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choice of initial conditions by examining the data in Figure 4 and
comparing the behavior exhibited by the various limiting cases
given in Figures 6-8. First, no delay in the decay in the transient
absorption signal at 520 nm is observed following photolysis. Thus,
meodels that involve preferential bonding to the terminal alkane
region of the solvent will not be able to describe the experimental
data. Second, the decay curves exhibit a concave rather than
convex curvature. Thus, models that only involve binding to the
ends of the solvent will also fail in describing the data. These
observations along with the distribution extracted from the ethanol
data suggest that a random (or nearly random) solvent coordi-
nation model is appropriate.

In Figure 4, the dashed lines are the best fit of a random
bonding model (eq 9) requiring that a single rate constant for ke ¢
be used to fit the entire set of data. The best value found for k¢ ¢
was 4 X 10° s7!. The agreement between the calculated and
experimental curves for the entire set of data using this rate
constant for the migration between carbon atoms strongly supports
the conclusion that a unimolecular reaction model can account
for the transient absorption dynamics.

We attempted to fit the data using other sets of initial con-
ditions. Small changes from a random distribution have essentially
no effect on the quality of the fit. However, as described qual-
itatively above, models that bias the terminal regions or the center
regions of the chain show poor agreement with the data. These
observations strongly suggest that photolysis results in random
coordination of the metal to all available solvent sites.!s

In carrying out these simulations, we assumed that the quantum
yield for dissociation was solvent independent, thus allowing one
to determine relative values of eqy and ecy directly from transient
absorption measurements. If this assumption is not true, then from

eq 7, the simulated curves would be affected. We have examined
the effect of the ¢qyiecy ratio on the calculated curves. Changes
in this ratio by £20% had only a small effect on the determination
of either kc_g or kc_c. In any case, the agreement between the
calculated and experimental data is similar to that shown in Figure
4.

In these calculations we have not taken into account the po-
tential role of hydrogen bonding between alcohol molecules. It
is possible that in the Cr(CO)s(ROH) complex the hydroxyl end
of the coordinated molecule is hydrogen bonded to a second solvent
molecule. In this case, formation of Cr(CO);(HOR) would not
only involve rupturing of a Cr-alkane bond but also an inter-
molecular hydrogen bond. Insight into the time scales for this
latter process can be obtained from dielectric relaxation studies.
The longest Debye relaxation time observed for neat alcohol
solutions is commonly associated with the dynamics of intermo-
lecular hydrogen bond breakage.'® At 20 °C the Debye relaxation
time ranges from 196 ps for ethanol to 1.2 ns for hexanol. These
relaxation times are significantly longer than those reflected by
the time-resolved absorption data for the relaxation of photo-
generated Cr(CO)s(ROH) to Cr(CO);(HOR). From this com-
parison, we conclude that the rate of breakage of an intermolecular
hydrogen bond does not affect the kinetics of the migration process.
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Abstract: The synthesis of a series of pentamethylcyclopentadienes bearing stereogenic C-5 heteroatom substituents and their
reactions in [4 + 2] cycloadditions with maleic anhydride and/or N-phenylmaleimide are described. Cyclopentadienes (13,
14, 6, 7, and 1) containing the substituents OH, OCH,, NH,, NHACc, and Cl reacted to form syn adducts preferentially. In
contrast, with compound 8 (SH) only slight syn discrimination was observed, while the facial selectivity was reversed with
other sulfur substituents (SCH;, SPh, SCH,Ph, SOCH,, SO,CH,) (compounds 9, 3, 2, 10, and 11), and anti adducts were
the major or exclusive products. This behavior is consistent with the ¢ donor ability of the C~X versus the C~C bond so that
cycloaddition occurs preferentially anti to the best donor due to hyperconjugation of this antiperiplanar o bond with the developing

incipient bond(s).

The synthetic utility of the Diels—Alder reaction is well-es-
tablished.! 1ts continued popularity and study rests, in part, on
the ability to generate four new contiguous stereogenic centers
in one synthetic step. The regiochemistry may be controlled by
the appropriate choice of substituents, and the topography (endo
or exo) may be influenced by the electronic nature of the groups
attached to the dienophile. A third stereochemical feature, the
w-facial diastereoselectivity, which arises when the addends possess
two different reactive faces is also important. Frequently the
presence of at least one center of chirality imparts sufficient

(1) (a) Desimoni, G.; Tacconi, G.; Bario, A.; Pollini, G. P. Natural Product
Syntheses through Pericyclic Reactions; ACS Monograph 180; American
Chemicalla Society: Washington, DC, 1984; Chapter 5.

perturbation to influence the diastereofacial selectivity. Alter-
natively, facial selectivity can be influenced by a chiral auxiliary
in which one face of the diene or dienophile is blocked prefer-
entially.2 Incorporation of a single stereogenic center in an allylic
position of either a dienophile or a diene, particularly when a
heteroatom is present, is known to exert a directing influence,
although the exact factors responsible for the observed facial
stereoselection are still imperfectly understood. Nevertheless,

(2) (a) Helmchen, G.; Karge, R.; Weetman, J. Modern Synthetic Methods,
Scheffold, R., Ed.; Springer Verlag: New York, 1986; p 261. (b) Paquette,
L. A. Asymmetric Synthesis, Morrison, J. D., Ed.; Academic Press: New
York, 1984; Chapter 7. (c) Oppolzer, W. Angew. Chem., Int. Ed. Engl. 1984,
876.
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Table 1. Diene n-Facial Selectivity: Influence of Allylic Substituents
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considerable progress has been achieved, particularly within the
context of asymmetric organic synthesis.!?

Previous studies have examined 1,3-cyclopentadienes,>® 1,3-
cyclohexadienes,” ' conformationally locked 1{E)-substituted

(3) Winstein, S.: Shatavsky, M.; Norton, C.; Woodward, R. B. J. Am.
Chem. Soc. 1955, 77, 4183.

(4) Jones, D. W. J. Chem. Soc., Chem. Commun. 1980, 739.

(5) (a) Williamson, K. L.; Hsu, Y. L.; Lacko, R.; Young, C. H. J. Am.
Chem. Soc. 1969, 91,6129, (b) Williamson, K. L.; Hsu, Y. L. J. Am. Chem.
Soc. 1970, 92, 7385. (c) Bianchi, G.; De Micheli, C.; Gamba, A.; Gandolfi,
R. J. Chem. Soc., Perkin Trans. 1 1974, 137.

(6) Breslow, R.; Hoffman, J. M., Jr.; Perchonock, C. Tetrahedron Let:.
1973, 3723.

(7) Franck-Neumann, M.; Sedrati, M. Tetrahedron Letr. 1983, 24, 1391.

(8) Burnell, D. J.; Valenta, Z. J. Chem. Soc., Chem. Commun. 1985, |247.
Brown, F. K.; Houk, K. N.; Burnell, D. J; Valenta, Z. J. Org. Chem. 1987,
52, 3050.

1,3-dienes,'®!” and acyclic 1,3-dienes containing allylic substi-
tution.'’”22 Space limitations preclude an exhaustive list, but

(9) Auksi, H.; Yates, P. Can. J. Chem. 1981, 59, 2510. Also: Holmberg,
K.; Kirudd, H.; Westin, G. Acta Chem. Scand., Ser. B 1974, 28, 913.

(10) Yates, P.; Gomes, A.; Burnell, D. J.; Cong, D. D.; Sawyer, J. F. Can.
J. Chem. 1989, 67, 37.

(11) Krow, G. R; Carey, J. T.; Zacharias, D. E.; Kraus, E. E. J. Org.
Chem. 1982, 47, 1989.

(12) Maat, L.; Peters, J. A.; Prazeres, M. A. Recl. Trav. Chim. Pays-Bas
1985, 104, 205.
| (13) Kaftory, M.; Peled, M.; Ginsburg, D. Helv. Chim. Acta 1979, 62,

326

(14) (a) Gleiter, R.; Ginsburg, D. Pure Appl. Chem. 1979, 51, 1301. (b)
Ginsburg, D. Tetrahedron 1983, 39, 2095.

(15) Grabby, S.; Kluge, H.; Hoppe, H.-U. Angew. Chem., Int. Ed. Engl.
1987, 26, 664.

(16) Fisher, M. J.; Overman, L. E. J. Org. Chem. 1988, 53, 2630.
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9(a) n-BuLi, THF, -78 °C, 30 min; NCS, -78 °C t0 -20 °C, 17 h,
65%; (b) n-BuLi, THF, 0 °C, 30 min; (SCH,Ph),, 0 °C to0 22 °C,
overnight, 53%; (c) n-BuLi, THF, 0 °C, 30 min; (SPh), 0 °C t0 22 °C,
overnight, 56%; (d) n-BuLi, THF, 22 °C, 40 min; (Ph),P(O)ONH,,
-18 °C 10 22 °C, 18 h, 37%; (¢) Ac,0, Py, CH,Cl,, 22 °C, 18 h, 72%;
(f) n-Bulli, ether, 22 °C, 2 h; SCl,, 0 °C, 34%; (g) Na, NH,;, THF,
-78 °C, 2 min, 44%; (h) n-BuLi, THF, 0 °C, 30 min; (SMe),, 0 °C to
22 °C, overnight, 68%; (i) m-Cl-C¢H,CO;H, CH,Cl,, =78 °C, 1.5 h,
93%; (j) m-C1-C¢H,CO;H, CH,Cl,, 0 °C, 2 h, 93%; (k) (MeO),P,
MeOH, 22 °C, 22 h, 90%; (1) NaH, THF, 0 °C, 30 min; CH,l, 22 °C,

3.5 days, 90%; (m) oxone, MeOH, H,0, 0 °C, 15 min; 22 °C, 2.5 h,
54%.

examples of all of the important cases are summarized in Table
I. In many of these cycloadditions, the dienophile reacts pref-
erentially with the more sterically hindered syn face? of the cyclic
dienes, when the allylic group contains an electronegative het-
eroatom. However, the geometric orientation and steric buik of
this functionality with respect to the diene is clearly important.
The selectivity is diminished in the acyclic cases, probably as a

(17) Fisher, M. J.; Hehre, W, J.; Kahn, S. D.; Overman, L. E. J. Am.
Chem. Soc. 1988, 110, 4625.

(18) McDougal, P. G.; Rico, J. G.; Van Derveer, D. J. Org. Chem. 1986,
51, 4492.

(19) Reitz, A. B.; Jordan, A. D., Jr.; Maryanoff, B. E. J. Org. Chem. 1987,
52, 4800.

(20) Tripathy, R.; Franck, R. W.; Onan, K. D. J. Am. Chem. Soc. 1988,
110, 3257.

(21) Messager, J. C.; Toupet, L. Acta Crystallogr., Sect. B: Siruct. Sci.
1986, B42, 371.

(22) (a) Kozikowski, A. P.; Nieduzak, T. R.; Konoike, T.; Springer, J. Pp.
J. Am. Chem. Soc. 1987, 109, 5167. (b) Kozikowski, A. P.; Jung, S. H,;
Springer, J. P. J. Chem. Soc., Chem. Commun. 1988, 167.

(23) The nomenclature used to describe the relative stereochemistry of C-7
substituted norbornenes employs the prefix anti when the substituent is on the
side of the bridge remote from the double bond. However, this is the adduct
which arises from syn attack of the dienophile on a substituted cyclo-
pentadiene. Thus, to avoid confusion the use of the terms syn and anti are
restricted to descriptors for the facial approach of the addends so that the syn
adducts result from the syn approach of the reactants. This is standard usage;
however, an altenative nomenclature is possible such as like and unlike or distal
and proximal. On the basis of the Seebach—Prelog convention (Seebach, D.;
Prelog, V. Angew. Chem., Int. Ed. Engl. 1982, 21, 654) the relative topicities
of the approach to the face of an enantiomer are unlike (anti) when the
addition occurs on the si face of a double bond possessing an adjacent R allylic
center. However for consistency a predetermined priority order must be
followed that may differ from the standard sequence rules. Similarly the terms
distal and proximal are more useful to describe conformational geometries.
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a(a) DBU, CH;,l, C¢Hg, 22 °C, 2 days, 100%; (b) m-Cl-C¢H,CO;H,
CH,Cl,, -78 °C, 15 min, 83%; (¢) m-CI-C¢H,CO;H, CH,Cl,, -78 °C,
40 min, 22 °C, 6 h; 40 °C, 16 h, 81%; (d) m-Ci-C,H,CO;H, CH,Cl,,
-78 °C, 45 min, -78 °C to 22 °C, 91%; (e) m-CI-C¢H,CO;H, CH,Cl,,
-78 °C, 30 min; 22 °C, S h; 40 °C, 16 h; m-CI-CH,CO;H, 22 °C, 4
h, 68%; (f) Nal, Me;SiCl, CH,CN, 22 °C, 4.5 days, 49% 25, 22% 27,
(g) Ac,0, DMAP, CHy, 80 °C, 5.5 days, 52%; (h) Ac,0, Py, CH,Cl,,
22 °C, 23 h, 100%.

resuit of increased nonbonded interactions, although here also,
there is a syn preference. In contrast, cycloadditions with many
locked dienes, other than hydroxyl-substituted dienes and cyclo-
pentadienes, occurred preferentially from the diene face anti to
the allylic substituent. Frequently, the interpretation of these
results is complicated by the necessity of determining the relative
contribution and reactivity of various conformers in which the
heteroatom is aligned “inside™ as predicted by electronic factors
or “outside” as favored on steric grounds. As described below,
cyclic dienes avoid this complication. In addition, examples that
are plane-nonsymmetric afford insight into the “addition directing”
influence of diverse functional groups.

Clearly, a number of different factors influence the facial se-
lectivity in these cycloadditions, and an all embracing explanation
that will account for the examples listed and be of predictive value
is not obvious. The important factors that must be considered
include steric effects, complexation between the diene and dien-
ophile, secondary orbital interactions including tilting and torsional
effects, polarizability, and electrostatic interactions. Prior to the
present study, no experimental evidence was available concerning
the role of aliylic sulfur or nitrogen substituents on cycloadditions
in a related series of cyclopentadienes, although a priori they might
be expected to resemble their oxygen and chlorine analogues.

Results

Preparation of Cyclopentadienes. The requisite cyclopentadienes
1-14 were synthesized from 1,2,3,4,5-pentamethylcyclopentadiene
(5) as outlined in Scheme 1. Potential complications from com-
peting [1,5] sigmatropic rearrangements were avoided, since these
isomerizations are degenerate and also require more forcing
conditions than those anticipated for the room temperature (22
°C) cycloadditions.* The amine 6 was prepared as described

(24) (a) Boersma, M. A. M.; de Haan, J. W; Klooster-Ziel, H.; van de
Ven, L. J. M. J. Chem. Soc., Chem. Commun. 1970, 1168. (b) McLean, S;
Haynes, P. Tetrahedron 1965, 21, 2329.
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Table 1. Facial Stereoselection of Cycloadditions of C-5 Substituted
Cyclopentadienes

addition ratio

/\;g\ HO
X H

— reaction 0
entry compd X time? o
anti

a 1 Cl 30 min 0 10
b 13 OH <30s 0 10
c 14 OMe <10 min 0 10
d 6 NH, 35h 0 10®
e 7 NHAc 35h 0 10
f 7 NHAc 35h trace 10°
g 8 SH 3h 4.5 5.5%
h 9 SMe 27.5h 9 1

i 9 SMe 46 h 9.3 0.7
j 9 SMe <30s 10¢ 0

k 2 SCH,Ph 48 h 9 |

| 3 SPh Ih 9.7 0.3
m 10 SOMe 48 h 10 0

n 11 SO;Me 9 days 10 0

[ 5 H <30s 2 8

2 Approximate time for diene disappearance (TLC); reactions were run at
22 °C; ratios were determined by integration of '"H NMR spectra of the
total reaction mixture. ® N-Phenylmaleimide adduct. ¢Tetracyanoethylene
adduct.

previously.? The parent C-5 alcohol 13 was obtained via the
[2,3] sigmatropic rearrangement of the sulfoxide 10 in the presence
of a thiophile (trimethyl phosphite) to give 13 directly without
the necessity of isolating the intermediate sulfenate ester 12.
Alkylation of § (n-BuLi, R,S,) provided the thioethers 2, 3, and
9. The methyl sulfoxide 10 and the sulfone 11 were prepared by
oxidation (m-CIC4H,CO;H) of 9. Conventional approaches to
the mercaptan 8 were unsuccessful. Thus the required material
was synthesized from the symmetrical sulfide 4?6 by sodium/
ammonia reduction under carefully controlled conditions. The
chloro compound 1 was generated by treating lithium penta-
methyicyclopentadiene with N-chiorosuccinimide. Unfortunately
various attempts to prepare the acetate derivative were unsuc-
cessful since it decomposed rapidly even at low temperature to
tetramethylifulvene, and in situ trapping afforded only the fulvene
adduct. An authentic sample of the anticipated acetate adduct
28 was prepared independently (Scheme II). Maleic anhydride
and/or N-phenylmaleimide were employed as the dienophiles on
the basis of their reactivity, their established endo selectivity, and
their use in previous work, thus facilitating comparisons with
earlier studies.

Cycloadditions. The results of the room temperature (22 °C)
cycloadditions are summarized in Table II. The overwhelming
facial preference for syn addition of the chlorine, oxygen, and
nitrogen compounds is clearly evident. Of particular significance
is the striking reversal of facial selectivity encountered with the
sulfur substituents. In addition to being of fundamental interest,
these results have potential synthetic utility as do the considerable
differences in relative cycloaddition rates within the series.

The structures and stereochemistry of the adducts 15-30
(Scheme II) were established by a combination of X-ray crys-
tallography, spectral analysis, and the chemical correlations
summarized in Scheme II. The complete stereostructures of the
syn oxygen adducts 26 and 27, the anti sulfur-substituted adducts
18 and 32, and the syn chloro adduct were established unam-
biguously by single-crystal X-ray diffraction. The structural
features in all cases are similar, and thus only the drawing for
the alcohol product is shown in Figure 1.

Separate samples of the syn and anti mercapto N-phenyl-
maleimide adducts 15 and 20 were methylated with diazabicy-

(25) Boche, G.; Bernheim, M.; Schrott, W. Tetrahedron Lett. 1982, 23,
5399

(26) Bard, A. J.; Cowley, A. H.; Leland, J. K.; Thomas, G. J. N.; Norman,
N. C.; Jutzi, P.; Morley, C. P.; Schluter, E. J. Chem. Soc., Dalton Trans.
1985, 1303.
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Figure 1. A view of 7-hydroxy-1,2,3,4,7-pentamethylbicyclo{2.2.1]-
hept-2-ene-5,6-dicarboxylic anhydride (27). H-atoms are shown only
where they help in visualizing the stereochemistry. C and O atoms are
represented by open and solid circles, respectively, and H-atoms by
smaller open circles.

clo[5.4.0]undecene (DBU) and methyl icdide to afford products
16 and 21. These were identical with the adducts obtained from
cycloaddition of the thiomethyl diene 9 with N-phenylmaleimide.
The syn and anti thiomethyl-maleic anhydride adducts were
oxidized independently with m-chioroperbenzoic acid to the
corresponding sulfoxides 23 and 18 and the suifones 24 and 19,
respectively. The anti compounds were consistent with the
structural assignments and indistinguishable from the Diels~Alder
adducts. The syn products 23 and 24 were shown to be both
different from 18 and 19 and absent from the Dieis—Alder re-
actions of maleic anhydride with 10 and 11, respectively. Ad-
ditional structural support was provided by NOE difference
(DNOE) measurements on the anti sulfur adducts (X = SMe,
SOMe, SCH,Ph, SPh). In these cases the DNOE observed
(6-8.5%) between the C-7 methyl group and the exo methine
hydrogens established their proximal relationship. In addition,
the syn amino acetate-maleic anhydride adduct displayed a 7%
DNOE between the exo methine protons and the amine hydrogen.
Comparison of the chemical shifts of the exo methine protons in
the syn and anti sulfur series 22, 23, 24 and 17, 18, 19 revealed
a consistent downfield shift (~0.5 ppm) in the syn compounds.
Furthermore compared to the thioether, the syn sulfoxide 23
deshielded these hydrogens preferentially. They resonated as
doublets (J = 8 Hz) at § 3.57 and 3.95, respectively (anti isomer,
3.17 and 3.20, J = 7.8 Hz).

In keeping with previous studies of Diels—Alder reactions, it
was assumed that the product distributions were kinetic. Ex-
perimental confirmation was provided by heating the adducts
above the cycloaddition temperature. Samples of the syn and anti
thiomethyl adducts 22 and 17 and the syn hydroxy adduct 27 were
recovered unchanged after refluxing in benzene for 24 h. A similar
result was encountered when these experiments were conducted
in refluxing toluene (17.5 h), although in the case of the anti
compound 17, a small amount of isomerization occurred (anti/syn
~10:1).

In the oxygen and nitrogen series the corresponding acetates
28 and 30 were prepared with acetic anhydride, although the
alcohol required rather forcing conditions (80 °C, 5.5 days). As
anticipated, treatment of the methoxy adduct 26 with chloro-
trimethylsilane and sodium iodide in acetonitrile afforded the
alcohol 27, but it was not the major product. Instead the syn
chloro adduct 25 was generated, and it became the sole product
when sodium iodide was excluded. This unexpected behavior is
likely a consequence of the unusual features present in the C-7
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Table 1II. UV Spectra of Selected Cyclopentadienes
Amax(h€xane) ¢

entry compd X

a 13 OH 240 nm (sh) (1080), 279 nm (1040)
b 7 NHAc 270 nm (2600)

c 9 SMe 253.5 nm (1400), 285.5 nm (1000)
d 10 SOMe  262.5 nm (4830)

€ 11 SO,Me 274 nm (2410)

substituted norbornene which allow the formation of the carbonium
ion 31 and its capture by chloride.”’ The alkyl iodide may also
be formed, but it appears to be very labile and is readily replaced
by hydroxide or chloride.

Discussion

The results of these cycloadditions establish the strong pref-
erence for syn addition with chlorine, oxygen, and nitrogen sub-
stituents in competition with a methyl group. The reversal of facial
selectivity encountered with the sulfur substituents is unexpected
but holds promise for interesting synthetic applications. The
differences in the relative cycloaddition rates reflect, in part, the
extent of the interaction between the reactive diene face and the
heteroatom. One measure of this interaction may be reflected
in the ultraviolet spectra of the dienes. Tabie III lists the ab-
sorption maxima and extinction coefficients for some of the more
stable cyclopentadienes. Compared to cyclopentadiene (238.5 nm,
3400)2 all the compounds display a bathochromic shift, but there
does not appear to be a simple correlation beween these excit-
ed-state measurements and the observed cycloaddition behavior.

In the case of the sulfoxide 10 and the sulfone 11, their large
size will cause the dienophile to approach anti, so that addition
occurs on the sterically less encumbered methyl face. This is in
accord with earlier work which demonstrated that the electron-
ically governed facial selectivity was diminished with a methyl
substituent (Table I, entry 0) and was primarily regulated by steric
interactions.® Thiomethyl and thiol functions are somewhat larger
(bulkier) than the corresponding methyl ether and hydroxyl
groups, but the relative steric size difference depends in part on
the type of parameters and experimental conditions selected.?’
We favor the n values®’ as a measure of steric volume which
assigns relative values of 9.5 and 10.3 for the OMe and SMe
groups, respectively. Thus the reduced reactivity and the inversion
of facial preference for the thiomethyl derivative 9 compared to
the methyl ether 14 indicates there is a significant electronic
difference in these systems in spite of the fact that the steric bulk
is not identical.

For C-5 oxygen-substituted cyclopentadienes, the preferential
syn (contrasteric) approach has been rationalized by Fukui and
co-workers by orbital mixing between the lone-pair electrons and
the diene (HOMO).3®  Alternatively, Anh suggested that a
beneficial interaction of the antisymmetric oxygen orbital with
the diene LUMO is the dominant influence.3! In carbocyclic
systems such as isodicyclopentadiene, favorable o/ interactions
are considered responsible for endo attack, and this has been
extended to heterocyclic systems.3? Secondary orbital interactions
were considered responsible for the exclusive syn addition of
triazolinediones to anhydride and imide-bridged {4.4.3]propellane
dienes (Table I, entries 12 and 14)!* in which the heteroatom
bridge is homoallylic. However, this rationalization is not ap-

(27) (a) Olah, G. A ; Prakash, G. K. S.; Farnum, D. G.; Clausen, T, P,
J. Org. Chem. 1983, 48, 2146. (b) Volkmann, R, A.; Andrews, G. C,;
Johnson, W. S. J. Am. Chem. Soc. 1975, 97, 4777. (c) Brown, H. C.; Bell,
H. M. J. Am. Chem. Soc. 1963, 85, 2324. (d) Winstein, S.; Lewin, A, H,;
Pande, K. C. J. Am. Chem. Soc. 1963, 85, 2324,

(28) Booker, H.; Evans, L. K.; Gillam, A. E. J. Chem. Soc. 1940, 1453,

(29) (a) Hirsch, J. A. Topics Stereochem. 1967, 1, 199. (b) Forster, H.;
Vogtle, F. Angew. Chem., Int. Ed. Engl. 1977, 16, 429. (c) Unger, S. H.;
Hansch, C. Prog. Phys. Org. Chem. 1976, 91,91. (d) Gallo, R. J. Prog. Phys.
Org. Chem. 1983, 14, 115. (e) Taft, R. W.; Topsom, R. D. Prog. Phys. Org.
Chem 1987, 16, 1.

(30) Imagaki, S.; Fujimoto, H.; Fukui, K. J. Am. Chem. Soc. 1976, 98,
4054

(31) Anh, N. T. Tetrahedron 1973, 29, 3227.
(32) (a) Gleiter, R.; Plaquette, L. A. Acc. Chem. Res. 1983, 16, 328. (b)
Brown, F. K.; Houk, K. N. J. Am. Chem. Soc. 1985, 107, 1971.
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plicable to either N-phenylmaleimide or maleic anhydride, and
thus the facial selectivity is reversed (entry 11) upon changing
the dienophile.!* In addition, as entries 13 and 14 indicate, the
presence of neighboring carbonyl groups and double bonds also
influence the selectivity. On the basis of electrostatic interactions
Kahn and Hehre concluded that electrophilic dienophiles should
add preferentially to the more nucleophilic diene face, syn to “a
lone-pair-containing allylic substituent™3* Clearly this simple
electrostatic model cannot be extended in a straightforward
manner to sulfur systems. In addition, it was found that, in a
propelladiefie containing both oxygen and sulfur bridges, cyclo-
addition was anti to oxygen and syn to sulfur.'*

In the case of 1{E)-substituted 1,3-dienes the anti facial se-
lectivity was attributed to destabilizing electronic interactions
between the heteroatom and the dienophile in the syn transition
state.’ As illustrated in Tabie I (entries 18-20, 21-23), it will
be noted that acetylene dicarboxylates and tetracyanoethylene
exhibit reversed facial selectivity in these acyclic dienes. Thus
the thiomethyl diene 9 was treated with tetracyanoethylene (Table
I, entry j). A single anti adduct was obtained whose structure
32 was established by X-ray analysis, and no reversal was observed.
The planarity and reactivity of the dienophile does influence the
facial attack, and it seems likely that in the acyclic cases the
predominance of the anti product is a consequence of the pref-
erential trapping of a different rotamer ratio compared to maleic
anhydride or N-phenylmaleimide. Recent investigations have
concluded that nonbonded interactions are of prime importance
in these cases as well as for semicyclic dienes.* This should allow
a measure of facial control by variation of the dienophile that has
not been encountered with the cyclopentadienes. However, caution
must be exercised in comparing certain dienophiles as recent
evidence has indicated that cyanoethylenes and triazolinediones
react by an aziridinium imide (1,4-zwitterion) mechanism.3’

Previous explanations of facial selectivities have tended to focus
on the ground-state properties of the substrates which create the
w-facial diastereoselection. An alternative analysis invokes the
interaction of the incipient bond with the two nonequivalent faces.
This interaction arises due to the differences in the relative sta-
bilities of the diastereomeric transition states.® Recently, Cieplak,
Tait, and Johnson have expanded upon this concept of transition
state stabilization by o electron donation into the vacant ¢,* orbital
associated with the incipient bond.” This arises from hyper-
conjugation of the antiperiplanar ¢ bond with this orbital. This
model correctly accounts for the syn approach of a butadiene to
5-fluoroadamantane-2-thione, studied by le Noble and co-work-
ers,®® where the electrostatic model fails. They demonstrated that
for both thermal and photochemical reactions bond formation
occurs at the face anti to the most electron-rich ¢ bond. In their
study of C-3 substituted cyclohexanones and methylenecyclo-
hexanones Cieplak, Tait, and Johnson®’ found that electronegative
cyclohexane substituents and increased electronegativity of a

(33) Kahn, S. D.; Hehre, W. J. J. Am. Chem. Soc. 1987, 109, 663.

(34) Tripathy, R. Ph.D. Thesis, City University New York, NY, 1989. We
are grateful to Professor R. W. Franck for a copy of this thesis.

(35) (a) Jensen, F.; Foote, C. S. J. Am. Chem. Soc. 1987, 109, 6376. (b)
Clennan, E. L.; Earlywine, A. D. J. Am. Chem. Soc. 1987, 109, 7104.

(36) Cieplak, A. S. J. Am. Chem. Soc. 1981, 103, 4540.

(37) Cieplak, A. S.; Tait, B. D.; Johnson, C. R. J. Am. Chem. Soc. 1989,
111, 8447. We are grateful to Professor C. R. Johnson for a preprint of this
article and permission to quote from it.

(38) Chung, W.-S.; Turro, N. J.; Srivastava, S.; Li, H.; LeNoble, W. J.
J. Am. Chem. Soc. 1988, 110, 7882.
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Chart 11

substituent in the carbon nucleophile both increased axial attack.
Their rationalization of this behavior depends upon the torsional
interactions during bond formation, particularly with the neigh-
boring bonds. This is illustrated in general terms (33, Chart I)
and for the case of cyclohexanone (34, Chart I) where hypo-
conjugative o assistance favors axial attack because the CH bonds
are better ¢ donors than CC bonds.3”¥

Applied to cycloadditions such as pentachlorocyclopentadiene
(Table I, entry 3), attack syn to chlorine was expected to increase
with the addition of electronegative groups to the dienophile as
observed by Williamson et al.>* This is consistent with the fact
that ocy is a better donor than g¢c;. The related concept of
torsional strain was also considered a major influence by Houk
and collaborators*! in accounting for stereoselection in acyclic
systems and cycloadditions of isodicyclopentadienes. Generally,
when an electron acceptor bond is suitably aligned with a 7 system,
the energy of both HOMO and LUMO orbitals are lowered so
that the electrophilicity of the = system is enhanced and the
nucleophilicity decreased.’’

Computational studies of 8-substituted ethyl radicals*? appear
to offer additional insight into the behavior of the cyclopentadienes,
since, at one extreme, the Diels—Alder reaction has some char-
acteristics of a free-radical reaction.*> Consistent with the in-
cipient orbital principle it was found that hyperconjugation was
mainly responsible for the conformational preference in substituted
radicals. First-row elements prefer an eclipsed conformation with
a small rotational barrier (<1 kcal), while secondary-row elements
such as sulfur and chlorine adopt an orthogonal geometry (35,
Chart I) (barrier 2.3-4 kcal) of the type required for cycloaddition
irrespective of the substituent atom.*> However, the nature of
the interaction varies. Delocalization of the electron in the SOMO
into the antibonding occ, orbital is the principle contribution with
a chlorine substituent, while for sulfur the effect is mainly due
to electron delocalization from the bonding ocg orbital into the
SOMO, features that are consistent with the relative donor
properties of these ¢ bonds. Our own preliminary calculations
support this contention, and the cycloaddition resuits can therefore
be rationalized on the basis of ¢ donor ability.

Conclusion

On the basis of hyperconjugation and the beneficial interaction
with the incipient bond one should expect the cycloaddition of
the cyclopentadienes to display a preference for anti addition to
the antiperiplanar ¢ bond that is the better donor.** Listed in

(39) (a) Fraser, R. R.; Stanciulescu, M. J. Am. Chem. Soc. 1987, 109,
1580. (b) Kirchen, R. P.; Ranganayakulu, K.; Sorensen, T. S. J. Am. Chem.
Soc. 1987, 109, 7811. (c) Laube, T.; Stilz, H. U. J. Am. Chem. Soc. 1987,
109, 5876.

(40) This implies that the reaction of styrene with 9 should afford increased
syn adduct, but unfortunately styrene was not sufficiently reactive to give any
cycloaddition.

(41) (a) Brown, F. K.; Houk, K. N. J. Am. Chem. Soc. 1985, 107, 1971.
(b) Padden-Row, M. H.; Rondan, N. G.; Houk, K. N. J. 4m. Chem. Soc.
1982, 104, 7162.

(42) Bernadi, F.; Bottoni, A.; Fossey, J.; Sorba, J. Tetrahedron 1986, 42,
5567.

(43) Dewar, M. J. S,; Olivella, S.; Stewart, J. J. P. J. Am. Chem. Soc.
1986, 108, 5771.

(44) 1t seems likely that this conclusion should also be valid for other
pericyclic reactions including sigmatropic rearrangements. Experiments are
in progress to investigate this aspect. For a recent report of a related study
see: Lin, M-h.; le Noble, W. J. J. Org. Chem. 1989, 54, 997.
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order of increasing o donor ability, the common atom combinations
are oco < OCN < aeQl < aee < OCH < ch.‘s ThUS, when the
choice is between a carbon—carbon and a carbon—oxygen bond
bearing face, one should expect preferential addition anti to the
best ¢ donor (the CC bond) and hence syn to CO as found.
Similarly, if the competition is between a CC and CS bond,
cycloaddition anti to the CS bond should dominate, as observed.
Chart II illustrates this favorable interaction of the antiplanar
o bond with the diene HOMO and the developing incipient bonds
with the LUMO of the dienophile. This analysis implies that
cycloadditions of thiophene oxides, where the competition is be-
tween a lone pair and a sulfoxide oxygen, should be anti to the
lone pair. Recently we have confirmed this conclusion experi-
mentally. Addition occurred exclusively in a contrasteric manner
syn to oxygen in all cases examined.*

A recent study of the conformational preferences in 3-
halogenated- 1-benzoxepins provides a related example of the
importance of intramolecular stereoelectronic g—¢* orbital in-
teractions.*’ Cyclopentadienes are very reactive dienes and C-5
substituents possess a particularly favorable orbital alignment for
these interactions. Thus, in less suitable geometries, one would
expect these electronic features to become less important, and steric
interactions to play a larger role. Examination of Table I indicates
that this is the case. Frank and Tripathy have recently concluded
that nonbonding steric interactions dominate the stereocontrol
observed in both acyclic and semicyclic dienes.3

Thus, from a practical perspective, heteroatom-directed control
of w-diastereofacial selectivity by variation of the substituent has
considerable synthetic potential. In particular, 1,3-oxathiolane
ketals will offer enhanced facial selectivity and provide a chiral
environment for cycloadditions applied to the total synthesis of
natural products. In addition to the improved understanding of
facial preferences of addends generated by the present study, the
examination of additional locked dienes will provide further insight
into the relative importance of electronic and steric interactions,
a key component of all organic transformations.

Experimental Section

5-(Methyithio)-1,2,3,4,5-pentamethylicyclopentadiene (9). n-Butyl-
lithium (2.3 M in hexane, 67 mL, 154 mmol, Aldrich) was added to a
solution of 1,2,3,4,5-pentamethylcyclopentadiene (20.0 g, 140 mmol,
Aldrich) in anhydrous THF (150 mL) at 0 °C. The milky reaction
mixture was allowed to warm to room temperature and cooled to 0 °C,
and dimethyl sulfide was (19.1 mL, 210 mmol, Aldrich) added. The
reaction mixture was allowed to warm to room temperature, stirred
overnight, and quenched with saturated ammonium chloride (100 mL).
The organic layer was separated, the aqueous layer was extracted with
ether (1 X 100 mL), and the combined organic extracts were dried,
filtered, and concentrated to give crude material that solidified upon
refrigeration. Repeated recrystallization from MeOH afforded 17.25 g
(68%) of 9 as a volatile solid: mp 38.5-39 °C; IR (CHCl,) 2918, 1659,
1444, 1378, 1069, 953 cm™; 'H NMR (60 MHz, CDCl,) 5 1.80 (s, 12
H), 1.27 (s, 3 H), 1.10 (s, 3 H); ®C NMR (CDCl,) é 137.6, 134.3, 61.3,
19.4, 10.9, 10.6, 9.4; 253.5 nm (e 1400); MS caled for C;,H,5S 182.1130,
found 182.1150.

5-(Phenyithio)-1,2,3,4,5-pentamethyicyclopentadiene (3). An analo-
gous procedure (employing diphenyl sulfide) to that described above for
9 was used to afford, after chromatography (petroleum ether), 3 as an
oil (56%): IR (CHCl,) 2996, 2963, 2918, 2852, 1659, 1582, 1466, 1444,
1438, 1378, 1135, 1063, 1024 cm™; 'H NMR (300 MHz, CDCl,) &
7.2-7.0 (m, 5 H), 1.85 (s, 6 H), 1.48 (s, 6 H), 1.20 (s, 3 H); *C NMR
(CDCly) 6 137.7, 134.6, 134.1, 132.7, 127.6, 127.3, 65.7, 18.8, 10.6, 9.9;
MS caled for CjHyS 244.1286, found 244.1290.

5-(Benzylthio)-1,2,3,4,5-pentamethyicyclopentadiene (2). An analo-
gous procedure (employing dibenzyl disulfide) to that described above
for 9 was used to afford, after chromatography (petroleum ether), 2 as
an oil (53%): IR (film) 3030, 2880, 1665, 1603, 1496, 1450, 1379, 1068,
700 cm™; 'H NMR (60 MHz, CDCl,) 6 7.09 (s, 5 H), 2.83 (s, 2 H), 1.76
(s, 6 H), 1.08 (s, 3 H); *C NMR (CDCl,) 6 138.9, 138.2, 134.4, 128.9,

(45) Epiotis, N. D.; Cherry, W. R.; Shaik, S.; Yates,, R. L.; Bernardi, F.
Top. Curr. Chem. 1977, 70, 1.

(46) Naperstkow, A. M.; Macaulay, J. B.; Newlands, M. J; Fallis, A. G.
Tetrahedron Lett. 1989, 30, 5077.

(47) Dionne, P.; St-Jacques, M. Can. J. Chem. 1989, 67, 11.
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127.9, 126.3, 62.6, 33.1, 19.5, 11.1, 9.5; MS calcd for Cj;H,,S 258.1444,
found 258.1439.

5-(Methylsuifinyl)-1,2,3,4,5-pentamethyicyclopentadiene (10). m-
Chloroperbenzoic acid (16.0 g, 76 mmol, 80-85%, Aldrich) was added
in portions over 20 min to a solution of 9 (12.55 g, 69 mmol) in CH,Cl,
(100 mL) at -78 °C. After stirring for 1 h, 5% aqueous (w/v) NaHCO,
(100 mL) was added. The organic layer was separated, the aqueous layer
was extracted with CH,Cl, (3 X 100 mL), and the combined CH,Cl,
layers were washed with 5% NaHCO, (1 X 100 mL) and water (1 X 100
mL), dried, filtered, and concentrated. Chromatography afforded the
sulfone 11 (vide infra) (1.07 g, 7%) (9:1 petroleum ether/EtOAc) and
the sulfoxide 10 (12.65 g, 93%) (1:1 petroleum ether/EtOAc): mp 61-62
°C (hexane); IR (CHCI,;) 2918, 1648, 1444, 1383, 1295, 1069, 1019, 947
cm™; 'H NMR (300 MHz, CDCl,) 4 2.02 (s, 3 H), 1.91 (brs, 3 H), 1.82
(m, 3 H), 1.74 (m, 3 H), 1.67 (br s, 3 H), 1.51 (s, 3 H); ¥C NMR
(CDCl,) 8 139.0, 138.6, 136.1, 132.2, 74.0, 31.7, 15.2, 11.7, 11.2, 10.7,
10.2; MS caled for C,{H ;S (M* - O) 182.1130, found 182.1105.

5-(Methylsuifonyl)-1,2,3,4,5-pentamethylcyclopentadiene (11). A so-
lution of oxone (0.811 g, 2.64 mmol of KHSOs, Aldrich) in water (10
mL) was added to a solution of 9 (0.160 g, 0.879 mmol) in MeOH (10
mL) at 0 °C. After stirring for 5 min, the ice-water bath was removed,
and stirring was continued for 2.5 h at 22 °C. The reaction mixture was
filtered and concentrated. The residue was partitioned between CHCI,
(50 mL) and water (50 mL). The aqueous layer was extracted with
CHCl, (2 X 50 mL), and the combined CHCI, extracts were washed
with water (I X 50 mL), dried, filtered, and concentrated. Chroma-
tography (8:2 petroleum ether/EtOAc; sample dissolved in CH,Cl,)
yielded 11 (0.101 g, 54%): mp 111.5-112.5 °C (hexane—ether); IR
(CHCl,) 2918, 1654, 1295, 1284, 1151, 1129, 1074, 953 em™; 'H NMR
(60 MHz, CDCl,) 6 2.43 (s, 3 H), 1.96 (s, 6 H), 1.84 (s, 6 H), 1.46 (s,
3 H); *C NMR (CDCl,) 4 140.9, 134.2, 78.1, 33.9, 11.5, 10.7; MS calcd
for Cy,HysS0, 214.1027; found 214.1036.

5-(Acetylamino)-1,2,3,4,5-pentamethylcyclopentadiene (7). Pyridine
(0.5 mL) and acetic anhydride (0.5 mL) were added to a solution of the
aminocyclopentadiene 6% (0.260 g, 1.72 mmol) in CH,Cl, (7 mL). The
solution was stirred at room temperature for 18 h, then toluene was
added, and the reaction mixture was concentrated. The crude product
was recrystallized from CH,Cl, to afford 7 (0.059 g). A further 0.180
g (total 0.239 g, 72%) was obtained by chromatography (3:2 petroleum
ether/EtOAc, then EtOAc; sample dissolved in CH,Cl,): mp 124-126
°C; IR (CHCl,) 3437, 3393, 2918, 1676, 1654, 1493, 1444, 1378, 1367,
1289, 1091 cm™; 'H NMR (300 MHz, CDCl,) (compound exists as two
conformational isomers) & 5.51 (brs, 1 H), 5.31 (brs, | H), 1.92 (s, 3
H), 1.77 (s, 3 H), 1.76 (s, 3 H), 1.73 (s, 3 H), 1.69 (s, 3 H), 1.48 (s, 3
H), 1.17 (s, 3 H), 1.13 (s, 3 H); BC NMR (CDCl,) 6 173.7, 168.2, 138.3,
137.4, 134.6, 133.7, 68.0, 67.9, 24.5, 23.7,22.4, 18.4, 11.1, 11.0,9.3,9.1;
MS caled for Cj,HgNO 193.1467; found 193.1468.

Cycloaddition of S-Mercapto-1,2,3,4,5-pentamethylcyclopentadiene (8)
with N-Phenylmaleimide. Bis(pentamethylcyclopentadiene)sulfide (4)*!
(0.160 g, 0.530 mmol) was dissolved in anhydrous THF (5 mL), and the
solution was cooled to -78 °C. Ammonia (~5 mL) was condensed into
the flask, and small pieces of sodium were added with stirring until a deep
blue color was established. After 2 min the reaction was quenched with
solid ammonium chioride. The dry ice bath was removed, and the am-
monia was allowed to evaporate under a stream of N,. Water (10 mL)
was added, the aqueous layer was extracted with ether (3 X 10 mL), and
the combined ether extracts were dried, filtered, and concentrated.
Chromatography (petroleum ether; 12 in. height of silica gel) yielded the
sulfhydryldiene 8 as an unstable oil (0.039 g, 44%). N-phenylmaleimide
(0.179 g, 1.00 mmol) was added to a solution of 8 (0.168 g, 1.00 mmol)
in anhydrous benzene (1.7 mL). The solution was stirred at room tem-
perature for 16 h and then concentrated. Chromatography (9:1 petro-
leum ether/EtOAc, sample dissolved in CH,Cl,) afforded the syn adduct
20 (0.167 g, 49%): mp 168.5-169.5 °C (EtOAc); IR (CHCl;) 2963,
2929, 1769, 1709, 1598, 1499, 1455, 1449, 1378, 1306, 1168, 1135, 1096
cm™; 'TH NMR (300 MHz, CDCly) § 7.5-7.3 (m, 3 H), 7.05 (d, 2 H,
J = 1.5 Hz), 3.35 (s, 2 H), 1.63 (s, 6 H), 1.42 (s, 6 H), 1.30 (s, | H),
1.13 (s, 3 H); C NMR (CDCl,) & 176.4, 135.1, 131.9, 129.1, 128.4,
126.5,75.3, 61.1, 51.6, 20.5, 1 1.7; MS calcd for C,0H;3NSO, 341.1449,
found 341.1438. Further elution (8:2 petroleum ether/EtOAc) gave the
anti adduct 15 (0.136 g, 40%): mp 122-123 °C (ether-hexane); IR
(CHCl,) 2963, 2929, 1769, 1709, 1598, 1499, 1455, 1378, 1306, 1173,
1168, 1085 cm™; 'H NMR (300 MHz, CDCl,) § 7.45-7.35 (m, 3 H),
7.05 (d, J = 7.2 Hz, 2 H), 3.10 (s, 2 H), 1.61 (s, 6 H), 1.49 (s, 6 H),
1.20 (s, | H), 1.14 (s, 3 H); '3C NMR (CDCl,) 6 176.0, 137.6, 131.9,
129.2, 128.5, 126.5; MS caled for CyH,3NSO, 341.1449, found
341.1438.

Cycloaddition of 5-Hydroxy-1,2,3,4,5-pentamethylcyclopentadiene (13)
with Maleic Anhydride. Anhydrous MeOH (20 mL) was distilled into
a flask containing the sulfoxide 10 (1.185 g, 5.98 mmol). Trimethyl
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phosphite (7.0 mL, 59.8 mmol) (later experiments showed that 1.2 equiv
is sufficient) was added, and the solution was stirred for 24 at room
temperature (22 °C). Haif of the reaction mixture was concentrated to
give, after recrystallization from hexane, the alcohol 13 as an unstable
white solid 'H NMR (60 MHz, CDCl,) 6 1.70 (s, 12 H), 1.46 (brs, |
H), 1.125 (s, 3 H); 3C NMR (CDCl,) 6 139.3, 133.0, 83.9, 21.0, 11.0,
8.8. The other half of the reaction mixture (13.5 mL) was siphoned into
a flask containing maleic anhydride (0.293 g, 2.99 mmol) under N;
stirred at room temperature for 3 h, and then concentrated. Chroma-
tography (9:1 benzene/acetone, sample dissolved in acetone) afforded the
hydroxy adduct 27 (0.637 g, 85% from 10 based on 2.99 mmol): mp
218-221 °C (EtOAc); IR (CHCl;) 3580, 2929, 1858, 1775, 1455, 1378,
1146. 1080, 914 cm™; '"H NMR (60 MHz, CDCl,) 6 3.34 (s, 2 H), 1.58
(s, 7 H), 1.28 (s, 6 H), 0.96 (s, 3 H); *C NMR (CDCl,) é 172.5, 135.8,
94.1, 60.5, 52.1, 15.8, 11.1, 10.4; MS caled for C,H,30, 250.1205, found
250.1214.

Cycloaddition of 5-Methoxy-1,2,3,4,5-pentamethyicyclopentadiene (14)
with Maleic Anhydride. A solution of the hydroxycyclopentadiene 13
(obtained as described above from sulfoxide 10 (1.00 g, 5.08 mmol) in
anhydrous THF (15 mL) was added to a mixture of sodium hydride
(0.179 g, 5.59 mmol, 75% oil suspension) and anhydrous THF (5 mL)
maintained at 0 °C with an external ice bath. The ice-water bath was
removed after gas evolution had ceased, and the reaction mixture was
stirred at room temperature for 40 min. Methyl jodide (0.5 mL, 7.95
mmol) was added, and stirring was continued for 24 h. The reaction
mixture was quenched with saturated ammonium chloride (20 mL). The
organic layer was separated, the aqueous layer was extracted with ether
(3 X 10 mL), and the combined organic layers were dried, filtered, and
concentrated. Chromatography (9.8:0.2 petroleum ether/EtOAc, sample
dissolved in CH,Cl,) afforded 14 as a volatile unstable oil (0.761 g, 90%
from 10): 'H NMR (60 MHz, CDCl,) 6 2.75 (s, 3 H), 1.74 (s, 6 H),
1.66 (s, 6 H), 1.09 (s, 3 H). Maleic anhydride (0.267 g, 2.73 mmol) in
anhydrous benzene (10 mL) was added to a solution of methoxydiene 14
(0.453 g, 2.73 mmol) in anhydrous benzene (10 mL). The reaction
mixture was stirred for 2 h at room temperature and then concentrated
to yield the crystalline syn adduct 26 (0.660 g, 92%): mp 145.5-147 °C
(EtOAc): IR (CHCl,) 2940, 1858, 1775, 1455, 1378, 1372, 1311, 1135,
1080, 914 cm™; 'H NMR (60 MHz, CDCl,) 6 3.33 (s, 2 H), 3.29 (s, 3
H), 1.54 (s, 6 H), 1.32 (s, 6 H), 0.98 (s, 3 H); !3C NMR (CDCl;) §
172.6, 136.0, 98.2, 61.2, 52.6, 11.7, 1 1.1, 9.2; MS caled for C,sH;0,
264.1362, found 264.1365.

Cycloaddition of 5-Chloro-1,2,3,4,5-pentamethylcyclopentadiene (1)
with Maleic Anhydride. n-Butyllithium (2.3 M in hexane, 3.5 mL, 8.05
mmol) was added to a solution of 1,2,3,4,5-pentamethyicyclopentadiene
(1.00 g, 7.34 mmol) in anhydrous THF (30 mL). The reaction mixture
was stirred for 30 min at 22 °C and then cooled to ~78 °C. N-chloro-
succinimide (0.961 g, 7.34 mmol) was added, and stirring was continued
for 30 min at -78 °C and then for 16.5 at 20 °C. The reaction mixture
was concentrated, the residue was extracted with hexane (3 X 30 mL)
at -20 °C, and the combined hexane extracts were concentrated. Dis-
tillation (66—67 °C/2.7 mm) afforded the chloride 1 as a pale yellow oil
(2.42 g, 65%) of ~90% purity. To a solution of chlorodiene 1 (0.103 g,
0.606 mmol) in anhydrous benzene (1 mL) was added maleic anhydride
(0.060 g, 0.606 mmol). Reaction was monitored by TLC, and the diene
was consumed within 30 min. Concentration gave the adduct 25 in
quantitative yield: mp 191-192 °C (ether-hexane); IR (CHCl,) 2940,
1858, 1775, 1445, 1383, 1311, 1140, 1085, 914 cm™; 'H NMR (60 MHz,
CDCl,) 6 3.50 (s, 2 H), 1.64 (s, 6 H), 1.41 (s, 6 H), 1.27 (s. 3 H); 1*C
NMR (CDCl,) 6 171.0, 136.4, 92.1, 61.8, 52.6, 18.4, 11.5, 11.0; MS
caled for C 4H,,0,%Cl 268.0866, found 268.0850.

Cycloadditions of Sulfur- and Nitrogen-Substituted Dienes 2, 3, 9, 10,
11, 6, and 7. General Procedure. The dienophile (1 equiv) was added
to a solution of the diene (0.13-0.68 M in anhydrous benzene (unless
otherwise specified). The reaction mixture was stirred at room tem-
perature (22 °C), monitored by TLC, and then concentrated to give the
adducts.

1. Methylthio Diene 9 with Maleic Anhydride. Chromatography (9:1
petroleum ether/EtOAc, sample dissolved in CH,Cl,) afforded the syn
adduct 22 (9%): mp 168-170 °C (ether); IR (CHCI;) 2929, 1858, 1775,
1383, 1096, 1080, 914 cm™; 'H NMR (60 MHz, CDCl,) 6 3.55 (s, 2 H),
2.10 (s, 3 H), 1.60 (s, 6 H), 1.35 (s, 6 H), 1.08 (s, 3 H); *C NMR
(CDCl3) 6 171.6, 136.6, 77.2, 62.6, 52.8, 13.8, 12.0, 11.9, 11.6; MS caled
for C,5H»S0O; 280.1134, found 280.1126. Further elution (8:2 petroleum
ether/EtOAc) gave the anti adduct 17 (82%): mp 142-144 °C (ether);
IR (CHCl;) 2929, 1859, 1779, 1445, 1380, 1079, 915 cm™; 'H NMR
(60 MHz, CDCl,) 6 3.25 (s, 2 H), 1.95 (s, 3 H), 1.58 (s, 6 H), 1.42 (s,
6 H), 1.05 (s, 3 H); *C NMR (CDCl;) § 170.9, 137.9, 77.4, 62.3, 51.7,
14.9, 13.1, 11.8, 11.5; MS caled for C,sH,,SO; 280.1134, found
280.1113.

2. Methyithio Diene 9 with N-Phenylmaleimide. Chromatography
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(9:1 petroleum ether/EtOAc, sample dissolved in CH,Cl,) afforded the
syn adduct 21 (6%): mp 183-184.5 °C (ether); IR (CHCI;) 2929, 1769,
1703, 1598, 1499, 1455, 1378, 1168, 1102 em™; 'H NMR (300 MHz,
CDCl,3) 6 7.5-7.3 (m, 3 H), 7.05 (d, 2 H, J = 7.5 Hz), 3.44 (s, 2 H), 2.13
(s, 3 H), 1.62 (s, 6 H), 1.41 (s, 6 H), 1.11 (s, 3 H); *C NMR (CDCl3)
5176.8, 135.6, 129.1, 128.4, 126.6, 77.2,62.0, 51.7, 13.9, 12.8, 12.3, 1 1.7;
MS caled for ConzzNOz (M+ - SMC) 308l650, found 208.1662.
Further elution (8:2 petroleum ether/EtOAc) gave the anti adduct 16
(93%): mp 189.5-190.5 °C (ether-CH,Cl,); IR (CHCl;) 2929, 1769,
1709, 1598, 1499, 1455, 1378, 1306, 1173, 1080 cm™; '"H NMR (300
MHz, CDCl,) 6 7.5-7.3 (m, 3 H), 7.05 (d, J = 7.0 Hz, 2 H), 3.10 (s,
2 H), 1.96 (s, 3 H), 1.61 (s, 6 H), 1.46 (s, 6 H), 1.11 (s, 3 H); PC NMR
(CDCly) 6 176.1, 136.9, 131.9, 129.1, 128.5, 126.5, 77.3, 61.8, 50.6, 14.7,
13.1, 12.2, 11.6; MS calced for C,H,,NO, (M* — SMe) 308.1650, found
308.1624.

3. Methylthio Diene 9 with Tetracyanoethylene. Reaction was con-
ducted in anhydrous THF and appeared to be instantaneous (no diene
by TLC after 30 s). The adduct 32 was obtained in quantitative yield:
mp 178-181 °C (ether-CH,Cl,): IR (CHCl,) 2985, 2929, 2245, 1659,
1460, 1383, 1096 cm™; 'H NMR (60 MHz, CDCl3) 6 1.99 (s, 3 H), 1.83
(s, 6 H), 1.675 (s, 6 H), 1.47 (s, 3 H); >C NMR (CDCl) & 142.8, 111.1,
110.8, 74.0, 69.5, 49.8, 16.2, 13.9, 12.3, 10.2; MS calcd for C, H,S (M*
- tetracyanoethylene) 182.1129, found 182.1138.

4. Phenyithio Diene 3 with Maleic Anhydride. Chromatography
(9.5:0.5 petroleum ether/EtOAc, sample dissovied in CH,Cl,) afforded
the syn adduct (2%): IR (CHCl;) 2970, 2940, 1858, 1777, 1459, 1442,
1384, 1263, 1100 cm™; 'H NMR (300 MHz, CDCls) 6 7.5 (m, 2 H),
7.4-7.25 (m, 3 H), 3.67 (s, 2 H), 1.61 (s, 6 H), 1.42 (s, 6 H), 0.79 (s,
3 H); BC NMR (CDCl,) 6 171.5, 138.0, 137.1, 131.1, 129.2, 128.8, 80.1,
62.3, 52.8, 15.3, 11.8; MS caled for Cj4H,,0; (M* - SPh) 233.1178,
found 233.1143. Further elution (9:1 petroleum ether/EtOAc) gave the
anti adduct (61%): mp 203-204 °C (EtOAc); IR (CHCI,) 2982, 2943,
1859, 1778, 1461, 1443, 1385, 1312, 1153, 1131 em™; 'H NMR (300
MHz, CDCl,) 6 7.45-7.15 (m, 5 H), 3.13 (s, 2 H), 1.59 (s, 6 H), 1.51
(s, 6 H), 0.55 (s, 3 H); C NMR (CDCl,) 5 171.4, 1389, 138.6, 133.5,
129.2, 129.0, 82.8, 62.6, 51.9, 16.4, 12.3, 12.0; MS caled for C;¢H,,S
(M* - maleic anhydride) 244.1286, found 244.1278.

5. Benzylthio Diene 2 with Maleic Anhydride. Chromatography
(9.5:0.5 to 9:1 petroleum ether/EtOAc, sample dissolved in CH,Cl,)
afforded the syn adduct (6.5%): mp 98-100 °C (ether); IR (CHCl,)
2978, 2943, 1857, 1775, 1499, 1457, 1443, 1385, 1182, 1139, 1099, 1082
cm™; '"H NMR (300 MHz, CDCl,) § 7.35-7.25 (m, 5 H), 3.80 (s, 2 H),
3.56 (s, 2 H), 1.61 (s, 6 H), 1.38 (s, 6 H), .18 (s, 3 H); °C NMR
(CDCl3) 6 171.5,137.4, 136.6, 128.9, 128.7, 127.4, 65.9, 62.5, 52.8, 34.4,
14.6, 12.0, 11.6; MS caled for CsH,,S (M* - maleic anhydride)
258.1442, found 258.1452. Further elution (8.5:1.5 petroleum ether/
EtOAc) gave the anti adduct (52%): mp 183-185 °C (EtOAc-ether);
IR (CHCl,) 2980, 2942, 1860, 1780, 1499, 1457, 1383, 1311, 1105, 1082
em™!; 'H NMR (300 MHz, CDCl,) 6 7.35-7.15 (m, 5 H), 3.61 (s, 2 H),
3.20 (s, 2 H), 1.56 (s, 6 H), 1.43 (s, 6 H), 1.10 (s, 3 H); '*C NMR
(CDCl,) 6 170.5, 137.6, 137.5, 128.6, 128.1, 126.7, 79.0, 61.8, 51.2, 34.1,
15.0, 11.5, 11.1; MS caled for C);H;,S (M* - maleic anhydride)
258.1442, found 258.1479.

6. Methylsulfinyl Diene 10 with Maleic Anbydride. The anti adduct
18 was obtained in quantitative yield: mp 158-159 °C (CH,Cly~hexane);
IR (CHCl;) 2985, 2940, 1858, 1780, 1454, 1383, 1300, 1102, 1080 cm™,;
'H NMR (60 MHz, CD,COCD,) 6 3.62 (d, | H, J = 8 Hz), 3.42 (d,
| H,J =8 Hz), 2.33 (s, 3 H), 1.68 (s, 3 H), 1.63 (s, 3 H), 1.45 (s, 3 H),
1.35 (s, 3 H), 1.23 (s, 3 H); 1*C NMR (CDCl,) 6 169.9, 169.8, 139.1,
137.1, 88.3, 63.0, 59.4, 52.0, 52.0, 35.6, 13.0, 11.6, 11.5, 6.88; MS calcd
for C,sH,,04 296.1083, found 296.1093.

7. Methylsulfonyl Diene 11 with Maleic Anhydride. Reaction was
conducted in benzene/acetone. The anti adduct 19 was obtained in
quantitative yield: mp 187-189 °C (CHCl,); IR (CHCl;) 2940, 1863,
1780, 1455, 1405, 1389, 1300, 1168, 1146, 1124, 1102, 1080, 958, 920
cm™; 'H NMR (60 MHz, CD;COCD;) 6 3.54 (s, 2 H), 2.71 (s, 3 H),
1.71 (s, 6 H), 1.55 (s, 6 H), 1.33 (s, 3 H); 3C NMR (CD,COCD;,) é
171.5, 138.0,92.8, 60.2, 53.1, 45.4, 12.5, 11.5, 10.9; MS calcd for C,s-
HyoOs 312.1032, found 312.1032.

8. Amino Diene 6 with N-Phenylmaleimide. Reaction was conducted
in methylene chloride. The syn adduct 29 was obtained in quantitative
yield: mp 137-138 °C (EtOAc); IR (CHCI,) 3525, 3448. 2963, 2929,
2874, 1769, 1703, 1598, 1493, 1455, 1378, 1168 cm™; 'H NMR (300
MHz, CDCl;) 6 7.48-7.3 (m, 3 H), 7.06 (d, 2 H, J = 7.5 Hz), 3.22 (s,
2 H), 1.60 (s, 6 H), 1.30 (s, 6 H), 0.85 (s, 3 H); }3C NMR (CDCl,) &
177.4,135.1, 132.2, 129.1, 128.3, 126.6, 78.1, 60.3, 51.3, 18.0, 11.4, 10.9;
MS calcd for ConuNzOz 324.1838, found 324.1837.

9. N-Acetylamino Diene 7 with N-Phenylmaleimide. Reaction was
conducted in methylene chloride. Chromatography (9.7:0.3 CHCl,/
MeOH) gave a very small quantity of the anti adduct: 'H NMR (300
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MHz, CDCl,) 6 7.5-7.3 (m, 3 H), 7.05 (d, 2 H, J = 7.2 Hz), 5.2 (br s,
1 H), 3.10 (s, 2 H), 1.91 (s, 3 H), 1.67 (s, 6 H), 1.49 (s, 3 H), 1.42 (s,
6 H). Further elution gave the syn adduct 30 in almost quantitative yield:
mp 267-269 °C (EtOAc/MeOH); IR (CHCl,) 3437, 2929, 2874, 1769,
1709, 1598, 1493, 1449, 1378, 1278, 1168, 1151, 1091 cm™; 'H NMR
(300 MHz, CDCl,) 6 7.43-7.35 (m, 3 H), 7.05 (d, 2 H, J/ = 7 Hz), 5.27
(s, 1 H),3.15(s,2 H), 1.98 (s, 3 H), 1.60 (s, 6 H), 1.43 (s, 6 H), 1.28
(s, 3 H); *C NMR (CD,COCD;) 4 177.2, 170.1, 134.9, 131.9, 129.2,
128.6, 126.5, 80.4, 60.9, 50.8, 24.6, 12.6, 12.0, 11.4; MS calcd for Cy,-
H,¢N,O; 366.1942, found 366.1946.

10. N-Acetylamino Diene 7 with Maleic Anhydride. The syn adduct
was obtained in quantitative yield: mp 217-218 °C (EtOAc); IR (CH-
Cly) 3437, 2940, 1858, 1775, 1692, 1493, 1449, 1383, 1372, 1273, 1151,
1102, 1080, 914 cm™; 'H NMR (300 MHz, CD,COCD;) § 6.61 (br s,
| H), 3.69 (s, 2 H), 1.90 (s, 3 H), 1.57 (s, 6 H), 1.39 (s, 6 H), 1.25 (s,
3 H); 3C NMR (CD,COCD,) § 172.9, 170.7, 136.5, 81.3, 62.0, 52.6,
24.0, 12.4, 12.3, 11.3; MS caled for C,¢H;NO, 291.1470, found
291.1474.

Cycloaddition of 1,2,3,4-Tetramethylfulvene with Maleic Anhydride.
A solution of alcohol 13 (prepared from sulfoxide 10, 0.291 g, 1.47 mmol)
in anhydrous THF (7 mL) was added to a mixture of sodium hydride
(0.070 g, 1.75 mmol, 60% oil dispersion) and anhydrous THF (1 mL)
under N,. The solution was stirred for 45 min and then cooled to ~78
°C, and acetyl bromide (0.16 mL, 2.16 mmol) was added. The reaction
mixture was warmed to ~ =5 °C, stirring was continued for 3 days, then
maleic anhydride (0.288 g, 2.94 mmol) was added, and, after an addi-
tional 30 min at ~ -5 °C, the solution was allowed to warm to room
temperature. After stirring for 19 h, the reaction mixture was concen-
trated. Chromatography (9.5:0.5 and 8:2 petroleum ether/EtOAc, sam-
ple dissolved in CH,Cl,) afforded the adduct (0.142 g, 42% from 10):
mp 113-114 °C (ether/hexane); IR (CHCl;) 2963, 2929, 2874, 1858,
1775, 1681, 1455, 1438, 1383, 1311, 1107, 1074, 914, 892 cm™; 'H
NMR (300 MHz, CDCl3) 4 4.20 (s, 2 H), 3.19 (s, 2 H), 1.66 (s, 6 H),
1.53 (s, 6 H); '*C NMR (CDCl;) 6 170.6, 167.5, 138.5, 87.2, 55.7, 53.1,
12.3, 11.0; MS calcd for C,4H,,0; 232.1099, found 232.1078.

Conversion of anti-Methyithio Adduct 17 into anti-Methylsulfinyl
Adduct 18. m-Chloroperbenzoic acid (0.013 g, 0.061 mmol, 80-85%) in
CH,Cl; (2 mL) was added to a solution of 17 (0.017 g, 0.061 mmol) in
CH,Cl; (2mL) at-78 °C. The reaction mixture was stirred for 15 min,
then 5% (w/v) aqueous NaHCO, (5 mL) was added, and the solution
was allowed to warm to room temperature. The aqueous layer was
extracted with EtOAc (3 X 5 mL), and the combined EtOAc layers were
washed with 5% NaHCO; (1 X 5 mL) and H,O (I X 5 mL). The
CH,Cl, layer was washed with H;O (1 X 5 mL), and the combined
organic layers were dried, filtered and concentrated to give the adduct
18 (0.015 g, 83%).

Preparation of syn-Methylsulfinyl Adduct 23. m-Chloroperbenzoic
acid (0.020 g, 0.093 mmol, 80-85%) was added to a solution of the syn
thiomethyl adduct 22 (0.026 g, 0.093 mmol) in CH,Cl, (5 mL) at -78
°C. The reaction mixture was stirred for 45 min, then allowed to warm
to room temperature, and 5% NaHCO, was added. The aqueous layer
was extracted with CH,Cl, (3 X 5 mL), and the combined CH,Cl, layers
were washed with 5% NaHCO; (1 X 10 mL) and H,O (1 X 10 mL),
then dried, filtered, and concentrated to give 23 (0.025 g, 91%): mp
137-138 °C (CH,Cl,/hexane); IR (CHCI,) 2940, 1858, 1775, 1455,
1383, 1295, 1096, 1080, 914 cm™'; '"H NMR (60 MHz, CD,COCD;) §
394(d, | HJ =8 Hz),3.68 (d, | H, J = 8 Hz), 2.53 (s, 3 H), 1.61 (s,
6 H), 1.50 (s, 3 H), 1.40 (s, 3 H), 1.09 (s, 3 H); *C NMR (CDCl,) &
170.3, 139.1, 137.2, 83.6, 62.5, 59.1, 52.8, 51.7, 35.4, 12.9, 12.6, 1 1.5,
11.4, 6.0; MS caled for C,¢H,,0; (M* — SOMe) 233.1178, found
233.1178.

Conversion of anti-Methylthio Adduct 17 into anti-Methylsulfonyl
Adduct 19. m-Chloroperbenzoic acid (0.44 g, 0.210 mmol, 80-85%) was
added to a solution of 17 (0.028 g, 0.100 mmol) in CH,Cl, (5 mL) at
-78 °C. The solution was stirred for 40 min and then allowed to warm
to room temperature. After 6 h, CH,Cl, (5 mL) was added, and the
solution was refluxed for 16 h. The reaction mixture was allowed to cool
to room temperature, and 5% aqueous NaHCO, (5 mL) was added. The
aqueous layer was extracted with CH,Cl, (3 X 5 mL), and the combined
CH,Cl, layers were washed with 5% aqueous NaHCO; (1 X 10 mL) and
H,O (1 x 10 mL), then dried, filtered, and concentrated to give 19 (0.025
g, 81%).

Preparation of syn-Methylsulfonyl Adduct 24. m-Chloroperbenzoic
acid (0.038 g, 0.179 mmol, 80-85%) was added to a solution of the syn
thiomethyl adduct 22 (0.025 g, 0.0893 mmol) in CH,Cl, (5 mL) at -78
°C. The solution was stirred for 30 min and then allowed to warm to
room temperature. After S h, CH,Cl, (5 mL) was added, and the so-
lution was refluxed for 16 h. The reaction mixture was allowed to cool
to room temperature, additional m-chloroperbenzoic acid (0.019 g) was
added, stirring was continued for 4 h, and 5% aqueous NaHCO, (5 mL)
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was added. The aqueous layer was extracted with CH,Cl; (3 X 5 mL),
and combined CH,Cl, layers were washed with 5% aqueous NaHCO,
(1 X 10 mL) and H,0O (1 X 10 mL), then dried, filtered, and concen-
trated. Chromatography (9.9:0.1 CHCl;/MeOH) afforded 24 (0.019 g,
68%): mp 169-171 °C (EtOAc/ether); IR (CHCl,) 2940, 1858, 1775,
1604, 1455, 1383, 1300, 1146, 1096, 1085, 958, 914 cm™; 'H NMR (60
MHz, CD;COCD,) § 3.97 (s, 2 H), 2.95 (s, 3 H), 1.61 (s, 6 H), 1.56
(s, 6 H), 1.37 (s, 3 H); MS calcd for C,4H,,0, (M* - SO,Me) 233.1178,
found 233.1155.

Procedure for the Conversion of Mercapto Adducts 15 and 20 into
Methyithio Adducts 16 and 21, Respectively. Diazabicyclo[5.4.0lun-
decene (DBU) (19 pL, 0.123 mmol) and CH,I (0.1 mL, 1.6 mmol) were
added to a solution of the mercapto adduct (0.021 g, 0.0616 mmol) in
anhydrous benzene (10 mL). The reaction mixture was stirred for 2
days, then washed with 1| N HCI (3 X 10 mL) and H,O (1 X 10 mL),
dried, filtered, and concentrated to give the corresponding thiomethyl
adduct (0.022 g, quantitative yield).

Conversion of Amino Adduct 29 into syn-N-Acetylamino Adduct 30.
Acetic anhydride (0.5 mL) and pyridine (0.5 mL) were added to a so-
lution of 29 (0.023 g, 0.071 mmol) in CH,Cl, (7 mL). The solution was
stirred for 23 h, then toluene was added, and the solution was concen-
trated to give 30 (0.026 g, quantitative yield).

Preparation of O-Acetyl Adduct 28. (Dimethylamino)pyridine
(DMAP) (0.025 g, 0.202 mmol) and acetic anhydride (0.2 mL, 2.0
mmol) were added to a solution of the hydroxy adduct 27 (0.046 g, 0.184
mmol) in anhydrous benzene (8 mL). The solution was refluxed for 3.5
days. Additional 4-(dimethylamino)pyridine (0.045 g) and acetic an-
hydride (0.2 mL) were added, and refluxing was continued for 2 more
days. TLC showed that the reaction was still incomplete: however, the
solution wsa allowed to cool, diluted to 5 mL with EtOAc, washed with
5% (v/v) HCI (1 X 10 mL) and brine (I X 10 mL), dried, filtered, and
concentrated. Chromatography (8:2 petroleum ether/EtQAc) yielded
28 (0.030 g, 52%): mp 136—138 °C (ether); IR (CHCl,) 2940, 1858,
1775, 1455, 1372, 1317, 1140, 1113, 1080, 1013, 947, 914 cm™; 'H
NMR (60 MHz, CDCl,) 6 3.31 (s, 2 H), 2.00 (s, 3 H), 1.56 (s, 6 H),
1.36 (s, 6 H), 1.30 (s, 3 H); 3C NMR (CDCl;) 6 171.4, 169.3, 135.8,
101.6, 60.9, 51.8,22.0, 12.2, 11.6, 11.2; MS calcd for CygHyOs 292.1313,
found 292.1285.

Conversion of Methoxy Adduct 26 into Chloro Adduct 25 and Hydroxy
Adduct 27. Anhydrous sodium iodide (0.031 g, 0.205 mmol) and tri-
methylchlorosilane (27 uL, 0.205 mmol) were added to a solution of 26

(0.054 g, 0.205 mmol) in anhydrous CH,CN (2 mL).# The stirred
reaction mixture was monitored by TLC. After 18 h fresh trimethyl-
chlorosilane (27 uL) was added, and 26 h later additional sodium iodide
(0.031 g) and trimethylchlorosilane (27 pL) were added. After a total
of 3.5 days, further sodium iodide (0.093 g) and trimethylchlorosilane
(0.1 mL) were added. Twenty-four hours later the reaction mixture was
quenched with H,O (10 mL). The solution was extracted with ether (3
X 10 mL), and the combined ether extracts were washed with 5%
aqueous (w/v) sodium thiosulfate (1 X 10 mL) and brine (1 X 10 mL),
then dried, filtered, and concentrated. Chromatography (1:1 petroleum
ether/benzene) (sample dissolved in benzene) yielded the chloro adduct
25 (0.027 g, 49%) and hydroxy adduct 27 (0.011 g, 22%) (9:1 benz-
ene/acetone).
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Abstract: The synthesis and selective molecular recognition of a new type of cylindrical, macrotricyclic receptor (1) having
crown ether and cyclophane subunits as binding sites and a large hydrophobic cavity are described. Receptor 1 was synthesized
by the stepwise construction of three individually prepared subunits: bis(p-toluenesulfonamido)dibenzo- 18-crown-6 (6);
diaminocyclophane (7); ethyl 4’-(bromomethyl)biphenyl-4-carboxylate (8). The interaction of 1 and various (w-phenyl-
alkyl)ammonium picrates 2, for which the number of methylene units varies from 3 to 9, was examined, and they were found
to form 1/1 complexes. The selectivity of 1 for 2 was evaluated by comparing the stability constants (K,’) of these complexes.
The K values were calculated on the basis of the chemical shift changes of the protons in 2 on varying the 1/2 ratio. The
K’ values of the complexes with (5-phenylpentyl)ammonium (2¢) and (6-phenylhexyl)ammonium picrates (2d) were more
than 3 times as large as those of the other complexes; i.e., 1 showed selective molecular recognition for 2. The selectivity could
result from a cooperative phenomenon involving the electrostatic and hydrophobic interactions between the crown ether subunit
and the ammonium group and between the cyclophane subunit and the phenyl group, respectively.

An understanding of the underlying factors in the selective
molecular recognition of organic molecules for organic substrates
is very important and has a wide-ranging ramifications, especially

(1) Preliminary communication, see: Saigo, K.; Lin, R.-J.; Kubo, M.;
Youda, A.; Hasegawa, M. Chem. Letz. 1986, 519.

in the areas of chemistry and biochemistry. Naturally occurring
receptors have a three-dimensional cavity, whose shape plays an
important role in determining their binding ability for different
substrates, supplementing the effects of the various kinds of
nonbonding interactions and leading to stereo- and/or regiose-
lective responses.? In the past two decades many types of artificial
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