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ABSTRACT: A practical one-pot synthesis of ureas is
described. Boc-protected amines can be transformed into
nonsymmetrical and symmetrical disubstituted and trisubsti-
tuted ureas utilizing 2-chloropyridine and trifluoromethane-
sulfonyl anhydride for the in situ generation of an isocyanate,
which reacts with an amine. A variety of amines can be

employed successfully, leading to high yields of isolated ureas.

B INTRODUCTION

Disubstituted and trisubstituted ureas are frequently encoun-
tered in biologically active compounds and constitute subunits
of synthetic targets for a wide range of applications such as
agrochemicals. In recent years, ureas have been employed as
essential components in drug candidates including potent HIV
protease inhibitors,"* CCK-B receptor antagonists,lb endothelin
antagonists,lc CCR8 ligands,ld and p38-MAP kinase inhib-
itors."'® Furthermore, they have been employed in compounds
that have been identified as potential antinociceptive,'’
antiglycation,'® and anticancer agents.lh Apart from their
presence in pharmaceuticals (such as sorafenib and caripra-
zine), they have also been employed as agrochemicals (such as
monuron, isoproturon, diuron).” Oligoureas have also been
introduced as scaffolds for the creation of artificial -sheets® and
as peptide backbone mimetics.* Even more recently, ureas have
been used as substrates in materials science, as linkers in
combinatorial chemistry, and in organocatalysis.®

Due to the numerous applications of ureas, a plethora of
synthetic approaches exist in the literature. The traditional
approach for their synthesis is the use of phosgene and its
derivatives, such as triphosgene.6 To replace the hazardous
nature of phosgene by environmentally friendly substitutes,
carbonates,” N,N’-carbonyldiimidazole 81,1 '-carbonylbisbenzo-
triazole,” S,S-dimethylthiocarbonate,'® S-methylthiocarba-
mate," formamides,'? chloroformates, and others'® have been
employed. However, in the above cases more than one step is
required for the synthesis of ureas. Alternatively, metal-
catalyzed processes, Curtius, Lossen, and Hoffman rearrange-
ments, and metal-catalyzed reductive alkylations have been
devised to give rise to urea derivatives, depending on the
starting material in hand.'* Among the most attractive
transformations for the synthesis of ureas is the reaction of a
carbamate with an amine (Scheme 1). Carbamate-type
protecting groups are the most widely employed for the
protection of amines and are particularly stable under a variety
of conditions and inert toward nucleophilic reagents. Thus, the
possibility of converting a protected amine to an urea is
particularly attractive because in this manner two different
amines could be used for the synthesis of the urea moiety. This
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straightforward approach has already been exploited by a
number of researchers.'® Unfortunately, in all these cases, a
number of drawbacks are encountered. In some cases, the
substrate scope is very narrow, limited to a handful of
substrates,">*® while in other cases strong bases are required
which are not compatible with other functional groups on the
molecule.>* Probably the main drawback though, of these
methodologies, is the use of a variety of uncommon carbamates
(R: phenyl, CH,CF;, isoprenyl, Scheme 1), because the most
common fert-butyl (from Boc group) and benzyl (from Cbz
group) are rather inert under the reaction conditions or have
very low reactivity.">*~" By far, the Boc-protecting group is
among the most commonly employed protecting groups for
amines in organic chemistry, and only a few reports successfully
utilize Boc-protected amines to furnish ureas."*® Unfortu-
nately, a key problem in the above-mentioned methodologies is
the epimerization occurring under the reaction conditions,
which results in racemization of the substrates that possess
chiral centers, such as those derived from amino acids.®
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We have been actively involved in the application of ureas
and thioureas as organocatalysts for a variety of trans-
formations.'¢ During the course of these studies, we have
repeatedly encountered the problem of selective protection and
deprotection of an amine, use of this amine and its conversion
to an iso(thio)cyanate, and finally coupling with a second
amine to form the (thio)urea. To decrease the number of steps
required for such a transformation and coupled with recent
literature findings,'” we focused our attention to providing a
mild, highly eflicient one-pot synthesis of ureas from Boc-
protected amines (Scheme 1). We postulated that instead of
utilizing a nucleophilic base as used previously, we could
employ a mild base in conjunction with trifluoromethanesul-
fonyl anhydride to form in situ the isocyanate, which in turn
could react with an amine to afford the desired urea.

B RESULTS AND DISCUSSION

To test our hypothesis, the methyl ester of Boc-protected
phenylalanine (1a) was chosen as the model substrate (Table
1). The choice of this particular substrate had a dual role: first

Table 1. Optimization of the Reaction Conditions for the
One-Pot Synthesis of Ureas from Boc-Phe-OMe and

Benzylamine
Ph 1. Base, CH,Cl,, Tf,O Ph
50 min, r.t. i
BocHN OMe >~ ph™ >N" N OMe
4a O 2. BnNHzr(fa), 50 min H 3a H o
entry base (equiv) T£,0 (equiv) amine (equiv) yield (%)%
1 2-Cl-pyridine (1) 1 12 21
2 2-Cl-pyridine (2) 15 12 71
3 2-Cl-pyridine (3) L5 12 96
4 2-Cl-pyridine (4) 2 12 96
S 2-Cl-pyridine (3) 15 9 96
6 2-Cl-pyridine (3) 1.5 6 83
7 2-Cl-pyridine (3) 1.5 3 59
8 2-Cl-pyridine (3) 1.s° 9 23
9 2-Cl-pyridine (3) 1.5¢ 9 81
10 EtN (3) 1.5 9 0
11 DMAP (3) LS 9 0
12 pyridine (3) 15 9 12
13 2-Me-pyridine (3) L5 9 28
14 2-F-pyridine (3) 15 9 69
15 2-Br-pyridine (3) LS 9 89
16  2-Cl-pyridine (3) Ls 34 9
17 2-Cl-pyridine (3) L5 24 45
18 2-Cl-pyridine (3) 15 3¢ 93
19 2-Cl-pyridine (3) 15 2 30

“Isolated yield after column chormatography. bTrifluoroacetic acid
anhydride (TFAA) was used instead of Tf,O. “Acetic acid anhydride
(Ac,0) was used instead of Tf,O. 9After addition of benzylamine, the
reaction mixture was stirred for 20 h at rt. “Before addition of
benzylamine (3 equiv), Et;N (6 equiv) was added. TBefore addition of
benzylamine (2 equiv), Et;N (7 equiv) was added.

to check whether racemization would occur during this process
and second if other functional groups, such as an ester, are
compatible with this protocol. Initially, 2-chloropyridine was
chosen as the base and trifluoromethanesulfonyl anhydride to
form in situ the isocyanate. Benzylamine was used as the amine
nucleophile and indeed the product was obtained, albeit in low
yield (entry 1, Table 1). Optimization of the amount of both
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the base and the anhydride showed the optimum ratio of these
reagents to afford the desired urea in 96% isolated yield (entries
1—4, Table 1). The amount of the amine nucleophile was then
studied (entries S—7, Table 1). Unfortunately, to have high
yield in short reaction time, 9 equiv of benzylamine was
necessary (entry S, Table 1). To bypass this problem, after the
completion of the reaction, the excess of the amine can be
recycled via acid—base extractions; thus, expensive amines or
amines that require alot of steps to be prepared can be recycled
and used again. A variety of other anhydrides were then tested.
Two of these attempts are included in Table 1 (entries 8 and
9). Acetic anhydride led to slightly inferior results (entry 9,
Table 1), while trifluoroacetic anhydride led to a low yield
(entry 8, Table 1). To further optimize the reaction conditions,
a variety of bases were tested (entries 10—1S, Table 1).
Traditional bases such as triethylamine, DMAP, and pyridine
led to poor results. Interestingly, 2-substituted pyridines,
especially with a halogen, proved to be highly specific for this
transformation (when 3-chloropyridine was used instead of 2-
chloropyridine, the product was obtained in 66% yield). By far,
the best results were obtained with 2-chloropyridine and then
by 2-bromopyridine. The amount of the amine nucleophile was
then studied again, because an efficient protocol with lower
amounts of nucleophile would be highly desirable (entries 16—
19, Table 1). It could be reduced to 3 equiv if the reaction time
was extended to 20 h, leading to 96% yield of the product
(entry 16, Table 1). Further reduction to 2 equiv led to
moderate yield (entry 17, Table 1). To avoid extension of the
reaction time and to use lower amounts of “more precious”
amines, before the addition of benzylamine, triethylamine could
be added and similar high yields could be obtained (entry 18,
Table 1). Probably, triethylamine sequesters the acid generated,
faster than 2-chloropyridine, and thus more benzylamine is
“free” for the nucleophilic attack on the isocyanate.
Unfortunately 3 equiv of amine is necessary for high yields,
because further reduction of the amount of benzylamine led to
low yield (entry 19, Table 1). Note that in the above cases the
methyl ester functionality was left intact and no racemization
occurred.

Once the optimum reaction conditions were identified, the
substrate scope was explored. Initially, a variety of amines were
utilized (Scheme 2). In addition to benzylamine, other primary
amines bearing long linear alkyl or alkenyl chains are well
tolerated, leading from high to excellent yields (ureas 3b—d).
Not only were primary amines used but also primary amines on
secondary alkyl chains were used, such as the symmetrical
cyclohexylamine and isopropylamine and nonsymmetrical
amines, which were employed successfully, leading to ureas
3e—h in high yields. In the case of 3h, an inseparable mixture of
diastereomers (2:1) was obtained because racemic 2-methyl-
benzylamine was utilized. Anilines as well as the sterically
hindered tert-butylamine were successfully used, leading to high
yields. Finally, secondary amines can be employed, leading to
trisubstituted ureas 31—o. Cyclic amines such as piperidine and
morpholine and noncyclic secondary amines such as dibenzyl-
amine led to high yields. Again, in all the above cases,
racemization did not occur. Finally, a chiral secondary amine,
H-Pro-OBn, was utilized, leading to urea peptidomimetic 3o,
which was isolated in excellent yield. To prove beyond doubt
that no epimerization or racemization had occurred, urea 3a
was synthesized in its racemic form. Using chiral HPLC, we
were able to confirm that no racemization was detected (for
more details, see Supporting Information).
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Scheme 2. One-Pot Synthesis of Ureas from Boc-Phe-OMe
and Amines
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Because our main interest lies in the synthesis of chiral
ureas,'® we then explored the possibility of utilizing other Boc-
protected amines (Scheme 3). Initially, a number of chiral and
nonchiral protected amino acids were utilized, because the
products could be employed as catalysts or could be further
derivatized to be applied in organocatalytic reactions. Toward

Scheme 3. One-Pot Synthesis of Ureas from Boc-Protected
Amines and Benzylamine
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this end, Boc-protected derivatives of valine, aspartic acid,
glycine, and 4-aminobutanoic acid (GABA) were successfully
employed, leading to ureas 4a—d in high yields. Symmetrical
ureas can be also obtained, such as urea 4e. Other Boc-
protected aliphatic amines such as allylamine, cyclohexylamine,
and even secondary amines such as piperidine can be utilized in
this protocol, leading to ureas 4f—h. Other functional groups
such as protected alcohols are well tolerated, leading to high
yield (urea 4i). Finally, even Boc-aniline can be employed in
this protocol, leading to urea 4j in excellent yield.

According to literature reports, when carbamates are used as
the starting material, no matter which method is utilized, an
intermediate isocyanate is postulated.'>'” However, this
intermediate was never isolated, but researchers have
established its existence via monitoring the reaction by IR
spectroscopy.'>'” We were able to isolate the intermediate
isocyanate S, after treating the Boc-protected amine with 2-
chloropyridine and trifluoromethanesulfonyl anhydride
(Scheme 4).

Scheme 4. Isolation of the Intermediate Isocyanate
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After identification of this crucial intermediate, the following
mechanism can be proposed (Scheme S). Initially, Boc-

Scheme 5. Proposed Reaction Mechanism
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protected amine la is treated with the dehydrating agents,
leading to an intermediate imino triflate, which collapses to
generate the corresponding isocyanate. Upon addition of the
amine, urea 3a is obtained.

B CONCLUSIONS

A mild and highly efficient one-pot process for the synthesis of
ureas from Boc-protected amines is described. The substrate
scope of the reaction is very general, and a variety of aliphatic
primary and secondary amines, even aniline, can be tolerated.
In addition, a number of Boc-protected amines can be
employed, leading to ureas in high yields. This methodology
enriches the literature knowledge, utilizes a widely accepted
protecting group of amines (Boc) rather than some more
reactive but rare carbamates and provides a shorter and efficient
protocol to form ureas, and more importantly the use of chiral
substrates is well tolerated, because no racemization or
epimerization occurs. The mechanism of the reaction was
studied, and the active intermediate was isolated.
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B EXPERIMENTAL SECTION

General Remarks. Chromatographic purification of products was
accomplished using forced-flow chromatography. Thin-layer chroma-
tography (TLC) was performed on aluminum-backed silica plates (0.2
mm, 60 F,y,). Visualization of the developed chromatogram was
performed by fluorescence quenching using phosphomolybdic acid,
anisaldehyde, or potassium permanganate stains. IR spectra were
recorded on an FT-IR spectrometer and are reported in terms of
frequency of absorption (cm™). Melting points were determined on a
hot stage apparatus and are uncorrected. Mass spectra (ESI) were
recorded on a LC-MS spectrometer. HRMS spectra (ESI) were
recorded on a QTOF spectrometer. 'H, YF, and *C NMR spectra
were recorded on 200, 188, and 50 MHz, respectively, and are
internally referenced to residual solvent signals. Data for 'H NMR are
reported as follows: chemical shift (§ ppm), integration, multiplicity (s
= singlet, d = doublet, t = triplet, ¢ = quartet, m = multiplet, bs =
broad signal, bs m = broad signal multiplet), and coupling constant.
Data for F NMR are internally referenced to trifluoroacetic acid.
Data for "*C NMR are reported in terms of chemical shift (§ ppm). All
Boc-protected amines used were either commercially available or
synthesized via literature procedures, and all data obtained matched
literature data. Boc-protected amines were either commercially
available or were synthesized using literature known procedures and
all data matched literature data for 1c,'®* 1e,"®® and 1f'%¢

General Procedure for the One-Pot Synthesis of Ureas from
Boc-Protected Amines. Boc-protected amine (0.30 mmol) was
placed in a round-bottom flask followed by dry CH,Cl, (10 mL). 2-
Chloropyridine (0.09 mL, 0.90 mmol) was added, followed by
triftuoromethanesulfonic anhydride (0.08 mL, 0.45 mmol), and the
reaction mixture was stirred for S0 min at room temperature. Then
amine (0.90 or 2.70 mmol) or Et;N (1.80 mmol) followed by amine
(0.90 mmol) was added, and the reaction mixture was stirred at room
temperature for 1—20 h. The crude product was purified using column
chromatography (30%—50% EtOAc in petroleum ether) to afford the
desired product.

(S)-Methyl 2-(3-Benzylureido)-3-phenylpropanoate (3a)."®
Utilizing 3 equiv of amine, reaction time 20 h. White solid; 90 mg,
96% yield; mp 96—98 °C {lit. mp 94—96 °C}'** [a]p = +56.5 (c =
1.0, CHCL,) {lit. [a]p = +57.4 (c = 1.0, CHCL,)};**" IR (film) 3336,
3028, 2949, 2924, 1742, 1634, 1565, 1495, 1207; "H NMR (200 MHz,
CDCly) § 7.32—7.10 (8H, m), 7.10—-6.99 (2H, m), 5.81-5.55 (2H,
m), 4.75—4.60 (1H, m), 4.24 (1H, dd, ] = 15.4 and 6.1 Hz), 4.13 (1H,
dd, J = 154 and 5.8 Hz), 3.56 (1H, s), 2.98 (1H, dd, J = 14.6 and 6.6
Hz), 2.87 (1H, dd, ] = 14.6 and 6.5 Hz); '*C NMR (50 MHz, CDCl,)
51733, 157.5, 139.1, 1362, 129.1, 128.3, 12822, 127.1, 126.9, 126.6,
53.9, 51.9, 43.8, 38.3; MS 313 (M + H", 100).

(S)-Methyl 3-Phenyl-2-(3-propylureido)propanoate (3b). Uti-
lizing 9 equiv of amine, reaction time 20 h. White solid; 59 mg, 75%
yield; mp 84—86 °C; [a]p = +61.2 (c = 1.0, CHCLy); IR (film) 3341,
2960, 2873, 1744, 1635, 1566, 1210, 1096; '"H NMR (200 MHz,
CDCly ) 6 7.44—6.94 (SH, m), 5.49—5.13 (1H, m), 4.99 (1H, t, ] = 5.3
Hz), 4.75—4.67 (1H, m), 3.68 (3H, s), 3.35—2.73 (4H, m), 1.69—1.17
(2H, m), 0.85 (3H, t, J = 7.3 Hz); *C NMR (50 MHz, CDCl;) §
173.5, 157.5, 136.3, 129.2, 128.3, 126.8, 53.9, 52.0, 42.0, 38.4, 23.2,
11.2; MS 265 (M + H*, 100); HRMS exact mass calculated for [M +
Na] * (C4,H,,0;N,Na) requires m/z 287.1366, found m/z 287.1357.

(S)-Methyl 2-(3-Allylureido)-3-phenylpropanoate (3c). Utiliz-
ing 3 equiv of amine, reaction time 20 h. White solid; 74 mg, 94%
yield; mp 73—75 °C; [a]p = +74.7 (¢ = 1.0, CHCL); IR (film) 3322,
3061, 2353, 1744, 1633, 1565, 1217, 992, 919; 'H NMR (200 MHz,
CDCl, ) § 7.35-7.15 (3H, m), 7.13—7.00 (2H, m), 5.87—5.67 (1H,
m), 5.36 (1H, br s), 5.15 (3H, m), 4.80—4.67 (1H, m), 3,75—3.65
(2H, m), 3.67 (3H, s), 3.05 (1H, dd, J = 13.3 and 5.4 Hz), 2.96 (1H,
dd, J= 13.3 and 5.9 Hz); 3C NMR (50 MHz, CDCl;) § 173.3, 157.2,
1362, 135.1, 129.2, 128.4, 126.8, 115.6, 53.9, 52.1, 42.8, 38.4; MS 263
(M + HY, 100); HRMS exact mass calculated for [M + Na] *
(Cy4H;303N,Na) requires m/z 285.1210, found m/z 285.1201.

(S,2)-Methyl 2-[3-(Octadec-9-en-1-yl)ureido]-3-phenylpro-
panoate (3d). Utilizing 3 equiv of amine, reaction time 20 h. Light
yellow oil; 129 mg, 91% yield; [a]p = +39.4 (¢ = 1.0, CHCL,); IR
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(film) 3322, 2923, 2852, 2353, 1746, 1632, 1568, 1455, 1218, 1095;
'"H NMR (200 MHz, CDCl, ) § 7.28—7.14 (3H, m), 7.12—7.04 (2H,
m), 5.46—5.23 (3H, m), 5.11-4.98 (1H, m), 4.84—4.64 (1H, m), 3.64
(3H, s), 3.16—2.85 (4H, m), 2.22—1.78 (4H, m), 1.42—1.14 (24H, m),
0.84 (3H, t, J= 6.4 Hz); 3C NMR (50 MHz, CDCl,) § 173.6, 157.5,
136.3, 129.8, 129.7, 129.2, 128.3, 126.8, 53.9, 52.0, 40.3, 38.4, 32.5,
31.8,30.0, 29.7, 29.6, 29.5, 29.4, 29.3, 29.2, 29.1, 27.1, 26.9, 26.8, 22.6,
14.1; MS 473 (M + HY, 100); HRMS exact mass calculated for [M +

Na] * (C,0H,4O;N,Na) requires m/z 495.3557, found m/z 495.3537.

(S) Methyl 2-(3-Cyclohexylureido)-3-phenylpropanoate
(3e).M Utilizing 9 equiv of amine, reaction time 1 h. White solid;
89 mg, 98% yield; mp 83—85 °C; [a]p = +66.5 (¢ = 1.0, CHCLy); IR
(film) 3342, 2928, 2852, 2372, 1773, 1627, 1498, 1490, 1218, 1100;
'"H NMR (200 MHz, CDCl;) 6 7.35—7.00 (5H, m), 5.38 (1H, d, ] =
8.1 Hz), 5.03 (1H, d, ] = 7.9 Hz), 4.82—4.64 (1H, m), 3.64 (3H, s),
3.52—3.35 (1H, br m), 3.05 (1H, dd, ] = 12.3 and 4.4 Hz), 2.97 (1H,
dd, J = 12.3 and 4.6 Hz), 1.94—1.47 (SH, m), 1.42—0.91 (5H, m); *C
NMR (50 MHz, CDCl;) § 173.5, 156.8, 136.3, 129.2, 128.3, 126.8,
54.0, 52.0, 48.9, 38.5, 33.6, 33.5, 25.5, 24.9, 24.8; MS 305 (M + H*,
100).

(S)-Methyl 2-(3-Isopropylureido)-3-phenylpropanoate (3f).'°
Utilizing 9 equiv of amine, reaction time 20 h. White solid; 59 mg, 75%
yield; mp 112—116 °C {lit. mp 115 °C}'** [a]p = +72.8 (c = 1.0,
CHCL); IR (film) 3448, 3372, 2968, 1736, 1637, 1560, 1218; 'H
NMR (200 MHz, CDCl;) § 7.28—7.16 (3H, m), 7.14—7.04 (2H, m),
5.33 (1H, d, J = 8.0 Hz), 492 (1H, d, ] = 7.7 Hz), 4.79—4.61 (1H, m),
3.87-3.61 (1H, m), 3.66 (3H, s), 3.03 (1H, dd, J = 13.4 and 5.6 Hz),
2.94 (1H, dd, J = 13.4 and 5.5 Hz), 1.12—1.02 (6H, m); *C NMR (50
MHz, CDCl;) § 173.5, 156.8, 136.3, 129.2, 128.3, 126.8, 53.9, 52.0,
42.0, 38.6, 23.2, 23.1; MS 265 (M + H*, 100).

(S)-Methyl 2-(3-sec-Butylureido)-3-phenylpropanoate (3g).
Utilizing 3 equiv of amine, reaction time 20 h. Yellow solid; 64 mg,
76% yield; mp 55—57 °C; [a]p = +62.5 (¢ = 1.0, CHCL); IR (film)
3353, 2964, 1746, 1633, 1560, 1218; '"H NMR (200 MHz, CDCL,) §
7.30—7.16 (3H, m), 7.14—7.06 (2H, m), 5.25 (1H, d, J = 7.8 Hz),
4.85—4.67 (2H, m), 3.66 (3H, s), 3.69—3.51 (1H, m), 3.06 (1H, dd, J
= 13.3 and 5.5 Hz), 2.96 (1H, dd, J = 13.3 and 5.8 Hz), 1.48—1.31
(2H, m), 1.09—0.99 (3H, m), 0.91-0.79 (3H, m); *C NMR (50
MHz, CDCl,) § 173.5, 157.0, 136.4, 129.2, 128.3, 126.8, 53.9, 52.0,
47.4, 38.5, 30.0, 20.8, 10.2; MS 279 (M + H*, 100); HRMS exact mass
calculated for [M + Na] * (C,sH,,0;N,Na) requires m/z 301.1523,
found m/z 301.1512.

(2S)-Methyl 3 Phenyl-2-(3-(1-phenylethyl)ureido)-
propanoate (3h) Utilizing 3 equiv of amine, reaction time 20 h.
Yellow oil; 86 mg, 88% yield; 2:1 mixture of diastereomers; [a]p, =
+48.0 (¢ = 1.0, CHCL,) {lit. [a]p = +52.3 (¢ = 1.0, CHCL,)};'*" IR
(film) 3331, 2968, 2352, 1744, 1631, 1559, 1494, 1217; '"H NMR (200
MHz, CDCl;) 6 7.37—7.12 (8H, m), 7.07—7.00 (1H, m), 7.00—6.90
(1H, m), 5.65-5.60 (1H, m), 5.59-5.4S5 (0.68H, m), 5.37—5.27
(0.32H, m), 4.84—4.62 (2H, m), 3.60 (3H, s), 3.06—2.84 (2H, m),
1.36—1.26 (3H, m); 3C NMR (50 MHz, CDCl;) § 173.3, 173.1,
156.9, 156.8, 144.3, 144.1, 136.2, 136.1, 129.2, 129.1, 128.5, 128.4,
128.3 128.2, 127.0, 126.9, 126.7, 126.6, 125.8, 125.7, 53.9, 53.8, 52.0,
51.9, 50.0, 49.8, 38.5, 38.4, 23.3, 23.0; MS 327 (M + H*, 100).

(S)-Methyl 3-Phenyl-2-(3-phenylureido)propanoate (3i).2!
Utilizing 6 equiv of Et;N and 3 equiv of amine, reaction time 1 h.
White solid; 63 mg, 70% yield; mp 84—87 °C {lit. mp 81—82 °C};*'
[a]p = +52.6 (c = 1.0, CHC13) IR (film) 3342, 2358, 1743, 1649,
1555, 1497, 1441, 1215; "H NMR (200 MHz, CDCl ;) § 7.45 (1H, br
s), 7.39—6.93 (10H, m), 5.96 (1H, d, J = 8.0 Hz), 4.86—4.75 (1H, m),
3.66 (3H, s), 3.09 (1H, dd, J = 13.8 and 5.7 Hz), 2.96 (1H, dd, ] = 13.8
and 6.6 Hz); *C NMR (50 MHz, CDCl;) &: 173.3, 155.3, 138.4,
136.1, 129.2, 128.9, 128.4, 126.9, 123.3, 120.3, 54.0, 52.2, 38.2; MS 299
(M + H*, 100).

(S)-Methyl 2-[3-(3,5- B|s(trlﬂuoromethyl)phenyl)ureldo] -3-
phenylpropanoate (3j).2 Utilizing 6 equiv of Et;N and 3 equiv
of amine, reaction time 1 h. Light yellow solid; 89 mg, 68% yield; mp
80—82 °C; [a]p = +64.8 (¢ = 1.0, CHCL,); '"H NMR (200 MHz,
CDCly) § 7.70 (1H, s), 7.60 (2H, s), 7.35—7.21 (4H, m), 7.13—7.07
(2H, m), 5.92 (1H, d, J = 7.8 Hz), 4.83 (1H, ddd, J = 7.8, 7.1, and 5.2
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Hz), 3.85 (3H, s), 3.08 (1H, dd, ] = 13.9 and 5.2 Hz), 2.96 (1H, dd, J
= 13.9 and 7.1 Hz); C NMR (50 MHz, CDCL,) § 175.1, 154.3,
140.0, 135.6, 131.6 (q, J = 33.2 Hz), 129.1, 128.8, 127.4, 122.9 (q,] =
272.7 Hz), 1179 (m), 115.6 (m), 53.9, 52.9, 37.6; ’F NMR (188
MHz, CDCl;) § —8.22 (3F, s); MS 435 (M + H*, 100).
(S;—Methyl 2-(3-tert-Butylureido)-3-phenylpropanoate
(3k).%3 Utilizing 9 equiv of amine, reaction time 20 h. Yellow low
melting solid; 66 mg, 79% yield; [a]p, = +66.1 (¢ = 1.0, CHCL); IR
(film) 3352, 2962, 1745, 1637, 1558, 1453, 1218; 'H NMR (200 MHz,
CDCly) 6 7.27-7.14 (3H, m), 7.12—7.05 (2H, m), 5.12 (1H, br s),
4.69 (1H, t, ] = 5.8 Hz), 4.40 (1H, br s), 3.65 (3H, s), 3.01(1H, dd, ] =
13.9 and 5.8 Hz), 2.91 (1H, dd, ] = 13.9 and 5.8 Hz), 1.25 (9H, s); *C
NMR (50 MHz, CDCL;) § 173.7, 156.6, 136.3, 129.3, 128.3, 126.8,
53.7, 52.0, 50.2, 38.6, 29.3; MS 279 (M + H", 100).

(S)-Methyl 2-(3,3-Dibenzylureido)-3-phenylpropanoate (3l).
Utilizing 6 equiv of Et;N and 3 equiv of amine, reaction time 1 h.
Yellow solid; 99 mg, 82% yield; mp 84—86 °C; [a]p = +29.6 (c = 1.0,
CHCL); IR (film) 3353, 2964, 1746, 1633, 1560, 1454, 1218; 'H
NMR (200 MHz, CDCl;) § 7.39—7.24 (6H, m), 7.24—7.13 (7H, m),
7.02—6.94 (2H, m), 4.99—4.77 (2H, m), 449 (2H, d, ] = 16.4 Hz),
439 (2H, d, ] = 16.4 Hz), 3.68 (3H, s), 3.10 (1H, dd, J = 13.8 and 5.2
Hz), 3.00 (1H, dd, J = 13.8 and 6.0 Hz); '3C NMR (50 MHz, CDCl,)
5: 172.7, 157.4, 137.0, 135.9, 128.9, 128.6, 128.3, 127.3, 127.0, 126.7,
54.3, 52.0, 50.0, 38.0; MS 417 (M + H", 100); HRMS exact mass
calculated for [M + Na] * (C,sH,s0;N,Na) requires m/z 425.1836,
found m/z 425.185S.

(S)-Methyl 3-Phenyl-2-(piperidine-1-carboxamido)-
propanoate (3m). Utilizing 9 equiv of amine, reaction time 20 h.
Yellow solid; 62 mg, 71% yield; mp 78—82 °C; [a], = +45.4 (c = 1.0,
CHCL); IR (film) 3416, 2936, 1745, 1629, 1537, 1218; '"H NMR (200
MHz, CDCl;) § 7.30—7.15 (3H, m), 7.14—7.05 (2H, m), 4.88 (1H, d,
J=75), 478—4.69 (1H, m), 3.68 (3H, s), 3.36—3.16 (4H, m), 3.11
(1H, dd, J = 14.2 and 5.3 Hz), 3.04 (1H, dd, ] = 14.2 and 5.4 Hz),
1.64—1.38 (6H, m); 3C NMR (50 MHz, CDCl;) § 1732, 156.4,
136.3, 129.2, 128.3, 126.8, 54.3, 52.0, 44.7, 382, 25.4, 24.2; MS 291
(M + H', 100); HRMS exact mass calculated for [M + H] *
(Cy6H,305N,) requires m/z 291.1703, found m/z 291.1708.

(S)-Methgl 2-(Morpholine-4-carboxamido)-3-phenylpropa-
noate (3n).%* Utilizing 9 equiv of amine, reaction time 20 h. Low
melting point colorless solid; 79 mg, 90% yield; [a], = +60.3 (c = 1.0,
CHCL); IR (film) 3180, 2924, 1744, 1632, 1533, 1454, 1263, 1218,
1116; '"H NMR (200 MHz, CDCl,) § 7.39—7.16 (3H, m), 7.16—6.91
(2H, m), 497 (1H, d, ] = 7.4 Hz), 4.84—4.63 (1H, m), 3.68 (3H, s),
3.65-3.52 (4H, m), 3.32—3.21 (4H, m), 3.12-3.02 (2H, m); C
NMR (50 MHz, CDCL;) 6 173.0, 156.6, 136.0, 129.1, 128.4, 126.9,
66.3, 54.2, 52.2, 43.7, 38.1; MS 293 (M + H', 100).

(S)-Benzyl 1-{[(S)-1-Methoxy-1-o0xo-3-phenylpropan-2-yl]-
carbamoyl}pyrrolidine-2-carboxylate (30). Utilizing 9 equiv of
amine, reaction time 20 h. Yellow oil; 108 mg, 88% yield; [a]p = +5.4
(c = 1.0, CHCLy); IR (film) 3440, 2951, 1741, 1738, 1649, 1520, 1454,
1392, 1217, 1171; "H NMR (200 MHz, CDCl,) 6 7.37—7.27 (5H, m),
7.27-7.15 (3H, m), 7.14—7.04 (2H, m), 5.20 (1H, d, ] = 12.3 Hz),
5.10 (1H, d, J = 12.3 Hz), 4.88 (1H, br d, ] = 7.8 Hz), 4.81—4.71 (1H,
m), 448-3.38 (1H, m), 3.67 (3H, s), 3.42—3.20 (2H, m), 3.11 (1H,
dd, J = 12.3 and 5.5 Hz), 3.06 (1H, dd, J = 12.3 and 5.5 Hz), 2.24—
1.86 (4H, m); 3C NMR (50 MHz, CDCL) § 172.7, 172.6, 155.3,
135.9, 135.5, 129.2, 128.4, 128.3, 128.1, 127.9, 126.8, 66.6, 58.9, 54.0,
52.0,45.5, 38.0, 29.4, 24.2; MS 411 (M + H", 100); HRMS exact mass
calculated for [M + H] * (Cy3H,,04N,) requires m/z 411.1914, found
m/z 411.1931.

(5)-Methyl 2-(3-Benzylureido)-3-methylbutanoate (4a).'®
Utilizing 6 equiv of Et;N and 3 equiv of amine, reaction time 1 h.
White solid; 70 mg, 88% yield; mp 83—85 °C {lit. mp 82—84 °C};'™*
[a]p = +16.8 (c = 1.0, CHCL,) {lit. [a]p = +16.0 (¢ = 1.0, CHCl; )};
P IR (film) 3316, 2964, 2365, 1743, 1635, 1559, 1218, 1134; 'H
NMR (200 MHz, CDCl;) § 7.53—6.85 (SH, m), 5.95—5.59 (2H, m),
4.42—4.14 (3H, m), 3.57 (3H, s), 2.12—1.88 (1H, m), 0.86 (3H, d, ] =
6.8 Hz), 0.79 (3H, d, ] = 6.9 Hz); 3C NMR (50 MHz, CDCl;) §
174.1, 158.2, 139.2, 128.4, 127.2, 127.0, 57.9, 51.8, 44.1, 31.2, 18.9,
17.6; MS 265 (M + H*, 100).
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(5)-1-Benzyl 4-Methyl 2-(3-benzylureido)succinate (4b).
Utilizing 6 equiv of Et;N and 3 equiv of amine, reaction time 1 h.
Yellow solid; 100 mg, 90% yield; mp 64—66 °C; [a]p = +16.3 (c = 1.0,
CHCL,); IR (film) 3356, 3319, 2348, 1732, 1627, 1219, 772; 'H NMR
(200 MHz, CDCl,) § 7.35—7.12 (10H, m), 5.86 (1H, d, = 8.3 Hz),
5.56 (1H, t, J = 5.5 Hz), 5.09 (1H, d, J = 12.3 Hz), 5.02 (1H, d, ] =
12.3 Hz), 4.80 (1H, dt, ] = 8.3 and 4.7 Hz), 4.35—4.25 (2H, m), 3.50
(3H, s), 2.96 (1H, dd, J = 17.1 and 4.7 Hz), 2.79 (1H, dd, J = 17.1 and
4.7 Hz); 3C NMR (50 MHz, CDCl;) § 171.9, 171.8, 157.5, 139.0,
1352, 128.5, 128.3, 128.1, 127.4, 127.2, 127.1, 67.3, 51.8, 49.5, 44.2,
36.9; MS 371 (M + H*, 100); HRMS exact mass calculated for [M +
H] * (CyH,304N,) requires m/z 371.1601, found m/z 371.160S.

Methyl 2-(3-Benzylureido)acetate (4c). Utilizing 6 equiv of
Et;N and 3 equiv of amine, reaction time 1 h. Yellow oil; 50 mg, 75%
yield; IR (film) 3338, 2347, 1743, 1619, 1433, 1219; '"H NMR (200
MHz, CDCL,) 6 7.27—7.15 (5H, m), 5.77 (2H, br s), 4.35—4.20 (2H,
m), 3.90—3.80 (2H, m), 3.60 (3H, s); '*C NMR (50 MHz, CDCL;) §
171.9, 158.5, 139.2, 128.4, 127.1, 127.0, 52.0, 44.0, 41.9; MS 223 (M +
H*, 100); HRMS exact mass calculated for [M + H]* (C,;H;;0;N,)
requires m/z 223.1077, found m/z 223.1076.

Methyl 4-(3-Benzylureido)butanoate (4d). Utilizing 6 equiv of
Et;N and 3 equiv of amine, reaction time 1 h. Yellow solid, 53 mg, 70%
yield; mp 62—66 °C; IR (film) 3346, 2347, 1733, 1634, 1568, 1437,
1219, 1030; 'H NMR (200 MHz, CDCl;) § 7.36—7.09 (5H, m), 5.59
(1H, br s), 5.31 (1H, br s), 423 (2H, s), 3.62 (3H, s), 3.06 (2H, t, ] =
6.2 Hz), 224 (2H, t, ] = 7.2 Hz), 1.79—1.62 (2H, m); *C NMR (50
MHz, CDCl;) § 174.1, 158.8, 139.4, 128.4, 127.1, 127.0, 51.6, 44.0,
39.4, 31.1, 25.2; MS 251 (M + H", 100); HRMS exact mass calculated
for [M + H]" (C;3H;sO;N,) requires m/z 251.1390, found m/z
251.1390.

1,3-Dibenzylurea (4e).”” Utilizing 6 equiv of Et;N and 3 equiv of
amine, reaction time 1 h. White solid; S5 mg, 76% yield; mp 152—156
°C {lit. mp 166—169 °C}**; IR (film) 3317, 2970, 5921, 2371, 1625,
1577, 1262, 1054, 1032, 1012; 'H NMR (200 MHz, CDCl,) § 7.35—
7.11 (10H, m), 5.40—4.50 (2H, br s), 427 (4H, s); *C NMR (50
MHz, CDCL;) § 158.2, 138.9, 128.6, 127.3, 127.2, 44.5; MS 241 (M +
HY, 100).

1-Allyl-3-benzylurea (4f).%° Utilizing 6 equiv of Et;N and 3 equiv
of amine, reaction time 1 h. White solid; 40 mg, 70% yield; mp 90—93
°C {lit. mp 91 °C};** IR (film) 3319, 2351, 1621, 1555, 1217, 921; 'H
NMR (200 MHz, CDCl;) 6 7.35—7.08 (SH, m), 5.89—5.62 (1H, m),
5.52 (1H, br s), 5.33 (1H, br s), 5.17—4.94 (2H, m), 4.23 (2H, s),
3.76—3.58 (2H, m); *C NMR (50 MHz, CDCl;) § 158.7, 139.3,
135.4, 128.4, 127.2, 127.0, 115.3, 44.1, 42.7; MS 191 (M + H", 100).

1-Benzyl-3-cyclohexylurea (4g).?” Utilizing 6 equiv of Et;N and
3 equiv of amine, reaction time 1 h. Colorless solid, 50 mg, 72% yield;
mp 151—154 °C {lit. mp 150—153 °C};*”® IR (film) 3330, 2928, 2851,
1625, 1576, 1454, 1219; '"H NMR (200 MHz, CDCL,) 6 7.45—7.19
(SH, m), 5.05 (1H, br s), 4.65 (1H, br s), 427 (2H, s), 3.56—3.29
(1H, m), 1.95—1.77 (2H, m), 1.72—1.43 (3H, m), 1.39—0.90 (SH, m);
3C NMR (50 MHz, CDCl,) § 157.5, 139.2, 128.6, 127.4, 127.3, 49.2,
44.5, 33.8, 25.5, 24.8; MS 233 (M + H*, 100).

N-Benzylpiperidine-1-carboxamide (4h).**?® Utilizing 9
equiv of amine, reaction time 20 h. Colorless solid, 43 mg, 66%
yield; mp 101—104 °C {lit. mp 103—105 °C};*® IR (film) 3328, 2933,
2851, 1620, 1538, 1219; '"H NMR (200 MHz, CDCL,) § 7.43—7.10
(5H, m), 4.82 (1H, br s), 442—4.36 (2H, m), 3.35—3.25 (4H, m),
1.65—1.42 (6H, m); 3C NMR (50 MHz, CDCl;) § 157.5, 139.6,
128.5, 127.7, 127.1, 45.0, 44.9, 25.5, 24.3; MS 219 (M + H*, 100).

4-(3-Benzylureido)butyl 4-(trifluoromethyl)benzoate (4i).
Utilizing 9 equiv of amine, reaction time 20 h. White solid; 85 mg,
72% yield; mp 128—130 °C; IR (film) 3323, 2348, 1729, 1621, 1328,
1218, 1121, 772; '"H NMR (200 MHz, CDCL,) 6 8.10 (2H, d, ] = 8.2
Hz), 7.67 (2H, d, ] = 8.2 Hz), 7.35—7.15 (SH, m), 4.35—4.25 (4H, m),
325-3.15 (2H, t, ] = 6.7 Hz), 1.80—1.52 (4H, m); *C NMR (50
MHz, CDCl;) § 165.4, 158.3, 138.9, 134.4 (q, ] = 32.6 Hz), 133.4,
129.9, 128.6, 1274, 127.3, 1254 (q, ] = 3.5 Hz), 123.6 (q, ] = 272.7
Hz), 65.1, 44.5, 40.0, 26.7, 26.0; ’F NMR (188 MHz, CDCl,) 6 —8.08
(3F, s); MS 395 (M + H*, 100); HRMS exact mass calculated for [M
+ H]*" (Cy0H,F303N,) requires m/z 395.1577, found m/z 395.1591.
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1-Benzyl-3-phenylurea (4j).*° Utilizing 9 equiv of amine,
reaction time 20 h. Yellow solid; 61 mg, 90% yield; mp 148—152
°C {lit. mp 169—171 °C}*®; IR (film) 3307, 2303, 1633, 1594, 1558,
1219; 'H NMR (200 MHz, CD,0D) § 7.42—7.18 (9H, m), 7.02—6.90
(1H, m), 437 (2H, s); *C NMR (50 MHz, CD;0D) &: 157.0, 139.8,
139.7, 128.6, 1284, 127.0, 126.9, 122.3, 119.0, 43.3; MS 227 (M + H',
100).

Isolation of the Intermediate Isocyanate (5). Boc-protected
amine (0.30 mmol) was placed in a round-bottom flask followed by
CH,Cl, (10 mL). 2-Chloropyridine (0.09 mL, 0.90 mmol) was added,
followed by trifluoromethanesulfonic anhydride (0.08 mL, 0.4S
mmol), and the reaction mixture was stirred for S0 min at room
temperature. The crude product was purified using column
chromatography (30%—50% EtOAc in petroleum ether) to afford
the desired product. Low melting point yellow solid; 48 mg, 56% yield;
IR (film) 2916, 2277, 1732, 1647, 1506, 1327, 1219, 772; '"H NMR
(200 MHz, CDCl,) 6 8.14 (2H, d, ] = 82 Hz), 7.71 (2H, d, ] = 8.2
Hz), 439 (2H, t, ] = 6.2 Hz), 3.41 (2H, t, ] = 6.3 Hz), 1.98—1.58 (4H,
m); 3C NMR (50 MHz, CDCl;) § 165.3, 134.5 (q, ] = 32.6 Hz),
1333, 1299, 1254 (q, J = 3.8 Hz), 123.6 (q, J = 272.8 Hz), 122.0,
64.7, 42.6, 27.8, 25.8; ’F NMR (188 MHz, CDCl;) 6 —8.09 (3F, s);
MS (ESI) 288 (M + H*, 100%); HRMS exact mass calculated for [M
+ H]* (C\3H3F;05N) requires n1/z 288.0842, found m/z 288.0854.

Recycling of the Amine Excess. After completion of the
reaction, the reaction mixture was diluted with CH,Cl, (15 mL). The
organic layer was washed with aq HCl (2 X 10 mL, 1 N). The
combined aqueous layers, that contain the salt of the amine, was
basified with solid NaHCO; (pH = 9). The free amine was extracted
with CH,Cl, (2 X 15 mL). The combined organic layers were dried,
and the solvent was removed in vacuo (78—85% recovery of amine).
Alternatively, after purification of the urea by column chromatography,
the column was flushed with CH;OH until the amine was not
observed by ninhydrin stain (72—81% recovery of amine).

Determination of Epimerization of the Urea Product.
Following the same synthetic procedure, the racemic urea product
3a was synthesized. Utilizing chiral HPLC (Chiralapak AD-H,
hexane:PrOH 85:15, 1 mL/min flow rate, we separated the two
enantiomers [(R)-enantiomer retention time: 15.87 min, (S)-
enantiomer retention time: 28.26 min]. After running the synthesized
3a under the identical conditions, we confirmed that negligible rate of
epimerization had occurred (99.64:0.36).
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