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(80%); 1b was stable to extended irradiation in benzene solution
at 366 nm.

Reduction of 2a with lithium aluminum hydride gave the highly
crystalline saturated keto amine 3 in 90% isolated yield. An X-ray
diffraction study of 3 provided the molecular structure shown in
Figure 1. It is noteworthy that the solvolytic photorearrangement
of 1b results in cleavage of the dihydrofuran ring with overall
1,2-migration of the aryl nucleus.

A plausible mechanism for photorearrangement of 1b to 2a and
2b involves benzodihydrofuran rearrangement*® of 1b to an in-
termediate cyclopropanespiro-2,4-cyclohexadien-1-one, 4b. Ab-
normal Claisen rearrangement® of 4b (C—O migration of H,) does
not occur presumably because the resulting bridgehead olefin (not
shown) would have excessive ring strain. Instead, 4b reverts to
1b. In methanol, solvolytic opening of the cyclopropane ring in
4b gives the methyl ether 2a; in the presence of water, 4b gives
the alcohol 2b.

It was suspected that the failure to observe photorearrangement
of codeinone (1a) was a result of competing electron transfer
processes involving the tertiary amine group in 1a.1° To test this
supposition, the C(5)-methyl-substituted codeinone analogues Sa
and 5b were prepared from thebaine.!!

Irradiation of §a in methanol solution at 366 nm gave benzo-
pyran 7a in quantitative yield. This product presumably is formed
by photorearrangement of Sa to cyclopropanespiro-2,4-cyclo-
hexadien-1-one 4¢, from which abnormal Claisen rearrangement
involving the C(5) methyl substituent gives the intermediate
phenolic dienone 6a (not observed). An intramolecular Michael
addition would convert 6a to benzopyran 7a.
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Irradiation of S§b in benzene solution gave the dienone 6b as
the exclusive reaction product. In methanol, 5b gave a mixture
of 6b (44%) and pyran 7b (54%), which was separated by flash
chromatography on silica gel. Thus, solvolytic rearrangement of
4d in methanol is not competitive with the thermal abnormal
Claisen rearrangement to give 6b. Dienone 6b was converted to

(8) Flash photolysis studies of spiro[benzofuran-2(3H),1’-cyclohexane]-2-
carboxylic acid methyl ester* and a tetradeuterio derivative provided spec-
troscopic evidence for the 2,4-cyclohexadien-1-one chromophore in the pho-
togenerated intermediate as well as activation parameters and a deuterium
isotope effect for the thermal abnormal Claisen rearrangement to a-(1-
cyclohexenyl)-2-hydroxybenzeneacetic acid methyl ester; see: Wisniewski, K.
Ph.D. Thesis, Rensselaer Polytechnic Institute, 1985.

(9) Hansen, H.-J. In Mechanisms of Molecular Migrations; Thyagarajan,
B. S,, Ed.; Wiley: New York, 1971; Vol. 3,p 177.

(10) (a) For the electron-transfer photochemistry of cyclohexenone in the
presence of triethylamine, see: Schuster, D. I; Insogna, A. M. J. Org. Chem.
1991, 56, 1879 and references cited therein. (b) For electron-transfer initiated
photocyclizations of aminoalkylcyclohexenones, see: Xu, W.; Mariano, P. S.
J. Am. Chem. Soc. 1991, 113, 1431 and references cited therein.

(11) (a) Boden, R. M.; Gates, M.; Ho, S. P.; Sundararaman, P. J. Org.
Chem. 1982, 47, 1347. (b) Gates, M.; Boden, R. M.; Sundararaman, P. J.
Org. Chem. 1989, 54, 972.

pyran 7b in quantitative yield by treatment with diethylamine in
CH,Cl,.

These data suggest that the apparent absence of photoreactivity
of 1a in benzene or methanol and 1b in benzene is a result of
reversible photorearrangements of 1to 4. The reaction 4a — 1a
might be initiated by photoexcitation of 4a followed by electron
transfer from the amine group to the cyclopropane-coupled enone
and dienone chromophores.’?  Such electron transfer is less
probable in carbamate 4b, although 4b might revert to 1b by
another, less efficient photochemical or thermal pathway.*®® In
both 4c and 4d, back reactions to Sa and Sb are not competitive
with the apparently efficient abnormal Claisen rearrangements.

Alternatively, there may be reversible photoinitiated electron
transfer in 1a, but with 5a photorearrangement to 4c may be faster
than the electron-transfer process. We reserve further discussion
of mechanistic questions until more detailed studies of 1a, 1b, 5a,
and 5b have been completed. The receptor binding and pho-
toaffinity properties of these and related opiate derivatives will
be reported in due course.
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(12) For the quenching of photoreduction of benzophenone by reversible
electron transfer from amines, see: (a) Davidson, R. S.; Lambeth, P. F. J.
Chem. Soc., Chem. Commun. 1968, 511. (b) Leonhardt, H.; Weller, A, Z.
Phys. Chem. (Frankfurt) 1961, 29, 277.
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The epoxidation of olefins by peroxy acids is a widely used
reaction of synthetic value and mechanistic interest.! The bi-
molecularity and stereospecificity of the process have been gen-
erally rationalized by the Bartlett “butterfly” transition structure,
shown as A, which was suggested over 40 years ago.? According
to this mechanism, an Sy2-like reaction takes place at the terminal
oxygen of the hydroperoxide group with the r HOMO of the olefin
approaching the ¢* LUMO of the O-O bond at 180°. An al-
ternative transition structure, which resembles a 1,3-dipolar cy-
cloaddition, has been suggested and is shown as B2 In this
communication we provide evidence based on the endocyclic re-
striction test that shows that the geometry at oxygen in this
reaction is consistent with the transition-structure geometry ex-
pected for A and inconsistent with that shown for B.4

(1) Prileschajew, N. Chem. Ber. 1909, 42, 4811, For summaries and
incisive reviews, see: PlesniGar, B. In The Chemistry of Peroxides; Patai, S.,
Ed.; John Wiley and Sons: New York, 1983; p 521. Rebek, J., Jr. Hetero-
cycles 1981, 15, 517. Dryuk, V. G. Tetrahedron 1976, 32, 2855. Sharpless,
K. B.; Verhoeven, T. R. Aldrichimica Acta 1979, 12, 63.

(2) Bartlett, P. D. Rec. Chem. Prog. 1950, 11, 47.

(3) Kwart, H.; Hoffman, D. M. J. Org. Chem. 1966, 31, 419. Kwart, H.;
Starcher, P. S.; Tinsley, S. W. J. Chem. Soc., Chem. Commun. 1967, 335.
See also: Mimoun, H. 4ngew. Chem., Int. Ed. Engl. 1982, 21, 734.

(4) Tenud, L.; Farooqg, S.; Seibel, J.; Eschenmoser, A. Helv. Chim. Acta
1970, 53, 2059. Hogg, D. R.; Vipond, P. W, J. Chem. Soc. C 1970, 2142,
For a discussion, see: Beak, P.; Basha, A.; Kokko, B.; Loo, D. J. Am. Chem.
Soc. 1986, 108, 6016.
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Our approach to distinguishing between transition structures
A and B involves the conversion of the peroxy acid olefins 3 and
4 to the acid epoxides 5 and 6, respectively.’ This application
of the endocyclic restriction test with different lengths of tethers
between the reactive groups allows limits to be placed on the
trajectory in the oxygen transfer. The geometry allowed by the
short tether of 3 is favorable for an intramolecular reaction through
a transition structure corresponding to B.6 In contrast, the butenyl
side chain of 3 is of insufficient length to allow the reaction to
occur intramolecularly under the alignment of a transition
structure corresponding to A, and the reaction should be inter-
molecular. The longer tether of 4, on the other hand, is of ade-
quate length for the double bond to achieve the geometry required
by the butterfly mechanism, and the reaction could be expected
to be intramolecular under appropriate conditions for either
transition structure A or B.
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Double-label experiments were carried out to distinguish be-
tween intramolecular and intermolecular processes. The p-
nitrophenyl esters 1 and 2, respectively, in THF-d; were treated
with a mixture of KOOH and K!30'"®OH (ca. 60% 1$0-'$0/40%
180-180) in separate experiments to give the peroxy acid anions
of 3 and 4 as a mixture of unlabeled and doubly labeled com-
pounds.” The p-nitrophenol was removed by extraction and
oxygen transfer initiated by acidification and extraction into
CDCl;. Conversions of the peroxy acids to the epoxy acids were
monitored by observing the disappearance of the peaks due to the
olefinic protons in the '"H NMR spectra. After 30 h the crude
products were treated with diazomethane, and the resultant
mixtures of esters 7 or 8 were isolated and analyzed by mass
spectrometry to determine the isotopic distribution. A completely

(5) In 1979 Corey noted the selective epoxndatxon of the C,, olefin in
eicosa-tetra- and -trienoic acids to be consistent with an intramolecular en-
docyclic reaction. Corey, E. J.; Niwa, H.; Falck, J. R. J. Am. Chem. Soc.
1979, 101, 1586.

(6) For examples of intramolecular 1,3-dipolar cycloadditions of nitrones,
see: Confalone, P. N.; Huie, E. M. Org. React. (N.Y.) 1988, 36, 1.

(7) Sawaki, Y.; Foote,C S.J. Am. Chem. Soc. 1979, 101, 6292. Groziak,
M. P.; Chern, J.-W.,; Townsend, L. B. J. Org. Chem. 1986, 5/, 1065.
McIntyre, C. R Scott F. E; Simpson, T. J.; Trimble, L. A; Vederas 1.C
Tetrahedron 1989 45, 2307.
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Table I. Isotopic Composition of 7 from 3¢
7, %

concn, reactants intra- inter- 7, %
M label? 3% molecular® molecular  exptl

0.01 0-%Q 574 57+ 4 4+3 35+£3
150-130 3+ 3+ 48+4 474
BO-180 40+4 40 £ 4 17£2 173

9Errors are calculated with the assumption of an error of %5 in the
relative intensities in the mass spectrum (peaks normalized to 100).
5The $0-"30 in the peroxy acid starting material is a consequence of
less than 100% 30 enrichment in the !%!80,(g) used as the source of
the label. “Theoretically expected values.

Table II. Isotopic Composition of 8 from 4°

8, %
conen, reactants intra- inter- 8, %
M label® 4, %  molecular’ molecular*  expt!
002 $0-%0 59+ 3 59+3 3243 52+ 3¢
60-130 3+ 3] 48+3 193

BO-B0 3843 8 +3 162 30+34
0.005 '0-'O0 51 +3 513 28+2 49+3
%0120 41 41 503 743
BO-180 45+ 3 45+ 3 2+2 43+3

2Errors are calculated with the assumption of an error of %5 in the
relative intensities in the mass spectrum (peaks normalized to 100).
5The 60-'%0 in the peroxy acid starting material is a consequence of
less than 100% '30 enrichment in the '#'¥0,(g) used as the source of
the label. “Theoretically expected values. 9The values calculated for
65% intramolecular and 35% intermolecular reaction are 51 £2, 19 £
1, and 30 =+ 2, respectively.

intramolecular reaction would result in the same label distribution
in the products as in the reactants whereas an intermolecular
reaction would lead to a statistical distribution of the labels in
the products.

The mass spectrometric results for the double-label experiment
of 3 at <0.01 M are listed in Table I along with the theoretical
values calculated for both the completely intramolecular and
completely intermolecular processes. The values obtained ex-
perimentally are in close agreement with those calculated for the
crossover of an intermolecular reaction. Appropriate controls were
carried out to ensure that scrambling of the label did not occur
in the reactants or the products.

When a double-label experiment was carried out with 4 at a
concentration of <0.02 M, the results were in accord with 265%
intramolecular reaction, as shown in Table II. Repetition of the
crossover experiment at <0.005 M gave an isotopic distribution
in agreement with 290% intramolecular reaction, as shown in
Table II.

Our results show that the conversion of 3 to § is an intermo-
lecular reaction and the conversion of 4 to 6 can be an intra-
molecular reaction under comparable conditions. The possible
8.5-membered transition structure from 3 does not meet the
geometric requirements needed for the oxygen to transfer intra-
molecularly. Oxygen transfer from the peroxy acid with a longer
tether, 4, occurs intramolecularly through a 16.5-membered
transition structure to the extent of 290%.

These results are consistent with the requirement that approach
of the olefin occurs at 180° to the O—O bond according to the
butterfly mechanism and transition structure A proposed by
Bartlett and supported by calculations.® These results are in-
consistent with transition structures corresponding to B. In essence,
the epoxidation can be categorized as an S\2 substitution at
oxygen with a transition structure in which the oxygen being
transferred is at the center of a trigonal bipyramid with the
entering and leaving groups in the apical positions, shown as C.°

(8) Lang, T. J.; Wolber, G. J.; Bach, R. D. J. Am. Chem. Soc. 1981, 103,
3275. Bach, R. D.; Owensby, A. L.; Gonzalez, C.; Schiegel, H. B.; McDouall,
J. J. W. J. Am. Chem. Soc. 1991, 113, 2338, Plesnidar, B.; Tasevski, M.;
AZman, A. J. Am. Chem. Soc. 1978, 100, 743, Bach, R. D.; Willis, C. L.;
Domagala, J. M. In Applications of MO Theory in Organic Chemistry;
Csizmadia, I. G., Ed.; Elsevier Scientific: Amsterdam, 1977; Vol. 2, p 221.
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The Bartlett mechanism has been widely used to rationalize the
results of olefin epoxidations by peroxides, and this determination
of the disposition of the atoms in the transition structure can be
reasonably extended to related oxygen-transfer reactions.

i ﬁTRz
OO !
R—(o b TCR,
Cc

Acknowledgment. We are grateful to the National Science
Foundation and the National Institutes of Health for support of
this work.

Supplementary Material Available: Experimental details and
spectral data for compounds 1, 2, 7, and 8 and experimental
procedures for double-label crossover experments and control
studies to rule out label scrambling (6 pages). Ordering infor-
mation is given on any current masthead page.

(9) We note that our work does not distinguish between spiro and planar
arrangements of the olefin, a topic discussed in detail by Rebek. See: Rebek,
1., Jr.; Marshall, L.; McManis, J.; Wolak, R. J. Org. Chem. 1986, 51, 1649.
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Helical structures are ubiquitous in nature and are essential
to life itself (e.g., polypeptides and nucleic acids). In recent years
chemists have discovered several metal-ligand combinations that
lead to spontaneous assembly of multicomponent helical and
double-helical structures.! In this communication, we report the
first examples of a new class of preorganized, monohelical poly-
pyridine ligands. These “molecular coils” composed of fused
six-membered rings wrap around guest ions, forming helical 1:1
complexes, Helicenes? such as [6]helicene (2) consist only of
angularly fused rings; their ideal, planar analogue is coronene (1).
Combination of angular with linear fusion of benzene rings leads
to planar cycloarenes® (e.g., kekulene, 3) and conceptually to
unknown, “expanded” carbocyclic helicenes, such as 4. Re-

(1) (a) Constable, E. C.; Holmes, J. M.; Raithby, P. R. Polyhedron 1991,
10, 127-132, (b) Lehn, J.-M. Angew, Chem., Int. Ed. Engl. 1990, 29,
1304-1319. (c) Constable, E. C.; Elder, S. M.; Healy, J.; Ward, M.; Tocher,
D. A.J. Am. Chem. Soc. 1990, 112, 4590-4592. (d) Constable, E. C.; Ward,
M. D.; Tocher, D. A. J. Am. Chem. Soc. 1990, 112, 1256-1258. (e) Koert,
U.; Harding, M. M.; Lehn, J.-M. Nature 1990, 346, 339-342. (f) Constable,
E. C. Nature 1990, 346, 314-315. (g) Dietrich-Buchecker, C. O.; Sauvage,
J.-P.; Angew. Chem., Int, Ed. Engl, 1989, 28, 189-192. (h) Lehn, J.-M.;
Rigault, A. Angew. Chem., Int. Ed. Engl. 1988, 27, 1095-1097. (i) Lehn,
J.-M.; Rigault, A.; Siegel, J.; Harrowfield, J.; Chevrier, B.; Moras, D. Proc.
Natl, Acad. Sci. US.A. 1987, 84, 2565-2569. (j) Vogtle, F.; Weber, E.
Angew. Chem., Int. Ed. Engl. 1979, 18, 753-17176.

(2) (a) Laarhoven, W. H.; Prinsen, W. J. C. In Topics in Current Chem-
istry, Vol. 125, Stereochemistry; Vogtle, F., Weber, E., Eds.; Springer-Verlag:
New York, 1984; pp 63-130. (b) Meurer, K. P.; Vogtle, F. In Topics in
Current Chemistry, Vol. 127, Organic Chemistry; Boschke, F. L., Ed.;
Springer-Verlag: New York, 1985; pp 1-76. See also; (c) Gupta, R. B.;
g(saglousgalain, M. K.,; Franck, R. W,; Blount, J. F. J. Am. Chem. Soc. 1991, 113,

-361.

(3) (a) Funhoff, D. J. H.; Staab, H. A. Angew. Chem., Int. Ed. Engl. 1986,
25,742-744. (b) Staab, H. A; Diederich, F.; Caplar, V. Liebigs Ann. Chem.
1983, 2262-2273, (c) Staab, H. A.; Diederich, F.; Krieger, C.; Schweitzer,
D. Chem. Ber. 1983, 116, 3504-3512, (d) Staab, H. A.; Diederich, F. Chem.
Ber. 1983, 116, 3487-3503. (e) Diederich, F.; Staab, H. A. Angew. Chem.,
Int. Ed. Engl. 1978, 17, 372-374,
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Figure 1. Syntheses of expanded heterohelicenes: (a) Me,NCH,CI,
CH,CN (95%); (b) NaOH, H,0, CH,C!,/CH;l/Et;N, CH,Cl, (78%);
(c) DMSO (55%); (d) O3, CH,Cl;, CH;0H/Me,S (92%); (e) NH,OAc,
DMSO0, 95 °C (22%); () +-BuOCH(NMe;,),, 80 °C (82%); (g) NH,BF,,
DMF, 150 °C.
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Figure 2. UV-visible absorption spectra of 12 and 12-Na*.

placement of internal C-H groups in cycloarenes with heteroatoms
gives torands,* such as 5,45 which tightly bind alkali metals.*

Both of the new “expanded” heterohelicenes (6 and 12) were
synthesized from 9-n-butyl-2,3,5,6,7,8-hexahydro-4(1H)-
acridinone (7) and 5-benzylidene-9-n-butyl-2,3,5,6,7,8-hexa-

(4) (a) Bell, T. W,; Liu, J. Angew. Chem., Int. Ed. Engl. 1990, 29,
923-925. (b) Bell, T. W.; Firestone, A.; Liu, J.; Ludwig, R.; Rothenberger,
S. D. In Inclusion Phenomena and Molecular Recognition; Atwood, J. L., Ed.;
Plenum Press: New York, 1990. (c) Bell, T. W ; Firestone, A.; Ludwig, R.
J. Chem. Soc., Chem. Commun. 1989, 1902-1904. (d) Bell, T. W_; Firestone,
A.; Guzzo, F.; Hu, L.-Y. J. Inclusion Phenom. 1987, 5, 149-152, (e) Bell,
T. W.; Firestone, A. J. Am. Chem. Soc. 1986, 108, 8109-8111,

(5) Dodecahydrohexaazakekulene: Ransohoff, J. E. B.; Staab, H. A.
Tetrahedron Lett. 1988, 26, 6179-6182.
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