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Synthetically useful N-Fmoc amino-alkyl isothiocyanates have been described, starting from protected
amino acids. These compounds have been synthesized in excellent yields by thiocarbonylation of the
monoprotected 1,2-diamineswithCS2/TEA/p-TsCl, isolated as stable solids, and completely characterized.
Theprocedurehasbeenextended to the synthesis of aminoalkyl isothiocyanates fromBoc-andZ-protected
amino acids as well. The utility of these isothiocyanates for peptidomimetics synthesis has been demon-
strated by employing them in the preparation of a series of dithioureidopeptide esters. Boc-Gly-OH and
Boc-Phe-OH derived isothiocyanates 9a and 9c have been obtained as single crystals and their structures
solved through X-ray diffraction. They belong to the orthorhombic crystal system, and have a single
molecule in the asymmetric unit (Z0=1). 9a crystallizes in the centrosymmetric space groupPbca, while 9c
crystallizes in the noncentrosymmetric space group P212121.

Introduction

The synthesis of backbonemodified peptides and their screen-
ing is an integral part of the present day drug development
processes owing to the dramatic improvement in the pharmaco-
kinetic properties of the bioactive peptides causedby the replace-
ment of one or more peptide bonds with unnatural linkages.1,2

Thus, several classes of peptidomimetics that contain non-native
bonds such as ureas, carbamates, oligosulfonamides, peptoids,
hydrazino peptides, aminoxy peptides, and heterocycles have
been synthesized and employed for therapeutic applications.3,4

(1) (a) Vagner, J.; Qu, H.; Hruby, V. J. Curr. Opin. Chem. Biol. 2008, 12,
292–296. (b) Patch, J. A.; Barron, A. E. Curr. Opin. Chem. Biol. 2002, 6,
872-877 and references cited therein.

(2) (a)Nowick, J. S.Org.Biomol. Chem. 2006, 4, 3869–3885. (b) Lee, S.-G.;
Chmielewski, J. Chem. Biol. 2006, 13, 421–426.

(3) For selected reviews on various types of peptidomimetic synthesis and
their biological applications, see: (a) Synthesis of Peptides and & Peptido-
mimetics (Houben-Weyl); Goodman, M.; Felix, A.; Moroder, L.; Toniolo,
C.; Eds.; Georg Thieme Verlag: Stuttgart, Germany, 2003; Vol. E22c and
references cited therein. (b) Gellman, S. H. Acc. Chem. Res. 1998, 31, 173–180.
(c) Emmons, T. K.; Murali, R.; Greene, M. I. Curr. Opin. Biotech. 1997, 8, 435–
441. (d) Peptides: Chemistry and Biology; Sewald, N.; Jakubke, H. -D.; Eds.;
Wiley-VCH: Weinheim, Germany, 2002; p 354.

(4) For selected class of peptidomimetics: (i) For ureas see: (a) Guichard,
G.; Semetey, V.; Didierjean, C.; Aubry, A.; Briand, J. P.; Rodriguez, M. J.
Org. Chem. 1999, 64, 8702–8705. (b) Boeijen, A.; van Ameijde, J.; Liskamp,
R.M. J. J. Org. Chem. 2001, 66, 8454–8462. (ii) For carbamates see: (c) Cho,
C. Y.;Moran, E. J.; Cherry, S. R.; Stephans, J. C.; Fodor, S. P. A.; Adams, C.
L.; Sundaram,A.; Jacobs, J.W.; Schultz, P. G.Science 1993, 261, 1303–1305.
(iii) For sulfonamides see: (d) Gennari, C.; Salom, B.; Potenza, D.;Williams,
A. Angew. Chem., Int. Ed. Engl. 1994, 33, 2067–2069. (iv) For peptoids see:
(e) Simon,R. J.;Kania, R. S.; Zuckermann, R.N.;Huebner, V.D.; Jewell, D.
A.; Banville, S.;Wang, S.; Rosenberg, S.;Marlowe, C. K.; Spellmeyer, D. C.;
Tan, R.; Frankel, A.D.; Santi, D. V.; Cohen, P. A.; Bartlett, P. A.Proc. Natl.
Acad. Sci. U.S.A. 1992, 89, 9367–9371. (v) For hydrazino peptides see: (f )
Gunther, R.; Hofmann, H. J. J. Am. Chem. Soc. 2001, 123, 247–255. (vi) For
aminoxy peptides see: (g) Yang, D.; Qu, J.; Li, B.; Ng, F.-F.; Wang, X.-C.;
Cheung, K. K.; Wang, D.-P.; Wu, Y.-D. J. Am. Chem. Soc. 1999, 121, 589–
590. (vii) For heterocycles see: (h) Videnov, G.; Kaiser, D.; Kempter, C.;
Jung, G. Angew. Chem., Int. Ed. Engl. 1996, 35, 1503–1506.
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Among these compounds, oligoureas and ureidopeptides
have been extensively studied as inhibitors and antagonists
of various enzymes and receptors as well as important struc-
tural motifs in de novo design.5,6 Isoelectronic replacement of
the oxygen atom of the uredio bond results in another
biologically, medicinally, and structurally relevant linkage,
the thioureido bond. The importance of the thioureido group
in conferring the required potency to bioactive molecules can
be seen in its insertion into many medicinally valuable com-
pounds. Many of the substituted thioureas are active as anti-
HIV,7 antiviral,8 antimicrobial,9 antituberculor,10 antitu-
mor,11 antihypertensive,12 and anticarcinogenic agents.13

The high acidity of the-NH-CS-NH- protons, in correla-
tion with strong hydrogen bonding property has been
exploited in the design of self-assembling macromolecules
and stabilization of secondary structures.14 Thioureamoieties

embedded into macromolecules like pseudo-oligosaccharides
provide anchoring points for hydrogen bonding recognition
of complementary functional groups with specific orienta-
tion.15 They are also used as catalysts for asymmetric organic
synthesis.16-19 RGD peptides and lysine derivatives functio-
nalized with thioureido moieties have been used to facilitate
cell adhesion, and as transfecting agents.20

Substituted thioureas (both symmetrical and unsymme-
trical, Figure 1) are largely prepared by two main routes:
(i) coupling of primary/secondary amines in the presence of
CS2,

23 thiophosgene,24 or its equivalent,25 triphenylpho-
sphine thiocyanogen,26 thiourea, or H2S on substituted
guanidines27 [several thiocarbonylating agents such as
1-(methyldithiocarbonyl)imidazole,28 1,10-thiocarbonyldii-
midazole (TDI),29 di-2-pyridyl thionocarbonate (DPT),30

thiocarbonyl(bis-benzotriazole),31 1,3-diphenyl thiourea,32

and molybdenum xanthate complexes33 have also been
developed] and (ii) straightforward reaction of amines with
isothiocyanates, which is widely used.34

Isothiocyanates are versatile synthetic intermediates whose
strong electrophilicity enables them to readily take part in
nucleophilic addition and cycloaddition reactions. Apart from
being precursors for thioureas, they are also starting materials
for a broad spectrum of compounds such as thiohydantoins,
sulfurheterocycles, viz.,mercaptoimidazoles, thioquinazolines,
thiopyrimidones, thioamidazolones, and benzothiazines.25,35

FIGURE 1. Amino/peptide acid ester derived isothiocyanates well
known in the literature.21,22

(5) (a) Nowick, J. S.Acc. Chem. Res. 1999, 32, 287–296. (b) Nowick, J. S.
Acc. Chem. Res. 2008, 41, 1319–1330.

(6) For a variety of ureidopeptidomimetics applications, see: (a) Esler,
W. P.; Kimberly, W. T.; Ostaszewski, B. L.; Ye, W.; Dichl, T. S.; Selkoe, D.
J.; Wolfe, M. S. Proc. Natl. Acad. Sci. U.S.A. 2002, 99, 2720–2725. (b) Kick,
K. E.; Ellman, J. A. J. Med. Chem. 1995, 38, 1427–1430. (c) 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–
384. (d) Navia, M. A.; Fitzgerald, M. D. P.; Mckeever, B. M.; Leu, C.-T.;
Heimbach, J. C.; Herber, W. K.; Sigal, I. S.; Darke, P. L.; Spronger, J. P.
Nature (London) 1989, 337, 615–620. (e) Broadbridge, R. J.; Sharma, R. P.;
Akhtar, M.Chem. Commun. 1998, 1449–1450. (f ) Dales, N. A.; Bohacek, R.
S.; Satyshur, K. A.; Rich, D. H. Org. Lett. 2001, 3, 2313–2316.

(7) (a) Vig, R.; Mao, C.; Venkatachalam, T. K.; Tuel-Ahlgren, L.;
Sudbeck, E. A.; Uckun, F. M. Bioorg. Med. Chem. 1998, 6, 1789–1797.
(b) Mao, C.; Vig, R.; Venkatachalam, T. K.; Sudbeck, E. A.; Uckun, F. M.
Bioorg. Med. Chem. Lett. 1998, 8, 2213–2218. (c) Venkatachalam, T. K.;
Mao, C.; Uckun, F. M. Biochem. Pharmacol. 2004, 67, 1933-1946 and
references cited therein.

(8) Bloom, J. D.; Dushin, R. G.; Curran, K. J.; Donahue, F.; Norton, E.
B.; Terefenko, E.; Jonas, T. R.; Ross, A. A.; Feld, B.; Lang, S. A.; DiGrandi,
M. J. Bioorg. Med. Chem. Lett. 2004, 14, 3401–3406.

(9) Adeoye, O.; Ayandele, A. A.; Odunola, O. A. J. Agric. Biol. Sci. 2007,
2, 4–5.

(10) (a) Walpole, C.; Ko, S. Y.; Brown, M.; Beattie, D.; Campbell, E.;
Dickenson, F.; Ewan, S.; Hughes, G. A.; Lemaire, M.; Lerpiniere, J.; Patel,
S.; Urban, L. J. Med. Chem. 1998, 41, 3159–3173.

(11) Shusheng, Z.; Tianrong, Z.; Kun, C.; Youfeng, X.; Bo, Y. Eur. J.
Med. Chem. 2008, 43, 2778–2783.

(12) (a) Tilley, J. W.; Levitan, P.; Kierstead, R. W.; Cohen, M. J. Med.
Chem. 1980, 23, 1387–1392. (b) Tilley, J. W.; Ramuz, H.; Hefti, F.; Gerold,
M. J. Med. Chem. 1980, 23, 1438–1439.

(13) Zhang, Y.; Talalay, P. Cancer Res. 1994, 54, 1976–1981.
(14) (a) Martinez-Manez, R.; Sancenon, F. Chem. Rev. 2003, 103, 4419–

4476. (b) Suksai, C.; Tuntulani, T. Chem. Soc. Rev. 2003, 32, 192–202.
(c) Beer, P. D.; Gale, P. Angew. Chem., Int. Ed. 2001, 40, 486-516 and
references cited therein.

(15) (a) Rodriguez-Lucena, D.; Benito, J. M.; Ortiz Mellet, C.; Garcia
Fernandez, J. M. Chem. Commun. 2007, 831–833. (b) Sansone, F.; Chierici,
E.; Casnati, A.; Ungaro, R. Org. Biomol. Chem. 2003, 1, 1802–1809.
(c) Benito, J. M.; Gomez-Garcia, M.; Jiminez Blanco, J. L.; Ortiz Mellet,
C.; Garcia Fernandez, J. M. J. Org. Chem. 2001, 66, 1366–1372.

(16) For the first application of chiral thioureas as organic catalysts, see:
Sigman, M. S.; Jacobsen, E. N. J. Am. Chem. Soc. 1998, 120, 4901–4902.

(17) For the use of thiourea derived from Pro as a catalyst which was
prepared by coupling Boc-β-proline amine with 3,5-bis(trifluoromethyl)
phenyl isothiocyanate, see: Cao, C. L.; Ye, M. C.; Sun, X. L.; Tang, Y.
Org. Lett. 2006, 8, 2901–2904.

(18) For recent reviews on thioureas as organocatalysts, see: (a) Doyle,
A. G.; Jacobsen, E. N.Chem. Rev. 2007, 107, 5713–5743. (b) Tsogoeva, S. B.
Eur. J. Org. Chem. 2007, 1701–1716. (c) Connon, S. J. Chem.;Eur. J. 2006,
12, 5418–5427. (d) Takemoto, Y. Org. Biomol. Chem. 2005, 3, 4299–4306.

(19) For selected examples, see: (a) Peschiulli, A.; Gun’ko, Y.; Connon,
S. J. J. Org. Chem. 2008, 73, 2454–2457. (b) Ema, T.; Tanida,D.;Matsukawa,
T.; Sakai, T. Chem. Commun. 2008, 957–959. (c) Wang, C.-J.; Zhang, Z.-H.;
Dong, X.-Q.; Wu, X.-J. Chem. Commun. 2008, 1431–1433. (d) Zuend, S. J.;
Jacobsen, E. N. J. Am. Chem. Soc. 2007, 129, 15872–15883. (e) Chen, W.; Du,
W.; Duan, Y.-Z.; Wu, Y.; Yang, S.-Y.; Chen, Y.-C. Angew. Chem., Int. Ed.
2007, 46, 7667–7670. (f )Raheem, I.T.; Thiara, P. S.; Peterson,E.A.; Jacobsen,
E. J. Am. Chem. Soc. 2007, 129, 13404–13405.

(20) For thiourea containing RGD peptides, see: (a) Kalinina, S.;
Gliemann, H.; Lopez-Garcia, M.; Petershans, A.; Auernheimer, J.;
Schimmel, T.; Bruns, M.; Schambony, A.; Kessler, H.; Wedlich, D. Bioma-
terials 2008, 29, 3004–3013. For lysine thiourea derivative, see: (b) Leblond,
J.; Mignet, N.; Largeau, C.; Seguin, J.; Scherman, D.; Herscovici, J. Bioconj.
Chem. 2008, 19, 306–314.

(21) Kunze, U.; Burghardt, R. Phosphorus Sulfur Relat. Elem. 1987, 29,
373–376.

(22) Nowick, J. S.; Holmes, D. L.; Noronha, G.; Smith, E. M.; Nguyen,
T. M.; Huang, S. J. Org. Chem. 1996, 61, 3929–3934.

(23) (a) Hodgkins, J. E.; Ettlinger, M. G. J. Org. Chem. 1956, 21, 404–
405. (b) Hodgkins, J. E.; Reeves, W. P. J. Org. Chem. 1964, 29, 3098–3099.

(24) (a) Dyson, G.M.; George, H. J. J. Chem. Soc. 1924, 125, 1702–1708.
(b) Dyer, E.; Johnson, T. B. J. Am. Chem. Soc. 1932, 54, 777–787.

(25) For a review on organic isothiocyanates and their utility in the
synthesis of heterocycles, see :Mukerjee, A. K.; Ashare, R. Chem. Rev. 1991,
91, 1-24 and references cited therein.

(26) (a) Tamura, Y.; Adachi, M.; Kawasaki, T.; Kita, Y. Tetrahedron
Lett. 1978, 19, 1753–1754. (b) Tamura, Y.; Kawasaki, T.; Adachi, M.; Kita,
Y. Chem. Pharm. Bull. 1979, 27, 1636–1640.

(27) Dogadkin, B. A.; Pavlov, N. N.Dokl. Akad Nauk. SSSR 1961, 138,
1111. Chem. Abstr. 1961, 55, 24613a.

(28) Mohanta, P. K.; Dhar, S.; Samal, S. K.; Ila, H.; Junjappa, H.
Tetrahedron 2000, 56, 629–637.

(29) (a) Staab, H. A. Angew. Chem., Int. Ed. Engl. 1962, 1, 351–367. (b)
Staab, H. A.; Walther, G. Leibigs Ann. Chem. 1962, 657, 98–103.

(30) Kim, S.; Yi, K. Y. Tetrahedron Lett. 1985, 26, 1661–1664.
(31) Larsen, C.; Steliou, K.; Harpp, D. N. J. Org. Chem. 1978, 43, 337-

339 and references cited therein.
(32) Ramadas, K.; Srinivasan, N.; Janarthanan, N. Tetrahedron Lett.

1993, 34, 6447–6450.
(33) Maddani,M.; Prabhu, K. R.Tetrahedron Lett. 2007, 48, 7151–7154.
(34) For coupling of amines with isothiocyanates, see: (a) Neville, R. G.;

Mcgee, J. J. Can. J. Chem. 1963, 41, 2123–2129. (b) Hodgkins, J. E.; Reeves,
W. P. J. Org. Chem. 1964, 29, 3098–3099. (c) L’abb�e, G.; Leurs, S. Tetra-
hedron 1992, 48, 7505–7518.

(35) (a) Stephensen, H.; Zaragosa, F. J. Org. Chem. 1997, 62, 6096–6097.
(b) Wu, Y.-J.; Zhang, Y. Tetrahedron Lett. 2008, 49, 2869–2871.
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Glycosyl isothiocyanates are well known and highly useful
building blocks in carbohydrate chemistry.36 Their stereospe-
cific synthesis, stability and characterization aspects, and syn-
thetic applications are widely reported.37 They have been
employed in the preparation of thiourea-linked glyco-oligo-
mers thatmimic thebranchingpatterns of oligosaccharides and
multivalent glycosides, glycosyl heterocycles, and glyco-con-
jugates such as N-nucleosides.38

In peptidomimetic chemistry, while the bioisosteric replace-
ment of the -CdO/-C-O-C- bond with the -CdS/-C-
S-C-bondcanbeprofoundly found in the caseof the synthesis
of thiopeptides/thioamides and thiazoles with new proper-
ties compared to parent peptides/amides or oxazoles,3a,39

similar modification in the case of the other hetero bonds,
-NH-CO-NH- (ureido), -NCO (isocyano), and -NH-
CO-O-R (carbamate), is less commonly reported. Again,
when diversely substituted peptidyl ureas, e.g., N,N; N,N0,
linked oligoureas, R-peptidyl, β-peptidyl ureas etc.,40,41 have
been reported, the known types of peptidyl thioureas are

restricted to two examples, viz., R-amino acid esters linked
through thioureido linkages42 and Boc-NH-(CH2)2-
NHCSNH-R synthesized starting from ethylene diamine.
42,43 Similarly, there are few reports on the synthesis of
isothiocyanates derived from amino acids/peptides, and all
of these describe only R-isothiocyanato alkyl esters, SCN-
CHR-COOY, obtained by converting theR-amino groupof
amino acid esters into the isothiocyano groupunder different
thiocarbonylation conditions. Halpern et al. synthesized
them by reacting R-amino acid esters with CS2 and subse-
quent decomposition of the dithiocarbamate intermediate
with chloroformate ester.44 Kunze et al. prepared R-isothio-
cyanato alkyl esters employing thiophosgene in water.21 The
products were purified by vacuum distillation and used for
the preparation of thiocarbamoylphosphines. Nowick et al.
prepared peptide ester isothiocyanates, SCN-CHR-
CONH-CHR-COOYby treating amino free peptidyl ester
with thiophosgene under biphasic conditions.22 Boas et al.
generated isothiocyanates by treating the resin bound Phe
and Tyr with CS2 in the presence of HBTU and PyBOP and
coupled with amino acid esters to obtain thioureas.42

In this context, we envisaged the preparation of a hitherto
unreported class of N-urethane-protected amino alkyl iso-
thiocyanates. Owing to the vast diversity of synthetic appli-
cations of isothiocyanates, these novel compounds could
find utility as valuable intermediates in the synthesis of
several new classes of peptidomimetics including N-pro-
tected thioureidopeptide esters, amino acid analogues, and
peptide conjugates. Further, our interest in the design and
synthesis of Fmoc-amino acid derived novel monomeric
building blocks that possess a reactive functional group
inserted in place of the carboxyl moiety of amino acids and
useful in preparing backbone modified peptides with N as
well as C terminus41,45,46 led us to focus attention on the
synthesis of yet another new class of Nβ-Fmoc amino alkyl
isothiocyanates. Accordingly, we herein report the first
synthesis and isolation of N-Fmoc-β-amino alkyl isothio-
cyanates and demonstrate their utility in the preparation of
dithioureidopeptides which, to the best of our knowledge,
are hitherto unreported. The protocol has been extended to
obtain Boc andZ amino acid derived isothiocyanates as well.

Results and Discussion

Synthesis of Fmoc-Nβ-amino Alkyl Isothiocyanates Fmoc-

Xaa-ψ[CH2NCS] 2. The initial part of the study involved the
synthesis of title isothiocyanates 2 employing Fmoc chem-
istry. The synthesis was pursued with two different routes.

(36) Jim�enez Blanco, J. L.; Bootello, P.; Guti�errez Gallego, R.; Ortiz
Mellet, C.; Garcı́a Fern�andez, J. M. Synthesis 2007, 2545–2558.

(37) For selected examples of glycosyl isothiocyanates applications, see:
(a) Witczak, Z. J. Adv. Carbohydr. Chem. Biochem. 1986, 44, 91–145.
(b) Garcia Fernandez, J. M.; Ortiz Mellet, C. Adv. Carbohydr. Chem.
Biochem. 1999, 55, 35–135. (c) Garcia Fernandez, J. M.; Ortiz Mellet, C.;
Jimezez Blanco, J. L.; Fuentes Mota, J.; Gadelle, A.; Coste-Gargnet, A.;
Defaye, J. Carbohydr. Res. 1995, 268, 57–71. (d) Camarasa, M. J.;
Fernandez-Resa, P.; Garcia-Lopez, M. T.; de las Heras, F. G.; Mendez-
Castrillon, P. P.; San Felix, A. Synthesis 1984, 509–510. (e) Lindhorst, T. K.;
Kieburg, C. Synthesis 1995, 1228–1230. (f ) Gunter, W.; Kunz, H. Angew.
Chem., Int. Ed. Engl. 1990, 29, 1050–1051. (g) Kuhne, M.; Gyorgydeak, Z.;
Lindhorst, T. K. Synthesis 2006, 949-951 and references therein.

(38) For the utility of sugar isothiocyanates in the synthesis of (i) N-
nucleosides and glycosylaminoheterocycles, see: (a) Reference 31. (b) Al-
Masoudi, N. A. L.; Al-soud, Y. A.; Al-Masoudi, W. A. Nucleosides Nucleo-
tides Nucleic Acids 2004, 23, 1739–1749. (c) Pearson, M. S. M.; Robin, A.;
Bourgougnon, N.; Meslin, J. C.; Deniaud, D. J. Org. Chem. 2003, 68, 8583–
8587. (ii) N-Glycopeptides: (d) Seitz, O. ChemBioChem 2000, 1, 215–246.
(e) Gunther,W.; Kunz,H.Angew. Chem., Int. Ed. Engl. 1990, 29, 1050–1051.
(f ) Taylor, C. M. Tetrahedron 1998, 54, 11317–11362. (iii) Glycoconjugates:
(g) Rodriguez-Lucena, D.; Benito, J.; Ortiz Mellet, C.; Garcia Fernandez, J.
M.Chem. Commun. 2007, 831–833. (h)Walter,M.;Wiegand,M.; Lindhorst,
T.K.Eur. J. Org. Chem. 2006, 952–958. (i) Gomez-Garcia,M.; Benito, J.M.;
Rodriguez-Lucena, D.; Yu, J.-X.; Chmurski, K.; Ortiz Mellet, C.; Gutirrez-
Gallego, R.; Maestre, A.; Defaye, J.; Garcia Fernandez, J. M. J. Am. Chem.
Soc. 2005, 127, 7970–7971. ( j) Oshovsky, G. V.; Verboom, W.; Fokkens, R.
H.; Reinhoudt, D. N. Chem.;Eur. J. 2004, 10, 2739–2748. (iv) Thiourea-
bridged cluster glycosides from glycosyl isothiocyanates: (k) Lindhorst, T.
K.; Kieburg, C.Angew. Chem., Int. Ed. Engl. 1996, 35, 1953–1956. (v) Linear
and dendritic thiourea-linked glycooligomers: (l) Jiminez, Blanco, J. L.;
Bootello, P.; Ortiz Mellet, C.; Garcia Fernandez, J. M. Eur. J. Org. Chem.
2006, 183–196. (vi) Antiviral, antibacterial and antitumour agents prepared
by using glucosyl isothiocyanates and biologically active amines: (m) Garcia
Fernandez, J.M.; OrtizMellet, C.Adv. Carbohydr. Chem. Biochem. 2000, 55,
35–135. (n) Todoulou, O. G.; Papadaki-Valiraki, A. E.; Filippatos, E. C.;
Ikeda, S.; De Clercq, E. Eur. J. Med. Chem. 1994, 29, 127–131. (vii) Glyco-
lipids for oral drug delivery: (o) Falconer, R.A.; Toth, I.Bioorg.Med. Chem.
2007, 15, 7012–7020.

(39) Jagodzinski, T. S. Chem. Rev. 2003, 103, 197-227 and references
cited therein.

(40) (a) Burgess, K.; Linthicum, D. S.; Shin, H. Angew. Chem., Int. Ed.
Engl. 1995, 34, 907–908. (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, 1556–1564. (c) Tamilarasu, N.; Huq, I.; Rana, T.M. J. Am. Chem.
Soc. 1999, 121, 1597–1598. (d) Boeijen, A.; Liskamp, R. M. J. Eur. J. Org.
Chem. 1999, 2127–2135. (e) Guichard, G.; Semetey, V.; Didierjean, C.;
Aubry, A.; Briand, J. P.; Rodriguez,, M. J. Org. Chem. 1999, 64, 8702–
8705. (f ) Guichard, G.; Semetey, V.; Rodriguez, M.; Briand, J. P. Tetra-
hedron Lett. 2000, 41, 1553–1557. (g) Fischer, L.; Semetey, V.; Lozano, J.-
M.; Schaffner, A.-P.; Briand, J.-P.; Didierjean, C.; Guichard, G. Eur. J. Org.
Chem. 2007, 2511-2525 and references cited therein.

(41) For the synthesis, isolation, and characterization studies of isocya-
nates derived from Fmoc-R-amino acids/peptide acids, see: (a) Patil, B. S.;
Vasanthakumar, G. R.; Suresh Babu, V. V. J. Org. Chem. 2003, 68, 7274–
7280. (b) Sureshbabu, V. V.; Patil, B. S.; Venkataramanarao, R. J. Org.
Chem. 2006, 71, 7697–7705.

(42) Boas, U.; Gertz, H.; Christensen, J. B.; Heegaard, P. M. H. Tetra-
hedron Lett. 2004, 45, 269–272.

(43) A single example of the isothiocyanate, [[(1,1-dimethylethoxy)car-
bonyl]amino]ethylisothiocyanate, was prepared from ethylene diamine by
treating mono Boc-protected ethylene diamine with carbon disulfide and
DCC. The product was isolated after column purification in 92% yield: For
details see: Kneeland, D. M.; Ariga, K.; Lynch, V. M.; Huang, C.-Y.;
Anslyn, E. V. J. Am. Chem. Soc. 1993, 115, 10042–10055.

(44) (a) Halpern, B.; Close, V. A.; Wegmann, A.; Westley, J. W. Tetra-
hedron Lett. 1968, 27, 3119–3122. (b) Halpern, B.; Patton, W.; Crabbe, P. J.
Chem. Soc. B 1969, 1143–1145.

(45) For the synthesis of N-protected R-amino formamides from Fmoc/
Z-protected amino acids, see: (a) Sudarshan, N. S.; Narendra, N.;
Hemantha, H. P.; Sureshbabu, V. V. J. Org. Chem. 2007, 72, 9804–9807.
(b) Sureshbabu, V. V.; Narendra, N. Int. J. Pept. Res. Ther. 2008, 14, 201–207.

(46) For the synthesis of N-Fmoc-β-amino alkyl nitriles and their appli-
cation in the preparation of 1-substituted tetrazoles, see: Sureshbabu, V. V.;
Narendra, N.; Nagendra, G. J. Org. Chem. 2009, 74, 153–157.
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The direct thionation of known isocyanates (Fmoc-Aaa-
ψ[CH2NCO] into isothiocyanates with P2S5

47 or Lawesson
reagent)48 and reaction of N-Fmoc-β-amino alkyl iodides
with isothiocyanate ions.49 But both these routes turned out
to be unsuccessful with the former resulting in very low yields
of the desired isothiocyanates and the later yielding a larger
product fraction as thiocyanate due to the ambident nature
of isothiocyanate ion.50 In view of these results, studies on
thiocarbonylation of amines 1 were undertaken (Scheme 1).
Fmoc-amino acids were initially reduced to the correspond-
ingβ-amino alcohols via treatment of themixed anhydride of
the acid with NaBH4.

51 The alcohols were then converted
into the alkyl iodides 4 under Mitsunobu conditions, which
after isolation and purification through flash chromatogra-
phy were treated with NaN3 in DMF at room temperature
for 3-4 h to obtain the azides 5 as white solids.52 On
subjecting the azides to catalytic hydrogenation with Pd/C,
amines 1were obtained quantitatively which were isolated as
HCl salts by the addition of CHCl3 to the reaction mixture
according to Liskamp et al.4b (Scheme 2). In the case of
Fmoc-Asp/Glu(Bzl)-OH and Fmoc-Ser(Bzl)-OH, the de-
sired amines were prepared by treating the corresponding
alkyl azides 5 with PPh3 in THF.53

In the next step, conversion of the amine into isothiocya-
nate was undertaken. For this, the amine 1 was reacted with
thiocarbonylating agents thiophosgene, DPT, and TDI.
With thiophosgene, though the yield of the desired isothio-
cyanate was satisfactory, handling problems, difficulty in
removal of the excess of the reagent, and the toxicity
discouraged further usage. With both DPT and TDI the
reaction was slow and also the yields were unsatisfactory.
Consequently, generation of the dithiocarbamic salt by
reaction of the amine with CS2 followed by decomposition
into the isothiocyanate in the presence of TsCl,54DCC,55 and
H2O2

56 was pursued. Alternatively, reduction of the alkyl
azide with PPh3 in the presence of CS2 was also carried out.

57

The results of these studies are summarized in Table 1. The
reactions involving DCC and H2O2 were sluggish and less

yielding, harsh and involved tedious workup with difficult
product isolation. Finally, the reaction of amine with CS2/
TsCl/TEA was found to be attractive in terms of furnishing
good yield, involving milder reaction conditions, less ex-
pense, and commercial availability of the reagents.

In a typical experiment, a solution of Fmoc-Ala-
ψ[CH2NH2 3HCl] 1b in THF was treated with an equimolar
quantity of CS2 in the presence of TEA at 0 �C for 20 min,
and the in situ generated dithiocarbamic salt was decom-
posed with p-TsCl for about 30 min at the same temperature
(Scheme 1). Upon completion of the reaction (from TLC
analysis) isothiocyanate 2b was isolated by a simple workup
and purified through column chromatography as analyti-
cally pure solid in 92%yield (as evident byHPLC). The same
procedure was successfully extended to prepare a series of
novel isothiocyanates 2a-l from Fmoc amino acids includ-
ing those derived from side chain functionalized, viz., aspar-
tic acid, glutamic acid, and serine which were fully
characterized (Table 2). The 13C NMR of these compounds
contains a characteristic signal at around δ 132.0 ppm
corresponding to isothiocyanate carbon, and the IR spec-
trum exhibits a sharp and intense peak at around 2090 cm-1

characteristic of the isothiocyanato group. All the isothio-
cyanates showed exceptional stability; they were stable to-
ward column chromatography and long time storage (for
few months) at room temperature with no noticeable degra-
dation as analyzed by HPLC.

Synthesis of N-Boc/Z-Amino Alkyl Isothiocyanates Boc/

Z-Xaa-ψ[CH2NCS] 8 and 9. To obtain differentially N-
protected isothiocyanate derivatives of amino acids to be
useful in diverse conditions of peptide and peptidomimetic
synthesis, and also to demonstrate the generality of the
present protocol to yield the isothiocyanates containing the
other commonly employed urethane protections Boc and Z,
we extended the synthesis to prepareN-Boc- andZ-protected
isothiocyanates as well. The required alkyl diamines, Pg-
NH-Xaa-ψ[CH2NH2] 7 where Pg=Boc/Z, were synthesized
through a different route that involved the reduction of N-
Boc/Z-protected R-amino nitriles with LiAlH4, due to the
tolerance of Boc and Z groups toward LiAlH4, unlike the
Fmoc group. The resulting mono Boc/Z-protected alkyl

SCHEME 1 SCHEME 2

TABLE 1. Comparative Study of the Reagents for the Synthesis of 2f

entry reagent
reaction
time (h)

yield
(%)

1 thiophosgene 0.5 65
2 dipyridyl thionocarbonate (DPT) 1.0 52
3 1,10-thiocarbonyldiimidazole (TDI) 1.0 56
4 CS2/TEA/tosyl chloride 2.0 93
5 CS2/DCC 3.5 54
6 CS2/TEA/H2O2 1.5 63
7 CS2/PPh3 (for direct conversion of azide 5 into

isothiocyanate)
1.1 56

(47) Scheeren, J.W.;Ooms, P.H. J.; Nivard, R. J. F.Synthesis 1973, 149–
150.

(48) Pedersen, U.; Thorsen, M.; El-Khrisy, E.-E. A. M.; Clausen, K.;
Lawesson, S.-O. Tetrahedron 1982, 38, 3267–3269.

(49) Johnson, T. B.; Bergman, W. J. Am. Chem. Soc. 1932, 54, 3360–
3362.

(50) Muller, A.; Wilhelms, A. Ber. Dtsch. Chem. Ges. 1941, 74, 698–703.
(51) (a) Kokotos, G.; Noula, C. J. Org. Chem. 1996, 61, 6994–6996. (b)

Rodriguez, M.; Linares, M.; Doulut, S.; Heitz, A.; Martinez, J. Tetrahedron
Lett. 1991, 32, 923–926.

(52) Mondal, S.; Fan, E. Synlett 2006, 306–308.
(53) Pal, B.; Jaisankar, P.; Giri, V. S. Synth. Commun. 2004, 34, 1317–

1323.
(54) Wong, R.; Dolman, S. J. J. Org. Chem. 2007, 72, 3969–3971.
(55) Jochims, J. C.; Seelinger, A. Angew. Chem., Int. Ed. Engl. 1967, 6,

174–175.
(56) Hartmann, A.Methoden Org. Chem. (Houben-Weyl) 1983, E4, 834.
(57) Garcia-Moreno, M. I.; Diaz-Perez, P.; Benito, J. M.; Ortiz Mellet,

C.; Defaye, J.; Garcia Fernandez, J. M. Carbohydr. Res. 2002, 337, 2329–
2334.
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diamines were then converted to isothiocyanates by follow-
ing the same procedure used for the preparation of Fmoc-
protected isothiocyanates (Scheme 3). In these studies also,
the desired isothiocyanates Boc/Z-Xaa-ψ[CH2NCS] 8 and 9

were obtained in 80-89% yields. All of these compounds
(Table 3) were isolated as stable solids after column purifica-
tion, completely characterized, and found to be shelf-stable
like their Fmoc counterparts.

Synthesis of Thioureidodipeptides. Dithioureidopeptides
were synthesized by coupling the isothiocyanates 2with amino
acid esters. Compounds 2a-d and 2f were reacted with amino
acidmethyl/ethyl esters (obtained by deprotonation of theHCl
salt of the amino ester with activated Zn)58 in the presence of
DIEA to obtain the thioureidodipeptides 10a-g in 65-74%
yields after column purification, which were adequately char-
acterized (Scheme 4, Table 4). The 13C NMR of thioureas 10
showed a signal at around δ 181.00 corresponding to thiocar-
bonyl carbon. No significant difference was observed with
respect to reaction time or yields upon changing the base from
DIEA to TEA or pyridine or N-methylmorpholine (NMM).
These isothiocyanates take a longer time (4 h) to couple with
amino acid esters compared to the related class of isocyanates
which readily couple with the amines within 30 min.6a

Isothiocyanates derived from Boc and Z amino acids were
also employed in the synthesis of dithioureidopeptides.
Reaction of 8 or 9 with amino acid esters in the presence of
DIEA readily yielded the corresponding Boc- and Z-pro-
tected dithioureidopeptides 11 and 12 in 67-74% yield
(Figure 2, Table 4). Again, all the thioureas thus obtained
were well characterized.

Racemization Studies. The optical purity of the isothiocya-
nates aswell as that of the thioureidopeptideswas evaluated by
1H NMR studies of the model dithioureidopeptides prepared
via the present protocol starting from Fmoc, Boc, as well as Z
amino acids. For this, three sets of epimeric dithioureidopep-

tides 13a,b (Fmoc protected), 14a,b (Boc protected), and 15a,b
(Z protected) were synthesized by coupling Fmoc/Boc-Phe-
ψ[CH2NCS] and Z-Phg-ψ[CH2NCS] with (R)-1-phenylethy-
lamine and (S )-1-phenylethylamine separately (Figure 3).
In each set, 1H NMR of the particular epimer contained a
single distinctmethyl group doublet. Observed δ values for the
-CH3 group of the compounds are as follows: 13a 1.40, 1.38
and 13b 1.49, 1.47; 14a 1.42, 1.41 and 14b 1.44, 1.43; and 15a

1.28, 1.27 and 15b 1.31, 1.32 ppm. Further, the samples 13c,
14c, and 15c prepared by coupling the isothiocyanates with
racemic 1-phenylethaneamine showed methyl group reso-
nances at δ values of 1.37, 1.40, 1.47, 1.48; 1.45, 1.44, 1.41;
and1.13, 1.15, 1.17, respectively, indicating the presenceof two
isomers with well-separated methyl group doublets. Also, the
HPLC profile of the two epimers, 13a and 13b, had peaks at
Rt values of 17.8 and 19.2 min, respectively. Similarly, HPLC
of the crude samples of compound 10b and its epimer Fmoc-
Phe-ψ[CH2NHCSNH]-D-Ala-OMe had major peaks at Rt

values of 20.13 and 21.17 min, respectively, and the equimolar
mixture of these epimers that was prepared by coupling
racemic alanine methyl ester with Fmoc-Phe-ψ[CH2NCS]
showed twowell-separated peaks corresponding to the thiour-
eas at Rt 20.14 and 21.21 min. Thus, from the above studies it
was evident that the samples analyzed were optically pure and
the synthesis of isothiocyanates as well as their coupling with
amino acid esters takes place with retention of configurations
at the chiral center of the isothiocyanate as well as that of the
newly coupled amino acid ester residue.

TABLE 2. List of N-Fmoc-Aaa-ψ[CH2NCS]s Prepared

HRMS
(M þ Naþ)

entry R1

yield
(%)

mp
(�C)

[R]25D (c 1,
CHCl3) calcd obsd

2a H 90 171 347.0830 347.0830
2b CH3 92 183 -67.0 361.0987 361.0974
2c CH(CH3)2 90 164 -71.0 389.1300 389.1314
2d CH2CH(CH3)2 88 168 -87.0 403.1456 403.1470
2e CH(CH3)C2H5 90 154 -71.0 403.1456 403.1453
2f CH2C6H5 93 187 -17.0 437.1300 437.1274
2g C6H5 85 148 -16.0 423.1143 423.1140
2h C6H5 (D-amino acid) 82 145 þ15.0 423.1143 423.1142
2i -(CH2)3- (Proline) 87 Oil -52.0 387.1143 387.1140
2j (CH2)2COOtBu 87 123 -44.0 475.1667 475.1689
2k CH2COOBzl 91 175 -36.0 495.1354 495.1352
2l (CH2)2COOBzl 88 186 -23.0 509.1511 509.1502
2m CH2OBzl 84 142 -17.0 467.1405 467.1402

SCHEME 3

TABLE 3. List of Z/Boc-Aaa-ψ[CH2NCS]s Synthesized

HRMS
(M þ Naþ)

entry isothiocyanates
yield
(%)

mp
(�C)

[R]25D
(c 1,

CHCl3) calcd obsd

8a Z-Ala-ψ[CH2NCS] 88 112 -95.0 273.0 272.9a

8b Z-Val-ψ[CH2NCS] 85 119 -103.0 301.0987 301.0980
8c Z-Leu-ψ[CH2NCS] 86 108 -110.0 315.1 315.0a

8d Z-Phe-ψ[CH2NCS] 88 128 -23.0 349.0 349.0a

8e Z-Phg -ψ[CH2NCS] 85 132 þ11.8 335.0830 335.0837
8f Z-Pro-ψ[CH2NCS] 80 gum -88.0 299.0830 299.0822
9a Boc-Gly-

ψ[CH2NCS]
89 65 225.0674 225.0680

9b Boc-Val-
ψ[CH2NCS]

82 78 -45.0 267.1143 267.1140

9c Boc-Phe-
ψ[CH2NCS]

87 107 -40.0 315.1 315.0a

9d Boc-D-Phg-
ψ[CH2NCS]

85 75 -30.0 301.0 300.9a

9e Boc-Met-
ψ[CH2NCS]

80 68 -46.7 299.0864 299.0867

9f Boc-Cys(Bzl)-
ψ[CH2NCS]

82 gum -39.0 361.1020 361.1029

aESI-MS of the isothiocyanates.

SCHEME 4. Synthesis of Thioureidodipeptides

(58) Sureshbabu, V. V.; Ananda, K. J. Pept. Res. 2001, 57, 223–226.
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Crystal Structures of Boc-Gly-ψ[CH2-NCS] 9a and Boc-

Phe-ψ[CH2-NCS] 9c. X-ray diffraction of single crystals of
amino acid derivatives generates valuable information on the
structural properties which would influence the reactivity and
chemical behavior of these compounds duringpeptide coupling
and further in peptidomimetic synthesis. Nevertheless, only a
small fraction of the vast number of reported amino acid
derivatives have been crystallized, and generally these com-
pounds are the ones with conformationally restricted CR,R

disubstituted glycine residue that show higher crystallinity.59

In the present study, we have obtained single crystals of two
isothiocyanates 9a and 9c containing proteinogenic amino
acids, Gly and Phe, respectively. To the best of our knowledge,
this is the first report on the crystal structure analysis of amino
acid derivatives containing an isothiocyanato group.

The crystal structures indicate the stability of this class of
isothiocyanates compared to their isocyanate counterparts
which are not stable and hence have not been isolated.4a,40f

Hence, the present crystal structure studies would also be
helpful in evaluating the structural parameters of N-blocked
amines functionalized at the β position. The compounds 9a
and 9cbelong to the orthorhombic crystal system, and have a
single molecule in the asymmetric unit (Z0=1) (Figure 4).
However, while 9a crystallizes in the centrosymmetric space
group Pbca, 9c crystallizes in the noncentrosymmetric space
group P212121. Selected bond lengths and torsion angles,
hydrogen bonding geometries, and parts of the crystal
structures are given in the Supporting Information.

Conclusion

In summary, we describe the synthesis ofNβ-Fmoc/Boc/Z-
amino isothiocyanates by the reaction of N-Fmoc/Boc/Z-
amino acid derived alkyl amines with CS2 in the presence of
TEA and p-TsCl. The isothiocyanates were isolated as stable
solids and characterized through NMR, IR, and mass spec-
trometry. These isothiocyanates 2, 8, and 9 were conveni-
ently used as building blocks for the synthesis of thioureido-
linked dipeptidomimetics 10, 11, and 12. Crystal structures
of isothiocyanates 9a and 9c that are synthesized from Boc-
Gly-OH and Boc-Phe-OH, respectively, have been solved,
which constitutes the first report on the crystal structure of
amino acid derivatives containing an isothiocyanate moiety.
Application of the present isothiocyanates in the synthesis of
eoligothioureidopeptides, peptide heterocycles, and thiocar-
bamate-linked peptides is being investigated.

Experimental Section

General Procedure for the Synthesis of N-Fmoc Amino Alkyl

Isothiocyanates 2. To a chilled solution of N-Fmoc-amino alkyl
amine 3 (1.3 mmol) in dry THF was added CS2 (1.3 mmol)
followed by TEA (3.5 mmol). The ice bath was removed and
stirring was continued for another 10 min. The reaction mixture
was again chilled; p-toluene sulfonyl chloride (1.5 mmol) was
added and the solution was stirred for another 25 min or until the
completionof reaction as judgedbyTLC.Anexcess ofCH2Cl2 (20
mL) was added and the organic layer was washed twice with citric
acid solution (10%, 15 mL), followed by water (15 mL) and brine
(10 mL). It was then dried over anhydrous sodium sulfate and
concentrated under vacuum. The resulting crude product was
subjected to column chromatography (silica gel 100-200 mesh,
20% ethyl acetate in hexane) to afford the title compound as a
white solid. Batch reactions up to 50mmol were safely carried out
and the products were isolated in excellent yield.

N-Fmoc-ThioureidoDipeptidyl Esters 10.Asolution of amino
acid ester (1.2 mmol, obtained by neutralizing the hydrochlor-
ide salt by treatment with zinc dust) in dry CH2Cl2 was added
to a stirred solution of N-Fmoc-amino alkyl isothiocyanate 2
(1 mmol) followed by DIEA (1.5 mmol) at 0 �C. The solution
was then allowed to warm to room temperature and stirred for
3 h. After completion of the reaction, the solution was diluted
with 10% citric acid (8 mL) and the layers were allowed
to separate. The organic phase was washed with 10% Na2CO3

(10 mL), water (2 � 10 mL), and brine (10 mL) and dried over
anhydrous sodium sulfate. After the removal of the solvent
under vacuum, the crude was purified through column chro-
matography (silica gel 100-200mesh, 30-40%ethyl acetate in
hexane) to afford the thioureido dipeptidyl thiourea esters as
off-white to white semisolids.

Spectral Characterization Data of Representative Compounds
2b and 10c. (S )-(9H-Fluoren-9-yl)methyl 1-isothiocyanatopro-

pan-2-ylcarbamate (N-Fmoc-Ala-ψ[CH2NCS]) (2b): yield 92%
of white solid; mp 183 �C; Rf (10% EtOAc:hexane) 0.32;

TABLE 4. List of Dithioureido Peptides

S1 no. dithioureido peptides yielda (%)

10a Fmoc-Gly-ψ[CH2-NH-CS-NH]-Phe-OMe 73
10b Fmoc-Phe-ψ[CH2-NH-CS-NH]-Ala-OMe 71
10c Fmoc-Leu-ψ[CH2-NH-CS-NH]-β-Ala-OMe 74
10d Fmoc-Phe-ψ[CH2-NH-CS-NH]-β-Ala-OMe 65
10e Fmoc-Ala-ψ[CH2-NH-CS-NH]-β-Ala-OMe 67
10f Fmoc-Ala-ψ[CH2-NH-CS-NH]-β-Ala-OEt 69
10g Fmoc-D-Phg-ψ[CH2-NH-CS-NH]-β-Ala-OEt 73
11a Z-Phe-ψ[CH2-NH-CS-NH]-Leu-OMe 72
11b Z-Cys(Bzl)-ψ[CH2-NH-CS-NH]-Ala-OMe 70
11c Z-Phe-ψ[CH2-NH-CS-NH]-β-Ala-OEt 67
11d Z-Phg-ψ[CH2-NH-CS-NH]-β-Ala-OMe 71
12a Boc-Gly-ψ[CH2-NH-CS-NH]-Phe-OMe 73
12b Boc-Ala-ψ[CH2-NH-CS-NH]-Val-OEt 74
12c Boc-Ala-ψ[CH2-NH-CS-NH]-β-Ala-OMe 70
12d Boc-Leu-ψ[CH2-NH-CS-NH]-β-Ala-OMe 70
12e Boc-Phe-ψ[CH2-NH-CS-NH]-Phe-OMe 73
aIsolated yield after column purification.

FIGURE 2. Thiourea-linked dipeptidomimetics.

FIGURE 3. Epimeric dithioureidopeptides synthesized for racemi-
zation studies.

(59) For a reviewonX-ray diffraction analysis ofN-protected amino acid
halides, esters, anhydrides, UNCAs, azides, and amides see : Toniolo, C.;
Crisma, M.; Formaggio, F. Biopolymers Peptide Science 1996, 40, 627-651
and references cited therein.
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[R]25D-67.0 (c 1.0, CHCl3);
1HNMR (CDCl3) δ 1.26 (d, J=6.4

Hz, 3H), 3.94 (br, 1H), 4.21 (d, J=6.4 Hz, 2H), 4.35-4.49
(m, 3H), 4.83 (d, J=6.0Hz, 1H), 7.30-7.42 (m, 4H), 7.58 (d, J=
7.2 Hz, 2H), 7.76 (d, J=7.6 Hz, 2H); 13C NMR (CDCl3) δ 18.4,
47.3, 47.7, 50.5, 67.3, 120.5, 125.6, 127.6, 128.3, 133.0, 141.8,
144.2, 155.9; HRMS calcd for C19H18N2O2Sm/z 361.0987 (Mþ þ
Na), found 361.0974.

(S )-Methyl-3-(3-(2-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-
methylpentyl)thio ureido)propanoate (N-Fmoc-Leu-ψ[CH2-

NHCSNH]-β-Ala-OMe) (10c):yield 74%;Rf (30%EtOAc:hexane)
0.32; [R]23D -12.4 (c 1.0, CHCl3);

1H NMR (CDCl3) δ 0.92
(d, J=6.8Hz, 6H), 1.37 (m, 2H), 1.66 (m, 1H), 2.58 (br, 2H), 3.58
(d, 3H), 3.65-3.80 (m, 4H), 4.02 (br, 1H), 4.19 (t, J=6.8 Hz,
1H), 4.35 (m, 2H), 5.21 (br, 1H), 6.96 (br, 2H), 7.22-7.76
(m, 8H); 13C NMR (CDCl3) δ 22.4, 23.5, 25.3, 34.0, 42.3, 44.4,
47.6, 50.2, 52.3, 53.9, 67.4, 120.5, 125.6, 127.6, 128.2, 141.7,
144.2, 157.8, 173.5, 183.2; HRMS calcd for C26H33N3O4S m/z
506.2089 (Mþ þ Na), found 506.2112.

Test for Racemization. To a solution of isothiocyanate 2f
(300 mg, 0.72 mmol) in dry CH2Cl2 (5.0 mL) at 0 �C was added
(R)-1-phenylethylamine (95 mg, 0.79 mmol) followed by DIEA
(0.12 mL, 1.5 mmol) and the reaction mixture was stirred
for 2.5 h, then it was diluted with CH2Cl2 (10 mL), washed with
5% citric acid (10 mL), water (2 � 10 mL), and brine (10 mL),
dried over anhydrous sodium sulfate, and concentrated under
reduced pressure to afford the product as a single diastereomer
of the thiourea. (S )-(9H-fluoren-9-yl)methyl (S )-3-phenyl-1-(3-
((R)-1-phenylethyl)thioureido)propan-2-ylcarbamate (Fmoc-Phe-ψ-
[CH2NHCSNH]-(R)-1-phenethylamine) (13a): yield 72%;
Rt (HPLC) 17.8 min; 1H NMR (CDCl3) δ 1.39 (d, J=6.0 Hz,
3H), 2.75 (m, 2H), 3.51 (m, 1H), 3.80 (m, 1H), 4.17 (t, J=6.9Hz,
1H), 4.31 (t, J=7.2 Hz, 2H), 5.23 (m, 1H), 6.06 (br, 2H), 7.08
(d, J=6.9 Hz, 2H), 7.26-7.43 (m, 14H), 7.53 (t, J=7.2 Hz, 2H),
7.76 (d, J=7.2 Hz, 2H). When the experiment was repeated
with 2f and (S )-1-phenylethylamine, the other diastereomer

(S )-(9H-fluoren-9-yl)methyl (S )-3-phenyl-1-(3-((S )-1-phenyl-
ethyl)thioureido)propan-2-ylcarbamate (Fmoc-Phe-ψ[CH2NHCSNH]-

(S )-1-phenethylamine) (13b) was obtained in 74% yield:
Rt (HPLC) 19.2 min; 1H NMR (CDCl3) δ 1.48 (d, J=6.6 Hz,
3H), 2.73 (m, 2H), 3.53 (m, 1H), 3.85 (m, 1H), 4.14 (t, J=6.9Hz,
1H), 4.35 (t, J=7.2 Hz, 2H), 5.29 (m, 1H), 6.04 (br, 2H), 7.07 (d,
J=6.9Hz, 2H), 7.24-7.44 (m, 14H), 7.51 (t, J=7.5Hz, 2H), 7.77
(d, J=7.2 Hz, 2H). Finally, 2f (0.3 g, 0.72 mmol) was treated
with racemic-(1)-phenylethylamine (95 mg, 0.79 mmol) and
DIEA (0.12mL, 1.5mmol). After the usual workup, the product
13c isolated was found to be a 1:1 mixture of both diastereo-
mers (Fmoc-Phe-ψ[CH2NHCSNH]-(R and S )-(þ)-phenylethy-
lamine): Rt (HPLC) 17.8 and 19.2 min.
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FIGURE 4. The molecular structure of Boc-Gly-ψ[CH2-NCS] 9a (left) and Boc-Phe-ψ[CH2-NCS] 9c (right) showing the atom-labeling
scheme. Displacement ellipsoids are drawn at the 50% probability level. H atoms are shown as small spheres of arbitrary radii.
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