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ABSTRACT

Se-(9-Fluorenylmethyl) selenoesters are readily prepared, stable precursors to selenocarboxylates, which they liberate on treatment with DBU.
Fm selenoesters are compatible with the use of TFA for the removal of Boc groups and with simple peptide bond forming reactions. Amino acid
derived selenocarboxylates condense directly with amines to give amides, react smoothly with isocyanates and isothiocyanates to give amides,
and couple with electron-deficient azides also to give amides.

In recent years, thioacids1 have featured prominently
in the search2 for improved methods for amide bond

formation because of (i) their increased aciditywith respect
to the corresponding carboxylic acids; (ii) the greater
nucleophilicity of the thiocarboxylate with respect to the
carboxylate anion; and (iii) the increased reactivity of
derived thioesters over simple esters towardamines.Amide
bond forming reactions based on the thioacid function
include (i) reaction with azides and in particular electron-
deficient azides;3 (ii) reaction with 2,4-dinitrobenzenesul-
fonamides and with other electron-deficient arenes in the
presence of amines;4 (iii) reaction with isocyanates, iso-
thiocyanates, and thiocarbamates;5 (iv) reaction with
isonitriles;6 and (v) direct reaction with amines in the

† Institut de Chimie des Substances Naturelles.
‡Univ. Lille Nord de France.
§Wayne State University.
(1) (a)Kato, S.;Kawahara,Y.;Kageyama,H.;Yamada,R.;Niyomura,

O.;Murai,T.;Kanda,T.J.Am.Chem.Soc.1996,118, 1262–1267. (b)Kato,
S.; Murai, T. In The Chemistry of Acid Derivatives; Patai, S., Ed.; Wiley:
Chichester, 1992; Vol. 2, pp 803�847.

(2) Pattabiraman, V. R.; Bode, J. W. Nature 2011, 480, 471–479.
(3) (a) Hakimelahi, G. H.; Just, G. Tetrahedron Lett. 1980, 21, 2119–

2122. (b) Rosen, T.; Lico, I. M.; Chu, D. T. W. J. Org. Chem. 1988, 53,
1580–1582. (c) Rakotomanomana, N.; Lacombe, J.-M.; Pavia, A.
Carbohydr. Res. 1990, 197, 318–323. (d) McKervey, M. A.; O’Sullivan,
M. B.; Myers, P. L.; Green, R. H. J. Chem. Soc., Chem. Commun. 1993,
94–96. (e) Krishnamoorthy, K.; Begley, T. P. J. Am. Chem. Soc. 2010,
132, 11608–11612. (f) Kolakowski, R. V.; Shangguan, N.; Sauers, R. R.;
Williams, L. J. J. Am. Chem. Soc. 2006, 128, 5695–5702. (g) Shangguan,
N.; Katukojvala, S.; Greenberg, R.; Williams, L. J. J. Am. Chem. Soc.
2003, 125, 7754–7755. (h)Fazio, F.;Wong,C.H.TetrahedronLett. 2003,
44, 9083–9085. (i) Merkx, R.; Brouwer, A.; Rijkers, D. T. S.; Liskamp,
R. M. J.Org. Lett. 2005, 7, 1125–1128. (j) Merkx, R.; van Haren, M. J.;
Rijkers, D. T. S.; Liskamp, R. M. J. J. Org. Chem. 2007, 72, 4574–4577.
(k) Namelikonda, N. K.; Manetsch, R.Chem. Commun. 2012, 48, 1526–
1528. (l) Raz, R.; Rademann, J. Org. Lett. 2012, 14, 5038–5041. (m)
Kato, S.; Masumoto, H.; Ikeda, S.-i.; Itoh, M.; Murai, T.; Ishihara, H.
Z. Chem. 1990, 30, 67–69. (n) Mhidia, R.; B�ezi�ere, N.; Blanpain, A.;
Pommery, N.; Melnyk, O. Org. Lett. 2010, 12, 3982–3985.

(4) (a) Messeri, T.; Sternbach, D. D.; Tomkinson, N. C. O. Tetra-
hedron Lett. 1998, 39, 1669–1672. (b) Messeri, T.; Sternbach, D. D.;
Tomkinson, N. C. O. Tetrahedron Lett. 1998, 39, 1673–1676. (c) Crich,
D.; Sana, K.; Guo, S. Org. Lett. 2007, 9, 4423–4426. (d) Crich, D.;
Sharma, I. Angew. Chem., Int. Ed. 2009, 48, 2355–2358. (e) Crich, D.;
Sharma, I. Angew. Chem., Int. Ed. 2009, 48, 7591–7594. (f) Crich, D.;
Sasaki, K.; Rahaman, M. Y.; Bowers, A. A. J. Org. Chem. 2009, 74,
3886–3893. (g) Sasaki, K.; Crich, D.Org. Lett. 2010, 12, 3254–3257. (h)
Talan, R. S.; Sanki, A. K.; Sucheck, S. J. Carbohydr. Res. 2009, 344,
2048–2050. (i) Karmakar, P.; Talan,R. S.; Sucheck, S. J.Org. Lett. 2011,
13, 5298–5301. (j) Mhidia, R.; Boll, E.; F�ecourt, F.; Ermolenko, M.;
Ollivier, N.; Sasaki,K.; Crich,D.; Delpech, B.;Melnyk, O.Bioorg.Med.
Chem. 2013, 21, 3479–3485.



Org. Lett., Vol. 15, No. 14, 2013 3759

presence of silver or copper salts, or other electrophiles.7

Selenoacids,8 with the more polarizable and more nucleo-
philic selenium atom,9 have the potential for even greater
reactivity in amide bond forming reactions, either as direct
precursors to amides or as precursors to reactive selenoe-
sters. Indeed, this potential has been recognized by several
groups, particularly with respect to the increased reactivity
of selenocarboxylates toward simple azides,10 and has
begun to be exploited in the native chemical ligation of
peptides.11 The potential of selenoacid chemistry is, how-
ever, limited by the instability of selenocarboxylates to-
ward aerobic oxidation and by the limited range of
methods developed to generate them in situ. Thus, seleno-
carboxylates are typically generated by the reaction of
metal (hydrogen) selenides with activated carboxylic acid
derivatives,10d,11a,12 reaction of trimethylsilyl selenocarbox-
ylates with the fluoride anion,12b,13 nucleophilic deacylation
of diacyl selenides10b,14 and diacyl diselenides,10c,15 or selena-

tion of carboxylic acids10a,16 withWoollins’ reagent.17While
these methods have proved adequate for the synthesis of
simple selenocarboxylates, all suffer from problems asso-
ciated with the lack of functional group compatibility or
the use of unstable air-sensitive reagents.
By analogy with the generation of thiocarboxylates by

elimination from S-(9-fluorenylmethyl)4c or S-(2-
cyanoethyl)3l thiocarboxylates, we conceived that the use-
fulness of selenocarboxylates in synthesis would be ex-
panded by the availability of a general, clean method for
their generation in situ from a readily accessible, stable
derivative such as a Se-(9-fluorenylmethyl) selenocarbox-
ylate. Toward this end we prepared the yellow, crystalline,
and air-stable bis(9-fluorenylmethyl) diselenide 2 by reac-
tion of 9-fluorenylmethyl tosylate 1 with the reagent
generated in situ by the action of sodium borohydride on
metallic selenium (Scheme 1).

Various amino acid based Fm selenoesters were then
prepared by reduction of the diselenide 2 with sodium
borohydride in ethanolic THF followed by reaction with
N-Boc-protected aminoacyl N-hydroxysuccinimides
(Table 1). These Fm selenoesters were isolated as white
or off-white solids in good yield following chromatogra-
phy over silica gel.

Subsequent treatment with trifluoroacetic acid in di-
chloromethane, followed by evaporation and trituration
with ether, gave the corresponding ammonium salts as
white solids (Table 2). Coupling with a N-Boc-protected
amino acid with the aid of O-benzotriazolyl tetramethy-
luroniumhexafluorophosphate (HBTU) in the presence of
diisopropylethylamine (DIEA) then afforded a series of

Scheme 1. Preparation of Bis(9-fluorenylmethyl) Diselenide

Table 1. Preparation of Fluorenylmethyl Selenoestersa

entry product % yield

1 Boc-Phe-SeFm (3) 77

2 Boc-D-Phe-SeFm (4) 74

3 Boc-Val-SeFm (5) 81

4 Boc-Ala-SeFm (6) 75

5 Boc-Asp-(γSeFm)-OBn (7) 60

aAll AAs have the L-configuration unless otherwise indicated.
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dipeptides in good yield (Table 2). The ability to remove
the Boc-protecting group in this manner and conduct a
subsequent peptide bond-forming reaction demonstrates
the stability of the selenoester function toward acidic con-
ditions and its reduced reactivity toward amines as com-
pared to standard activated amino acid esters, as is also ap-
parent from the recent solid-phase work of Durek et al.11b

Comparisonof the 13CNMRspectra of the diastereomeric
dipeptidyl selenoesters 13 and 14 revealed the absence of
epimerization R- to the selenoester function in any of the
three steps reported in Tables 1 and 2.

Attempted deprotection of the Fm selenoester 3 with
piperidine in DMF, as previously employed for the Fm
thioesters,4c resulted only in the displacement of selenoe-
ster function giving only the piperidyl amide 18 (Table 3)

and confirming the high reactivity of selenoesters toward
soft nucleophiles such as amines.18 Similar coupling reac-
tionswere alsoobservedwithbenzylamine (Table 3).How-
ever, in light of the subsequently established reaction
of amines with selenocarboxylates (Table 4) we cannot
rule out the possibility of a two-stage mechanism for these
reactions.
The apparent direct reaction of the selenoesters with

basic amines was circumvented by the use of DBU as the

base as also reported by Namelikonda and Manetsch for

the analogous fluorenylmethyl thioesters.3kThe so-formed

selenocarboxylates were not isolated but were immediately

exposed to reactionwith amino acidmethyl esters inDMF

at rt resulting in the formation of a series of dipeptides

(Table 4). Beyond the simple amino acid derivatives of

entries 1�3 of Table 4, entry 4 demonstrates application

of this chemistry to the side chain of aspartic acid, while entry

5 establishes viability at the dipeptide level. The direct reac-

tion of selenocarboxylates with amines to give amides in this

manner is reminiscent of the analogous reaction of thiocar-

boxylates with amines reported by Wang and Danishefsky,

and others, albeit they proceed in significantly better yield in

the absence of additives such as HOBT.7n,p We cannot rule

out the possibility of a mechanism involving oxidation to

the correspondingdiacyl diselenides by extraneous air despite

our best efforts to the contrary. However, in view of the

Table 2. Boc Removal and Dipeptide Formation in the Presence of 9-Fluorenylmethyl Selenoestersa

entry substrate ammonium salt % yield Boc-AA2-OH dipeptide % yield

1 Boc-Phe-SeFm (3) TFA 3Phe-SeFm (8) 94 Boc-Val-OH Boc-Val-Phe-SeFm (13) 80

2 Boc-D-Phe-SeFm (4) TFA 3 D-Phe-SeFm (9) 90 Boc-Val-OH Boc-Val-D-Phe-SeFm (14) 81

3 Boc-Val-SeFm (5) TFA 3Val-SeFm (10) 95 Boc-Phe-OH Boc-Phe-Val-SeFm (15) 88

4 Boc-Ala-SeFm (6) TFA 3Ala-SeFm (11) 94 Boc-Phe-OH Boc-Phe-Ala-SeFm (16) 79

5 Boc-Asp-(γSeFm)-OBn (7) TFA 3Asp-(γSeFm)-OBn (12) 91 Boc-Val-OH Boc-Val-Asp-(γSeFm)-OBn (17) 70

aAll AAs have the L-configuration unless otherwise indicated.

Table 3. Reaction of Fluorenylmethyl Selenoesters with
Aminesa

entry substrate product % yield

1 Boc-Phe-SeFm (3) Boc-Phe-NC5H10 (18) 70

2 Boc-Phe-SeFm (3) Boc-Phe-NHBn (19) 87

3 Boc-Val-SeFm (5) Boc-Val-NHBn (20) 72

aAll AAs have the L-configuration.

Table 4. Formation of Selenocarboxylates and Their Reaction with Aminesa

entry substrate selenocarboxylateb H-AA2OMe product % yield

1 Boc-Phe-SeFm (3) Boc-Phe-Se� (21) H-Val-OMe Boc-Phe-Val-OMe (25) 64

2 Boc-Val-SeFm (5) Boc-Val-Se� (22) H-Leu-OMe Boc-Val-Leu-OMe (26) 56

3 Boc-Val-SeFm (5) Boc-Val-Se� (22) H-D-Phe-OMe Boc-Val-D-Phe-OMe (27) 64

4 Boc-Asp-(γSeFm)-OBn (7) Boc-Asp-(γSe�)-OBn (23) H-Val-OMe Boc-Asp-(γ-Val-OMe)-OBn (28) 78

5 Boc-Phe-Val-SeFm (15) Boc-Phe-Val-Se� (24) H-D-Phe-OMe Boc-Phe-Val-D-Phe-OMe (29) 59

aAll AAs have the L-configuration unless otherwise indicated. b Selenocarboxylates were not isolated but used immediately in situ.
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acidity of hydrogen selenide (pKa1 3.89, pKa2 11.0) as
compared to that of hydrogen sulfide (pKa1 6.88, pKa2
14.15) we consider it likely that selenide (Se2�) is a viable
leaving group in this chemistry.
Finally, we turned our attention to the reaction of the in

situ generated N-protected amino acyl selenocarboxylates
with other electrophiles (Table 5). Thus, as anticipated in
view of the precedent,10a,11a,12c selenocarboxylates are alky-
lated by a simple alkyl halide to give selenoesters (Table 5,
entry 1).N-Protected aminoacyl selenocarboxylates react at
rt with azides to give amides (Table 5, entries 2�4), as has
been reported for simple selenocarboxylates,10 although at
least for the present examples the reaction is noticeably
more efficient with electron-deficient azides as is known
to be the case for thiocarboxylates.3g Finally, again analo-
gously with the thiocarboxylates,5a,d we demonstrate the
reaction of selenocarboxylates with isocyanates and iso-
thiocyanates to give amides (Table 5, entries 5�7).

Overall, we demonstrate that Se-(9-fluorenylmethyl)
selenoesters are readily prepared, stable precursors to
selenocarboxylates, which they liberate on treatment with
DBU. The Fm selenoesters are compatible with the use of
TFA for the removal of Boc groups and with simple
peptide bond forming reactions. Amino acid derived sele-
nocarboxylates condense directly with amines to give
amides, react smoothly with isocyanates and isothiocya-
nates to give amides, and couple with electron-deficient
azides also to give amides.
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Table 5. Formation of Selenocarboxylates and Their Reaction with Various Electrophilesa

entry substrate selenocarboxylateb electrophile product % yield

1 Boc-Val-SeFm (5) Boc-Val-Se� (22) PhCOCH2Br Boc-Val-SeCH2COPh (30) 85

2 Boc-Phe-SeFm (3) Boc-Phe-Se� (21) Me2NpC6H4N3 Boc-Phe-NHpC6H4NMe2 (31) 43

3 Boc-Phe-SeFm (3) Boc-Phe-Se� (21) MepC6H4SO2N3 Boc-Phe-NHSO2pC6H4Me (32) 65

4 Boc-Phe-SeFm (3) Boc-Phe-Se� (21) PhCH2N3 Boc-Phe-NHCH2Ph (19) 26

5 Boc-Phe-SeFm (3) Boc-Phe-Se� (21) PhNdCdO Boc-Phe-NHPh (33) 48

6 Boc-Phe-SeFm (3) Boc-Phe-Se� (21) PhNdCdS Boc-Phe-NHPh (33) 84

7 Boc-Val-SeFm (5) Boc-Val-Se� (22) PhNdCdS Boc-Val-NHPh (34) 86

aAll AAs have the L-configuration. b Selenocarboxylates were not isolated but used immediately in situ.
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