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Summary: Di- and triurea derivatives 1 can be prepared
by an iterative procedure and are found to exist in intra-
molecularly hydrogen bonded 10-membered ring confor-
mations, in which substituents R, and R, and hydrogen
bonding control the direction of the urea carbonyl groups.

Hydrogen bonding is a central feature of intra- and
intermolecular interactions in molecular recognition,!
crystal packing,?® and the folding of small di- and triamides
in organic solvents.*® In proteins, hydrogen bonding plays
a fundamental role in the structure of g-sheets, a-helices,
and some B-turns.’’ As part of a program of research
aimed at developing small molecules as molecular receptors
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Table I. Spectroscopic Properties of NH Groups in Compounds

1-3at 295 K
% intramolec
compd IR® (cm™) 'H NMR® (ppm)  H bonding

la 3306, 3463 6.88 50°
1b 3296, 3426 8.49, 6.17 85¢

3455 (weak shoulder)
le 3293, 3426, 8.67, 8.14, 6.17 95¢, 75°

3455 (weak shoulder)
1d 3284, 3429 5.61, 4.56 35¢
le 3294, 3428 5.40 (Val), 25¢

4.58 (Phe)

2a 3464 6.24
2b 3428 6.08
2c 3427 6.16
2d 3452 4.72
2e 3424 4.62
2f 3452 4.82
3 3301, 3459 (weak) 8.37 854

IR spectra were recorded at 10 mM in CHCI; solution. *'H NMR
spectra were recorded at 1.0 mM in CDCl; solution. ¢Approximate
value based upon chemical shift of NH resonance. ¢ Value determined
by integration of infrared N-H stretch (see text).

and peptide conformational templates,®® we are studying
intramolecular hydrogen bonding in families of oligoureas.
In this paper, we report synthetic and spectroscopic studies
of di- and triurea derivatives of 1,3-diaminopropane and
N-(3-aminopropyl)-1,3-propanediamine. We find that in-
tramolecular hydrogen bonding and substituents R, and
R, provide extensive conformational control in di- and
triureas of the general structure 1 (n = 2, 3).

Ureas 1b-1le were prepared efficiently by an iterative
procedure involving three steps: (1) conjugate addition
of a primary amine to acrylonitrile;'° (2) reaction of the
resulting secondary amino group with an isocyanate; and
(3) reduction of the nitrile group to generate a primary
amine (eq 1).1%! This procedure permits the preparation
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of oligoureas bearing a sequence of different groups G (e.g.,
le). Ureas 2 and 3 were synthesized as reference com-
pounds.’> Monoureas 2a—2f and diurea 1a were prepared
in a single step by the reaction of the corresponding amines
and isocyanates. Peptide derivatives 1d, le, and 2d-2f
were prepared via the corresponding amino acid iso-
cyanates, 131

'H NMR and infrared spectroscopy reveal significant
intramolecular hydrogen bonding in ureas 1 in dilute (1-10
mM) chloroform solution (Table I). Diurea la displays
a single NH peak in the 'H NMR spectrum, 0.64 ppm
downfield of the corresponding monourea 2a. The pres-
ence of a single NH peak indicates that all conformations
interconvert rapidly at 295 K. The infrared spectrum
exhibits free and intramolecularly hydrogen bonded NH
stretching bands at 3463 and 3306 cm™, respectively.
Under these conditions, no intermolecular hydrogen
bonding is observed in ureas 1-3.15

Amides and ureas bearing alkyl and aryl substituents
on a single nitrogen atom are known to strongly favor a
conformation in which the aryl group is trans to the car-
bonyl group.!® This conformational preference controls

(12) Compounds 1-3 exhibited satisfactory 'H NMR and IR spectra,
and combustion analyses and/or high-resolution mass spectra.
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dovich, Yu. A.; Butaeva, V. L; Galkin, O. M.; Sentsova, T. N.; Rogozhin,
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P.; Mironova, N. V. Zh. Obshch. Khim 1980, 50, 620.
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Figure 1. Infrared spectra (3200-3500 cm™) of compounds 1a,
1b, 1c, 2a, 2¢, and 3. Spectra were recorded at 295 K as a 10 mM
solution in CHCl; (1.0 mm path length) against a CHCl; reference,

and are baseline corrected. Bands at 3426-3464 cm™ result from

non-hydrogen-bonded N-H stretching, and bands at 3293-3306
cm! result from hydrogen-bonded N-H stretching.

the orientation of the carbonyl groups in di- and triureas

1b-le. In these compounds, the phenyl group R; directs

the adjacent carbonyl group, and intramolecular hydrogen

bonding aligns all of the carbonyl groups in the same di-

rection (eq 2). Thus, diurea 1b exhibits a hydrogen-
R, R H
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N N
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0 N-G,
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H n- 2= -
o] N-G,
N—( N—(
A W O
A B

bonded NH resonance in the 'H NMR spectrum at § 8.49
and a free NH resonance at & 6.17. The large downfield
shift of one hydrogen-bonded resonance (2.25 ppm relative
to 2a) and small downfield shift of the other (0.01-0.09
ppm relative to 2b and 2¢) suggests that most of 1b is in
conformation A and little or none is in conformation B.
Triurea 1lc displays two hydrogen-bonded NH resonances
(6 8.67 and 8.14) and one free NH resonance at 6.17, in-
dicating alignment of all three carbonyl groups. The in-
frared spectra of di- and triureas 1b and lc display hy-
drogen bonded N-H stretches at 3296 and 3293 cm™, re-
spectively, and free N-H stretches at 3426 cm™.1" Small
shoulders at 3455 cm™ in these compounds indicate that
there is a small fraction of a non-hydrogen-bonded con-
formation. Figure 1 illustrates the N-H stretching region
in the infrared spectra of these compounds and reference

(17) The differences in free N-H stretching frequencies of N,N-dialkyl
urea derivatives (e.g., 3464 cm™, 2a) and N-alkyl-N-arylurea derivatives
(e.g., 3428 cm™, 2b) arise from weak intramolecular hydrogen bonding
between the NH group and the aryl ring in N-alkyl-N-arylureas. For a
related example, see: Schleyer, P. v. R.; Wintner, C.; Trifan, D. S;
Bacskai, R. Tetrahedron Lett. 1989, 14, 1.
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compounds 2a, 2¢, and 3. Peptide ureas 1d and 1le also
exhibit downfield shifting of only one NH group in the 'H
NMR and show both free and hydrogen-bonded N-H
stretches in the IR.

The fraction of intramolecular hydrogen bonding in
ureas 1 and 8 was determined by infrared and 'H NMR
spectroscopy. Comparison of the integrated absorbances
of the free NH signals of 8 (3459 cm™) and 2a (3464 cm™)
indicates that 15 £ 5% of 3 is in a non-hydrogen-bonded
conformation. Integration of the shoulder at 3455 cm™ in
1b (as the difference infrared absorption spectrum of 1b
and 2¢) reveals that 15 = 5% of 1b is in a non-hydrogen-
bonded conformation. On the basis of these data and the
'H NMR spectra of 1b, 3, and 2¢, we estimate the chemical
shift of a fully hydrogen bonded NH group to be 2.5 ppm
downfield of the free NH resonance in this family of urea
derivatives. The percentages of intramolecular hydrogen
bonding in ureas la, 1c-le was estimated using this value.
Table I summarizes these results.

These findings suggest that oligoureas of the general
structure 1 may prove useful as molecular scaffolding to
orient different groups in a parallel fashion off an oligo-
amine backbone. We are currently investigating this ap-
plication and will report further results shortly.
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Summary: 4-(1,5-Dialkynyl)-4-methoxycyclobutenones 1
were shown to undergo a unique rearrangement to anne-
lated spiroepoxides 6 upon thermolysis in toluene. The
4-hydroxy analogs also ring expand giving either quinones
13 or 14 as a function of the reaction solution concentra-
tion. This concentration dependence provides evidence
for further mechanistic details of the general quinone
synthesis stemming from 4-alkynyl-4-hydroxycyclo-
butenones.

Reported here are two unique ring expansions of 4-alk-
ynylcyclobutenones; one leads to spiroepoxycyclo-
hexadienones 6 and the other to annelated quinones 13.
The spiroepoxides stem from 4-(1,5-dialkynyl)-4-meth-
oxycyclobutenones la—f which rearrange to 6a—f in re-
fluxing toluene (Scheme I).! A reasonable mechanism
involves initial formation of the enynylketenes 2 which lead
to the diradicals 3. The more reactive ring-based radical
center undergoes exo addition to the proximal alkyne
moiety to give 4, and the resulting vinyl radical then ab-
stracts a H-atom from the adjacent methoxy group to give
5 which leads directly to the spiroepoxides 6.2+

(1) In a previous contribution the rearrangement of 4-alkynyl-4-(pro-
pargyloxy)cyclobutenones to methylenebenzofurans was described. See:
Xu, S.; Moore, H. W. J. Org. Chem. 1991, 56, 6104.

(2) Foland, L. D,; Karlsson, J. O.; Perri, S. T.; Schwabe, R.; Xu, 8. L.;
Patil, S.; Moore, H. W, J. Am. Chem. Soc. 1989, 111, 975.

(3) For excellent reviews on radical cyclizations see: (a) Jasperse, C.;
Curran, D. P.; Fevig, T. L. Chem. Rev. 1991, 91, 1237. (b) Curran, D. P.
Synthesis 1988, 6, 417-39. (c) Curran, D. P. Synthesis 1988, 7, 489-513.
(d) Giese, B. Radicals in Organic Synthesis: Formation of Carbon—
Carbon Bonds; Pergamon Press: New York, 1986.

(4) Structure assignments are based on characteristic spectral prop-
erties. The E-stereochemistry of the alkylidene group in 6a-f is based
upon difference NOE studies. For 13¢ a single-crystal X-ray structure
was obtained.
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The above annelation sequence is dependent upon the
distance between the two alkynyl groups in the 4-sub-
stituent of the starting 4-methoxycyclobutenones. For
example, the diradicals generated from 7a,b, unlike those
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