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Abstract: This paper describes synthetic and structural studies of triurea derivatives NfNdrdisubstituted
diethylenetriamine. Diethylenetriamine triureagPhN(CONHR)CH,CH;N(CONHR,)CH,CH;N(CONHRs)CH,-
CH.CN; 28, Ri = R, = R3 = Ph; 2b, R = R, = R3 = CHs; 2c, Ry = (S)-CH(CHzph)CQCH?,, Ry = (S)-CH(I-
Pr)CQ.CHjs, R; = (§-CH((S-s-Bu)CO,CHy)) are efficiently prepared in five or six steps fraaiphenylethylene-
diamine. Infrared spectroscopil NMR spectroscopy, and X-ray crystallography indicate that triudeaslopt

intramolecularly hydrogen-bonded conformations, both in chloroform solution and in the solid state. The three urea
groups form a hydrogen-bonded network: The carbonyl group of urea NCQH®R/drogen bonded to the NH

group of urea NCONHR and the carbonyl group of urea NCONKR hydrogen bonded to the NH group of urea
NCONHRs. The three R groups are aligned along the triurea backbone, pointing in roughly the same direction, like
three fingers on a hand. Molecular modeling suggests that the triurea backbone will be a suitable template for the
creation of artificialg-sheets. When molecular mechanics energy minimization calculations are performed upon a
triurea bearing three N-terminally linked peptide strands, a paya#eet is formed.

Although S-sheets are fundamental elements of protein and a peptide strand to create artificial antipargfledheets.
structure, their structure and stability remain poorly understood. Subsequent reports have described parAHietheets that incor-
One approach to studying protein structure and stability involves porate this templaté. Since 1991, Kelly and co-workers have
the design, synthesis, and study of peptidomimetic model described a series of antiparall@isheet models in which a
systemg&. Over the past decade, a number of research groupsdibenzofuran template holds two peptide strands in proximity,
have developed chemical models fBrsheets in which a  while hydrophobic interactions between the template and peptide
synthetic template (turn unit) holds two peptide strands or a side chains help stabiliz&-sheet formatiorf. Within the past
peptide strand and a peptide strand mimic in proximity. year, a number of other templates capable of bringing two
Beginning in 1986, Feigel and co-workers have employed peptide strands together and inducifigheet structure have
several aromatic templates to form two-stranded antiparallel andbeen reported. Complementary to these strategies, which rely
parallel 3-sheet structures in cyclopeptidesWhile earlier upon peptidomimetic surrogates to help stabilize protein struc-
studies had focused upon the mimicry and inductiof-afrns? ture, are systems that are wholly peptide-based. These systems
Feigel's work marked the beginning of interest in the mimicry include “template-assembled synthetic proteins” (TASRs)All

of B-sheets. In 1988, Kemp and co-workers reported using an naturally occurring3-sheet protein& and de novo designed

epindolidiongs-strand mimic in conjunction with A-turn unit

proteinst?
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At present, none of the template-based strategies have allowed NHBoc NHBoc

the development of artificig8-sheets comprising more than two R Nchc(;ss_ Ry
peptide strands and exhibiting patterns of hydrogen bonding (CH)p  FHTE T = T2l (CHo),

characteristic ofs-sheet structures. With the goal of creating NH \NH 0.95 equiv R,NCO; \N_/<o
artificial 8-sheets of greater size and complexity than those that / ? BocNHCH,CHO then _
i i Ha, PA/C 1.2 equiv RyNCO N-R.
have been prepared previously, we are developing a new (CH,), 2 » (CH2), < equv R B0 (CHp), H
approach in which an oligourea template holds multiple peptide \ CH4OH \ CH02rC|2 \
strands in proximity. Since 1992, we have reported the = NH N Gh,cicH,0l, T ,N—/<
development of amino acid ester isocyanate and peptide P 2 65% Ph 4 Ph N-R,
. o . : 75 - 97 % 4 H
isocyanate building blockd and the creation of oligourea o
templates, which we have termed “molecular scaffolds”.
Recently, we have synthesized and studied a small artificial NC(CH2\)2 (1)
pB-sheet comprising a diurea moIe(_:l_JIz_ir scaffold and two peptide NH, NH
strand$* and a second small artificigd-sheet comprising a
diurea molecular scaffold, a peptide strand, ang-strand (CH2)2 (CHp),
mimic.*> We now report synthetic and structural studies of a  1¢a \N_<0 CH,=CHCN \N_<0 RsNCO
triurea molecular scaffoldlj tailored for the creation of three- —> / N-R N-R choo
stranded artificial parallgf-sheets. CHCl o), H 2 CHOH o)), H 2 2
NC(CHys \ (] 50 - 94% \ (0] CHZC|CHZC|, T
v _ N (2 steps) N .
/N N-R s —| peptide strand > Ph 5 m_R1 Ph N-R; 55-99%
CHpe H ¢ & H
[o) a
N f tivity.1” Diureas4 are converted to triureak by removal of
(CHa), g‘“z ° the tert-butyloxycarbonyl protective group to generate amines
\N 0 ! i 5, conjugate addition of the primary amino group to acrylonitrile
ol N-R, L to form secondary aminés and reaction of the secondary amino
) " group with the appropriate isocyanate. The triureas were
triurea "molecular scaffold" artificial parallel B-sheet . . . .
1a R, = Ry = Ry = Ph obtained as analytically pure samples by recrystallization or
1b Ry =R, = Ry = CHs column chromatography. The yields for the various steps shown
1c Ry = (5)-CH(CH,Ph)COMe in eq 1 are not optimized but are generally good. The yields
22:23:@:&;?;%%2% associated with the synthesis of triurtaare probably most

representative:3 — 4c, 97%; 4c — 6¢, 72%; and6c — 1c,
99%. The methyl ureab (series) were generated in lower yields
because these compounds are water soluble, hygroscopic, and
Synthesis of Triureas 1. Triureasl were synthesized from  thus more difficult to handle.
N-phenylethylenediamine?) as shown in eq 1. Reductive Infrared and *H NMR Spectroscopic Studies of Triureas
alkylation of N-phenylethylenediamine with Boc-glycid@l 1 |R and'H NMR spectroscopic studies of triureasndicate
affords diamine3. Diamine 3 reacts with isocyanates t0  that these compounds adopt intramolecularly hydrogen-bonded
generate diuread. Diureada (R, = Rz = Ph) was prepared  conformations in chloroform solution. To aid in the interpreta-
by treatment o3 with an excess of phenyl isocyanate; diurea tjon of the data, the spectra were compared to those of
4b (R, = R, = CHg) was prepared by using an excess of methyl monoureas’ and8. Monoureas? bear two ethyl groups on
isocyanate. The aliphatic amino group of diamiBeis one nitrogen atom and resemble the “upper” two urea groups
substantially more basic and nucleophilic than the aromatic of triyreasl. Monoureas8 have a phenyl group and an ethyl
amino group, allowing the regioselective synthesis of diureas group on one nitrogen atom and are comparable to the “lower”

Results

bearing different substitutents. Thus, diuréa (R, = (9- urea group of triured. Studies of related diureas have been
CH(CHPh)CQMe, R, = (9-CH(i-Pr)CO:Me) was prepared  described in detail in ref 13b, and the reader is directed to this
by sequential treatment of diamiBaith 0.95 equiv of.-valine paper for a discussion in greater detail than is presented here.
methyl ester isocyanate and 1.2 equiv.gihenylalanine methyl

ester isocyanat®? H NMR analysis of the unpurified reaction ( 0 ( o

mixture indicates that-valine methyl ester isocyanate reacts NJ\ _ NJ\N_R

with the upper amino group with complete $8:2) regioselec- < H pr H

(11) (a) Pessi, A.; Bianchi, E.; Crameri, A.; Venturini, S.; Tramontano,
A.; Sollazzo, M.Nature 1993 362, 367. (b) Yan, Y.; Erickson, B. W. 7a R=Ph 8a R=Ph
Protein Sci.1994 3, 1069. (c) Quinn, T. P.; Tweedy, N. B.; Williams, R. 7b R=CHs 8b R=CHs
W.; Richardson, J. S.; Richardson, D.R¥oc. Natl. Acad. Sci. U.S.A994
91, 8747. i
(12) (a) Nowick, J. S.; Powell, N. A.; Nguyen, T. M.; Noronha, &. The IR Sp.eCtr.a of triureakab and m(_)noureaza,b and.Sa’b
Org. Chem.1992 57, 7364. (b) Nowick, J. S.: Holmes, D. L.; Noronha, @€ shown in Figure 1 (10 mM solutions in CHEI Triurea

G.; Smith, E. M.; Nguyen, T. M.; Huang, S.-L. SubmittedJ}t®Org. Chem. laexhibits a non-hydrogen-bonded NH stretching band at 3425
(13) (8) Nowick, J. S.; Powell, N. A; Martinez, E. J.; Smith, E. M.} ¢m~1 and a hydrogen-bonded NH stretching band at 3305'cm

Noronha, G.J. Org. Chem1992 57, 3763. (b) Nowick, J. S.; Abdi, M.; o L - -
Bellamo, K. A.: Love. J. A.: Martinez, E. J.. Noronha, G.. Smith, E. M.: The band at 3425 cm is similar in position, intensity, and

Ziller, J. W. J. Am. Chem. Sod.995 117, 89. shape to that of monourea (3428 cnt?) and is attributed to
3é%4) Nowick, J. S.; Smith, E. M.; Noronha, G. Org. Chem1995 60, the “bottom” NH group ofla, which is not hydrogen bonded.
7 .
(15) Nowick, J. S.; Holmes, D. L.; Mackin, G.; Noronha, G.; Shaka, A. (17) The regiochemical course of the reaction of dian3iméth L-valine
J.; Smith, E. M. Submitted t3. Am. Chem. Soc methyl ester isocyanate is readily apparent becauserthe andpara H
(16) Dueholm, K. L.; Egholm, M.; Buchardt, @rg. Prep. Proc. Int. NMR resonances of the aromatic ring shift downfield by ca. 0.5 ppm when

1993 25, 457. the aromatic amino group reacts with an isocyanate to form a urea.
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{riurea 1a ] wiurea 1b alanine NH resonance appears at 4.68 ppm. Under the con-
8.20 8.28 A ditions of the IR and!H NMR studies, no evidence of
8157 815 8 intermolecular hydrogen bonding is detected, and the NH groups
o.18-] 010 of triureasl exhibit no significant differences in chemical shift
] (<0.01 ppm) at varying concentrations (1 and 10 mM).
0.85 8.85 © . . . .
8 3 s X-ray Crystallographic Studies of Triureas 1. Triureas
e 127""; S . S A 1ab afforded small crystals suitable for X-ray crystallography.
Crystals oflawere obtained from a warm mixture of dimethyl
f’, 4,29 ] MONOUea 72 0201 monourea 7b sulfoxide and water (ca. 4:1), while crystalsldifwere produced
s 3 N by slow evaporation of a mixture of methylene chloride and
o 815 8154 petroleum ether. Triurebcwas obtained as a viscous oil, which
b 8107 0.18 began to solidify over a period of months but resisted our most
f, 0.05 /\ 0.05—; A valiant efforts to grow crystals for X-ray crystallography.
STTE 8 0.0 ~3 Figure 2 shows the X-ray crystallographic structures of
€ 500 3400 3308 5200 588 3400 3308 5200 triureaslab. In these structures the carbonyl group of the
™ “bottom” urea is hydrogen bonded to the NH group of the
YR Kt 0.28 monodrea “middle” urea, and the carbonyl group of the “middle” urea is
015 a_lsj hydrogen bonded to the NH group of the “top” urea. Triurea
n_m_f \ mé 1b crystallized as a monohydrate, and _its structure was refined
E . to a WR2 value of 13.4% as a 65:35 ratio of two superimposed
8.8 Q 8.65 2 conformers differing only in the geometry of the diethylenetri-
YTE el Bia— Y TR s B ——— amine backbone. Triurehda was refined to a W2 value of
3300 3480 3308 5200 300 3406 3300 5200 27.2% as a single conformer. The distances, angles, and thermal
wavelength (cm’) parameters involving atoms C2, C3, N2, C4, and Ciaére
Figure 1. Infrared spectra (31563550 cntl) of ureaslab, 7ab, not consistent with a well-ordered model. Attempts to refine
and8ab. Spectra were recorded at 295 K using a 10 mM solution in the structure as a disordered model with two or more compo-
CHCl (1.0 mm path length) against a CHGeference. nents for each of the above atoms proved unsatisfactory.

The band at 3305 cm arises from the “upper” two NH groups.  Discussion and Conclusions
The position of this band indicates that these groups are
hydrogen bonded. The absence of a band at ca. 3464 (the

NH stretching frequency o¥a) indicates the absence of a
detectable population in which one or both of the “upper” two
NH groups oflaare not hydrogen bonded. Compoutadalso
exhibits bands at 3255 (a shoulder), 3199, and 3142'cm
Although the origin of these bands is unclear, similar bands
are apparent in every hydrogen-bonded di- and triurea with
phenyl substituents that we have studied. (Related examples (18) At the suggestion of one of the referees, the temperature depend-

: : ; ncies of théH NMR chemical shifts of the NH resonancesla 7a, and
are described in ref 13.) Apparently these bands are associate awere determined. In 1.0 mM CDEbolution, over the range of 253

with interactions between the hydrogen-bonded NH groups and293 K, the following values were observeid (most downfield NH) 4.5
the adjacent phenyl substituents. Triuréh also exhibits ppb/K; 1a (next most downfield NH);-3.8 ppb/K;1a (upfield NH), —0.9

_ _ _ i~ PPP/K; 78, —1.4 ppb/K;8a, —0.8 ppb/K. The greater temperature depend-
hydrogen-bonded and non-hydrogen-bonded NH stretching encies of the downfield NH resonances of utegrovide further evidence

bands, at 3327 and 3456 chrespectively. The non-hydrogen-  that these NH groups are hydrogen bonded and that the upfield group is
bonded band is similar in position, intensity, and shape to that not. (In peptides and related amides, hydrogen-bonded NH groups generally

of monourea8b (3460 le) The absence of a band at ca exhibit greater temperature dependencies of chemical shifts than non-
1 e . " hydrogen-bonded NH groups. For examples, see: (a) Ribeiro, A. A,;
3487 cntt (the NH stretching frequency dfb) indicates the Goodman, M.; Naider, Fint. J. Pept. Protein Resl979 14, 414. (b)

absence of a detectable population of a non-hydrogen-bondedstevens, E. S.; Sugawara, N.; Bonora, G. M.; TonioloJCAm. Chem.
conformation oflb. The infrared spectrum of triuretc (not S0c.198Q 102 7048. (c) Gellman, S. H.; Adams, B. Retrahedron Lett.

. . 1989 30, 3381.)
shown in Figure 1) also shows hydrogen-bonded and non-""(19) For reiated examples, see: (a) Hagihara, M.; Anthony, N. J.; Stout,

hydrogen-bonded bands (3300 and 3425 tmespectively). T. J; Clardy, J.; Schreiber, S. 0. Am. Chem. Sod992 114, 6568. (b)
These studies indicate that triuredsare intramolecularly ~ Simon, R.J.; Kania, R. S.; Zuckermann, R. N.; Huebner, V. D.; Jewell, D.
hydrogen bonded in CHgkolution A.; Banville, S.; Ng, S.; Wang, L.; Rosenberg, S.; Marlowe, C. K;
ydrog : Spellmeyer, D. C.; Tan, R.; Frankel, A. D.; Santi, D. V.; Cohen, F. E.;

IH NMR spectroscopic studies corroborate the IR studies. Bartlett, P. AProc. Natl. Acad. Sci. U.S.A992 89, 9367. (c) Zuckermann,

: R. N.; Kerr, J. M.; Kent, S. B. H.; Moos, W. Hl. Am. Chem. S0d.992
In 1.0 mM CDCE solution, the NH resonances bé appear at 114, 10646, (d) Bunin, B. A.: Ellman, J. AL, Am. Chem. S0d992 114

9.21, 9.02, and 6.25 ppm, respectively, at 295 K. Under 10997. (e) Cho, C. Y.; Moran, E. J.; Cherry, S. R.; Stephans, J. C.; Fodor,
comparable conditions, the NH resonances of conffaland S.P. A.; Adams, C. L.; Sundaram, A.; Jacobs, J. W.; Schultz, Bctence

i 1993 261, 1303. (f) Hutchins, S. M.; Chapman, K. Tetrahedron Lett.
8aappear at 6.24 and 6.08 ppfh Similarly, the NH resonances 3494 22055y Carel, T.; Wintner, E. A ; Bashir-Hashemi, A.: Rebek,
of 1b appear at 6.86, 6.77, and 4.24 ppm, while thos&@f ;. 3 Angew. Chem., Int. Ed. Engl994 33, 2059. (h) Carell, T.; Wintner,
and8b appear at 4.32 and 4.06 ppm. These shifts indicate thatE. A; Rebek, J., JAngew. Chem., Int. Ed. Endl994 33, 2061. (i) Bunin,
two of the NH groups ofl are hydrogen bonded and are B. A.; Plunkett, M. J.; Ellman, J. AProc. Natl. Acad. Sci. U.S.A.994

. . . . . 91, 4708. (j) Virgilio, A. A.; Ellman, J. A.J. Am. Chem. S0d.994 116,
consistent with our previous observation that intramolecularly 11580, (k) Hutchins, S. M.; Chapman, K. Tetrahedron Lett1995 36,

hydrogen-bonded urea NH resonances shift downfield by about2583. (I) Carell, T.; Wintner, E. A,; Sutherland, A. J.; Rebek, J., Jr.;

2.5 ppm?3 Triurea 1c exhibits a similar pattern of shifting in ~ Dunayevskiy, Y. M.; Vouros, PChem. Biol 1995 2, 171. (m) Moran, E.
IH NMR spectrum; the isoleucine and valine NH resonances 3 Wilson, T. B Cho, C. ¥.; Cherry, S. R; Schultz, P Bopolymers

the pectrum, the Isoleucl vali 1995 37, 213. (n) Burgess, K.; Linthicum, D. S.; Shin, H. \hgew. Chem.,

appear at 6.84 and 6.56 ppm, respectively, while the phenyl- Int. Ed. Engl.1995 34, 907.

Triureas of the general structufieare remarkably easy to
synthesize by the route shown in eq 1. In five straightforward
and efficient steps, diamingcan be converted to a triurea in
which three different groups are presented along a well-
structured backbone. Because of their structure and ease of
preparation, triureas of this sort may be of interest in combi-
natorial approaches to drug discov€rgnd in the construction
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Figure 2. X-ray crystallographic structures of triuredg,b. Triurealb crystallized as the monohydrate (water shown). The major (65%) and

minor (35%) conformers otb are shown middle and right, above.

of “molecular tweezerg® or related structures consisting of three

groups appended to a rigid scafféfd. Preliminary studies

Two structural elements of triuredsdeserve comment: the
phenyl group at the “bottom” of the triurea backbone and the

suggest that it may be possible to prepare even larger oligoureacyanoethyl group at the “top” of the triurea backbone. In
homologs (e.g., tetra- and pentaureas) by an iterative routeN-phenylN-alkyl amides and ureas, there is a strong bias for

involving the reductive alkylation of amin&swith Boc-glycinal.

the phenyl group to be s-trans to the carbonyl gréuhis

A number of intramolecularly hydrogen-bonded systems that bias makes the “lower” carbonyl group point “upward”;

are related to triureas have been reported. We previously

described the propylene homolog b (PhN(CONHPh)CH-
CH,CH;N(CONHPh)CHCH2CH;N(CONHPh)CHCH,-

intramolecular hydrogen bonding then aligns the “upper” two
carbonyl groups. For the “top” carbonyl! group to align properly,
the “top” backbone urea nitrogen must have two alkyl substit-

CN)132 |R studies indicated this compound to adopt both uents. The cyanoethyl group provides a convenient “cap” for
hydrogen-bonded and non-hydrogen-bonded conformations inthis nitrogen atom because the reaction of primary amines (e.g.,
CHCI3 solution. In the main conformer, the “upper” two NH  4) with acrylonitrile generally proceeds with high yield and
groups are hydrogen bonded; however, there is a significantselectivity for monoadditiod® From the observed selectivity,
population that lacks one or both hydrogen bonds. In contrast, we estimate that the rate of reaction of primary amibegth

the IR spectrum ofla shows this compound to be wholly

acrylonitrile is about 18times greater than the rate of addition

hydrogen bonded. We have also previously described diureaof the resulting secondary amine addudi} to acrylonitrile.

derivatives of 1,2-diaminoethad®. These compounds adopt

To avoid overaddition, we generally monitor the reaction by

hydrogen-bonded conformations in which the urea groups form thin-layer chromatography.

nine-membered, hydrogen-bonded rings that are similar in

structure to those seen in triurehs Gellman and co-workers

The solid-state structures of triurebsb are remarkable. The
three urea groups and pendant substituenisRR and R in

have extensively studied intramolecular hydrogen bonding in structurel) are approximately coplanar, resembling in geometry
di- and triamides and found intramolecularly hydrogen-bonded a hand with three fingers. The shape of the triureas can best
nine-membered rings to be especially stable in these sygfems. be seen by inspection of space-filling models (elg,,shown
Araka and co-workers have determined that the hexaphenylurean Figure 3). The diethylenetriamine backbone curves, arraying
derivative of pentaethylenehexamine is intramolecularly hydro- the substituents in a slightly divergent fashion. The divergence

gen bonded in chloroform solutidA.

(20) (a) Zimmerman, S. C.; Wu, W. Am. Chem. S04989 111, 8054.
(b) Zimmerman, S. C.; Zeng, Z.; Wu, W.; Reichert, D. E.Am. Chem.
Soc.1991, 113 183. (c) Zimmerman, S. C.; Wu, W.; Zeng, Z.Am. Chem.
Soc.1991 113 196.

(21) For examples, see: (a) GaJ&.; de Mendoza, J.; Toiron, C.; Bruix,
M.; Deslongchamps, G.; Rebek, J., JrAm. Chem. S0d.991, 113 9424.
(b) Huang, C.-Y.; Cabell, L. A.; Lynch, V.; Anslyn, E. \d. Am. Chem.
So0c.1992 114, 1900. (c) Maitra, U.; D'Souza, L. J. Chem. Soc., Chem.
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(22) (a) Gellman, S. H.; Adams, B. Retrahedron Lett1989 30, 3381.
(b) Dado, G. P.; Desper, J. M.; Gellman, S. HAm. Chem. Sod.99Q
112 8630. (c) Gellman, S. H.; Dado, G. P.; Liang, G.-B.; Adams, BJ.R.
Am. Chem. Sod 991, 113 1164. (d) Liang, G.-B.; Dado, G. P.; Gellman,
S. H.J. Am. Chem. S0d99], 113 3994. (e) Dado, G. P.; Desper, J. M;
Holmgren, S. K.; Rito, C. J.; Gellman, S. B.. Am. Chem. S0d992 114
4834. (f) Liang, G.-B.; Desper, J. M.; Gellman, S. H.Am. Chem. Soc.
1993 115 925. (g) Dado, G. P.; Gellman, S. Bl. Am. Chem. S0d.993
115 4228.

of the substituents can be quantified by the angles between the
vectors of the N-R bonds. The vectors of the “lower” and
“middle” bonds (N-R; and N-Ry) of 1aform an angle of 48
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M. Proc. Natl. Acad. Sci. U.S.A97Q 67, 426. (b) Itai, A.; Toriumi, Y.;
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Azumaya, |.; Ito, Y.; Itai, A.; Shudo, KJ. Am. Chem. Sod99], 113
5474. (d) Itai, A.; Toriumi, Y.; Saito, S.; Kagechika, H.; Shudo,JXXAm.
Chem. Socl992 114, 10649. (e) Azumaya, |.; Kagechika, H.; Yamaguchi,
K.; Shudo, K.Tetrahedron1995 51, 5277.

(25) (a) Bergeron, R. J.; Burton, P. S.; McGovern, K. A.; Kline, S. J.
Synthesid 981, 732. (b) Jasys, V. J.; Kelbaugh, P. R.; Nason, D. M.; Phillips,
D.; Rosnack, K. J.; Saccomano, N. A.; Stroh, J. G.; Volkmann, R].A.
Am. Chem. Sod99Q 112, 6696.



1070 J. Am. Chem. Soc., Vol. 118, No. 5, 1996 Nowick et al.

Figure 4. Model of a three-stranded artificial paralfsheet consisting

of three tripeptide strands attached to the triurea molecular scaffold.
The model is in a minimum energy conformation (local minimum) as
calculated using MacroModel V5.0 with the AMBER* force fieltl.
Hydrogen atoms that are attached to carbon atoms are omitted for
clarity.

than the sum of the van der Waals radii of these groups,
however, and the observed conformers do not appear to be
disfavored.

Figure 3. Space-filling representation of the X-ray crystallographic  The structures of triureakin chloroform solution are similar
structure of diuredla. Atoms are displayed at 85% of their van der ;, several ways to the solid-state structures. TH&MR and

Waals radi. IR spectroscopic studies described in the Results section indicate
Chart 1 that the molecules are intramolecularly hydrogen bonded.
N N N N Analysis of the coupling patterns associated with several of the
Il Il Il Il IH NMR resonances of the diethylenetriamine backbones of
J J J triureas1 reveals vicinal coupling constants of 5 and 10 Hz.
These coupling constants indicate that the@+C—N groups
N N N N of the backbone adopt anti conformations in solution, as in the
H H H H solid state. (A similar, but more detailed, treatment of the
C N N N N solution-phase conformation of related diureas is described in
% H \ H ref 13b.) From the IR and NMR data, it is not possible to
determine whether the “terraced” conformer or crystallographi-
g'g'pentane N N N N cally observed conformers are present, and there is little reason
Ph Ph Ph Ph to believe that any one of the backbone conformers shown in
1a 1b 1b “terraced” Chart 1 should be present exclusively.
co',:‘fijr"r;er c o:‘figr"n:er ‘(:::::;’;‘s)’ Molecular modeling suggests that the triurea backbone will

be a suitable template for the creation of artifigiakheets.

o . . . ... Beginning with the crystallographic geometry of the major

51 J relspeé;tlvely. Relatgg dlur:aas that we ?aviig’%';dlfbxmb't conformer oflb, a model for the “terraced” conformation was

a simiiar divergence, W't angles ranging from ] ) prepared, three tripeptide strands (Ala-Ala-Ala-NHMe) were
The crystallographically observed conformations of the jntroduced, and an energetic minimum (local minimum) was

diethylenetriamine backbones of triureagb are also note-  |ocated using MacroModel V5.0 and the AMBER* force fiéfd.
Worthy. Each 1,2'diaminoethane unit adOptS an anti conforma- The model adopts a hydrogen_bonded paraﬂl.eheet confor-
tion, with N—C—C~—N torsion angles ranging from 1860 mation and is shown in Figure 4. In this model, the-G—

17C°. The related diureas that we have studied also adopt anti C—N torsion ang|es are 1388 The diminished torsion ang|es

conformations in the solid state, with torsion angles ranging reduce the angles between the-R vectors to 22 and the
from 15¢ to 169.13 In each structure, the central @BH,- distance between the R substituents on the triurea backbone (the
NCH,CH, unit of the diethylenetriamine backbone resembles attached peptide-carbons in Figure 4) to 4:95.1 A2° This

the g'g~ conformer of pentan®. This relationship is easily  distance is similar to the separation of peptide strands in parallel
seen when the triureas are viewed in profile, as shown in Chart

1. Because severe steric interactions disfavay gpentane, (27) (a) McDonald, D. Q.; Still, W. CTetrahedron Lett1992 33, 7743.

the observed conformations of the diethylenetriamine backbone (P) McDonald, D. Q.; Still, W. CTetrahedron Lett1992 33, 7747.
. “ . (28) The calculated torsion angles of 238-138, to be more specific)
might have been thought to be unstable, and the “terraced” seem somewhat small, particularly in light of the values that we have

conformation shown in Chart 1 might have been anticipated. observed crystallographically (15470 for various di- and triureas. The

The distance between the proximal methvlene groups in the calculated values may reflect the absence of high-quality parameters for
P y 9 P the N—C—C—N torsion angle and the treatment of hydrogen bonding in

crystallographically observed conformers (3%9 A) is larger the AMBER* force field. If the N~C—C—N torsion angles are constrained

to a larger value (e.g.;-15C°), a well-formed parallel-sheet is still
(26) Eliel, E. L.; Wilen, S. H.; Mander, L. NStereochemistry of Organic generated upon minimization.

CompoundsWiley: New York, 1994; pp 603605. (29) In 1b, the distance between adjacent methyl groups is 6.5 A.
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B-sheets (ca. 4.9 AP This model may be viewed as a working  Hz, 2 H); HRMS (FAB)m/efor Cz7H3iNeO, (M -+ H)* calcd 471.2508,
hypothesis, which we will evaluate and refine through future found 471.2510.

experimental studies. Triurea la (PhN(CONHPh)CH,CH;N(CONHPh)CH,CH,N-
(CONHPh)CH2CH2CN). A solution of amine6a (0.166 g, 0.353
Experimental Section mmol) and phenyl isocyanate (0.043 mL, 0.39 mmol) in 3 mL of 1,2-

dichloroethane was heated at reflux for 16 h and then concentrated by

General. Reaction mixtures were magnetically stirred under a rotary evaporation to afford 0.219 g of a foamy tan solid. Column
nitrogen atmosphere, unless otherwise noted. Commercial gradechromatography on silica gel (EtOAtexanes, 3:1), followed by
reagents and solvents were used without further purification. IR studies recrystallization from methanol, yielded 0.123 g (59%) of triuea
were performed using hydrocarbon-stabilized chloroform that was as white crystals: mp 177-5178.8°C; IR (CH,Cl,) 3421, 3305, 2251,
passed through furnace-dried,@ prior to use. *H NMR resonances 1659 cnt’; IH NMR (300 MHz, CDC}) 6 9.20 (s, 1 H), 9.01 (s, 1 H),
of aliphatic amino groups that were coincident with th&Hesonance 7.74 (app tJ = 8.7 Hz, 4 H), 7.53 (tJ = 7.7 Hz, 2 H), 7.47 (tJ) =
(6 1.6) in CDC} are not reported in théd NMR spectra. Samples of 7.2 Hz, 1 H), 7.31 (app t] = 7.5 Hz, 10 H), 7.09-7.02 (m, 3 H), 6.25
triureas1 were dried under vacuum (ca. 3G, 0.01 mmHg) prior to (s, 1 H), 3.85-3.83 (m, 2 H), 3.75-3.73 (m, 2 H), 3.59 (t) = 6.2 Hz,
elemental analysis. 2 H), 3.58-3.47 (m, 4 H), 2.69 (tJ = 6.1 Hz, 2 H); HRMS (FAB)

Diamine 3 (PANHCH,CH,NHCH ,CH,NHCO-t-Bu). A 500-mL, m/efor CasHagN,Oz (M + H)* calcd 590.2879, found 590.2874. Anal.
three-necked, round-bottomed flask equipped with a nitrogen inlet Calcd for G4H3sN-Os: C, 69.25; H, 5.98; N, 16.63. Found: C, 69.35;
adapter, a glass stopper, a gas inlet adapter fitted with a hydrogenH, 6.18; N, 16.44.
balloon, and a magnetic stirring bar was charged with 200 mL of Diurea 4b (PhN(CONHCH3)CH,CH-N(CONHCH 3)CH,CHo-
methanol, Boc-glycinat (6.6 g, 41 mmol)N-phenylethylenediamine  NHCO,-t-Bu). A solution of diamine3 (0.307 g, 1.10 mmol) and
(5.0 mL, 38 mmol), and 6.1 g of 10% Pd/C. The flask was evacuated methyl isocyanate (0.38 mL, 6.6 mmol) in 3 mL of methylene chloride
and filled with nitrogen twice and then evacuated, filled with hydrogen, \yas stirred for 11 h and then concentrated by rotary evaporation to
and maintained under a hydrogen atmosphere for 16 h. The reactiongfford 0.406 g of a foamy deliquescent tan solid. Column chroma-
mixture was filtered, concentrated by rotary evaporation, and chro- tography on silica gel (CEDH—EtOAc, gradient from 5:95 to 10:90)
matographed on silica gel (GBH—EtOAc, 1:9) to afford 6.9 g (65%)  afforded 0.325 g (75%) of diuredb as a deliquescent foamy white
of diamine3 as a light brown oil: IR (CHG) 3452, 1706 cm?; H solid: IR (CHCl,) 3454, 3336, 1705, 1645 crhy 'H NMR (300 MHz,
NMR (300 MHz, CDC}) 6 7.18 (dd,J = 8.5,7.4 Hz, 2 H),6.71 (app  CDCly) 6 7.45 (app tJ = 7.6 Hz, 2 H), 7.37 (app t] = 7.3 Hz, 1 H),
t,J=7.3Hz 1H) 6.64 (dd)=8.6,09 Hz, 2 H), 489 (brs, 1 H),  7.18(d,J=7.1Hz, 2 H), 6.60 (br s, 1 H), 5.22 (br s, 1 H), 4.26 (app
4.07 (brs, 1 H), 3.243.19 (m, 4 H), 2.88 (app ] = 5.8 Hz, 2 H), 0,J=4.4 Hz, 1 H), 3.67-3.62 (m, 2 H), 3.46:3.40 (m, 2 H), 3.34 (t,

2.75 (app tJ = 5.9 Hz, 2 H), 1.45 (s, 9 H); HRMS (FABin/e for J=6.1Hz, 2 H), 3.17 (q) = 5.6 Hz, 2 H), 2.87 (dJ = 4.4 Hz, 3 H),

C1sH26N30; (M + H) ™ calcd 280.2025, found 280.2024. 2.74 (d,J = 4.7 Hz, 3 H), 1.40 (s, 9 H); HRMS (FABjn/e for
Diurea 4a (PhN(CONHPh)CH,CH,N(CONHPh)CH>CH,NHCO- Ci19H32NsO4 (M + H)* caled 394.2454, found 394.2445.

t-Bu). A solution of diamine3 (0.755 g, 2.70 mmol) and phenyl Amine 5b (PhN(CONHCHz)CH,CHN(CONHCH 3)CH,CHNH»).

isocyanate (0.88 mL, 8.1 mmol) in 5 mL of 1,2-dichloroethane was A solution of diureadb (0.309 g, 0.785 mmol) in 12 mL of methylene
heated at reflux for 21 h and then concentrated by rotary evaporation chjoride and 1.2 mL of trifluoroacetic acid was stirred 8h and then

to afford 1.80 g of a dark yellow oil. Column chromatography on  concentrated by rotary evaporation to afford a yellow oil. The oil was
silica gel (EtOAe-hexanes, 3:2) afforded 1.108 g (79%) of diudea issolved in 50 mL of methylene chloride, and the solution was washed
as a foamy white solid: IR (KBr) 3423, 3307, 1708 (sh), 1660tm  yjth 150 mL of a saturated aqueous A8, solution. The aqueous

H NMR (300 MHz, CDC}) 6 8.81 (s, 1 H), 7.69 (dJ = 8.2 Hz, 2 phase was extracted with three 50-mL portions of methylene chloride,
H), 7.52 (t,J=7.5Hz, 2 H), 7.43 (t) = 7.2 Hz, 1 H), 7.33-7.24 (m, concentrated to 90 mL by rotary evaporation, and extracted with three
8 H), 7.06-6.98 (m, 2 H), 6.29 (s, 1 H), 5.12 (br s, 1 H), 3:83.82 100-mL portions of methylene chloride. The combined organic layers
(m, 2 H), 3.76-3.65 (m, 2 H), 3.46 (app 8 = 6.2 Hz, 2 H), 3.28 (app were concentrated to afford 0.201 g (87%) of amfieas a yellow

q,J = 5.8 Hz, 2 H), 1.40 (s, 9 H); HRMS (FAB/efor CaHasNsO4 oily solid: IR (CH,Cl;) 3454, 3338, 1643 cnt; 'H NMR (300 MHz,
(M + H)* calcd 518.2767, found 518.2768. CDCl:) 6 7.44 (app tJ = 7.4 Hz, 2 H), 7.34 (app ] = 6.8 Hz, 1 H),
Amine 5a (PhN(CONHPh)CH,CH,N(CONHPh)CH;CHNH,). 7.20 (d,J = 7.2 Hz, 2 H), 6.63 (app gl = 4.0 Hz, 1 H), 4.39 (app q,
A solution of diureada (1.108 g, 2.140 mmol) in 11 mL of methylene 3= 4.3 Hz, 1 H), 3.76-3.65 (m, 2 H), 3.47-3.42 (m, 2 H), 3.29 (1)
chloride and 3.3 mL of trifluoroacetic acid was stirred #oh and then = 6.2 Hz, 2 H), 2.84 (dJ = 4.4 Hz, 3 H), 2.79-2.73 (m, 5 H); HRMS

concentrated by rotary evaporation to afford a dark yellow oil. The (FAB) m/efor C1aH24NsO; (M + H)* calcd 294.1930, found 294.1923.
oil was dissolved in 100 mL of methylene chloride, and the solution Amine 6b (PhN(CONHCH3)CH2CH2N(CONHCH3)CH2CH2-
was washed with 100 mL of a mixture of equal volumes of saturated NHCH,CH,CN). A solution of amineSb (0.192 g, 0.655 mmol) and
aqueous NaCl solution and saturated aqueous Naj#0ftion and acrylonitrile (0.065 mL, 0.99 mmol) in 10 mL of methanol was stirred
then with three 50-mL portions of saturated aqueous NagEoMition. for 26 h and then concentrated by rotary evaporation to afford 0.210 g
The organic layer was concentrated by rotary evaporation to yield 0.881 ¢ 5 yellow oil. Column chromatography on silica geRfOH-CHCl,
g (99%) of aminebaas a foamy white solid: IR (CiTl;) 3423, 3307, 1.1 yielded 0.133 g (58%) of amiréb as a viscous yellow oil: IR
(m, 4 H), 7.43-7.23 (m, 9 H), 7.02 (t) = 7.2 Hz, 1 H), 6.97 (1) = 6 7.45 (app tJ = 7.4 Hz, 2 H), 7.36 (app ] = 8.0 Hz, 1 H), 7.21 (d,
344 (tJ=55Hz,2H), 2.95 (1) = 5.5 Hz, 2 H) HRMS (FABM/e 17 1 1), 3.70-3.65 (m, 2 H), 3.493.42 (m, 2 H), 3.34 (1] = 6.1
for C24H23N502 (M + H)+ calcd 418.2243, found 418.2238. HZ, 2 H), 2.90 (t,J =6.6 HZ, 2 H), 2.84 (d,] =4.4 HZ, 3 H), 27F+
Amine 6a (PhN(C.ONHPh)C.:HZCHzN(CONHPh)CHZCHgNH- 2.73 (M, 5 H), 2.46 (1] = 6.6 Hz, 2 H); 1.89 (br s, 1 H); HRMS
CH2CHCN). ‘A solution of aminesa (0.201 g, 0.481 mmol) and  (FAB) m/efor CyH2NeOz (M + H)* caled 347.2195, found 347.2197.
acrylonitrile (0.0475 mL, 0.722 mmol) in 10 mL of methanol was stirred Triurea 1b (PhN(CONHCH 5)CH2CH2N(CONHCH 5)CH2CH:N-
for 28 h and then concentrated by rotary evaporation to afford 0.215 g (CONHCH3)CH,CH.CN). A solution of amine6b (0.133 g, 0.382
(95%) of amineSa as a foamy white solid: IR (CiLl;) 3421, 3307, mmol) and methyl isocyanate (0.068 mL, 1.15 mmol) in 2 mL of
2252, 1662 cm; *H NMR (300 MHz, CDCH) 6 8.95 (s, L H), 759 \aihyiene chioride was stirred for 4.5 h and then concentrated by rotary
(d,J=7.8Hz, 2 H) 7.52 (app ] = 7.4 Hz, 2 H), 7.43 (app U = evaporation to afford 0.173 g of a hygroscopic foamy white solid.
7.3Hz,1H),7.3#7.23 (m, 8 H), 7.066.97 (M, 2 H), 6.29 (s, 1 H),  Repeated recrystallization from GEl,—petroleum ether, followed by
3.92-3.87 (m, 2 H), 3.76:3.66 (m, 2 H), 3.47 (tJ = 5.9 Hz, 2 H), column chromatography on silica gel (0.7% MeOH inACH), afforded
2.95 (1,J=6.6 Hz, 2 H), 2.87 (1) = 5.9 Hz, 2 H), 2.48 (1) = 6.5 0.085 g (55%) of triuredb as a hygroscopic foamy white solid: IR
(30) (a) Pauling, L.; Corey, R. BProc. Natl. Acad. Sci. U.S.A.953 (CH:Cl;) 3452, 3323, 2249, 1645 crh 'H NMR (300 MHz, CDC})

39, 253. (b) Ashida, T.; Tanaka, I.; Yamane, t. J. Pept. Protein Res. 0 7.47 (app tJ = 7.4 Hz, 2 H), 7.38 (tJ = 7.3 Hz, 1 H), 7.18 (dJ
1981, 17, 322. =7.1Hz, 2 H), 6.86 (app q] = 3.7 Hz, 1 H), 6.78 (app ¢] = 4.3
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Hz, 1 H), 4.29 (app qJ = 4.5 Hz, 1 H), 3.63-3.58 (m, 2 H), 3.49 (t,
J=6.2 Hz, 2 H), 3.453.40 (m, 2 H), 3.29 (app s, 4 H), 2.89 (@=
4.4 Hz, 3 H), 2.83 (dJ = 4.4 Hz, 3 H), 2.75 (d,J = 4.7 Hz, 3 H),
2.59 (t,.] = 6.2 HZ, 2 H), HRMS (FAB)m/efor C19H30N7O3 (M +
H)* calcd 404.2410, found 404.2409. Anal. Calcd fagtGeN7Os:
C, 56.56; H, 7.24; N, 24.30. Found: C, 56.73; H, 7.37; N, 24.04.
Diurea 4c (PhN(CONH-(S)-CH(CH ,Ph)CO,CH3)CH,CH,N-
(CONH-(9)-CH(i-Pr)CO,CH3)CH,CH,NHCOt-Bu). A solution of
diamine3 (0.180 g, 0.645 mmol) andvaline methyl ester isocyanéte
(0.096 g, 0.61 mmol) in 15 mL of methylene chloride was stirred for
13 h and then concentrated by rotary evaporation to afford a light brown
oil. Column chromatography on silica gel (EtOAbexanes, 2:1)
afforded 0.259 g (97%) of PANHGEBH,N(CONH-(S-CH(i-Pr)CQ-
CH3)CH,CH;NHCO,-t-Bu as a colorless oil: IR (CHE)I 3462, 3365,
1734, 1703, 1643 cm; *H NMR (500 MHz, CDC}) 6 7.16 (t,J =
7.7 Hz, 2 H), 6.70 (tJ = 7.3 Hz, 1 H), 6.63 (dJ = 8.1 Hz, 2 H), 5.95
(d,J=7.5Hz, 1H),5.16 (brs, 1H), 4.39 (brs, 1H), 4.30 (dd+
8.4, 5.6 Hz, 1 H), 3.72 (s, 3 H), 3.62 (dt,= 14.8 Hz, 6.1 Hz, 1 H),
3.48-3.40 (m, 2 H), 3.353.20 (m, 5 H), 2.1+2.04 (m, 1 H), 1.42
(s, 9 H), 0.93 (d) = 6.8 Hz, 3 H), 0.85 (dJ = 6.6 Hz, 3 H); HRMS
(FAB) m/efor CxH37N4Os (M + H)* calcd 437.2764, found 437.2750.
A solution of PhNHCHCH,N(CONH-(S)-CH(i-Pr)CO:CH3)CH,-
CH,NHCO,-t-Bu (0.178 g, 0.407 mmol) and-phenylalanine methyl
ester isocyanaté?(0.098 g, 0.48 mmol) in 5 mL of 1,2-dichloroethane
was heated at reflux for 45 h and then concentrated by rotary
evaporation to give a brown oil. Column chromatography on silica
gel (EtOAc-CH,Cl,, 9:1) afforded 0.262 g (100%) of diureke as a
colorless oil: IR (CHG)) 3458 (sh), 3427, 3325, 1740, 1703, 1649
cmL; IH NMR (500 MHz, CDC4) ¢ 7.35 (app tJ = 7.5 Hz, 2 H),
7.29 (app tJ = 7.4 Hz, 1 H), 7.22-7.19 (m, 3 H), 7.07 (app dl =
7.7 Hz, 2 H), 6.98-6.94 (m, 2 H), 6.59 (dJ = 5.5 Hz, 1 H), 5.19 (br
s, 1 H), 4.72-4.66 (m, 2 H), 4.26 (ddJ = 8.0, 6.2 Hz, 1 H), 3.77
(ddd,J = 13.4, 10.5, 5.2 Hz, 1 H), 3.71 (s, 3 H), 3.68 (s, 3 H), 3:65
3.56 (m, 1 H), 3.553.46 (m, 1 H), 3.453.32 (m, 2 H), 3.29-3.12
(m, 3 H), 3.06 (dd, ABX patternlag = 13.8 Hz,Jax = 5.1 Hz, 1 H),
2.91 (dd, ABX patternJag = 13.8 Hz,Jax = 6.3 Hz, 1 H), 2.22 (octet,
J=6.7 Hz, 1 H), 1.39 (s, 9 H), 1.03 (d,= 6.8 Hz, 3 H), 1.00 (d,
= 6.9 Hz, 3 H);C NMR (75 MHz, CDC}) 6 173.4, 172.2, 158.2,

156.0, 141.1, 135.7, 129.8, 128.7, 128.1, 127.5, 127.3, 126.6, 78.6,
59.6, 54.0, 51.7, 51.3, 48.5, 46.7, 45.8, 39.7, 37.6, 29.9, 28.0, 18.9,

18.3; HRMS (FAB)m/efor CasHasNsOs (M + H)* calcd 642.3503,
found 642.3505.

Amine 5c¢ (PhN(CONH-(S)-CH(CH ,Ph)CO,CH3)CH,CH:N-
(CONH-(S)-CH(i-Pr)CO,CH3)CH,CH,NH,). A solution of diurea
4c¢(0.271 g, 0.422 mmol), 1.3 mL of trifluoroacetic acid, and 0.02 mL
of water in 8 mL of methylene chloride was stirred for 45 min.
Saturated aqueous NaHg®olution was then added gradually, with
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chromatography on silica gel (GABH—EtOAc, 1:9) yielded 0.180 g
(72% from4c) of amine6c as a colorless oil: IR (CHG) 3425, 3305,
2251, 1740, 1651 crd; *H NMR (500 MHz, CDC}) 6 7.35 (t,J =

7.5 Hz, 2 H), 7.29 (tJ = 6.8 Hz, 1 H), 7.2+7.19 (m, 3 H), 7.11 (d,
J=17.6 Hz, 2 H), 6.966.95 (m, 2 H), 6.72 (d) = 8.1 Hz, 1 H), 4.73
(d,J=7.8 Hz, 1 H), 4.67 (app gl = 6.7 Hz, 1 H), 4.25 (ddJ = 8.3,

5.7 Hz, 1 H), 3.78-3.70 (m, 2 H), 3.69 (s, 3 H), 3.68 (s, 3 H), 3:54
3.48 (m, 1 H), 3.443.36 (m, 2 H), 3.33-3.28 (m, 1 H), 3.05 (dd,
ABX pattern,Jag = 13.8 Hz,Jax = 5.5 Hz, 1 H), 2.94-2.88 (m, 3

H), 2.80-2.75 (m, 2 H), 2.5%32.48 (m, 2 H), 2.19-2.12 (m, 1 H),

1.79 (br s, 1 H), 0.96 (d] = 6.7 Hz, 6 H);23C NMR (75 MHz, CDC})
0174.0,173.5, 159.0, 156.5, 141.5, 136.0, 130.0, 128.9, 128.3, 127.7,
126.8, 119.0, 59.3, 54.2, 52.0, 51.6, 48.8, 48.3, 46.2, 45.2, 37.9, 30.3,
19.2, 18.3.

Triurea 1c (PhN(CONH-(S)-CH(CH :Ph)CO,CH3)CH,CH,N-
(CONH-(S)-CH(i-Pr)CO,CH3)CHCH,N(CONH-(S)-CH((S)-s-Bu)-
CO,CH3)CH,CH,CN). A solution of aminebc (0.180 g, 0.303 mmol)
andL-isoleucine methyl ester isocyan&ég0.054 g, 0.31 mmol) in 10
mL of methylene chloride was stirred for 20 h and then concentrated
by rotary evaporation. The residue was purified by column chroma-
tography on silica gel (CH¥DH—EtOACc, 1:9) to yield 0.231 g (99%)
of triurealc as a colorless oil: IR (CHG) 3425, 3305, 2249, 1740,
1643 cm; IH NMR (500 MHz, CDC}) ¢ 7.38 (t,J = 7.5 Hz, 2 H),
7.33 (t,J=7.3Hz, 1 H), 7.227.20 (m, 3 H), 7.08 (dJ = 7.4 Hz, 2
H), 6.97-6.95 (m, 2 H), 6.86 (br s, 1 H), 6.58 (d,= 7.7 Hz, 1 H),
4.72-4.66 (m, 2 H), 4.24 (dd) = 7.6, 6.0 Hz, 1 H), 4.20 (app §,=
6.6 Hz, 1 H), 3.75 (dddJ = 13.1, 10.5, 5.0 Hz, 1 H), 3.70 (s, 3 H),
3.684 (s, 3 H), 3.680 (s, 3 H), 3.6@B.47 (m, 3 H), 3.433.32 (m, 5
H), 3.25-3.20 (m, 1 H), 3.07 (dd, ABX patterdas = 13.8 Hz,Jax =
5.2 Hz, 1 H), 2.91 (dd, ABX patterdag = 13.8 Hz,Jax = 6.4 Hz, 1
H), 2.65 (dt,J = 16.8 Hz,J = 6.9 Hz, 1 H), 2.51 (dtJ = 16.9, 5.9
Hz, 1 H), 2.23-2.17 (m, 1 H), 1.951.90 (m, 1 H), 1.551.50 (m, 1
H), 1.32-1.26 (m, 1 H), 1.00 (dJ = 6.9 Hz, 3 H), 0.97 (dJ = 6.8
Hz, 3 H), 0.922 (dJ = 6.8 Hz, 3 H), 0.920 (tJ = 7.3 Hz, 3 H);*C
NMR (125 MHz, CDC}) 6 173.6, 173.5, 172.4, 158.3, 157.6, 156.4,
141.4, 136.0, 130.3, 129.0, 128.4, 128.0, 127.6, 126.9, 118.8, 59.7,
58.9, 54.3, 52.1, 51.6, 49.3, 47.9, 47.0, 46.8, 45.3, 38.1, 36.8, 30.4,
25.7,19.2, 18.4, 17.6, 15.6, 11.4; HRMS (FAB)e for CzgHseN7Og
(M + H)* caled 766.4139, found 766.4141. Anal. Calcd for
CsoHs55N/Og: C, 61.16; H, 7.24; N, 12.80. Found: C, 60.97; H, 7.43;
N, 12.62.
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Hz, 1 H), 7.26-7.19 (m, 3 H), 7.10 (dJ = 7.8 Hz, 2 H), 7.03-6.94
(m, 3 H), 477 (dJ = 7.8 Hz, 1 H), 4.68 (app q] = 6.6 Hz, 1 H),
4.23 (dd,J=7.8, 5.8 Hz, 1 H), 3.843.73 (m, 1 H), 3.76-3.63 (m,
1 H), 3.69 (s, 3 H), 3.68 (s, 3 H), 3.56.48 (m, 1 H), 3.4%3.32 (m,
2 H), 3.31-3.22 (m, 1 H), 3.05 (dd, ABX patterdas = 13.7 Hz,Jax
= 5.6 Hz, 1 H), 2.92 (dd, ABX patterdag = 13.8 Hz,Jax = 6.9 Hz,
1H), 2.84 (brs, 2 H), 2.27 (br s, 2 H), 2.2@.13 (m, 1 H), 0.96 (d,
J=6.8 Hz, 6 H).

Amine 6¢c (PhN(CONH-(S)-CH(CH2Ph)COzCH3)CH2CH2N-
(CONH-(S)-CH(i-Pr)CO,CH3)CH-CH,NHCH CH,CN). A solution
of 0.242 g of aminéc (from above) and acrylonitrile (0.042 mL, 0.64
mmol) in 8 mL of methanol was stirred for 65 h and then concentrated
by rotary evaporation to afford 0.214 g of a yellow oil. Column
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