactant witha
andl1b in benzene afforded uniquely the addutts and14b,
respectively. The relative configuration of these products was
assigned on the basis of NOESY data fbta and X-ray
crystallographic data fot4b (Supporting Information). When
he same experiment was performed witt) adductsl4c and

5 were isolated in the proportion of 78:22. In this example,
the minor constituent of the product mixture was subjected to
three-dimensional crystallographic analysis.

trifluoroethanol in the Diels Alder reactions involvingSH as Tac

the diene. This less reactiver4lonor, like CP, gives rise to toluene

chromatographically separable mixtureseodoadducts9 and a

10, with a very respectable kinetic preference for utilization of M 12a,n=3, 48 h, 78%
the r surface syn to the ethereal oxygen. An interesting point 12b,n =2, 15 h, 44%

is that the formation 09, which dominates significantly under 12¢,n=1,12h, 33%

all circumstances (runs-18) involving reaction withCP, is met
with a drop-off in its relative percentage when the slower
reactingSH is involved.

Heating16 in diglyme is recognized to allow for the in situ
generation of isobenzofurarl?).3° When this process was
brought about in the presenceld, three adductd8—20were
formed. These proved to be amenable to chromatographic
separation and independent characterization. The two less polar
bridged ethersl8 and 19 were readily identified as the end
products of endo addition, since both exhibitédalues for

@(X 1a-c
—
X

(X=H, CHz) interaction of the bridgehead and fused-ring protons of the
CP,X=H
SH, X5 = CH,CH, (26) (a) Fivush A. M.; Strunk, S. RSynth Commun 1996 26, 1623. (b)
Swenton, J. S.; Callinan, A.; Wang, $.0rg. Chem 1992 57, 78. (c)
. . . . Swenton, J. S.; Bradin, D.; Gates, B.DOrg. Chem 1991, 56, 6156. (d)
The relative configuration of adduct and 10 was in all Iwata, C.; Yamada, M.; Ida, Y.; Imao, T.; Miyagawa, H.; Miyashita, K.
instances assigned on the based-bNMR NOE experiments Chem Pharm Bull. 1988 36, 2864. (e) lwata, C.; Miyashita, K.; Imao,

X X T.; Matsuda, K.; Kondo, N.; Uchida, &hem Pharm Bull. 1985 33, 853.
(Supporting Information). These compounds serve as represen- () Iwata, C.; Yamada, M.; Shinoo, Y.; Kobayashi, K.; Okada,Ghem
; ot _ B _ Pharm Bull. 198Q 28, 1932. (g) Iwata, C.; Yamada, M.; Shinoo, Y.;
tative examples of the characteristic long-rafigé'H interac Kobayashi, K.. Okada, HI. Chem Soc. Chem Commun 1977 888,
(27) Wilcox, C. F.; Craig, R. RJ. Am Chem Soc 1961, 83, 3866.
(22) (a) Gfe, D.; Gfee, R.; Lowinger, T. B.; Martelli, J.; Negri, J. T.; Paquette,  (28) (a) Steinmetz, M. G.; Sequin, K. J.; Udayakumar, B. S.; Behnke, J. S.

L. A. J. Am Chem Soc 1992 114, 8841. (b) Paquette, L. A.; Negri, J. T.; Am Chem Soc 199Q 112 6601. (b) Bennett, M. A.; Pelling, S.; Robertson,

Rogers, R. DJ. Org. Chem 1992 57, 3947. G. B.; Wickramasinghe, W. AOrganometallics1991, 10, 2166. (c) Shahlai,
(23) Garbisch, E. W., Jd. Org. Chem 1965 30, 2109. K.; Hart, H.; Bashir-Hashemi, Al. Org. Chem 1991, 56, 6905. (d) Shahlai,
(24) Bryce-Smith, D.; Evans, E. H.; Gilbert, A.; McNeill, H. $.Chem Soc, K.; Hart, H.; Bashir-Hashemi, AJ. Org. Chem 1991, 56, 6912.

Perkin Trans 2 1991, 1587. (29) Newman, M. SJ. Org. Chem 1961, 26, 2630.
(25) Adler, E.; Holmberg, K.; Ryrfors, L.-CActa Chem. Scand 974 88, 883. (30) Fieser, L. F.; Haddain, M. J. Am Chem Soc 1964 86, 2081.
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Table 2. Stereoselectivities Determined for Diels—Alder Reactions Table 3. Pseudo-First-Order Rate Constants (kobs) and
Involving 2a and 2b Second-Order Rate Constants (k) for the Production of 9a in the
- ) - ) Diels—Alder Reaction of 1a with CP
run no. diene solvent reaction conditions 21: 222 yield, %°
a 2] b b 6 c 6. d
A. spirolactone 2a: solvent T 107subst] [CP] 108Kqps 108k,
14 CP CH.Cl, 35°C, 3 days 96:4 99 CH.Cl, 37.2 5.26 263 9.83 3.75
15 CP CHsCN 35°C, 3 days 91:9 72 CH,Cl» 37.2 7.21 3.61 1.2 10 3.38
16 CP CRCH,OH 37°C,4h 96:4 87 CH.Cl, 25 7.83 403 7.73 1.92
. . CH.Cl> 20 7.11 356 5.73 1.61
B. spiroketone 2b: , CH:CN 372 671 336 23810 7.08
17 CP CHCl, 25°C, 7 days 66:34 7
o : CHsCN 37.2 8.18 412 2.3%10 5.66
18 CP CH3CN 25°C, 7 days 61:39 7
19 cp CF:CH,OH 25°C. 7 days 60-40 82 CHsCN 30 7.93 402 1.0x10 2.57
2 ’ : CHsCN 20 8.32 3.80 5.80 1.53
aThe ratios were determined by integration of hleNMR spectra of gEg:zgn 1(])' igg iii fé’; 1822 %ggi 182
npurified field fragments? Isolated yields after chromatographic purifica- 2 ' ’ ' '
dor CRCH,OH —10 6.06  1.82 45410 2.49x 10
' CRCHOH -15 4.41 1.42 23% 10 1.67x 10

proper magnitude (5.9, 4.8 HAThe coupling constant between
the pair of fused-ring protons is 9.0 Hz. In contrast, no coupling
between the fused-ring and bridgehead protons is seen in thegable z(lj. OPdseugo-Firét-Order R(a;:e) fConﬁtar';’ts gkobs_) andf olainth
1 ] H econd-Order Rate Constants (kz) for the Production o a in the
H NMR :_;pectrurr_] 0120,_ thereby deﬂmng it as aexoadduct_. _ Diels—Alder Reaction of 2a with CP

The relative configuration of the spirotetrahydrofuran unit in

a°C.bpmol/L. ¢ 1/s.9I/mol-s.

a 2| c
18 and 20 was established as before by X-ray and NOESY __sovent T 0fubsl  [CPP 0%« 1%

CH,Cl, 40 487 097 49%x10 5.03x 10
o CH,Cl, 34.1 195 039 1.1&10 3.04x 10
o \pn CH,Cl, 30.2 237 047 13&10 2.87x 10
Ph  diglyme 1a CH,Cl, 30.2 6.24 125 3.0&10 2.48x 10

0 ", ©i>o CH,Cl, 10 133 265 1410 528
P bn A = CHsCN 43 419 032 7.26 2.24 10
CHsCN 37.2 441 032 413 1.20 10

16 17 CHsCN 19 14.6 2.92 10&10 3.43

CHsCN 19 818 164 474 2.90

CFsCH,OH 52 045  0.03 4.46& 10 1.48x 10
CFsCH,OH 0 202 023 2841 1.20x 10°
CFRCH,OH —20 367 073 6.6%10 9.05x 10
CRCH,OH —30 355 071 46k10 6.58x 10

a°C. bpmol/L. ¢ 1/s.91/mol-s.

18 (63%) 19 (10%) 20 (8%)

Information). Therefore, there exists no doubt tBatand 2b,

like 1a—c, possess an inherent structural feature that causes all
of these spiro dienones to capture cyclopentadiene with a kinetic
preference for that face syn to oxygen.

m-Facial Selectivity Characteristics Exhibited by 2a and
2b. The spiro lactone systeBawas found to exhibit appreciable
diastereoselectivity upon reaction witP (Table 2). The levels
of selectivity favoring2laexceeded the 90% level irrespective o N
of the reaction medium (runs #4.6). In contrast, the [#2] Kinetic Parameters for the Cycloaddition of 1a and 2a to

cycloaddition ofCP to spiro ketone?b occurs with the lowest ~ Cyclopentadiene.To evaluate relative reactivities in different
level of discrimination (60:40) observed thus far in this organic solvents (CHClz, CH:CN, CRCH,OH), rate measure-
investigation (runs 1719). The facial selectivity involvingb ments of the DielsAlder reactions ofla and 2a with
cyclopentadiene were carried out and kinetic parameters were
calculated. Substratdsaand2awere treated with an excess of
cyclopentadiene at a thermostated temperature and the appear-
ance of major product8aand21a respectively, was monitored

by HPLC. The pseudo-first-ordek4g9 and second-order rate
constantsky) for these processes are summarized in Tables 3
and 4.

The kinetic parameters in Table 5 were evaluated on the basis
is not generated by the presence of an ethereal-type oxygen atonof Eyring plots (Figures S1 and S2: Supporting Information).
positioned homoconjugatively to the dienone part structure. The Gibbs free energies of activatioh@*) followed the order
Greater spatial separation between the reaction centers is als@H;CN~CH,Cl, > CFRCH,OH for laand CHCN > CH,ClI,
at play. Detailed NOE data were securedZtib and22b. These > CRCH,OH for 2a, respectively. The activation free energies
measurements compared remarkably closely with the long-rangefor 2a were smaller than those associated with when
interactions observed f@laand22a(Supporting Information).  compared in the same solvent. As anticipated from the bimo-

The highly crystalline nature &f1aprovided the opportunity  |ecularity of the Diels-Alder reaction, all of the activation
to derive added structural proof by X-ray methods (Supporting entropies ASf) were significantly negative. TheAS?) value
(31) Marchand, A. PStereochemical Applications of NMR Studies in Rigid for the reaction oflain CHZ(_]Z S pamcular_ly n_oteworthy. The

Bicyclic Systems/erlag Chimie International: Deerfield Beach, FL, 1982.  smallest free energy of activationG*), which is observed for
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Table 5. Kinetic Parameters for the Production of 9a and 21a in the Diels—Alder Reactions of 1a and 2a with CP, Respectively

la—9a 2a—2la
solvent AGHygg? AH?2 ASH AGHygg? AH AS?®
CH.Cl, 2524+ 1.52 7.98+0.8 —57.8+25 23.9+1.1 12.5+0.5 —385+1.8
CHsCN 25.2+5.8 14.6+2.9 —35.4+ 9.6 24.74+ 1.7 14.1+ 0.9 —35.5+2.9
CF;CH,OH 21.8+1.2 13.3+ 0.6 —28.6+2.1 20.8+2.8 10.3+ 1.3 —35.0+ 4.9
akcal/mol.be.u.
the reaction of2a in trifluoroethanol, may be attributed to B
hydrogen bonding at the transition state. In particular, the b—, O 0
presence of a carbonyl group in the lactone ringzafmay 0= _ 4
enhance stabilization more effectively than that availableato \
by hydrogen bonding. This effect would give rise to a small ¢
activation enthalpy AH¥). 1a
Consequences of Lewis Acid CatalysisReaction of spiro o B (vield) 82 1 1 (79%)
lactone2a with CP in the presence of 0.7 equiv of anhydrous B B
zinc chloride in CHCI, at 25°C for 2 days afforded exclusively J— 0o y OMe
the endo cycloaddu@la (>99%) in 96% vyield. The sluggish- 0{7\) o=~
ness exhibited by 1,3-cyclohexadier@@H) and 2,3-dimethyl- \_ \_ Me
butadiene PB) toward spirolacton®a prompted us to probe o o
the consequences, if any, of Lewis acid catalysis on thesg][4 2a 28a

cycloadditions. As expected, the co-addition of-8067 equiv 8.6 : 1 (32%) 4.8 : 1 (86%)

of anhydrous zinc chloride in Ci€I, led to the consumption  Figure 1. Stereoselectivities observed for the 1,2-addition ofsKagBr
of these dienes at room temperature, although at very differentto 1a, 23 and28a Note thata attack is favored for nucleophilic capture
rates. ForCH, the conversion t®3 and 24 was essentially at C-1.

complete after 5 days. F@B, a comparable level of completion
required 5 days. In both examples, the overwhelmingly major
diastereomer was that resulting frorfacial stereoselectivity
syn to oxygen. This selectivity was opposite that of Liotta's
cyclohexadienone 4-tertiary carbinol system in the presence Ofpathway is impressive not only on its own merits, but also

SnCl, which favoreq famgl attack opposite to the oxygen a%”_" . because it reflects an enhancement of the stereoselectivity pattern
These workers rationalized the observed diastereoselectivity, .+ is operative in the absence of a Lewis acid promoter.

under Lewis acid conditions to steric hindrance introduced upon 4-Substituted-4-methyl-2,5-cyclohexadienones as Dieno-

complexation of SnGlto the hydroxyl group. In the present  jiaq The spatial orientation of the polar substituent@@a
system, ZnGlis a considerably weaker Lewis acid than SnCl  20c.32-34 can be regarded to be closely similar to the situation

and furthermore is generally known to prefer coordinationto a ;, ¢ and 2. Methoxy derivative28a and este28c are able to

carbonyl moiety rather than to an ether group. populate orientations of their polar substituent that are not
o) available to the spiro analogues. This somewhat increased steric

configuration of23 was established by X-ray crystallographic
analysis (Supporting Information). The stereochemistrof
was likewise secured by crystallographic examination of its
epoxide27. The extent to whiclzaadopts the indicated reaction

CH H o H 2 N\=0 demand is recognized f@8a
ZnCl, % o Te)
2a ——— L * o]
(0.6 equiv)
CH,Cly, 25 °C
5d (72%) o ©
23 (>99: <1) 24 R
HaC' X
0 28a, X = OCH3
DB HoO H ‘/YO 28b, X=CN
znCl, E et 28c, X = COOCH3
2 — *
(0.7 equiv) . . -
CH,Cly, 25 °C 4 4 to result in a deceleration of nucleophilic attack. The level of

n-facial stereoselection observed for approach of the methyl
Grignard reagent (note thatattack on the opposite side with
respect to the oxygen atom substituent is favored here) is also
eroded as reflected in Figure 1. To what extent and in what
direction will the release of those cyclic constrains embedded
in spirocyclic cyclohexadienones impact on dienophilic re-
sponse?

Table 6 summarizes the results of react28gc with CP in
CH.CI, as well as trifluoroethanol. As anticipated, all three
dienophiles underwent cycloaddition in the more polar solvent

The tentative structural assignments 28 and 25 were after 2 days at room temperature. When,CHwas the reaction
validated by means of NOE methods. Finally, the relative medium (25°C), methoxy keton28afailed to captureCP (run

5d(69%) 25 (9:<1) 2

j mCPBA
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Table 6. Stereoselectivities Determined for [4+2] Cycloaddition of two exo transition state options were found as expected to be
CP to 28a—c less stable than their endo counterparts. The most stable
run no. solvent reaction conditions 29:30° yield, %° alternative involved endo addition syn to the heteroatom. This

A. methoxy ketone 28a: isomer, which features positioning of the oxygen atom in the
20 CHCl, 25°C, 3 days 0 interior of the developing adduct in a notably asynchronous
21 CRCHOH 25°C, 2 days 919 70 manner offers positive electrostatic attraction rather than
- ChCh B. Cy%g%éegoggyzssu 973 o1 untoward repulsions. These authors concluded that the observed
23 CRCH,OH 25°C. 2 days 06-4 78 high levels of stereoselectivity arise from the lower steric
C. keto ester 28¢: demapds of oxygen relative to a methylene group. .
24 CHCl, 25°C, 3 days 100: 0 trace To investigate this matter further, MO calculations on spiro
25 CRCH;0OH 25°C, 2 days 97:3 100 compoundd, 2, and their related congene28 were performed

at the HF/6-31 G* level3 The LUMO orbitals of dienophiles
la—c, 2ab, and28a—c are illustrated in Figure 2. The size of
the lobes of the LUMOs at C3 (and C5) appear to be similar in
20) and keto este28c gave rise to only a trace of adduz9c size with respect to the plane of symmetry (cyclohexadienone
(run 24). ring) and thus cannot directly account for the high selectivity.
However, there is another feature to take into consideration. A
common feature of the LUMOs is that the orbitals of thieonds
involving the C4 carbon are all out of phase in relation to the
neighboring C3 (or C5)r lobe. Furthermore, the shape of the

aThe ratios were determined by integration of #ileNMR spectra of
unpurified productsPlsolated yields after chromatographic purification.

H CHj

X

o orbital is also important. The LUMO orbitals associated with
30 C4—CH;, or C4—CH; are more extended in the direction being
23§;8§“3 attacked by the diene than that of the-X. (X = O, CN, CQ-
¢, X = COOCH3 CHj). For dienophiles with high facial selectivity, the difference

in size and shape between the two out-of-phase orbitals at C4
The results derived from runs 225 reflect a pronOUnced happens to be |arge with the |arger of the two Out-of-phase
n-facial bias favoring bonding from the surface syn to X. The orbitals residing opposite to the face that is preferentially
relative configurations 029 and 30 were readily deduced by  attacked. Thus, one explanation for the facial selectivity could
NOE methods (Supporting Information). Although the Diels  pe that attack occurs upon the face which has less undesirable
Alder reactions were again accelerated in trifluoroethanol, little secondary orbital interactions. For the seres-1c, the size
or no change in the proportion @0 to 30 was seen. Dienone  (ifferences in the lobes at C4 do not vary significantly. However,
28a proved to be the least selective in its discriminating the unfavorable C4 interaction appears to be alleviated as the

capability. ' N size of the ring becomes smaller. Although the ineffectiveness
Theoretical Assessment of ther-Facial Stereoselectivity. of FMO theory as a tool for explaining this phenomenon is now

NOtWithStanding considerable variation in the substitution W|de|y accepted, the facial Se|ec[ivity in these}-g_l Cyc|0ad_

pattern, including that of the monocyclic syste@a—c, no dition can be explained in large part by considering the

switch away from the adoption of facial selectivity favoring secondary orbital interaction of the FMO.

predominant attack was seen in any example. Therefore,  The total electron densities df—c, 2a, 2b, and28a—c in
predominant dienophile approach syn to the heteroatomic theijr respective ground states were evaluated by HF/6-31G*
substituent constitutes a genel‘al reaCtiVity trend for 4,4' calculations (Figure 3' Suppor[ing |nformation)_ HﬂandZa
disubstituted cyclohexadienones whether they be spirocyclic or the electron cloud over Gtbf the spiro ring extends slightly
monocyclic. This remarkable kinetic bias operates irrespective more to the direction of the reaction site than that of the oxygen
of whether an alkoxy, acyloxy, cyano, or carbomethoxy sub- atom. Thus, the electron repulsion buildup between oxaspiro
stituent resides at C-4. The downward progression in size from compoundsla and 2a andz-electrons of the diene during the
tetrahydrofuran to oxetane and finally to oxirane in the spiro reaction may be a contributing factor to thefacial selectivity
oxygenated heterocycle causes no deviation in an otherwisejn the Diels-Alder reaction as described by Houk et For
consistent stereochemical outcome. The ineffectiveness of FMO1p—¢, 2b, and28a—c, extension of the electron cloud over both
theory as a tool for explaining this phenomenon is now widely sjdes of the reaction site is universally comparable. The low
accepted® Kahn and Hehre have suggested more recently that reactivity of 1b—c, 2b, and 28a—c can also be explained in
electrostatic interactions likely play a major role in dictating terms of van der Waals repulsion.

the diasterofacial selectivity of DietsAlder reactiong? Atomic distances between the proton at C10 of the attacking
Houk and co-workers have calculated the energies of all four diene and the closest atom within the X or Y moiety in the

possible transition states associated wit#r24 cycloadditions  transition state should be related to the van der Waals repulsion
to 4,4-disubstituted cyclohexadienones at the PM3 [&VEhe (Table S2, Supporting Information). The atomic distances in
(32) (a) Schultz, A. G.; Macielag, M.. Org. Chem1986 51, 4983. (b) Schultz, the:[ransmon states ar(.a shorter than the sum of van der Waals

A.'G.; Lavieri, F. P.; Macielag, M.; Plummer, M. Am. Chem. S04.987, radii of the corresponding atoms, except for thosd 8fc—oc,

109 3991. (c) Schultz, A. G.; Harrington, R. E.; Macielag, M.; Mehta, P.

Y Taveraé,)A. O o G 198% 2 Bgs. g TS1c-106 TS28p-20b, and TS,en-30 (beyond the van der Waals

(33) Marx, J. N.; Zuerker, J.; Hahn, Y.-S. Petrahedron Lett1991 32, 1921.
(34) Danishefsky, S.; Yan, C.-F.; Singh R. K.; Gammill, R. B.; McCurry, P.  (36) The calculations were performed with PC Spartan Pro, Wavefunction, Inc.,

M.; Fritsch, N.; Clardy, JJ. Am Chem Soc 1979 101, 7001. Irvine, CA 92715.
(35) For reviews, consult: (a) Anh, N. Tretrahedron1973 29, 3227. (b) (37) Huang, X. L.; Dannenberg, J. J.; Duran, M.; Bartrd J. Am. Chem. Soc.
Reference 15a. 1993 115 4024.
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- : -0.3851017 au . P
0.06882324 au 0.077849219 au 0.073126317 au 0';’{% ::éf‘l‘“" HOMO-1 U;z;;;ﬁ(;’x '“
la 1b lc 1a 1b le

- -0.4016838 -0.3776808 au
0.06882324 au 0.084208852 au HOMO-1 HOMO
2a 2b 2a 2b

03878361 au -0.4023679 au -0.37909 au
0.08192803 au 0.070577271 au 0088492879 au HOMO-1 HOMO HOMO
28a 28b 28¢ 28a 28b 28¢

Figure 2. LUMO’s and HOMO's of the dienophileda—c, 2a, 2h and28a—c evaluated by HF/6-31G* calculations.

radial distance). In the transition states for the reactio?bdb These results show the major addu@as-c, 21ab, 23, 25, and
give the adduct@1b and22b; however, the distances are 2.30 29a—c to be favored both kinetically and thermodynamically.
A for 21b and 2.33 A for22b, respectively, indicating their  The differences{AHcarcg in the activation enthalpies between
values to be essentially identical. Thus, the selectivity in the the major and minor reactions fdia, 1b, 213 and29ac are
reactions (60/40 in GJEH,OH) of 2b that cannot be disregarded  more than 4 kcal/mol, while those fdc and21b are 2.76 and

is better explained in terms of electronic effects rather than steric 0.60 kcal/mol, respectively. The calculated sense of the Biels
effects (electron-donating ability: GHCH, > CH,—CO). Alder reactions is clearly consistent with that of the observed

Although the 60/40 selectivity was very small, the electron- reactions, although the degree of difference itséfKicaco
donating ability (CH—CH, > CH,—CO > CH,—0) at C4 varies to some extent.

position is qualitatively reflected in the selectivity. This explana-
tion is not inconsistent with the Cieplak model (Figure’%).
Thermodynamic parameterAld® and AH* 4. and dipole
moment valuesy) for 1a—c, 2ab, and28a—c were determined
by ab initio calculations at the HF/6-31G* basis set level (Table
7). The calculated enthalpy valueAH°®) are consistent with
the observed major adducts being thermodynamically more
stable than the minor counterparts. The activation enthalpies
(AH*cac9 Were calculated on the basis of the corresponding
heats of formation between the transition state and the reactant.

Wipf et al. pointed out that the major product in the 1,2-
nucleophilic addition ofia and2awith Grignard reagents may
arise from favorable cancellations of dipole moment within the
reactants as shown in Figurécte Although the dipole moments
of major adduct®a—c, 21a,h 23, and25 and their correspond-
ing TS structures are smaller than those of the minor congeners
10a—c, 22ab, 24, and 26 and the transition state structures
leading to the corresponding products (Table 7, entrie$4),
the dipole moments of the transition states in the Diélsler
reactions o28a—28cwith cyclopentadiene are not necessarily
(38) (a) Cieplak, A. SJ. Am Chem Soc 1981 103 4540, (b) Cieplak, A. S.: con_15|st(_ant Wlth the observed_ high facial selectivities. Thus,

Tait, B. D.; Johnson, C. Rl. Am Chem Soc 1989 111, 8447. rationalization based upon dipole moment does not appear
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28a

28b
Figure 3. Total electron density in the ground state of dienophile(c,
2a, 2b, and28a—c at the 6-31G* level.

Table 7. HF/6-31G* Calculations for the Diels—Alder Reaction of
la—c, 2a—c, and 28a—c

substrate transition state product
entry w?  diene AH'aa®  u?  product  AHP "
1 la 545 CP TSiao0a 39.53 4.77 9a —13.29 4.53
2 TSia-10a 4353 590 10a —10.69 5.25
3 1b 476 CP TS 37.89 4.03 9% —13.49 3.86
4 TSib-10p 41.86 5.83 10b —11.83 3.75
5 1c 3.72 CP TSicoc 38.33 3.10 9c —13.81 3.08
6 TSic-10c 41.09 514 10c —13.31 2.65
7 2a 417 CP TSpa21a 3775 151 2la —1451 2.45
8 TSsa-22a 42.05 7.37 22a —12.05 6.09
9 2a CH TSsa23 4555 1.66 23 —20.00 1.89
10 TSoa-24 50.10 7.34 24 —18.00 6.50
11 2a DB TSsa-25 4556 1.74 25 —37.42 3.53
12 TSza-26 50.11 7.32 26 —36.65 4.92
13 2b 329 CP TSp-21b 4419 162 21b —-8.99 1.41
14 TSop-200 44.79 511 22b —8.76 4.00
15 28a 142 CP TSpga20a 4391 4.66 29a —-8.73 4.17
16 TSsga-30a 47.45 4.55 30a —8.06 4.03
17 28b 3.63 CP TSypoe 39.79 142 290 —1253 1.84
18 TSogp-300 43.59 6.58 30b —10.56 5.20
19 28c 525 CP TSzgcooc 4244 4.32 29c —-9.61 3.37
20 TSsgc-30c 46.35 3.99 30c —9.42 2.06

adipole moment: DP calculated from heat of formation: kcal/mol.

sufficient because the DietAlder reactions are not as polar
as the nucleophilic reactions.

Figure 5 illustrates the molecular structures of the Diels
Alder transition states involving dienophilds—c, 2a,b, and
28a—c as evaluated by HF/6-31G* calculations. All of the
structures show capability for hyperconjugative interaction
between the newly forming-€C bond ¢*-orbital) (C5—C10)
at C10 and the C4X bond (minor products) or the C4Y bond

16790 J. AM. CHEM. SOC. = VOL. 126, NO. 51, 2004

l1a: X-Y = OCH,CH,CH,
1b: X-Y = OCH,CH;,

le: X-Y = OCH,

2a: X-Y = OCOCH,CH,
2b: X-Y = CH,COCH,CH,
28a: X = OCH3, Y = CH4
28b: X =CN, Y = CH;
28¢: X = CO,Me, Y = CH;

/)
3

TS for major products TS for minor products

o-donor ability of C-X and C-Y: o> > org

Figure 4. Cieplak model for the Diels-Alder reaction.

(major products) at an antiperiplanar position. Selected dihedral
angels JX—C4—C5—-C10 anddY—C4—C5—C10) involving
atoms in anti and syn relationships were compared (Table S3,
Supporting Information). The angles for anti-positioned atoms
reside in the border region between anti-periplanar and anti-
clinal while those for syn-positioned atoms are between syn-
periplanar and syn-clinal. In each example, the dihedral angle
of the minor transition state arrived at byattack is larger than
that by -attack.

The anti dihedral angles of the transition states for the major
Diels—Alder products oflb and1c (136.9 for 9b and 111.3
for 9c, respectively) are smaller than those (142151.2) of
the other systemsl@, 2a, 28a28b, and 28¢). Likewise, the
syn-periplanar dihedral angle &€ (44.1° for 9¢) is larger than
that (28.1-38.2) of the other systemslg, 1b, 2a, 28a28b,
and 28¢). Since the most favorable dihedral angle for hyper-
conjugation is 189 this structural feature may be one of the
factors underlying the somewhat lower stereoselectivity (86/
16—81/19) oflb andlcrelative to that (92/896/4) of the other
systems?® On the other hand, the dihedral angles 28fa,b
(150.6 and 148.6 for the major product and 153.and 153.0
for the minor product, respectively) are similar to each other.
In the 29a—c subset, the electronic factor may perhaps be more
effective in stereoselectivity control relative to the steric factor
(anti-periplanarity).

Selected bond lengths (or distances) around the reaction site
(C5—-C10, C4-X, and C4Y) in the transition states are
summarized in Figure 5 (Table S4, Supporting Information). A
comparison of these bond lengths reveals that the anti-bond
lengths for both major (C4Y) and minor (C4-X) products
are 0.010.02 A longer than the correspondirgynbonds
lengths (C4-X and C4-Y, respectively), suggesting effective
orbital interaction of thesanti-C—C bonds with the newly
forming C5-C10 bonds. The C5C10 distances in the major
products are 0.030.07 A shorter than those of the minor
products except for the case 8zp—21p aNd T Sop—22p transition
states where selectivity was low. The shortening of the newly
forming bonds may partially contribute to the stabilization of
the transition state for the major product relative to that of the
minor product. From a stereoelectronic point of view, the
shortening of the C5C10 distance peculiar to the transition
states for the major adducts may be attributed to the larger
electron-donating ability of the €C bond relative to the €0
bond @c-c > 0c-0).2% On the other hand, from a structural
point of view, the lengthening of the €810 distance in the
minor products compared with the major products by 6.03
0.07 A may be attributed to the steric repulsion between the
dienophile and the diene in the transition state. In the case of
TSap-216 and TSzp—22n, the steric environments around the

(39) Li, H.; Silver, J. E.; Watson, W. H.; Kashyap, R. R.; le Noble, WJ.J.
Org. Chem.1991, 56, 5932.
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= OCH,CHyClH,
"= OCH,CH,
=0OCH,
=0C0CH,CH;
CHyCOCHCH,
WH Y =ClHy
N, Y =CHy
OhMe, Y =Cll

Bd b b b b o= o

N i

TS for mayor products TS for minor products

TS 4.0, fOr 9a

TSza,_"a l'or 21a

TSZSI’)—ZN’ fOl’ 29[) 'I‘Smb_wb for 3{"} TS,‘!&‘-HC for 29C

TSZa-22a for 22a

TS 25..30¢ for 30c

Figure 5. Molecular structures of the Diels-Alder transition state evaluated by HF/6-31G* calculations.
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destabilization in the rate acceleration observed in reactions involvingCE-
non polar solvent 5 . . . . .
/ OH can be rationalized in terms of the protic solvent behaving
o e Y as a Brgnsted acid to activate the dienoph#eand 2a or to
£l Y T CH20|2 . . .
/ N \ CHCN stabilize the transition state rather than ground state. This
explanation is not inconsistent with the activation parameters
of the reactions performed in QEH,OH.

"'-M"ra”m"‘ /stabiization By, 1, CTCHZOH Conclusion. The diastereofacial selectivity operating in the
S || 7 hydrogenonding Diels—Alder additions involving spirocyclic cross-conjugated
‘-.\soﬁan@/ "

cyclohexadienones with dienes of varying reactivity has been
investigated. The study has included the ether sdriesc as
well as the lactone/ketone p&a/2b. In all cases, the preferred
[4+2] cycloaddition pathway consisted of bonding from that
m-surface syn to the oxygen atom. 4-Substituted-4-methyl-2,5-
cyclohexadienone®8a-c (monocyclic systems) were also
10a. 222 S examined and fou.nd to undergo bond formation .preferentially
1a, 2a ' from the face bearing the more electron-withdrawing of the two
1a,%a,10a: X =0, ¥ = CH, groups at the 4 position. The facial selectivity is understandable
2a,21a,22a:X=0,Y=0 ; o i
) o ) ) in terms of seconary orbital interactions between the HOMO
Figure 6. Solvent effects in Diels-Alder reaction ag, and2awith CP. of diene and the LUMO of dienophile and the orbital interactions
] ] ) effective hyperconjugation) between the newly forming bond
reaction sites are virtually the same. Consequently, the observe(énd the higher 4nti-C—C4 o-orbital (the more electron-

stereoselectivity can be considered to result from stereoelectronicdonating bond) relative to the counterparadt-substituent
factors (difference betweenCH,CO and—CH,CH; at theanti- C4 o-orbital in the transition state.

position) rather than steric repulsion.

According to the calculated dipole moments compiled in  Acknowledgment. We are grateful to Dr. Yoshikazu Hiraga,
Table 7, solvent effects in the Diet#lder reaction ofla and Hiroshima Prefectural Institute of Science and Technology, for
2a with cyclopentadiene can be explained in terms of the some of the 500 MHz NMR measurements and to F-TECH,
differences in solvation between the ground and transition statesinc. for a gift of trifluoroethanol. Partial financial support of
(the rate-determining and the product-determining steps) asthis work was provided through a Grants-in-Aid for Scientific
illustrated in Figure 6. The dipole moments) (of the stable  Research (No. 11740355 and No. 14740349) provided by the
conformers oflaand2ain the ground state are 5.45 and 4.17 Japan Society for the Promotion of Science and a partia|
D, respectively, while those of the transition stafeS6-¢a and scholarship (to B.B.S.) from the Undergraduate Honors Program
TS2a-219) leading to product®aand2laare 4.77 and 1.51 D, gt OSU.
respectively. From the dipole moment D8,a-215 €specially, ) ) ) .
it can be anticipated that cycloaddition will proceed less readily ~ SUPPorting Information Available: General experimental,
in a more polar solvent such as §EN relative to CHCl,, since spectroscopic characterlzanon. of aII'adducts, crystal'lographm
CHsCN should stabilize the ground state of dienoplaikeby data forl4b,q 21a 23, and27 (including Table S1), Figures
solvation more than C¥ly. In fact, the rates ofain CH,Cl, Sl and S2, as well as relevant NOESz 103 21a,h 22ah
are faster than those in polar GEN. Furthermore, the higher 23 292,83 and30a,h and last Tables S2, S3, and S4. This
stereoselectivity in CkCl, compared with CHCN can also be material is available free of charge via the Internet at
rationalized in terms of transition state dipole moments. The Nttp:pubs.acs.or§.
transition state dipole moments gue= 4.77 D for TSia-9a
(major product) and 5.91 D f6FS1a_10a (Minor product), and ~ JA047027T
u= 1.51 D forTSza-21a(Major pl‘O(_iL!Ct) and 7.37 D farSza-22a (40) Crystallographic data for structures in this paper have been deposited with
(minor product). The adduct arising from the less polar TS the Cambridge Crystallographic Data Cent2ta CCDC-193077,23:
predominates and is expected to be favored more in the less CCDC-19307827: CCDC-193079. For a discussion of the structures of

. X 14b and 14¢ consult Gallucci, J. C.; Tamura, Y.; Paquette, L. Acta
polar CHCI; relative to CHCN (Figure 6). On the other hand, Cryst. 2004 C60, 656.

dipole moment of TS: large dipole moment of TS s
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