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secondary structure, as evidenced by the single minimum at ap-
proximately 200 nm, indicative of a random coil (Figure 2,
spectrum A). Reduction of the sample temperature to 4 °C did
not change the spectrum.

We also employed a two-dimensional (2D) ROESY experi-
ment'? to address the question of structure in GCN4(107-125),
Under conditions similar to those employed for the CD studies,
interresidue ROEs were not observed. If a significant fraction
of the population was a-helical, strong ROEs should have been
observed between the o and @ protons of the / and i + 3 residues.'?
In addition, the optical spectrum of GCN4(107-125)'% was
identical under native and denaturing conditions (data not shown),
indicating that the native conformation does not place the aromatic
residues in a solvent-restricted environment. Thus, CD, UV, and
NMR experiments all demonstrate that GCN4(107-125) does
not adopt a stable secondary structure in aqueous solution at
neutral pH.

Can secondary structure be induced in GCN4(107-125)?
Figure 2 shows the results of adding increasing amounts of tri-
fluoroethanol (TFE)." Although changes in the CD spectrum
are apparent, they are not consistent with a large increase in
a-helicity. The spectrum recorded in 75% TFE (C in Figure 2)
suggests at most 20% a-helix content.’* Other additives were
also tested: monovalent salts (100 mM KCl), divalent salts (100
mM MgCl,), and poly-1-lysine (a crude model for the putative
positively charged protein GCN4 contacts in vivo). All failed to
induce significant secondary structure as judged by CD (data not
shown).

In summary, GCN4(107-125) does not adopt a stable sec-
ondary structure in solution nor does it have much helix-forming
potential. However, our findings do not preclude the possibility
that this peptide adopts a specific conformation in the presence
of its in vivo target protein. Many peptides of this size or smaller
exhibit significant secondary structure,'® so the lack of structure
in GCN4(107-125) is not simply due to its modest size. We
believe these results are biologically relevant since a fusion protein
containing GCN4(107-125) and no other GCN4 residues does
activate transcription.” Nonetheless, it is important to note that
GCN4(107-125) is a weak activator compared to the intact
GCN4 protein and represents only a fragment of the true acti-
vation domain.?® This modest activation potential is typical of
a variety of short acidic peptides that have been examined in
vivo.?2517 It may be that they are weak activators precisely
because they lack structural elements found in potent AADs. This
view is supported by our preliminary studies with GCN4(107-
144), a peptide that corresponds more closely to the full activation
domain and is a much more potent activator in vivo. The CD
spectrum of GCN4(107-144) suggests a significant amount of
structure, but mostly 3-sheet rather than a-helix (M.V.H. and

(11) Each sample contained 0.8 mM GCN4(107-125) and 20 mM NaPO,
(pH 7.6). Samples were scanned 10 times in a J600 spectropolarimeter using
a 0.01 cm path length cell at 23 °C. Each spectrum was corrected for
background by subtraction of an identical sample lacking peptide.

(12) (a) GCN4(107-125) (2 mM), 5 mM NaPO, (pD 7.6). All of the
protons were assigned by a standard strategy'?® involving a double-quantum
phase-sensitive COSY experiment in D,O in conjunction with ROESY and
double-quantum phase-sensitive COSY experiments in DMSO-d,. A ROESY
experiment was employed because the 2D NOESY spectrum did not reveal
any cross peaks. (b) Wiithrich, K. NMR of Proteins and Nucleic Acids;
Wiley: New York, 1986.

(13) The sample contained 0.042 mM GCN4(107-125) and 24 mM
NaPO, (pH 7.6) for the native study and was scanned from 400 nm to 240
nmin a 1.0 cm path length cell at 23 °C. Samples for denaturing studies were
identical to that for the native study except that they contained up to 8.0 M
urea, 5.7 M guanidinium hydrochloride, or 0.75 M sodium dodecyl sulfate.

(14) Lehrman, S. R.; Tuls, J. L.; Lund, M. Biochemistry 1990, 29,
5590-5596.

(15) Determined using the Jasco J600 structural analysis program.

(16) (a) O’Neil, K. T.; DeGrado, W. F. Science 1990, 250, 646-651. (b)
Bradley, E. K.; Thomason, J. F.; Cohen, F. E; Kosen, P. A,; Kuntz, 1. D. J.
Mol. Biol. 1990, 215, 607-622. (c) Lyuy, P. C; Liff, M. 1.; Marky, L. A;;
Kallenbach, N. R. Science 1990, 250, 669-673.

(17) Ma, J.; Ptashne, M. Cell 1988, 55, 443-446.

(18) (a) DeGrado, W. F; Kezdy, F. J,; Kaiser, E. T. J. Am. Chem. Soc.
1981, /03, 679-681. (b) Bello, J.; Bello, H. R.; Granados, E. Biochemistry
1982, 21, 461-465.
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T.K., unpublished results). Detailed structural studies of
GCN4(107-144) are underway,
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The search for fundamentally new photochemical reactions is
arduous and only occasionally successful. However, this has
remained one of our main goals. Our previous studies of the
photochemistry of vinylcyclopropenes® led us to explore the
chemistry of acyl- and imino-substituted cyclopropenes, both of
which have been postulated® to be intermediates in the photo-
chemical isomerizations of furans and pyrroles. We now report
(1) a remarkable dependence of the photochemistry of acyl-
cyclopropenes on multiplicity wherein the triplets rearrange
smoothly to furans, (2) evidence for a reaction mechanism of the
triplet rearrangement of the acylcyclopropenes different from that
of the corresponding vinylcyclopropenes, (3) a striking dependence
of the photochemistry on the substituent at C-3, (4) the first
synthesis of an iminocyclopropene and the general stability of the
acyl compounds, and (5) the triplet rearrangement of the imi-
nocyclopropenes to pyrroles.

In our studies?? of the photochemical rearrangements of vi-
nylcyclopropenes to cyclopentadienes, we determined that four
mechanisms were possible for the rearrangement and that the
triplet excited state utilized an unusual mechanism quite different
from the singlet, Hence we were interested in the behavior of the
isoconjugate acyl- and imino-substituted cyclopropenes, One
example is illustrated in eq 1 for acylcyclopropene 1.
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i 0 Ph
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LN \@/ + + N—pn
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PH Ph when Ph Ph Ph h oh
1 2 3 4
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singlet and singlet singlet
triplet

multiplicity:

In contrast to the direct irradiation which affords a multiplicity
of products,* thioxanthone (or (N,N-dimethylamino)benzo-
phenone) sensitization led exclusively to 2,3,4-triphenyl-5-
methylfuran (2); cf, eq 1. This initial success with the triplet
photochemistry of an acylcyclopropene prompted us to attempt
a synthesis of the hitherto unknown iminocyclopropene coun-
terparts, The (benzoylimino)cyclopropene § was obtained by
phenyllithium addition to 3-cyano-1,2,3-triphenylcyclopropene

(1) (a) This is publication No. 162 of our photochemical series. (b) For
paper 161 see: Zimmerman, H. E.; Heydinger, J. A. J. Org. Chem. 1991, 56,
1747-1758.

(2) (a) Zimmerman, H. E.; Aasen, S. M. J. Org. Chem. 1978, 43,
1493-1506. (b) Zimmerman, H. E.; Hovey, M. C. J. Org. Chem. 1979, 44,
2331-2345. (c) Zimmerman, H. E.; Bunce, R. A. J. Org. Chem. 1982, 37,
3377-3396. (d) Zimmerman, H. E.; Fleming, S. A. J. Am. Chem. Soc. 1983,
105, 622-624.

(3) (a) Note also the simultaneous discovery of the singlet rearrangement
by Padwa and co-workers.*® (b) Padwa, A.; Blacklock, T. J.; Getman, D.;
Hatanaka, N. J. Am. Chem. Soc. 1977, 99, 2344-2345. (c) Under our
conditions we have not encountered reactivity with oxygen of acylcyclo-
propenes observed in ref 4a.

(4) (a) Padwa, A.; Akiba, M,; Chou, C. S,; Cohen, L. J. Org. Chem. 1982,
47, 183-191. (b) We have confirmed this singlet behavior.
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Scheme I. Mechanism C
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Scheme II. Mechanism D
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(6).>% Thioxanthone sensitization of 5§ led to 2,3,4,5-tetra-
phenylpyrrole (7) as the primary product. This transformation
is outlined in eq 2.

{ad H

PR Ph hy Ph NYP"
sone \ / (2)
PR Ph ph Ph
5 7

These results contrast with the behavior of acylcyclopropenes
bearing hydrogen at C-3; thus we have confirmed literature re-
ports” that 3-acetyl-1,2-diphenylcyclopropene (10) and 3-
benzoyl-1,2-diphenylcyclopropene (11) lead only tosyn 2, + 2,
cycloaddition products.

With these exploratory experiments in hand, we proceeded to
investigate the reaction mechanism of the triplet acylcyclopropene
rearrangement. For this purpose we investigated 3-acetyl-2,3-
diphenyl-1-p-tolylcyclopropene (8) and 3-acetyl-1,2-diphenyl-3-
p-tolylcyclopropene (9). These rearranged analogously under
sensitized conditions as described below in eqs 3 and 4. In the
case of the triplet vinylcyclopropene rearrangement, there were
four potential mechanisms. Their acyl counterparts are illustrated
in Schemes I-1V. Comparison of the photoproducts with the
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mechanistic Schemes I-IV shows that all four mechanisms (i.e.
A-D) could account for the observed products. Mechanism C
seemed particularly attractive, since it begins with the first step
of the oxa-di-r-methane rearrangement and is the mechanism used
by the vinylcyclopropene counterparts.

(5) (a) This differs from the observation of Breslow,™ who reported the
reaction to give rise to 2,3,4,5-tetraphenylpyrrole under somewhat different
conditions. The postulated mechanism of formation of the pyrrole proceeded
via the conjugate base of the imine. (b) Breslow, R.; Boikess, R.; Battiste,
M. Tetrahedron Lett. 1960, 42-44,

(6) All new compounds afforded acceptable elemental analyses and spec-
tral data.

(7) Obata, N.; Moritani, 1. Bull. Chem. Soc. Jpn. 1966, 39, 2250-2255.
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Scheme III. Mechanism A
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However, reference to Scheme I reveals an inconsistency of
Mechanism C. In this scheme we utilize dashed arrows for
pathways originating with the 1-tolylcyclopropene 8 and dotted
arrows for pathways originating with the 3-tolylcyclopropene 9.
In Mechanism C, diradical 22 correctly leads from 1-tolylcyclo-
propene 8 to one experimentally observed photoproduct, namely
the 3-tolylfuran 16. The counterpart diradical 24 accounts for
the second photoproduct, the 2-tolylfuran 15, obtained from the
starting triplet (i.e. from 38*). Also, in the reaction of the triplet
of the 3-tolylcyclopropene 9 the same diradical 24 is utilized to
provide a route to the 4-tolylfuran 17.

The inconsistency is that diradical 24 is thus postulated as giving
the 4-tolylfuran 17 when starting with reactant 9 (note the dotted
arrow) while giving the 2-tolylfuran 15 when derived from reactant
8 (note the dashed arrow), Since partition of the intermediate
needs to be independent of its source, Mechanism C cannot be
operating.

Mechanism D, outlined in Scheme II, has precedent in the
well-known oxetane formation by Paterno—Biichi cycloaddition
of ketones to alkenes.! However, again there is an inconsistency
in tricyclic intermediate 26 giving rise to 3-tolylfuran 16 when
generated from triplet 1-tolylcyclopropene 8 and leading to the
4-tolylfuran 17 when formed from the triplet of 3-tolylcyclopropene
9. Thus we can exclude this mechanism as well.

The remaining two mechanisms, A and B, are outlined in
Schemes III and IV, These are structurally equivalent in the sense
of having the same bonds formed and broken; however, they differ
in chronology. In Mechanism A, there is initial C-O bonding
followed by fission of a three-ring bond, while in Mechanism B,
the three-ring bond is broken first followed by formation of the
C-O bond. While Mechanism A involves an oxahousane diradical
and Mechanism B involves a triplet carbene, the two are really
just extremes in a mechanistic continuum. Nevertheless, we note
that there is strong evidence from previous studies by Padwa,
Pincock, and our own group’ that, in contrast to the singlet
counterparts, triplet cyclopropenes do not undergo ring fission.
This leaves Mechanism A for the rearrangement. A remarkable
feature is that the mechanism (i,e. A) utilized by the acylcyclo-
propenes differs from that (i.e. C) used by the vinylcyclopropenes
of our earlier studies.?

(8) For a review see: Jones, G. Org. Photochem. 1981, 5, 1-122.

(9) (a) Pincock, J. A.; Boyd, R. J. Can. J. Chem. 1977, 55, 2482-2491.
(b) Pincock, J. A.; Moutsokapas, A. A. Ibid. 1977, 55, 979-985. (c) See ref
2c. (d) Padwa, A. Org. Photochem. 1979, 4, 261-329. (e) See ref 2d.



J. Am. Chem. Soc. 1992, 114, 365-366 365

Acknowledgment, Support of this research by the National
Science Foundation is gratefully acknowledged as is support of
early stages by NIH Grant GM07487.

Registry No, 5, 137570-31-1; 6, 79919-09-8; 7, 3263-79-4; 8,
137570-32-2; 9, 137570-33-3; 10, 4400-53-7; 11, 2892-41-3; 15,
137570-34-4; 16, 137570-35-5; 17, 137570-36-6.

Supplementary Material Available: Details of the general
photolysis conditions and preparative information as well as
quantum yleld determinations and runs and a table of thioxanthone
sensitized quantum yields (3 pages). Ordering information is given
on any current masthead page.

Molecular Recognition: Bis-Acylguanidiniums Provide
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Recent reports from this! and other laboratories? have shown
that molecules containing several hydrogen-bonding groups di-
rected into a cleft or cavity can effectively recognize neutral
substrates. For example, 2-(acylamino)pyridine derivatives form
strong complexes with carboxylic acids'? via a neutral bidentate
hydrogen-bonding interaction (1). We were interested in extending
this directed hydrogen-bonding approach to anionic substrates such
as phosphate and carboxylate. A straightforward strategy would
involve protonating the pyridine to form the bidentate ion pair
2. However, crystals grown from a 1:1 mixture of 2,6-dibutyz-
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amidopyridine (3) and diphenylphosphoric acid® show, in the solid
state (Figure 1), that while proton transfer occurs the cyclic
bidentate complex does not. Instead, the N—pyridine bonds rotate
180° to form two intramolecular hydrogen bonds between the
pyridinium H and amide CO and two intermolecular hydrogen
bonds between the amide NHs and two phosphate units,*

An intramolecular hydrogen bond of this type might be ex-
ploited as a rigidifying element in receptor design if an additional
binding group were positioned at a site corresponding to the
pyridine 3-carbon in 3. This arrangement exists in 2-(acyl-
amino)imidazolines, 4, and a crystal structure of 2-(benzoyl-

(1) (a) Garcia-Tellado, F.; Goswami, S.; Chang, S. K.; Geib, S.; Hamilton,
A. D. J. Am. Chem. Soc. 1990, 112, 7393. (b) Goswami, S.; Van Engen, D,;
Hamilton, A. D. J. Am. Chem. Soc. 1989, 111, 3425. (c) Chang, S. K,;
Hamilton, A. D. J. Am. Chem. Soc. 1988, 110, 1318. (b) Muehldorf, A. V;
Van Engen, D.; Warner, J. C.; Hamilton, A. D. J. Am. Chem. Soc. 1988, 110,
6561.

(2) Jeong, K. S.; Tjivikua, T.; Muehldorf, A.; Deslongchamps, G.; Famu-
lok, M.; Rebek, I, Jr. J. Am. Chem. Soc. 1991, 113, 201. Liu, R.; Sanderson,
P.E.J,; Still, W.C. J. Org. Chem. 1990, 55, 5184. Hegde, V.; Madhukar,
J. D.; Thummel, R. P. J. Am. Chem. Soc. 1990, 112, 4549. Jeong, K.-S,;
Muehldorf, A. V.; Rebek, 1., Jr. J. Am. Chem. Soc. 1990, 112, 6144. Tanaka,
Y.; Kato, Y.; Aoyama, Y. J. Am. Chem. Soc. 1990, 112, 3910. Whitlock,
B. J.; Whitlock, H. W. J. Am. Chem. Soc. 1990, /12, 3910. Rebek, J., Jr.
Acc. Chem. Res. 1990, 23, 399. Adrian, J. C.; Wilcox, C. S. J. Am. Chem.
Soc. 1989, /11, 8055. Chapman, K. T.; Still, W. C. J. Am. Chem. Soc. 1989,
111,3075. Zimmerman, S. C.; Wu, W. J. Am. Chem. Soc. 1989, 111, 8054.
Bell, T. W.; Liy, J. J. Am. Chem. Soc. 1988, 110, 3673. Kelly, T. R;;
Maguire, M. P. J. Am. Chem. Soc. 1987, 109, 6549.

(3) Dissolved in CH,Cl,~hexane.

(4) This solid-state hydrogen-bonding motif appears to be general for
2,6-di(acylamino)pyridinium diphenylphosphate salts: Geib, S. J.; Hirst, S.
C.; Vicent, C.; Hamilton, A. D. J. Chem. Soc., Chem. Commun. 1991, 1283.
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amino)imidazoline (Figure 2) showed that an intramolecular
hydrogen bond between one ring NH and the benzoyl CO was
present, In addition, the other NH and the acyl N were positioned
to form a cyclic bidentate interaction with a second molecule. On
the basis of our earlier studies of phosphorodiamidate recognition,’
we reasoned that linking two protonated aminoimidazolines
through an isophthalic acid spacer should lead to a simple receptor
for phosphate ester anions.

Reaction of dimethyl isophthalate with 2-aminoimidazolinium
p-toluenesulfonate in MeOH and NaOMeS$ followed by alumina
chromatography (CH,Cl,-MeOH, 50:1 eluent) gave the corre-
sponding bis-2-(acylamino)imidazoline in 16% yield, The basicity
of (acylamino)imidazolines (pK, = 7.09) is reduced relative to
aminoimidazolines (pK, = 13.58);” however, they can be readily
protonated, and treatment with picric acid gave the dicationic
receptor 5, An even simpler receptor, 6,% containing two acyl-
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5 ( picrate), (picrate), 6

guanidinium groups can be formed from the reaction of guani-
dinium hydrochloride and dimethyl isophthalate.® Both 5 and
6 could be converted into their tetraphenylborate (TBP) salts by
treating the corresponding bis-hydrochloride with sodium tetra-
phenylborate, The 'H NMR spectrum of 6 in CD;CN shows three
broad signals due to guanidinium hydrogens a, b, and ¢ at 7.4,
8,2, and 11.2 ppm, respectively.’® The large downfield shift of
the b protons is consistent with the formation of an intramolecular
hydrogen bond to each of the isophthaloyl carbonyl groups, as
depicted in 6.! These provide additional rigidity to the molecule,

(5) Tecilla, P.; Chang, S. K.; Hamilton, A. D. J. Am. Chem. Soc. 1990,
112, 9586,

(6) Bicking, J. B.; Robb, C. M.; Kwong, S. F.; Cragoe, E. J. J. Med. Chem.
1967, 10, 598.

(7) Storey, B. T.; Sullivan, W. W_; Moyer, C. L. J. Org. Chem. 1964, 29,
3118.

(8) '"H NMR of 6 (CD;CN): 8 11.16 (br s, 2 H, CONH), 8.73 (s, 4 H,
picrate), 8.49 (s, 1 H, 2-isophth), 8.26 (br s, 4 H, endo NH), 8.17 (dd, J =
8,2 Hz, 2 H, 4,6-isophth), 7.69 (t, J = 8 Hz, 5-isophth), 7.40 (br s, 4 H, exo
NH).

(9) For other examples of guanidinium-containing synthetic receptors, see:
Dietrich, B.; Fyles, D. L.; Fyles, T. M,; Lehn, J. M. Helv. Chim. Acta 1979,
62,2763, Miiller, M.; Riede, J.; Schmidtchen, F. P. Angew. Chem., Int. Ed.
Engl. 1988, 27, 1516. Echaverren, A.; Galan, A,; Lehn, J. M,; de Mendoza,
J.J. Am. Chem. Soc. 1989, 111, 4994. Schmidtchen, F. P. Tetrahedron Lett.
1989, 4493,
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