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Introduction

In recent years, much attention has been paid to the
syntheses and applications of substituted ureas. These
are essential components of drug candidates including
potent HIV protease inhibitors, CCK-B receptor antago-
nists, and endothelin antagonists.1 Oligoureas have also
been introduced as scaffolds for the creation of artificial
â-sheets2 and as peptide backbone mimetics.3 Methods
for the formation of unsymmetrically mono-, di-, tri-, and
tetra-substituted ureas are well documented, and stan-
dard procedures involve the reaction of amines with
carbonylation reagents,4 isocyanates,5 or carbamates.6

As part of our ongoing efforts to develop peptide-
derived immunomodulators, we needed a simple and safe
access to urea-containing peptides and oligoureas. In
1995, Burgess and co-workers reported the use of diami-
noethane-derived monophthalimide-protected isocyan-
ates as building blocks for the solid-phase synthesis of
oligoureas.3a,b This strategy requires the preparation of
monophthalimide-protected diamines and is based on the
use of triphosgene (bis(trichloromethyl)carbonate) as
carbonylating reagent. In a related approach, Schultz and
co-workers used azido 4-nitrophenyl carbamates as ac-
tivated monomers.3c,d Similarly, 4-nitrophenyl carbam-
ates obtained by reaction of Boc-protected N-substituted
ethylenediamines with 4-nitrophenyl chloroformate have
been reported as building blocks for the synthesis of
ureapeptoids.3e Activated carbamates are typically pre-
pared by reaction of amines with carbonates4c or chloro-
formates3e,6b or by reaction of isocyanates with alcohols.6a

We now wish to report the application of Curtius rear-
rangement for the simple conversion of N-Boc-protected
â-amino acids 1 into the corresponding O-succinimidyl-
2-(tert-butoxycarbonylamino)ethylcarbamate derivatives
4. O-succinimidyl carbamates 4 are stable, crystalline
products that react readily with amines to form sub-
stitued ureas and then can be used as activated mono-
mers in the synthesis of oligoureas.

Results and Discussion

N-Boc-protected â-amino acids 1 were first converted
to the corresponding acyl azides 2 by reaction of their
mixed anhydrides (formed with EtOCOCl/N-methylmor-
pholine (NMM)) with NaN3. Isocyanates 3, generated in
situ upon heating acyl azides 2 in toluene at 65 °C, were
trapped by N-hydroxysuccinimide (1 equiv) in the pres-
ence of pyridine (1 equiv) to give carbamate 4. The
reaction sequence from 1 was generally complete in less
than 1 h (Scheme 1).

O-Succinimidyl carbamates 4, which crystallized in
most cases directly from the toluene solution at room
temperature, were recovered simply by filtration in
satisfactory yields. Recrystallization from toluene or from
the appropriate solvent gave analytically pure samples.
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§ Neosystem.
(1) (a) Lam, P. Y.; Jadhav, P. K.; Eyermann, C. J.; Hodge, C. N.;

Ru, Y.; Bacheler, L. T.; Meek, J. L.; Otto, M. J.; Rayner, M. M.; Wong,
Y. N.; Chang, C.-H.; Weber, P. C.; Jackson, D. A.; Sharpe, T. R.;
Erickson-Viitanen, S. Science 1994, 263, 380. (b) Castro, J. L.; Ball,
R. G.; Broughton, H. B.; Russell, M. G. N.; Rathbone, D.; Watt, A. P.;
Baker, R.; Chapman, K. L.; Fletcher, A. E.; Patel, S.; Smith, A. J.;
Marshall, G. R.; Ryecroft, W.; Matassa, V. G. J. Med. Chem. 1996, 39,
842. (c) von Geldern, T. W.; Kester, J. A.; Bal, R.; Wu-Wong, J. R.;
Chiou, W.; Dixon, D. B.; Opgenorth, T. J. J. Med. Chem. 1996, 39, 968.

(2) (a)Nowick, J. S.; Smith, E. M.; Noronha, G. J. Org. Chem. 1995,
60, 7386. (b) Nowick, J. S.; Mahrus, S.; Smith, E. M.; Ziller, J. W. J.
Am. Chem. Soc. 1996, 118, 1066. (c) Nowick, J. S.; Holmes, D. L.;
Mackin, G.; Noronha, G.; Shaka, A. J.; Smith, E. M. J. Am. Chem.
Soc. 1996, 118, 2764. (d) Holmes, D. H.; Smith, E. M.; Nowick, J. S. J.
Am. Chem. Soc. 1997, 119, 7665.

(3) (a) Burgess, K.; Linthicum, D. S.; Shin, H. Angew. Chem., Int.
Ed. Engl. 1995, 34, 907. (b) Burgess, K.; Ibarzo, J.; Linthicum, D. S.;
Russell, D. H.; Shin, H.; Shitangkoon, A.; Totani, R.; Zhang, A. J. J.
Am. Chem. Soc. 1997, 119, 1556. (c) Kim, J.-M.; Bi, Y.; Paikoff, S. J.;
Schultz, P. G. Tetrahedron Lett. 1996, 37, 5305. (d) Kim, J.-M.; Wilson,
T. E.; Norman, T. C.; Schultz, P. G. Tetrahedron Lett. 1996, 37, 5309.
(e) Kruijtzer J. A. W.; Lefeber, D. J.; Liskamp, R. M. J. Tetrahedron
Lett. 1997, 38, 5335. (f) Wilson, M. E.; Nowick, J. S. Tetrahedron Lett.
1998, 39, 6613.

(4) For use of phosgene and its derivatives, see: (a) Majer, P.;
Randad, R. S. J. Org. Chem. 1994, 59, 1937. (b) Scialdone, M. A.;
Shuey, S. W.; Soper, P.; Hamuro, Y.; Burns, D. M. J. Org. Chem. 1998,
63, 4802-4807. For use of various carbonates, see: (c) Takeda, K.;
Akagi, Y.; Saiki, A.; Tsukahara, T.; Ogura, H. Tetrahedron Lett. 1983,
24, 4569. Izdebski, J.; Pawlak, D. Synthesis 1989, 423. For use of N,N′-
carbonyldiimidazole, see: (d) Zhang, X.; Rodrigues, J.; Evans, L.;
Hinckle, B.; Ballantyne, L.; Pena, M. J. Org. Chem. 1997, 62, 6420.
For use of 1,1′-carbonylbisbenzotriazole, see: (e) Katritzky, A. R.;
Pleynet, D. P. M.; Yang, B. J. Org. Chem. 1997, 62, 4155.

(5) (a) Nowick, J. S.; Powell, N. A.; Nguyen, T. M.; Noronha, G. J.
Org. Chem. 1992, 57, 7364. (b) Reference 3b.

(6) (a) Martinez, J.; Oiry, J.; Imbach, J.-L.; Winternitz, F. J. Med.
Chem. 1982, 25, 178. (b) Hutchins, S. M.; Chapman, K. T. Tetrahedron
Lett. 1994, 35, 4055. (c) Thavonekham, B. Synthesis 1997, 1189.

Scheme 1a

a Reagents: (a) EtOCOCl, NMM, THF, -20 °C; (b) NaN3, H2O;
(c) toluene, 65 °C; (d) N-hydroxysuccinimide, pyridine.
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It is noteworthy that the mild conditions employed are
compatible with the use of a number of functionalized
side chains (Table 1).

We also applied this procedure to N-Boc-anthranilic
acid, which is one of the simplest â-amino acids. However,
attempts to convert the corresponding acyl azide to the
desired O-succinimidyl carbamate failed. Instead, 2-oxo-
2,3-dihydrobenzimidazole-1-carboxylic acid tert-butyl es-
ter 57 was recovered in 55% yield after recrystallization
from ethyl acetate. The structure of 5 was assigned
unambiguously by X-ray crystallography (A. Aubry,
personnal communication). Alternatively, when starting
from 2-nitrobenzoic acid,8 the corresponding O-succin-
imidyl carbamate 6 could be isolated in 71% yield after
recrystallization from ethyl acetate.

Carbamates 4 and 6 are stable crystalline solids that
can be stored at 4 °C for months without any degradation.
To study the scope and limitations of our activated
monomers in the preparation of unsymmetrically sub-
stituted ureas, various amines and amino acids were
allowed to react with carbamate 4. The results are shown
in Table 2.

We found that reacting carbamates 4 with primary
amines or amino acids in the presence of Hunig’s base
at room temperature generated the corresponding urea
derivatives 7 in good yields (Table 2; entries 1, 2). The
reaction proceeds rapidly, and all starting material is
generally consumed within 20 min. N-Hydroxysuccinim-
ide is the only byproduct formed during the reaction and
is easily removed by aqueous workup. Under the same
conditions, aromatic amines such as aniline (entry 3) and
a secondary amine (entry 4) also reacted very fast and

in good yield with carbamate 4d to give the expected
ureas 7c and 7d, respectively.

Repetitive urea formation using carbamates 4 as
activated monomers led to urea oligomers as exemplified
by the facile synthesis of Boc-AuCH2-AuCH2-i-Pr (8) and
Boc-AuCH2-AuCH2-AuCH2-i-Pr (9) (Scheme 2).9

Conclusion

In summary, O-succinimidyl-2-(tert-butoxycarbonyl-
amino)ethylcarbamates 4 can be readily prepared from
â-amino acids and react cleanly and in good yields with
primary and secondary amines to form ureas. The mild
conditions required for the preparations of carbamates
4 should be compatible with side chains of most protein-
ogenic amino acids, and therefore we anticipate that
these stable activated intermediates will represent at-
tractive building blocks for the solid-phase synthesis of
urea-containing pseudopeptides and oligoureas.

Experimental Section

General Procedures. Amino acid derivatives were pur-
chased from Neosystem or Novabiochem. THF was freshly
distilled from Na/benzophenone under Ar before use. Toluene
was distilled from P2O5 and stored over 4 Å molecular sieves.
Aniline was passed through alumina before use. Boc-â3-amino
acids were prepared according to literature procedures10 via
Arndt-Eistert homologation of commercially available protected
amino acids. The reactions were carried out under a positive
pressure of Ar. HPLC analysis was performed on a Nucleosil
C18 column (5 µm, 3.9 × 150 mm by using a linear gradient of A
(0.1% TFA in H2O) and B (0.08% TFA in MeCN) at a flow rate
of 1.2 mL/min with UV detection at 214 nm.

General Procedure for the Preparation of O-Succinim-
idyl Carbamates 4. The N-protected â-amino acid (10 mmol)
was dissolved in THF (30 mL) under Ar and cooled to -20 °C.
After addition of EtOCOCl (11 mmol) and NMM (11 mmol, 1.1
equiv), the mixture was stirred at -20 °C for 20 min. The
resulting white suspension was allowed to warm to -5 °C and
was treated with an aqueous solution (5 mL) of NaN3 (25 mmol).
The mixture was stirred for 5 min, diluted with EtOAc, washed
with brine, dried over MgSO4, and concentrated under reduced
pressure to give the acyl azide 2, which was used without further
purification. Toluene was added under Ar, and the resulting
solution was heated to 65 °C under stirring. After the gas
evolution had stopped (ca. 10 min), N-hydroxysuccinimide (10
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Table 1. Conversion of â-amino Acids 1 to the
Correponding O-Succinimidyl Carbamates 4

R
compd

4
yield
(%)a

mp
(°C)

HPLC tR
(min)b

H 4a 55 132-134 6.95c

Me 4b 60 153-155 8.00c

i-Pr 4c 51 125-127 10.80c

Bn 4d 55 163-164 12.79c

CH2CO2(Bzl) 4e 58 115-117 13.47c

CH(Me)OBzl 4f 64 109-110 14.59c

(CH2)4NH(2-Cl-Z) 4g 60 114-115 10.66d

a Isolated yield from 1 after recrystallization. b Linear gradient
of A (0.1% TFA in H2O) and B (MeCN containing 0.08% TFA).
c 20-80% B, 20 min. d 30-100% B, 20 min.

Scheme 2a

a Reagents: (a) TFA; (b) 4b, Hunig’s base, DMF.
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mmol) and pyridine (10 mmol) were added. The mixture was
stirred for 5 min at 65 °C and then cooled to room temperature.
In most cases the title compound crystallized from the toluene
solution and was collected by filtration. Recrystallization from
toluene afforded the pure O-succinimidyl carbamate. Otherwise
the solvent was removed in vacuo and the residue was purified
by recrystallization from the appropriate solvent.

O-Succinimidyl-2-(tert-butoxycarbonylamino)ethylcar-
bamate (4a). 3-(tert-Butoxycarbonylamino)propanoic acid (3.78
g, 20 mmol) was transformed according to the general procedure.
Recrystallization from toluene yielded 4a (3.3 g, 50%): colorless
crystals; mp 132-134 °C; HPLC tR 6.95 min (linear gradient,
20-80% B, 20 min); 1H NMR (200 MHz, DMSO-d6) δ 1.38 (s,
9H), 2.76 (s, 4H), 3.00-3.11 (m, 4H), 6.87 (br t, 1H); 8.27 (t, J )
5.1 Hz, 1H); 13C NMR (50 MHz, CD3CN) δ 171.7, 157.5, 153.1,
79.7, 42.7, 40.6, 28.6, 26.3; MS (MALDI-TOF) m/z 340 [M + K]+,
324 [M + Na]+. Anal. Calcd for C12H19N3O6: C, 47.84; H, 6.36;
N, 13.95. Found: C, 48.09; H, 6.65; N, 14.00.

(S)-O-Succinimidyl-2-(tert-butoxycarbonylamino)pro-
pylcarbamate (4b). Boc-â3-HAla-OH (3.25 g, 16 mmol) was
transformed according to the general procedure. Recrystalliza-
tion from toluene yielded 4b (3.05 g, 60%): white solid; mp 153-
155 °C; [R]25

D -14.4 (c 1.03, MeCN); HPLC tR 8.00 min (linear
gradient, 20-80% B, 20 min); 1H NMR (200 MHz, CD3CN) δ
1.07 (d, J ) 6.8 Hz, 3H), 1.41 (s, 9H), 2.73 (s, 4H), 3.14-3.20
(m, 2H), 3.62-3.72 (m, 1H), 5.25 (br d, 1H), 6.54 (br t, 1H); 13C
NMR (50 MHz, CD3CN) δ 171.7, 156.7, 153.3, 79.6, 47.7, 47.4,
28.7, 26.3, 18.4; MS (MALDI-TOF) m/z 355 [M + K]+, 339 [M +
Na]+. Anal. Calcd for C13H21N3O6: C, 49.52; H, 6.71; N, 13.33.
Found: C, 49.45; H, 6.57; N, 13.18.

(S)-O-Succinimidyl-2-(tert-butoxycarbonylamino)-3-
methylpropylcarbamate (4c). Boc-â3-HVal-OH (1.27 g, 5.5
mmol) was transformed according to the general procedure.
Recrystallization from toluene yielded 4c (956 mg, 51%): white
solid; mp 125-127 °C; [R]25

D -41.2 (c 1.15, THF); HPLC tR 10.80
min (linear gradient, 20-80% B, 20 min); 1H NMR (200 MHz,
CD3CN) δ 0.89 (t, J ) 7.0 Hz, 6H), 1.42 (s, 9H), 1.65-1.78 (m,
1H), 2.73 (s, 4H), 3.11-3.52 (m, 3H), 5.18 (br d, J ) 8.5 Hz,
1H), 6.46 (br t, 1H); 13C NMR (50 MHz, CD3CN) δ 171.7, 157.7,
153.5, 79.3, 56.7, 44.8, 31.0, 28.7, 26.3, 19.8, 18.3. MS (MALDI-
TOF) m/z 383 [M + K]+, 367 [M + Na]+. Anal. Calcd for
C15H25N3O6: C, 52.47; H, 7.34; N, 12.24. Found: C, 52.26; H,
7.13; N, 11.92.

(S)-O-Succinimidyl-2-(tert-butoxycarbonylamino)-4-phen-
ylpropylcarbamate (4d). Boc-â3-HPhe-OH (8.27 g, 29.5 mmol)

was transformed according to the general procedure. Recrystal-
lization from toluene yielded 4d (6.6 g, 57%): white solid; mp
163-164 °C; [R]25

D -15 (c 1.17, MeCN); HPLC tR 12.79 min
(linear gradient, 20-80% B, 20 min); 1H NMR (200 MHz, CD3-
CN) δ 1.33 (s, 9H), 2.68-2.90 (m, 6H), 3.16-3.37 (m, 2H), 3.78-
3.93 (m, 1H), 5.26 (d, J ) 8.0 Hz, 1H), 6.54 (br t, 1H); 7.16-7.34
(m, 5H); 13C NMR (50 MHz, CD3CN) δ 171.7, 157.3, 153.3, 139.4,
130.3, 129.4, 127.4, 79.6, 53.2, 46.3, 39.0, 28.6, 26.3; MS (MALDI-
TOF) m/z 430 [M + K]+, 414 [M + Na]+. Anal. Calcd for
C19H25N3O6: C, 58.30; H, 6.44; N, 10.74. Found: C, 58.17; H,
6.38; N, 10.69.

(S)-O-Succinimidyl-3-(benzyloxycarbonyl)-2-(tert-bu-
toxycarbonylamino)propylcarbamate (4e). Boc-â3-HAsp-
(Bzl)-OH (2.53 g, 7.5 mmol) was transformed according to the
general procedure. Recrystallization from toluene yielded 4e
(1.94 g, 58%): white solid; mp 115-117 °C; [R]25

D -16.3 (c 1.3,
THF); HPLC tR 13.47 min (linear gradient, 20-80% B, 20 min);
1H NMR (200 MHz, CD3CN) δ 1.46 (s, 9H), 2.47-2.58 (m, 2H);
2.73 (s, 4H), 3.29 (t, J ) 6.2 Hz, 2H), 3.96-4.08 (m, 1H), 5.10 (s,
2H), 5.45 (br d, J ) 6.2 Hz, 1H); 6.54 (br t, 1H); 7.29-7.41 (m,
5H); 13C NMR (50 MHz, CD3CN) δ 171.7, 171.6, 156.5, 153.4,
137.4, 129.6, 129.4, 129.1, 118.3, 79.9, 67.2, 48.9, 45.8, 37.6, 28.6,
26.3; MS (MALDI-TOF) m/z 488 [M + K]+, 472 [M + Na]+. Anal.
Calcd for C21H27N3O8: C, 56.12; H, 6.05; N, 9.35. Found: C,
55.89; H, 6.01; N, 9.32.

(2R,3R)-O-Succinimidyl-3-(benzyloxy)-2-(tert-butoxy-
carbonylamino)propylcarbamate (4f). Boc-â3-HThr(Bzl)-OH
(2.31 g, 7.14 mmol) was transformed according to the general
procedure. Recrystallization from EtOAc/hexane yielded 4f (2.0
g, 64%): white solid; mp 109-110 °C; [R]25

D +8.6 (c 1.07, MeCN);
HPLC tR 14.59 min (linear gradient, 20-80% B, 20 min); 1H
NMR (200 MHz, CD3CN) δ 1.16 (d, J ) 6.1 Hz, 3H), 1.43 (s,
9H), 2.73 (s, 4H), 3.21-3.44 (m, 2H), 3.61-3.76 (m, 2H), 4.41
(d, J ) 11.5 Hz, 1H), 4.60 (d, J ) 11.5 Hz, 1H), 0.21 (br d, J )
9.1 Hz, 1H), 6.49 (br t, 1H), 7.25-7.39 (m, 5H); 13C NMR (50
MHz, CD3CN) δ 171.7, 157.2, 153.2, 139.9, 129.4, 129.3, 128.8,
128.5, 118.3, 79.7, 75.1, 71.5, 55.3, 44.2, 28.6, 26.3, 16.4; MS
(MALDI-TOF) m/z 475 [M + K]+, 459 [M + Na]+. Anal. Calcd
for C21H29N3O7: C, 57.92; H, 6.71; N, 9.65. Found: C, 58.02; H,
6.67; N, 9.81.

(S)-O-Succinimidyl-2-(tert-butoxycarbonylamino)-6-(2-
chlorobenzyloxycarbonylamino)hexanoylcarbamate (4g).
Boc-â3-HLys(2-Cl-Z)-OH (4.83 g, 11.26 mmol) was transformed
according to the general procedure. Recrystallization from
toluene yielded 4g (3.67 g, 60%): white solid; mp 116-119 °C;

Table 2. Formation of Substituted Ureas 7 from Carbamates 4 and Various Amino Derivatives

a Reaction conditions: carbamate (3 mmol), amine (3-4 mmol), Hunig’s base (3 mmol), DMF (5 mL), rt. b Isolated yields.
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[R]25
D -10.3 (c 1.0, MeCN); HPLC tR 10.63 min (linear gradient,

30-100% B, 20 min); 1H NMR (200 MHz, CD3CN) δ 1.26-1.47
(m, 6H), 1.41 (s, 9H), 2.73 (s, 4H), 3.05-3.30 (m, 4H), 3.57-
3.66 (m, 1H), 5.14 (s, 2H), 5.24 (br d, J ) 8 Hz, 1H), 5.73 (br t,
1H), 6.52 (br t, 1H), 7.18-7.47 (m, 4H); 13C NMR (50 MHz, CD3-
CN) δ 171.7, 157.0, 153.1, 130.5, 130.4, 128.2, 118.3, 79.6, 64.1,
51.5, 46.6, 41.3, 32.4, 30.3, 28.7, 26.3, 23.6; MS (MALDI-TOF)
m/z 579.9 [M + K]+, 563.5 [M + Na]+. Anal. Calcd for C24H33-
ClN4O8: C, 53.28; H, 6.15; N, 10.36. Found: C, 53.37; H, 6.12;
N, 10.33.

O-Succinimidyl-(2-nitrophenyl)carbamate (6). 2-Nitroben-
zoic acid (1.17 g, 7 mmol) was transformed according to the
general procedure for the preparation of 4. The solvent was
removed in vacuo, and recrystallization from EtOAc yielded 6
(1.39 g, 71%): light yellow crystals; mp 166-167 °C; HPLC tR
9.45 min (linear gradient, 20-80% B, 20 min); 1H NMR (200
MHz, CDCl3) δ 2.89 (s, 4H), 7.26 (dt, 1H), 7.69 (dt, 1H), 8.26
(dd, 1H), 8.40 (dd, 1H), 10.40 (br s); 13C NMR (50 MHz, CDCl3)
δ 169.2, 148.5, 136.2, 133.1, 126.2, 124.1, 120.8, 25.6; MS
(MALDI-TOF) m/z 318 [M + K]+, 302 [M + Na]+. Anal. Calcd
for C12H10N2O6: C, 47.32; H, 3.25; N, 15.05. Found: C, 47.45;
H, 3.26; N, 15.07.

Urea Formation: General Procedure. To a stirred solu-
tion of the amine (1.3 mmol) in 5 mL of DMF were successively
added O-succinimidyl carbamate 4 (1 mmol) and Hunig’s base
(1 mmol). After 10-30 min, the mixture was diluted with
saturated NaHCO3 and extracted with EtOAc. The organic layer
was washed with 1 N KHSO4, brine, saturated NaHCO3 and
brine, dried (MgSO4), and evaporated. Flash chromatography
and/or recrystallization afforded pure urea 7.

Methyl (2S)-2-{[2-(tert-Butoxycarbonylamino)ethyl]ure-
ido}-4-methylpentanoate (Boc-GuCH2-Leu-OMe, 7a). Car-
bamate 4a (602 mg, 2 mmol) was reacted with HCl‚H-Leu-OMe
(436 mg, 2.4 mmol) according to the general procedure. Recrys-
tallization from EtOAc/diisopropyl ether yielded 7a (520 mg,
78%): colorless needles; mp 86-89 °C; [R]25

D -10.8 (c 1.02,
MeOH); HPLC tR 11.39 min (linear gradient, 20-80% B, 20 min);
1H NMR (200 MHz, CDCl3) δ 0.90 (d, J ) 6.4 Hz, 3H), 0.91 (d,
J ) 6.2 Hz, 3H), 1.41 (s, 9H), 1.45-1.75 (m, 3H), 3.16-3.32 (m,
4H), 3.69 (s, 3H), 4.36-4.47 (m, 1H), 5.34 (br t, J ) 5.2, 1H),
6.14 (d, J ) 8.2, 1H), 6.76 (br t, J ) 5.0, 1H); 13C NMR (50 MHz,
CDCl3) δ 175.3, 158.5, 156.7, 79.4, 52.1, 51.7, 41.8, 41.3, 40.3,
28.4, 24.8, 22.9, 21.9; MS (MALDI-TOF) m/z 370 [M + K]+, 354
[M + Na]+, 332 [M + 1]+. Anal. Calcd for C15H29N3O5‚0.5H2O:
C, 52.94; H, 8.82; N, 12.35. Found: C, 52.92; H, 8.68; N, 12.27.

(2S)-1-[2-(tert-Butoxycarbonylamino)propyl]-3-(1-meth-
ylethyl)urea (Boc-AuCH2-i-Pr, 7b). Carbamate 4b (901 mg,
2.86 mmol) was reacted with i-PrNH2 (511 µL, 6 mmol) according
to the general procedure to yield 7b (701 mg, 95%): white solid;
mp 101 °C; [R]25

D -7.4 (c 0.89, MeOH); HPLC tR 8.71 min (linear
gradient, 20-80% B, 20 min); 1H NMR (200 MHz, CD3CN) δ
1.03 (d, J ) 6.6 Hz, 3H), 1.07 (d, J ) 6.5 Hz, 6H), 1.40 (s, 9H),
3.02-3.08 (m, 2H), 3.47-3.60 (m, 1H), 3.65-3.81 (m, 1H), 4.92
(br d, 1H); 5.1 (br t, 1H), 5.66 (br, 1H); 13C NMR (50 MHz, CD3-
CN) δ 158.4, 156.4, 79.4, 47.7, 46.2, 42.2, 28.5, 23.4, 23.3, 18.6;
MS (MALDI-TOF) m/z 298 [M + K]+, 282 [M + Na]+. Anal. Calcd
for C12H25N3O3: C, 55.57; H, 9.72; N, 16.20. Found: C, 55.56;
H, 9.82; N, 16.16.

(2S)-1-[2-(tert-Butoxycarbonylamino)-3-phenylpropyl]-
3-phenylurea (Boc-FuCH2-Ph, 7c). Carbamate 4d (500 mg,
1.28 mmol) was reacted with PhNH2 (119 mg, 1.28 mmol)
according to the general procedure. Recrystallization from CH2-
Cl2/hexane yielded 7c (412 mg, 87%): white solid; mp 154 °C;
[R]25

D +10.3 (c 1.03, MeOH); HPLC tR 15.23 min (linear gradient,
20-80% B, 20 min); 1H NMR (200 MHz, CD3OD) δ 1.35 (s, 9H),
2.70 (dd, J ) 8.0, 13.7 Hz, 1H), 2.80 (dd, J ) 7.8, 13.7 Hz, 1H),
3.16 (dd, J ) 8.6, 13.6 Hz, 1H), 3.33 (dd, J ) 4.6, 17.1 Hz, 1H),

3.81-3.85 (m, 1H), 7.16-7.34 (m, 10H); 13C NMR (50 MHz, CD3-
OD) δ 158.8, 158.6, 141.3, 140.1, 130.8, 130.2, 129.8, 127.7, 123.9,
120.7, 80.4, 54.6, 44.8, 40.3, 29.1, 28.8; MS (MALDI-TOF) m/z
408 [M + K]+, 392 [M + Na]+, 370 [M + 1]+. Anal. Calcd for
C21H27N3O3: C, 68.27; H, 7.37; N, 11.37. Found: C, 68.19; H,
7.32; N, 11.47.

Boc-FuCH2-Pro-NH2, 7d. Carbamate 4d (1.16 g, 3 mmol) was
reacted with HCl‚H-Pro-NH2 (540 mg, 3.6 mmol) according to
the general procedure. Flash chromatography (CHCl3/MeOH
10:1) yielded 7d (1.16 g, 88%): white solid; mp 96-98 °C; [R]25

D
-20.4 (c 1.02, MeOH); HPLC tR 10.02 min (linear gradient, 20-
80% B, 20 min); 1H NMR (200 MHz, CD3OD) δ 1.36 (s, 9H),
1.88-2.17 (m, 4H), 2.59-2.83 (m, 2H), 2.96 (dd, J ) 9.4, 13.6
Hz, 1H), 3.21-3.50 (m, 3H), 3.89-3.99 (m, 1H), 4.29 (dd, J )
3.2, 8.1 Hz, 1H), 7.11-7.29 (m, 5H); 13C NMR (100 MHz, CDCl3)
δ 175.4, 157.8, 156.6, 137.4, 129.2, 128.6, 126.6, 79.6, 60.1, 51.6,
46.3, 45.7, 39.0, 28.8, 28.4, 24.7; MS (MALDI-TOF) m/z 429
[M + K]+, 413 [M + Na]+, 391 [M + 1]+. Anal. Calcd for
C20H30N4O4: C, 61.52; H, 7.74. Found: C, 61.78; H, 7.77.

Boc-AuCH2-AuCH2-i-Pr, 8. Compound 7b (650 mg, 2.5 mmol)
was dissolved in TFA (0.25M) at 0 °C. After stirring at room
temperature for 30 min and concentration under reduced
pressure, the crude trifluoroacetate salt was dried in vacuo over
KOH and used without further purification. Carbamate 4b was
then reacted with a solution of the trifluoroacetate salt in DMF
according to the general procedure. Recrystallization from EtOH/
hexane yielded 8 (630 mg, 70%): white solid; mp 184-185 °C,
[R]25

D +9.3 (c 0.88, MeOH); HPLC tR 8.52 min (linear gradient,
20-80% B, 20 min); 1H NMR (200 MHz, CD3OD) δ 1.05-1.12
(m, 12H), 1.42 (s, 9H), 2.92-3.24 (m, 4H), 3.56-3.84 (m, 2H);
13C NMR (100 MHz, CD3OD) δ 160.9, 160.7, 158.2, 80.0, 48.2,
47.8, 46.8, 46.4, 42.9, 28.5, 23.6, 23.5, 19.1, 18.6. Anal. Calcd
for C16H33N5O4: C, 53.46; H, 9.25; N, 19.48. Found: C, 53.62;
H, 9.29; N, 19.43.

Boc-AuCH2-AuCH2-AuCH2-i-Pr, 9. Compound 8 (440 mg,
1.22 mmol) was dissolved in TFA (0.25 M) at 0 °C. After stirring
at room temperature for 30 min and concentration under reduced
pressure, the crude trifluoroacetate salt that precipitated upon
addition of Et2O was collected by filtration, dried in vacuo over
KOH, and used without further purification. To a solution of
the trifluoroacetate salt in DMF were successively added 4b and
Hunig’s base (637 µL, 3.66 mmol). The reaction mixture was
stirred for 20 min, and saturated NaHCO3 was added. The
precipitate that formed was filtered, washed with saturated
NaHCO3, water, and Et2O, and dried in vacuo over P2O5 to yield
9 (350 mg, 62%): white solid; mp 210-211 °C, [R]25

D +63.6 (c
1.00, MeOH); HPLC tR 8.53 min (linear gradient, 20-80% B, 20
min); 1H NMR (200 MHz, CD3OD) δ 1.03-1.12 (m, 15H), 1.44
(s, 9H), 2.55-2.85 (m, 3H), 3.21-3.39 (m, 3H), 3.61-3.95 (m,
4H); 13C NMR (100 MHz, CD3OD) δ 161.2, 161.1, 160.9, 158.7,
80.3, 48.2, 47.6, 47.5, 47.2, 47.1, 46.8, 43.0, 29.0, 23.8, 23.7, 19.5,
19.0, 18.7; MS (MALDI-TOF) m/z 499 [M + K]+, 483 [M + Na]+,
461 [M + 1]+. Anal. Calcd for C20H41N7O5: C, 52.27; H, 8.99; N,
21.33. Found: C, 52.23; H, 9.00; N, 20.93.
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