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Abstract: A novel preparation of nonnatural glycoamino acids starting frepentenyl glycosides is described.

The approach involves a HorneEmmons olefination with a suitably protected glycine-derived phosphonate,
followed by catalytic asymmetric hydrogenation, which proceeds with excellent diastereomeric selectivity.
The synthetic methodology was useful for the preparation of glycoamino acids containing the Tn antigen, the
MBrl1 antigen (Globo-H), the Deantigen, and lactose. These glycoamino acids can also serve as units for
peptide synthesis. The synthesis of polyvalent glycopeptides containing three different antitumor antigens is
described Z8 and 29), and these have been prepared for conjugation to carrier protein in order to access the
immunogenicity for tumor immunotherapy applications.

Introduction bacterial infectiorf. Similarly, given the presence of tumor

d associated carbohydrate antigens on the surface of tumor cells,
there is reason to hope that vaccination of cancer patients in an

adjuvant setting could bring about similar results. The likely

Aberrant cell-surface glycosylation is often strongly associate
with tumor progression and malignant¥hese changes in cell
surface carbohydrate patterns presumably reflect incomplete or . o . .
novel glycosylation in tumor masses. Trends in carbohydrate production of am.'bOd'eS. derived from defined carbohydra@e-
expression by different tumor types have been noted and revearbased tumor antigens, in the hope that they_would provide
unusual abundances of such cell surface antigens as a functiofprotection against C|rcu_lat|ng_ tumor C?IIS and micrometastases,
of the particular tumor. Indeed, oftentimes carbohydrate antigenshas peen amajor .con5|derat|o.n in their Se'ec“"r? for anti-cancer
can be rather specific to a certain type of tumor and are not Vaccine construction and testihgit the present time, several

overexpressed or recognized by the immune system in normalpreclinical mouse and human clinical trials have demonstrated
tissue? The isolation and careful structural identification of that carbohydrate-based cancer vaccines can induce antibody

specific carbohydrate antigens overexpressed in cancer cells hal8SPONSes against tumor-associated antigens. These results

provided a framework for an attack using carbohydrate-based suggest that tumor immunotherapy employing fully synthetic
tumor immunotherapy. These studies, however, have been carbohydrate-based vaccines could hold promise as a means for

severely complicated by the difficult availability of these a nontoxic treatment of hL_Jman canéer. . .
antigens from natural sources. Obtaining even a milligram of  ©OUr laboratory has actively been engaged in synthesizing
tumor antigen from collections of cancerous tissues is a major COMPlex oligosaccharides and glycoconjugdtés. a result of

undertaking. To assess the potential value of carbohydrate-base@!r @dvances in this area, we began a program some time ago

tumor antigens in medicine, it would be necessary to gain acces<® €xplore the chemical synthesis of tumor-associated carbo-

to such agents through chemical synthesis. hydrate antigens with the goal of investigating totally synthetic
There is a long-term history of vaccines derived from carbohydrate-based vaccines in laboratory and clinical seftings.

apundant ba}cterlal polysaccharlde antigens. .These VaccineS™ (4 (a) In Vaccines: Recent Trends and Progre@regoriadis, G.,
stimulate an immune response, including high titers of antibod- Allison, A. C., Poste, G., Eds.; Plenum Press: New York, 1991. (b) Kuberan,
ies, which provide additional protection from subsequent B.; Linhardt, R. JCurr. Org. Chem200Q 4, 653.
(5) (a) Livingston, P. O.; Zhang, S.; Lloyd, K. @ancer Immunol.

T Current address: Eli Lilly and Company, Lilly Corporate Research Immunother1997, 45, 1. (b) Ragupathi, GCancer Immunol. Immunother.
Center, Indianapolis, IN 46285. 1996 43, 152 and references therein.

* Current address: Pharmacia Corporation, Kalamazoo, Ml 49007. (6) (a) Livingston, P. O.; Ritter, G.; Srivastava, P.; Padavan, M.; Calves,

§ Sloan-Kettering Institute for Cancer Research and Columbia University. M. J.; Oettgen, H. F.; Old, L. ancer Res1989 49, 7045. (b) Haraday,

(1) (@) Hakomori, SCancer Res1985 45, 2405. (b) Feizi, TCancer Y.; Sakatsume, M.; Nores, G. A.; Hakomori, S.; Taniguchi, dgn. J.

Sumw. 1985 4, 245. (c) Kim, Y. J.; Varki, A.Glycoconjugate J1997, 14, Cancer Res1989 49, 988. (c) Fung, P. Y. S.; Made, M.; Koganty, R. R;

569. (d) Lloyd, K. O.Cancer Biol.1991 2, 421. (e) Livingston, P. O. Longenecker, B. MCancer Res199Q 50, 4308. (d) MacLean, G. D.;

Immunol. Re. 1995 145 147. Bowen-Yacyshyn, M. B.; Samuel, J.; Miekle, A.; Stuart, G.; Nation, J.;
(2) () Ho, S.; Kim, Y. SSemin. Cancer Biotl991, 2, 389. (b) Singal, Poppema, S.; Jerry, M.; Koganty, R.; Wont, T.; Longenecker, BJM.

A. K. Semin. Cancer Biol1991 2, 379. (c) Hull, S. R.; Bright, A.; Immunol.1992 11, 292. (e) MacLean, G. D.; Reddish, M. A.; Bowen-

Carraway, K. L.Cancer Commun1989 1, 261. (d) Hakomori, SCancer Yacyshyn, M. B.; Poppema, S.; Longenecker, B.G&ncer Inest.1994

Cells 1991, 3, 461. (e) Hakomori, SCancer Res1996 56, 5309. 12, 46. (f) Lo-Man, R.; Bay, S.; Vicher-Guerre, S.; Deriaud, E.; Cantacuzene,
(3) For reviews see (a) Hakomori, S.; Zhang,Ghem. Biol.1997, 4, D.; Leclerc, C.Cancer Res1999 59, 1520 and references therein.

97. (b) Toyokuni, T.; Singhal, A. KChem. Soc. Re 1995 24, 23 and (7) For areview, see: Danishefsky, S. J.; Bilodeau, MAfigew. Chem.,

references therein. Int Ed. Engl.1996 35, 1380.
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Figure 1. Glycoconjugate components of anticancer vaccines: (a)
tumor antigen conjugated to carrier protein KLH via reductive alkylation
of n-allyl (n = 1) or n-pentenyl 6 = 3) glycosides; (b) glycopeptide-
presented clustered antigens.

immunostimulant:
glycolipid, KLH or both

Our continuing chemical studies have focused on synthetic
methodology of general applicability for the preparation of
mimics of cell surface carbohydrates in the form of glycopro-

J. Am. Chem. Soc., Vol. 123, No. 9, 20@b1

with a very high percentage of serine and threonine residues
wherein the first carbohydrate moiety is universaliD-linked
N-acetylgalactosamin&.The glycophorin family ofx-O-linked
carbohydrates, containing Tn, TF, STn, ST, and glycophorin,
is a well-known and -studied class of tumor antigens that carry
this unique linkagé# Much synthetic effort in this area has
focused on the stereoselective construction of the naturally
requireda-glycosidic linkaget® Studies in our own laboratory,
relying on a “cassette” modality rather than a maximally
convergent approach, have been detailed elsevfiéré.

The synthesis of more readily available and more chemically
stable glycopeptide analogues has also been advanced in the
literaturel” For example, C-linked and S-linked oligosaccharides
can offer increased stability to hydrolysis. Furthermore, these
nonnatural linkages avoid problems associated with the instabil-
ity of the O-glycosyl serin€?® It appears that suitable glyco-
peptide mimics can simulate the activity of their native
counterparts. In the case of enzyme inhibitors, unnatural linkages
can even result in better therapeutic agéhfEhe question of

teins, glycolipids, and glycopeptides. This progress has allowed Whether glycopeptides derived from nonnatural amino acids and
us to assemble a number of fully synthetic vaccine constructs honnatural linkages can be as immunogenic as their natural

for ongoing human clinical trials.
A variety of approaches have been adopted to elicit a more

counterparts in an antitumor vaccine setting has never been
systematically addressed. In fact, it may be anticipated that less-

sustained immune response beyond that triggered by exposurdatural synthetic compounds may prove to be more im-
to native synthetic antigens. These attempts include chemicalmunogenic, because they are potentially more recognizable as

modification of carbohydrates, additional administration of
immunological adjuvants, and covalent attachment of carbohy-
drates to immunogenic protein carriers. Presently, we and 8thers

are pursuing vaccine constructs containing the desired tumor

antigen bioconjugated (through a spacer unit) to carrier protein
keyhole limpet hemocyanin (KLH). These are administered in
concert with a nonsynthetic immunoadjuvant (i.e., QS#21).
More specifically, we have investigated both glycolipid struc-
tures and glycopeptide structures conjugated to KLH (Figure
1b). Covalent modification of KLH with complex carbohy-

drates was accomplished via reductive amination of aldehydes

derived fromn-allyl and n-pentenyl glycosides (Figure 18).

The disclosure herein focuses on new general methodology for

the synthesis of glycoamino acids from their corresponding
n-pentenyl glycosides and serves to provide important new

options for vaccine development. The advances reported below, 4

have allowed for a unique assembly of a multiantigenic
glycopeptide containing the tumor antigens Globo-H (MBrl
antigen), Lewi%, and the Tn antigen.

Background

Substantial efforts in our laboratory have been dedicated to

the chemical synthesis of glycopeptides carrying tumor-associ-

ated antigen&? Typically, naturally occurringd-glycopeptides
and proteins are glycosylated through either anomerically
attached serine or threonine with arglycosidic linkage. For

“nonself” by the immune systeA?2

We recently reported a second-generation synthesis of the
MBrl1 antigen (Globo-HP and the total synthesis of the

(12) (a) Glunz, P. W.; Hintermann, S.; Williams, L. J.; Schwarz, J. B.;
Kuduk, S. D.; Kudryashov, V.; Lloyd, K. O.; Danishefsky, S.JJ.Am.
Chem. Soc200Q 122 7273. (b) Kuduk, S. D.; Schwarz, J. B.; Chen, X.
T.; Glunz, P. W.; Sames, D.; Ragupathi, G.; Livingston, P. O.; Danishefsky,
S. J.J. Am. Chem. Sod.998 120, 12474. (c) Schwarz, J. B.; Kuduk, S.
D.; Chen, X. T.; Sames, D.; Glunz, P. W.; Danishefsky, 9. Am. Chem.
Soc.1999 121, 2662. (d) Sames, D.; Chen, X. T.; Danishefsky, Slature
1997, 389, 587.

(13) (a) Podolsky, D. KJ. Biol. Chem1985 260, 15510. (b) Carlstedt,

I.; Davies, J. RBiochem. Soc. Trand 997 25, 214. (c) Poland, P. A;;
Kinlough, C. L.; Rokaw, M. D.; Magarian-Blander, J.; Finn, O J.; Hughey,
R. P.Glycoconjugate J1997, 14, 89.

(14) (a) Springer, G. FSciencel984 224, 1198. (b) Campbell, B. J.;
Finnie, E. F.; Hounsell, E. F.; Rhodes, J. 34.Clin. Invest.1995 95, 571.
(15) (a) Schultheiss-Reimann, P.; Kunz,Ahgew. Chem., Int. Ed. Engl.
83 22, 63. (b) Kunz, H.; Waldmann, HAngew. Chem., Int. Ed. Engl.
1984 23, 71. (c) Kunz, H.; Birnbach, Angew. Chem., Int. Ed. Endl986
25, 360. (d) Paulsen, HAngew. Chem., Int. Ed. Engl982 21, 155. (e)
Kunz, H. Pure Appl. Chem1993 65, 1223. (f) Schmidt, R. RAngew.
Chem., Int. Ed. Engll986 25, 212. (g) Komba, S.; Meldal, M.; Werdelin,
O.; Jensen, T.; Bock, KJ. Chem. Soc., Perkin Trans.1999 415. (h)
Winterfield, G. A.; Ito, Y.; Ogawa, T.; Schmidt, R. FEur. J. Org. Chem.
1999 1167, 7 and references therein.

(16) For other cassette-related approaches, see: (a) Meinjohanns, E.;
Meldal, M.; Paulsen, H.; Schleyer, A.; Bock, K. Chem. Soc., Perkin.
Trans. 11996 985. (b) Mathieux, N.; Paulsen, H.; Meldal, M.; Bock, K.
J. Chem. Soc., Perkin. Trans.1B97, 2359. (c) Nakahara, Y.; ljima, H.;
Ogawa, T.Tetrahedron Lett1994 35, 3321. (d) Liebe, B.; Kunz, H.
Tetrahedron Lett1994 35, 8777.

example, mucin glycoproteins possess amino acid sequences (17) For a review, see: Marcaurelle, L. A.; Bertozzi, C.Ghem. Eur.

(8) For a review of efforts from our laboratory, see: Allen, J. R,
Danishefsky, S. JAngew. Chem., Int Ed. Eng200Q 39, 836.

(9) (a) Cappello, S.; Liu, N. X.; Musselli, C.; Brezicka, F.-T.; Livingston,
P. O.; Ragupathi, GCancer Immunol. Immunothel999 48, 483. (b)
Helling, F.; Shang, Y.; Calves, M.; Oettgen, H. F.; Livingston, PCancer
Res.1994 54, 197. (c) Helling, F.; Zhang, S.; Shang, A.; Adluri, S.; Calves,
M.; Koganty, R.; Longenecker, B. M.; Yao, T.-J.; Oettgen, H. F.; Livingston,
P. O.Cancer Res1995 55, 2783. (d) Reddish, M. A.; Jackson, L.; Koganty,
R.; Qiu, D.; Hong, W.; Longenecker, B. Mzlycoconjugate J1997, 14,
549.

(10) Livingston, P. O.; Koganty, R. R.; Longenecker, B. M.; Lloyd, K.
O.; Calves, M. JVaccine Res199] 1, 99. (b) Kensil, C. R.; Patel, U.;
Lennick, M.; Marciani, D.J. Immunol.1991, 146, 431.

(11) (a) Bernstein, M. A.; Hall, L. DCarbohydr. Res198Q 78, C1. (b)
Lemieux, R. U.Chem. Soc. Re, 1978 7, 423.

J. 1999 5, 1384. For efforts in the synthesis Gfglycosyl amino acids,
see: (a) Bertozzi, C. B.; Hoeprich, P. D.; Bednarski, M.JDOrg. Chem.
1992 57, 6092. (b) Petrus, L.; BeMiller, J. NCarbohydr. Res1992 230,
197. (c) Kessler, H.; Wittman, V.; Kock, M.; Kottenhahn, Kagew. Chem.,
Int. Ed. Engl.1992 31, 902. (d) Burkhart, F.; Hoffmann, M.; Kessler, H.
Angew. Chem., Int. Ed. Engl997, 36, 1191. (e) Fuchss, T.; Schmidt, R.
R. Synthesis1998 753. (f) Ben, R. N.; Orellana, A.; Arya, B. Org. Chem.
1998 63, 4817. (g) Arya, P.; Ben, R. N.; Qin, H.etrahedron Lett1998
39, 6131. (h) Dondoni, A.; Marra, A.; Massi, Al. Org. Chem1999 64,
933. (i) Vincent, S. P.; Schleyer, A.; Wong, C.-#.0rg. Chem200Q 65,
4440 and references therein. F8idinked glycosyl amino acids, see:
Kasbeck, L.; Kessler, H.iebigs Ann1997 1, 165 and references therein.

(18) Kilberg, J.; Elofsson, MCurr. Med. Chem1997, 4, 85.

(19) See: (a) Sears, P.; Wong, C.Ahgew. Chem., Int. Ed. Endl999
28, 2300. (b) Muller, B.; Schaub, C.; Schmidt, R. Ragew. Chem., Int.
Ed. Engl.1998 37, 2893 and references therein.
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Figure 2. Previous immunoconjugation from NPG-derived tumor antigeasid 2 and newly developed glycoamino acid sequence.

fucosylated ganglioside of GMfucosyl GM),%! each as its
correspondingi-pentenyl glycoside (NPG). The (mAb) MBrl1
antigen Globo-H was originally isolated and characterized
by Hakomori et al. from the human breast cancer cell line

offered two benefits. The anomeriepentenyl glycoside linkage
served as an efficient linker for immunoconjugation to carrier
protein KLH (see top of Figure 2) and also provided some
advantages in terms of synthetic converge#{é&}Furthermore,

MCF-722 and has subsequently been further characterized asalthough unproven at the time of those studies, in the context

being overexpressed in other types of carcinomas including
colon, prostate, lung, ovary, and small cell lung canééihe
first generation total synthesis of this antigen by our laboratory
has culminated in phase Il and Il human clinical trials using a
fully synthetic Globo-H vaccine against prostate and breast
cancer?® Fucosyl GM has been identified as a highly specific
marker associated with small cell lung cancer éélend a
vaccine containing this synthetic antigen is currently undergoing
mouse immunization experiments aimed against small cell lung
cancer?!

Incorporating the reducing end NPG in those earlier studies

(20) Allen, J. R.; Allen, J. G.; Williams, L. J.; Zhang, X.-F.; Zatorski,
A.; Ragupathi, G.; Livingston, P. O.; Danishefsky, SCBem. Eur. J200Q
6, 1366.

(21) Allen, J. R.; Ragupathi, G.; Livingston, G.; Danishefsky, SJ.J.
Am. Chem. Sod999 121, 10875.

(22) (a) Kannagi, R.; Levery, S. B.; Ishijamik, F.; Hakomori, S.;
Schevinsky, L. H.; Knowles, B. B.; Solter, 0. Biol. Chem.1983 258
8934. (b) Bremer, E. G.; Levery, S. B.; Sonnino, S.; Ghidoni, R.; Canevari,
S.; Kannagi, R.; Hakomori, Sl. Biol. Chem 1984 259 14773.

(23) (a) Livingston, P. OCancer Biol 1995 6, 357—-366. (b) Zhang,
S.; Cordon-Cardo, C.; Zhang, H. S.; Reuter, V. E.; Adluri, S.; Hamilton,
W. B.; Lloyd, K. O.; Livingston, P. Olnt. J. Cancerl997, 3, 42—49.

(24) Park, T. K.; Kim, I. J.; Hu, S.; Bilodeau, M. T.; Randolph, J. T.;
Kwon, O.; Danishefsky, S. J. Am. Chem. S0d.996 118 11488

of protected carbohydratelsand 2, the NPG moieties might
serve as useful donors for glycosylation, following the pioneer-
ing work of Fraser-Reid and associatés.

The contemplated next step in our progression to a more
effective presentation of antigens in antitumor vaccines required
an efficient and general way to incorporate these two antigens
into glycopeptides. Initial efforts were directed at performing a
direct glycosylation of donor& or 2 with cassette accepté;
which contains the required serine linkage (Figure!22).
Unfortunately, these [6- 1] couplings failed and this approach
was abandonetf.

(25) (a) Ragupathi, G.; Park, T. K.; Zhang, S.; Kim, I. J.; Graber, L.;
Adluri, S.; Lloyd, K. O.; Danishefsky, S. J.; Livingston, P. @ngew. Chem.,
Int. Ed. Engl.1997, 36, 125. (b) Ragupathi, G.; Slovin, S. F.; Adluri, S;
Sames, D.; Kim, I. J.; Kim, H.; Spassova, M.; Bornmann, W. G.; Lloyd,
K. O.; Scher, H. I.; Livingston, P. O.; Danishefsky, S.AAhgew. Chem.,
Int. Ed. Engl.1999 38, 563. (c) Slovin, S. F.; Ragupathi, G.; Adluri, S.;
Ungers, G.; Terry, K.; Kim, S.; Spassova, M.; Bornmann, W. G.; Fazzari,
M.; Dantis, L.; Olkiewicz, K.; Lloyd, K. O.; Livingston, P. O.; Danishefsky,
S. J.; Scher, H. IProc. Natl. Acad. Sci. U.S.A999 96, 5710.

(26) (a) Nilsson, O.; Mansson, J.-E.; Brezicka, T.; Holmgren, J.;
Lindholm, L.; Sorenson, S.; Yngvason, F.; SvennerholnGlycocojugate
J. 1984 1, 43. (b) Brezicka, F. T.; Olling, S.; Nilsson, O.; Bergh, J.;
Holmgren, J.; Sorenson, S.; Yngvasonancer Res1989 49, 1300.
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Fortunately an alternative approach was suggested by themolecule. Although this nonproximity might be favorable in
results of Toone and co-workers. These workers had describedterms of promoting the reduction reaction and might help in
the catalytic asymmetric hydrogenation of glycosylated enamide favoring high diastereoselectivity margins, we anticipated that

esters, derived fror@-allyl glycosides, to produce carbon linked
glycosyl serined? Application of an analogous transformation
using an NPG as a starting material is suggested in Figtite 2.
The new approach anticipated a Horr&mmons olefination
of the protected aldehydé with a suitably protected glycine
derived phosphonate to give enamide edierSubsequent
catalytic asymmetric hydrogenation would hopefully yield
diastereomerically pure glycoamino adidprovided the neces-

it could complicate our analysis of the outcome and separation
of the products by chromatographic means. Accordingly, as a
starting point, we chose to examine peracetylated lactose
derivatives as modef8.The required lactose-derived enamide
ester substrate was prepared according to Scheme 1. Ozonolysis
of the NPG 8 20 followed by reductive workup gave the
corresponding aldehyde derivative. The crude aldehyde was then
subjected to HornefEmmons olefination using tetrameth-

sary stereoselectivty could be achieved. We recognized that theylguanidine and phosphong@ePhosphonat8, with N-Boc and
resulting glycoamino acid construct would correspond to a 2-(trimethylsilyl)ethyl ester (TSE) protectidh, was chosen

nonnatural linkage between an oligosaccharide and amino acid.because of the need for the resulting glycoamino acids to be
However, given the impasse reached in incorporating Globo-H orthogonally suitable for peptide couplings in the presence of
into a conventional O-linked glycopeptide, the possibility of acetate carbohydrate protecting groups. The enamide Hster
gaining access through the use of a NPG spacer domain wasvas obtained as a single geometric isomer in 88% yield for the
attractive. In addition, the study of the effect of these types of 2-step procedure.

nonnatural linkages in a vaccine setting would allow for the  In the hydrogenation of similar C-glycosylated enamides,
assessment of inducing antibody production against artificial Toone had reported the use of chiral DUPHOS ligands as catalyst
glycopeptides. Accordingly, it was toward these directions that precursor® and had optimized the resulting diastereomeric
we turned our attentions. Our results are reported in the excesses of the monosaccharide products with respect to ligand

discussion which follows.

Results and Discussion

Having previously accomplished the synthesid ahd?2,2021

and solvent. Following their report, we found optimal conditions
for asymmetric hydrogenation of enamide esiérto be as
shown. We chose to use ti&Sligand isomer, which has been
well-characterized in these types of systems to giveStisemer

the possibility of a sequence consisting of suitable olefination in the amino acid produét. The protected glycoamino acid was

followed by asymmetric hydrogenation starting with NPG

obtained in 98% yield and was determined to have been formed

precursors was addressed. We were conscious of the fact thaWith a diastereomeric ratio (df) 20:1. Remarkably, theBoc
in the hydrogenation reaction, the newly generated stereogenicProtons are ne_arly _baselme resolved and, in the asymmetric
center would be five atoms removed from other chirality in the '€action, the minor isomer could not be detectectiyNMR.

(27) (a) Fraser-Reid, B. O.; Udodong, U. E.; Zufan, W.; Ottosson, H.;
Merritt, R.; Rao, S.; Roberts, C.; Madsen®/nlett 1992 927. (b) Udodong,
U. E.; Madsen, R.; Roberts, C.; Fraser-Reid, BJOAM. Chem. S04993
115 7886. (c) Merritt, J. R.; Fraser-Reid, B. @. Am. Chem. S0d.994
116, 8334. (d) Fraser-Reid, B. O.; Wu, Z.; Udodong, U. E.; Ottossod.H.
Org. Chem.199Q 55, 6068. (e) Mootoo, D. R.; Date, V.; Fraser-Reid, B.
0.J. Am. Chem. S0d.988 110 2662. (f) Mootoo, D. R.; Konradsson, P.;
Fraser-Reid, B. OJ. Am. Chem. S0d.989 111, 8540.

(28) In one instances, (with) we were able to obtain the corresponding

13C analysis also supports the conclusion that the minor isomer
is not formed within the limits of NMR detectiolf.Hydrogena-

tion of 10 with an achiral catalyst (Pd/C, MeOH) produced a
1:1 mixture ofR-andS-configuredll, providing a comparison

for diastereomeric ratio determination. This reaction also
indicates that chirality transfer to yieldl occurs from the chiral

(31) A detailed account of these model studies will be reported elsewhere.
(32) (a) Schmidt, U.; Lieberknecht, A.; Wild, Synthesis1984 53. (b)

ortho ester heptasaccharide, but this compound proved to be unstable. Thé&Kawai, M.; Neogi, P.; Khattri, P. S.; Butsugan, €hem. Lett199Q 577.

synthetic route td does not allow for a change of protecting group at C2

(33) (a) Burk, M. J.; Feaster, J. E.; Nugent, W. A.; Harlow, RILAm.

for an attempt to suppress orthoacetate formation, and consequently, theChem. Soc1993 115 10125. (b) Burk, M. J.; Harper, T. G. P.; Kalberg,

route was abandoned. For the synthesig,adee ref 20.

(29) (a) Debenham, S. D.; Debenham, J. S.; Burk, M. J.; Toone,E. J.
Am. Chem. S0d.997, 119, 9897. (b) Debenham, S. D.; Cossrow, J.; Toone,
E. J.J. Org. Chem200Q 64, 9153.

(30) The transformation of the olefinic unit contained rirpentenyl

C. S.J. Am. Chem. S0d.995 117, 4423. (c) Burk, M. J.; Gross, M. F;
Martinez, J. PJ. Am. Chem. S0d.995 115 9375. (d) Burk, M. J.; Allen,
J. G.; Kiesman, W. FJ. Am. Chem. S0d.998 120, 657.

(34) (a) Burk, M. J.Acc. Chem. Re00Q 33, 363I; (b) Burk, M. J,;
Gross, M. F.; Harper, T. G. P.; Kalberg, C. S.; Lee, J. R.; Martinez, J. P.

glycosides to various spacer functionalities has been described. See: Buskas?ure Appl. Chem1996 68, 37.

T.; Soderberg, E.; Konradsson, P.; Fraser-Reid, Bl.@rg. Chem200Q
65, 958.

(35) In all cases, the diastereomeric ratios were determinét iNMR
(500 MHz).
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Table 1. Olefination/Asymmetric Hydrogenation of a Variety of Tumor Antigen NPGs

0\/\/\ O\A/YCWTSE °\/\/\'/°°2755

NHBoc NHBoc

Conditions: (1) Oz, CH2Cly, MeOH, Conditions: (S, S)-Et-DuPHOS-Rh*
@ pyr.; then MezS; (2) TMG, 9, THF, -78 °C Ha, 50 psi, THF
B product, yield product, yield, dr
AcE EOAcAcE gOAcAc OAc
Acl 0, 0, .
NHAogc Ac% . 15, 72% 19, 98%, >20:1
Hs ¢ OAc
OAc
ACOOAC Ac AcO Ac o ’l’\
Globo-H (1) ¢

Aco OAc . o OAc
Aco&@/o&/ OAc oAc 16,10-22% 20, 93%, >20:1
AcNH g o ;&&)
o Ac AcO N
0

HGC@JOAC Ac
AcOQAc AcNH
%, OAc

AcO  OAc

Fucosyl GM1  (2)

H Ac

OAc

OAc

AcD _OAc OAc acp QA

o?é& L gg 17, 85% 21, 99%, >20:1

Ac O ’x&
AcNH B20

Hy OAc

OAc
AcO LeY (13)

Ac OAc
14 18, 75% :
Aco%é‘ T antigen ,75% 22, 99%, >20:1

ligand and not carbohydrate-derived substrate control. A final Compound49and20represent the first examples of synthetic
step to be performed prior to moving to synthesis and assemblyglycoamino acids containing the complex oligosaccharides
of tumor antigens was that of demonstrating deprotectability Globo-H and fucosyl GM
of the blocking groups contained in the amino acid side chain. We also performed such transformations on two other
In the event, reaction df1 with TBAF in THF gave acidl2, clinically promising antigens to generate their corresponding
suitably prepared for peptide coupling, in 93% isolated yield. glycoamino acids. Thus, LewigLeY) oligosaccharide has been
With the methodology demonstrated in the lactose model, identified as an important antigen for eliciting antibodies against
we moved to our more advanced hexasaccharldasd 2 as colon, liver, prostate, and ovarian carcinord@asie have
well as to other antigens of interest. As shown in Table 1, previously synthesized both aY-eKLH conjugate vaccin&
olefination of the peracetylatedpentenyl glycoside of Globo-H  and a clustered Deglycopeptide (of naturad-O-linked con-
1 under the same conditions as those used in Scheme 1 providediguration) glycoconjugate attached to either a glycolipid or
the corresponding enamide esfii in 72% yield as a single  KLH.'22Our synthetic constructs have been used in initiating
isomer. We were disappointed to find that a similar reaction human clinical trials against ovarian cané&iA LeY-derived
with fucosyl GM, hexasaccharid2 provided16 in a very low glycoamino acid synthesized by the procedure detailed herein
yield (10—22%). Although we do not have an explanation for would provide an opportunity to experimentally determine if
this result, we note th& is the only oligosaccharide on which  the presence of thew-O-linkage was, indeed, critical for
we have attempted the olefination in the presence of a sialic  (36) (a) Lloyd, K. 0.Am. J. Clin. Path1987, 87, 129. (b) Lloyd, K. O.
acid residue. However, in both cases, through use of $he ( Cancer Biol.199], 2, 421. (c) Yin, B. W.; Finstad, C. L.; Kitamura, K;

_Et- + i Federici, M. G.; Welshinger, M.; Kudryashov, V.; Hoskins, W. J.; Welt,
9-Et-DUPHOS-Rh* catalyst system, the hydrogenationldt S- Lloyd, K. O.Int, J. Cancerl996 65, 406,

apd 16 p_roceedEd in excellent yie!d- producidg and 20 as (37) Danishefsky, S. J.; Behar, V.; Randolph, J. T.; Lloyd, KJOAm.
single diastereomers, as determined %% NMR analysis. Chem. Soc1995 117, 5701.
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Scheme 2

22 21 19
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aConditions: (a) TBAF, THF; (b) AcSCHC(O)(CH,)sNH,, BOP reagentiPLNEt, 54%, 2 steps; (c) TFA, Ci€l,; (d) BOP reagentPr.NEt,
86%, 2 steps; (e) 26, BOP reagei,NEt, 64%, 2 steps; () A©, EgN, cat. DMAP, 95%, 2 steps

H HO OH  Ho _OH
H&/(’&/ H
AcNH HO| °"
ou
Hy OH
OH H

HO HO
NoHgMeOH
27 (1:3) ﬁ N\/I'L N\/\/ N\H/\SH

Scheme 3

t, 96 h
98%
AcNH
Ha OH 28
o OH

immunogenicity in these vaccines. We, as well as otPienaye glycopeptide cluster and, consequently, illustrates the potential
also synthesized and studied clustered glycopeptides containingadvantage of this strategy. Thus, if immunogenicity is retained
the Tn antigen and have evaluated the antibody response tan the artificial constructs, these NPG-derived glycoamino acids
vaccination of micé2? The Tn antigen is also found naturally  offer a much shorter synthetic route to vaccine glycoconjugates

o-O-linked through serine or threonine and is commonly than do their native counterparts. Olefinationl8fand14 was
synthesized in that fashion. A direct comparison of an NPG uneventful, and enamide estdrdand18were obtained in 85%

derived glycoamino acid with the O-linked system would now and 75% yields respectively, again as single isomers. Asym-

be possible. metric hydrogenation, as before, also produced diastereomeri-
The results starting with both L&-pentenyl glycosidd 3122 cally pure glycoamino acid®1 and22 in excellent yields.

and thea-linked n-pentenyl glycoside of the Tn antigei# With glycoamino acidsl9-22 in hand, we were ready to

(GalNAc) are presented in Table*dThe pentasaccharidk3 proceed to the peptide assembly phase. Immunological studies

was available as an intermediate in the synthesis of Le indicate that, in general, the clustering of antigens in glyco-

(38) (a) Kudryashov, V. Kim, H. M.. Ragupathi, G.. Danishefsky, S. peptides results' in a more therapeutica!ly useful immune
J.; Livingston, P. O.; Lloyd, K. OCancer Immunol. Immunothet998 response than with singly glycosylated peptiél€s.22Accord-

45, 281. (b) Sabbatini, P.; Kudryashov, V.; Danishefsky, S. J.; Livingston, ingly, we considered a new and exciting possibility. To date,
P. O.; Ragupathi, G.; Bornmann, W.; Spassova, M.; Zatorski, A.; Spriggs,
D.; Aghajanian, C.; Soignet, S.; Peyton, M.; O’Flaherty, C.; Curtin, J.; Lloyd,

the clustering of antigens has been accomplished with the same

K. O. Int. J. Cancer200Q 87, 79. antigen across the peptide backbone. We set out to investigate

(39) See (a) Tokoyuni, T.; Hakomori, S.; Singhal, A. Bioorg. Med. the synthesis of a single peptittaat has three different antigens
Chem 1994 11, 1119. (b) Bay, S.; Lo-Man, R.; Osinaga, E.; Nakada, H.; in a clustered format.
Leclerc, C.; Cantacuzene, D. Pept. Res1997 49, 620. (c) Liebe, B.; . . .
Kunz, H. Angew. Chem., Int. Ed. Engl997 (d) Kunz, H.; Birnbach, S.; The rationale for constructing such a polyvalent vaccine

Wering, P.Carbohydr. Res199Q 202, 207 and references therein. candidate draws from the potential to provide a more protective
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immune response using vaccination. Complement-mediated lysismultiantigenic glycopeptide, containing three different tumor
of cells is initiated by antibody binding to antigéh.The antigens, to be chemically synthesiZéd.

effectiveness of the elimination of pathogens is, therefore, related Construct28 is being used to address several questions,
to antibody concentration, and a polyvalent structure could be including the immunogenic performance of the nonnatural four-
anticipated to provide more antibody density than a monovalent carbon spacer between the peptide and oligosaccharide antigen.
immunizing agent. In addition, with respect to cancer, increasing In addition, the power of chemical synthesis allows us to address
the number of tumor epitopes (antigens) involved in a vaccina- the question of whether the order of antigens on the peptide
tion protocol should result in a broader degree of immune affects their individual immunogenicity. Toward this end,
protection against multiple cancef&Therefore, in the context  following an analogous sequence of peptide synthesis, fully
of carbohydrate-based antitumor vaccines, a polyvalent, mul- deprotected glycopeptid®9 was also synthesizéd. This
tiantigenic attack against cancer warrants experimental consid-construct has Tn at the N-terminus Yla the C-terminus, and
eration. Chemical synthesis provides an opportunity to merge Globo-H in the central position. Conjugation to KLH and
multiple antigens into a single therapeutic agent. In terms of immunological studies witR9, as well as a direct immunologi-
vaccine development, it would obviously be advantageous to cal comparison 028 and29, are underway and will be reported
develop a single molecular vaccine. The incorporation of in due course.

individually synthesized tumor antigens into a single peptide

to yield a unimolecular vaccine of defined chemical structure o' HoOH  HO .oH

was envisioned. Ho&/ &g &%
Recognizing that the low yields obtained for the synthesis of AchH HOL -

20 would seriously complicate the preparation of significant " OH g;g oH

quantities of material for potential immunological study, and HoOH " H

that fucosyl GM is, in any case, extremely specific for only Ho o1

small cell lung cancet® we deleted it from our ensemble and HO%

chose to construct a peptide containing the Tn antigen, Yewis
antigen, and the MBrl1 antigen (Globo-H). Toward this goal,
we began by modifying the C-terminus of our eventual Hie !
glycopeptide to include a conjugation handle for carrier protein OH
KLH. The mercaptoacetamide unit has proven to be effective on

H OoH H OH
for this purposé# As shown in Scheme 2, the Tn glycoamino Hog&c&&,o&/
acid 22 was treated with TBAF to reveal the corresponding ]’ AchH HO
carboxylic acid. Coupling with a diamino spacer terminating hs OH
in a protected mercaptoacetamide (AcSCKD)(CH,)sNH»*5) Ho OH

under the agency of the BOP reagent (benzotriazol-1-oxytris-

(dimethylamino)phosphonium hexafluorophospfftgave the Summary

corresponding amide in 54% yield for the 2 steps. Removal of A pove| preparation of nonnatural glycoamino acids starting
the N-terminal Boc group gave ami@ as its tr|f|uor0af:etate from n-pentenyl glycosides has been achieved with a variety
salt. The next antigen, Eewas prepared for coupling by  of gligosaccharide tumor antigens. With the exception of poor
reaction of21 with TBAF to give acid24. Coupling of amine  yagyjts obtained in the olefination of fucosyl GNhe synthetic

23 with Le¥ acid 24, again with the BOP promoter, gave the  methodology appears to be general and was useful for the
Tn—Le” dipeptide25in 86% yield. Last, Globo-H glycoamino  hreparation of glycoamino acids containing the Tn antigen, the
acid 19 was treated with TBAF to give its corresponding acid \igr1 antigen (Globo-H), the Leantigen, and lactose. These
26. Rgmovgl of t_he Boc protecting group 5, folloyved by glycoamino acids can also serve as units for peptide synthesis.
coupling with acid26 gave the Tr-Le’—Globo-H tripeptide  The synthesis of polyvalent glycopeptides containing three
in 64% yield. Finally, the N-terminal Boc group was removed jtferent antitumor antigens was accomplish2d gnd29) and

and the resulting anime capped as its acetate to give tripeptiden s heen prepared for conjugation to a carrier protein in order
27in 95% yield (Scheme 2). With all components in place, the 4 access the immunogenicity for tumor immunotherapy ap-
ester and thioester protecting groups were removed with pjications. In addition, it has not escaped our attention that
hydrazine in degassed methanol to give the fully deprotected monoyalent clusters of these antigens (for example, Globo-H
glycopeptide28 (Scheme 3) in excellent yield. To the best of - anq fucosyl GM) might also be therapeutically useful. Those
our knowledge, this represents the first fully deprotected egits will be forthcoming and will also be disclosed in due
course.

NHAc

29

/

(40) 1-O-PentGalNAcl4 was prepared from the corresponding trichlo-
roacetimidate donor, itself available from azidonitration of the corresponding . .
glycal, with low anomeric selectivity. See Supporting Information for Experimental Section
experimental procedures and spectra. - . .

?41) Tom"ngon’ scurr. opin_p|mmuno|.1993 5, 83. General Procedure for Olefination, 15.The preparation of enamide

(42) For vaccine strategies, see: Woodland, D. L.; Cole, G. A.; Doherty, 15 (Globo-H) is representative of this procedure. Thgentenyl
P. C. InConcepts in Vaccine DelopmentKaufmann, S. H., Ed.; Walter glycosidel (58 mg, 0.0322 mmol) was dissolved in 10:10:1 MeOH:
de Gruyter & Co.: Berlin,1996 CH.Cly:pyridine (3 mL, typically 0.05-0.01 M) and cooled to-78

(43) Zhang, S.; Cordon-Cardo, C.; Zhang, H. S.; Reutter, V. E.; Adluri, o ; ;
S.: Hamilton, W. B.- Lioyd, K. O.. Livingston, P. Qnt. J. Cancer1997, C. A stream of dry ozone was passed through the reaction mixture

73 42. until a pale blue color persisted. The ozone source was removed and
'(44) Brugghe, H. Rint. J. Pept. Res1994 43, 166. the reaction was stirred at78 °C for an additional 15 min, at which
(45) Prepared by reaction of commercially availabdet-butyl N-(3- time a stream of dry nitrogen was applied to remove excess ozone.

aminopropyl)-carbamate witlgf-acetylthioglycolic acid pentafluorophenyl Dimethyl sulfide (50 equivs, 0.118 mL) was added to the cooled

ester (SAMA-Opfp), followed by treatment with trifluoroacetic acid.
(46) (a) Castro, B.; Dormoy, J. R.; Evin, G.; Selve,Tetrahedron Lett. (47) Williams, L. J.; Harris, C. R.; Glunz, P. W.; Danishefsky, S. J.

1975 1219. (b) Dormoy, J. R.; Castro, Betrahedron Lett1979 3321. Tetrahedron Lett200Q 41, 9505.

(c) Dormoy, J. R.; Castro, Bletrahedron1981, 37 3699. (48) See supplementary material for spectra of intermediates.
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mixture, the cooling bath was removed and the reaction was allowed then concentrated with a stream of dry, ldnd azeotroped with
to stir at room temperature for 4 h. The reaction was diluted with-CH  anhydrous benzene (2 5 mL) to give the crude amine as its TFA
Cl, (10 mL), washed with water (50 mL), and back-extracted with salt, which was typically used without further purification.
additional CHCI (2 x 10 mL). The combined organic layer was dried General Procedure for TSE Ester Deprotection.The desired
over anhydrous MgSfand concentrated. The crude aldehyde was glycoamino acid (0.100 mmol) was dissolved in THF 30 mL)
typically not purified, but was azeotroped dry with anhydrous benzene and cooled to GC. A 1.0 M solution of TBAF in THF (0.250 mmol,
(3 x 3 mL) and was used directly in the next step. 2.5 equivs) was added dropwise, the ice bath was removed, and the
Phosphonat® (1.20 equivs, 14 mg) was dissolved in anhydrous reaction was stirred at room temperature fer2ih, as judged by TLC.
THF (0.3 mL), cooled to—78 °C and tetramethyl guanidine (TMG)  (Note: prolonged reaction times, i.e10 h, may result in deacety-
(1.25 equivs, 0.005 mL) was added dropwise. The reaction stirred at lation.) The reaction mixture was diluted with @&l, (10 mL), washed
—78 for 30 min, followed by addition of the crude aldehyde (0.0322 with 0.05M aqueous HCI (50 mL), and back-extracted with additional
mmol) in additional THF (2x 0.3 mL, typically 0.1-0.02 M total CHyCl, (2 x 10 mL). The combined organic layer was dried over
reaction volume). The reaction was allowed to stir to room temperature anhydrous MgSQ, and concentrated. The crude acid was typically used
overnight (16-15h), was extracted with EtOAc (10 mL), washed with  without further purification. Acidl2: *H NMR (CDCl;, 400 MHz) ¢
0.05 M aqueous HCI (50 mL), and back-extracted with additional 5.22 (d, 1H,J = 2.8 Hz), 5.07 (t, 1H,) = 9.3 Hz), 4.98 (dd, 1H) =
EtOAc (2 x 10 mL). (Note: All of the TMG must be removed prior 10.4, 5.9 Hz), 4.84 (dd, 1H = 10.4, 3.5 Hz), 4.75 (dd, 1H} = 9.5,
to asymmetric hydrogenation.) The combined organic layer was dried 8.0 Hz), 4.42-4.35 (m, 2H), 4.344.31 (m, 1H), 4.154.14 (m, 1H),
over MgSQ, concentrated, and purified by flash column chromatog- 4.03-3.94 (m, 4H), 3.77#3.65 (m, 5H), 3.49-3.45 (m, 1H), 3.37%
raphy (75% EtOAc/hexanes- 100% EtOAc) to yield the desired  3.33 (m, 1H), 3.16-3.07 (m, 1H), 2.03 (s, 3H), 2.00 (s, 3H), 1.96 (s,
enamide estet5 as a single isomer. 72%, white foaf®;0.85 (100% 3H), 1.94 (s, 3H), 1.92 (s, 3H), 1.84 (s, 3H), 15146 (m, 4H), 1.32
EtOAc); IR (CDCE film) 3373, 2956, 2951, 1748, 1370, 1069 T (s, 9H).

'H NMR (CDCl;, 500 MHz)6 6.65 (d, 1H,J = 6.4 Hz), 6.44 (m, 1H), General Procedure for BOP Reagent-Promoted Peptide Cou-
6.07 (bs, 1H), 5.56 (d, 1K} = 3.1 Hz), 5.44 (d, 1H) = 3.4 Hz), 5.37 pling. The desired amine and acid (equimolar amounts) were azeotroped
(d, 1H,J = 3.3 Hz), 5.27 (dd, 1H) = 10.9, 3.0 Hz), 5.22 (d, 1H] = together with anhydrous benzene and dried under high vacuum. The
2.6 Hz), 5.26-5.17 (m, 2H), 5.15 (d, 1H] = 2.1 Hz), 5.13 (d, 1HJ mixture was dissolved in Ci€l, (0.1-0.05M), BOP reagent (1.25

= 4.9 Hz), 5.09 (dd, 1HJ = 10.7, 7.3 Hz), 5.03 (dd, 1H] = 11.1, equivs) was added, and the solution was cooled € @ver 15 min.

3.3 Hz), 4.96 (dd, 1HJ = 9.6, 3.5 Hz), 4.92 (dd, 1H] = 11.2, 3.4 A dropwise addition of Hunig's base (15 equivs) was followed by
Hz), 4.85 (dd, 1HJ = 9.6, 8.0 Hz), 4.73 (dd, 1H] = 10.9, 2.5 Hz), removal of the ice bath. The reaction was stirred at room temperature
4.50-4.38 (m, 6H), 4.34 (t, 1H]) = 6.2 Hz), 4.26-4.21 (m, 3H), 4.16 for 2—4 h, as judged by TLC. Concentration of the reaction mixture
4.02 (m, 8H), 3.98 (d, 1H) = 2.0 Hz), 3.94 (t, 1HJ = 6.4 Hz), was followed by purification by flash column chromatography. In cases
3.86-3.72 (m, 6H), 3.66-3.57 (m, 1H), 3.48:3.46 (m, 1H), 2.94 where byproduct HMPA was difficult to remove, the peptide was

2.89 (m, 1H), 2.172.14 (m, 1H), 2.1+2.08 (m, 1H), 2.04 (s, 3H),  subjected to sephadex purification (LH-20, MeOH).

2.038 (s, 3H), 2.033 (s, 6H), 1.99 (s, 3H), 1.98 (s, 3H), 1.97 (s, 3H),

1.967 (s, 3H), 1.962 (s, 3H), 1.95 (s, 3H), 1.92 (s, 9H), 1.89 (s, 3H),  Acknowledgment. In this paper, we honor major discoveries
1.857 (s, 3H), 1.854 (s, 3H), 1.78 (s, 3H), 1-6B59 (m, 2H), 1.34 (S, oy the laboratories of Professors Bertram Fraser Reid and

9H), 1.04 (d, 3H.J = 6.5 Hz), 0.93-0.90 (m, 2H),—0.06 (s, 9H)2C . .
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170.48, 170.44, 170.36, 170.29, 170.21, 170.17, 169.97, 169.63, 169.492uthors thank Dr. John G. Allen for investigating the coupling
169.31, 168.85, 164.78, 153.19, 134.70, 126.80, 102.35, 101.99, 101.260f 1 with 5 and Xu-Feng Zhang and Andrzej Zatorski for their

100.25, 99.12, 998.66, 94.21, 80.24, 76.88, 75.98, 73.61, 73.36, 73.08 assistance in the preparationbofThis work was supported by
72.80, 72.56, 72.37, 71.81, 71.68, 71.46, 71.28, 70.78, 70.69, 70.67,the National Institutes of Health (Grant Numbers Al16943/
70.37, 70.06, 70.01, 68.92, 68.82, 67.99, 67.95, 67.54, 67.28, 66.94,CA28824). Postdoctoral Fellowship support is gratefully ac-
64.42, 62.14, 61.67, 61.29, 61.09, 60.92, 56.16, 28.12, 27.98, 24.52,know|edged by JR.A. (N|H EF32 GM 19578) and C.R.H. (ACS
23.80, 23.03, 20.81, 20.73, 20.70, 20.68, 20.64, 20.60, 20.59, 20.54,PF_98_173_001)_ We gratefu”y acknow|edge Dr. George Suken-
20.46, 20.40, 17.37, 17.24, 15.85, 15.48, 14:01,58;, HRMS (FAB) jck of the Sloan-Kettering Institute’s NMR Core Facility (Grant

cald. for GaeHi2dN20s1SiNa, 2079.7145; found, 2079.7174. Number CA-08748) for NMR and mass spectral analyses.
General Procedure for Asymmetric Hydrogenation. Under an

inert deoxygenated atmosphere, [(CODYR(S, 3-Et-DUPHOS)JOTf~ . . . . 1
(0.005 mmol, 5 mol %) and the desired enamide ester (0.100 mmol) Supporting Information Available: TabulatedH and**C

were dissolved in deoxygenated anhydrous THF (10 mL, 0.01 M) ina MR spectra, IR and mass spectral data for all compounds;
Fischer-Porter tube. The reaction vessel was pressurized with 50 psi detailed experimental procedures for the preparation of peptides
of H, after three vacuum/cycles and stirred at 25C for 24-36 h 25, 27, and 28, *H and *3C NMR spectra for compoundk4,

or until the reaction turned from light orange to brown in color. The 15, 17—19, 21, 22, 25, and28; 'H NMR spectra for compounds
vessel was depressurized, and the mixture was concentrated and purified 6, 27, 29 and for nonnumbered intermediates en rout@&o

through a short plug of silica gel to yield the glycoamino acid. and 29; and synthetic procedures for the preparationldf
General Procedure for N-Boc Deprotection. The desired gly-  (pDF). This material is available free of charge via the Internet
coamino acid (0.100 mmol) was dissolved in £ (3.0 mL) with at http://www.pubs.acs.org.

stirring. Trifluoroacetic acid (TFA) (3.0 mL) was added dropwise, and
the reaction was stirred at room temperature for 1 h. The mixture was JA002779I



