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A concise, stereocontrolled synthesis of (+)-polyoxamic acid was achieved. Starting from
trans-oxazoline as a chiral building block, the key step involves diastereoselective oxazine formation

catalyzed by palladium(0).

Introduction

Polyoxamic acid (1) is the key component amino acid of the
polyoxins,' which have exhibited high inhibitory potencies against
chitin synthetase of Candida albicans, a human fungal pathogen,
and of various phytopathogenic fungi (Fig. 1).* Inhibition of
the chitin synthetase enzyme leads to the disruption of the
biosynthesis of chitin, an essential component of the fungal cell
wall. A number of its synthetic approaches have been reported due
to its three contiguous stereocenters and its interesting biological
activities.** Many synthetic studies are based on carbohydrate
chemistry, the use of chiral auxiliaries or asymmetric synthesis in
the presence of a chiral ligand. Despite their potential practicality,
there remains the need for a more general, efficient and a
stereoselective approach to polyoxamic acid.

Fig.1 (+)-Polyoxamic acid.

On the basis of our previous research, we anticipated that the
palladium(0)-catalyzed oxazine formation of a y-allyl benzamide
having a benzoyl substituent as an N-protection group in the
presence of Pd(PPh;),, NaH and n-Bu,NI might proceed with
high stereoselectivity. Unlike other palladium catalyzed reactions,
the diastereoselectivity of oxazine ring formation is predominantly
controlled by the temperature.®

Our study into intramolecular oxazine formation from 2a-d
has shown that the stereoselectivity of these cyclizations can be
critically dependent upon whether the reaction temperature results
in kinetic or thermodynamic control of the products (Scheme 1).
Starting from allyl chlorides 2a—d, both syn-3a—d and anti-3a—d
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Scheme 1

isomers can be stereoselectively prepared by changing only the
reaction temperature; syn-3a—d under kinetic control (0 °C) and
anti-3a—d under thermodynamic control (40 °C).

As part of this program, we developed a novel strategy for the
synthesis of (+)-polyoxamic acid that utilizes oxazine as a chiral
building block.

Results and discussion

We envisioned that the intramolecular palladium(0)-catalyzed
oxazine formation of benzamide 5 would generate the oxazine
4 bearing a pendant vinyl group that could be elaborated to the
alcohol as shown in Scheme 2. It was also anticipated that the
primary alcohol of 4 could be converted to carboxylic acid via
oxidation.

OTBS
G OH PN oTBS
: TBSO™ ™ I ;
HO)J\:/\;/\OH = ,\Q QTBSO/\__/\/\/CI
NH, OH Y NHBz
1 Ph 5

Scheme 2 Retrosynthetic analysis.

We have recently developed an efficient preparation of trans-
oxazoline 6 in enantiopure form from D-N-benzoylserinol by
employing the palladium(0)-catalyzed intramolecular cyclization
reaction.®

The synthesis of 1 began with ozonolysis of 6°¢ to give the
desired allyl chloride 9 following the sequence of our previous
papers (Scheme 3).56¢

However, the preparation of allyl chloride 9 via 6 from D-N-
benzoylserinol was plagued by protecting group manipulations
and functional group interconversions, leading to synthetic in-
efficiency. Consequently, a new method for synthesizing 9 was
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conceived (Scheme 4). The ester 10 was readily converted into
Weinreb amide 11 by treatment with N,0-dimethylhydroxylamine
in the presence of trimethylaluminium in 91% yield. Reaction of
Weinreb amide 11 with vinyltin 12 and MeLi in THF at —78 °C
gave o,fB-unsaturated ketone 13 in 86% yield. To investigate the
anti-selective reduction, amino ketone 13 was treated with various
reducing agents and we found that reaction with lithium tri-zert-
butoxyaluminohydride in ethanol at —78 °C gave the desired
alcohol 14 as the major compound in good yield (87%) with
excellent stereoselectivity (anti—syn = 10 : 1).” A p-nitrobenzoic
acid-catalyzed Mitsunobu-type reaction of anti-amino alcohol 14
gave the frans-oxazoline 9 in good yield (89%). The spectroscopic
data of the resulting cyclization precursor 9 were completely
identical to those of the compound formed from oxazoline 6.
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The subsequent acid-catalyzed hydrolysis of the oxazoline,
followed by the addition of sodium bicarbonate to increase the pH
of the reaction mixture to 9.0 furnished the syn-amino alcohol.
The protection of the resulting alcohols by TBSCI afforded the
cyclization precursor 5 in 89% yield.

Under the conditions of Pd(PPh;),, NaH, and n-Bu,NI in
THF at 0 °C, the stereoselective intramolecular cyclization of
the allyl chloride 5 afforded the oxazine syn-4 and anti-4 as a

Table 1 Oxazine formation catalyzed by Pd(0)

2 OR? OR?
OR PIEPIS) g0 .
R10%C R'O A +R10 "M
z NaH, TBAI N..O
NHBz THF, 12 h Y Y
Ph Ph
5 (R'=TBS, R2=TBS) kinetic "J‘roducts thermodlna:]lc products
15 (R'=TBS, R2=PMB) 17 17
16 (R'=MOM, R?=TBS) 18 18'
Entry Substrate Temp./°C Yield“ (%) Ratio® (syn—anti)
1 5 84 9.5:1
2 5 rt 75 3:1
3 5 50 68 1:9
4 15 0 65 1:1
5 16 0 69 10:1

“ Yields refer to the isolated and mixture products. * Ratio was determined
by '"H NMR.

9.5 : 1 mixture of the syn—anti isomer ("H NMR) in a good yield
(Table 1, entry 1). The reaction at rt showed lower selectivity,
where the syn—anti ratio was 3 : 1 (entry 2). But when the reaction
temperature was increased to 50 °C, the reaction showed a different
diastereoselectivity. The anti-4 was obtained as the major isomer
(1 : 9, entry 3). In the case of the less bulky PMB group, the
selectivity was not good (entry 4). The change of the protection
group of the primary alcohol did not affect the selectivity
(entry 5).

It is interesting that the palladium-catalyzed reaction was so
dependent on temperature. The stereochemistry of the major
diastereomer 4 was assumed to be syn in the light of our previous
results®® and was finally confirmed by its conversion into (+)-
polyoxamic acid.

Completion of the synthesis of (+)-polyoxamic acid is shown
in Scheme 5. The terminal olefin of the syn,syn oxazine 4
was converted into the primary alcohol 19 via ozonolysis and
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subsequent sodium borohydride reduction in 86% yield. The
oxazine ring was cleaved by treatment with Pd/C under a hydrogen
atmosphere in the presence of (Boc),O and the diol was protected
as an acetonide to afford 20. Regioselective desilylation of the
primary alcohol to give alcohol 21 occurred by addition of a
HF-pyridine complex to a mixture of pyridine and the acetonide
20. The hydroxyl group was then oxidized to 22 with ruthenium
trichloride—sodium periodate in 91% yield. Finally, the acetonide,
TBS and Boc protecting groups were removed by treatment
with 6 N HCI in methanol, which was purified by ion-exchange
chromatography through a Dowex 50 W X8(H") to give the (+)-
polyoxamic acid 1 as a white solid. The spectroscopic data for
synthetic 1 showed good agreement with those reported. The
optical rotation of 1, [a]®¥ +2.3° (¢ 1.0, H,0), compared to the
reported value,* [a]? +2.1° (¢ 1.0, H,O), confirms the identity of
the absolute configuration.

Conclusions

In summary, we report a new asymmetric synthetic method for
(+)-polyoxamic acid utilizing oxazine 4. The key feature in this
strategy is the stereoselective intramolecular oxazine formation by
palladium(0).

Experimental
General methods

Optical rotations were measured on a JASCO DIP 1020 digital
polarimeter. "H NMR spectra were recorded at Varian inova FT-
NMR 500 MHz in CDCl;. "C NMR spectra were recorded at
125 MHz in CDCl;. Chemical shifts are reported as 0 values
in ppm relative to CHCl; (7.26) in CDCl;. IR spectra were
measured on a Bruker FT-IR spectrometer. The high resolution
mass spectra (FAB-MS) were taken on a JMS-700 Mstation. Flash
chromatography was executed with Merck Kiesegel 60 (230-400
mesh) using mixtures of ethyl acetate and hexane as eluants.
Ethyl acetate and hexane were dried and purified by distillation
prior to use. Tetrahydrofuran (THF) and diethylether (Et,O) were
distilled over sodium and benzophenone (indicator). Methylene
chloride (CH,Cl,) was shaken with concentrated sulfuric acid,
dried over potassium carbonate, and distilled. Commercially
available compounds were used without further purification.

(4R,5S,6S)-5-(tert-Butyldimethylsilyloxy)-4-((zert-butyldime-
thylsilyloxy)-methyl)-2-phenyl-6-vinyl-5,6-dihydro-4 H-1,3-oxazine
(4). NaH (60% in mineral oil, 64 mg, 1.61 mmol) and #-Bu,NI
(263 mg, 0.80 mmol) were added to a stirred solution of allyl
chloride 5 (400 mg, 0.80 mmol) in dry THF (30 mL) at 0 °C. After
being stirred for 5 min, Pd(PPh;), (186 mg, 0.16 mmol) was added
to the mixture and stirring was allowed to continue for 12 h at
the same temperature. The reaction mixture was filtered through
a pad of silica and then evaporated under reduced pressure to
give the crude product. Purification of this material by silica gel
chromatography (ethyl acetate—hexane = 1 : 30) gave 4 (320 mg,
84%) as a colorless oil; [a] +14.0 (¢ 1.0, CHCL); IR (neat)
2954, 2929, 2885, 2857, 1660, 1472, 1282, 1255, 1115, 836, 776,
696 cm™'; '"H NMR (500 MHz, CDCl;) ¢ 0.07-0.14 (m, 12H),
0.83-0.97 (m, 18H), 3.59 (m, 1H), 3.71-3.75 (t, / = 10 Hz, 1H),
3.87-3.90 (dd, J = 10, 5 Hz, 1H), 4.20 (dd, J = 2, 1.5 Hz, 1H),

4.71(dd, J = 6,1.5Hz, 1H), 5.35(d, J = 10 Hz, 1H), 5.48-5.52 (d,
J = 18 Hz, 1H), 6.00-6.07 (ddd, J = 18, 10, 6 Hz, 1H), 7.28-7.42
(m, 3H), 7.93-7.95 (m, 2H); *C NMR (125 MHz, CDCL,) ¢
—4.90, —4.88, —4.01, —3.57, 18.28, 18.44, 18.52, 18.56, 25.95,
26.16, 26.26, 26.27, 60.22, 63.47, 64.84, 79.93, 118.05, 127.46,
128.17, 130.41, 133.90, 135.53, 155.56; HRMS(M*) m/ = calcd for
C>sH,;NO,Si, 461.2781 found 461.2779.

((4R 58,6 R)-5-(tert-Butyldimethylsilyloxy)-4-((tert-butyldime-
thylsilyloxy)-methyl)-2-phenyl-5,6-dihydro-4H -1,3-o0xazin-6-yl)-
methanol (19). A solution of the oxazine 4 (520 mg, 1.13 mmol)
in methanol (40 mL) was cooled to —78 °C. Ozone was passed
through the solution until the starting material had been consumed
(TLC analysis). The resulting blue solution was purged with
oxygen for 10 min, and sodium borohydride (51 mg, 1.35 mmol)
was then added. After the mixture had been stirred at rt for
30 min, saturated aqueous NH,Cl was added. The reaction
mixture was extracted with EtOAc, and washed with brine, dried
over anhydrous MgSO,, and then concentrated under reduced
pressure, followed by purification by silica gel chromatography
affording alcohol 19 (451 mg, 86%) as a white solid; M.p. 157 °C;
[als +3.57 (¢ 1.0, CHCL); IR (neat) v,,,: 2939, 2858, 1651, 1464,
1155, 839 cm™'; '"H NMR (500 MHz, CDCIl;) 6 0.10-0.18 (m,
12H), 0.84 (s, 9H), 0.96 (s, 9H), 3.52-3.55 (m, 1H), 3.70-3.74 (t, J
=10.0Hz, 1H), 3.79-3.82 (br, 1H), 3.87-3.91 (dd, / =10.0, 5.0 Hz,
1H), 3.95-3.99(dd, J =11.0,7.5Hz, 1H),4.29 (dd, J =2.0, 1.0 Hz,
1H), 4.31-4.33 (ddd, J = 7.0, 6.0, 1.0 Hz, 1H), 7.35-7.43 (m, 3H),
7.88-7.90 (m, 2H); *C NMR (125 MHz, CDCl;) 6 —4.88, —4.28,
—4.02, 18.53, 18.57,25.97, 26.05, 26.21, 26.23, 26.26, 26.27, 60.11,
61.87, 63.09, 63.16, 79.69, 127.44, 128.21, 130.53, 133.84, 155.46;
HRMS (FAB*) M* + H) m/z caled for C,,H,,NO,Si, 466.2809
found 466.2805.

tert-Butyl (55,6R)-5-((S)-2,2-dimethyl-1,3-dioxolan-4-yl)-2,2,
3,3,9,9,10,10-octamethyl-4,8-dioxa-3,9-disilaundecan-6-ylcarba-
mate (20). A solution of compound 19 (300 mg, 0.64 mmol) in a
3 : 2 mixture of hexane and methanol (10 mL) was stirred at room
temperature for 12 h under an atmosphere of hydrogen in the
presence of a catalytic quantity of 20% palladium hydroxide on
charcoal (60 mg) and Boc,O (562 mg, 2.58 mmol). The catalyst
was then removed by filtration through Celite, and the solvents
were evaporated under reduced pressure. The resulting residue
was purified by silica gel chromatography (ethyl acetate—hexane
=1:8) to afford a diol (235 mg, 77%) as a white solid.

2,2-Dimethoxypropane (0.48 mL, 3.91 mmol) and pyridinium
p-toluenesulfonate (12 mg, 0.049 mmol) were added to a stirred
solution of the diol (235 mg, 0.49 mmol) in dry acetone (5 mL) at
rt. After being stirred for 1 h, the reaction mixture was evaporated
in vacuo, diluted with H,O (10 ml), extracted with ethyl acetate,
dried with MgSO, and evaporated in vacuo. Purification of this
material by silica gel chromatography (ethyl acetate-hexane =1 :
15) gave acetonide 20 (218 mg, 86%) as a colorless oil; [a]Z +1.55
(¢ 1.0, CHCL); IR (neat) vy, : 3452, 2930, 2858, 1719, 1493, 1254,
836 cm™'; '"H NMR (CDCl;, 500 MHz) 6 0.06 (s, 3H), 0.07 (s, 3H),
0.11 (s, 3H), 0.15 (s, 3H), 0.88-0.92 (m, 18H), 1.35 (s, 3H), 1.40 (s,
3H), 1.45 (s, 9H), 3.42-3.48 (m, 2H), 3.51-3.55 (m, 2H), 3.94-3.96
(m, 1H), 4.04-4.08 (m, 2H), 4.78 (d, J = 8.5 Hz, IH-NH); *C
NMR (125 MHz, CDCl;) 6 —5.16, —5.09, —4.85, —3.71, 18.26,
18.68, 25.88,26.01, 26.34, 26.76, 28.59, 53.42, 61.64, 66.59, 72.27,
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78.21, 79.61, 109.37, 155.64; HRMS (FAB*) (M* + H) m/z caled
for CasHy,NO,Si, 520.3490 found 520.3491.

tert-Butyl (1S,2R)-1-(tert-butyldimethylsilyloxy)-1-((5)-2,2-di-
methyl-1,3-dioxolan-4-yl)-3-hydroxypropan-2-ylcarbamate  (21).
To a solution of compound 20 (218 mg, 0.42 mmol) in THF
(5 mL) held at 0 °C under argon was added pyridine (0.31 mL)
and HF-pyridine complex (0.31 mL). After 30 min of stirring
at 0 °C, the reaction mixture was gradually allowed to come to
room temperature over 3 h. It was then diluted with ethyl acetate
(10 mL) and washed with water (10 mL x 2). The organic phase
was dried over MgSO, and evaporated to dryness. The resulting
oily residue was purified by flash chromatography on silica gel
(ethyl acetate-hexane = 8 : 1) to afford alcohol 21 (159 mg,
94%) as an oil. [a]; +6.5 (¢ 1.0, CHCL,); IR (neat) 3447, 2981,
2954, 2931, 2887, 2858, 1716, 1697, 1497, 1368, 1253, 1170,
1059, 835, 778 cm™'; "H NMR (300 MHz, CDCl;) 6 0.17 (s, 6H),
0.95 (s, 9H), 1.40 (s, 3H), 1.46 (s, 3H), 1.49 (s, 9H), 3.53 (dd,
J =11.0, 6.0 Hz, 1H), 3.65 (m, 1H), 3.79 (t, J = 7.8 Hz, 1H),
3.95-3.85 (m, 2H), 4.08 (t, J = 7.0 Hz, 1H), 4.21 (dd, J = 11.0,
7.0 Hz, 1H), 5.22 (d, J = 8.1 Hz, 1H); "C NMR (125 MHz,
CDCl;) 0 —4.36, —4.19, 18.44, 26.03, 26.07, 26.15, 26.49,
28.62, 53.84, 60.76, 66.45, 71.21, 75.72, 79.91, 109.94, 156.06;
HRMS (M* + H) m/z calcd for C,y,H,NOSi 406.2625 found
406.2624.

(2S5,35)-2-(tert-Butoxycarbonylamino)-3-(zert-butyldimethyl-
silyloxy)-3-((.S)-2,2-dimethyl-1,3-dioxolan-4-yl)propanoic acid
(22). To a solution of alcohol 21 (879 mg, 2.17 mmol) in carbon
tetrachloride (15 mL), acetonitrile (15 mL) and water (23 mL)
was added sodium periodate (2.78 mg, 13 mmol) and the mixture
was stirred. After 5 min, RuCl; (67 mg, 0.32 mmol) was added
and the stirring was continued at room temperature for 6 h. The
mixture was filtered and the residue was washed with ethyl acetate
(50 mL), washed with brine, dried and evaporated. The resulting
residue was purified by flash chromatography on silica gel (ethyl
acetate—hexane = 1 : 1) to afford the pure acid 22 (823 mg, 91%);
[als +8.6 (c 1.0, CHCL); IR (neat) 3450, 2931, 2857, 1718, 1503,
1369, 1254, 1161, 1115, 1069, 834 cm™'; '"H NMR (300 MHz,
CDCl;) 6 0.15-0.21 (m, 6H), 0.93 (s, 9H), 1.39 (s, 3H), 1.47 (s,
3H), 1.51 (s, 9H), 3.75 (m, 1H), 4.18-4.07 (m, 2H), 4.28 (m, 2H),
5.30 (d, J/ = 8.7 Hz, 1H); *C NMR (125 MHz, CDCl;) § —5.03,
—3.96, 18.42,25.69, 26.04, 26.71, 28.52, 31.21, 55.94, 66.18, 74.71,
80.76, 109.93, 156.04, 175.41; HRMS(FAB) (M* + H) m/z calcd
for C,,H;NO,Si 420.2418 found 420.2417.

(25,35,4.5)-2-Amino-3,4,5-trihydroxypentanoic acid ((+)-poly-
oxamic acid, 1). To the acid 22 (134 mg, 0.32 mmol) in MeOH
(3 mL) was added 6 N HCI and the mixture was kept at room
temperature for 5 h. After concentration under reduced pressure,
the residue was dissolved in aqueous ammonium hydroxide (0.6 M;
2 mL) and chromatographed through a column of Dowex 50 W
X8 (H*) to give polyoxamic acid 1 (49 mg, 92%): [a]5 +2.3° (¢
1.0, H,0), mp 161-165 °C (dec); (lit.* [a]3 +2.1° (¢ 1.0, H,0), mp
162-168 °C (dec); "H NMR (300 MHz, D,0)d 3.76-3.72 (m, 2H),
3.98-3.95 (m, 2H), 4.29 (m, 1H); *C NMR (125 MHz, D,0) ¢

58.09, 62.52, 68.21, 73.25, 172.97; MS m/z caled for CsH,,NO;
(M* + H) 165.07 found 165.1.

Acknowledgements

This work was financially supported by Yonsung Fine Chemicals
Co., Ltd., and Seoul R & BD Program (10541).

Notes and references

1 (a) K. Isono and S. Suzuki, Heterocycles, 1979, 13, 333; (b) K. Isono, K.
Asahi and S. Suzuki, J Am. Chem. Soc., 1969, 91, 7490.

2 (a) M. Mori, K. Kakiki and T. Misato, Agric. Biol. Chem., 1974, 38, 699;
(b) P. Shenbagamurthi, H. A. Smith, J. M. Becker, A. Steinfeld and F.
Naider, J Med. Chem., 1983, 26, 1518.

3 (a) M. Collet, Y. Genisson and M. Baltas, Tetrahedron: Asymmetry,
2007, 18, 1320; (b) D. Enders and M. Vrettou, Synthesis, 2006, 13, 2155;
(¢)S.Li, X. P.Hui, S. B. Yang, Z. J. Jia, P. F. Xu and T. J. Lu, Tetrahedron:
Asymmetry, 2005, 16, 1729; (d) A. Tarrade, P. Dauban and R. H. Dodd,
J. Org. Chem., 2003, 68, 9521; (¢) S. Raghavan and S. Joseph, Tetrahedron
Lett., 2003, 44, 6713; (f) A. G. Pepper, G. Procter and M. Voyle, Chem.
Commun., 2002, 10, 1066; (g) K.-S. Kim, Y.-J. Lee, J.-H. Kim and D.-K.
Sung, Chem. Commun., 2002, 10, 1116; (1) A. K. Bose, B. K. Banik, C.
Mathur, D. R. Wagle and M. S. Manhas, Tetrahedron, 2000, 56, 5603;
() K. Uchida, K. Kato, K. Yamaguchi and H. Akita, Heterocycles, 2000,
53, 2253; (j) A. K. Ghosh and Y. Wang, Tetrahedron, 1999, 55, 13369;
(k) K. Uchida, K. Kato and H. Akita, Synthesis, 1999, 1678; (/) A. K.
Ghosh and Y. Wang, J. Org. Chem., 1999, 64, 2789; (m) 1. Savage, E. J.
Thomas and P. D. Wilson, J Chem. Soc., Perkin Trans. 1, 1999, 3291;
(n) L. M. Harwood and S. M. Robertson, Chem. Commun., 1998, 23,
2641; (0) G. Veeresa and A. Datta, Tetrahedron Lett., 1998, 39, 119;
(p) B. M. Trost, A. C. Krueger, R. C. Bunt and J. Zambrano, J. Am.
Chem. Soc., 1996, 118, 6520; (¢) S.-H. Kang and H.-W. Choi, J. Chem.
Soc., Chem. Commun., 1996, 1521; (r) F. Matsuura, Y. Hamada and T.
Shioiri, Tetrahedron Lett., 1994, 35, 733; (s) N. Chida, K. Koizumi, Y.
Kitada, C. Yokoyama and S. J. Ogawa, J. Chem. Soc., Chem. Commun.,
1994, 111; (r) R. F. W. Jackson, N. J. Palmer and M. J. Wythes, J. Chem.
Soc., Chem. Commun., 1994, 95; (1) G. Casiraghi, G. Passu, P. Spanu
and L. Pinna, Tetrahedron Lett., 1994, 35, 2423; (v) J. Ariza, M. Diaz, J.
Font and R. M. Ortuno, Tetrahedron, 1993, 49, 1315; (w) A. Dondoni, S.
Franco, L. Metchan, P. Merino and T. Tejero, Tetrahedron Lett., 1993,
34, 5475; (x) B. K. Banik, M. S. Manhas and A. K. Bose, J. Org. Chem.,
1993, 58, 307.

4 A. K. Saksena, R. G. Lovey, V. M. Girijavallabhan and A. K. Ganguly,
J. Org. Chem., 1986, 51, 5024.

5 J-E. Joo, K.-Y. Lee, V.-T. Pham and W.-H. Ham, Eur. J. Org. Chem.,
2007, 1586.

6 (a) S.-J. Pyun, K.-Y. Lee, C.-Y. Oh, J.-E. Joo, S.-H. Cheon and W.-H.
Ham, Tetrahedron, 2005, 61, 1413; (b) Y.-J. Yoon, J.-E. Joo, K.-Y. Lee,
Y.-H. Kim, C.-Y. Oh and W.-H. Ham, Tetrahedron Lett., 2005, 46, 739;
(¢) S.-J. Pyun, K.-Y. Lee, C.-Y. Oh and W.-H. Ham, Heterocycles, 2004,
62, 333; (d) Y.-S. Lee, Y.-H. Shin, Y.-H. Kim, K.-Y. Lee, C.-Y. Oh, S.-J.
Pyun, H.-J. Park, J.-H. Jeong and W.-H. Ham, Tetrahedron: Asymmetry,
2003, 14, 87; (e) K.-Y. Lee, C.-Y. Oh, Y.-H. Kim, J.-E. Joo and W.-H.
Ham, Tetrahedron Lett., 2002, 43, 9361; (f) K.-Y. Lee, C.-Y. Oh and
W.-H. Ham, Org. Lett., 2002, 4, 4403; (g) K.-Y. Lee, Y.-H. Kim, C.-Y.
Oh and W.-H. Ham, Org. Lett., 2000, 2, 4041; (h) K.-Y. Lee, Y.-H. Kim,
M.-S. Park, C.-Y. Oh and W.-H. Ham, J. Org. Chem., 1999, 64, 9450;
(/) K.-Y. Lee, Y.-H. Kim, M.-S. Park and W.-H. Ham, Tetrahedron Lett.,
1998, 39, 8129.

7 (a) V.-T. Pham, J.-E. Joo, Y. S. Tian, C.-Y. Oh and W.-H. Ham, Arch.
Pharm. Res.,2007, 30, 22; (b) R. V. Hoffman, N. Maslouh and F. C. Lee,
J. Org. Chem., 2002, 67, 1045.

8 Compound 4 has almost similar TLC and '"H NMR patterns to a
previously reported benzyl oxazine compound. Protons of the terminal
olefin and H® have peaks at 6.0 and 4.2 ppm. In addition, the coupling
constant of the newly generated chiral center (H*~H®) of compound 4
has the same value, 1.5 Hz, as all syn-oxazine compounds previously
reported.

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 1498-1501 | 1501






PAPER

www.rsc.org/obc | Organic & Biomolecular Chemistry

Synthesis of mono- and 1,3-disubstituted allenes from propargylic amines via
palladium-catalysed hydride-transfer reactionf

Hiroyuki Nakamura,** Makoto Ishikura,” Tsuyuka Sugiishi,” Takaya Kamakura“ and Jean-Francois Biellmann

Received 27th November 2007, Accepted 1st February 2008
First published as an Advance Article on the web 6th March 2008
DOI: 10.1039/b718298h

b

Mono- and 1,3-disubstituted allenes were synthesized from the corresponding propargylamines via
palladium-catalysed hydride-transfer reaction. In the current transformation, propargylic amines can
be handled as allenyl anion equivalents and introduced into various electrophiles to be transformed

into allenes under palladium-catalyzed conditions.

Introduction

Allenes have extraordinary properties, such as the axial chirality of
the elongated tetrahedron and their higher reactivity than alkenes;
hence, they have received attention not only as an attractive
building block for organic synthesis, but also as a potent functional
group for improvement of biologically and pharmacologically ac-
tive compounds.! Therefore, the development of a simple protocol
for the introduction of an allenic moiety into the existing backbone
of the molecule is still an important requirement.>* Allenes can
be generally prepared from propargyl alcohol derivatives by Sy2'-
type displacement with organocopper species.* Other preparation
methods have also been reported, namely the homologation of
1-alkynes,® the stereoselective reduction of alkynes,® asymmet-
ric allylation,”® B-elimination by Horner—-Emmons—Wadsworth
reaction® or reaction of sulfinyl radicals,’® palladium-catalyzed
hydrogenolysis,’! coupling reactions of allenylstannanes and
allenylindiums,” and indium-mediated reactions of propargyl
bromides with aldehydes.’* We recently found a novel protocol
for the synthesis of allenes from propargylamines by a palladium-
catalysed hydride-transfer reaction.” In this transformation,
propargylamines can be handled as an allenyl anion equivalent
and introduced into various electrophiles to be transformed
into allenes. Although this transformation can be utilized for
various electrophiles, including heterocycles’® and conjugated
compounds,'” only monosubstituted allenes were synthesized. In
this paper, we provide a full account of our previous results on
the simple protocol for the synthesis of monosubstituted allenes,'
together with new findings on the synthesis of 1,3-disubstituted
allenes from 1-substituted propargylamines as substituted allenyl
anion equivalents (Scheme 1).

Results and discussion

We first examined the synthesis of phenylallene 3a from N,N-
diisopropyl-3-phenylprop-2-ynylamine 2a under various catalytic
conditions. The results are summarized in Table 1. The allene for-
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Scheme 1 Design of substituted allenyl anion equivalents and the
palladium-catalyzed allene transformation.
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mation reaction of N,N-diisopropyl-3-phenylprop-2-ynylamine
2a proceeded in the presence of Pd,dba;-CHCI;/Ph;P catalyst at
80 °C in dioxane, giving phenylallene 3a in only 9% yield after
8 h (entry 1). Although (PhO);P, bis(diphenylphosphino)ethane
(dppe), and bis(diphenylphosphino)ferrocene (dppf) were not
effective for the current transformation (entries 2-4), 1,2-
bis(diphenylphosphino)carborane 4*'% gave 3a in 58% yield
(entry 5). Since a carborane framework involves three-center two-
electron bonding” and is thus known as an electron-deficient
cluster,® we thought that the electron-deficient phosphine ligands
would be effective for this transformation. Finally, we found
that (C4Fs);P was the best ligand for the current transformation
(entry 7), and phenylallene 3a was obtained quantitatively when
the reaction was carried out in the presence of Pd,dba;-CHCI,
(2.5 mol%) at 100 °C (entry 8). Pd(OAc), was also an effective
catalyst (entries 9 and 11). Although (C¢F5);P was essential for the
hydride-transfer reaction under palladium(0)-catalysed conditions
(entry 10), the reaction also proceeded without any phosphine
ligands in the presence of Pd(OAc), catalyst (entry 12).

We next examined various 3-phenylprop-2-ynylamines (2a-
f), which were readily prepared from iodobenzene and the
corresponding propargylic amines by Sonogashira coupling in
64-92% yields. As shown in Table 2, the allene transformation
reaction of N,N-diethyl-3-phenylprop-2-ynylamine 2b proceeded
in the presence of Pd,dba;-CHCI;/(C,F;);P catalyst at 100 °C
in dioxane, giving phenylallene 3a in only 12% yield after 24 h
(entry 2). Although N,N-dibenzyl-3-phenylprop-2-ynylamine 2¢
gave 3ain 40% yield, the reaction of N, N-diisobutyl-3-phenylprop-
2-ynylamine 2d afforded 3a in 76% yield (entries 3 and 4). The
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Table 1 Optimisation of hydride-transfer reaction condition for the synthesis of 3a“

/\ Ni-Pr2 py.cat. ligand
Ph . Ph

dioxane
2a 3a
Entry Catalyst (mol%) Ligand (mol%) Time/h Yield (%)*
1 Pd,dba;-CHCI, (5) Ph,P (20) 8 9
2 Pd,dba;-CHCI; (5) (PhO);P (20) 25 16
3 Pd,dba;-CHCI; (5) dppe (10) 24 3
4 Pd,dba,-CHCI; (5) dppf (10) 27 16
5 Pd,dba;-CHCI; (5) PhyR PPh, (10) 9 58
o =C
4 L4 BH )
6 Pd,dba;-CHCI; (5) H PPh, (20) 9 20
o =C
s RAEES
7 Pd,dba;-CHCI; (5) (CsFs);P (20) 31 79
8¢ Pd,dba;-CHCI; (2.5) (CeFs);P (20) 24 >99
9 Pd,dba; (2.5) (CsF5):P (20) 24 99
10° Pd,dba; (2.5) None 24 595y
11¢ Pd(OAc), (5) (CeF5);P (20) 24 95
12¢ Pd(OAc), (5) None 24 61 (31)*

@ All reactions were carried out in dioxane at 80 °C using a vial tube. ® Yields were determined by GC analysis using hexadecane as an internal standard.
¢ The reaction was carried out at 100 °C.  The amount of recovered 2a is indicated in parentheses.

Table 2 Effects of amine substituents (R?) on the allene transformation

reaction”
Pd,(dba)s"CHCI5 (2.5 mol%)
) (CsF5)3P (20 mol%)
=" NR% /
Ph/ dioxane, 100°C, 24 h Ph
2a-f 3a

Entry 2 R? Yield of 3a (%)°
1 2a i-Pr >99

2 2b Et 12

3 2¢ Bn 40

4 2d i-Bu 76

5 2e Cy 99

6 2f —~CH(Me)CH,CH,CH,CH(Me)— 43

“ The reaction was carried out in the presence of Pd,dba;-CHCI; (2.5 mol)/
(C4F5);P (20 mol%) in dioxane at 100 °C for 24 h in a vial tube. * Yields
were determined by GC analysis using hexadecane as an internal standard.

best result was also obtained in the case of N,N-dicyclohexyl-3-
phenylprop-2-ynylamine 2e, and 3a was obtained in 99% yield
(entry 5). The use of the cyclic amine 2f was not effective for this
transformation reaction (entry 6).

Now that an optimum condition for allene formation was
established, we investigated the synthesis of various allenes (3a—
g) from the corresponding iodides with N,N-diisopropylprop-2-
ynylamine 1a through Sonogashira coupling followed by hydride-
transfer reaction (Table 3). The reactions of 2a and 2g, which
were prepared from iodobenzene and 1-iodonaphthalene by Sono-
gashira coupling in 86 and 98% yields, respectively, were complete
after 24 h to give allenybenzene 3a and I-allenylnaphthalene
3b in >99 and 67% vyields, respectively (entries 1 and 2). The
propargylic amines, which have an electron-donating group, such
as MeO (2h) and AcNH (2i), substituted on the aromatic ring
of molecules, underwent the allene formation reaction to give
3¢ and 3d in 99% and 74% yields, respectively (entries 3 and

Table 3 Synthesis of monosubstituted allenes 3a—g from various aromatic
iodides (R3-T) and propargylic amine 1a through Sonogashira coupling
followed by hydride-transfer reaction”

. ///\Ni—Pr2

1a CHyCN

Pd(PPh)s, Cul, TEA

R3—I

Pd,(dba)3*CHCly (2.5 mol%)
(CeFs)aP (20 mol%)

/Ni—Prz

dioxane, 100°C, 24 h

v/

R3
2

Entry R3-1 2 (yield, %)® 3 (yield, %)°

1 Ph-1 2a 86 3a >99

2 I 2g 98 3b 67

3 2h 95 3c 99
Me0—< >—I

4 <:> 2j 89 3d 74
AcHN |

5 <:> 2j 99 3e 96
EtO,C |

6 2k 95 3f 75
OQN%i :%|

7 <:> 21 60 3g 66
OHC |

“ All reactions were carried out in dioxane at 100 °C using a vial tube.
b Isolated yield. ¢ Yields were determined by GC analysis using hexadecane
as an internal standard.

4). The electron-deficient propargylic amines 2j-1 also underwent
the allene formation reaction: the reaction of 2j, prepared from
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ethyl 4-iodobenzoate in 99% yield, proceeded smoothly to give
the corresponding allene 3e in 96% yield (entry 5). The reactions
of propargylic amines 2k and 21 gave 3f and 3g in 75% and 66%
yields, respectively (entries 6 and 7).

Synthesis of 1,3-disubstituted allenes was examined using
the 1-substituted propargylamines as substituted allenyl anion
equivalents. The 1-substituted propargylamines 1b—e were pre-
pared from the corresponding aldehydes, trimethylsilylacetylene,
and dicyclohexylamine via a CuBr-catalysed three-component
coupling reaction (Scheme 2).** We examined the introduction
of substituted allenes into organic iodides, such as iodohex-
adecane and iodobenzene, through the anionic substitution
or Sonogashira coupling reaction followed by the palladium-
catalysed hydride-transfer reaction. The results are summarized
in Table 4. The nucleophilic substitution of iodohexadecane
with the lithium acetylide of 1b—e proceeded in THF at 0 °C
to give the corresponding allene precursors 2m—p in 58-87%
yields (entries 1-5). The allene formation reaction of 2m, which
has an aromatic group at R', proceeded in the presence of
Pd(OAc), (5mol%) and (C4F;),PC,H,P(C,F;), (5 mol%) in CHCI;
at 100 °C, giving nonadeca-1,2-dienylbenzene 3h in 53% yield
(entry 1). Pd,(dba);-CHCI; and other phosphine ligands, such
as P(C¢Fs);, PPh;, P(OPh),, and bis(diphenylphosphino)ethane,
were not effective for this transformation. Although the transfor-
mation reaction of 2n gave nonadeca-1,2-dienylcyclohexane 3i in

RICHO + ——TMS + HNCy>
CuBr (5 mol%) R
_— /\ 1b: R' = Ph
THF, 100°C = NO:2  aRl=cy
30-58% d: R1 = C5H11

e: R = PhCH,CH,

Scheme 2 Synthesis of 1-substituted propargylamines 1b—e from aldehy-
des, trimethylsilylacetylene, and dicyclohexylamine.

Table 4 Synthesis of 1,3-disubstituted allenes 3h-1 from various iodides
(R3-I) and propargylic amines 1b—e
1

R R!
RO //\Nc:y2 - /\NCy
7 aorb RS Z ?
1b-e 2m-r
Pd(OAC), (5 mol%) R
(C6F5)2PC2H4P(CeFs)2 (5 mol%)
CHClj, 100°C R®
3h-l
Entry R? 1 2 (yield, %)* 3 (yield, %)”
1 CsHs; 1b 2m 58 3h 53
2 CsHs; 1c 2n 81 3i 45
3 C¢Hss 1d 20 87 3j 73
4 CyoHys le 2p 73 3k 7
5 CH; le 2q 84 31 63
6 Ph 1d 2r 95 3m 26

“The allene precursors 2m—q were prepared as follows: Method a: the
substitution reaction of iodoalkanes with lithium acetylides (entries 1-5);
Method b: the allene precursor 2r was prepared by Sonogashira coupling
of iodobenzene with 1d (entry 6). ® All reactions were carried out in the
presence of Pd(OAc), (5 mol%) and (C¢F5),PC,H,P(CFs), (5 mol%) in
CHCl, at 100 °C using a vial tube. Reaction progress was monitored by
TLC.

moderate yield (entry 2), the allene precursors 20 and 2p, which
have an aliphatic functional group at R', gave the corresponding
allenes 3j and 3k in higher yields (entries 3 and 4). N,N-
Dicyclohexyl-1-phenylhex-4-yn-3-ylamine 2q also underwent the
allene formation reaction to give hexa-3,4-dienylbenzene 31 in
63% yield (entry 5). However, N,N-dicyclohexyl-1-phenyloct-1-
yn-3-ylamine 2r prepared by Sonogashira coupling reaction of
iodobenzene with 1d afforded octa-1,2-dienylbenzene 3m in 26%
yield (entry 6). Aromatic substituents at R' and/or R* were not
suitable for the current 1,3-disubstituted allene formation: N,N-
dicyclohexyl-1,3-diphenylprop-2-ynylamine (2s, R' = R* = Ph),
derived from 1b and iodobenzene, gave 1,3-diphenylpropa-1,2-
diene in only 10% yield (data not shown).

It should be noticed that the substituents at R' of the
allene precursors 2 significantly affected the reaction yields:
the allene formation reaction of N,N-dicyclohexyl-1-phenylprop-
2-ynylamine 1b in the presence of Pd(OAc), (5 mol%) and
(C4F;),PC,H,P(C4F5), (5 mol%) in CHCI; at 100 °C afforded
phenylallene 3a in 44% yield (Scheme 3), although 3a was obtained
from 2e quantitatively (Table 2, entry 5).

//\NCYQ /
Z CHCl,, 100°C Ph

1b 44% 3a

Pd(OAC), (5 mol%)
(CeF5)2PC2H4P(CgFs)2 (5 mol%)

Scheme 3 Synthesis of phenylallene 3a from the precursor 1b.

Recently, various transformations using allenylcarbinols have
been reported, and hence development of a convenient synthesis
of allenylcarbinols is an important issue in organic synthesis.”*2
The allene formation reaction described above can be utilized for
the synthesis of allenylcarbinols 7. Various propargylic amines
la—e were readily introduced into various carbonyl compounds,
and allene precursors 6a—f were synthesized by the addition of the
lithium acetylides of 1a—d to aldehydes and a ketone. The results
are summarized in Table 5. The allene formation reaction of 6a,
which was prepared from benzaldehyde and 1a, proceeded in the
presence of Pd,dba;-CHCI;/(C¢F;);P at 80 °C in dioxane, giving
the corresponding allenylcarbinol 7a in 64% yield after 13 h (entry
1). The benzyl ether 6b afforded 7b in a higher yield (91%; entry 2).
The propargylic alcohols 6¢c—e derived from 4-anisaldehydes, 3,5-
dimethoxybenzaldehyde, and hexanal, respectively, underwent the
transformation reaction to give the corresponding allenes 7c—e
in 56-92% yields (entries 3-5). The reaction of 6f derived from
cyclohexanone also proceeded to give 7f in 86% yield (entry 6).
Substituted allenylcarbinols 7g-1 were also synthesized from the
corresponding substituted allene precursors 6g-1 prepared from
propargylic amines 1b—d and aldehydes or a ketone. The propar-
gylic alcohol 6g prepared from 1b and benzaldehyde underwent
the allene formation reaction in the presence of Pd(OAc), (5 mol%)
and (C¢F5),PC,H,P(CF5), (5 mol%) in CHCI; at 100 °C, giving
1,4-diphenylbuta-2,3-dien-1-01 7g in 48% yield (entry 7). Although
the propargylic alcohol 6h prepared from 1b and hexanal gave 7hin
moderate yield (entry 8), the reaction yield increased in the case of
the propargylic alcohol 6i (prepared from 1b and cyclohexanone),
and the corresponding allnylcarbinol 7i was obtained in 68%
yield (entry 9). The propargylic alcohols 6j-1 also underwent the
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Table S Palladium-catalysed hydrogen transfer reaction of 6*

entry 6 Time/h Allenes 7 Yield (%)®
1 OH 13 OH 64
©/\N(i-Pr)2 6a @M 7a
2 OBn 23 OBn 91
@\N(i—Pr)z 6b ©)\/ .
3 OH 14 OH 92
/Q/\/N(i-Pr)g W Te
MeO 6c MeO
4 o 14 o 70
MeO MeO
O/\N(f.pnz O)\/
7d
OMe 6d OMe
5 OH 12 OH 36
/\/\/\ ) 6e A~ASF Te
X UN(-Pr),
6 HOE{N("-PFE 9 HO. 86
7f
of
7 OH 8 OH 48
Ph 7
P“\chz 6g P T
Ph
8 OH 23 OH 42
C5H”)\(NCVZ 6h Cs"'ﬂ)\/\Ph ™
Ph
9 OH 43 OH 68
S 6i O\/ Phoo
X NCy,
Ph
10 OH 24 )O\H/\ 38
6j Cy 7j
Ph)\/NCyz Ph
Cy
11 OH 23 )O\H/\ 36
6k CoHir Tk
Ph % NCy, Ph
CsHys
12 OH 24 )O\H/\ 47
CH,CH,Ph
Ph 7
Ph)\rNCyQ 6l
CH,CH,Ph

“The reactions were carried out in the presence of Pd,dba;-CHCI; catalyst (2.5 mol%) and (C¢F5);P (10 mol%) in dioxane at 80 °C under Ar (entries
1-6), or Pd(OAc), (5 mol%) and (C4Fs),PC,H,P(CFs), (5 mol%) in CHCI; at 100 °C (entries 7-12) under Ar. ® Isolated yields.

allene formation to give the corresponding 7j-1 in 36-47% yields
(entries 10-12).

The proposed mechanisms for palladium(0)- and palladium(1r)-
catalysed hydride-transfer reactions are shown in Schemes 4 and
5, respectively. In the case of palladium(0)-catalysed condition,
n-coordination of Pd(0) with 2 at a carbon—carbon triple bond
would form the complex 8, and hydride transfer from the isopropyl

carbon assisted by a lone pair electron of the nitrogen would
generate the palladium anion species 9. The migration of the
hydride on palladium to the alkyne moiety of 9 followed by the
rearrangement of the m-bond would give the allene 3 and the
imine 10, and regenerating palladium(0). Indeed, generation of
cyclohexanone was observed in the reactions with propargylic
dicyclohexylamines. Since electron-deficient phosphine ligands,

1474 | Org. Biomol. Chem., 2008, 6, 1471-1477

This journal is © The Royal Society of Chemistry 2008





>7 Pd(0)

Scheme 4 Palladium(0)-catalysed mechanism.

Pd(OAC), <S<§
o A)v
. A O AL
H” N\ AcO  OAc
OAc
9 8

Scheme 5 Palladium(1r)-catalysed mechanism.

such as 1,2-bis(diphenylphosphino)carborane 4 and (C,Fs);P,
were effective for the palladium(0)-catalysed allene transformation
reaction, it is considered that these electron-deficient phosphine
ligands should stabilize the anionic palladium intermediate 9 in the
equilibrium between 8 and 9 to accelerate the generation of allenes
3 in the catalytic cycle. In the case of catalysis by palladium(),
a palladium(1r) species would be the reactive intermediate in
the catalytic cycle, as shown in Scheme 5. The coordination of
Pd(OAc), with 2 would form the complex 8, which comes to rapid
equilibrium with the iminium ion complex 9’ assisted by a lone pair
electron of the nitrogen. The hydride transfer from H-Pd-OAc to
the alkyne moiety of 9’ followed by rearrangement of the n-bond
would give the allenes 3 and the imine 10, regenerating Pd(OAc),.
It has been reported that the iminium ion can be generated by the
insertion of palladium coordinated to the nitrogen lone pair into
the carbon-hydrogen bond adjacent to nitrogen.? Since isopropyl
and cyclohexyl groups (R? in Table 2) substituted on the nitrogen
result in were effective for the reaction, it can be assumed that
these substituents aid the formation of the stable iminium ion 9
(or 9) in the equilibrium, accelerating the catalytic cycle.

Furthermore, with the aim of synthesizing chiral allenes, we
prepared the chiral propargylamine 11 from phenylacetylene, pen-
tanal, and methoxymethylpyrrolidine according to the reported
procedure by Knochel and co-workers.?! As shown in Scheme 6,
the transformation of 11 proceeded in the presence of Pd(OAc),
catalyst in CHCl;, providing hepta-1,2-dienylbenzene 12 in 42%
yield with a low ee.””

Pd(OACc), (5 mo 1%)
HSCO\\\«(N) (CeF3)>P(CH2)oP(CeFs),

(5 mo 1%)
/'\ CsHg  CHC,, 100 °C

Ph \/‘//”Cmg
Ph 42%

11 12

[0]?65 = -10.4 (c = 1.09, CHCl3)
(cf. chiral [0]?%p = +314)

Scheme 6 Attempt to asymmetrically synthesise allene 12 from the chiral
propargylamine 11.

Conclusion

We have developed a novel synthesis of allenes using propargylic
amines as an allenyl anion equivalent. The use of electron-deficient
phosphine ligands, such as (C¢F;);P, (C,Fs),PC,H,P(C¢F5),
and 1,2-bis(diphenylphosphino)carborane 4, is essential for the
palladium-catalysed hydride-transfer reaction. Allenyl carbinols
were prepared by the same route from propargylic aminoalcohols,
and one may envision the extension of this preparation of
allenes to other functionalities. Although mechanisms based
upon either palladium(0) or palladium(ir) could be envisaged,
the hydride transfer from a C-H bond adjacent to nitrogen to
an alkyne moiety via a hydride—palladium complex would give
the allenes 3. We believe that the current transformation could
be influential not only in the development of new transition-
metal-catalysed synthetic methods but also in the development
of pharmacologically active allenes in organic synthesis.

Experimental
General procedures

'H NMR, *C NMR, and "B NMR spectra were measured on a
JEOL JNM-AL 300 (300 MHz) and VARIAN UNITY-INOVA
400 (400 MHz) spectrometers. Chemical shifts of "H NMR are
expressed in ppm downfield from TMS as an internal standard (0 =
0.0) in CDCl;. Chemical shifts of "C NMR are expressed in ppm
downfield from TMS as an internal standard (6 = 0.0) in CDCl,.
Analytical thin layer chromatography (TLC) was performed on a
glass plates (Merck Kieselgel 60 F.s,, layer thickness 0.2 mm).
Column chromatography was performed on silica gel (Merck
Kieselgel 70-230 mesh). All reactions were carried out under argon
atmosphere using standard Schlenk techniques. Most chemicals
and solvents were analytical grade and used without further
purification. IR spectra were recorded on a Shimadzu FT-IR
8200A spectrometer. Mass spectrometry data were collected on
a Shimadzu LCMS-2010 EV spectrometer.

General procedure for synthesis of 1-substituted propargylamines
(1b—e) via CuBr-catalysed three-component coupling reaction

To a mixture of aldehyde (4.0 mmol), dicyclohexylamine (0.88 mL,
4.4 mmol) and CuBr (29 mg, 0.2 mmol) in THF (2 mL) was
added trimethylsilylacetylene (0.85 mL, 6.0 mmol) under Ar, and
the reaction mixture was stirred at 100 °C for 72 hours in a vial
tube. Catalysts were removed by Celite filtration, and the solvent
was evaporated under reduced pressure. Purification by silica gel
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column chromatography with hexane—ethyl acetate (30 : 1) gave
1b—e in 30-58% yields.

Typical procedure for the synthesis of propargylamines by
Sonogashira coupling reactions

A mixture of iodobenzene (205 mg, 1.0 mmol), Pd(PPh;), (35 mg,
0.03 mmol), Cul (17 mg, 0.09 mmol), and 1a (180 mg, 1.3 mmol)
was dissolved in acetonitrile (5 mL) under Ar. Triethylamine
(210 pL, 1.5 mmol) was added, and the mixture stirred at 60 °C
for 6 h. The progress of the reaction was monitored by GC. The
solvent was removed under reduced pressure and the residue was
purified by silica gel column chromatography with hexane—ethyl
acetate (10 : 1) to give 2a (185 mg, 86% yield).

General procedure for the synthesis of allene precursors 2m—q via
substitution reaction of lithium acetylide of 1b—e with iodoalkanes
(R*-D

To a mixture of 1b—e (1.2 mmol) in THF (20 mL) was added n-BuLi
(0.86 mL, 1.38 mmol) at 0 °C under Ar, and the reaction mixture
was stirred for 30 min. Iodohexadecane (0.45 mL, 1.43 mmol)
or iodomethane (0.09 mL, 1.45 mmol) was then added, and the
reaction mixture allowed to warm to room temperature and stirred
for 48 hours. The reaction was quenched with saturated aqueous
ammonium chloride solution and the mixture was extracted with
ether, dried over MgSO, anhydride, and then concentrated. The
residue was purified by column chromatography on silica gel to
give allene precursors 2m—q in 58-87% yields.

General procedure for synthesis of allenes 3a—g from 2a-1 via
palladium-catalyzed hydride-transfer reaction

A mixture of 2 (0.4 mmol), Pd,dba;-CHCI; (0.01 mmol) and
(C¢F5);P (0.08 mmol) in dioxane (2 mL) was stirred at 100 °C under
Ar, and the progress of the reaction monitored by GC. When 2
was consumed, the solvent was evaporated under reduced pressure.
The residue was purified by silica gel column chromatography with
hexane—ethyl acetate to give the allene 3.

General procedure for synthesis of allenes 3h-m from 2m-r via
palladium-catalyzed hydride-transfer reaction

A mixture of 2 (0.4 mmol), Pd(OAc), (4.5 mg, 0.02 mmol) and
(C4Fs),PC,H,P(C(Fs), (15 mg, 0.02 mmol) in chloroform (2 mL)
was stirred at 100 °C under Ar, and the progress of the reaction
monitored by TLC. When 2 was consumed, the solvent was
evaporated under the reduced pressure. The residue was purified
by silica gel column chromatography with hexane—ethyl acetate to
give the allene 3.

General procedure for synthesis of allene precursors 6a—1 by
addition of lithium acetylides of 1a—e to various carbonyl
compounds

To a solution of propargylamines 1 (2.0 mmol) in THF (20 mL)
was added n-BuLi (1.38 mL, 2.2 mmol) dropwise at 0 °C under
Ar and the reaction mixture was stirred for 30 min. Aldehydes
or cyclohexanone were then added and the reaction mixture was
allowed to reach room temperature and stirred overnight. The
reaction was quenched with saturated aqueous NH,Cl solution

(20 mL), and the organic layer was washed with saturated
aqueous NaCl solution (20 mL), dried over MgSO, anhydride,
and concentrated. The residue was purified by silica gel column
chromatography with hexane-ethyl acetate to give the allene
precursors 6.

General procedure for synthesis of allenes 7a—f from 6a—f via
palladium-catalyzed hydride-transfer reaction

The procedure used was similar to that for the synthesis of allenes
3a—g described above.

General procedure for synthesis of allenes 7g—1 from 6g—1 via
palladium-catalyzed hydride-transfer reaction

The procedure used was similar to that for the synthesis of allenes
3h-m described above.
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2’-Deoxyimmunosine: stereoselective synthesis, base pairing and duplex
stability of oligonucleotides containing 8-oxo-7-thiaguaninef
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Oligonucleotides containing 7-thia-8-oxoguanine represent a new class of molecules in which sulfur
replaces the 7-nitrogen of a purine base. The monomeric 7-thia-8-oxoguanine 2'-deoxyribonucleoside
(2’-deoxyimmunosine, 4) was prepared by nucleobase anion glycosylation in a regio- and stereoselective
way employing 5-{[(di-n-butylamino)methylidene]amino }thiazolo[4,5-d]pyrimidine-2,7(3H,6 H)-dione
(18) and 1-chloro-2-deoxy-3,5-di-O-p-toluoyl-a-D-erythro-pentofuranose (6). The nucleoside was
converted into the phosphoramidite 22 and oligonucleotides were prepared by solid-phase synthesis.
Oligonucleotide duplexes containing the 4-dC base pair show a similar stability as those containing the
dG-dC motif. Thus the sterically demanding sulfur and the additional §-oxo group are well
accommodated in the major groove of DNA. As expected, compound 4 does not form a Hoogsteen
pair, as reported for 8-0x0-2'-deoxyguanosine. Compared to 2'-deoxyguanosine, 2'-deoxyimmunosine

shows a better mismatch discrimination in Watson—Crick base pairs.

Introduction

The development of clinically useful agents that restore and
enhance the ability of the human immune system to ward off
infections or other invasion challenges has become a major
objective of current pharmaceutical research efforts. The AIDS
epidemic and the need for adjuvant therapy to boost the immune
system of the elderly and cancer patients has brought the area of
immunopotentiation into focus.”* Many different types of com-
pounds have been demonstrated to possess immune stimulatory
activity. Among them are the class of nucleosides®® as well as
oligonucleotides with particular sequence motifs,'*!

Among the monomeric nucleosides, guanosine analogues such
as 7-thia-8-oxoguanosine (1, immunosine, TOG, isatoribine) and
its analogues,'*** 7-allyl-8-oxoguanosine (2b, loxoribine)'® or 7-
deazaguanosine (3a)"” (purine numbering is used throughout
this paper) and its 2'-deoxy derivative (3b)!! (Fig. 1) possess
in vivo activity against a variety of DNA and RNA viruses.
Immunosine exhibits a stimulatory effect on both cellular and
humoral components of the immune response; the observed
antiviral effect has been attributed primarily to the induction
of a-interferon.”® Recently, it was found that immunosine and
other guanosine analogues activate immune cells via Toll-like
receptor 7 (TLR7)."® Also, oligonucleotides can activate the
immune system, and the CpG motif was found to generate such
an activity in nucleic acids.” Oligonucleotides incorporating 7,8-
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dihydro-8-0x0-2'-deoxyguanosine (OxodG),”* 7-methyl-8-oxo-
2’-deoxyguanosine® and 7-deaza-2'-deoxyguanosine (3b)'*%*
have been described. However, very little is known about the
synthesis of 2’-deoxyimmunosine (4) as well as of oligonu-
cleotides incorporating the 8-oxo-7-thiaguanine as nucleobase.
Herein, we wish to report on the stereoselective synthesis of 2'-
deoxyimmunosine, its protection and conversion into a phos-
phoramidite building block as well as its incorporation into
oligo-2'-deoxyribonucleotides. The base pairing properties of 2'-
deoxyimmunosine will be studied. This is the first report on
oligonucleotides containing a sulfur atom in the five-membered
ring of the nucleobase.

o) 0 R 0
Hes g N SN oI
HN HN HN
<) =0 A | N/¥_O PN N PN ! >2:O
H,N7 N4 No HN" °N H,N" NN HN5 N7 N

3 o o 4 3
HO ° HO HO Ho
HO  OH

HO OH HO R HO
1 2a:R=H 3a: R=0H 4
:R= :R=H
Purine b: R =ally b Systematic
Numbering Numbering

Fig. 1 Structures of nucleosides 1-4.

Results and discussion
1. Synthesis of 2'-deoxyimmunosine (4)

Two synthetic routes were taken into consideration for the 2'-
deoxyimmunosine (4) synthesis. The first one is a convergent
approach which involves the nucleobase 5 and the halogenose
6 as starting materials, while the other route requires deoxy-
genation of the ribonucleoside immunosine (1). The Barton
deoxygenation is the more lengthy protocol used for the ri-
bonucleoside immunosine (1). Reports for the synthesis of 4
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already exist. In 1991 Cottam and Robins reported that 2'-
deoxyimmunosine can be synthesized by the fusion procedure. 5-
Aminothiazolo[4,5-d]pyrimidin-2,7(3H,6 H)-dione (5)** was sily-
lated with hexamethyldisilazane, and the silylated intermediate
was fused with 1-chloro-2-deoxy-3,5-di-O-p-toluoyl-o-D-erythro-
pentofuranose (6) to yield an anomeric mixture of the protected
2'-deoxyribonucleosides in 14% yield.” After deprotection, the
anomeric mixture was separated by crystallization from EtOH to
give nucleoside 4. However, no proof of the anomeric configuration
was given. The separation of the anomers is tedious and the
unambiguous configurational assignment on the basis of 'H-
NMR data is difficult. In a second route the McCombie-Barton
deoxygenation of the ribonucleoside was employed (Z. Sozen,
Thesis, Ulm, 2001). However, the overall yield is low (3.6%).
Next, we initiated studies to use the nucleobase anion gly-
cosylation, paying particular attention to the stereoselectivity
of the glycosylation reaction. Normally, this protocol forms 2'-
deoxyribonucleosides in a stereoselective way but shows draw-
backs when the nucleobase is not fully soluble in the reaction mix-
ture. Our first synthetic attempt towards the 2'-deoxyimmunosine
synthesis made use of the non-protected nucleobase. The 5-
aminothiazolo[4,5-d|pyrimidin-2,7(3H,6 H)-dione (5) was pre-
pared in 5 steps from 2,4-diamino-5-hydroxypyrimidine according
to Baker and Chatfield.** Treatment of the nucleobase with
halogenose 6 in DMF in the presence of sodium hydride (room
temperature) afforded a mixture (29% yield) of the protected
nucleosides. Although compound 5 contains two lactam functions,
the reaction mixture was tentatively assigned to the anomeric
compounds 7/8. Deblocking with 0.2 M NaOCH; in MeOH gave
an anomeric mixture of the nucleosides 4/9 in a 2 : 1 ratio, which
could not be separated by flash column (FC) chromatography.
Nevertheless, from the C NMR spectrum it was apparent that
two nucleosides are formed, which was confirmed by the HPLC
profile resulting in two peaks in a ratio of 2 : 1 (63% : 30%).
The almost identical *C NMR chemical shifts observed for the
nucleobase moieties made the formation of anomers with nitrogen-
9 as the glycosylation site more likely over that of regioisomers with
sugar moieties in the six-membered and the five-membered rings

(Scheme 1).
O O
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Scheme 1 Reagents and conditions: (1) NaH, DMF, r.t.; (i) 0.2 M
NaOCH;, 2 h, r.t.

As the formation of anomeric glycosylation mixtures had al-
ready been observed when the anion glycosylation was performed
in DMF??% but not in MeCN, this solvent was used next for

the glycosylation of 5 with halogenose 6. Unfortunately, the
nucleobase 5 is poorly soluble in this solvent, and so we increased
the nucleobase lipophilicity by protecting the amino group of
5 with the lipophilic (N,N-dimethylamino)methylidene residue.
For this, compound 5 was treated with N,N-dimethylformamide
dimethyl acetal to yield the derivative 10. Glycosylation of the
protected nucleobase 10 with halogenose 6 in MeCN with sodium
hydride as base (room temperature) resulted in a 55% yield of
protected reaction products still forming a mixture of anomers
11/12. Deprotection of the sugar moiety was performed with
the mixture of 11/12 (in 0.1 M NaOMe/MeOH), yielding the
nucleosides 13/14. Neither the sugar-protected intermediates
11/12 nor the amidine-protected nucleosides 13/14 could be
separated on preparative scale. However, as it was found that the
5'-DMT derivatives are separable by column chromatography, the
13/14 mixture was treated with DMT-CI, affording a mixture of
15/16 from which the single anomers 15 and 16 were isolated
in a pure form by flash chromatography. Detritylation of 15
yielded 13, while under the same conditions 16 gave 14. The free
nucleosides 4 and 9 were isolated after treatment of compounds
13 and 14 with saturated NH;/CH;OH for 3 days at room tem-
perature. Reaction of compound 15 with chloro(2-cyanoethoxy)-
N,N-diisopropylaminophosphine afforded the phosphoramidite
17 (Scheme 2).

Despite the improved glycosylation yield and the successful
separation of anomers it was difficult to run the glycosylation
reaction to completion. The yield could not be improved by using
an excess of more than 1.3 equivalents of the chloro sugar 6,
as side products were formed. A further increase of the sugar
halide led to the introduction of two sugar residues (one at
each lactam moiety). This results from the two immunosine
lactam deprotonation sites with pK, values of 7.2 and 10.0
(ESIf). As the separation of the DMT compounds was tedious—
the material became partially deprotected during the chromato-
graphic work-up process—we choose the more lipophilic N,N-
dibutylaminomethylidene protecting group instead. This group
has already been successfully employed for the protection of
7-deaza-2'-deoxyisoguanosine® and 5-methylisocytosine.”” The
reaction of 5 with N, N-dibutylaminoformamide dimethyl acetal®®
gave the amidine in 75% yield. Glycosylation of 18 with the
chloro sugar 6 in MeCN at room temperature in the pres-
ence of powdered KOH and TDA-1 tris(3,6-dioxaheptyl)amine
resulted in a 65% yield of the protected nucleosides as an
anomeric mixture (in a ratio of 5 : 1), which was separable
by FC to yield compound 19. This was deprotected under
mildly alkaline conditions (0.1 M NaOMe/MeOH) to afford the
amidine 20, which upon treatment with concentrated ammonium
hydroxide gave 2'-deoxyimmunosine (4). Compound 20 was
converted into the 4,4'-dimethoxytrityl derivative 21. Reaction
with chloro(2-cyanoethoxy)-N,N-diisopropylaminophosphine af-
forded the phosphoramidite 22 (Scheme 3).

2. Physical characterization of 2'-deoxyimmunosine and its
derivatives

All compounds were characterized by '"H- and *C-NMR spectra
as well as by elemental analysis. *' P-NMR spectra were taken for
the phosphoramidites 17 and 22 (see Tables 2-4 and Experimental
section). '"H NMR data are displayed in Table 2, and *C NMR

This journal is © The Royal Society of Chemistry 2008
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Scheme 3  Reagents and conditions: (i) KOH, TDA-1 tris(3,6-dioxaheptyl)amine, MeCN, 30 min, r.t.; (ii) 0.1 M NaOCH;, 2 h, r.t.; (iii) 25% aq. NH;,
72 h, r.t.; (iv) DMT-CI, pyridine, 1 h, r.t.; (v) 2-(cyanoethyl)diisopropylphosphoramido chloridite, 15 min, r.t.

chemical shifts are compiled in Table 3. Although the anomeric other 2'-deoxyribonucleosides, which adopt an anti conformation.
2'-deoxyimmunosines showed noticeable changes of the *C NMR The sugar ring has an N-conformation (3'-endo-4'-exo, T,).
chemical shifts of the sugar moieties, no unambiguous assignment The conformation around the C4-C5 bond is in the +ap
was possible from these data. Also, NOE difference spectra could (trans) orientation. The syn conformation is typical for most
not be used for identification as no proton is present in the 8- of the 8-substituted guanine ribonucleosides, with a C2'-endo
position, and thus a single-crystal X-ray analysis was performed.! pucker and a (+) gauche conformation (+sc) around the C4-C5
The crystal structure of compound 4 is shown in Fig. 2. In the bond.*** Examples are 8-bromo-,** 8-chloro-,** and 7-methyl-8-
solid state, compound 4 adopts the syn conformation with a thioxoguanosines.** Some compounds such as 7-deaza-8-methyl-
torsion angle of y = 61.0°. This is different from most of the 2'-deoxyguanosine’ display an anti conformation in the solid state,
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Table 1 °Jyy coupling constants of the sugar moiety and conformer
population of nucleoside 4

Pseudorotational
H positions 3Jun/Hz parameters
1,2 7.06 %N 27
1,2 7.42 %S 73
2.3 7.30 Pg/deg 154
2.3 3.92 Y/deg 23
34 3.19 Rms 0.416

with the sugar in the S-conformation and a trans orientation of
the C4—CY5 bond.

An N-conformation of the nucleoside would lead to un-
favourable effects during base pairing; the conformation was
also studied in aqueous solution with the aid of the PSEUROT
program (version 6.3).*® A minimization of the differences between
the experimental and calculation coupling is accomplished by a
nonlinear Newton—Raphson minimization, the quality of the fit
being expressed by the root-mean-square (rms) difference. This
procedure presupposes the existence of a two state N/S equi-
librium. The input contained the following coupling constants:
*J(H1',H2), *J(HI',H2"), *J(H2 ,H3), *J(H2",H3), *J(H3 ,H4).
During the interactions either the puckering parameters (P and
¥) of the minor conformer (N) or the puckering amplitudes of
both conformers were constrained. The coupling constants and
the pseudo-rotational parameters are shown in Table 1. The sugar

Fig. 2 Single crystal X-ray structure of 2’-deoxyimmunosine.

moiety of compound 4 shows an S-confomer population of 73%,
which is in line with that of other 2’-deoxyribonucleosides.

As nothing is known about the “C-NMR chemical shift
assignment of 7-thia-8-oxoguanine nucleosides, we assigned all
signals on the basis of gated-decoupled 'H/"*C-NMR spectra
as well as DEPT-135 spectra. The gated-decoupled spectrum
of C8 and C4 of 2-deoxyimmunosine (4) shows three bond
couplings with the anomeric proton of C1’ with *J(C8,H1") =
6.9 Hz and *J(C4,Hl')) = 2.6 Hz. The anomeric compound

Table 2 '"H-NMR chemical shifts (3) of 5-aminothiazolo[4,5-d]pyrimidine derivatives*
Cpd NH NH, N=CH HI' 5-OH 3-OH H3 H4 H5 H2'B H2o N-CH;
4(B) 11.22 6.92 — 6.24 5.17 4.66 431 3.70 3.53 2.90 1.98
9 (o) 11.24 6.89 — 6.11 5.17 4.68 3.58 3.36 4.07 2.74 2.40
13 (B) 11.93 — 8.65 6.36 5.23 4.68 4.31 3.69 3.58 2.88 2.06
14 (0) 11.92 — 8.92 6.21 5.47 4.69 3.61 3.40 4.15 2.85 2.50
15(B) 11.90 — 8.64 6.46 — 5.27 4.32 3.86 3.72 2.78 2.15 3.16, 3.05
16 (0) 11.84 — 8.78 6.33 — 5.48 4.32 4.15 3.22 2.72 2.56 3.03,2.90
19 (B) 11.97 — 8.68 6.50 — — 5.78 4.50 4.50 3.40 2.57 2.38,2.34
20 (B) 11.89 — 8.62 6.34 5.21 4.67 4.33 3.69 3.48 291 2.06
21 (B) 11.82 — 8.60 6.44 — 5.22 4.30 3.86 3.85 2.81 2.16
@ Measured in DMSO-d; at 25 °C.
Table 3 '"*C-NMR chemical shifts (§) of 5-aminothiazolo[4,5-d]pyrimidine derivatives”

C2° C4° C5b Ce6? C8?
Cpd C5¢ C3ac CT7ac C7* C2¢ Cr CY (ex Cc4 C5 N=CH
1 155.5 154.3 85.8 156.5 169.2 88.8 70.4 69.6 84.8 62.1 —
4(B) 155.6 154.3 85.8 156.7 169.1 83.0 35.2 71.1 87.5 62.2 —
9 (o) 155.4 154.1 85.8 156.5 169.4 81.9 35.6 70.1 85.6 61.0 —
5 155.7 156.5 87.6 157.2 171.2 — — — — — —
10 157.2 154.1 92.1 159.6 169.9 — — — — — —
13 (B) 159.4 152.9 90.6 157.3 168.7 82.5 36.0 70.6 87.3 61.9 158.9
14 (o) 159.4 153.1 90.6 157.4 169.4 82.2 359 70.3 86.0 61.4 159.5
15(B) 159.3 152.9 90.6 157.4 168.7 82.5 36.8 70.8 85.3 64.5 —
16 (o) 159.3 152.9 90.6 157.4 169.3 82.5 359 71.2 85.4 64.6 —
18 159.6 154.1 92.1 157.2 169.8 — — — — —
19 (B) 159.4 152.7 90.9 157.4 169.2 82.1 33.8 74.0 82.1 63.5 158.5
20 (B) 159.4 152.9 90.7 157.4 168.9 82.4 36.1 70.6 87.3 61.9
21 (B) 159.5 152.9 90.8 157.4 168.9 82.5 36.9 70.9 85.3 64.5 —

“Measured in DMSO-d, at 25 °C. * Purine numbering. ¢ Systematic numbering.
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Table4 J.y values (in Hz) of S-aminothiazolo[4,5-d]pyrimidine

TableS UV maxima and extinction coefficients of compound 4 and

derivatives® related derivatives®
4 9 13 14 Compound Anax/TIM e

C8,HI' 6.9 6.1 6.5 44 4 247 8300
C4,HI 2.6 2.8 3.2 44 302 9100
CI' HI' 165.5 165.6 165.7 166.4 9 248 8300
Cl',HY — 6.8 — 6.8 302 9200
C2,HY 132.8 133.4 132.7 135.3 dGg* 255 12900
C3,H¥ 149.9 143.7 147.8 142.7 3b (¢'dG)* 259 13400
C4' H4 146.2 146.6 145.2 147.1 8-0x0dG* 246 12600
C5 ,HY 139.5 138.5 140.0 138.6 293 9700
“ Measured in DMSO-d; at 25 °C; purine numbering used. “ Measured in H,O.

9 shows similar values (Table 4). The C5 signal appears as a
singlet with 6 = 85.8 ppm. The signals C2 and C6 could not
be assigned unambiguously. Thus, the deuterium isotope upfield
shift approach was used** to assign the carbon-2 signal, which is
directly connected with the amino group. In DMSO solution in the
presence of a H,O-D,O mixture it shows two singlets, the original
one and one which is shifted 50 ppb upfield. Consequently, C2 was
assigned to the 155.6 ppm signal and C6 to the 156.7 ppm signal.
For the sugar portion of compound 4, the following coupling
constants were observed: 'J(C1',HI1") = 165.5 Hz, 'J(C3' ,H3) =
149.9 Hz and 'J(C4',H4') = 146.2 Hz. The large coupling constant
of CI’ is indicative of the anomeric carbon.** The coupling
constants of 'J(CI',HI"), 'J(C2',H2), 'J(C4' ,H4) and ' J(C5 ,HY')
of the a-D compound 9 are very similar to the -D compound 4,
except for 'J(C3',H3'), which is 6 Hz less than that of compound 4
(Table 4). The largest difference between the a and f compounds is
that the 0-D compounds 9 and 14 show 3J(C1’,H2') = 6.8 Hz, while
the B-D compounds 4 and 13 do not show this coupling (Table 4).
This is indicative of the anomeric assignment. The signals of C5
and C2' are triplets. For compounds 15, 16 and 21 with DMT-
residues on the 5-OH, the chemical shifts show characteristic
values from about 62.0 ppm to 64.5 ppm, while the C4’ shift varies
from ~87.3 ppm to 85.3 ppm.

The UV data of compound 4 and other dG derivatives are
summarized in Table 5. The replacement of nitrogen-7 by sulfur
changes the UV-spectrum significantly (Table 5 and Fig. 3). The
UV maxima of compound 4 show a strong red shift compared
to that with a nitrogen at the identical position: 8-oxo0-2'-
deoxyguanosine (0x0dG) (A = 246 nm, 293 nm)* vs. 4 (A, =
246 nm, 302 nm). Compound 4 also shows a lower pK, value of
deprotonation compared to 2'-deoxyguanosine or its derivatives:
4 (pK, = 8.2), oxodG (pK, = 8.6),* dG (pK, = 9.4)¥ and c'dG
(pK, =10.2).4

3. Synthesis and base pairing of oligonucleotides containing
2'-deoxyimmunosine (4)

3.1 Oligonucleotide synthesis and characterization. Solid-
phase oligonucleotide synthesis was performed employing the
phosphoramidites 17 or 22 protected with a dialkylaminoalkyli-
dene protecting group on an ABI 392-08 automated DNA
synthesizer with controlled pored glass (CPG-500) serving as
solid phase. Base labile (tert-butylphenoxy)acetyl (tac) groups
were chosen for amino protection in the cases of dA, dG and
dC. The syntheses followed the standard protocol.* The coupling
time for the phosphoramidite 17 or 22 was 10 minutes and the

coupling yields of the phosphoramidites were always higher than
95%. The oligonucleotides were deprotected by incubation with
a 25% aqueous NH; solution at room temperature for 24 h. The
oligonucleotides were purified before and after detritylation by
reverse-phase HPLC.

As the thiazole system is prone to degradation, harsh alkaline
condition had to be avoided. Ammonia treatment at 60 °C led
to the formation of side products and gave very little of the
target oligonucleotide. Thus, the stability of the nucleoside 4 was
studied in aqueous ammonia. As shown in Fig. 4a, compound 4
is partially degraded under standard oligonucleotide deprotection
conditions (25% aqueous NHj, 60 °C, 16 h). However, at room
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Fig. 3 UV spectra of (a) 2'-deoxyimmunosine (4) and (b) 7-deaza-
2'-deoxyguanosine (3b) in water.
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Fig. 4 Reverse-phase HPLC profiles (column 250 x 4 mm, RP-18) of
4 after treatment with 25% aqueous NHj;: (a) at 60 °C for 16 h, (b) at
room temperature for 24 h. HPLC elution buffer: 5% MeCN in 0.1 M
(Et;NH)OAc, pH=7.0, 1.0 mL min~". The profile was measured at 302 nm.

temperature (24 h) 2’-deoxyimmunosine is rather stable, leading
to only very little degradation (Fig. 4b). In contrast, the depro-
tection of monomeric amidine-protected nucleosides 13 and 20 in
25% aqueous NH; solution at room temperature required 72 h
for completion (see Experimental section). For oligonucleotide
deprotection in 25% aqueous NHj; at room temperature a reaction
time of 24 h was sufficient.

In order to circumvent possible problems occurring during the
acid-catalyzed detritylation in the oligonucleotide synthesis, the
stability of compound 4 was also studied under acidic conditions.
Nucleoside 4 was treated with 0.1 M HCI at room temperature
for 10 h and the reaction was followed by RP18-HPLC. After
10 h treatment, almost no change was observed (data not shown).
Then, the reaction was performed under stronger acidic conditions
(0.5 M HCl) at room temperature. While compound 4 was not
significantly hydrolyzed within 50 min (Fig. 5a), half of the educt
was degraded after 19 h by glycosylic bond hydrolysis, to form the
immunosine base 5 (Fig. 5b). For comparison, the glycosylic bond
stability was also studied for dG and 7-deaza-2'-deoxyguanosine
(c’Gy). According to the HPLC profiles (ESIY), the glycosylic
bond of 2'-deoxyimmunosine (4) is more stable than that of dG
but less stable than that of 7-deaza-2'-deoxyguanosine (¢’Gy).
Thus, no degradation of 2’-deoxyimmunosine is expected during
oligonucleotide synthesis.

3.2 Base-pairing and duplex stability of oligonucleotides con-
taining 2’-deoxyimmunosine (4). Next, the base pairing of
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Fig. 5 Reverse-phase HPLC profiles (column 250 x 4 mm, RP-18) of
the hydrolysis mixture of 4 in 0.5 M HCI at room temperature after (a)
50 min, (b) 19 h. Buffer: 5% MeCN in 0.1 M (Et;NH)OAc, pH = 7.0,
1.0 mL min~". The profile was measured at 302 nm.

oligonucleotides containing 2’-deoxyimmunosine 4 was studied.
Two oligonucleotides, 5-d(TAG GTC AAT ACT) (36) and 3'-
d(ATC CAG TTA TGA) (27) were used as reference compounds.*
Nucleoside 4 was used to replace dG residues to form the
new oligonucleotides 43, 44, 46 and 47. The self-complementary
oligonucleotide 45 leading to six modifications in the duplex
structure was also synthesized. The oligonucleotides were char-
acterized by MALDI-TOF mass spectra; the masses were in good
agreement with the calculated values (Table 7 in the experimental
part). The oligonucleotides 45 and 47 were hydrolyzed with snake-
venom phosphodiesterase followed by alkaline phosphatase*’ to
yield the free nucleosides, and the digest was separated by RP-18
HPLC (Fig. 6). According to the HPLC profiles of the enzymatic
degradation, the composition of oligonucleotides was proved.

In the first series of experiments, the nucleoside 4 was used as
an analogue of dG. Table 6 shows the 7', values when nucleoside
4 was placed opposite to dC. The incorporation of one 4-dC
base pair resulted in no change of the T, values (AT, = 0 °C)
compared to the standard duplex 36-27. Incorporation of two
or three 4-dC base pairs also resulted in no significant changes
in the stability (AT,, = 1-2 °C). Duplexes containing central 4—
dC pairs (47-27) or separated central 4-dC pairs (36-46) exhibited
similar duplex stabilities, with AT, = 0.5 °C per modification. The
complete replacement of all dG residues was performed on the self-
complementary duplex d(4-C);, and the stability was compared
to the standard duplex d(G-C);. Here the T, value of duplex
melting also decreased by only 0.5 °C per modification. Thus, the
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Table 6 T, values and thermodynamic data of duplex melting of oligonucleotides with regular and base-modified nucleosides (4 = 2'-deoxyimmunosine).”

Duplex No. T./°C AT,/°C? AG5,0/kcal mol™!
5-d(TAG GTC AAT ACT)*® 36 50 - “116
3-d(ATC CAG TTA TGA) 27 :
5-d(TAG GTC AAT ACT) 36 50 0 113
3-d(ATC CA4 TTA TGA) 43 :
5-d(TAG GTC AAT ACT) 36 50 0 117
3-d(ATC CAG TTA T4A) 44 :
5-d(TAG GTC AAT ACT) 36 49 05 _111
3-d(ATC CA4 TTA T4A) 46 - .
5-d(TA4 4TC AAT ACT) 47 49 05 ~11.0
3-d(ATC CAG TTA TGA) 27 : :
5'-d(TA4 4TC AAT ACT) 47 48 . _107
3-d(ATC CA4 TTA TGA) 43 :
5'-d(TA4 4TC AAT ACT) 47 49 05 _11.0
3'-d(ATC CAG TTA T4A) 44 ' '
5'-d(TA4 4TC AAT ACT) 47 47 - _102
3-d(ATC CA4 TTA T4A) 46 :
5-d(GCGCGC)*

3-d(CGCGCG) 46 o 82
5/-d(4C4C4C) 45

3-d(C4C4C4) 45 42 -0 -8
5-d(TAG GTA AAT ACT) 37 35 15 73
3-d(ATC CAG TTA TGA) 27 :
5-d(TAG GTA AAT ACT) 37 31 ~19 68
3-d(ATC CA4 TTA TGA) 43 :
5-d(TAG GTT AAT ACT) 38 36 14 77
3-d(ATC CAG TTA TGA) 27 :
5-d(TAG GTT AAT ACT) 38 36 14 Y
3-d(ATC CA4 TTA TGA) 43 :
5-d(TAG GTG AAT ACT) 39 1 17 71
3-d(ATC CAG TTA TGA) 27 :
5-d(TAG GTGAAT ACT) 39 27 93 —6.1
3-d(ATC CA4 TTA TGA) 43 :

“Measured in 1 M NaCl, 100 mM MgCl, and 60 mM Na-cacodylate (pH 7.0) with 5 uM single-strand concentration. * Refers to the contribution of the

modified residues divided by the number of replacements.

nucleoside 4 forms a strong base pair with dC, which has a similar
stability to that of dG-dC. The sulfur-containing compound
thioguanine (thioG) decreases the DNA stability significantly
when incorporated as a 2'-deoxynucleoside, resulting from spatial
requirement of the sulfur and its low H-bonding character. The
T, of one thioG—C base pair in a non-self-complementary 13-mer
duplex is 6 °C lower than that of the G-C base pair.*®

It is reported that 8-oxodG can pair with dA in the syn
conformation thereby forming a Hoogsteen base pair.” Thus, it
was of interest to investigate the base-pairing properties of 2'-
deoxyimmunosine with the other canonical nucleosides (dA, dT

Table 7 Molecular masses of oligonucleotides determined by MALDI-
TOF mass spectrometry”

Oligonucleotides [M]* (calc.) [M]* (found)
5-d(AGT ATT 4AC CTA) (43) 3677 3677
5-d(A4T ATT GAC CTA) (44) 3677 3677
5-d(4C4C4C) (45) 1892 1892
5-d(A4T ATT 4AC CTA) (46) 3709 3709
5-d(TA4 4TC AAT ACT) (47) 3709 3709

“4 = 2'-deoxyimmunosine.

and dG). Hybridization experiments were performed; the duplex
melting data are shown in Table 6. As expected, compound 4
forms a weaker interaction with adenine, which is different from
0x0dG."?* One incorporation opposite to dA (37-43) reduces
the T, by —19 °C, opposite to dT (38-43) by —14 °C, and
opposite to dG (39-43) by —23 °C. Regarding these results, 2'-
deoxyimmunosine shows an excellent discrimination against all
canonical nucleosides. [t does not form a Hoogsteen pair due to the
absence of a nitrogen at the 7-position (as observed for 7-deaza-2'-
deoxyguanosine®*!), and is different to 8-oxo-2'-deoxyguanosine,
which forms a rather stable base pair with dA."* Compound
4 shows a better discrimination than dG when incorporated
opposite to dA. Although compound 4 forms a syn conformation
in the solid state, the conformation within the B-DNA duplex has
to be anti. From the high stability of the 4-dC base pair, it can
be concluded that due to solid-state forces, no conclusion can be
drawn regarding the base pairing from the single crystal X-ray
structure of a nucleoside, as has been discussed for 8-substituted
purine nucleosides such as 8-bromo-2'-deoxyguanosine.*

Fig. 8 displays the three-dimensional models of 8-oxo-7-
thiaguanine, the nucleobase of 2’-deoxyimmunosine (4), the re-
lated 7-deazaguanine as well as 8-oxoguanine and guanine. From
Fig. 8, itis obvious that the spatial requirements of the nucleobases
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Fig. 6 RP-18 HPLC-elution profile of the enzymatic digests of the
oligonucleotides (a) 5'-d(4C4 C4C) (45) and (b) 5-d(TA44TC AAT ACT)
(47). Buffer: 5% MeCN in 0.1 M (Et;NH)OAc, pH = 7.0, 1.0 mL min~".
The profile was measured at 247 nm.

are different. The space-demanding sulfur atom within the five-
membered ring of 4 (Fig. 8A) shows a similar size to the hydrogen-
bearing 7-carbon in 7-deazaguanine (Fig. 8B). The latter fits
nicely in the B-DNA duplex and is well accepted in the form
of a nucleoside triphosphate by many DNA-polymerases.” Also,
the 8-oxo group of compound 4 (base pair motif I in Fig. 7)
is well accommodated in a duplex structure, as is demonstrated
by the stable base pairs formed with dC. The corresponding 8-
oxoguanine (Fig. 8C, base pair motif II in Fig. 7) has a slightly
negative effect on the base pair stability compared to that of
compound 4."* These observations are in line with findings by
our laboratory and by others that 7-substituents of moderate size
located within the major groove of B-DNA have no or only a
little influence on the duplex stability compared to modifications
occurring in the minor groove.** The better base discrimination
of 2'-deoxyimmunosine compared to 8-oxo-2'-deoxyguanosine
results from the absence of a 7-hydrogen. This 7-hydrogen can
act as hydrogen bond donator while 2’-deoxyimmunosine cannot.
The 8-oxo0 groups have no noticeable negative effect on the duplex
stability, as is demonstrated for oligonucleotides containing the
immunosine base or 8-oxoguanine. Moreover, the 8-oxo group
can act as hydrogen bond acceptor, and binds water molecules or
other ligands in the major groove of DNA.
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Fig.7 Base pair motifs of 2’-deoxyimmunosine (4) and 8-oxoG, with dC
or dA.

Fig. 8 Molecular models of (A) the immunosine base, (B) 7-deazagua-
nine, (C) 8-oxoguanine and (D) guanine.

Conclusion

The stereoselective and regioselective nucleobase anion glyco-
sylation of 5-amino-thiazolo[4,5-d|pyrimidine-2,7(3H,6 H)-dione
has many difficulties because of its bad solubility and the
presence of two “lactam functions” which are both prone to
glycosylation. Amino group protection with a lipophilic amidine
residue resulted in the base derivatives 10 and 18, which could
be glycosylated with 1-chloro-2-deoxy-3,5-di-O-(p-toluoyl)-a-D-
erythro-pentofuranose (6) in a regioselective and stereoselective
way. This selectivity results from the more acidic (and nucleophilic)
character of the five-membered ring lactam and the bulky protect-
ing groups of the nucleobase derivative 18. Compared to dG, the
nucleoside 4 is more labile under alkaline conditions but more
stable in an acidic medium. Compound 4 has the same capability
to form a strong base pair with dC and no base pair with dA;
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it cannot form “dG” quartets. The molecular shape models of
the 2’-deoxyimmunosine base and related 7-modified derivatives
are shown in Fig. 8. Compared to guanine and 7-deazaguanine,
the sulfur atom of the immunosine nucleobase is more space
demanding. However, the spatial requirements are similar to that
of 8-oxoguanine.

Oligonucleotides containing 4 in place of dG within GpC
motives have the potential to act as immunostimulatory agents.

Experimental
General

All chemicals were purchased from Acros, or Sigma-Aldrich
(Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany). Solvents
were of laboratory grade. TLC: Aluminium sheets, silica gel 60
F254 (0.2 mm, VWR International, Darmstadt, Germany). Flash
column chromatography (FC): silica gel 60 (VWR International,
Darmstadt, Germany) at 0.4 bar. UV Spectra: U-3200 UV-vis
spectrometer (Hitachi, Japan). Reverse-phase HPLC was carried
out on a 250 x 10 mm RP-18 LiChrosorb column (Merck) with
a Merck-Hitachi HPLC pump (model L-7100) connected with
a variable wavelength monitor (model L-7400). NMR spectra:
Avance-DPX-250, Avance-DPX-300 spectrometer (Bruker, Rhe-
instetten, Germany); 0 values in ppm relative to Me,Si as internal
standard ("H and "*C) or external 85% H;PO, (*'P), J values in Hz.
Melting points were determined by a Linstrom apparatus and are
notcorrected. Element analyses were performed by Mikroanalytis-
ches Laboratorium Beller, Gottingen, Germany. MALDI-TOF
mass spectra were recorded with an Applied Biosystems Voyager
DE PRO spectrometer with 3-hydroxypicolinic acid (3-HPA) as a
matrix.

Melting curves were measured with a Cary-100 Bio UV/Vis
spectrophotometer (Varian, Australia) equipped with a Cary
thermo-electrical controller. The calculation of thermodynamic
data was performed with the program MeltWin (version 3.0) using
the curve fitting of the melting profiles according to a two-state
model.

5-Aminothiazolo[4,5-d|pyrimidine-2,7(3H ,6 H)-dione (5). Com-
pound 5 was prepared as described by Baker and Chatfield.***
Sy (250 MHz; DMSO-d,; Me,Si) 12.09 (1H, s, NH), 10.99 (1H, s,
NH) and 6.77 (2H, s, NH,).

5-{[(Dimethylamino ) methylidene] amino } thiazolo [4,5-d]pyri-
midine-2,7(3H,6H)-dione (10). To a suspension of 5-
aminothiazolo[4,5-d|pyrimidine-2,7(3H,6 H)-dione (5) (1.0 g,
5.43 mmol) in MeOH (30 cm?®), N,N-dimethylformamide
dimethyl acetal (6.0 cm’, 44.9 mmol) was added and stirred at
r.t. for 4 h, resulting in a clear solution. The reaction mixture
was adsorbed onto silica gel 60 (2.0 g), and applied on the top
of a silica gel column (10 x 5.5 cm). Elution with CH,Cl,—
MeOH-triethylamine (20 : 1 : 0.2) yielded compound 10 (0.91 g,
70%) as a yellowish solid (Found: C, 40.06; H, 3.35; N, 29.11.
C3HyN;O,S requires C, 40.16; H, 3.79; N, 29.27%); TLC (silica
gel, CH,Cl,-MeOH 20 : 1) R; 0.31; UV/Vis: 4,,.(MeOH)/nm
317 (¢/dm® mol™' ecm™' 19 100), 289 (sh, 14 600), 246 (14 800) and
212 (17 200); 5, (250 MHz; DMSO-dg; Me,Si) 12.19 (1H, s, NH),
11.75 (1H, s, NH), 8.50 (1H, s, N=CH), 3.15 (3H, s, NCH;) and
3.04 (3H, s, NCH,).

5-{[(Di-n-butylamino)methylidene]amino } thiazolo[4,5-d|pyri-
midine-2,7(3H,6 H)-dione (18). Compound 5(1.00 g, 5.43 mmol)
was treated with N,N-dimethyllformamide dibutyl acetal®
(4.0 cm?) in the same way as described for 10 at 40 °C. The reaction
mixture was evaporated to dryness. The residue was purified by
FC (silica gel, column, 15 x 5.5 cm, CH,Cl,~CH;OH 100 : 1)
to yield compound 18 (1.32 g, 75%) as colorless solid (Found:
C, 52.11; H, 6.54; N, 21.69. C,,H,;N;5O,S requires C, 51.99; H,
6.54; N, 21.65%); TLC (silica gel, CH,Cl,-CH;OH 40 : 1): R;
0.16; UV/Vis: Ay (MeOH)/nm: 319 (¢/dm?® mol~!' cm~' 23 600),
290 (16 700), 249 (16 000); 6, (250 MHz; DMSO-d,; Me,Si) 12.16
(1H, s, H-N(3), 11.71 (1H, s, H-N(6)), 8.49 (1H, s, N=CH-C(2)),
3.49-3.35 (4H, m, 2 x NCH,), 1.54 (4H, m, 2 x CH,), 1.27 (4H,
m, 2 x CH,) and 0.90 (6H, t, J 7.0, 2 x CH,).

Glycosylation of 5-aminothiazolo[4,5-d|pyrimidine-2,7(3H ,6 H)-
dione with 1-chloro-2-deoxy-3,5-di-O-p-toluoyl-a-D-erythro-pento-
furanose (6). To a solution of 5 (300 mg, 1.63 mmol) in
anhydrous DMF (10 cm?), NaH (60% suspended in oil, 75 mg,
1.87 mmol) was added under stirring. Stirring was continued at r.t.
for 15 min; then 1-chloro-2-deoxy-3,5-di-O-p-toluoyl-o-D-erythro-
pentofuranose (6)** (951 mg, 2.45 mmol) was added, and stirring
was continued for 30 min. The mixture was filtered; the filtrate
was evaporated to dryness and the residue was subjected to FC
(silica gel, column 10 x 5.5 cm, CH,CL,-MeOH 100 : 1) to yield
an anomeric mixture of 7/8 (254 mg, 29%) as yellowish foam of
5-amino-3-[2-deoxy-3,5-di- O-(p-toluoyl)-D-erythro-pentofuran-
osyl]thiazolo[4,5-d]pyrimidine-2,7(3H,6 H)-diones (7/8): TLC
(silica gel, CH,Cl,-MeOH 20 : 1, one spot): R; = 0.20; HPLC:
two peaks, the ratiois 2 : 1.

Glycosylation of 10 with 1-chloro-2-deoxy-3,5-di-O-p-toluoyl-a-
D-erythro-pentofuranose (6). To the solution of compound 10
(500 mg, 2.09 mmol) in dry CH;CN (200 cm®), NaH (60%
suspended in oil, 92 mg, 2.30 mmol) was added under stirring
at r.t. Stirring was continued at r.t. for 15 min, then 1-chloro-
2-deoxy-3,5-di-O-p-toluoyl-o-D-erythro-pentofuranose (894 mg,
2.30 mmol) was added in portions within 20 min. The stirring
was continued for another 30 min. Insoluble material was filtered
off and the filtrate was evaporated to dryness. The residue was
applied to a FC (silica gel, column 10 x 5.5 cm, CH,Cl,-CH;OH
100 : 1) to yield an anomeric mixture of 11/12 as yellowish solid
(680 mg, 55%).

3-[2-Deoxy-3,5-di- O-(p-toluoyl)-D-erythro-pentofuranosyl]-5-
{[(dimethylamino)methylidene]amino } thiazolo[4,5-d]pyrimidine-2,
7(3H,6H)-dione (11/12). TLC (silica gel, CH,Cl,~-MeOH 40 :
1, one spot): R; 0.22; HPLC: two peaks, the ratio is 2 : 1. dy
(250 MHz; DMSO-d,; Me,Si) taken from the mixture: Isomer I:
8.69 (NH) and 5.79 (q, J 5.7 Hz, H-C(3")); Isomer II: 8.64 (NH)
and 5.51 (q, J 7.7, H-C(3)).

3-(2-Deoxy-D-erythro-pentofuranosyl)-5-{ [ (dimethylamino)-
methylidene]amino } thiazolo[4,5-d|pyrimidine-2,7(3H ,6 H)-dione
(13/14). The anomeric mixture of 11/12 (1.2 g, 2.03 mmol) was
dissolved in 0.1 M NaOCH;/MeOH (40 cm®) and was stirred at
r.t. for 2 h. The reaction mixture was adsorbed onto silica gel 60
(1.6 g), and applied on the top of a silica gel column (10 x 5.5 cm).
Elution with CH,Cl,~MeOH 10 : 1 afforded a mixture of 13/14 as
a colorless solid (592 mg, 82%). TLC (silica gel, CH,Cl,-CH;OH
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10 : 1): R; 0.26; 6y (250 MHz; DMSO-ds; Me,Si) taken from the
mixture: Isomer I: 11.93 (s, NH), 8.65 (s, H-N=CH) and 6.36 (t,
J 6.9, H-C(1")); Isomer II: 11.92 (s, NH), 8.92 (s, H-N=CH) and
6.21 (t, J 7.6, H-C(1)).

Dimethoxytritylation of the anomeric mixture 13/14. The mix-
ture of nucleosides 13/14 (500 mg, 1.41 mmol) was co-evaporated
with pyridine (3 x 10 cm®) and then dissolved in pyridine (20 cm?).
The solution was treated with 4,4'-dimethoxytriphenylmethyl
chloride (713 mg, 2.11 mmol) at room temperature for 1 h, MeOH
(3 cm®) was added, and stirring was continued for 10 minutes.
The solution was concentrated to half of the volume, and
CH,CI, (70 cm®) was added. The organic layer was washed with
aqueous NaHCO; (5%, 50 cm?), dried over Na,SO,, filtered and
evaporated, and the residue was applied to FC (silica gel, column
20 x 5 cm, CH,Cl,—acetone 4 : 1).

3-[2-Deoxy-5-0-(4,4 -dimethoxytriphenylmethyl)-B-D-erythro-
pentofuranosyl]-5-{[(dimethylamino)methylidene]amino } thiazolo-
|4,5-d]pyrimidine-2,7(3H,6 H)-dione (15). From the slower mi-
grating zone, compound 15 was isolated (497 mg, 54%) as a
colorless foam (Found: C, 62.20; H, 5.30; N, 10.46. C;,H;sN;O;S
requires C, 62.09; H, 5.36; N, 10.65%); TLC (silica gel,
CH,Cl,—acetone 4 : 1): R; 0.22; UV/Vis: An (MeOH)/nm 319
(¢/dm® mol™' cm™' 18800), 282 (15000) and 235 (28800); oy
(250 MHz; DMSO-d; Me,Si) 11.90 (1H, s, H-N), 8.64 (1H, s,
N=CH), 7.37-6.78 (15H, m, arom. H), 6.46 (1H, m, H-C(1")),
5.27(1H,d, J 4.7, OH-C(3), 4.32 (1H, m, H-C(3)), 3.86 (1H, m,
H-C(4)), 3.72 (8H, m, H-C(5), 2 x OCHj;), 3.16 (3H, s, N-CH,),
3.05 (3H, s, N-CH,;), 2.78 (1H, m, H-C(2)-B) and 2.15 (m, 1H,
H-C(2)-a).

3-(2-Deoxy-5-0-(4,4 -dimethoxytriphenylmethyl)-a-D-erythro-
pentofuranosyl)-5-{[(dimethylamino)methylidene]amino } thiazolo-
[4,5-d]pyrimidine-2,7(3H,6 H)-dione (16). The faster migrating
zone yielded compound 16 (253 mg, 26%) as a colorless foam
(Found: C, 62.23; H, 5.29; N, 10.47. C3H;3sN;O;S requires C,
62.09; H, 5.36; N, 10.65%); TLC (silica gel, CH,Cl,~acetone 4 : 1):
R:0.38; UV/Vis: Ay.x(MeOH)/nm 319 (¢/dm’ mol~' ecm~' 18 100),
283 (13700) and 235 (26 900); 5,; (250 MHz; DMSO-d,; Me,Si)
11.84(1H, s, H-N), 8.78 (1H, s, N=CH), 7.41-6.86 (15H, m, arom.
H), 6.33 (1H, t,J 7.5, H-C(1")), 5.48 (1H, d, J 5.0, OH-C(3), 4.32
(1H, m, H-C(3)), 4.15 (1H, m, H-C(4'), 3.72 (6H, s, 2 x OCH,),
3.22 (2H, m, H-C(%), 3.03 (3H, s, N-CH,), 2.90 (3H, s, N-CH,),
2.72 (1H, m, H-C(2)-p) and 2.56 (1H, m, H-C(2')-a).

3-(2-Deoxy-B-D-erythro-pentofuranosyl)-5-{[(dimethylamino)-
methylidene]amino } thiazolo[4,5-d]pyrimidine-2,7(3H ,6 H)-dione
(13). Compound 15 (320 mg, 0.49 mmol) was dissolved in 1%
trichloroacetic acid in CH,Cl, (40 cm?). The solution was stirred
at r.t. for 20 min, and then neutralized with triethylamine. The
reaction mixture was adsorbed onto silica gel 60 (1.0 g), and
applied to the top of a silica gel column (10 x 5.5 cm). Elution
with CH,Cl,~CH;OH (10 : 1) gave a white solid. Crystallization
from EtOH afforded compound 13 (127 mg, 73%) as colorless
needles (Found: C,43.90; H, 4.90; N, 19.66. C;;H,;N;O;S C, 43.94;
H, 4.82, N, 19.71%); m.p. 196 °C (from EtOH); TLC (silica gel,
CH,Cl,—CH;OH 10 : 1): R; 0.26; UV/Vis: A, (MeOH)/nm 318
(¢/dm* mol~' ecm™" 19 300), 290 (sh, 13 900), 246 (13 300) and 215
(17 100); 5, (250 MHz; DMSO-d¢; Me,Si) 11.93 (1H, s, NH), 8.65
(1H, s, N=CH), 6.36 (1H, t, J 6.9, H-C(1")), 5.23 (1H, d, J 4.6,

OH-C(5)), 4.68 (1H, t, J 5.7, OH-C(3)), 4.31 (1H, m, H-C(3)),
3.69 (1H, m, H-C(4)), 3.58, 3.62-3.39 (2H, m, H-C(5)), 3.20
(3H, s, H-NCH,), 3.06 (3H, s, H-NCH,), 2.88 (1H, m, H-C(2))
and 2.06 (1H, m, H-C(2)).

3-(2-Deoxy-a-D-erythro-pentofuranosyl)-5-{[(dimethylamino)-
methylidene]amino } thiazolo[4,5-d|pyrimidine-2,7(3H ,6 H)-dione
(14). Compound 16 (810 mg, 1.23 mmol) was treated as de-
scribed for compound 15. Purification by FC (silica gel, column
10 x 5 cm, CH,Cl,-CH;O0H 10 : 1) gave a colorless solid. Crys-
tallization from EtOH afforded 14 (319 mg, 73%) as a colorless
solid (Found: C, 43.79; H, 4.85; N, 19.60. C;;H,,N;O;S requires
C, 43.94; H, 4.82; N, 19.71%); TLC (silica gel, CH,Cl,~CH,OH
10:1): R;0.26; UV/Vis: Ay (MeOH)/nm 319 (¢/dm?® mol~! cm™!
20000), 291 (sh, 14600), 247 (14100) and 216 nm (16 700); oy
(250 MHz; DMSO-ds; Me,Si): 11.92 (1H, s, NH), 8.92 (1H, s,
N=CH), 6.21 (1H, t, J 7.5, H-C(1")), 5.47 (1H, d, J 4.0, OH-
C(5)),4.69 (1H, t, J 5.44, OH-C(3)), 4.15 2H, m, H-C(5")), 3.61
(1H, m, H-C(3)), 3.40 (1H, m, H-C(4)), 3.17 (3H, s, NCH,),
3.06 (3H, s, NCH;), 2.88-2.83 (1H, m, H-C(2')-B) and 2.50 (H, m,
H-C(2)-a).

5-Amino-3-(2-deoxy-f-D-erythro-pentofuranosyl)thiazolo[4,5-
dlpyrimidine-2,7-(3H,6 H)-dione (4). A solution of compound
13 (300 mg, 0.84 mmol) in saturated NH;—CH;OH (CH;OH
saturated with NH; at 0 °C, 50 cm®) was stirred at room
temperature for 72 h in a sealed bottle. The reaction mixture was
adsorbed onto silica gel 60 (1.0 g), and applied to the top of a
silica gel column (10 x 5 ¢cm). Elution with CH,Cl,—~CH;OH 6 :
1 afforded 4 (229 mg, 91%) as colorless solid (Found: C, 39.94;
H, 4.00; N, 18.70. requires C,,H;,;N,O;S C, 40.00; H, 4.03; N,
18.66%); Crystallization from EtOH afforded colorless crystals;
m.p. 178°C (decomp.); TLC (silica gel, CH,Cl,-MeOH 6 : 1): R;
0.23; UV/Vis: Jp. (MeOH)/nm 302 (¢/dm® mol~' cm™' 8800), 246
(8500) and 216 (25900); oy (250 MHz; DMSO-d,; Me,Si) 11.22
(s, IH, NH), 6.92 (s, 2H, NH,), 6.24 (1H, t, J 7.1, H-C(1")), 5.17
(1H, d, J 3.6, OH-C(5)), 4.66 (1H, m, OH-C(3)), 4.31 (1H, d, J
2.3, H-C(3")), 3.70 (1H, m, H-C(4")), 3.53 (2H, m, H-C(5")), 2.90
(1H, m, H-C(2")) and 1.98 (m, 1H, H-C(2)).

5-Amino-3-(2-deoxy-a-D-erythro-pentofuranosyl)thiazolo[4,5-
d]pyrimidine-2,7-(3H,6 H)-dione (9). Compound 14 (300 mg,
0.85 mmol) was treated as described for 4. FC (silica gel, column
10 x 5 cm, CH,Cl,-CH;OH 6 : 1) afforded compound 9 (225 mg,
88%) as a white solid (Found: C, 39.92; H, 3.93; N, 18.49.
requires C;,H;N,O5S C, 40.00, H, 4.03, N, 18.66%); TLC (silica
gel, CH,Cl,-MeOH 6 : 1): R; 0.23; UV/Vis 4,,,(MeOH)/nm
302 (¢/dm’® mol™' cm™ 9600), 247 (9100) and 217 (28 100); Jy
(250 MHz; DMSO-d¢; Me,Si) 11.24 (1H, s, H-N), 6.89 (2H, s,
NH,), 6.11 (1H, t, J 7.4, H-C(1")), 5.17 (1H, d, J 4.8 Hz, OH-
C(5)), 4.68 (1H, t, J 5.1 Hz, OH-C(3)), 4.07 (2H, m, H-C(5)),
3.58 (1H, m, H-C(3)), 3.36 (1H, m, H-C(4)), 2.74 (1H, m, H-
C(2)) and 2.46-2.35 (m, 1H, H-C(2)).

3-[2-Deoxy-5-0-(4,4' -dimethoxytriphenylmethyl)-B-p-erythro-
pentofuranosyl]-5-{ [(dimethylamino)methylidene]amino } thiazolo-
[4,5-d]pyrimidine-2,7(3H,6 H )-dione 3'-(2-cyanoethyl)diisopro-
pylphosphoramidite (17). To the solution of compound 15
(350 mg, 0.53 mmol) in dry CH,Cl, (10 cm?), iPr,EtN (0.17 cm?,
0.80 mmol) and (2-cyanoethyl)diisopropylphosphoramido chlo-
ridite (0.26 cm®, 1.17 mmol) were added. The solution was stirred
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at r.t. for 10 min. The solution was diluted with CH,Cl, (40 cm?)
and washed with 5% aq. NaHCO; solution. The mixture was
extracted with CH,Cl, (2 x 20 cm?), and the combined organic
phase dried (Na,S0,), filtered, and evaporated. The residue was
purified by FC (column 15 x 5 cm, CH,Cl,—acetone 9 : 1) to afford
a colorless foam. This was dissolved in CH,Cl, (3 cm?®) and added
gradually to stirring cyclohexane (80 cm?®) cooled to —30 °C. The
precipitate was isolated by filtration and the powder was dried
under vacuum, yielding 17 as a colorless foam (360 mg, 80%).
TLC (silica gel, CH,Cl,~acetone 4 : 1): R; 0.32; J, (250 MHz;
CDCl;; H;PO,): 150.0, 149.8 ppm.

Glycosylation of 18 with 2-deoxy-3,5-di-O-(p-toluoyl)-o-D-
erythro-pentofuranose chloride (6). To a solution of compound
18 (580 mg, 1.79 mmol) in MeCN (200 cm?®), KOH (626 mg,
8.94 mmol) and TDA-1 tris(3,6-dioxaheptyl)amine (0.2 cm?,
0.60 mmol) was added and the mixture was stirred at r.t for
20 min. Then I-chloro-2-deoxy-3,5-di-O-p-toluoyl-a-D-erythro-
pentofuranose (765 mg, 1.97 mmol) was added in portions over
10 min, stirring was continued for another 20 min, and the reaction
mixture was filtered and evaporated to dryness. The residue was
purified by FC (silica gel, column 15 x 5.5 cm, CH,Cl,-MeOH
200: 1).

3-[2-Deoxy-3,5-di-O-(p-toluoyl)--p-erythro-pentofuranosyl)]-5-
{[(di-n-butylamino)methylidene]amino } thiazolo[4,5-d|pyrimidine-
2,7(3H,6H)-dione (19). From the main zone, compound 19 was
obtained as a colorless foam (629 mg, 55%) (Found: C, 62.56; H,
6.28; N, 9.98. C;sH, N5O,S requires C, 62.20, H, 6.12, N, 10.36%);
TLC (silica gel, CH,Cl,-MeOH 40 : 1): R; 0.34; UV/Vis: Apa
(MeOH)/nm 323 (¢/dm*® mol™' cm~' 22200), 284 (14 600) and
242 (41 700); 5, (250 MHz; DMSO-d,; Me,Si) 11.97 (1H, s, HN),
8.68 (1H, s, CH=N), 7.95-7.75 (4H, m, arom. H), 7.39-7.21 (4H,
m, arom. H), 6.50 (1H, q, J 4.6, H-C(1")), 5.78 (1H, m, H-C(3")),
4.58-4.35 (3H, m, H-C(5'), H-C(4)), 3.46-3.34 (4H, m, NCH,),
2.38 (3H, s, CH;), 2.34 (3H, s, CH;), 1.54-1.06 (8H, m, 4 x CH,,),
0.88 (3H, t, J 7.3, CH;) and 0.76 (3H, t, J 7.3, CH5;).

3-(2-Deoxy-B-D-erythro-pentofuranosyl)-5-{[(di-n-butylamino)-
methylidene] amino }thiazolo[4,5-d[pyrimidine-2,7(3H,6H)-dione
(20). Compound 19 (380 mg, 0.56 mmol) was dissolved in 0.1 M
NaOCH; (30 cm?) and stirred at r.t. for 4 h. The solid residue,
obtained after evaporation, was purified by FC (silica gel, column
10 x 5 cm, CH,Cl,—~CH;OH 20 : 1) to yield a colorless solid,
which was crystallized from ethyl acetate to give 20 (200 mg,
81%) as a colorless solid (Found: C, 52.00; H, 6.59; N, 15.75.
CyHyN;50;S requires C, 51.92, H, 6.65, N, 15.93%); TLC (silica
gel, CH,Cl,-MeOH 20 : 1): R; 0.2; UV/Vis Ay (MeOH)/nm
321 (¢/dm® mol™' cm™' 23 400), 292 (15 400), 250 (13900) and 216
(17000); 0y (250 MHz; DMSO-dy; Me,Si) 11.89 (1H, s, H-N), 8.62
(1H, s, CH=N), 6.34 (1H, t, J 6.9, H-C(1")), 5.21 (1H, d, J 4.6,
OH-C(5)), 4.67 (1H, t, J 5.7, OH-C(3")), 4.33 (1H, m, H-C(3)),
3.69 (1H, m, H-C(4')), 3.62-3.41 (6H, m, H-C(5'), 2 x N-CH,),
2.91 (1H, m, H-C(2))), 2.06 (1H, m, H-C(2)), 1.58 (4H, m, 2 x
CH,), 1.28 (4H, m, 2 x CH,) and 0.91 (6H, t, J 7.2, 2 x CH,).

5- Amino-3-(2-deoxy-p-D-erythro-pentofuranosyl)thiazolo[4,5-
d]pyrimidine-2,7-(3H,6 H)-dione (4). Compound 19 (256 mg,
0.58 mmol) was dissolved in concentrated ammonia solution
(30 cm®) and stirred at room temperature for 72 h. The reaction
mixture was adsorbed onto silica gel 60 (1.0 g), and applied to the

top of asilica gel column (8 x 5 cm). Elution with CH,CL,-CH;OH
(5 : 1) afforded a colorless solid. Crystallization from EtOH
afforded colorless crystals of 4 (132 mg, 76%). Analytical data
were the same as that for compound 4 obtained from compound
13.

3-(2-Deoxy-5-0-(4,4' -dimethoxytriphenylmethyl)-p-p-erythro-
pentofuranosyl)-5-{[(di-n-butylamino ) methylidene]amino } thia-
zolo[4,5-d|pyrimidine-2,7(3H,6 H)-dione (21). Compound 20
(220 mg, 0.50 mmol) was co-evaporated with pyridine (3 x 10 cm?)
and then dissolved in pyridine (15 cm?). This solution was treated
with 4,4'-dimethoxytriphenylmethyl chloride (270 mg, 0.79 mmol)
at room temperature for 1 hour, MeOH (3 ¢cm®) was added, and
stirring continued for 10 minutes. The solution was concentrated
to half of the volume, and CH,Cl, (50 cm?) was added. The organic
layer was washed with aqueous NaHCO, (5%, 50 cm?), and the
organic phase was dried over Na,SO,, filtered and evaporated. The
residue was purified by FC (column 20 x 5 cm, CH,Cl,—acetone
20 : 1), yielding 21 (220 mg, 60%) as a white foam (Found: C,
64.28; H, 6.32; N, 9.40. C,,H,;N;O;S requires C 64.76, H 6.39, N
9.44%); TLC (silica gel, CH,Cl,~acetone 4 : 1): R; 0.38; UV/Vis:
Amax(MeOH)/nm 322 (¢/dm® mol~' cm~' 21 300), 283 (15 700), 235
(28 500); 0y (250 MHz; DMSO-d,; Me,Si) 11.82 (1H, s, H-N), 8.60
(1H, s, CH=N), 7.42-6.69 (13H, m, arom H), 6.44 (1H, q, J 4.1,
H-C(1")), 5.22 (1H, m, OH-C(3')), 4.30 (1H, m, H-C(3)), 3.86
(1H, m, H-C(4)), 3.71 (6H, s, 2 x OCHj;), 3.50-3.18 (6H, m,
H-C(5), 2 x N-CH,), 2.81 (1H, m, H-C(2)), 2.16 (1H, m, H-
C(2)), 1.58-1.50 (4H, m, 2CH,), 1.36-1.17 (4H, m, 2 x CH,) and
0.96-0.8 (6H, m, 2 x CH;).

3-(2-Deoxy-5-0-(4,4 -dimethoxytriphenylmethyl)-p-D-erythro-
pentofuranosyl-5- { [ (di-n-butylamino ) methylidene ] amino } thia-
zolo[4,5-d|pyrimidine-2,7(3H,6 H)-dione  3'-(2-cyanoethyl)diiso-
propylphosphoramidite (22). To the solution of compound 21
(160 mg, 0.22 mmol) in dry CH,Cl, (10 cm?), (iPr), EtN (0.060 cm?,
0.33 mmol) and (2-cyanoethyl)diisopropylphosphoramido
chloridite (0.074 cm?®, 0.33 mmol) were added. The solution was
stirred at r.t. for 15 min. The solution was diluted with CH,Cl,
(40 cm®) and washed with 5% aq. NaHCO, solution. The mixture
was extracted with CH,Cl, (2 x 20 cm?). The combined organic
phase was dried (Na,SO,), filtered, and evaporated. The residue
was purified by FC (column 15 x 5 cm, CH,Cl,—acetone 15: 1) to
afford a white foam. The foamy residue was dissolved in CH,Cl,
(3 cm®) and added gradually to stirring cyclohexane (80 cm?)
cooled to —30 °C. The precipitate was isolated by filtration
and the resulting powder was dried under vacuum, yielding
compound 22 as a colorless foam (161 mg, 80%). TLC (silica
gel, CH,Cl,—acetone 4 : 1): R; 0.5; J, (250 MHz; CDCl;; H;PO,)
150.0, 149.8.
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Synthetic phosphopeptides are frequently used as chemical probes to explore protein—protein
interactions involved in cellular signal transduction. Most commonly, the solid-phase synthesis of
phosphotyrosine-containing peptides is performed by applying the Fmoc-strategy and
N-Fmoc-protected tyrosine derivatives bearing acid-labile phospho protecting groups. We observed a
side-reaction, the isomerisation at threonine, which furnishes depsipeptides. It is shown that the rate of
N— O-acyl migration depends on the sequence context. Depsipeptides were formed most rapidly when
the phosphotyrosine was located in the +2 position. Furthermore, different phosphotyrosine building

blocks were compared and a suitable method that provides phosphopeptides in enhanced purity and

yield is suggested.

Introduction

Phosphorylation of proteins at serine, threonine and tyrosine
hydroxyl groups is a ubiquitous intracellular event used for the
regulation of protein—protein interactions in signal transduction.
Synthetic phosphopeptides allow detailed studies of this key
mechanism of cell regulation. For example, phosphopeptides
have been used in investigations of the binding determinants,!
as protein-diagnostic probes® and as target-specific inhibitors of
protein—protein interactions.® Thus, methods that enable a rapid
and efficient synthesis of phosphopeptides are of high interest.

In the synthesis of phosphotyrosine-containing peptides the
reactivity of phosphoric acid phenyl esters has to be consid-
ered. Phosphotyrosine peptides are mainly prepared by two
different approaches: a) global phosphorylation, in which the
phosphate-group is introduced by a phosphorylating agent (e.g.
diarylphosphorochloridate or phosphoramidite) after coupling
of the amino acid, and b) the use of protected, phosphorylated
tyrosine building blocks in the solid phase peptide synthesis
(SPPS) known as the synthon method.*® The global approach
allows peptide phosphorylation without alteration of the SPPS-
method, but problems may occur owing to side reactions during
the oxidation step of P" (e.g. oxidation of cysteine, methionine
or tryptophan residues) or the formation of H-phosphonates.®
The use of preformed phosphorylated amino acid building blocks
avoids these problems. Most commonly, the electrophilic reactivity
of phospho groups in these synthons is masked by means of
protecting groups in order to avoid pyrophosphate formation
and dephosphorylation reactions.”® Phosphotyrosine containing
peptides have been synthesised most successfully by applying
the Fmoc-strategy and N-Fmoc-protected tyrosine derivatives
bearing acid-labile phospho protecting groups.”* However, we
observed yet another problem that has previously not been

Humboldt- Universitit zu Berlin, Brook-Taylor-Str. 2, 12489 Berlin, Ger-
many. E-mail: oliver.seitz@hu-berlin.de; Fax: +49 2093 7266, Tel: +49 2094
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T Electronic supplementary information (ESI) available: High-resolution
mass spectra of 1la and 1b. HMQC- and HMBC-spectra of 4a and 4b,
HPLC-traces of 8-11 and 12a. See DOI: 10.1039/b718568e

reported to occur in phosphopeptide synthesis; the rearrangement
at threonine residues to depsipeptides. We herein report our
investigations into the identification of parameters that might
affect this side-reaction and suggest an improved method that pro-
vides phosphopeptides in enhanced purity and yield. It is shown
that both sequence context and duration of acid-induced global
deprotection critically affect the extent of peptide isomerisation.
While the former can not be changed in a given target sequence
we demonstrate that the latter can be minimised through a careful
choice of phosphate protecting groups.

Results and discussion

In a project directed to the regulation of signal transducing kinases
we attempted the solid phase synthesis (Scheme 1) of phosphopep-
tide 1, a part of the immuno-tyrosine-activation-motif (ITAM)
of the SH2-domain of Syk-kinase.”*™ For introduction of the
phosphotyrosine, the commercially available bisdimethylamino-
protected building block was used. However, HPLC analysis of
the crude material obtained after acidolytic cleavage revealed two
products with identical mass in HPLC-MS (Fig. 1).

Identification of the by-product

High-resolution mass spectrometry and fragmentation of both
compounds exposed no difference (Fig. S11) and racemisation
seemed unlikely because of the relatively large difference in reten-
tion times. For closer examination we carried out a glycine scan
in which each amino acid in phosphopeptide 1 was substituted by
glycine (peptides 2-5, Table 1). The HPLC showed single peaks
for peptides 3 and 5 and two peaks for peptides 1, 2 and 4 (Fig. 2).
Thus, the formation of two products required the usage of both
phosphotyrosine and threonine building blocks.
NMR-Measurements of both isolated products 4a and 4b were
performed to obtain structure information. HMQC and HMBC
measurements (Fig. S2t) enabled a complete assignment of amino
acid protons and carbons in peptides 4a and 4b (Scheme 2).
The chemical shift values of threonine protons and carbons were
most informative. The unusual low field shift of the B-threonine
carbon from 67.2 ppm to 70.2 ppm suggested the presence of
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Scheme 1 Solid phase peptide synthesis of phosphopeptide 1.

1b

1a

[ I T I I 1
0 4 8 12 16 20 t/min

Fig. 1 HPLC trace of crude peptides 1 obtained after solid phase
synthesis as described in Scheme 1. (Nucleodur-Gravity C18, 1 ml min™',
3%-50% buffer B [CH;CN, 1% water, 0.1% formic acid].)

an electron-withdrawing group at the threonine hydroxy group.
The B-threonine proton experienced a similar low field shift from
4.00 ppm to 4.96 ppm. In contrast the o-threonine carbon and
proton exhibited a high field shift from 58.4 ppm to 55.8 ppm
and from 4.26 ppm to 3.8 ppm, respectively. Furthermore, the
glycine carboxyl group had a higher chemical shift (6 = 170.2 ppm)
in peptide 4a than in peptide 4b (6 = 165.7 ppm). An O-acyl
structure in peptide 4b formed upon an acid-induced N— O-
acyl shift (Scheme 2) was considered as a plausible cause. In
this case, the chemical shift of the threonine amino group should
provide valuable information. There would be two amine protons
in depsipeptide 4b whereas integration would yield only one
threonine amide proton for peptide 4a. Indeed, the '"H-NMR
resonance of the threonine amino group in 4b integrated as
two protons. Unfortunatelyy, HMBC spectra failed to provide
unambiguous proof as the coupling of the quaternary acyl carbon

Table 1 Synthesised phosphopeptides

Peptide Sequence
la/1b pTyr-Glu-Thr-Leu-Gly/depsipeptide
2a/2b pTyr-Glu-Thr-Gly-Gly/depsipeptide
3 pTyr-Glu-Gly-Leu-Gly
4a/4b pTyr-Gly-Thr-Leu-Gly/depsipeptide
5 Gly-Glu-Thr-Leu-Gly
6a/6b Tyr-Glu-Thr-Leu-Gly/depsipeptide
7a/Tb Gly-Glu-Thr-Leu-Gly/depsipeptide
8 pTyr-Thr-Ala-Ala-Gly
9 pTyr-Ala-Thr-Ala-Gly
10 pTyr-Ala-Ala-Thr-Gly
11 pTyr-Ala-Ala-Ala-Thr-Gly
12a/12b Asp-lle-pTyr-Glu-Thr-Asp-Gly/depsipeptide
d) J 5
c) \/L\/U 4a and 4b
b) \)\/——J\ 3
a) \ﬂ 2a and 2b
f T T T T 1
0 4 8 12 16 20 t/min

Fig. 2 HPLC traces of crude glycine scan peptides 2-5. All peptides
were prepared using building block Fmoc-TyrPO(NMe,),. (Conditions:
see Fig. 1.)

7.71
H 426

1702 N _ta
Ac-pTyr- N/\f(

4a HO 1,08

>pH7 TFA

8.40
NH2

18570 70 2
Ac-pTyr-N /\“/ 380

(0]

Leu-GlyCOoH

4b 1.25
16.9
Scheme 2 Peptide 4a and depsipeptide 4b. Numbers in italic and plain
style denote 'H- and *C-NMR resonances, respectively.

from the N-terminal glycine with the B-threonine proton in 4b was
not detected.

To validate the assumed N— O-acyl shift reaction we syn-
thesised the depsipeptide 4b as an authentic reference by cou-
pling Boc-Thr instead of Fmoc-Thr(¢Bu) according to published
procedures.'® Analysis of authentic 4b by HPLC-MS (Fig. 3a) and
co-injection of the mixture of peptide 4a and 4b (Fig. 3b) obtained
after solid-phase synthesis suggested the identity. The N— O-acyl
shift reaction is reversible and O-acyl peptides have been reported
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c) 4a obtained after treat-

ment of 4b with base
b) J L j\ 4a and 4b

[ [ [ T 1
2 4 6 8 10  t/min

Fig. 3 HPLC analysis of a) authentic depsipeptide 4b; b) co-injection of
authentic 4b and the mixture 4a-4b obtained after solid phase synthesis
of 4a and c) peptide 4a obtained after treatment of depsipeptide 4b with
base.

to be amenable to an O— N-acyl shift when exposed to pH > 7.4.
Thus, base-induced conversion of O-acyl peptide 4b to the desired
N-acyl peptide 4a can serve as an additional means of validation.
Indeed, both the authentic depsipeptide 4b and the peptide in the
mixture could be converted to the desired peptide 4a by adding
base (Fig. 3c).

Sequence dependence of the V— O-acyl shift

The N— O-acyl shift in peptides, which leads to depsipeptides,
is a possible side reaction that has been reported to occur in
Boc-based solid-phase peptide synthesis.’® This reaction was first
reported by Bergmann et al. in y-benzamido-B-hydroxy-butanoic
acid.” Usually, strong acids such as H,SO,, HF or HCI are
required to promote the N— O-acyl transfer.’*2* Mild acids such
as trifluoroacetic acid (TFA) used in the final deprotection in
Fmoc-based solid-phase peptide synthesis have not been regarded
as troublesome as far as N— O-acyl shift reactions at serine and/or
threonine are concerned. However, a recent report by Carpino and
co-workers demonstrated that the incorporation of D-amino acids
can increase the susceptibility to depsipeptide formation.?® An
influence of the primary structure on the N— O-acyl migration
was proposed.

We considered the feasibility of the phosphotyrosine residue
affecting the rate of the N— O-acyl shift. Addressing this issue, the
phosphotyrosine in peptide 1 was substituted by tyrosine (peptide
6a) and glycine (peptide 7a). Thereupon, peptides 1, 6a and 7a
were exposed to TFA and the conversion into depsipeptides 1b, 6b
and 7b, respectively, was monitored by HPLC-analysis. It became
apparent that the phosphotyrosine containing peptide 1 was more
susceptible to N— O-acyl migration than the glycine-containing
analogue 6a (Fig. 4). For example, only 7.9% depsipeptide was
formed when 6a was exposed to a 6 hours TFA treatment while 1
furnished 14.5% depsipeptide. This kinetic analysis revealed that
both the amino acid residue and the phospho group affect the
N—> O-acyl migration rates.

Next, the distance dependence of the N— O-acyl shift was
examined. Four model peptides (8-11) comprising alanine, threo-
nine and phosphotyrosine were synthesised. In these peptides the
number of alanine units between phosphotyrosine and threonine

15
I
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® 3 - Al Tm T
-2k
B
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0 1 2 3 4 5 6 7

Time (hours)

Fig. 4 Time course of depsipeptide formation for peptides 1, 6 and 7 in
TFA.

was varied while keeping the length of the peptide constant. The
analysis of the time course of depsipeptide formation (Fig. 5,
Fig. S37) clearly showed that there is an influence of the position of
the phosphotyrosine residue on the rate of N— O-acyl migration.
The shift reaction was slowest, furnishing only 8% depsipeptide
after 6 hours of TFA treatment, when phosphotyrosine was
positioned in the direct N-terminal neighbourhood (see 8). A
remarkably fast N— O-acyl migration occurred when pY was
located in the Thr+2-position. In this case, almost 50% of
depsipeptide was obtained after 6 hours exposure to TFA. We
speculate that the protonated tyrosine phosphate acts as an
internal acid that activates acyl groups for migration. Following
this notion, it would be difficult to transfer a proton via a cyclic
intermediate from tyrosine phosphate to the tyrosine carboxyl
group which may explain the low migration rate found for 8.

50
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Fig. 5 Time course of depsipeptide formation for peptides 811 in TFA.

Minimising N— O-acyl migration in solid phase synthesis

In most cases, phosphopeptide synthesis is performed in order to
rapidly and efficiently provide homogeneous material for subse-
quent biological studies. We sought for a method that minimises
the problem of N— O-acyl migration, thereby avoiding the need
to reverse potential N— O-acyl shift reactions by a precautionary
exposure to basic conditions. We supposed that refinement of
the TFA treatment required to remove the phospho protecting
groups may allow the desired improvements of product purity.
The initial synthesis of phosphopeptide 1a was performed by cou-
pling the bisdimethylamino-masked phosphotyrosine 13 (Fig. 6).
For hydrolysis of the phosphoramidate prolonged treatments in

This journal is © The Royal Society of Chemistry 2008
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Fmoc-HN
H

COOH

13:R=R' = NMe,
0 14:R=R'=OMe
I 15: R = OBz, R' = OH

Fig. 6 Protected phosphotyrosine building blocks for Fmoc-based solid
phase peptide synthesis.

aqueous TFA solution are required. It has been recommended to
firstly detach the phosphotyrosine containing peptide from the
resin and to secondly add 10% of H,O to the TFA-TIS-m-cresol-
H,O (85:5:5:5, TIS is triisopropylsilane) filtrate and extend
the reaction time to 18 hours.”>* We first explored whether the
reaction time can be shortened. However, the formation of the
depsipeptide 1b was detected already after 90 minutes (Fig. 7a).
After this short reaction time deprotection of the phospho group
was not complete and, as a result, the crude product contained
only 64% of the desired phosphopeptide 1a (entry 2, Table 2).
As an alternative, the use of the dimethyl-protected building
block 14 was examined. The removal of the methyl protecting
groups can be accomplished via an Sy2-like mechanism under non-
aqueous conditions. The reported procedure for deprotection of
the dimethylphosphotyrosine moiety involved a 5 hour treatment
with 1 M trimethylsilylbromide-thioanisole in TFA (0.05% m-

1a
1b
c) 1a with building block 15
1b .
*
b) with building block 14
1a
*
1b
a) with building block 13
[ T T T I 1
0 4 8 12 16 20 t/min

Fig. 7 HPLC-Analysis of crude product 1 obtained after 90 min
deprotection by using a) building block 13 and method A; b) building
block 14 and method B and c) building block 15 and method C. The peaks
marked with an asterisk denote protected products.

Table 2 Purity and yield of synthesised phosphopeptides

cresol).®” The HPLC analysis of the crude product revealed an
unacceptably high extent (40%) of depsipeptide formation (entry 3,
Table 2). Again, shortening of the deprotection time resulted in the
expected decrease of the depsipeptide content (compare Fig. 7b),
however, at the cost of incomplete protecting group removal
which lead to a rather low content (77%) of phosphopeptide 1
(entry 4, Table 2). It was concluded that the N— O-acyl migration
proceeded equally fast regardless of the water content of the
cleavage solution. Thus, an augmentation of the acid lability of
the phospho protecting groups was considered necessary. The
commercially available monobenzyl-protected phosphotyrosine
15 allows the application of milder cleavage conditions.?** Indeed,
a 90 minute treatment with a mixture of TFA-TIS-EDT-H,0O (90 :
2.5:2.5:5, EDT is 1,2-ethanedithiol) was sufficient to accomplish
quantitative deprotection and to deliver phosphopeptide 1a in
high 98% purity of the crude material (Fig. 7c, entry 5 Table 2).

The use of the monobenzyl-protected phosphotyrosine building
block 15 may give rise to reasons for concern. It is conceivable
that coupling reactions that are performed after incorporation
of the monoprotected phosphotyrosine building block may be
impeded by concomitant reactions at the remaining, poten-
tially nucleophilic phospho oxygen. The solid phase synthesis
of phosphopeptide 12a, which is part of the human insulin
receptor,®* addressed this issue. The HPLC-analysis of crude
materials confirmed the rather low content of desired 12a (<65%)
in crude materials that was obtained when bisdimethylamino-
and dimethyl-protected phosphotyrosine derivatives 13 and 14,
respectively, were incorporated (Fig. 8a—c, entries 6-8 in Table 2).
The usage of Fmoc-Tyr(PO(OBzl)OH) 15 furnished, again, the
highest 98% purity of crude products (Fig. 8d, entry 9 in
Table 2). HPLC-MS analysis showed minor peaks corresponding
to truncation products (Fig. S41). However, the application of
double couplings (2 x 6 eq.) completely solved this problem and
provided the fully deprotected phosphopeptide 12a in high purity
and an isolated overall yield of 52%.

Conclusions

In summary, we have shown that N— O-acyl migration can occur
at threonine residues during the Fmoc-based solid-phase synthesis
of phosphotyrosine-containing peptides. The phosphotyrosine
residues were introduced by means of N-Fmoc-protected tyro-
sine derivatives bearing acid-labile phospho protecting groups
typically used in phosphopeptide synthesis. HPLC-MS-Data,

Building block Method Crude product Isolated yield
1 13 A,18h 69% 1a, 31% 1b n.d.
2 13 A,1.5h 64% 1a, 3% 1b, 33% protected n.d.
3 14 B,5h 60% 1a, 40% 1b 10%
4 14 B,1.5h 77% 1a, 10% 1b, 13% protected n.d.
5 15 C, 1.5h 98% 1a, 2% 1b 29%
6 13 A, 18h 59% 12a, 30% 12b 12%
7 13 A,1.5h 65% 12a, 3% 12b, 33% protected n.d.
8 14 B,1.5h 65% 12a, 24% 12b, 11% protected n.d.
9 15 C,1.5h 98% 12a, 2% 12b 52%

A: i) TFA-TIS-m-cresol-H,O (85 : 5: 5 : 5), 60 min; ii) addition of 10% H,O; B: 1 M trimethylsilylbromide-thioanisole in TFA (0.05% m-cresol); C:

TFA-TIS-EDT-H,O0 (90 : 2.5:2.5: 5). n.d., not determined.
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12a
d 12b building block 15
) 12a 90 min deprotection
12b
<\ i building block 14
c) 12a * 90 min deprotection
12b building block 13
b) 12b12a 90 min deprotection
+|| building block 13
a) ; | 18 h deprotection
T T T T
0 4 8 12 16 20 t/min

Fig.8 HPLC-Analysis of crude peptide 12 obtained by using a) building
block 13 and method A, 18 h; b) building block 13 and method A, 90 min;
c) building block 14 and method B and d) building block 15 and method
C. The peaks marked with an asterisk and with a plus denote protected
products and aspartamide by-products, respectively.

NMR-spectroscopy and the reversibility of the reaction at basic
conditions have provided ample evidence for this acid-induced
side reaction which results in the formation of depsipeptides. This
side reaction occurred during the acidolytic cleavage required
to remove the dimethylamino- or methyl protecting groups of
the tyrosine phosphate group. Furthermore, the analysis of
initial kinetics suggested an influence of the phosphotyrosine
residue. The N— O-acyl shift proceeded most rapidly when the
phosphotyrosine was located in the +2 position. In contrast, rather
slow N— O-acyl migration was observed for peptides in which
the phosphotyrosine was the N-terminal neighbour of threonine.
The duration of the acid-induced global deprotection was found
to most affect the extent of peptide isomerisation. It is demon-
strated that the use of the more acid-labile monobenzyl-protected
phosphotyrosine building block Fmoc-Tyr(PO(OBzl)OH) allows
improvements of both purity and yield of phosphopeptides. We
wish to note that the formation of depsipeptides also occurs
at serine residues (data not shown). The findings are expected
to be of interest for those who are involved in the synthesis of
depsipeptides (e.g. as precursors to switch peptides)* as well as
for those who seek methods that enable rapid and efficient access to
homogeneous phosphopeptides for subsequent biological studies.

Experimental
General

All organic starting materials were purchased in analytically pure
grade and used without further purification. The amino acids
were purchased from SennChemicals. Building block 13 was
synthesised using methods described in the literature.® Building
blocks 14 and 15 were purchased from Bachem and Novabiochem,
respectively. HPLC-Grade acetonitrile was purchased from Acros,
DMF from Biosolve. The solid phase peptide synthesis was
performed using a Respep Synthesizer from Intavis Bioanalytical
Instruments AG. Cleavage of the peptide resins was performed
in 2 ml PET-syringes from MultsynTech/Witten, which were
equipped with Teflon filters (pore size 50 um). The combined cleav-
age filtrates were concentrated by rotary evaporation and the crude

product was isolated by ether precipitation. Analytical HPLC-MS
was performed on an Agilent 1100 HPLC-MS system equipped
with a UV-Vis-detector and a VL-quadrupole mass spectrometer
using a thermostated (55 °C) analytical CC 125/4 Nucleodur-C18
gravity, 3 p column (Macherey-Nagel) and detection wavelength
A =210 nm. Eluents A (H,O : MeCN : HCOOH =98.9:1:0.1
[v/v/v]) and B (MeCN : H,O : HCOOH =98.9: 1 : 0.1 [v/v/V])
were used in a linear gradient (gradient 1: 0-20 min, 3-50% B
in A or gradient 2: 0-20 min, 3-20% B in A) at a flow rate of
I mL min~'. "H- and "C-NMR spectra were recorded on a Bruker
spectrometer at 300 MHz and 75 MHz, respectively.

General procedure for the synthesis of the phosphopeptides

Preloaded resin was suspended in DMF for 1 hour and treated
with 25% piperidine-DMF (1 ml) for 2 min and washed with
25% piperidine-DMF, DMF, dichloromethane and DMF again.
The automated synthesis was commenced with a deprotection
step, which included treatment with 1 ml DMF-piperidine (4 : 1
[v/v]) for 2 min and subsequent washing with DMF. For coupling
6 eq. amino acid (0.2 M) in DMF were preactivated using 12 eq.
N-methylmorpholine and 6 eq. 1-[bis(dimethylamino)methylene]-
5-chloro-1H-benzotriazolium-3-oxide tetrafluoroborate (TCTU).
This solution was added to the resin. Double couplings were
performed after the incorporation of the fourth amino acid. The
resin was capped with 1 ml of a solution of DMF-2,6-lutidine—
acetic anhydride (90 : 5 : 5 [v/v/v]). The terminal capping was
performed twice. Prior to final cleavage the resin was washed
ten times with dichloromethane.

Cleavage method A: in the case of building block 13 the resin
was shaken for 90 min with 1 ml of a solution that contained
850 ul TFA, 50 ul triisopropylsilane, 50 ul m-cresol, 50 pl water
and 5 mg cysteine methyl ester. The resin was washed with 200 ul
TFA. Then, 120 ul water were added to the combined filtrates.
After 18 h shaking the solution was concentrated to 1/5 of its
volume. The crude product precipitated upon addition of cold
diethylether. The pellet obtained after centrifugation and disposal
of the supernatant was washed with cold diethylether and collected
by centrifigation.

Cleavage method B: when building block 14 was used the
resin was shaken for 5 h with 1 ml of a 1 M solution of
trimethylsilylbromide—thioanisol and 50 pl m-cresol in TFA at
5 °C. The crude product was concentrated, precipitated with cold
ether and collected by centrifugation.

Cleavage method C: in the case of building block 15 the resin
was shaken for 90 min with a mixture of 950 ul TFA, 25 ul water,
12.5 ul 1,2-ethanedithiol and 12.5 pl triisopropylsilane. Further
work-up was performed as described for method A.

Synthesis of Ac-pTyr-Glu-Thr-Leu-Gly-OH (1)

Method A: Fmoc-Gly-Wang-resin (12.5 mg, 10 pmol) and Fmoc-
Tyr(PO(NMe,),) 13 were used. Analytical HPLC-MS (gradient 1)
exposed two major products at 7, = 5.1 min (30.8% of integral area
at 2 =210 nm) and r, = 8.2 min (69.2%). [M + H]*: m/z 704.2 for
peptide 1b and 1a (CsH,,N;O,P,: 703.25 g mol ™).

Method B: Fmoc-Gly-Wang-resin (2 pmol) and building block
14 were used. Analytical HPLC-MS (gradient 1) exposed two
major products at r, = 5.1 min (40.3%) and r, = 8.2 min (59.7%)
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(IM + HJ*: m/z 704.2). Purification by prep. HPLC resulted in
10.4% overall yield of peptide 1a determined with an extinction
coefficient for phosphotyrosine at 4 = 260 nm of 652 M~' cm™'.%*

Method C: Fmoc-Gly-Wang-resin (2 pmol) and building block
15 were used. Analytical HPLC-MS (gradient 1) revealed 97.9%
peptide 1a and 2.1% 1b. Purification by prep. HPLC furnished
peptide 1a in 29.1% overall yield.

Synthesis of peptides 2—7

Fmoc-Gly-TGR-resin (42 mg, 5 pumol) and Fmoc-
Tyr(PO(NMe,),) 13 were used. HPLC-MS analysis (gradient 1)
exposed two peaks for peptide 2 (1.9 min and 3.0 min, [M +
H]*: m/z 647.2), one peak for peptide 3 (6.8 min, [M + H]*:
m/z 659.2), two peaks for peptide 4 (4.4 min and 7.2 min, [M +
H]*: m/z 631.2), one peak for peptide 5 (5.9 min, [M + H]*: m/z
517.3), two peaks for peptide 6 (gradient 2, 5.6 min and 8.1 min,
[M + H]*: m/z 623.3) and two peaks for peptide 7 (2.9 min and
5.9 min, [M + HJ*: m/z 517.3).

Synthesis of Ac-pTyr-Gly-Thr-Leu-Gly-OH (4a/4b)

Fmoc-Gly-Wang-resin (230 mg, 150 pmol) and Fmoc-
Tyr(PO(NMe,),) 13 were used. HPLC-MS analysis (gradient 2)
exposed two major peaks at r, = 7.5 min and r, = 13.4 min ((M +
H]*: m/z 704.2) for peptide 4a and 4b (CxH,N;O,,P,: 703.25 g
mol™"). The crude product was purified by prep. HPLC to yield
16.1 mg peptide 4a (15.3%) and 35 mg depsipeptide 4b (33.2%)
after lyophylisation.

'"H-NMR for 4a (DMSO-d®), 300 MHz, ¢ 0.83-0.89 (dd, J =
6.5 Hz, J = 12.4 Hz, 6 H, 2 x CH;-Leu); 1.03 (d, J = 6.3 Hz,
3 H, CH;-Thr); 1.50 (t, J = 7.2 Hz, 3 H, CH,-Leu); 1.63 (m, 1
H, CH-Leu); 1.78 (s, 3 H, Ac-CH;); 2.85(ddd, J = 7.2 Hz, J =
14.0 Hz, J = 24.0 Hz, 2 H, CH,-pTyr); 3.65-3.86 (m, 4 H, 2 x
CH,-Gly); 3.97-4.04 (m, 1 H, CH-OH-Thr); 4.26 (dd, / = 4.1 Hz,
J = 8.3 Hz, 1 H, CH-Thr); 4.31-4.37 (m, 1 H, CH-Leu); 4.39—
448 (m, 1 H, CH-pTyr); 7.13 (dd, J = 8.1 Hz, J = 50.3 Hz, 4 H,
CH,om.-pTyr); 7.71 (d, J = 8.3 Hz, 1 H, NH-Thr); 7.89 (d, J =
8.4 Hz, 1 H, NH-Leu); 8.17-8.23 (m, 2 H, NH-pTyr, NH-Gly);
8.39 (t, J = 5.6 Hz, 1 H, NH-Gly) ppm.

BC-NMR: (DMSO-d%), 75 MHz, ¢ 19.9 (1 C, CH;-Thr); 22.0,
229 (2 C, 2 x CHj-Leu); 23.6 (1 C, CH-Leu); 24.5 (1 C, CHs-
acetyl); 37.0 (1 C, CH,-pTyr); 42.7 (1 C, CH,-Gly); 51.3 (1 C,
CH-Leu); 54.8 (1 C, CH-pTyr); 58.4 (1 C, CH-Thr); 67.2 (1 C,
CH-OH-Thr); 120.1 (2 C, CH-pTyr-arom.); 130.5 (2 C, CH-pTyr-
arom.); 134.1 (1 C, Cq-pTyr); 150.4 (1 C, Cq-O-pTyr); 169.4 (1 C,
Gly-C=0); 170.0 (1 C, Thr-C=0); 170.2 (1 C, acetyl-C=0); 171.5
(1 C, Leu-C=0); 172.3 (1 C, pY-C=0); 172.8 (1 C, Gly,;r.-C=0)
ppm.

'"H-NMR for 4b (DMSO-d°), 300 MHz,6 0.83-0.92 (m, 6 H, 2 x
CH;-Leu); 1.25(d, J = 6.4 Hz, 3 H, CH;-Thr); 1.50 (t, / = 7.2 Hz,
3 H, CH,-Leu); 1.63 (m, 1 H, CH-Leu); 1.78 (s, 3 H, Ac-CH,);
2.85(ddd, J =7.2Hz, J = 14.0 Hz, J = 24.0 Hz, 2 H, CH,-pTyr);
3.68-3.81 (m, 2 H, CH,-Gly); 3.82-4.28 (m, 3 H, CH,-Gly, CH-
Thr); 4.34-4.63 (m, 2 H, CH-Leu, CH-pTyr); 4.96 (p, J/ = 6.3 Hz,
1 H, CH-O-Thr); 7.13 (dd, J = 8.1 Hz, J/ = 50.3 Hz, 4 H, CH,;o,,. -
pTyr); 8.19-8.23 (m, 2 H, NH-Gly, NH-Leu); 8.37-8.49 (m, 3 H,
NH-pTyr, NH,-Thr); 8.82 (d, J = 8.1 Hz, 1 H, NH-Gly) ppm.

BC-NMR (DMSO-d°), 75 MHz, J 16.8 (1 C, CH;-Thr); 22.0,
22.9 (2 C, 2 x CHj;-Leu); 23.6 (1 C, CH-Leu); 24.5 (1 C, CHs-
acetyl); 37.0 (1 C, CH,-pTyr); 40.1 (1 C, CH,-Gly); 51.3 (1 C,
CH-Leu); 54.8 (1 C, CH-pTyr); 55.8 (1 C, CH-Thr); 70.2 (1 C,
CH-O-Thr); 120.1 (2 C, CH-pTyr-arom.); 130.5 (2 C, CH-pTyr-
arom.); 134.1 (1 C, Cq-pTyr); 150.4 (1 C, Cq-O-pTyr); 165.7 (1 C,
Gly-C=0); 170.0 (1 C, Thr-C=0); 170.2 (1 C, acetyl-C=0); 171.5
(1C,Leu-C=0);172.3 (1 C, pTyr-C=0); 172.8 (1 C, Gly o, -C=0)
ppm.

Synthesis of depsipeptide Ac-pTyr-Gly-Thr-Leu-Gly-NH, (4b)

Fmoc-Gly-TGR-resin (17 mg, 2 umol) and Fmoc-Tyr(PO;H,)
were used. The first amino acids were coupled according to
the general protocol. After coupling of Boc-threonine the resin
was washed three times with DMF and dichloromethane. Subse-
quently, the resin was submitted to a double coupling with 2 mg
Fmoc-glycine (297.3 g mol™', 3 eq.) in 50 pl dichloromethane and
DMF with 0.3 eq. DMAP and 1.1 ul diisopropylcarbodiimide
(3 eq.). The synthesis was continued as described in the general
method. HPLC-MS analysis (gradient 1) showed one major
product at r, = 4.7 min ([M + H]*: m/z 631.2) for depsipeptide 4b
(CysH3NgO,, Py: 630.24 g mol ™).

Synthesis of peptides 811

Fmoc-Gly-Wang-resin (3 mg, 2 umol) was used. HPLC-MS
analysis (gradient 1) showed two major peaks for peptide 8 (r, =
3.8 min and 5.6 min, [M + H]*: m/z 604.2), for peptide 9 (r, =
7.4 min and 8.1 min, [M + H]*: m/z 604.2), for peptide 10 (r, =
3.1 min and 5.8 min, [M + H]*: m/z 604.2) and for peptide 11 (r, =
6.4 min and 8.8 min, [M + H]": m/z 675.2).

Synthesis of peptide Asp-Ile-pTyr-Glu-Thr-Asp-Gly 12

Fmoc-Gly-Wang-resin (3 mg, 2 umol) was used.

Method A: analytical HPLC-MS (gradient 1) showed two major
products at r, = 5.9 min (30.0%) and r, = 8.2 min (58.5%) ([M +
H]*: m/z 934.3) for peptides 12b and 12a (C;H;5,N;04,P,:933.30 g
mol "), respectively, and minor peaks for aspartamide by-products
(11.5% at r, = 6.4 min, 8.1 min and 8.9 min, [M + H]": m/z
916.2). After 90 min deprotection 64.8% 12a, 2.6% 12b and 32.6%
protected peptide (9.8 min and 12.0 min, [M + H]*: m/z 988.3)
were found. Purification by prep. HPLC furnished 11.9% overall
yield.

Method B: HPLC-MS analysis of crudes obtained after 90 min
deprotection time revealed products (gradient 1) at r, = 5.9 min
(23.8%, 12b), r, = 7.2 min (65.2%, 12a) (M + H]*: m/z 934.3) and
11.0% methyl-protected peptide (r, = 7.3 min and 8.4 min [M +
HJ*: m/z 948.3).

Method C: HPLC-MS analysis of crudes obtained after 90 min
deprotection time showed one major peak for 12a (98%) and one
minor peak for 12b (2.0%). Purification by prep. HPLC furnished
peptide 12a in 52.2% overall yield.
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The marine alkaloid oroidin along with a small library of reverse amide (RA) 2-aminoimidazoles were
synthesized and assayed for anti-biofilm activity against PAO1 and PA14, two strains of the medically
relevant y-proteobacterium Pseudomonas aeruginosa. Analogues that contained a long, linear alkyl
chain were more potent inhibitors than the natural product at preventing the formation of PAO1 and
PA14 biofilms. The most active compound in the series was also shown to disperse established PAO1

and PA 14 biofilms at low micromolar concentrations.

Introduction

Recent developments in the fields of bacteriology and infectious
disease have revealed that bacteria often exist as intertwined
communities rather than as independent microorganisms.' These
surface associated microcolonies have come to be known as
biofilms and are ubiquitous in nature.? Biofilms underpin a signif-
icant list of problems encountered in the agricultural, engineering,
and medical sectors of the global economy. The NIH estimates
that approximately 3 out of 4 microbial infections that occur
in the body are biofilm mediated.® Biofilms also underlie high
morbidity rates in patients who suffer from cystic fibrosis. Bacteria
that reside within the biofilm state display different phenotypes
than their planktonic brethren and become more resistant to
many antibiotics and biocides that would often lead to their
eradication.*®

Despite the prevalence of biofilms in our society, examples of
molecular scaffolds that inhibit biofilm formation are scarce. These
limited examples include the homoserine lactones (1) which are
naturally occurring signaling molecules that elicit their activity
through disruption of bacterial communication,® brominated
furanones (2) which were originally isolated from the macroalga
Delisea pulchra,™® and ursene triterpenes (3) from the plant
Diospyros dendo (Fig. 1).°
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Fig. 1 Molecules known to inhibit biofilm formation.
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Our research group has become interested in exploiting the
oroidin class of marine alkaloids as molecular inspiration for de-
veloping novel compounds that possess anti-biofilm properties.'
The activity of oroidin has been documented in a limited number
of studies involving bacterial attachment and colonization.'*"
Oroidin has also been shown to inhibit biofouling driven by the
marine o-proteobacterium R. salexigens.”® Due to this activity and
chemical simplicity, oroidin was selected as a lead compound
for structure activity relationship (SAR) studies in hopes of
discovering a diverse range of compounds that possess anti-biofilm
properties. One intriguing approach involved reversal of the amide
bond highlighted in Fig. 2 which connects the bromopyrrole tail
of oroidin 4 to the 2-aminoimidazole (2-Al) head.

------ 3 N XN
! o ; H2N4</ ]/\/\NHQ
Ao N N 5 N 5 o
HN—C | H W + Y MeOWNHz
A 4 Br cleoc N NH;
oroidin Q/BT 7
6 Br

reverse amide scaffold

Fig. 2 Retrosynthetic analysis of oroidin and the RA scaffold.

One of the best methods for large scale preparation of the 2-Al
scaffold en route to prepare oroidin and other family members
involves Akabori reduction (Na—Hg) of ornithine methyl ester 7
followed by condensation with cyanamide under pH controlled
conditions.''¢ Derivatization can then be achieved via acylation
of the alkyl amine off the carbon tail with variously substituted
trichloroacetyl pyrroles. However, this chemistry is plagued by
severe limitations, most notably the overall lack of compatibility
of this system with other trichloroacetyl esters. In addition,
solubility issues of the parent 2-Al leaves much to be desired. Many
attempts by our group in developing other acylation conditions
that would allow for the generation of greater diversity have
proven unfruitful. From a practical standpoint, purifications of
intermediates bearing an unprotected 2-Al often require large
amounts of methanol saturated with ammonia (MeOH-NH,;),
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which is cumbersome to prepare and can be difficult to remove
from the pure sample after column chromatography.

Implementation of a reverse amide approach, coupled with a
practical protecting group strategy, would effectively eliminate
many of the aforementioned handicaps with current methods.
Installation of the reverse amide bond could be obtained by direct
aminolysis of an intermediate Boc-2AI alkyl ester or through
couplings of a carboxylic acid (Fig. 2). These intermediates
could be accessed through a-bromoketones which are obtained by
diazomethane homologation with the proper acyl chloride. Addi-
tionally, significant diversity can be achieved by incorporating any
commercially available amine with a common RA intermediate.
Herein we report the synthesis of a focused reverse amide (RA)
library (Fig. 3) and subsequent biological evaluation of the library
in comparison to the natural product oroidin in the context of
anti-biofilm activity of biofilms formed by the medically relevant
y-proteobacterium Pseudomonas aeruginosa.
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Fig.3 Members of the RA pilot library.

Results and discussion
Synthesis of RA Library

Scaffold synthesis began with treatment of the commercially avail-
able acid chloride 17 with diazomethane (Scheme 1)."” Quenching
with concentrated HCl or HBr delivered the corresponding o-
haloketones in excellent yields which were isolable by column
chromatography. Installation of the protected 2-aminoimidazole
moiety was achieved through a Boc-guanidine condensation in
DMF at ambient temperature to yield 18. Significantly higher
yields for this step were obtained when two equivalents of sodium
iodide were added to the reaction mixture and represents a
significant improvement over previous reports.”*" It was also
observed during this sequence that the a-bromoketone afforded
higher yields than its a-chloro counterpart in the cyclization
reaction.

o
cl a, b /N CO,Me c N COH
HN— | T HN |
N~ 18 N~ -HCI
Boc H 19
COy,Me \ d
Ri Ri
N N. N N.
f
HZN_</ m Ry _er HQN{/ ]A/\g/ Ry
N N~ -HCI
Boc H
Scheme 1 1st Generation synthesis of the RA scaffold. Reaction condi-

tions: (a) i. CH,N,, Et,0-CH,Cl,, 0 °C ii. conc. HCI (90%) or conc. HBr
(93%) (b) Boc-guanidine. Nal, DMF, 65% (¢) LiIOH, MeOH-THF-H,O
(3:1:1)then 1 N HCl to pH = 5, 94% (d) AlMe;, NR,R,, DCE, 0 °C to
60 °C (e) TFA, CH,Cl,, (f) 2 M HCl in Et,0.

The first approach to the RA scaffold relied heavily on
the aminolysis of intermediate 18 since this would afford the
Boc-protected RA precursors in a single synthetic step. After
deprotection with TFA and HCI salt exchange, isolation of the
targets would require only filtration with no need for further
purification. Based upon the seminal paper published by Weinreb
and co-workers on the transformation, trimethylaluminium was
used as the Lewis acid to affect the direct aminolysis reaction.?
Numerous reaction factors were taken into account such as choice
of solvent, equivalents of aluminium-amine complex, reagent
order of addition, time, and temperature. Despite all of the
conditions scanned (data not shown), the highest yielding reaction
occurred in only 55% yield when aniline was used as the amine
partner. Triazabicyclo[4.4.0]dec-5-ene (TBD) was also examined
as a potential catalyst to promote the direct aminolysis of ester
18.2' Heating both starting materials in the presence of 30 mol%
of TBD in toluene at elevated temperatures for extended periods
of time failed to produce any desired product as evident by TLC
analysis (data not shown).

Due to the problems encountered utilizing aminolysis, we opted
for a more conventional route to access the RA scaffold through
the intermediacy of an activated carboxylic acid. Unfortunately,
saponification of the methyl ester 18 proved problematic on
this system as cleavage of the Boc group was observed under
the basic conditions of both LIOH-MecOH-THF-H,O or Lil-
pyridine. Decomposition of the methyl ester was also observed
when TMSOK in methylene chloride or (Bu;Sn),O in toluene
at either ambient temperature or reflux were employed as the
saponification agents (data not shown).

Persuaded by these results that the current route required
revision, we began a second generation approach to our core
scaffold (Scheme 2). This approach relied on a different protecting
group strategy, substituting the methyl ester for a benzyl ester
which, in the case of another failed attempt at aminolysis, would
undergo hydrogenolysis under mild conditions to deliver the
corresponding Boc-protected acid 22. Synthesis began with the
known monobenzyl ester acid*? 20 which was transformed into the
benzyl protected a-bromoketone by conversion to its acid chloride
followed by diazomethane homologation and concomitant quench
with concentrated HBr. Cyclization of this intermediate afforded
the Boc-protected 2-Al 21 in 66% yield. All attempts at direct
aminolysis of benzyl ester 21 resulted in sluggish reactions that
were plagued by the formation of multiple side products.

o] R
ab N COR a-f N N.g
HO HzN—</N]/\/\ 5 - HZN—</ ‘ ) 2
Boc H -HCI
CO;zBn R=Bn(21)
20 e[ Rk (22)

Scheme 2 2nd Generation synthesis of the RA scaffold. Reaction
conditions: (a) i. (COCl),, DMF (cat.), CH,Cl, ii. CH,N,, Et,0-CH,Cl,,
0 °C iii. conc. HBr, 88% (b) Boc-guanidine, DMF, 66% (c¢) H, (1 atm),
10% Pd/C, THF, 98% (d) EDC, HOBt, NR,R,, DMF (e) TFA, CH,Cl,
()2 M HCl in Et,0.

Given the failure of the direct aminolysis conversion, the two-
step approach to the RA scaffold was investigated. Deprotection
proceeded as planned and was accomplished by subjecting 21 to a
hydrogen atmosphere at balloon pressure which cleanly afforded
pure Boc-protected acid 22 in near quantitative yield (98%). With
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the acid now in hand and available on a multi-gram scale, attempts
to install the key amide bond were assessed. A number of activating
agents were scanned including DCC, EDC, HCTU, CDI, and
cyanuric chloride to affect the transformation. Of those listed
only EDC and HCTU were able to give consistent and tangible
results. EDC was chosen over HCTU due to ease of purification
in separating side products during column chromatography. It
was during this optimization that the limitation of the synthetic
route was identified to be the reactivity of the Boc group. A
significant quantity of a Boc-protected starting amine was isolated
and characterized, signifying the lability of the Boc-group due to
Boc-transfer under the reaction conditions regardless of which
activating agent was used.

With two routes in hand to generate the RA scaffold, we
assembled the focused library outlined in Table 1. EDC-HOBt
couplings of acid 22 were used to generate most of the linear alkyl
chain analogues (28-34%) while aminolysis of the methyl ester
intermediate 18 furnished the remaining compounds (11-55%)
in the library (Table 1). The final step of the synthetic approach
required removal of the Boc group, which proceeded at room
temperature in TFA-DCM. The resulting trifluoroacetate salts of
each target were then traded out for their HCI counterparts before
characterization and assessment of their biological activity.

Biological evaluation of RA library

Nosocomial infections are driven by a persistent bacterial colo-
nization of hospital facilities, wherein the bacteria are extremely
resistant to eradication because they exist in a biofilm state. P
aeruginosa is an opportunistic y-proteobacterium that is a serious
threat to immunocompromised patients and is frequently isolated
from patients found in intensive care units suffering from severe
burns or other traumas. It is the second most common pathogen
in hospital-acquired pneumonia behind Staphylococcus aureus.
For cystic fibrosis patients, the onset of colonization by this
bacterium is of great concern. Morbidity rates of patients who
suffer from the disease are directly correlated to the virulence of
P. aeruginosa biofilms.*** The speed and prevalence with which
multidrug resistant (MDR) strains are appearing puts pressure
on the medical community to find ways to combat the aggressive
nature of this bacterium.?

Table 1 Completion of the RA library

"y R
. aorb N N\R cd N N‘R
Aming  ——— HZN——(N]/\/\g 2 od H2N4</Nm 2
Boc H
Amine Conditions Coupled product Target
Isobutylamine a 23 8
Hexylamine b 24 9
Octylamine b 25 10
Decylamine a 26 11
Dododecylamine b 27 12
Cyclopentylamine a 28 13
Morpholine a 29 14
Aniline a 30 15
2-Aminopyrimidine a 31 16

Reaction conditions: (a) AlMe,, 18, DCE, 0 °C to 60 °C (b) 22, EDC,
HOBt, DMF (¢) TFA, CH,Cl,, (d) 2 M HCl in Et,O

Members of the reverse amide library along with oroidin'¢
were initially screened at 500 uM in a 96-well format using a
crystal violet reporter assay to assess each compound’s ability
to inhibit the formation of PAO1 or PA14 biofilms (Fig. 4).
Compounds 5, 19, and 32 were used as controls in the assays
and all showed only marginal inhibition. There was a remarkable
range of activities among the RA compounds analyzed in the
inhibition assay. Similar activities were observed between PAO1
and PA14, although most compounds were slightly more potent
against PA14. Interestingly, this trend is opposite to our previ-
ously reported bromoageliferin analogues.” These screens also
suggested that the aliphatic chain derivatives (9—12) and oroidin 4
were very potent inhibitors of P. aeruginosa biofilms.

N T
NH,
o HoN—¢ :
“ n : <N I oney
=N p —Br . H 5

N~
HoN /]/ H i
: ‘<N “HCI

H

Br Nj/\/\ NH,
4 4 2
oroidin HZN‘<N |

*2HCI
Ho a2
N Ry N OH
N Hel E HCI
H
reverse amide scaffold L
o H H H
CH. N TR, N 1.N__.N
H 3 + N CHs o X B <
- % f - g
R4 }{:N\)\CHa ‘| ]\‘vjf: \O ‘,‘;N\) NJ
8 9n=5 13 14 15 16
10n=7
1Mn=9
12n=11
Compound % Inhibition vs. PAO1 % Inhibition vs. PA14
oroidin (4) >95 >95
5 14+3 10£2
32 20+2 15+ 1
19 9+4 1241
8 31+2 50+3
9 >95 >05
10 >95 >95
11 =95 =95
12 >95 >05
13 64+ 5 70+ 6
14 53+£3 67+5
15 49+6 63+4
16 31+4 55+5

Fig. 4 Preliminary inhibition data at 500 uM for the RA library. All
values are averages of at least three experiments.

Subsequently the aliphatic derivatives (9-12) and oroidin 4 were
selected for ICs, value determination against PAO1 and PA14
(Table 2). The generation of dose-response curves for compounds
9-12 revealed a correlation between the length of the carbon chain
and the potency of the compound (supporting information). This
trend is apparent when the ICs, values are plotted as a function
of chain length in both PAO1 and PA14 (Fig. 5). Increasing the

Table 2 PAOI and PA14 IC,, values

Compound PAO1 IC,,/pM PA14 ICs/uM
Oroidin (4) 190 £ 9 166 + 23
9(n=>5) 327465 39.9+13.0
10(n="7) 184423 133+18
11(n=9) 841 641
12(n=11) 2.84 £ 0.93 2.26 4 0.83
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Fig. 5 Structure activity relationship of aliphatic chain RA analogues.

chain length from six to twelve carbons effectively increased the
inhibition activity over a full order of magnitude in both strains.
All linear carbon chain analogues were significantly more potent
than oroidin (PAO1 ICs, = 190 uM, PA14 ICs, = 166 uM).
The most active RA analogue identified was 12 (PAOI1 ICs5, =
2.84 uM, PA14 IC;, = 2.26 uM), effectively demonstrating that
changes to certain portions of the natural product have the ability
to dramatically increase biological activity.

To validate that our compounds were true inhibitors of biofilm
formation and not acting as bactericidal agents, growth curves
were performed at the determined ICs, values for PAO1 and PA14
with the dodecyl-based analogue 12 and oroidin 4. Bacterial cell
densities for both strains remained unchanged when grown in
the presence or absence of either the natural product 4 or 12
throughout a 24 hour time period (supporting information).

While the focus has predominantly been on designing small
molecules that inhibit the formation of bacterial biofilms, the more
significant challenge is the development of a small molecule that
will disperse established biofilms. Treatment of chronic infections
is commonly hindered by the presence of established biofilms that
impart increased resistance to conventional antibiotics.® Small
molecules able to disperse established biofilms are, therefore, of
great interest to the medical community. To test for the ability
to disperse established biofilms, PAO1 and PA14 were allowed to
form biofilms for 24 hours in the absence of compound. After this
time the media was discarded. The wells were washed and fresh
media was added containing varying concentrations of 12 and
then incubated at 37 °C for 24 hours. RA analogue 12 displayed
significant anti-biofilm activity, dispersing established PAO1 and
PA14 biofilms with ECs, values of 32.8 £ 4.7 uM and 21.3 £+
3.9 uM respectively (Fig. 6).

Conclusion

We have identified several reverse amide (RA) analogues that
possess potent anti-biofilm properties. These compounds are
based on a reverse amide scaffold which switches the directionality
of the amide bond frequently found in many members of the
oroidin class of marine alkaloids. The path taken to access these
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Fig. 6 Dispersion of established P. aeruginosa with 12.

derivatives allows for rapid synthesis and simplified purification
of all library members. Clearly, the most potent derivatives were
those that contained linear carbon chains of various lengths from
the amide nitrogen. The most active of these compounds, 12, has
also been shown to disperse established P. aeruginosa biofilms at
low micromolar concentrations, making it a highly noteworthy
addition to the limited number of small molecules known to
possess such characteristics.?=*! Current efforts are under way to
develop a more versatile route which leads to improved yields
during the amide bond formation step. It also remains a goal to
identify even more potent compounds with structures similar to
the most active analogues identified in this study while gaining
mechanistic insight into how these compounds elicit their anti-
biofilm effects.

Experimental

Stock solutions (100, 10, 1 mM) of all compounds assayed for
biological activity were prepared in DMSO and stored at room
temperature. The amount of DMSO used in both inhibition and
dispersion screens did not exceed 1% (by volume). P. aeruginosa
strains PAO1 and PA14 were graciously supplied by the Wozniak
group at Wake Forest University School of Medicine.

General static inhibition assay protocol for Pseudomonas
aeruginosa.

An overnight culture of the wild type strain was subcultured
at an ODy, of 0.10 into LBNS along with a predetermined
concentration of the small molecule to be tested for biofilm
inhibition. Samples were then aliquoted (100 pL) into the wells
of a 96-well PVC microtiter plate. The microtiter dishes were
covered and sealed before incubation under stationary conditions
at 37 °C for 24 hours. After that time, the medium was discarded
and the plates thoroughly washed with water. The wells were then
inoculated with a 0.1% aqueous solution of crystal violet (100 pL)
and allowed to stand at ambient temperature for 30 minutes.
Following another thorough washing with water the remaining
stain was solubilized with 200 pL of 95% ethanol. Biofilm
inhibition was quantitated by measuring the ODs,, for each well by
transferring 125 uL of the ethanol solution into a fresh polystyrene
microtiter dish for analysis.
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General static dispersion assay protocols for Pseudomonas
aeruginosa.

An overnight culture of the wild type strain was subcultured at
an ODygy, of 0.50 into LBNS and then aliquoted (100 pL) into the
wells of a 96-well PVC microtiter plate. The microtiter dishes were
covered and sealed before incubation under stationary conditions
at room temperature to allow formation of the biofilms. After
24 hours the medium was discarded and the plates thoroughly
washed with water. Fresh medium containing the appropriate
concentration of compound was then added to the wells. The
plates were again sealed and this time incubated under stationary
conditions at 37 °C. After 24 hours, the media was discarded
from the wells and the plates washed thoroughly with water. The
wells were inoculated with a 0.1% aqueous solution of crystal
violet (100 pL) and allowed to stand at ambient temperature for
30 minutes. Following another thorough washing with water the
remaining stain was solubilized with 200 pL of 95% ethanol.
Biofilm dispersion was quantitated by measuring the ODs,, for
each well by transferring 125 pL of the ethanol solution into a
fresh polystyrene microtiter dish for analysis. Percent dispersion
was calculated by comparison of the ODs,, for established biofilm
(untreated) versus treated established biofilm under identical
conditions.

Chemistry

All reagents including anhydrous solvents used for the chemical
synthesis of the library were purchased from commercially avail-
able sources and used without further purification unless otherwise
noted. All reactions were run under either a nitrogen or argon
atmosphere. Flash silica gel chromatography was performed with
60 A mesh standard grade silica gel from Sorbtech. 'H and C
NMR spectra were obtained using Varian 300 MHz or 400 MHz
spectrometers. NMR solvents were purchased from Cambridge
Isotope Labs and used as is. Chemical shifts are given in parts per
million relative to DMSO-d; (6 2.50) and CDCl; (6 7.27) for proton
spectra and relative to DMSO-d; (6 39.51) and CDCl, (6 77.21) for
carbon spectra with an internal TMS standard. High-resolution
mass spectra were obtained at the North Carolina State Mass
Spectrometry Laboratory for Biotechnology. ESI experiments
were carried out on an Agilent LC-TOF mass spectrometer.

6-Bromo-5-oxo-hexanoic acid methyl ester. Methyl glutaryl
chloride (2.5 mL, 18.23 mmol) was dissolved into anhydrous
dichloromethane (10 mL) and added drop-wise to a 0 °C solution
of CH,N, (55.0 mmol generated from Diazald®-KOH) in diethyl
ether (150 mL). This solution was stirred at 0 °C for 1.5 h at
which time the reaction was quenched via the drop-wise addition
of 48% HBr (7.5 mL). The reaction mixture was diluted with
dichloromethane (25 mL) and immediately washed with sat.
NaHCO; (3 x 25 mL) and brine (2 x 25 mL) before being dried
(MgS0,), filtered and concentrated. The crude oil was purified
via flash column chromatography (10-30% EtOAc-hexanes) to
obtain the title compound (3.76 g, 93%) as a colorless oil. 'H
NMR (400 MHz, CDCl;) ¢ 3.91 (s, 2H), 3.68 (s, 3H), 2.76 (t, 2H,
J=172Hz),2.38(t,2H, J =7.2 Hz), 1.95 (quint., 2H, J = 7.2 Hz);
BCNMR (75 MHz, CDCl;) 6 201.36, 173.41, 51.67, 38.74, 34.16,
32.87, 19.13; HRMS (ESI) calced for C,H;,0;Br (MH)* 222.9964,
found 222.9964.

6-Chloro-5-oxo-hexanoic acid methyl ester. Using the same
general procedure as used above but instead quenching with conc.
HCl afforded the chloro derivative (2.93 g, 90%) as a colorless oil.
"HNMR (400 MHz, CDCl;)0 4.13 (s,2H), 3.67 (s, 3H), 2.69 (t, 2H,
J=7.2Hz),2.38(t,2H,J =7.2 Hz), 1.94 (quint., 2H, J = 7.2 Hz);
BCNMR (100 MHz, CDCl;) 6 201.85, 173.33, 51.57,48.22, 38.47,
32.66, 18.61; HRMS (ESI) calcd for C;H,,0,C1 (MH)* 179.0469,
found 179.0476.

6-Bromo-5-oxo-hexanoic acid benzyl ester. Butanoic acid
monobenzyl ester 20 (3.00 g, 13.6 mmol) was dissolved in an-
hydrous dichloromethane (70 mL) at 0 °C and a catalytic amount
of DMF was added. To this solution was added oxalyl chloride
(3.60mL, 41.3 mmol) drop-wise and the solution was then warmed
to room temperature. After 1 h, the solvent and excess oxalyl
chloride were removed under reduced pressure. The resulting solid
was dissolved into anhydrous dichloromethane (10 mL) and added
drop-wise to a 0 °C solution of CH,N, (42.0 mmol generated
from Diazald®-KOH) in diethyl ether (120 mL). This solution
was stirred at 0 °C for 1.5 h at which time the reaction was
quenched via the drop-wise addition of 48% HBr (4.7 mL). The
reaction mixture was diluted with dichloromethane (25 mL) and
immediately washed with sat. NaHCO; (3 x 25 mL) and brine (2 x
25 mL) before being dried (MgSO,), filtered and concentrated. The
crude oil was purified by flash column chromatography (0-30%
EtOAc-hexanes) to obtain the title compound (3.57 g, 88%) as a
colorless oil. "H NMR (400 MHz, CDCl;) 6 7.35 (m, 5H), 5.12 (s,
2H), 3.85 (s, 2H), 2.73 (t,2H, J = 6.8 Hz), 2.42 (t,2H, J = 6.8 Hz),
1.96 (quint., 2H, J = 6.8 Hz); *"C NMR (75 MHz, CDCl;) 6 201.43,
172.88, 136.15, 128.79, 128.48, 128.45, 66.52, 38.74, 34.07, 33.20,
19.23; HRMS (ESI) calcd for C;;H,,O;Br (MH)* 299.0277, found
299.0279.

2- Amino-4-(3-methoxycarbonyl-propyl)-imidazole-1-carboxylic
acid zert-butyl ester (18). 6-Bromo-5-oxo-hexanoic acid methyl
ester (2.30 g, 10.3 mmol), Boc-guanidine (4.92 g, 30.9 mmol),*
and Nal (3.07 g, 20.6 mmol) were dissolved in DMF (30 mL) and
allowed to stir at room temperature. After 24 h the DMF was
removed under reduced pressure and the residue was taken up
in ethyl acetate (100 mL) and washed with water (3 x 50 mL)
and brine (50 mL) before being dried (Na,SO,), filtered and
evaporated to dryness. The resulting oil was purified by flash
column chromatography (50-100% EtOAc-hexanes) to obtain a
yellow oil. Trituration of the viscous oil with cold hexanes (20 mL)
produced a precipitate, which upon filtration yielded 18 (1.89 g,
65%) as a pale yellow solid. "H NMR (400 MHz, CDCl;) ¢ 6.53
(s, 1H), 5.6 (br s, 2H), 2.41 (t, 2H, J = 7.2 Hz), 2.37 (t, 2H,
J = 7.2 Hz), 1.93 (quint., 2H, J = 7.2 Hz), 1.58 (s, 9H); BC
NMR (75 MHz, CDCl;) 6 174.09, 150.11, 149.61, 138.39, 107.15,
84.81, 51.56, 33.65, 28.18, 27.68, 23.82; HRMS (ESI) calcd for
C;3H,N;0, (MH)* 284.1604, found 284.1606.

4-(2-Amino-1H-imidazol4-yDbutyric acid hydrochloride (19).
To 2-amino-4-(3-methoxycarbonyl-propyl)-imidazole-1-carbo-
xylic acid tert-butyl ester 18 (50 mg, 0.176 mmol) was added
methanol (0.60 mL), tetrahydrofuran (0.20 mL), and water
(0.20 mL). Lithium hydroxide (9 mg, 0.352 mmol) was then added
and the reaction was stirred at room temperature for 30 min. The
pH of the solution was carefully adjusted to pH = 5 with a 1
N aqueous solution of HCI before being evaporated to dryness.
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The crude product was purified via a silica gel plug (100% MeOH
sat. NH;) to deliver the product as its corresponding free base.
The hydrochloride salt was obtained through addition of a single
drop of concentrated HCI to a methanolic solution (2 mL) of the
free base. Rotary evaporation of this solution afforded 19 (34 mg,
94%) as a white solid. "H NMR (300 MHz, DMSO-d,) d 12.25 (s,
1H), 12.13 (br s, 1H), 11.77 (s, 1H), 7.33 (s, 2H), 6.54 (s, 1H), 2.43
(t, 2H, J = 7.2 Hz), 2.21 (t, 2H, J = 7.2 Hz), 1.73 (m, 2H); “C
NMR (100 MHz, DMSO-d;) § 174.04, 146.92, 126.01, 108.62,
32.81, 23.47, 23.05; HRMS (ESI) caled for C;H,;,N,0, (MH)*
170.0924, found 170.0927.

2- Amino-4-(3-benzyloxycarbonyl-propyl)-imidazole-1-carboxy-
lic acid rert-butyl ester (21). 6-Bromo-5-oxo-hexanoic acid ben-
zyl ester (3.42 g, 11.99 mmol) and Boc-guanidine (5.73 g,
35.97 mmol) were dissolved in DMF (35 mL) and allowed to
stir at room temperature. After 48 h the DMF was removed under
reduced pressure and the residue was taken up in ethyl acetate
(100 mL) and washed with water (3 x 50 mL) and brine (50 mL)
before being dried (Na,SO,), filtered and evaporated to dryness.
The resulting oil was purified by flash column chromatography
(30-100% EtOAc-hexanes) to obtain the title compound (2.79 g,
66%) as a colorless oil which solidified upon prolonged standing.
'"H NMR (400 MHz, CDCl;) ¢ 7.35 (m, 5H), 6.51 (s, IH), 5.91
(s, 2H), 5.12 (s, 2H), 2.41 (m, 4H), 1.94 (quint., 2H, J = 7.2 Hz),
1.57 (s, 9H); *C NMR (75 MHz, CDCl;) 6 173.45, 150.31, 149.59,
138.27, 136.36, 128.67, 128.29, 128.27, 107.05, 84.73, 66.23, 33.82,
28.16, 27.62, 23.79; HRMS (ESI) calcd for C,yHxN;0, (MH)*
360.1917, found 360.1919.

2-Amino-4-(3-carboxy-propyl)-imidazole-1-carboxylic acid terz-
butyl ester (22). To a solution of anhydrous THF (2 mL) and
10% Pd/C (12 mg) was charged 2-amino-4-(3-benzyloxycarbonyl-
propyl)-imidazole-1-carboxylic acid tert-butyl ester 21 (101 mg,
0.281 mmol). Air was removed from the system and the reaction
was back flushed with hydrogen. This process was repeated
three times before setting the reaction under a hydrogen balloon
at atmospheric pressure and temperature for 1 h. After that time
the reaction was filtered through a Celite® pad and the filter cake
was washed with THF (8 mL). The filtrate was concentrated under
reduced pressure to afford the title compound 21 (75 mg, 98%) as
a white solid. "H NMR (400 MHz, DMSO-d,) 6 6.52 (s, 1H), 6.42
(brs, 2H), 2.52 (t, 2H, J = 5.4 Hz), 2.18 (t, 2H, J = 5.4 Hz), 1.71
(m, 2H), 1.53 (s, 9H); *C NMR (100 MHz, DMSO-d;) ¢ 175.00,
149.99, 148.95, 138.28, 105.86, 84.09, 39.24, 38.85, 33.70, 27.52,
27.08, 23.52; HRMS (ESI) caled for C,,H, N0, (MH)* 270.1448,
found 270.1452.

General aminolysis procedure

To a stirring 0 °C solution of amine (0.704 mmol) in anhydrous
1,2-dichloroethane (1 mL) was added drop-wise a 2 M solution of
AlMe; in PhCH; (0.351 mL, 0.704 mmol). The solution was stirred
for 10 min before the addition of 2-amino-4-(3-methoxycarbonyl-
propyl)-imidazole-1-carboxylic acid terz-butyl ester 18 (100 mg,
0.352 mmol) in several portions. Once dissolution was complete,
the reaction was warmed to 60 °C and stirred until completion
as evident by TLC analysis. The reaction was then cooled back
down to 0 °C before being diluted with dichloromethane (5 mL)
and quenched with water (1 mL). The resulting viscous solution

was warmed to ambient temperature and Celite® was added. After
stirring for 5 min, the mixture was filtered and the filtrate washed
with brine (2 x 3 mL), dried (Na,S0O,), and evaporated to dryness.
The crude product was purified via flash column chromatography
(2-10% MeOH-CH,Cl,) to afford pure product.

2- Amino-4-(3-isobutylcarbamoyl-propyl)-imidazole-1-carboxy-
lic acid tert-butyl ester (23). White solid (46 mg, 40%). '"H NMR
(400 MHz, DMSO-d;) 6 7.75 (m, 1H), 6.51 (s, 1H), 6.37 (br s,
2H), 2.85 (t, 2H, J = 6.4 Hz), 2.22 (t, 2H, J = 6.8 Hz), 2.07 (t,
2H, J = 7.2 Hz), 1.61-1.73 (m, 3H), 1.53 (s, 9H), 0.81 (d, 6H,
J = 6.4 Hz); "C NMR (100 MHz, DMSO-d,) § 171.82, 149.92,
148.95, 138.39, 105.84, 84.04, 45.94, 34.88, 28.09, 27.52, 27.23,
24.10, 20.14; HRMS (ESI) caled for C,iH,oN,O; (MH)* 325.2234,
found 325.2238.

2- Amino-4-(3-decylcarbamoyl-propyl)-imidazole-1-carboxylic
acid tert-butyl ester (26). Tan solid (24 mg, 16%). '"H NMR
(400 MHz, DMSO-d;) 6 7.74 (m, 1H), 6.52 (s, 1H), 6.49 (br s,
2H), 3.00 (q, 2H, J = 6.8 Hz), 2.22 (t, 2H, J = 6.8 Hz), 2.04
(t, 2H, J = 6.8 Hz), 1.71 (quint., 2H, J = 6.8 Hz), 1.53 (s, 9H),
1.36 (m, 2H), 1.23 (s, 14H), 0.85 (t, 3H, J = 6.8 Hz); *C NMR
(100 MHz, DMSO-d,) 0 171.64, 149.82, 148.86, 137.90, 105.90,
84.16, 38.33, 34.88, 31.31, 29.16, 29.03, 28.97, 28.75, 28.73, 28.02,
27.51, 27.05, 26.40, 24.04, 22.12, 13.97; HRMS (ESI) calcd for
C,H,N,O; (MH)* 409.3173, found 409.3175.

2- Amino-4-(3-cyclopentylcarbamoyl-propyl)-imidazole-1-car-
boxylic acid tert-butyl ester (28). White solid (54 mg, 45%). 'H
NMR (400 MHz, DMSO-d,) ¢ 7.72 (d, 1H, J = 6.4 Hz), 6.5 (s,
1H), 6.38 (s,2H), 3.97 (m, 1H), 2.21 (t,2H, J = 7.2 Hz), 2.02 (t, 2H,
J=172Hz), 1.73 (m, 4H), 1.61 (m, 2H), 1.53 (s, 9H), 1.47 (m, 2H),
1.32 (m, 2H); “C NMR (75 MHz, DMSO-d,) ¢ 171.27, 149.92,
148.96, 138.37, 105.88, 84.02, 50.04, 34.79, 32.32, 28.05, 27.53,
27.17, 24.00, 23.43; HRMS (ESI) caled for C;;HyN,O; (MH)*
337.2234, found 337.2235.

2-Amino-4-(4-morpholin-4-yl-4-oxo-butyl)-imidazole-1-carbox-
ylic acid zert-butyl ester (29). Tan solid (33 mg, 27%). '"H NMR
(400 MHz, DMSO-d,) ¢ 6.52 (s, 1H), 6.39 (s, 2H), 3.52 (m,
4H), 3.41 (m, 4H), 2.28 (m, 4H), 1.42 (quint., 2H, J = 7.2 Hz),
1.53 (s, 9H); *C NMR (75 MHz, DMSO-d;) 6 171.43, 150.56,
149.64, 139.17, 106.58, 84.78, 66.85, 46.14, 32.23, 28.23, 27.89,
24.19; HRMS (ESI) calcd for C,;H,,N,O, (MH)* 339.2026, found
339.2027.

2-Amino-4-(3-phenylcarbamoyl-propyl)-imidazole-1-carboxylic
acid zert-butyl ester (30). White solid (66 mg, 55%). '"H NMR
(300 MHz, DMSO-d,) 6 9.88 (s, 1H), 7.59 (d, 2H, J = 8.1 Hz),
7.27 (t, 2H, J = 7.5 Hz), 7.00 (t, 1H, J = 7.2 Hz), 6.55 (s, 1H),
6.44 (brs, 2H), 2.97 (m, 4H), 1.82 (m, 2H), 1.53 (s, 9H); "C NMR
(75 MHz, DMSO-d,) 6 170.95, 149.71, 148.86, 139.25, 138.16,
128.47, 122.78, 118.98, 105.92, 84.00, 38.42, 35.71, 27.44, 27.01,
23.72; HRMS (ESI) calcd for C,sHsN,O; (MH)* 345.1921, found
345.1920.

2- Amino-4-[3-(pyrimidin-2-ylcarbamoyl)-propyl]-imidazole-1-
carboxylic acid tert-butyl ester (31). Tan solid (19 mg, 11%). 'H
NMR (400 MHz, DMSO-d¢) ¢ 10.51 (s, 1H), 8.63 (d, 2H, J =
4.8 Hz), 7.15 (t, 1H, J = 4.8 Hz), 6.54 (s, 1H), 6.40 (s, 2H), 2.49 (t,
2H, J = 7.2 Hz), 2.29 (t, 2H, J = 7.2 Hz), 1.80 (quint., 2H, J =
7.2 Hz), 1.53 (s, 9H); “C NMR (75 MHz, DMSO-d;) 6 171.34,

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 1356-1363 | 1361





158.11, 157.63, 149.76, 148.85, 138.31, 116.37, 105.81, 83.98,
35.75, 27.44, 27.05, 23.37; HRMS (ESI) calcd for C,sH,;NqO;
(MH)* 347.1826, found 347.1827.

General EDC-HOBt procedure

2-Amino-4-(3-carboxy-propyl)-imidazole-1-carboxylic acid tert-
butyl ester 22 (100 mg, 0.371 mmol), 1-hydroxybenzotriazole
(100 mg, 0.742 mmol) and N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (142 mg, 0.742 mmol) were
dissolved in anhydrous DMF (3 mL). The appropriate amine
coupling partner (1.48 mmol) was then added and the solution
was stirred at ambient temperature until completion was evident
by TLC analysis. The reaction was concentrated under reduced
pressure and the residue partitioned between ethyl acetate (20 mL)
and water (10 mL). The organic layer was successively washed
with water (3 x 10 mL), a 10% aqueous solution of citric acid (2 x
10 mL), sat. NaHCO; (2 x 10 mL), and brine (10 mL) before being
dried (Na,SO,) and evaporated to dryness. The crude product
was purified via flash column chromatography (2-10% MeOH-
CH,Cl,) to afford the target compound.

2- Amino-4-(3-hexylcarbamoyl-propyl)-imidazole-1-carboxylic
acid tert-butyl ester (24). Pale yellow solid (41 mg, 32%). 'H
NMR (300 MHz, DMSO-d;) ¢ 7.73 (m, 1H), 6.50 (s, 1H), 6.39 (s,
2H),2.99 (q,2H, J = 6.3 Hz), 2.21 (t,2H, J = 7.5 Hz), 2.04 (t, 2H,
J =17.2 Hz), 1.70 (m, 2H), 1.53 (s, 9H), 1.31 (m, 3H), 1.23 (br s,
7H), 0.85 (t, 3H, J = 5.1 Hz); "C NMR (75 MHz, DMSO-d;) ¢
171.68, 149.93, 148.95, 138.37, 105.81, 84.04, 38.35, 34.91, 31.01,
29.14,27.52,27.22, 26.10, 24.06, 22.09, 13.93; HRMS (ESI) calcd
for C;sH3;;N,O; (MH)* 353.2547, found 353.2549.

2- Amino-4-(3-octylcarbamoyl-propyl)-imidazole-1-carboxylic
acid tert-butyl ester (25). White solid (48 mg, 34%). '"H NMR
(300 MHz, DMSO-d,) 6 7.73 (m, 1H), 6.50 (s, 1H), 6.38 (s, 2H),
2.99(q,2H,J =5.4Hz),2.21 (t,2H, J = 7.5Hz), 2.04 (t,2H, J =
7.2 Hz), 1.73 (m, 2H), 1.53 (s, 9H), 1.36 (m, 4H), 1.23 (br s, 10H),
0.85(t, 3H, J = 5.1 Hz); "C NMR (75 MHz, DMSO-d,) 5 171.72,
149.95, 148.95, 138.43, 105.83, 84.06, 38.35, 34.92, 31.26, 29.16,
28.71,27.53,27.22,26.43, 24.10, 22.12, 13.98; HRMS (ESI) calcd
for C,H;;N,O; (MH)* 381.2860, found 381.2861.

2-Amino-4-(3-dodecylcarbamoyl-propyl)-imidazole-1-carboxylic
acid zert-butyl ester (27). White solid (44 mg, 28%). 'H NMR
(400 MHz, DMSO-dy) 6 7.73 (t, 1H, J = 5.6 Hz), 6.50 (s, 1H),
6.38 (s, 2H), 3.00 (q, 2H, J = 5.6 Hz), 2.21 (t, 2H, J = 7.6 Hz),
2.04 (t, 2H, J = 7.6 Hz), 1.71 (quint., 2H, J = 7.6 Hz), 1.53 (s,
9H), 1.36 (m, 2H), 1.23 (s, 18H), 0.85 (t, 3H, J = 6.0 Hz); *C
NMR (75 MHz, DMSO-dy) 6 171.58, 149.77, 148.88, 138.42,
105.76, 83.98, 38.28, 34.90, 31.18, 29.06, 28.88, 28.58, 27.47,
27.18, 26.29, 24.04, 21.96, 13.81, 13.27; HRMS (ESI) calcd for
CyHysN,O; (MH)* 437.3486, found 437.3487.

4-(2-Amino-1H-imidazol-4-yl)- N-isobutyl-butyramide  hydro-
chloride (8). A solution of 2-amino-4-(3-isobutylcarbamoyl-
propyl)-imidazole-1-carboxylic acid fert-butyl ester 23 (76 mg,
0.234 mmol) in anhydrous dichloromethane (1 mL) was cooled
to 0 °C. TFA (1 mL) was charged into the flask and the reaction
stirred for 5 h. After that time the reaction was evaporated to
dryness and toluene (2 mL) was added. Again the mixture was
concentrated and the process repeated. The resulting TFA salt

was dissolved in dichloromethane (1 mL) and 2 M HCl in diethyl
ether (0.50 mL) was added followed by cold diethyl ether (8 mL).
The precipitate was collected by filtration and washed with diethyl
ether (3 mL) to yield the target compound 8 (59 mg, 97%) as a
tan solid. '"H NMR (300 MHz, DMSO-d;) ¢ 12.14 (s, 1H), 11.70
(s, 1H), 7.89 (m, 1H), 7.34 (br s, 2H), 6.55 (s, 1H), 2.84 (t, 2H,
J = 6.6 Hz), 2.38 (t, 2H, J = 7.5 Hz), 2.10 (t, 2H, J = 7.5 Hz),
1.60-1.79 (m, 3H), 0.82 (d, 6H, J = 6.3 Hz); "C NMR (75 MHz,
DMSO-d¢) § 171.52, 146.78, 126.31, 108.68, 46.00, 34.41, 28.09,
23.94, 23.64, 20.18; HRMS (ESI) caled for C;;H;N,O (MH)*
225.1709, found 225.1711.

4-(2-Amino-1H-imidazol-4-yl)-N-hexyl-butyramide hydrochlo-
ride (9). Using the same general procedure as used for the
synthesis of 8, 2-amino-4-(3-hexylcarbamoyl-propyl)-imidazole-
1-carboxylic acid fert-butyl ester 24 (90 mg, 0.255 mmol) gave 9
(70 mg, 96%) as a pale yellow foam. 'H NMR (300 MHz, DMSO-
dg)011.96 (s, 1H), 11.54 (s, 1H), 7.81 (m, 1H), 7.29 (brs, 2H), 6.56
(s, 1H), 3.01 (m, 2H), 2.40 (t, 2H, J = 7.8 Hz), 2.07 (t, 2H, J =
7.2 Hz), 1.73 (m, 2H), 1.23-1.36 (m, 8H), 0.85 (m, 3H); "C NMR
(100 MHz, DMSO-d;) ¢ 171.35, 146.72, 126.37, 108.71, 38.43,
34.41, 31.00, 29.12, 26.12, 23.87, 23.62, 22.09, 13.96; HRMS (ESI)
caled for C;H,;N,O (MH)* 253.2022, found 253.2025.

4-(2-Amino-1H-imidazol-4-yl)-N-octyl-butyramide hydrochlo-
ride (10). Using the same general procedure as used for the
synthesis of 8, 2-amino-4-(3-octylcarbamoyl-propyl)-imidazole-
1-carboxylic acid fert-butyl ester 25 (50 mg, 0.131 mmol) gave
10 (39 mg, 93%) as a white solid. '"H NMR (300 MHz, DMSO-
dg) 0 12.13 (s, 1H), 11.69 (s, 1H), 7.87 (m, 1H), 7.33 (br s, 2H),
6.55 (s, 1H), 2.99 (q, 2H, J = 6.3 Hz), 2.38 (t, 2H, J = 7.5 Hz),
2.07 (t, 2H, J = 7.5 Hz), 1.73 (m, 2H), 1.35 (m, 2H), 1.23 (m,
10H), 0.85 (t, 3H, J = 6.3 Hz); *C NMR (75 MHz, DMSO-d,)
0 171.30, 146.80, 126.32, 108.57, 38.40, 34.39, 31.15, 29.06, 28.62,
28.56, 26.37, 23.86, 23.57, 21.99, 13.85; HRMS (ESI) calcd for
CsH»yN,O (MH)* 281.2335, found 281.2339.

4-(2-Amino-1H-imidazol-4-yl)- V-decyl-butyramide hydrochlo-
ride (11). Using the same general procedure as used for the
synthesis of 8, 2-amino-4-(3-decylcarbamoyl-propyl)-imidazole-
1-carboxylic acid fert-butyl ester 26 (32 mg, 0.078 mmol) gave 11
(27 mg, 99%) as a white solid. '"H NMR (400 MHz, DMSO-d) 6
12.07 (s, 1H), 11.64 (s, 1H), 7.85 (s, 1H), 7.32 (br s, 2H), 6.56 (s,
1H), 3.00(q, 2H, J = 6.4 Hz), 2.38 (t,2H, J = 7.2 Hz), 2.07 (t, 2H,
J =7.2Hz), 1.73 (quint., 2H, J = 7.2 Hz), 1.36 (m, 2H), 1.23 (s,
14H), 0.85 (t, 3H, J = 7.2 Hz); *C NMR (100 MHz, DMSO-d,)
0 171.33, 146.72, 126.36, 108.70, 38.42, 34.41, 31.32, 29.15, 29.04,
28.99,28.77,28.73,26.45, 23.89, 23.62, 22.12, 13.99; HRMS (ESI)
caled for C;H;;N,O (MH)* 309.2648, found 309.2647.

4-(2-Amino-1H-imidazol-4-yl)-N-dodecyl-butyramide  hydro-
chloride (12). Using the same general procedure as used for
the synthesis of 8, 2-amino-4-(3-dodecylcarbamoyl-propyl)-
imidazole-1-carboxylic acid tert-butyl ester 27 (20 mg,
0.046 mmol) gave 12 (16 mg, 94%) as a white solid. 'H
NMR (400 MHz, DMSO-d;) 6 12.03 (s, 1H), 11.60 (s, 1H), 7.83
(t, 1H, J = 6.4 Hz), 7.31 (s, 2H), 6.56 (s, 1H), 3.00 (q, 2H, J =
6.4 Hz), 2.38 (t, 2H, J = 7.2 Hz), 2.07 (t, 2H, J = 7.2 Hz), 1.73
(quint., 2H J = 7.2 Hz), 1.36 (m, 2H), 1.23 (s, 18H), 0.85 (t, 2H,
J = 6.4 Hz); *C NMR (75 MHz, DMSO-d;) 0 171.20, 146.66,
126.34, 108.59, 38.34, 34.32, 34.32, 31.15, 29.02, 28.86, 28.6,
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28.55, 26.31, 23.78, 23.52, 21.94, 13.79; HRMS (ESI) calcd for
CyH3;;N,O (MH)* 337.2961, found 337.2964.

4-(2-Amino-1H -imidazol-4-yl)- N -cyclopentyl-butyramide hy-
drochloride (13). Using the same general procedure as used
for the synthesis of 8, 2-amino-4-(3-cyclopentylcarbamoyl-
propyl)-imidazole-1-carboxylic acid fert-butyl ester 28 (100 mg,
0.297 mmol) gave 13 (78 mg, 96%) as a pale yellow foam. '"H NMR
(400 MHz, DMSO-d;) 6 11.99 (s, 1H), 11.57 (s, 1H), 7.79 (d, 1H,
J =17.2 Hz), 7.30 (s, 2H), 6.56 (s, 1H), 3.97 (m, 1H), 2.37 (t, 2H,
J =7.2Hz),2.05(t,2H, J = 7.2 Hz), 1.69-1.79 (m, 4H), 1.59 (m,
2H), 1.47 (m, 2H), 1.31 (m, 2H); "C NMR (100 MHz, DMSO-d)
0170.97, 146.74, 126.38, 108.72, 50.11, 34.36, 32.31, 23.81, 23.45,
23.62; HRMS (ESI) caled for C,H, N,O (MH)* 237.1709, found
237.1711.

4-(2-Amino-1H -imidazol-4-yl)-1-morpholin-4-yl-butan-1-one
hydrochloride (14). Using the same general procedure as
used for the synthesis of 8, 2-amino-4-(4-morpholin-4-yl-4-oxo-
butyl)-imidazole-1-carboxylic acid fert-butyl ester 29 (44 mg,
0.133 mmol) gave 14 (25 mg, 70%) as a tan solid. '"H NMR
(400 MHz, DMSO-d;) 6 12.1 (s, 1H), 11.64 (s, 1H), 7.33 (s, 2H),
6.58 (s, 1H), 3.54 (m, 4H), 3.42 (m, 4H), 2.43 (t, 2H, J = 7.2 Hz),
2.33(t, 2H, J = 7.2 Hz), 1.75 (quint., 2H, J = 7.2 Hz); *C NMR
(75 MHz, DMSO-dy) 6 170.27, 146.72, 126.39, 108.61, 66.04,
45.28, 31.05, 23.56, 23.17; HRMS (ESI) caled for C; H;yN,O,
(MH)* 239.1502, found 239.1503.

4-(2-Amino-1H-imidazol-4-yl)- V-phenyl-butyramide hydrochlo-
ride (15). Using the same general procedure as used for the
synthesis of 8, 2-amino-4-(3-phenylcarbamoyl-propyl)-imidazole-
1-carboxylic acid terz-butyl ester 30 (80 mg, 0.232 mmol) gave 15
(64 mg, 99%) as a tan solid. '"H NMR (400 MHz, DMSO-d;) ¢
12.03 (s, 1H), 11.60 (s, 1H), 9.98 (s, 1H), 7.59 (d, 2H, J = 8.0 Hz),
7.33 (brs, 2H), 7.28 (t, 2H, J = 8.0 Hz), 7.02 (t, 1H, J = 7.6 Hz),
6.61 (s, 1H), 2.44 (m, 2H), 2.32 (t, 2H, J = 6.8 Hz), 1.85 (m, 2H);
“C NMR (75 MHz, DMSO-d;) 6 170.65, 146.77, 139.25, 137.24,
128.59, 126.40, 123.00, 119.13, 108.83, 35.33, 23.60, 23.51; HRMS
(ESI) calcd for C;H,;N,O (MH)* 245.1396, found 245.1401.

4-(2-Amino-1H -imidazol-4-yl)- N -pyrimidin-2-yl-butyramide
hydrochloride (16). Using the same general procedure as used
for the synthesis of 8, 2-amino-4-[3-(pyrimidin-2-ylcarbamoyl)-
propyl]-imidazole-1-carboxylic acid tert-butyl ester 31 (50 mg,
0.144 mmol) gave 16 (41 mg, 99%) as a white solid. '"H NMR
(400 MHz, DMSO-d;) 0 12.06 (s, 1H), 11.64 (s, 1H), 10.59 (s, |H),
8.64 (d, 2H, J = 4.8 Hz), 7.34 (s, 2H), 7.17 (t, 1H, J = 4.8 Hz),
6.60 (s, 1H), 2.51 (m, 2H), 2.46 (t, 2H, J = 7.2 Hz), 1.83 (quint.,
2H, J =7.2 Hz); *"C NMR (75 MHz, DMSO-d,) ¢ 158.17, 157.54,
146.73, 129.02, 126.33, 116.5, 108.71, 35.35, 23.48, 23.09; HRMS
(ESI) caled for C,,H,;5sN,O (MH)* 247.1301, found 247.1304.
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Amphiphilic molecules based on nucleosides, nucleotides and oligonucleotides are finding more and
more biotechnological applications. This Perspective highlights their synthesis, supramolecular
organization as well as their applications in the field of biotechnology.

Introduction

Life requires the recognition and function of simple and complex
molecules operating together. Among the numerous biomacro-
molecules and biomolecules, nucleic acids and lipids are of primary
importance. While the former store and propagate genetic infor-
mation, the latter, as the structural components of cell membranes,
act as boundaries and allow for compartmentalization. The central
dogma of molecular biology (one gene — one RNA — one
protein) has viewed DNA as the carrier of genetic information and
RNA (messenger, transfer or ribosomal) as the simple mediator
between DNA and proteins. This theory is nowadays viewed as
over simplistic. RNA is capable of i) storing genetic information
(RNA viruses'), ii) catalyzing organic reactions (ribozymes) and
iii) regulating gene expression (micro-, si-, s-RNAs. . .)? In other
words, the three fundamental pre-requisites of life; i) information
storage, ii) replication and iii) regulation, can be encoded solely
in RNA molecules thus paving the way to the concept of a
primary RNA world.? Beside their numerous biological functions,
nucleic acids are possibly the most promising biomacromolecules
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for applications in biotechnology,*® medicinal chemistry” and
material sciences.**°

One central feature of all autotrophic living systems is the use
of a lipid boundary to separate the inside from the outside of
the cell as well as the individual cellular compartments.'* Besides
their structural and compartmentalization function as a bilayer
component, lipids are also known to play an important role in the
regulation and control of cellular functions and diseases. Lipids are
indispensable participants in many events of signal transduction."
Our understanding of biological membranes has evolved in the last
decade and the current model of the membrane bilayer exhibits
small heterogeneous nano-domains, called rafts, which differ
in their composition from the surrounding membrane.’* These
membrane regions are highly dynamic sterol- and sphingolipid-
enriched domains that compartmentalize cellular processes.'*

Hybrid molecules and macromolecules combining nucleic acids
and lipids have therefore attracted significant attention,'® as for ex-
ample in the design of artificial molecular devices,'™'*" and novel
therapeutic strategies®® The aim of this Perspective is to highlight
recent advances in the area of amphiphilic structures derived from
nucleosides, nucleotides and oligonucleotides with an emphasis on
composition, structure, properties, and biotechnological applica-
tions. In the first part, we focus on nucleoside-based amphiphiles.
This section includes several examples of natural structures and
synthetic nucleoside based amphiphiles. In the next section, we
present the use of nucleolipids as synthetic vectors for the transport
of nucleic acids into cells. Finally, in the last section of this Per-
spective, we describe oligonucleotide-based amphiphiles (ONA).
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1. Natural and synthetic nucleoside-based
amphiphiles

Darwinian evolution has yielded a diversity of macromolecules
and supramolecular assemblies from nucleic acids®® and
amphiphiles.”* In recent years, nucleic acid features have been
used in the development of numerous artificial structures, in-
cluding polynucleotides®*? and nucleolipid analogues.”* In
these biomimetic approaches, two fundamental objectives have
been pursued in combining nucleic acid and lipid families; 1)
the development of new therapeutic strategies and/or ii) the
construction of new supramolecular assemblies.

1.1 Natural nucleolipids

Nucleolipids are hybrid molecules composed of a lipid covalently
linked to a nucleobase, or a nucleoside, or a nucleotide or an
oligonucleotide. Hybrid lipid—nucleoside structures occur in eu-
karyotic and prokaryotic cells. Tunicamicyns for instance possess
antimicrobial, antifungal, antiviral and antitumor activities.?**

Cytidinediphosphate diacylglycerol coenzyme (CDP-DAG,
Fig. 1), a diphosphorylated nucleolipid (or liponucleotide), is
present in mammalian cells and plays a central role in the
metabolism of phosphoinosides and cardiolipins.®> CDP-DAG
and its analogue 2'-deoxy-CDP-DAG are also present in prokary-
otic cells as key intermediates in the synthesis of all glycerophos-
pholipids. In addition to their biochemical function, nucleolipids
are unique in terms of molecular structure (lipid, phosphorus,
sugar, heterocyclic moieties) and biophysical properties. Conse-
quently, nucleolipid analogs have been investigated as anticancer
drugs and pro-drugs (see next section). Other examples and
biological activities of natural nucleolipids can be found in a
comprehensive review published by Rosemeyer."
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Fig. 1 Chemical structures of CDP-DAG and synthetic amphipatic
nucleotides. C,4-5UMP (see reference 62) and C,,-3’AMP are examples
of nucleoside-monophosphate amphiphiles. C,.-5araCMP is a lipidic
derivative of ara-C.

1.2  Artificial nucleolipids

Nucleotides are natural substrates of transcriptase or reverse
transcriptase. Accordingly, many analogs have been designed to
block the enzymatic elongation of RNA chains and are utilized as
anti-tumor or antiviral drugs. Given their inherent toxicity, many
prodrugs of these chemotherapeutic agents have been evaluated
over the years. For instance, amphiphilic nucleoside molecules
derived from arabinofuranosylcytosine (ara-C)*3* (Fig. 1) and
arabinofuranosyladenosine (ara-A)** were synthesized to en-
hance the anti-tumor activity of the drugs. The phosphoric

acid ester function is slowly hydrolyzed in the cytoplasm thus
liberating the active molecule, the aliphatic chain was also expected
to enhance cellular uptake. In addition, analogs of cytidine
diphosphate diacylglycerol (CDP diacylglycerol) prolonged the
life spans of L5178Y and P388 tumor-bearing mice by 93% and
357% respectively when administered intraperitoneally at identical
single doses of 50 mg kg™' per day.***

In the mid 80, several research groups combined the phar-
macologically active nucleolipids with the aggregation properties
of vesicle-forming lipids. The resulting drug carrier systems were
capable of incorporating large amounts of amphipatic drugs. By
loading the nucleolipid pro-drug into liposomes, the following
properties were expected. The liposome would maintain and
ensure a minimal leakage of the lipidic prodrug from the delivery
system for an efficient transport, and protect the drug from
enzymatic degradation. Hence, the in vivo anti-tumor activities of
the liposome preparations of amphiphilic ara-C and 5-fluorouracil
(5-FU) against L1210 lymphoid leukemia were clearly enhanced
(2-8 times).***! Yet, therapeutic effects of acyclovir derivatives on
the replication of Herpes simplex virus using this strategy were
only modest.***

1.3 Supramolecular assemblies of nucleolipids

In contrast to classical detergents, nucleolipids possess a highly
informative polar head (A, T, C, G, U or analogs) with additional
H-bonding and n-stacking capabilities that can specifically base-
pair with other nucleobases. The interplay between these specific
base pairing interactions,*?* and the unique aggregation proper-
ties of lipids is very attractive for the design of supramolecular
assemblies with new and interesting properties. These concepts of
molecular recognition with nucleolipids were initially applied to a
supramolecular film at the air—water interface.””*** More recently,
base-pairing between complementary nucleolipids at mesoscopic
interfaces such as those found in vesicular and micellar systems
have been investigated.?®*#-5! The data collected from several
techniques (Langmuir-Blodgett, UV-vis, FTIR, ATR, etc.), pro-
vided direct evidence for the formation of multiple hydrogen bonds
between the base pairs. For example, it was recently reported
that a nucleotide bolaamphiphile (a nucleolipid with two thymine
headgroups connected via an aliphatic spacer) self-assembled
with polyA of various lengths to form nanofibers.® Additionally,
nucleolipid—nucleolipid interactions have been studied in different
types of supramolecular systems including micelles,”® vesicles,**
and monolayers.”>*® For these purposes a variety of synthetic
strategies have been used to prepare nucleolipids,®**”*® including
coupling reactions of monoalkyl phosphate with a nucleoside and
enzymatic catalysis.**** Nucleolipids with fatty esters on the 5’ and
4’ positions were also prepared and their molecular recognition
capabilities were studied.**** Since 2002, our groups have been
designing novel amphiphilic structures derived from nucleobases.
We have investigated how changes in the molecular structure of
the nucleolipid (hydrophobization of the 2’ and/or 3' position
in contrast to the classical 5'-modification) affect their physio-
chemical and self-assembling properties. Thus we have synthesized
1) nonionic (compounds I, ;),%* 2) zwitterionic (phosphocholine
derivatives, I,),°% 3) anionic® (single chain nucleotides I) and
4) cationic compounds (Iy and I,).** Examples of nucleolipid
structures synthesized are shown in Fig. 2.
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Fig. 2 Left, Examples of synthetic nucleoamphiphiles (I). Right, TEM and SEM images showing examples of nucleolipid self-assemblies: nano-fibers,

vesicles, and microspheres.

We discovered that these molecules possess unique properties
such as the formation of aggregates including fibers, vesicles and
micro-spheres. Additionally, these nucleolipids form hydrogels and
organogels. The supramolecular systems obtained are promising
in many aspects and could lead to new types of materials for
transport of biomacromolecules such as DNA and RNA. Non-
toxic transfection reagents derived from nucleolipids with high
transfection efficiencies have been developed.”"

Interestingly, beside cationic nucleolipids, we recently reported
alternative approaches to form stable nucleic acid supramolecular
assemblies. For this purpose, neutral amphiphiles derived from
uridine featuring two hydrophobic chains and either a glucose
(compound I,, Fig. 2)% or polyethylene glycol (compound Ij,
Fig. 2)** hydrophilic moieties were prepared using simple syn-
thetic routes. The data collected from physico-chemical studies
demonstrated that amphiphile-nucleic acid complex formation
was a consequence of the amphiphilic character of the molecule,
phosphate-sugar, and nucleobase—nucleobase interactions in the
case of glycosyl amphiphiles. Likewise, AFM studies show that the
three distinct structural components of the poly(ethylene glycol)
amphiphile (i.e., nucleobase, alkyl chains, and poly(ethylene
glycol), compound I;, Fig. 2) are required for the formation of
DNA-amphiphile supramolecular assemblies on a mica surface.

2. Nucleolipids for transfection

The delivery of nucleic acids to cells and the resulting ability
to correct a defective gene, introduce a new gene, or knock-
down a gene provides a method to study biological processes,
to manufacture proteins, and to treat many diseases. The delivery
of nucleic acids to cells requires a synthetic vector to complex
the DNA, formation of a supramolecular DNA:vector assembly,
and uptake of this assembly in the cell. Cationic-based synthetic
nonviral systems are routinely used in vitro as convenient biological

tools for transporting nucleic acids to cells. Several cationic
lipids have been synthesized and evaluated for plasmid DNA
delivery™ since the discovery of N-[1-(2,3-dioleyloxy)propyl]-
N,N,N-trimethylammonium chloride (DOTMA) as a cationic
transfecting agent.”>’ Numerous structural features have been
altered on the basic cationic lipid structure, leading to compo-
sitions such as DOTAP (N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-
trimethylammonium chloride) which are now commercially avail-
able and under clinical evaluation (Fig. 3).”
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R= -(CH,);-CH=CH-(CH,);-CHs

Fig. 3 Structures of different nucleolipids used for transfection.

All the synthetic vectors currently in use rely either on electro-
static forces or electrostatic and hydrophobic interactions for DNA
binding and gene delivery. Our groups have pioneered the use of
nucleolipids with additional hydrogen bonding and = stacking
capabilities to further modulate the interactions between DNA
and the synthetic vector.”" Accordingly, several promising nucleic
acid vectors based on a cationic amphiphilic uridine have been
developed like DOTAU and O-Et-DOUPC (Fig. 3).

Their synthesis is straightforward starting from the protected
uridine acetonide, and the in vitro transfection assays are very
encouraging. For example, O-Et-DOUPC at high nucleolipid :
DNA (w : w) ratios (18 : 1-36 : 1) is an efficient transfection
agent in CHO cells using a reporter B-gal gene assay. These results
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compare favorably with DOTAP and Transfast both used under
optimal conditions (Fig. 4).
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Fig. 4 Transfection efficacies of O-Et-DOUPC compared to 2 conven-
tional transfection reagents (DOTAP and Transfast).

Last but not least and in sharp contrast to conventional
transfecting agents, the cytotoxicity of DOTAU was shown to
be virtually null (Fig. 5).%" DOTAU can therefore be used in a
wider range of concentration compared to Lipofectamine.
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Fig.5 Effects of DOTAU, DOTAP and Lipofectamine (LIPO) on human
breast adenocarcinoma cell line (MCF-7) (top) and HeLa cells (bottom)
proliferation. The cells were incubated with various quantities of lipids
and 5-bromo-2-deoxyuridine (BrdU) to quantify cell proliferation.

The supramolecular assemblies made of calf thymus DNA (CT-
DNA) and DOTAU or DOTAP have been investigated. Data col-
lected from several SAXS experiments at room temperature show
that CT-DNA-lipid complexes arrange into L,“ lamellar phases.
Interestingly, the DOTAU-polyA lipoplexes exhibit more compact
systems than DOTAP-polyA lipoplexes due to tighter association
between the uracil base of DOTAU and adenine of the polyA single
strand. The infrared spectrum of the DOTAU-polyA lipoplex in
KBr shows a carbonyl stretch at 1712 cm™' for the C=0 uracil as
well as C=N and C=C ring vibrations reminiscent of a U:A base
pair in RNA.” If most of the nucleic acid-amphiphile assemblies
rely on electrostatic compensation between the polyanionic nucleic
acids and cationic amphiphiles, DNA supramolecular assemblies
were also observed in the presence of neutral nucleoside based
amphiphiles. In particular, the nucleic acid binding capabilities
of the glycosyl nucleoside derivatives (compound I,, Fig. 2) were
investigated by a variety of techniques including UV-vis, quasi-
elasticlight scattering (QELS), transmission electronic microscopy

(TEM), gel electrophoresis, 3P NMR, IR, and circular dichroism
(CD).®® The results obtained strongly support amphiphile-nucleic
acid complex formation thanks to the amphiphilic character
of the molecule and phosphate-sugar interactions. Importantly,
the FTIR data and the lower ellipticity values measured by
CD indicate that the uridine moiety of the amphiphile is also
involved in the stabilization of the amphiphile-polyA-polyU
complex. Finally, Berti ez al. recently reported a promising strategy
for the base-specific recognition between micelles composed of
dioctanoylphosphatidyluridine (a negatively charged amphiphile)
and short oligoadenylic acids.”” Very interestingly, the recognition
takes place in the absence of divalent cations and the selectivity
of polyU for this amphiphile resembles that observed between
complementary bases in duplex DNA. Accordingly, no interaction
is observed between polyU and dioctanoylphosphatidyluridine.
Cationic polymers in use for the delivery of nucleic acids into cells
are usually associated with aspecific coulombic interactions and
cytotoxicity. Therefore, the system developed by Berti et al. clearly
indicates the trends that should be pursued for the development
of future innocuous and specific synthetic transfecting agents.

3. Oligonucleotide-based amphiphiles (ONA)

The development of oligonucleotide-based amphiphiles (ONA)
dates back to the late 80’s, early 90’s and is closely associated with
the development of the antisense strategy for gene therapy.” In fact
and as seen in the previous section, cellular membranes usually
constitute a physical barrier for the internalization of polyanionic,
hydrophilic antisense oligonucleotide therapeutics. The basic idea
underlying the synthesis of ONA was therefore obvious: the
appended hydrophobic segment of the ONA was hypothesized
to provide an anchor for the antisense oligonucleotide into the
membrane thus facilitating internalization of the ONA.™# This
idea was correct and many ONAs were shown to be efficiently
taken-up by different cell lines.?

The synthesis of ONAs is anything but trivial requiring extensive
expertise in both organic chemistry and solid phase synthesis
(SPS) of oligonucleotides. Following the successes of ONA-based
antisense strategy, many hydrophobic phosphoramidite building
blocks are now commercially available.

As shown in Fig. 6, these phosphoramidites allow for the
incorporation of simple hydrophobic modification(s) anywhere in
the sequence of the oligonucleotide (3'- and/or 5'-termini and/or
between two consecutive nucleotides) and simple ONA structures
are nowadays readily custom-made by DNA synthesis companies.

(Fydroprobic oYM E),
n
5. e e 3| Hydrophobic part
n

% n 3

Fig. 6 Examples of ONA structures. Hydrophobic parts (blue) can
be incorporated either at the termini (3'- and/or 5) or between two
consecutive nucleotides (B represents a nucleotide).
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Yet, the hydrophobic modification of the oligonucleotide at the
level of the nucleotide itself still requires extensive know-how in
organic synthesis. These modifications have been accomplished at
the sugar,®?® at the inter-nucleoside phosphate group,* or at the
heterocyclic base.*” It is beyond the scope of this article to review
all these syntheses in detail,'s the more prominent results only will
be highlighted in the remainder of this paragraph.

Basically, the hydrophobic modification can be incorporated
either during the synthesis of the oligonucleotide on the solid
support or after the synthesis of the oligonucleotide part has
been accomplished. The synthesis and properties of DNA block
copolymers have been reviewed recently and the reader is referred
to this article.®®

3.1 Hydrophobic modification during the oligonucleotide
solid-phase synthesis

The strategy of modifying the oligonucleotide during solid-phase
synthesis (SPS) is by far the most widely used approach to add
hydrophobic moieties to oligonucleotides. Due to the elongation
of the oligonucleotide chain in the 3’-5 direction during oligonu-
cleotide SPS, the modification is more conveniently incorporated
at the 5-end compared to the 3'-end which requires substantial
additional efforts in chemical synthesis.®**¥ An elegant strategy
to functionalize the 3'-terminal internucleoside phosphorus was
for instance developed by Letsinger from the corresponding H-
phosphonate manually attached beforehand to the solid support
(Fig. 7).%¢

Base
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DMTrO o oxidative koﬁ
phasphoramidation

Base - chain
Basg —— . q

—= elongation

cholesterol—0~ 0

Fig. 7 Example of a strategy developed by Letsinger to functionalize the
3'-terminal internucleoside.

The wealth of chemical functions compatible with oligonu-
cleotide SPS is still restricted. For instance, esters do not usually
withstand the final treatment with ammonia required for the
deprotection of the nucleobases and cleavage from the control
pore glass (CPG) solid support. As a result, only polydT—
which does not require base protection—was fully synthesized on
CPG with an ester linkage.”" The ester function is indeed very
attractive for tethering a hydrophobic residue to oligonucleotides.
The resulting ONA behaves as a prodrug in that case and is slowly
hydrolyzed by esterases present in the cytoplasm thus liberating
the active antisense oligonucleotide after internalization. This
in turn eliminates the risk for the antisense ONA to remain
adsorbed into the membrane away from its targeted mRNA. In
that context, Guzaev developed the phosphoramidite (shown in
Fig. 8) whose aliphatic ester moieties are only slowly cleaved off by
ammonia under the conditions routinely used for the deprotection
of oligonucleotides thus allowing the classical synthesis of ONA
prodrugs on solid support.*?

Given the importance of prodrugs in the realm of pharma-
ceutical sciences, an alternative strategy for the deprotection and
cleavage from the solid support has been devised that maintains
the integrity of the ester bond.”!

Fig. 8 A phosphoramidite building block suitable for the incorporation
of ester moieties in ONAs.

3.2 Post-synthetic hydrophobic modification of oligonucleotides

Modification of oligonucleotides with hydrophobic moieties after
they have been cleaved from the solid support and fully deprotected
is quite challenging. Kabanov et al. described an interesting
protocol for the derivatization of 5'-phosphate oligonucleotides
in reverse micelles (Fig. 9).%
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Fig. 9 A reverse-micelle strategy for the hydrophobization of
oligonucleotides.

The efficient co-localization of the lipophilic alcohol with the
hydrophilic nucleic acid and the carbodiimide at the lipid—water
interphase is brought about by the micellar system and ensures
the efficacy of the reaction. Very interestingly, this strategy can
theoretically be applied to any natural oligonucleotides provided
a phosphate group is present in the nucleic acid structure.

Abell and coworkers developed a more classical approach for the
derivatization of oligonucleotides with activated acid or aliphatic
thiols in an aqueous buffered medium (Fig. 10).84%

The two derivatization chemistries are orthogonal in the
sense that the underivatized oligonucleotide can form amides
and disulfides linkages in a regio-controlled manner when both
modifications are present simultaneously in the same strand.

3.3 ONAs as antisense

Antisense nucleic acid molecules have been used experimentally to
bind to mRNA and block the expression of specific genes at the
translational level. The development of a reliable antisense-based
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Fig. 10 Post-synthetic strategy for the direct hydrophobization of
oligonucleotides.

therapy for in vivo implementation is still hampered by the poor
cellular uptake of highly negatively charged and high molecular
weight antisense molecules. Therefore, new antisense strategies
are being developed today. One of the first strategies developed
to improve cellular uptake consisted of the covalent tethering
of a lipophilic group to the antisense oligonucleotide with the
aim of adsorbing the antisense to the membrane thus facilitating
membrane crossover. The uptake, and antisense activity of these
ONAs are indeed greatly improved compared to underivatized
analogs.®**7 Additionally and not surprisingly, such lipophilic
conjugates proved to be more resistant toward nucleases,”**®
and the resistance increases with the size of the aliphatic chain.*
This strategy proved also successful with si-RNAs.' In this
example, the hydrophobic part of ONAs serve to anchor the
oligonucleotide into the cellular membrane and thus facilitate
adsorptive endocytosis of the antisense ONA.**

For example, Anada and co-workers developed a thermo-
responsive antisense based on a polymer-bound oligonucleotide.'”!
In spite of the numerous lipophilic residues available, most DNA-
based antisense oligonucleotides feature a cholesteryl motif. A
number of observations can be made regarding the hydrophobic
effect including: 1) antisense efficacy does not correlate with
high lipophilicity: very lipophilic conjugates were not capable of
inhibiting intercellular adhesion molecule-1 (ICAM-1) produc-
tion in murine liver in contrast to the cholesteryl analog.”® 2)
Cholesterol is recognized by low-density lipoprotein receptors and
subsequently actively endocytosized.' Accordingly, upregulation
of the LDL receptor on the cell surface promotes the uptake
of cholesterol-based ONAs.** 3) Many viruses-like HIV-feature

cholesterol units at their surface capable of cholesterol recogni-
tion. Consequently, several cholesterol-based ONAs were shown
to inhibit viral replication more effectively than underivatized
analogs.®1%1% The antiviral activity does not yet necessarily
correlate with sequence-specificity suggesting alternative mech-
anisms of inhibition.!®® Although this lack of sequence-specificity
is equally recurrent with unconjugated antisense oligonucleotides,
ONAs with a pendant cholesteryl residue were shown to inhibit
in a non specific manner both HIV reverse transcriptase and
the interaction between HIV gp120 and host CD4.”” The same
behavior was also observed with phospholipid-based ONAs.*
Despite a few successes,” the targeting of a specific mRNA
with conventional antisense nucleic acids or ONAs has remained
elusive. The ONA-based antisense strategy may yet be revolu-
tionized by the discovery that cholesterol-based ONAs—the so-
called antagomirs—are specific and potent inhibitors of miRNAs
in vivo in mice.®® miRNA are an abundant class of short (ca.
20 nucleotides in length), non-coding RNAs involved in the
regulation of gene expression.'” Quite surprisingly, the targeted
miRNAs were not only specifically blocked but also degraded by
an unknown mechanism and the cholesterol was found essential in
this degradation process. Noteworthy, the miRNA targeted by the
antagomir is involved in the metabolism of cholesterol.’” Even
if many questions remain unanswered as to the exact role of
the cholesterol in that process and how the targeted miRNA is
degraded (is it delivered to hepatocytes and/or a result of changes
in subcellular localization of the antagomir-miRNA complex?),'*®
these observations highlight the exciting perspectives for the
development of ONAs as antisense or siRNA therapeutics.'®

3.4 ONAs in supramolecular assemblies

A prerequisite for ONAs to function as viable antisense oligonu-
cleotides is their ability to form a supramolecular duplex—via
canonical Watson—Crick base pairing—with the complementary,
targeted, nucleic acid (mRNA, miRNA, ezc.). Consequently, the
influence of the hydrophobic substituent on the duplex stability is
expected to be as minimal as possible. A detailed investigation
on the biophysical aspects of the interaction and behavior of
ONAs—with a-tocopherol as the lipophilic substituent—in lipid
membranes has recently been reported.® This study suggests the
preferential localization of ONAs into liquid-ordered domains
(“rafts”). Moreover, the double helix formation between the
oligonucleotidic part of the ONA and the complementary ss-DNA
was found essentially unaffected when the ONA is present into
the membrane,""™'"" even when the latter is negatively charged,
provided a PEG spacer is inserted in-between the cholesteryl
residue and the oligonucleotide segment of the ONA." The
strength of the duplex formed between the antisense ONAs and
the “natural” targets can be estimated by UV-monitoring of the
melting temperature (7,) of the duplex.'® No general trend is
observed in the literature when one or more hydrophobic groups
are tethered to the nucleic acid as for instance observed by
Gryaznov and co-workers who thoroughly studied the influence
of cholesterol-based ONAs in the formation of duplexes and
triplexes.”* Accordingly, destabilization,¥1%11 stabilization®* and
no effect on the duplex stability,3#115116 have all been reported.
Although not relevant to the antisense strategy, as both strands
bear a lipophilic substituent, Letsinger reported an impressive
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23-24 °C increase in duplex stability when two complementary
ONAs with hydrophobic groups favorably positioned to overlap
and aggregate are allowed to hybridize.!'¢

Even when the two hydrophobic groups are present on each
strand at both ends of the duplex (each strand is modified at its 5'-
end) only a modest increase in T, is observed.'™ Finally and quite
amazingly, the hydrophobic forces proved strong enough to drive
polyA and polyT strands in a—normally unfavorable—parallel
orientation (Fig. 11).1¢

S-AChAAAAAAAAAST
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Fig. 11 The presence of the two cholesteryl residues in DNA strands

forces the formation of a duplex in an otherwise unfavourable parallel
orientation.

Also worth mentioning is the propensity of ONAs to form
supramolecular assemblies on their own. ONAs are in fact
true surfactants with their oligonucleotide headgroups and their
hydrophobic tails. As a result, ONAs can self-organize into
micelles,"” and vesicles''®!" in the concentration range utilized
for thermal denaturation experiments.’® Gosse et al. observed the
coexistence of micelles of ONAs in the micromolar concentration
range with vesicles made of phosphatidylcholine at a concentra-
tion below 20 mmol L~'."" The authors hypothesized that an
entropic penalty exists for the anchoring of a single-stranded DNA
ONA in a half-space at a bilayer surface. The ONA developed in
this work was used to probe the polarity of the ONA environment.

3.5 Other supramolecular ONA-based assemblies and their
applications

The unique recognition properties of oligonucleotidic headgroup
associated with these amphiphiles make ONAs appealing building
blocks for supramolecular applications. For instance, 2D arrays of
mobile liposomes were created starting from liposomes formulated
with ONAs of different oligonucleotidic sequences at their surface
(A’ and B, Fig. 12).121122

=
A

Glass Substrate

Fig. 12 Arrays of mobile tethered liposomes on supported lipid bilayers.

The information encoded in the oligonucleotide sequence results
in the specific binding of the vesicles to complementary strands
displayed in a spatially-controlled way on a fluid-supported lipid
bilayer. Interestingly, the assembly kept the ability to move freely
in the plane of the lipid bilayer.

A similar strategy was used by Paunov and co-workers for
the fabrication of DNA arrays based on microcontact printing
of DNA surfactants on solid lipophilic substrates.’”*!** These
ONA-based 2D-arrays may find many applications for sensing
and biotechnological applications. For example, Goto and co-
workers recently developed a reverse micelle-based liquid-liquid
extraction method for the specific extraction of a targeted ss-DNA
(Fig. 13)."»
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Fig. 13 Sequence-specific extraction of ss-DNA using reverse micelles in
which hybridization between a DNA-surfactant and a target DNA having
a complementary sequence allows selective transport of the target DNA
to an organic phase from a mixture of DNA oligonucleotides.

A supramolecular network of liposomes was specifically assem-
bled through Watson—Crick base pairing between two comple-
mentary ONAs present on two different vesicles (Fig. 14).'%

Cholesteral DNA

Fig. 14 Schematic drawing of a supramolecular assembly formed from
vesicles functionalized with complementary DNA strands.

Interestingly, the aggregate proved reversible upon heating
above the melting temperature of the duplex and then cooling.

An interesting ONA-based sensing platform was build by
Dentinger.'” The ONA spontaneously forms vesicles in phosphate
buffer solutions at pH 7.4. Orange OT and pyrene dyes are
entrapped into the lipophilic bilayer and are released upon
exposure to the strand complementary to the ONA (Fig. 15).

Interestingly, 40% of the dyes are released in the presence of
10% complementary strand thus amplifying the detection signal.
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Fig. 15 Dye release from an ONA-based supramolecular assembly upon
binding of the complementary DNA.

Conclusion

The large number of recent and relevant publications in the
field of nucleolipids and oligonucleotide-based amphiphiles clearly
demonstrates that the design and fabrication of nucleic acid-based
amphiphilic molecules is more than a simple scientific curiosity.
The emerging systems developed so far clearly open up interesting
avenues for the design and development of supramolecular
devices, biotechnological tools and therapeutic strategies. The
above examples illustrate how efficient prodrug molecules and
potent transfection agents with no associated cytotoxicity have
for instance been devised from nucleolipids. Given the importance
of delivering genetic materials and targeting specific cells in gene
therapy, nucleolipids are very attractive candidates. In fact, the
additional pyrimidine or purine bases present in the structure of
nucleolipids bring about new favorable H-bonding and n-stacking
interactions. The nucleolipoplex consisting of a nucleoside-based
lipid base-paired with a single-stranded polyU developed by
Baglioni and Berti clearly illustrates this point.'*” One challenge is
therefore to design robust neutral supramolecular complexes less
prone to aspecific binding to cell surfaces compared to conven-
tional cationic delivery systems that could be more easily targeted
to specific cells and deliver other biologically active compounds.
On the other hand, ONA-based supramolecular assemblies are
just starting to receive attention and biotechnological applications
are burgeoning. Chemical synthesis of ONAs is yet still an issue.
For instance, new synthetic strategies will be required to synthesize
analogs of the antagomirs to unravel their mechanism of action
and to develop even more potent inhibitors.

The purpose of this Perspective was to highlight some recent
examples of nucleoside, nucleotide and oligonucleotide based
amphiphiles, to show the varied applications being explored
with these biomolecules and biomacromolecules, and to stimulate
further discussion and research in this exciting area.
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Fluorophore-labeled glycodendrimers have potential use in the study of carbohydrate—protein
interactions by fluorescence spectroscopy and imaging methods. The current solution-phase methods
for preparation of such glycoconjugates are labour intensive. On the other hand, the intrinsically more
efficient solid-phase methods have been explored only at low generations. Herein we disclose a direct,
expedient glycodendrimer synthesis from commercially available or easily prepared building blocks by
machine-assisted solid-phase peptide synthesis (SPPS). Large, monodisperse 4th- and Sth-generation
polylysine dendrons are prepared and capped with 16 and 32 mannose residues, respectively, in a single
synthetic operation. Incorporation of a C-terminal lysine residue in the 4th-generation dendron allows
fluorescence labelling with a number of common labels on resin, in organic solvent or in aqueous buffer,
as required. A single HPLC purification is sufficient in all cases to obtain a homogeneous sample. The
monodispersity of the glycodendrons is confirmed by MALDI-TOF. FITC-labeled 4th-generation
glycodendron is an excellent probe for the imaging studies of mannose-receptor-mediated entry of into

dendritic cells by confocal fluorescence microscopy.

Introduction

Studies of carbohydrate-protein interactions,’? a cornerstone
in glycobiology, have resulted in the design of glycoconjugates
for a variety of biomedical applications in drug discovery
and delivery, vaccine design, biosensing and diagnostics.** For
example, mannose receptors,®’ C-type lectins residing on the
surface of dendritic cells—antigen presenting cells involved in
both innate and adaptive immune responses®**—interact with
pathogens displaying polyvalent glycan chains composed of D-
mannose, N-acetyl-D-glucosamine and L-fucose. After pathogen
capture, internalization and digestion, peptide fragments are
expressed on major histological complex (MHC) molecules.'*** T-
cell-specific immune response is thereby initiated. This sequence of
biologic events could be exploited for vaccine design: decoration
of antigens with mannose residues in a variety of topologies leads
to a significant increase of immunogenicity by mannose-receptor-
mediated uptake.’***

The intrinsic low affinity of a single protein-monosaccharide
interaction is overcome in nature by multivalency, leading to
significant binding enhancement per carbohydrate unit (cluster
glycoside effect).” Therefore, application-oriented research in
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T Electronic supplementary information (ESI) available: 'H and H,H-
COSY NMR spectra for Man,;G4-F (6) and Man;, G5-F (7) and images
from the confocal analysis of the entry of the FITC-labeled G4 dendron
(18) into dendritic cells. See DOI: 10.1039/b719737¢

the field of carbohydrate—protein interactions is underpinned by
synthesis of the large, highly multivalent glycoconjugates that
display the necessary high binding efficiencies. Considerable effort
has been devoted to preparation of numerous cluster glycosides
and studies of their binding affinities in a variety of assays.?**!
Due to their roughly spherical shape and well defined structure,
carbohydrate-terminated glycodendrimers®*?* in particular have
received considerable attention. Poly-L-lysine dendrons, used
earlier for the synthesis of multiple antigen peptides,>* have also
become one of the most popular glycodendrimer scaffolds for
synthesis both in solution®* and on solid supports.'®¥-% Large
(8 carbohydrate units or more) glycosylated polylysine dendrimers
are among the most potent inhibitors to date: Lee and coworkers
measured ICs, = 0.9 nM for the inhibition of adhesion of type
1 fimbriated Echerichia coli (a urinary tract pathogen) by a G4-
polylysine dendron bearing 16 a-mannoside residues, a 12 500-
fold decrease compared to o-methylmannoside;*” the group of Roy
determined ICs, = 1.8 uM for binding of a polylysine dendrimer
carrying 16 mannose residues to the pea lectin, 2139 times lower
than g-methylmannoside.*

Fluorescence spectroscopy*®* is one of the most important
methods for biophysical characterization of biomolecular struc-
ture and dynamics. In addition, high sensitivity, low intrinsic
background and availability of a wide range of commercial
hardware have resulted in the proliferation of fluorescence-based
bioimaging techniques, and reports of their applications have
burgeoned in recent years.*** For these applications, labeling
of a biological target of interest with a fluorophore, most
often an organic dye, is required.** Despite the potential
of fluorescently labeled glycodendrimers to be used as probes
to study carbohydrate—protein interactions in general, and the
mannose-receptor-mediated uptake in particular, limited attention
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has been devoted to the preparation of such glycoconjugates.
Typically, a glycodendrimer or a glycocluster is prepared by
multi-step synthesis, purified and labeled with a fluorophore
followed by additional purification of the resulting fluorescent
conjugate.'>!¢334749 Qych solution-phase methods are tedious and
labour-intensive. In contrast, Fréchet and coworkers recently
disclosed a direct preparation of a small mannose cluster on
polyglycerol dendritic backbone in an oligonucleotide synthesizer
starting from a solid support already labeled with a popular
fluorophore, 5-fluorescein isothiocyanate (FITC).® However, the
challenge of practical synthesis of large glycodendrimers labeled
with a range of fluorophores in an expedient, user-friendly manner
still remains unanswered. Herein we provide one solution to
this problem by exploiting the speed of solid-phase synthesis for
direct synthesis and fluorescence labeling of large mannosylated
polylysine dendrons and demonstrating the use of one of the
products as an imaging probe for mannose-receptor-mediated
entry into dendritic cells.

Results and discussion

Dendrimers®***—monodisperse, branched, tree-like cascade
macromolecules—have emerged as novel materials for a variety of
medical and biological applications.®** The use of solid supports
enhances the efficacy of dendrimer synthesis by allowing a large
excess of reagents to be used in order to drive the reaction cycle
to completion while the purification stage is reduced to simple
washing.” ¢ As an additional design consideration, we sought to
avoid the use of non-biological functional groups, which could
lead to potentially toxic artifacts when incorproated into the final
bioconjugate. Therefore, we considered using the well-developed,
high-yielding and operationally simple peptide coupling chemistry
to assemble non-toxic, non-immunogenic polylysine dendrimers
to which the required number of mannosyl residues can be
attached simultaneously via a 4-hydroxybutanoic acid linker,'* a
naturally occurring substance in mammals.

The synthesis of the polylysine dendrons was performed on com-
mercial Tentagel resin preloaded with Fmoc-Sieber amide linker
(1). The low loading level of the commercial resin (0.16 mmol g™")
ensured that there would be sufficient space for the large 4th-
and Sth-generation dendrons to be assembled without site-to-
site interference.** At the same time, the mild cleavage conditions
(10% TFA in CH,Cl,) would not cause significant acid-promoted
side reactions. A single phenylalanine residue was introduced as a
hydrophobic spacer after deprotection of the Fmoc group in 1 and
coupling with Fmoc-Phe-OH (Scheme 1). After removal of the N-
terminal Fmoc group, the 4th-generation polylysine dendron (G4;
4) was extended from the N-terminus of the resin-immobilized
Phe (3) using the commercially available Fmoc-Lys(Fmoc)-OH
by reiterative peptide coupling and Fmoc-deprotection. Only
ions arising from 4 as C-terminal carboxamide ((H,N);;G4-F-
CONH,) were observed by flow injection analysis (FIA) ESI-MS
after cleavage from a small portion of the resin. The polymer-
supported 4 was treated with an excess of activated, acetate-
protected mannose-butanoic acid conjugate (5) for 10 h, the
dendron was liberated from the resin (10% TFA, CH,Cl, in the
presence of 1% triisopropylsilane as scavenger) and the acetyl
groups were removed with NH; (2 M) in methanol over 18 h.

The 4th-generation mannosylated dendron (Man,;G4-Phe, 6) was
isolated after semi-preparative reverse-phase (RP) HPLC.

Analogously, the resin-supported 4th-generation dendrimer (4)
was successfully extended to the Sth-generation (Scheme 1). Com-
plete generational growth was confirmed by FIA ESI-MS. The
G5 dendron amine was treated with an excess of activated 5
and the corresponding G5 glycodendrimer (Man;,G5-F, 7) was
obtained after cleavage from the resin, acetate group removal and
semipreparative RP-HPLC.

Encouraged by the success of the synthesis of large dendrons,
we further adapted this methodology to the preparation of
fluorescently labeled analogs by introducing a lysine residue at the
focal point. The side chain amine protected by the very acid-labile
4-methyltrityl (Mtt) protecting group® can be used for labeling
in conjunction with the considerably less acid-labile commercial
Rink amide linker for maximum versatility. Rink amide Tentagel
resin (8) was loaded with Fmoc-Lys(Mtt)-OH and the N-terminal
Fmoc group was removed by treatment with 20% piperidine in
DMF (Scheme 2). Starting from 9, the G3 dendron (10) was
synthesized by reiterative treatment with PyBOP-preactivated
Fmoc-Lys(Fmoc)-OH in a manner analogous to above. Further
treatment with activated Fmoc-Lys(Fmoc)-OH afforded the G4
dendron. Completeness of both stages of dendrimer growth was
confirmed by FIA ESI-MS. After mannosylation (11), treatment
with 94% TFA results in simultaneous Mtt removal and dendrimer
liberation (12). The fully deprotected G4 glycodendron (Man,G4-
K, 13) was isolated after RP-HPLC purification.

The Mtt group can be removed at low TFA concentrations
with minimal losses of the dendron and the newly revealed
amine can be labeled on resin. Accordingly, treatment of the
polymer-supported G4 dendron (11) with 3% TFA in CH,Cl,
led to complete Mtt group removal within 40 min (2 x 20 min
each, Scheme 2, 14). Lower concentrations of TFA were in-
efficient. The free amine in 16 was then treated with 5(6)-
carboxytetramethylrhodamine (TAMRA)-HOB ester (prepared
by activation with PyBOP/NMM), or dansyl chloride. In both
cases the labeling was found to be >90% by analytical HPLC,
yielding dendrons 15 and 16, respectively.

The protecting groups on the peripheral carbohydrate residues
have a very strong effect on the solubility properties of the
dendrons. Before the removal of the acetyl protecting groups, the
dendrimers are insoluble in water but soluble in polar organic
solvents (THF, DMF, acetonitrile, methanol), allowing labeling
in these solvents. When the hydrophobic, acetyl-protected crude
dendrimer (12) was exposed to 4-(1-pyrenyl)butanoic acid and
EDCI in THF followed by treatment with methanolic ammonia,
the pyrene-labeled G4 glycodendron 14 was isolated after a
single semipreparative RP-HPLC purification. The glycodendron
becomes soluble in water when fully deprotected. To illustrate
labeling in aqueous media, the crude 13 was treated with 5-FITC
in NaHCO; buffer (pH 9). Analytical HPLC showed approx.
85% labeling efficiency. A straightforward RP-HPLC purification
afforded the labeled dendron (18) in yield comparable to the
non-labeled analog. In all cases, a single purification step by
semipreparative RP-HPLC was sufficient to obtain chromato-
graphically homogeneous, fully deprotected G4 and G5 denrdons
(Fig. 1). For fluorescence-labeled dendrons, the unlabeled 13,
excess fluorescence label and all byproducts were successfully
removed during the HPLC purification stage (data not shown). In
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Scheme 1  Synthesis of mannosylated G4 and G5 dendrons. Reagents and conditions: a) 20% piperidine, DMF. b) PyBOP, N-methylmorpholine (NMM),

DMEF. ¢) 10% TFA, 1% i-Pr;SiH, CH,Cl,, 3 h. d) 2 M NH;, MeOH, 18 h.

the MALDI-TOF mass spectra of the dendrons, a fragmentation
peak corresponding to the loss of a single mannose residue at m/z
[M — 162] was also observed at both G4 and G5 levels (Fig. 2).
The fluorescent dendrons showed enhanced ionizing ability and
somewhat suppressed fragmentation in MALDI-TOF (Fig. 3).
Even though the isolated yields for the glycodendrons vary,
they are comparable with isolated yields for peptides prepared
by Fmoc/t-Bu solid-phase peptide synthesis. To the best of our
knowledge, the G5 dendron (7), carrying 32 mannosyl residues, is
the largest glycodendrimer (M, 12.1 kDa) assembled on solid phase
to date.

UV-Vis and fluorescence spectra for the fluorescence labeled
dendrons 15-18 were also recorded (Fig. 4). The absorbance and
emission maxima observed were at the wavelengths expected.

Whereas some reports describing fluorescent glycodendrimer
synthesis include no imaging experiments,*+**° those that do have
been exclusively focussed on the uptake of fluorescent glycoden-
drimers by cells expressing carbohydrate binding proteins on their

surface. The group of Grandjean prepared tetra- and octavalent
polylysine dendrimers terminated with mannose, galactose and
two mannose mimetics, shikimic and quininic acid. The labelling
was conducted in solution before the carbohydrate attachment by
reaction of the N-terminal lysine with FITC.*® The mannosylated
dendrimer showed enhanced uptake by flow cytometry analysis
in immature human monocyte-derived dendritic cells compared
to the shikimic and quininic acid analogs, with the octavalent
conjugate being twice as potent as the tetravalent. However, no
further imaging studies were conducted. The use of FITC- or
5(6)-carboxyfluorescein-labeled G2.5 PAMAM dendrimer carry-
ing four N-Ac-D-glucosamine residues for the in vitro and in vivo
imaging studies of uptake into NKR-P1A-positive lymphocytes
was later reported by another group.* The dendrimers localized
mainly in liver, kidney, spleen and cancer tissues in mice. We
investigated the uptake of FITC-labeled G4 glycodendron 18
into dendritic cells as a model imaging application. Incubation
at 4 °C with 18 (1 uM) led to very low fluorescence (data not
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Fig. 1 Analytical RP-HPLC profiles of purified G4 and G5 dendrons.

Conditions: Vydac C18 column, 5 to 95% CH;CN in H,O (containing
0.1% TFA) over 20 min.

shown). After warming up the cells to 37 °C, there was a 2 h
incubation period before the confocal microscopy analysis in order
to allow internalization (endocytosis) of the mannosyl dendrimer
bound on mannose receptors at the cell surface. After the
incubation, glycodendron 18 was observed in numerous vesicles
inside dendritic cells (see ESIt). This suggests that the dendrimer

10: 1, 24 h. i) 5-FITC, aq. NaHCO; (pH 9)-CH,CN, 24 h.

initially binds to the cell membrane, followed by a mannose-
receptor-mediated uptake at 37 °C. After direct incubation at
37 °C, similar pictures were obtained; a projection of images taken
at different levels in the dendritic cells (0.3 um) is presented in
Fig. 5. The glycodendrimers persisted within the dendritic cells
for at least 24 h (ESI). As a negative control for non-specific
glycodendrimer-membrane receptor interaction or nonspecific
pinocytosis,® 18 did not enter HeLa cells, which are devoid of
mannose receptors (ESI). These results are very similar to previous
studies by Roche et al. on linear oligolysine clusters capped with
dimannoside or Lewis type oligosaccharides.'>¢

Conclusions

In this work, we have presented the synthesis and fluorescence
labelling of large, monodisperse mannosylated poly-L-lysine den-
drons for imaging applications. The dendritic growth and manno-
sylation were accomplished in a single synthetic operation on a
solid support, which allows a large excess of reagents to be used
in order to drive the reaction to completion, thereby minimizing
imperfections within the dendritic structure. Fourth- and fifth-
generation mannosylated dendrons were prepared in a peptide
synthesizer from commercial or easily prepared small building
blocks. This method was especially designed for deployment in
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Fig. 2 MALDI-TOF mass spectra of purified G4 and G5 dendrons.
Matrix: 2,3-dihydroxybenzoic acid.

biological laboratories, and is easily integrated within the well-
established manual or automated Fmoc/¢-Bu solid-phase peptide
synthesis methodology. The glycodendrons were obtained in a
homogeneous state after a single HPLC purification step, as
confirmed by HPLC and MALDI-TOF MS. The efficiency of
this method is comparable to the standard peptide synthesis. The
FITC-labeled 4th-generation dendron internalized into dendritic
cells in a manner consistent with mannose-receptor-mediated
uptake as monitored by confocal microscopy. Further applications
of this synthetic methodology are ongoing in our laboratory.

Experimental
General

All reagents were from commercial sources and used without
further purification, unless stated otherwise. All solvents were
HPLC grade and used without further purification. Machine-
assisted manual peptide synthesis was carried out in a Protein
Technologies (Tucson, AZ, USA) PS3 synthesizer under N,.
The preactivated carboxylic acids were added manually, whereas
solvent and deprotection solution dispensing and resin filtration
were carried out by the hardware. DMF for solid-phase peptide
synthesis was distilled in vacuum from anhydrous MgSO, prior to
use. Fmoc-Phe-OH, Fmoc-Lys(Fmoc)-OH, Fmoc-Lys(Mtt)-OH,
PyBOP, Rink amide resin (8, 0.20 mmol g~') and Fmoc-Sieber
resin (1, 0.16 mmol g=') were purchased from Novabiochem.
Amino acid activation solution (ACT) was 4.5% (vol/vol)
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Fig. 3 MALDI-TOF MS of fluorescence-labelled G4 glycodendrons
15-18 (Scheme 2). Matrix: 2,3-dihydroxybenzoic acid.
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Fig.5 Confocal microscopy analysis (projection of a Z series of 7 images)
of the uptake of FITC-labelled G4 glycodendron (18) by dendritic cells.
Incubation period: 2 h at 37 °C with 18 (1 pM).

N-methylmorpholine in DMF. Deprotection solution (DEP) was
20% (vol/vol) piperidine in DMF. HPLC was performed on an
Agilent 1100 instrument equipped with a multiple-wavelength
UV detector. Vydac C4 column (10 x 250 mm) was used
for purifications, and Vydac monomeric C18 column (4.6 x
250 mm) for purity analysis of the final glycoconjugates. HPLC
mobile phases were 5% (vol/vol) CH;CN in water containing
0.1% (vol/vol) TFA (A), and 95% (vol/vol) CH;CN in water
containing 0.1% (vol/vol) TFA (B). HP ChemStation software
was used for HPLC control and data management. All MALDI-
TOF experiments were carried out on a Voyager-DE PRO
Biospectrometry Workstation (Applied Biosystems, Foster City,
CA, USA). Volumes of 20 pL of matrix solution (20 mg mL™"
2,3-dihydroxybenzoic acid in methanol-H,O, 1 : 1 vol/vol) and
2 uL of the sample solution were combined.

Glycodendron synthesis and fluorescence labelling

Deprotection of Fmoc-Sieber amide resin (1). Fmoc-Sieber
amide resin (0.16 mmol g~'; 313 mg, 0.050 mmol, 1.0 equiv) was
swollen in DMF for 1 h and washed with DMF (3 x 1 mL) and then
treated with DEP solution (3 x 2 mL, 5 min each) and washing
with DMF (3 x 2 mL).

Loading of the C-terminal Phe residue. The resin 2 was treated
with Fmoc-Phe-OH (58 mg, 0.15 mmol, 3.0 equiv), preactivated
with PyBOP (86 mg, 0.165 mmol, 3.3 equiv) in ACT solution
(1.0 mL) for 1 h. After washing with DMF (1 mL), the coupling
was repeated. Then, the resin was treated with acetic anhydride
(0.25 mL) in ACT solution (2.0 mL) for 20 min and washed with
DMF (3 x 2 mL). The N-terminal Fmoc group in 3 was removed
as above.

Resin-supported (H,N),,-KsK,K,KF dendron (G4;4). The resin
3 from the previous step was treated with Fmoc-Lys(Fmoc)-OH
(89 mg, 0.15 mmol, 3.0 equiv) and PyBOP (86 mg, 0.165 mmol,
3.3 equiv) dissolved in ACT solution (0.50 mL) over 30 min,
followed by washing with DMF (2 x 1 mL). The N-terminal

Fmoc groups were deprotected with DEP solution (2 x 1 mL,
5 min each), followed by washing with DMF (3 x 1 mL). Then,
Fmoc-Lys(Fmoc)-OH (177 mg, 0.30 mmol, 6.0 equiv) and PyBOP
(172 mg, 0.33 mmol, 6.6 equiv) dissolved in ACT solution (1.0 mL)
were added to the resin, and the reaction mixture was agitated
with a stream of N, and washed with DMF (2 x 1 mL). The N-
terminal Fmoc groups were deprotected with DEP solution (2 x
1 mL, 7.5 min each) and washed with DMF (3 x 1 mL). Fmoc-
Lys(Fmoc)-OH (354 mg, 0.60 mmol, 12.0 equiv) and PyBOP
(344 mg, 0.66 mmol, 13.2 equiv) dissolved in ACT solution
(2.0 mL) were added to the resin and the reaction mixture was
agitated with a stream of N, for 1 h. The resin was washed
with DMF (2 x 1 mL), and the N-terminal Fmoc groups were
deprotected with DEP solution (2 x 1 mL, 10 min each) and
washed with DMF (3 x 1 mL). Finally, Fmoc-Lys(Fmoc)-OH
(708 mg, 1.20 mmol, 24.0 equiv) and PyBOP (688 mg, 1.32 mmol,
26.4 equiv) dissolved in ACT solution (3.0 mL) were added to the
resin and the reaction mixture was agitated with a stream of N,
for 1h. The resin was washed with DMF (2 x 1 mL) and the N-
terminal Fmoc groups were deprotected with DEP solution (2 x
I mL, 10 min each), and washed with DMF (3 x 1 mL)and CH,Cl,
(3 x 10 mL). The G4 dendron resin 4 (427 mg) was obtained after
filtration and drying in high vacuum.

Man,-KK,K,KF-CONH, (G4 glycodendron; 6). The resin 4
(43 mg, 0.0050 mmol, 1.0 equiv) was suspended in DMF for 1 h
and then washed with DMF (3 x 1 mL). A solution obtained
by dissolving 5 (104 mg, 0.240 mmol, 48 equiv) and PyBOP
(137 mg, 0.262 mmol, 53 equiv) in ACT solution (1.0 mL) was
added and the reaction mixture was agitated with a stream of
N, over 10 h. After washing with DMF (3 x 1 mL) and CH,Cl,
(3 x 10 mL), the resin was transferred into a flask and covered
with TFA—i-Pr;SiH-CH,Cl, (10 : 1 : 90, vol/vol/vol, 2.0 mL
total). After stirring for 3 h, the cleavage cocktail was removed
in vacuum and the residue treated twice with hexane—ether (1 : 1,
vol/vol, 10 mL), followed by dissolution of the crude dendrimer
in CH,Cl,-MeOH (1 : 1,vol/vol, 20 mL), and filtering of the
resin. The organic solvent was evaporated and the residue was
dissolved in ammonia solution in methanol (2 M; 5.0 mL). After
stirring overnight, the volatiles were removed in vacuum. The
crude dendrimer was dissolved in aqueous CH;CN (10 vol%,
25.0mL). From an aliquot from this solution (4.0 mL), the pure G4
glycodendron 6 (2.5 mg) was isolated after semipreparative RP-
HPLC and lyophilization. MALDI-TOF-MS: [M + Na]* calcd.
for Cys0Hys N3, NaOj: 6081.5. Found 6081.6.

Man;,-K,K;K,K,KF-CONH, (G5 glycodendron; 7). The resin
4 (43 mg, 0.0050 mmol, 1.0 equiv) was suspended in DMF for 1 h
and then washed with DMF (3 x 1 mL). Fmoc-Lys(Fmoc)-OH
(142 mg, 0.24 mmol, 48 equiv) and PyBOP (137 mg, 0.26 mmol,
53 equiv) dissolved in ACT solution (1.0 mL) were added to the
resin and the reaction mixture was agitated with a stream of N,
for 1 h. The resin was washed with DMF (2 x 1 mL) and the N-
terminal Fmoc groups were deprotected with DEP solution (2 x
1 mL, 10 min each), and washed with DMF (3 x 1 mL). To the G5
resin thus obtained, a solution obtained by dissolving 5 (208 mg,
0.480 mmol, 96 equiv) and PyBOP (274 mg, 0.53 mmol, 106 equiv)
in ACT solution (2.0 mL) was added and the reaction mixture was
agitated with a stream of N, over 10 h. After washing with DMF
(3 x 1 mL) and CH,Cl,, (3 x 10 mL), the product was cleaved
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from the resin and the acetate groups were deprotected as described
for compound 4. The crude dendrimer was dissolved in aqueous
CH;CN (10 vol%, 25.0 mL). From an aliquot from this solution
(5.0 mL), the G5 glycodendron 7 (6.65 mg) was isolated after
semipreparative RP-HPLC and lyophilization. MALDI-TOF-
MS: [M + Na]* calcd. for Cs;5sHgsNgNaO,s.: 12103.9. Found
12104.5.

Loading of the C-terminal Lys(MMtt) residue. From Rink amide
resin (8) (0.21 mmol g7'; 475 mg, 0.1 mmol, 1.0 equiv) and Fmoc-
Lys(Mtt)-OH (188 mg, 0.3 mmol, 3.0 equiv) activated with PyBOP
(172 mg, 0.33 mg, 3.3 equiv) in ACT solution (1.5 mL), the resin
9 was obtained as described for compound 3.

Resin-supported (H,N);-K,K,KK dendron (G3; 10). The resin
9 from the previous step was treated with Fmoc-Lys(Fmoc)-OH
(177 mg, 0.30 mmol, 3.0 equiv) and PyBOP (172 mg, 0.33 mmol,
3.3 equiv) dissolved in ACT solution (1.5 mL) over 30 min,
followed by washing with DMF (2 x 1 mL). The N-terminal
Fmoc groups were deprotected with DEP solution (2 x 1 mL,
5 min each), followed by washing with DMF (3 x 1 mL). Then,
Fmoc-Lys(Fmoc)-OH (354 mg, 0.30 mmol, 6.0 equiv) and PyBOP
(344 mg, 0.33 mmol, 6.6 equiv) dissolved in ACT solution (2.5 mL)
were added to the resin and the reaction mixture was agitated
with a stream of N, and washed with DMF (2 x 1 mL). The N-
terminal Fmoc groups were deprotected with DEP solution (2 x
1 mL, 7.5 min each) and washed with DMF (3 x 1 mL). Fmoc-
Lys(Fmoc)-OH (708 mg, 1.20 mmol, 12.0 equiv) and PyBOP
(688 mg, 1.32 mmol, 13.2 equiv) dissolved in ACT solution
(4.0 mL) were added to the resin and the reaction mixture was
agitated with a stream of N, for 1 h. The resin was washed
with DMF (2 x 1 mL) and the N-terminal Fmoc groups were
deprotected with DEP solution (2 x 1 mL, 10 min each), washed
with DMF (3 x 1 mL) and then with CH,Cl, (3 x 10 mL). The
resin-immobilized G3 dendron 10 (588 mg) was obtained after
filtration and drying in high vacuum.

Man,-K;K,K,KK(NH,)-CONH, (G4 glycodendron; 13). The
resin 10 (30 mg, 0.0050 mmol, 1.0 equiv) was suspended in
DMEF for 1 h and then washed with DMF (3 x 1 mL). Fmoc-
Lys(Fmoc)-OH (71 mg, 0.12 mmol, 24.0 equiv) and PyBOP
(69 mg, 0.132 mmol, 26.4 equiv) dissolved in ACT solution
(0.50 mL) were added to the resin and the reaction mixture was
agitated with a stream of N, for 1 h. The resin was washed
with DMF (2 x 1 mL) and the N-terminal Fmoc groups were
deprotected with DEP solution (2 x 1 mL, 10 min each), and
washed with DMF (3 x 1 mL). To the G4 resin obtained, a
solution obtained by dissolving 5 (104 mg, 0.24 mmol, 48 equiv)
and PyBOP (137 mg, 0.53 mmol, 53 equiv) in ACT solution
(1.0 mL) was added and the reaction mixture was agitated with
a stream of N, over 10 h. After washing with DMF (3 x 1 mL)
and CH,Cl, (3 x 10 mL), the glycodendron was cleaved from
the resin 11 using TFA-H,0-i-Pr;SiH (94 : 3 : 3, vol/vol/vol,
2.0 mL total volume) over 2.5 h. The acetate groups in 12 were
deprotected with ammonia in methanol (2 M; 4.0 mL) for 18 h.
The crude dendrimer was dissolved in aqueous CH;CN (10 vol%,
25.0mL). From an aliquot from this solution (5.0 mL), the pure G4
glycodendron 13 (1.1 mg) was isolated after semipreparative RP-
HPLC and lyophilization. MALDI-TOF-MS: [M + Na]* calcd.
for CyssHysi N33 NaOg: 6062.5. Found: 6062.7.

Man,-K;K,K,KK(Rho)-CONH, (15). The acetyl-protected
polymer-supported G4 dendron was prepared from 10 (90 mg,
0.015 mmol, 1 equiv) as described for compound 13 above. The
G4 dendritic growth level was attained using Fmoc-Lys(Fmoc)-
OH (212 mg, 0.345 mmol, 24 equiv) activated with PyBOP
(211 mg, 0.405 mmol, 27 equiv) in ACT solution (2.0 mL).
The fully protected, resin-supported glycodendron 11 (183 mg)
was obtained after treatment a solution obtained by dissolvng 5
(313 mg, 0.72 mmol, 48 equiv) and PyBOP (421 mg, 0.81 mmol, 53
equiv) in ACT solution (3.5 mL). For Mtt deprotection, an aliquot
from the resin 11 (61 mg, 0.0050 mmol, 1 equiv) was treated with
CH,Cl, containing TFA (3 vol%) and i-Pr;SiH (1 vol%; 2 x 20 min,
3 mL each). The resin was washed with CH,Cl, (5 x 1 mL), DMF
(5 x 1 mL) and then with ACT solution (5 x 1 mL) to recover
the side-chain amine as free base. The side-chain deprotected
glycodendron 14 was suspended in a solution obtained by dis-
solving 5(6)-carboxytetramethylrhodamine (9.3 mg, 0.020 mmol,
4 equiv) and PyBOP (11.5 mg, 0.022 mmol, 4.4 equiv) in ACT
(0.50 mL) and the reaction mixture was agitated with a stream of
N, over 10 h. Cleavage and acetate deprotection were performed
as described for compound 13. The crude dendron was dissolved
in aqueous CH;CN (10 vol%, 25.0 mL). From an aliquot from this
solution (7.25 mL), the pure Rho-labeled glycodendron 15 (3.4 mg)
was isolated after semipreparative RP-HPLC and lyophilization.
MALDI-TOF-MS: [M + H]J* calcd. for Cy Hy, N300 6452.9.
Found 6453.6.

Man,-KK,K,KK(Dns)-CONH, (16). The side-chain depro-
tected glycodendrimer 14 (obtained as described above) was
suspended in a solution of dansyl chloride (13.5 mg, 0.0500 mmol,
33 equiv) and i-Pr,NEt (17.5 pL, 12.7 mg, 0.098 mmol, 65 equiv)
in dry THF (1.50 mL) and the reaction mixture was shaken for
18 h. The crude dendron was obtained after cleavage from the
resin and acetyl group removal as described for compound 13
and was dissolved in aqueous CH;CN (10 vol%, 25.0 mL). From
an aliquot from this solution (7.00 mL), the pure Dns-labeled
glycodendron 16 (3.2 mg) was isolated after semipreparative RP-
HPLC and lyophilization. MALDI-TOF-MS: [M + H]* calcd. for
ChesHus3 N3, 0150 S: 6273.8. Found: 6274.6.

Man,-K;K K, KK(pyrene)-CONH, (17). From 10 (30 mg,
0.0050 mmol, 1.0 equiv), crude acetyl-protected G4 dendron 12
was prepared was described for compound 13 above. The whole
amount of 12 (12 mg) and 4-(pyrene-1-yl)butanoic acid (1.45 mg,
0.0050 mmol, 1.0 equiv) were dissolved in dry THF (0.85 mL). A
solution containing 4-dimethylaminopyridine (DMAP) (0.03 mg,
0.25 umol, 5 mol%) in dry THF (50 uL) was mixed with a solution
of EDCI (1.15 mg, 0.0060 mmol, 1.2 equiv) in DMF (100 pL).
The two solutions from above were mixed (THF-DMF = 10: 1,
v/v, total volume 1.0 mL) and shaken over 24 h. The volatiles were
removed under reduced pressure and the residue dissolved in ethyl
acetate (15 mL), washed with HCI (0.1 M), aqueous NaHCO;

Table 1 UV-Vis spectroscopy. Scan speed: 100 nm min™"

Dendron Concentration/uM Scan range/nm
18 11.7 400-520

17 24.8 300-500

15 7.9 400-500

16 37.6 285-410
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Table 2 Fluorescence spectroscopy (Ex—excitation; Em—emission). Scan speed: 300 nm min~

1

Spectral bandwidth/nm

Dendron Concentration/pM Excitation/nm Scan range/nm Ex Em
18 1.17 480 500-650 10 10
17 2.48 344 310-480 5 2.5
15 0.79 550 500-700 5 2.5
16 3.76 325 285410 10 10

(0.1 M, 2 x 5mL), dried (MgSO,) and evaporated to dryness. The
residue was dissolved in ammonia in methanol (2 M; 5.0 mL)
and stirred over 24 h. The volatiles were removed in vacuum
and the residue diluted with aqueous CH;CN (10 vol%, 25.0 mL)
From an aliquot from this solution (11.25 mL), the pyrene-labeled
glycodendron 17 (0.85 mg) was isolated after semipreparative RP-
HPLC purification and lyophilization. MALDI-TOF-MS: [M +
HJ* calcd. for Cy6HuesN330 5 6310.8. Found: 6311.7.

Man,-K; K, K, KK(FITC)-CONH, (18). The crude glycoden-
dron 13, prepared from the resin 10 (30 mg, 0.0050 mmol,
1.0 equiv) as described above, was dissolved in a mixture of
aqueous NaHCO; (0.1 M, pH = 9.0; 10.0 mL) and CH,;CN
(2 mL). A solution of 5-FITC (9.7 mg, 0.025 mmol, 5.0 equiv)
in CH;CN (0.50 mL) was added and the mixture was shaken
in the dark for 24 h. The base was quenched with HCI (1 M,
1 mL) and diluted to 20.0 mL. From an aliquot from this solution
(5.0mL), the FITC-labeled glycodendron 18 (0.70 mg) was isolated
after semipreparative RP-HPLC purification and lyophilization.
MALDI-TOF-MS: [M + Na]* calcd. for C,;;H4;N3,NaO,3;S:
6452.8. Found: 6452.9.

UV-Vis and fluorescence spectroscopy

Using matched cells of 1 cm path length, all UV measurements
were made on a Hitachi double beam spectrophotometer model U-
2001, and fluorescence were performed on a Hitachi Fluorescence
Spectrophotometer model F-2500, at ambient temperature in
aqueous CH;CN (10 vol%). The concentrations and parameters
used were shown in Tables 1 and 2.

Confocal microscopy analysis of glycodendrimer entry into
dendritic cells

DC-IL-13 (DC stands for ’dendritic cells”, I1L-13 stands for
’Interleukin-13") obtained from monocytes isolated by elutriation
from peripheral blood mononuclear cells differentiated in the
presence of GM-CSF and IL-13% were provided by IDM (Immuno
Designed Molecules, Paris, France) in frozen vials, were plated on
a cover slip after thawing and cultured in Aim-V medium sup-
plemented with 500 units mL~' GM-CSF and 50 ng mL~"' TL-13.
After incubation in the complete medium overnight, the cells were
treated with Man;;G4-K(FITC) (18; 1 uM, 200 pL) as follows: 1)
1 h at 4 °C, followed by washing and incubation for 2 h at 37 °C;
and 2) incubation at 37 °C for 2 h followed by washing. The cells
were then fixed for 20 min in PBS containing 4% formaldehyde.
Cover slips were mounted on slides in a PBS—glycerol mixture
(1: 1, vol/vol) containing 1% 1,4-diazabicyclo[2.2.2]octane as an
anti-fading agent. Cell fluorescence was analyzed with a confocal
imaging system MRC-1024 (Bio-Rad) equipped with a Nikon

Opitphot epifluorescence microscope and a 60x planapo objective
(numerical aperture 1.4). A Kr/Ar laser was tuned to produce a
488 nm beam. Images were recorded with a Kalman filter average
of 5-10 images; sequential Z series collected (Z-step: 0.3 um).
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N,N'-Diarylureas have been shown to efficiently catalyse
sulfonium ylide-mediated aldehyde epoxidation reactions for
the first time. These processes are of broad scope and can
be coupled with a subsequent Cu(11) ion-catalysed Meinwald
rearrangement to give an efficient and convenient protocol for
aldehyde homologation without intermediate purification.

Epoxides are among the most versatile and useful synthetic
building blocks available to the organic chemist. One of the most
straightforward non-oxidative methods for the synthesis of these
compounds is the Corey—Chaykovsky (CC) reaction involving
the base-mediated addition of sulf(ox)onium ylides to aldehydes.!
The mechanism of this reaction involves the addition of the
ylide 1 (formed from the deprotonation of the corresponding
sulfonium salt by the dimsyl ion'®? or the reaction of a sulfide
with a Simmons-Smith reagent?) to the carbonyl electrophile
2 to form the zwitterionic intermediate 3, which undergoes
ring closure to afford the oxirane product 4 (Scheme 1). This
reaction has received considerable attention and significant
progress towards the development of general asymmetric variants
of the process using chiral (often in situ formed) sulfonium
ylides has been made.®> While smooth, enantioselective alkylidene
transfer from ylides to aldehydes has been demonstrated,* the
corresponding methylene transfer to form terminal epoxides
is characterised by (super)stoichiometric sulfide loadings and
moderate yields/enantioselectivity;> with the most successful
protocols involving a metal-mediated Simmons—Smith type
carbenoid transfer.’*

o
R4J‘J\R5 -0 R4
R1 2 R1 42< _SR1R2 6] 4
\+ - \ + RS R
SN oo S — | X
R2/ R3  slow R2 R3 fast R RS
1 3 4

Scheme 1 Mechanism of CC reaction.

Since it seems clear that the hitherto most common strategy
involving the use of chiral sulfonium ions is unlikely to lead to
highly enantioselective methylene transfer protocols, we became
interested in developing an organocatalytic strategy based on the
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use of hydrogen bonding® to activate the aldehyde towards nucle-
ophilic attack by the ylide, the idea being that if a catalyst capable
of aldehyde activation under simple CC reaction conditions could
be identified, it could be later modified to do the same in a face
selective manner. In addition, such a strategy would not require
the tedious multistep synthesis of enantiopure sulfide catalysts.

We were also intrigued by the lack of activity of the readily avail-
able and inexpensive’ trimethylsulfonium iodide in CC reactions—
for example this salt has been shown to be unreactive under
convenient biphasic conditions (aq. NaOH-CH,Cl,, rt) and has
been reported to give appreciable product yields only on heating
in the presence of a phase transfer catalyst®**—conditions
not conducive to either hydrogen-bond mediated catalysis or
arguably hydrogen-bond directed asymmetric induction either.
Likewise, solid-liquid two-phase systems have been developed
(NaOH or KOH(s)/MeCN),*** however heating is involved and
the formation of cinnamonitrile can also be problematic.'*!* We
therefore considered the ability to promote efficient CC reactions
between trimethylsulfonium iodide and benzaldehyde at room
temperature under convenient phase transfer conditions to be the
benchmark against which catalyst efficacy could be judged. Herein
we report our preliminary results on the development of such an
active catalyst system.

For the past four years our group has been interested in
the design and exploitation of (thio)urea derivatives as robust
and active hydrogen-bond donating catalysts for a variety of
addition reactions characterised by an increase in basicity at
a heteroatom in the reaction transition state.®”'® Curran'™®
and Schreiner'™* were the first to recognise the potential of
readily prepared, tunable and relatively rigid N,N’-diarylureas
and -thioureas which possess two syn-periplanar N-H bonds
available for hydrogen bond donation as catalysts for Claisen
rearrangements and Diels—Alder reactions respectively. Since,
these materials have been shown to serve as active and versatile
promoters of the addition of cyanide and silyl ketene acetals to
nitrones,' the Baylis—Hillman reaction,”® Friedel-Crafts type
reactions,' acetalisations,”® Claisen rearrangements,’®” ring-
opening reactions of oxiranes,"¥* acyl Strecker reactions,'"
tetrahydropyranylations'® and imine reductions.'®!

One issue which we speculated may have been responsible for the
dearth of studies on the use of hydrogen-bond donating catalysts
in the CC reaction is the reasonably basic conditions required to
form the ylide nucleophile, which precludes the use of catalysts
of strong-medium acidity. We were therefore pleased to find that
the pK, (DMSO) of diarylurea 5, its thiourea analogue 6 and
trimethylsulfonium iodide 7 (Fig. 1) are 19.55, 13.4 and 18.2
respectively.” Thus at a minimum we expected urea derivatives
to be compatible with the deprotonated sulfonium methylide.
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In addition, we have recently demonstrated that precatalysts
8a,b could promote the reduction of diketones in the presence
of aqueous base in a biphasic system without decomposition.*
We therefore posited that (thio)urea derivatives could accelerate
CC reactions under these conditions through the stabilisation of
developing negative charge on the oxygen heteroatom in the rate-
determining addition step® transition state (9, Fig. 1).

To test this hypothesis, a range of urea and thiourea derivatives
5-6 and 13-21 were prepared and evaluated as promoters of the
CC reaction between benzaldehyde (10) and 7 in the presence
of NaOH base under biphasic conditions at room temperature
(Table 1). In the absence of catalyst no styrene oxide (12) was
formed (entry 1), however we were surprised to detect trace
amounts of an unidentified intermediate (the '"H NMR spectrum

of which indicates that it is not a B-hydroxysulfonium ion derived
from attack of 7 on 10) which was converted to 12 after extended
reaction times. At low catalyst loadings of 5 mol%, urea (13),
thiourea (14) and N-alkyl urea derivatives 15-16 failed to promote
the formation of 12 effectively, although significant levels of the
intermediate were observed using N,N’-dimethylurea 15. Use of
the more acidic N-phenylurea and thioureas (5 and 6 respectively)
resulted in substantial improvements in both rate and efficiency—
allowing the formation of 12 in moderate yield (entries 6-7).

An electron-rich analogue of urea 5 (i.e. 17, entry 8) proved
inferior to more acidic analogues incorporating electron deficient
aromatic substituents (even the insoluble 18, entries 9-11). Grati-
fyingly, bis-fluoro- and bis-trifluromethylphenyl substituted ureas
19 and 20 proved to be highly active: both furnished excellent
yields of 12 after 24 h at 5 mol% loading (entries 10 and 11). It is
of interest that, as expected (vide supra), urea 20 is a more active
catalyst than the more acidic thiourea 21 (entry 12), just as 5is a
better catalyst in this reaction than 6. This superiority of urea over
thiourea derivatives is unusual®—in this case we would propose
that it is related to the high acidity of the thiourea derivatives
relative to the sulfonium ion.

Reduction of the levels of base led to lower conversions
(entries 13 and 14), while increased catalyst loadings of 10 mol%
resulted in faster reactions and quantitative yields (entry 15).
In addition, efficient catalysis was observed with loadings as

Table 1 (Thio)urea catalysis of the CC reaction: initial studies
7 (1.0 equiv.)
0 CH2Cl2 (0.34 M) O
§oomoosm, A
Ph 50% NaOH (aq.) Ph
catalyst (5 mol%)
10 rt, 24 h 1 12
13 X=0,R=H 17 X =0, R=4-OMe-CgHs
14 X=S,R =H 18 X = O, R = 4-NO2-CgHs
R /EL _R 15 X=0,R=Me 19 X = O, R = 3,5-(F)2-CeHs3
N~ TN 16 X = O, R =cydlohexyl 20 X = O, R = 3,5-(CF3)2-CgHs3
H H 5 X=0,R=CgHs 21 X =S, R =3,5-(CF3)>-CoHs
6 X=8,R=CgHs
Entry Cat. Loading (mol%) CH,C], : NaOH (v/v)* Conversion (%)*¢ Yield (%)¢
1 None 5 1.23:1 1.5 0
2 13 5 1.23:1 3 0
3 14 5 1.23:1 1 0
4 15 5 1.23:1 7 0
5 16 5 1.23:1 2 0
6 5 5 1.23:1 50 39
7 6 5 1.23:1 35 22
8 17 5 1.23:1 14 0
9 18¢ 5 1.23:1 22 11
10 19 5 1.23:1 99 99
11 20 5 1.23:1 97 97
12 21 5 1.23:1 67 50
13 20 5 7.37:1 42 29
14 20 5 14.7:1 15 0
15 20 10 1.23:1 100 100
16 20 2 1.23:1 85 85
17 NBCC# 5 1.23:1 69 60
18" NBCC# 5 1.23:1 95 83

42.18 cm® of CH,Cl, used in all cases. * Determined by 'H NMR spectroscopy. ¢ In addition to the starting material, the only species detected by 'H NMR
spectroscopy were 12 and the intermediate. Integration of the resonances associated with the intermediate supports the assumption that its presence is
responsible for the discrepancy between the conversion and yield in reactions involving inefficient catalysts. ¢ Determined by 'H NMR spectroscopy using
(E)-stilbene as an internal standard. ¢ 18 was only partially soluble in the reaction medium. /21 h reaction time. ¢ NBCC = N-benzylcinchonidinium

chloride. * NBCC and 20 (both at 5 mol% level) used together.
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Table 2 Evaluation of the substrate scope

o 7 (1.0 equiv.) o
CH,Cl, (0.34 M
J CHCLOAM e, - AN
R 50% NaOH (5q) R
catalyst (5 mol%), rt,
Entry Substrate Time/h Product Yield (%)*
1 [o] 20 0 93
|
10 12
2 cl |O 16 (¢f] 0 93
< - o
3 0o 15 Q 91
|
23 31
cl Cl
4 o] 85 0 96
|
24 32
5 OMe O 40 OMe ¢ 57 (95)
|
25 33
6 |O 92 Q 75 (98)°
/@)26 m
MeO MeO
7 o] 38 Q 91
~ X
27 35
8 [o] 133¢ Q 90
|
28 36
9 _0 407 0 0

“Isolated yield. ® Crude epoxide decomposes during either Kugelrohr distillation or chromatography, the figure in parentheses represents the crude yield
of spectroscopically pure product—see ref. 24 and the ESI. < 98% of 28 had been consumed after 69 h. “ Time taken for complete consumption of 29.

low as 2 mol% after 24 h (entry 16). We also found that 20 is
superior to the cinchona alkaloid-derived phase transfer catalyst
N-benzylcinchonidinium chloride (NBCC), however little synergy
was observed when both catalysts were employed together (entries
11, 17 and 18).

With an active catalyst in hand, attention now turned to the
question of substrate scope. Gratifyingly, the catalytic method-
ology proved robust—we found that catalyst 20** promoted the
smooth transformation of a range of aldehydes 10 and 22-28 into
epoxides 12 and 30-36 at 5 mol% levels (Table 2). In addition
to styrene oxide 12 (entry 1), epoxides derived from activated
(entries 2 and 3), hindered (entry 4) and electron-rich (entries
5 and 6) aromatic aldehydes could be prepared in excellent

yields.”® o,B-Unsaturated and o-substituted aliphatic aldehydes
(but not unbranched analogues which underwent competitive
aldol reactions) were also amenable to epoxidation under these
conditions (entries 7-9).

The clean catalysis observed in these reactions prompted us to
exploit the electrophilicity of the oxirane products through the
development of a tandem organocatalytic epoxidation—transition
metal catalysed ring opening process (Scheme 2). The epoxida-
tion could be combined with a Cu(1) ion-catalysed Meinwald
rearrangement®? to give a convenient and potentially useful
protocol for the homologation of aldehydes. Organocatalysed
epoxidation of 24 followed by separation of the phases and
addition of Cu(BF,), (25 mol%, hydrate) to the organic portion

This journal is © The Royal Society of Chemistry 2008
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1. 7 (1.0 equiv.)
CH,Cl, (0.34 M)
50% NaOH (aq.) rt
20 (5 mol%)

—0

0

2. phase separation
3. Cu(BFy)2 (25 mol%),

in,21h
24 38 69%

Scheme 2 Tandem epoxidation-ring opening reactions.

resulted in the isolation of the chain-extended phenyl acetaldehyde
derivative 38 in good overall yield.

In summary we have shown for the first time that appropriately
substituted N,N’-diarylureas and thioureas are capable of the
efficient catalysis of the Corey—Chaykovsky reaction involving the
inexpensive trimethylsulfonium iodide at ambient temperature.
Rather unusually, urea derivatives are clearly superior catalysts
to their thiourea analogues in these processes. These catalysed
reactions are of wide scope with respect to the aldehyde component
and clean formation of the epoxide is observed under optimal
conditions—a property which was exploited in the development
of an epoxidation—Meinwald rearrangement process which allows
convenient aromatic aldehyde homologation without requiring
intermediate purification steps. The efficient catalysis observed
in this study (5 mol% catalyst loading is generally sufficient) offers
the possibility of developing an enantioselective variant of the
reaction using chiral urea derivatives. Investigations along these
lines are under way.
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A regioselective synthesis of 4,7-dimethoxy 5- and 6-azaindoles 2 has been achieved, based on the
appropriate choice of ortho-directing or ortho-repulsing groups in the formylation of a pyridine ring.
Studies on the regioselectivity of the formylation step and on the preparation of azidoacrylate
intermediates 4 are described in this paper. The reactivity of the 5- and 6-azaindole structures towards
BBr;-mediated selective monodemethylation and oxidative demethylation reactions were also
investigated. The regioselectivity of the deprotection was confirmed using a chemical approach.
Oxidation reactions were then carried out on either dimethoxy- or hydroxymethoxyazaindoles, in
different solvents, using [bis(trifluoroacetoxy)iodo]benzene. In acetonitrile-water,
trioxopyrrolopyridines 12 were obtained, whereas the formation of functionalised azaindoles 17 was
observed in acetonitrile-methanol. The tautomeric structure of the trioxopyrrolopyridines was proved

by X-ray diffraction analysis.

Introduction

The synthesis and functionalisation of the indole ring continues to
interest organic chemists, due to its widespread occurrence in many
natural products and biologically active molecules.! More recently,
azaindoles have proved to be of prime importance to medicinal
chemists, and the growing interest of the scientific community and
pharmaceuticals firms in this core structure has resulted in a drive
to develop new methods for its preparation.?

As part of a project directed towards the design of new purine
bases,” we planned to obtain the 5- and 6-azaquinone indoles
1 (3,7- and 3,9-dideazapurines, respectively) from the di- and
monomethoxy 5- and 6-azaindoles 2 and 3 (Fig. 1).*

0 OR!
X X~
] N co,Me . | N CO,Me
Y. N Ya N
H H
o] OR?

2:R'"=R2=Me

5-aza:X=N,Y=CH
3:R'" RZ2=H, Me

6-aza: X=CH,Y=N

Fig. 1 Strategy to 5- and 6-azaquinone indoles 1.

Upon searching the literature, we found that preparations of
azaquinones are scarce,’ and that the synthesis of an azaquinone
indole had not previously been described. This encouraged us to
develop a synthetic route towards such a structure, the results of
which are reported herein.
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Results and discussion
Synthesis of dimethoxyazaindoles

A synthetic strategy for the regioselective preparation of the 5-
and 6-azaindoles 2 has been developed in our group,® and is based
on an appropriate functionalisation of the pyridine ring followed
by the de novo pyrrolidine ring formation via the Hemetsberger
reaction (Fig. 2).”

OMe OMe
N '
| N—co,Me | N—co,Me
X N X N
\ \
OMe R OMe
5-azaindole \u 6-azaindole
OMe OMe
X7 | N CO,Me X7 CHO
| > |
Yo N3 Y
OMe OMe
4 X =N, Y = CH: 3-formylpyridine 5a

X =CH, Y = N: 4-formylpyridine 6a

Fig.2 Access to 5- and 6-aza dimethoxyindoles 2.

For this selective approach to be possible, we required access to
the dimethoxy 3- and 4-formyl pyridines 5a and 6a, precursors of
the azidoacrylates 4 (Fig. 2). To this end, we envisaged performing
a metalation—formylation procedure on 2,5-dimethoxypyridine
8a, a substrate which was easily obtained in three steps from 2-
methoxypyridine (Scheme 1).

Commercially available 2-methoxypyridine was first bromi-
nated at the para position using N-bromosuccinimide (NBS) in
a polar solvent.® Halogen-lithium exchange followed by an in situ
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HO RO
| N a, b) | N c) | N
P 2 2
N OMe N OMe N OMe
7 R =Me 8a
R=MOM 8b
R=TIPS 8c

Scheme 1 Synthesis of formylation precursors 8. Reagents and conditions:
a) NBS 1.2 equiv, CH;CN, reflux, 16 h, 81%; b) 1) n-BuLi 1.5 equiv, THF,
—78 °C, 30 min. 2) B(OMe);, 1.5 equiv, —78 °C, 2 h. 3) peracetic acid 1.5
equiv, 0 °C, 1 h, 7, 83%; ¢) R = Me: K,CO; 1.5 equiv, DMF, 50 °C, 10 min
then Mel 1.0 equiv, 3 h 30 min, 8a, 86%. R = MOM: NaH 1.2 equiv, DMF,
rt, 45 min then MeOCH,Cl 1.15 equiv, 3h, 8b, 92%. R = TIPS: imidazole
2.1 equiv, DMF, (i-Pr);SiCl 1.2 equiv, rt, 24 h, 8¢, quantitative.

trapping with trimethylborate afforded the corresponding borane,
which was oxidised to give 5-hydroxy 2-methoxypyridine 7, after a
reductive work-up.® Dimethoxypyridine 8a was then obtained by
methylation of pyridinol 7 under basic conditions (Scheme 1).

Although metalation reactions' of 2-methoxypyridine have
been studied by several research groups,'’ no examples of the
metalation/functionalisation of substrate 8a have been described
in the literature. In order to explore this area, we prepared further
substrates bearing other groups such as methoxymethoxyl (MOM)
(8b) and triisopropylsilyl (TIPS) (8¢) groups (Scheme 1), and
studied their behaviour towards the lithiation step.

We then proceeded to investigate on substrates 8 the lithium-
based metalation procedure developed by Quéguiner and co-
workers.!™™ Lithiation was performed at 0 °C by using methyl-
lithium and a catalytic amount of diisopropylamine (DIPA),
followed by an electrophilic quench with N-formylpiperidine.

When applied to the dimethoxy substrate 8a, this method led to
an 81:19 mixture (determined from the '"H NMR of the crude
product) of the 4- and 3-formyl derivatives 6a and S5a. These
were isolated after chromatographic separation in 55% and 15%
yields, respectively (Scheme 2). The use of the ortho-directing™
MOM group® enhanced the proportion of the 4-isomer, as
compound 6b was obtained from 8b with a 62% isolated yield."*
Further investigation of the reaction in the presence of other
ortho-directing groups such as tetrahydropyranyl ether’® or N,N'-
diethyl carbamate'* were less satisfactory (lower regioselectivity
or degradation of starting material without metalation of the
pyridine ring, respectively).

CHO
RO RO RO CHO
| ~ d) | N andlor | ~
7 — —
N OMe N OMe N OMe
4-formylpyridine 3-formylpyridine
R =Me 8a 6a, 55% 5a, 15%
R=MOM 8b 6b, 62%
R=TIPS 8c 5c, 64%

Scheme 2 Formylation of 5-substituted 2-methoxypyridines 8. Reagents
and conditions: d) 1) MeLi 1.8 equiv, DIPA 2 mol%, THF, 0 °C, 3 h. 2)
N-formylpiperidine 1.8 equiv, —40 °C, 2 h.

The same metalation—electrophilic quench conditions were
then applied to substrate 8c, which was protected with the
sterically hindered triisopropyl group. This resulted in the exclusive
formation of compound 5¢ with a 64% isolated yield,'s showing the

“ortho-repulsing” properties of the TIPS group during metalation
reactions (Scheme 2). In this case, a small amount (less than 10%)
of the starting material 8¢ was detected and separated from the
desired product Sc by flash chromatography.

Deprotections of the MOM and TIPS ethers were carried out
under the appropriate conditions (acidic medium for 6b and a
fluoride source for 5¢) to afford the free pyridinols 9 and 10. These
were methylated under basic conditions to give the desired 2,5-
dimethoxy-4-formylpyridine 6a and its 3-formyl regioisomer 5a in
excellent yields (Scheme 3).

OMOM OH OMe
CHO CHO CHO
= e) = 9 =
N N~ NN
OMe OMe OMe
6b 9 6a
OTIPS OH OMe
= f) = 9) =
N N N
N-"cHo N-"cHo X-"cHo
OMe OMe OMe
5c 10 5a

Scheme 3 Access to 3- and 4-formyldimethoxypyridines 5a and 6a.
Reagents and conditions: ¢) 3 N aq HCI, THF, 50 °C, 3 h, 95%; f) TBAF
1.5 equiv, THF, 0 °C to rt, 2 h, 92%; g) K,CO; 1.5 equiv, DMF, 50 °C,
10 min then Mel 1.0 equiv, 3 h, 6a, 89% and 5a, 96%.

We then turned our attention to the preparation of the azi-
doacrylates 4. Our first attempt involved a condensation reaction
between 3-formylpyridine 5a and an excess of methyl azidoacetate,
in the presence of sodium methoxide as the base, at 0 °C. These
conditions led to the formation of a mixture of the expected
azidoacrylate 4a, together with azidoalcohol 11a in a 28:72 ratio
(Scheme 4)."

OMe
N7 CHO
| OMe OH OMe
MeONa CO,Me CO,Me
/e e N
OMe _MeOH N l N |
5a 2h30 NS N3 NS N3
and/or
* OMe OMe
002Me
<N
3 temp. (addition time)
-20°C (45 min) 96 / 4
0°C (5 min) 72 / 28
0°C (30 sec) 46 / 54
30°C (30 sec) 0 / 100
11a 4a
| !

h)

Scheme 4 Azidoalcohol 11a versus azidoacrylate 4a formation from
3-formylpyridine Sa. Reagents and conditions: h) MsCl 5 equiv, Et;N 10
equiv, CH,Cl,, rt, 15h, 84%.
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Azidoacrylate 4a was easily separated from the azidoalcohol
11a by flash chromatography, and the latter was converted into
4a in good yield by reaction with methanesulfonyl chloride in the
presence of excess triethylamine (in sifu basic elimination of the
mesylate).

In an attempt to obtain exclusively 4a from the condensation
reaction, we varied the reagent addition time and the reaction
temperature. Adding the reagents over 30 seconds (instead of
5 minutes) at the same temperature, a higher proportion of
azidoacrylate 4a was observed (ratio 11a/4a 46:54), showing
that exothermicity of the reaction may influence the product
distribution.

At a lower temperature (—20 °C), the slow addition (over
a 45 min period) of a methanolic solution of 5a and methyl
azidoacetate onto sodium methoxide in methanol resulted in the
selective formation of the kinetic product 11a with a modest 46%
isolated yield (Scheme 4)."* When the reaction was carried out at
30 °C, with a fast addition of the reagents, however, the exclusive
formation of the desired acrylate 4a was observed.

Following this optimised procedure, azidoacrylates 4a and
4b were obtained in 57% and 51% isolated yields respectively
(Scheme 5). The 5- and 6-azaindoles 2 could then be prepared in
moderate to good yield by the Hemetsberger thermolysis reaction.
Suspensions of the corresponding acrylates 4 were heated at reflux
in xylene for one hour, then the reaction mixture was cooled slowly
to crystallise the products. Due to large solubility differences
between compounds 2a and 2¢, complete crystallisation of 5-
azaindole occurred at room temperature, whereas only partial
crystallisation of the 6-aza isomer was observed at —20 °C. Ad-
ditional flash chromatography of the supernatant was necessary
for complete recovery of compound 2¢. N1 functionalisation of
the azaindoles is also feasible, as shown by the benzylation of the
S-aza derivative to compound 2b (Scheme 5).

OMe OMe
CO,Me
i X~ ~N j X~
formyl L b [ S—coMme
pyridine Y N3 Y N
R
OMe OMe
3-formyl 5a X=N,Y=CH: 4a, 57% 5-aza, R=H 2a, 82% :I
5-aza, R=Bn 2b, 74%
4-formyl 6a X=CH,Y=N:4b, 51% 6-aza, R=H 2c¢, 57%

Scheme 5 Synthesis of dimethoxy 5- and 6-azaindoles 2. Reagents and
conditions: 1) MeONa 4.1 equiv, methyl azidoacetate 3.8 equiv, MeOH,
30 °C, 2 h; j) Xylene, 140 °C, 1 h; k) NaH 1.2 equiv, DMF, 50 °C, 3 h
30 min, then BnBr 1.1 equiv, 50 °C, 2 h.

Oxidation of dimethoxyazaindoles

Continuing our strategy for the preparation of the azaquinone
indoles 1, we then studied their behaviour under oxidising condi-
tions (Fig. 1). We thought it was possible that the behaviour of the
dimethoxyazaindoles towards oxidative demethylation conditions
may be similar to that of their carbon congeners.*

Among the numerous methods of oxidation available to us,
we focused our attention on hypervalent iodine reagents. These
have proved to be essential in modern organic chemistry, be-
ing of great synthetic value as mild and highly chemoselec-

tive oxidising reagents.” We first attempted the transformation
of dimethoxy-5-azaindole 2a with the commercially available
[bis(trifluoroacetoxy)iodo]benzene (PIFA).* Four equivalents of
the oxidising reagent were necessary for a complete conversion of
the starting material. This resulted in the surprising formation
of trioxopyrrolopyridine 12a with an excellent yield of 97%

(Scheme 6).*
OMe o}
NZ [ HN
@—cozm ) mcozm
NS
N N
\ ° \
oMe R o} R
R=H, 2a R=H, 12a 97%
R=Bn, 2b R=Bn, 12b 81%
OMe (0}
o
“ TN h N\
| CO,Me | CO,Me
N N 57% HN N
H H
OMe o}
2c 12¢

Scheme 6 PIFA-mediated oxidations of dimethoxy-5- and 6-azaindoles
2 to trioxopyrrolopyridines 12. Reagents and conditions: 1) PIFA 4 equiv,
CH;CN-water 1:1, rt, 4 h.

This oxidation reaction was also successful when applied to N-
benzyl-protected 5-azaindoles and in the 6-azaindole series, as the
corresponding trioxo compounds 12b and 12¢ were obtained in
good yields (Scheme 6).

The identity of the oxidised product was confirmed by high-
resolution mass spectroscopy, infrared spectroscopy and NMR,
this last technique being essential in determining the tautomeric
form of the compound in solution. We observed three peaks at
158.7, 160.0 and 160.7 ppm in the ®C spectrum, similar to those
of the amide, rather than the 180-190 ppm usually associated with
a quinone (Fig. 3).

(o} o
HN N
| N co,Me — | N—co,Me
N N
(o] H HO H
(o} o
4,6,7-trioxo 6-hydroxy
pyrrolopyridine azaquinone indole

Fig. 3 Tautomeric forms of compound 12a.

Evaporation of an acetone solution of 12a provided a single
crystal for a X-ray diffraction analysis{ (Fig. 4). These results
supported the spectroscopic data, confirming that the major
tautomer form was the 4,6,7-trioxopyrrolopyridine compound
rather than the 6-hydroxyazaquinone indole (Fig. 3).

1 Crystal data for 12a: Co0H¢N,Os, M = 222.16; triclinic, space group PI,
a=535b=2879 c=1058 A, a = 11147, f = 94.77, y = 94.31°,
V =45878(1) A%, Z=2,d, = 1.608 gcm™, u = 0.14 mm~", Tpipmax =
0.991, 0.992; T = 293 K, 3192 measured reflections, 2078 independent
reflections (R, = 0.042), 1005 reflections with I > 2.0a(/). R[F* >
26(F?)] = 0.047, wR(F*) = 0.057, S = 1.06. CCDC reference number
641655. For crystallographic data in CIF or other electronic format see
DOI: 10.1039/b719776d.
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Fig. 4 ORTEP view of the crystal structure of 12a. Ellipsoids are
represented at the 30% probability level.

The bond lengths observed in the X-ray crystal structure®
allowed us to determine without any doubt that we had isolated
the trioxo tautomer. All three carbon-oxygen bond lengths on
the pyridine ring were in good agreement with that expected for
a carbonyl group C=0; each bond of the pyridine ring, except
the junction C(7)-C(13), was a single bond (whereas C(8)-N(3)
in the hydroxyquinone form should be a double bond), and the
proton H(2) located on N(3) was unambigously detected from the
diffraction data (bond length = 0.88 A) and formed a hydrogen
bond with O(4) of another molecule of the cell packing. This last
observation provides convincing proof for the trioxo tautomeric
form (Fig. 4).2

Oxidation of hydroxymethoxyazaindoles

In an attempt to increase the efficiency of the transformation, we
then assessed whether we could obtain trioxopyrrolopyridines 12
from monohydroxy azaindoles 3 with a reduced amount of the
oxidising agent.**

To this end, hydroxymethoxy azaindole substrates were pre-
pared by demethylation of dimethoxy-5- and 6-azaindoles.
Dimethoxyazaindoles 2a and 2c¢ were treated with optimised
equivalents of boron tribromide in dichloromethane to afford
the monodemethylated products 3a and 3c in 57 and 55% yield,
respectively, after optimisation (Scheme 7).%

OMe
m N~
2a _m . | N\ co,Me
0,
5-azaindole S7% N N
OH 3a
OH
n /
2c _n \ | N CO,Me
559 NS
6-azaindole % H
OMe 3c

Scheme 7 Selective demethylation of dimethoxy 5- and 6-azaindoles 2
into hydroxymethoxy azaindoles 3. Reagents and conditions: m) BBr; 5
equiv, CH,Cl,, —78°C to rt, 16 h; n) BBr; 2.5 equiv, CH,Cl,, —78 °C to
rt, 16 h.

This Lewis acid-promoted demethylation reaction proved to be
very substrate-sensitive. When 5-azaindole 2a was treated with
2.5 equiv of BBr;, a 70:30 mixture of the starting material and
monodemethylated product 3a (determined by '"H NMR of the
crude product) was obtained. With 5 equiv BBr;, a mixture of
2a/3a in a 16:84 ratio was formed. By comparison, the 6-aza

substrate 2¢ required only 2.5 equiv of BBr; to give a 8:92 mixture
of 2¢ and monodemethylated product 3c.

We were not able to obtain a single crystal of a quality
suitable for X-ray diffraction analysis of the mono-demethylated
products 3a and 3c. In order to confirm the regioselectivity of the
demethylation, we took advantage of the regioselective synthesis
of formyl pyridines that we have previously developed.

Reaction of the TIPS ether of 3-formyl pyridine 5S¢ with
methyl azidoacetate under basic conditions at 0 °C afforded the
azido methyl acrylate 13, which was subsequently submitted
to thermolysis conditions. Cleavage of the orthogonal TIPS
protecting group on the resulting indole 14 with a fluoride
source then provided indirect chemical proof of the selectivity
of the demethylation, as 7-hydroxy-4-methoxy-5-azaindole 3a was
obtained (Scheme 8).

OMe OMe
CHO CO,Me
N o N7 p)
. N N3
OSi(i-Pr); OTIPS
5c 13
OMe OMe
NT N7
I S—come —9 I S—come
X N X N
H H
OTIPS OH
14 3a

Scheme 8 Access to 7-OTIPS-protected 5-azaindole 7 and TBAF depro-
tection. Reagents and conditions: o) Methyl azidoacetate 3.8 equiv, MeONa
4.1 equiv, MeOH, 0 °C, 2 h, 20%; p) Xylene, 140 °C, 1 h, 77%; q) TBAF,
1.5 equiv, THF, 0 °C to rt, 2 h, 92%.

The same strategy was applied to confirm the regioselectivity of
the demethylation of 2¢ upon treatment with BBr;. In this case,
however, the three-step sequence, which concluded with an acidic
hydrolysis of the methoxymethyl (MOM) ether group, afforded 3¢
in a very disappointing 5% overall yield from the 4-formylpyridine
6b (Scheme 9). The low yield when R = Me is explained by the
poor stability of compound 15a in solution, combined with the
unexpectedly low-yielding indole ring formation.

We then attempted to improve the yield of the azidoacrylate
formation by using the more stable terz-butyl azidoacetate.”’
After the exclusive formation of the azidoalcohol (11b) at low
temperature, treatment with methanesulfonyl chloride in the
presence of excess triethylamine gave the tert-butyl azidoacrylate
15b in 54% yield over the two steps (Scheme 9).

The Hemetsberger reaction then afforded the expected indole
16b in a good 72% yield. To obtain the monohydroxy compound
3¢, hydrolysis of the MOM ether combined with an in situ
transesterification (R = #-Bu to R = Me) was achieved by a simple
treatment of the indole with concentrated hydrochloric acid in
methanol. In this way, 3¢ was obtained in an improved 19% overall
yield from the 4-formylpyridine 6b.

With the hydroxymethoxy azaindoles 3a and 3¢ in hand, we
proceeded to study their behaviour when oxidised by PIFA. In
contrast to the dimethoxyazaindole substrates, we found that
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Scheme 9 Access to 4-OMOM-protected 6-azaindoles 16 and acidic
deprotection. Reagents and conditions: R = Me: r) MeONa 4.1 equiv,
MeOH, 30 °C, 2 h, 21%; s) Xylene, 140 °C, 2 h, 31%; t) HCI 3M, THF,
50°C, 3 h, 77%. R = t-Bu: r) 1) i-PrONa 2.0 equiv, i-PrOH, —30 °C, 4 h.
2) MsCl 5.0 equiv, Et;N 10.0 equiv, CH,Cl,, 45 °C, 1 h, 54% over 2 steps;
s) Xylene, 140 °C, 2 h, 72%; t) Conc. HCI, MeOH, rt, 4.5 h then 50 °C,
20 h, 49%.

the reaction required only one equivalent of oxidising agent for
complete conversion of the substrate. When a 1:1 acetonitrile—
water solvent mixture was employed, trioxopyrrolopyridines 12a
and 12¢ were obtained in excellent 95 and 99% yields, respectively
(Scheme 10).

(0] OMe
HN u) v N“
[ > «~—— 3 v, 1 =:
N
N N
0 N MeO N
0 OH
12a, 959 17a, 859
a, 95% E = CO,Me a, 85%
0 OH
0 MeO
U) \ =
" | Nk 3c ) | Nk
N Nx N
H H
(0] OMe
12¢, 99% 17¢, 53%

Scheme 10 Solvent-dependent oxidations of hydroxymethoxy-5- and
6-azaindoles 3. Reagents and conditions: u) PIFA 1 equiv, CH;CN-water
1:1, rt, 1 h; v) PIFA 1 equiv, CH;CN-methanol 1:1, rt, 1 h.

When water was replaced by methanol, formation of the
functionalised 5- and 6-azaindoles 17a and 17¢ was observed,
resulting from incorporation of a solvent-derived methoxy group
into the 6- and 5-positions, respectively (Scheme 10).

In light of this last result, we can suggest a mechanism for the
PIFA-mediated oxidations (figure 5). We propose that the first
step consists of the activation of the pyridinol by coordination
with a PIFA molecule. This is facilitated by the release of a
trifluoroacetate anion. This activation would then favor the attack
of a solvent molecule (either water or methanol) on the 4-position,
thus forming an (hemi)acetal. The electrophilic character of the
6-position, a to the nitrogen atom, could be the driving force for
a second nucleophilic attack by the solvent. There is literature
precedence for a similar reaction in an azaquinone structure.*

CFscoo) CF,C00°
CF3C00

o
HN
mCOZMe R =
N \
© H 12 oxX.
fo} a
OMe
R
N~
| N CO,Me
MeO” N
© H
OH 17a

Fig. 5 Plausible mechanism for the PIFA-mediated oxidation of hydrox-
ymethoxy-5- and 6-azaindoles 3.

The fate of the resulting intermediate would then depend on the
nature of the R group: (a) where R = Me, a simple enolisation of
the ketone at the 7-position gives the hydroxydimethoxyazaindole
17; (b) where R = H, an overoxidation occurs® that leads, after
enolisation at the 4-position, to the trioxopyrrolopyridines 12.

A similar mechanism could be proposed for the oxidations
of dimethoxyazaindoles 2 into pyrrolopyridines 12,* according
to Kita’s mechanism for the oxidative demethylation of para-
dimethoxy aromatic rings into para-quinones.®

Conclusions

In summary, we have described a regioselective synthesis of
dimethoxy-5- and 6-azaindoles starting from a common substrate
7. The reactivity of these nitrogen-containing heterocycles towards
Lewis acid-promoted demethylation reactions and PIFA-mediated
oxidative demethylations was investigated. The structures of the
novel trioxopyrrolopyridine products were proved by crystallo-
graphic and spectroscopic means.

We have also demonstrated the utility of these unprecedented
oxidation reactions of dimethoxy- and hydroxymethoxyazaindoles
as entries to trioxopyrrolopyridines and functionalised azaindoles.

Experimental

Unless otherwise indicated, all reactions were carried out under
a positive pressure of argon and with oven-dried glassware.
Melting points were measured on a Barnstead Electrothermal 9200
melting point apparatus and are uncorrected. Infrared spectra
(IR) were recorded on a Perkin-Elmer FT-IR SPECTRUM ONE
spectrometer (film or 1% in KBr). Proton nuclear magnetic
resonance (‘H NMR) spectra were recorded on Bruker ALS300
and DRX 300 Fourier transform spectrometers, using an internal
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deuterium lock, operating at 300 MHz. Chemical shifts are
reported in parts per million (ppm) relative to internal standard
(tetramethylsilane, oy = 0.00; CDCl;, oy = 7.26; acetone-dg, oy =
2.05 and DMSO-d,, d;; = 2.50).% Data are presented as follows:
chemical shift (6, ppm), integration, multiplicity (s = singlet, d =
doublet, t = triplet, ¢ = quadruplet, m = multiplet, br = broad),
coupling constant (reported in Hz), assignment. Atom numbering
refers to pyridine and indole nomenclatures. Carbon magnetic
resonance (*C NMR) spectra were recorded on Bruker AC200
and DRX 300 Fourier transform spectrometers, using an internal
deuterium lock, operating at 50 MHz and 75 MHz respectively.
Chemical shifts are reported in parts per million (ppm) relative
to internal standard (tetramethylsilane, 6. = 0.00; CDCl;, ¢ =
77.16; acetone-ds, o = 29.84 and DMSO-dq, 6. = 39.52). Carbon
multiplicities (indicated in parentheses) were determined by DEPT
experiments. Electron-spray low-resolution mass spectra were
recorded on a Thermo ALCQ Advantage spectrometer. Gas
chromatography coupled with low-resolution mass spectroscopy
(GC-MS) were recorded on a Thermo Focus GC (fused silica
column, diameter 0.25 mm, length 15 m, coated with TR5MS,
thickness 0.25 pm, initial temperature for 2 min: 70 °C, heating
rate 15 °C min™") DSQ spectrometer operating at 70 eV. High-
resolution mass spectra were recorded on a Thermoquest Finnigan
MAT 95 XL spectrometer (for chemical ionisations, isobutane was
used). Elemental analyses were performed by the Service Central
d’Analyses du CNRS, Solaize, France.

Product purification by flash column chromatography was
performed using Merck Kieselgel 60 A (40-63 pum). Analytical
thin layer chromatography (TLC) was carried out using Merck
commercial aluminium sheets coated (0.2 mm layer thickness) with
Kieselgel 60 F254, with visualization by ultraviolet and anisalde-
hyde stain solution. N,N-dimethylformamide (HPLC grade) was
used as received without purification. THF (anhydrous analytical
grade, stored over molecular sieves) was purchased from Carlo
Erba Chemicals. Dichloromethane was distilled over calcium
hydride prior to use. Diisopropylamine was distilled over sodium
hydride prior to use. Methanol and isopropanol were distilled over
sodium prior to use. Petroleum ether (PE) refers to the 40-60 °C
boiling point fraction. MeLi and n-BuLi solutions were titrated
using N-benzylbenzamide.*' All other chemical reagents were used
as received.

5-Hydroxy-2-methoxypyridine 7 and 2-methoxy-5-(methoxy-
methoxy)pyridine 8b were prepared according to known
procedures.” Methyl- and ferz-butyl azidoacetate were prepared
from methyl- and ters-butyl bromoacetate and sodium azide
according to a literature procedure.*

5-Bromo-2-methoxypyridine

To a solution of 2-methoxypyridine (10.91 g, 100 mmol) in CH;CN
(300 mL) was added N-bromosuccinimide (21.36 g, 120 mmol).
The mixture was then heated at reflux (90 °C) for 9 h. After cooling
down to rt, the mixture was filtered over a pad of silica (3 cm
thick, washing with PE-Et,0 80:20) and, after evaporation of
the filtrate under reduced pressure, the crude oil was purified by
flash chromatography (PE-Et,0 95:5) to afford the title compound
(15.212 g, 81%) as a colorless oil.

Spectral data were identical to those reported in the literature.?

General experimental procedure for the methylation of pyridinols:
preparation of 2,5-dimethoxypyridine 8a

To a solution of 5-hydroxy-2-methoxypyridine 7 (1.877 g,
15 mmol) in DMF (45 mL) at room temperature was added K,CO;
(3.110 g, 22.5 mmol). The mixture was stirred at 50 °C for 10 min,
then methyl iodide (935 pL, 15 mmol) was added. The reaction
mixture was then stirred for 3 h 30 min at 50 °C. After addition of
water (50 mL) and EtOAc (100 mL) and decantation, the aqueous
phase was extracted with EtOAc (2 x 100 mL) and the organic
phase was dried over Na,SO,. After filtration and removal of the
solvents under reduced pressure, the residue was purified by flash
chromatography (PE-EtOAc 70:30) to afford 8a (1.790 g, 86%) as
a yellow liquid.

Viax (film)/cm™" 3583, 2947, 2838, 1738, 1611, 1576, 1493, 1464,
1382, 1253, 1185, 1039, 828 and 742; d,; (300 MHz; CDCI;) 3.81
(3H, s, OCH;), 3.89 (3H, s, OCH,), 6.69 (1H, d, J = 9.0, ArH3),
7.21 (1H, dd, J = 9.0 and J = 3.0, ArH4) and 7.80 (I1H, d, J =
3.0, ArH6); d- (75 MHz; CDCl,) 53.4 (CH,), 56.2 (CH;), 111.0
(CH), 126.7 (CH), 131.0 (CH), 151.1 (C) and 158.7 (C); GC-MS
(retention time: 3.97 min) m/z (EI) 139 (M**, 96%), 138 (100), 96
(48) and 54 (44).

2-Methoxy-5-(triisopropylsilanyloxy)pyridine 8c

To a solution of 5-hydroxy-2-methoxypyridine 7 (2.503 g,
20 mmol) and imidazole (2.859 g, 42 mmol) in DMF (60 mL) at
room temperature was added triisopropylsilyl chloride (5.2 mL,
24 mmol). The reaction mixture was stirred for 20 h, after
which water (50 mL) and EtOAc (100 mL) were added. After
decantation, the aqueous phase was extracted with EtOAc (2 x
100 mL) and the organic phase was dried over Na,SO,. After
filtration and removal of the solvents under reduced pressure, the
residue was purified by flash chromatography (PE-EtOAc 90:10)
to afford 8c (6.336 g, quantitative) as a pale yellow liquid.

Vaax (film)/cm~" 2945, 2893, 2867, 2727, 1743, 1724, 1607, 1584,
1573, 1488, 1464, 1432, 1378, 1256, 1195, 1115, 1060, 1031, 997,
912, 883, 818 and 688; Jy (300 MHz; CDCl,) 1.08 (18H, d, J =
6.8, (CH(CH;),)s), 1.16-1.28 (3H, m, (CH(CHj;),);), 3.87 (3H, s,
OCH,), 6.61 (1H, d, J = 8.9, ArH3), 7.1((1H,dd, J =8.9 and J =
3.0, ArH4) and 7.79 (1H, d, J = 3.0, ArH6); . (75 MHz; CDCl,)
12.6 (CH), 17.8 (CHs;), 53.4 (CH;), 110.8 (CH), 131.1 (CH), 136.8
(CH), 147.4 (C) and 158.6 (C); GC-MS (retention time: 9.83 min)
m/z (EI) 281 (M**, 22%), 238 (62), 210 (50), 182 (100) and 168
(58).

Typical experimental procedure for the formylation of
5-substituted 2-methoxypyridines 8: preparation of 5a and 6a

To a solution of 2,5-dimethoxypyridine 8a (417 mg, 3.0 mmol)
in anhydrous THF (10 mL) was added diisopropylamine (10 pL,
0.06 mmol). The mixture was then cooled to —40 °C and MeLi
(1.6 M solution in Et,0, 3.4 mL, 5.4 mmol) was slowly added.
The resulting mixture was stirred at 0 °C for 3 h, then cooled to
—40 °C and N-formylpiperidine (600 pL, 5.4 mmol) was added.
The mixture was stirred at —40 °C for 2 h then quenched by
careful addition of a solution of 37% aqueous HC1 (3 mL) in THF
(7 mL). The temperature was raised to 20 °C, then water (30 mL)
and EtOAc (150 mL) were added. The pH of the resulting mixture
was then adjusted to 8-9 with solid K,CO;. After decantation,
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the aqueous phase was extracted with EtOAc (2 x 20 mL). After
drying of the combined organic phases with Na,SO, and filtration,
the solvents were removed under reduced pressure. The resulting
crude product was purified by flash chromatography (PE-EtOAc
96:4 to 80:20).

The less polar fraction was 2,5-dimethoxypyridine-3-
carbaldehyde Sa (77 mg, 15% yield, colorless solid).

Mp 64-66 °C; Anal. found C, 57.4; H, 5.5; N, 8.35. C;H,NO;
requires C, 57.5; H, 5.4; N, 8.4; v,.., (KBr)/cm™' 3461, 3055, 2953,
2875, 1679, 1611, 1577, 1488, 1445, 1432, 1411, 1382, 1305, 1290,
1258, 1211, 1172, 1044, 1012, 955, 904, 800, 752 and 737; oy
(300 MHz; CDCl;) 3.84 (3H, s, OCH,), 4.03 (3H, s, OCH5;), 7.66
(1H, d, J = 3.3, ArH), 8.10 (1H, d, J = 3.3, ArH) and 10.35
(1H, s, CHO); d (75 MHz; CDCl;) 53.9 (CH,), 56.2 (CH,), 117.9
(C), 121.0 (CH), 140.5 (CH), 151.4 (C), 159.4 (C) and 189.1 (CH).

The more polar fraction was 2,5-dimethoxypyridine-4-
carbaldehyde 6a (279 mg, 56% yield, yellow solid).

Mp 98-100 °C; v, (KBr)/cm™ 3362, 2976, 2914, 1697, 1616,
1563, 1485, 1456, 1446, 1436, 1396, 1381, 1314, 1277, 1242, 1220,
1190, 1040, 1011, 930, 883, 873 and 742; é,; (300 MHz; CDCl;)
3.91 (3H, s, OCH,;), 3.97 (3H, s, OCH,), 7.08 (1H, s, ArH), 8.01
(1H, s, ArH) and 10.43 (1H, s, CHO); J. (75 MHz; CDCl;) 53.9
(CH;), 56.7 (CH;), 107.8 (CH), 131.5 (CH), 133.3 (C), 151.0 (O),
159.1 (C) and 189.2 (CH); m/z (EI) 167 (M**, 100%), 166 (75) and
44 (88); HRMS (EI) found (M**) 167.0580, C;H,NO; requires
167.0582.

2-Methoxy-5-(methoxymethoxy)pyridine-4-carbaldehyde 6b

Compound 6b was prepared according to the same procedure
as for compounds 5a/6a, scale: 2-methoxy-5-methoxymethoxy-
pyridine (1.523 g, 9.0 mmol), THF (30 mL), diisopropylamine
(30 uL, 0.18 mmol), MeLi 1.6 M in Et,O (10.2 mL, 16.2 mmol),
N-formylpiperidine (1.8 mL, 16.2 mmol). The crude product was
purified by flash chromatography (PE-EtOAc 90:10 to 80:20) to
afford 6b (1.083 g, 61%) as a yellow solid.

Mp 39-40 °C; Ve, (KBr)/cm™' 3369, 2973, 2930, 1739, 1699,
1609, 1486, 1380, 1235, 1195, 1155, 1083, 1032, 986 and 930; o
(300 MHz; CDCl;) 3.53 (3H, s, OCHs;), 3.91 (3H, s, OCH,), 5.25
(2H, s, CH,0CH;), 7.07 (1H, s, ArH), 8.23 (1H, s, ArH), 10.43
(1H, s, CHO); 6 (75 MHz; CDCl,) 54.1 (CH,), 56.7 (CHs;), 96.3
(CH,), 107.6 (CH), 134.3 (C), 136.0 (CH), 149.0 (C), 159.9 (C)
and 189.2 (CH); m/z (CI) 199 (10%), 198 (MH*, 100) and 89 (15);
HRMS (CI) found (MH*) 198.0766, C,H,,NO, requires 198.0766.

2-Methoxy-5-(triisopropylsilanyloxy)pyridine-3-carbaldehyde 5c

Compound 5¢ was prepared according to the same procedure as
for compounds 5a/6a, scale: 2-methoxy-5-triisopropylsilanyloxy-
pyridine (2.815 g, 10.0 mmol), THF (35 mL), diisopropylamine
(30 uL, 0.2 mmol), MeLi (1.5 M in Et,0, 12.0 mL, 18.0 mmol),
N-formylpiperidine (2.0 mL, 18.0 mmol). The crude product was
purified by flash chromatography (PE-EtOAc 98:2 to 96:4) to
afford Sc (1.965 g, 64%) as a yellow oil.

Vinax (film)/cm™" 2943, 2893, 2868, 2748, 1742, 1691, 1602, 1569,
1474, 1430, 1383, 1286, 1244, 1211, 1048, 1018, 1003, 910, 882,
844, 801, 755, 690, 665 and 587; dy (300 MHz; CDCl;) 1.10 (18H,
d, J = 6.8, (CH(CH;),);), 1.18-1.30 (3H, m, (CH(CH,),);), 4.02
(3H, s, OCH,), 7.61 (1H, d, J = 3.1, ArH), 8.04 (1H, d, J = 3.1,
ArH) and 10.32 (1H, s, CHO); J. (50 MHz; CDCl;) 12.5 (CH),

17.8 (CH,), 53.9 (CH,), 118.3 (C), 127.6 (CH), 144.2 (CH), 147.9
(C), 159.3 (C) and 189.3 (CH); m/z (CI) 311 (23%) and 310 (MH",
100); HRMS (CI) found (MH*) 310.1838, C,HxxNO,Si requires
310.1838.

Typical experimental procedure for the acidic deprotection of 6b:
5-hydroxy-2-methoxy-pyridine-4-carbaldehyde 9

To a solution of 2-methoxy-5-(methoxymethoxy)pyridine-4-
carbaldehyde 6b (986 mg, 5 mmol) in THF (10 mL) was added
3 N aqueous HCI (15 mL) and the resulting mixture was stirred
at 50 °C for 3 h. After this time, the mixture was cooled to
room temperature and water (100 mL) was added followed by
neutralisation (pH 7-8) with solid K,COj;. The aqueous phase was
extracted with EtOAc (3 x 100 mL). After drying of the organic
phase over Na,SO,, filtration and removal of the solvents under
reduced pressure, the residue was purified by flash chromatography
(PE-EtOAc 70:30) to afford 9 (725 mg, 95%) as a yellow powder.

Mp 136137 °C; Vqex (KBr)/cm™' 3436, 2925, 2616, 1691, 1677,
1472, 1449, 1424, 1394, 1324, 1298, 1229, 1119, 1048, 921, 854, 830
and 733; oy (300 MHz; CDCl,) 3.93 (3H, s, OCHs;), 6.93 (1H, d,
J =0.5, ArH3), 8.08 (1H, s, ArHY), 9.46 (1H, s, ArOH) and 9.97
(1H, d, J = 0.5, CHO); . (75 MHz; CDCl;) 54.2 (CH;), 111.6
(CH), 127.7 (C), 137.3 (CH), 149.0 (C), 158.4 (C) and 196.6 (CH);
m/z (ESI*) 186 (M + CH;OH + H*, 100%), 168 (46) and 154
(MH*, 49); HRMS (EI) found (M**) 153.0421, C,H,NO; requires
153.0426.

Typical experimental procedure for the fluoride-promoted
deprotection of 5c: preparation of 5-hydroxy-2-methoxypyridine-
3-carbaldehyde 10

Tetra-n-butylammonium fluoride (1 M solution in THF, 15 mL,
15 mmol) was added to a stirred solution of 2-methoxy-
5-(triisopropylsilanyloxy)pyridine-3-carbaldehyde 5S¢ (3.095 g,
10 mmol) in anhydrous THF (15 mL) at 0 °C. The temperature
was allowed to rise to room temperature and the resulting mixture
for stirred for 2 h. After addition of water (15 mL) and EtOAc
(50 mL) and decantation, the aqueous phase was extracted with
EtOAc (2 x 50 mL). The combined organic phases were washed
with water (2 x 50 mL) and dried over Na,SO,. After filtration
and removal of the solvents under reduced pressure, the residue
was purified by flash chromatography (PE-EtOAc 50:50) to afford
10 (1.408 g, 929%) as a white solid.

Mp 104-105 °C; Anal. found C, 54.6; H, 4.6; N, 9.05. C;H,NO;
requires C, 54.9; H, 4.6; N, 9.15; V.. (KBr)/cm=! 3466, 3084, 3007,
2962, 2888, 1674, 1312, 1588, 1483, 1460, 1426, 1390, 1323, 1307,
1283, 1226, 1207, 1170, 1132, 1049, 995, 897, 751 and 743; ou
(300 MHz; CDCl;) 4.03 (3H, s, OCH,), 5.09 (1H, br s, ArOH),
7.64 (1H, d, J = 3.2, ArH), 8.07 (1H, d, J = 3.2, ArH) and 10.33
(1H, s, CHO); . (50 MHz; CDCl;) 54.1 (CHj;), 118.2 (C), 124.3
(CH), 140.9 (CH), 148.2(C), 159.3 (C) and 190.2 (CH); m/ z (EST*)
200 (66%), 186 (M + CH,OH + H*, 100) and 154 (MH*, 59); m/z
(ESI") 152 (M — H~, 100%) and 137 (44).

2,5-Dimethoxypyridine-4-carbaldehyde 6a from S-hydroxy-2-
methoxy-pyridine-4-carbaldehyde 9

Compound 6a was prepared according to the same proce-
dure as for compound 8a, scale: 5-hydroxy-2-methoxypyridine-
4-carbaldehyde 9 (718 mg, 4.7 mmol), DMF (15 mL), K,CO;
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(971 mg, 7.05 mmol), methyl iodide (295 uL, 4.7 mmol). The
crude product was purified by flash chromatography (PE-EtOAc
70:30) to afford 6a (1.930 g, 96%) as a pale yellow solid.

2,5-Dimethoxypyridine-3-carbaldehyde 5a from 5-hydroxy-2-
methoxy-pyridine-3-carbaldehyde 10

Compound 5a was prepared according to the same proce-
dure as for compound 8a, scale: 5-hydroxy-2-methoxypyridine-
3-carbaldehyde 10 (1.838 g, 12 mmol), DMF (36 mL), K,CO;
(2.488 g, 18 mmol). The mixture was stirred at 50 °C for 10 min
and then methyliodide (295 puL, 4.7 mmol). The crude product was
purified by flash chromatography (PE-EtOAc 70:30) to afford 5a
(693 mg, 89%) as a pale yellow powder.

Condensation reaction between 3-formyl pyridine 5a and methyl
azidoacetate

Sodium metal (226 mg, 9.84 mmol) was added to anhydrous
methanol (6 mL) at 0 °C and the resulting mixture stirred until the
metal completely dissolved. To this preformed sodium methoxide
solution at 0 °C was slowly added (over a 5 min period) a solution
in methanol (6 mL) of aldehyde 5a (401 mg, 2.4 mmol) and methyl
azidoacetate (1.055 g, 3.8 mmol). The mixture was stirred at 0 °C
for 3 h, then poured onto crushed ice (40 g, in an open beaker)
and left for one hour in a refrigerator at 4 °C. The product was
recovered by filtration on a sintered glass funnel (no. 4) and
dried under vacuum to give a pale yellow solid (315 mg). This
product consisted of a 28:72 mixture (determined by '"H NMR)
of azidoacrylate 4a and azidoalcohol 11a, respectively. The crude
product was purified by flash chromatography (PE-AcOEt 70:30,
the solid was adsorbed onto silica).

The less polar fraction was 2-azido-3-(2,5-dimethoxypyridin-3-
yDacrylic acid methyl ester 4a (87 mg, pale yellow powder, 14%
yield).

Mp 123-124 °C; v, (KBr)/cm™' 3088, 2986, 2941, 2853, 2120,
1702, 1611, 1571, 1470, 1440, 1400, 1382, 1347, 1303, 1279, 1261,
1214, 1182, 1146, 1082, 1019 and 962. 6, (300 MHz; DMSO-d,)
3.81 (3H, s, OCH,), 3.86 (3H, s, OCHy;), 3.87 (3H, s, OCH,), 7.03
(1H, s, CH), 7.89 (1H, d, J = 3.0, ArH) and 8.13 (1H, d, J =
3.0, ArH); . (75 MHz; DMSO-d,) 53.3 (CH;), 53.8 (CHj;), 56.2
(CH,;), 115.7 (C), 116.0 (CH), 125.3 (CH), 127.3 (C), 132.7 (CH),
150.4 (C), 155.2 (C) and 163.0 (C); m/z (CI) 265 (MH*, 31%)), 238
(14) and 237 (MH*-N,, 100); HRMS (CI) found (MH"*) 265.0938,
C,H3N,O, requires 265.0937.

The more polar fraction was 2-azido-3-(2,5-dimethoxypyridin-
3-yl)-3-hydroxypropionic acid methyl ester 11a (205 mg, white
powder, 20% yield).

Mp 145-146 °C; vy, (KBr)/cm™ 3413, 3153, 2965, 2935, 2130,
2098, 1742, 1589, 1484, 1435, 1405, 1351, 1274, 1295, 1214, 1250,
1205, 1068, 1043, 1014, 1008, 947 and 817; d (300 MHz; DMSO-
ds) 3.78 (3H, s, OCH,), 3.79 (3H, s, OCH,), 3.84 (3H, s, OCHs),
4.17 (1H, d, J = 2.3, CHN;), 5.31 (1H, dd, J = 5.0 and J = 2.3,
CHOH), 6.23 (1H, d, J = 5.0, disappears after D,0O addition, OH),
7.46 (1H,d,J =3.0,ArH), 7.80 (1H, d, J = 3.0, ArH); . (75 MHz;
DMSO-d¢) 52.7 (CH;), 53.4 (CH,), 56.0 (CH;), 64.0 (CH), 68.5
(CH), 124.1 (CH), 124.3 (C), 129.6 (CH), 151.1 (C), 153.6 (C) and
169.1 (C); m/z (CI) 283 (MH*, 32%), 265 (MH*-H,0, 25), 168

(100) and 88 (37); HRMS (CI) found (MH*) 283.1044, C,,H,sN,O;
requires 283.1042.

Typical experimental procedure for the preparation of
azidoacrylates: 2-azido-3-(2,5-dimethoxypyridin-3-yl)acrylic acid
methyl ester 4a

Sodium metal (189 mg, 8.2 mmol) was added to anhydrous
methanol (4 mL) at 0 °C and the resulting mixture was stirred
until the metal completely dissolved. To this preformed sodium
methoxide solution at 30 °C was quickly added (within 30
seconds) a solution of aldehyde 5a (335 mg, 2.0 mmol) and methyl
azidoacetate (1.055 g, 7.6 mmol) in methanol (6 mL). The mixture
was stirred at 30 °C for 2 h, then poured onto crushed ice (40 g, in
an open beaker) and left for one hour in a refrigerator at 4 °C. The
product was recovered by filtration on a sintered glass funnel (no.
4) and dried under vacuum to afford 4a (315 mg, 57%) as an
off-white powder.

2-Azido-3-(2,5-dimethoxypyridin-4-yl)acrylic acid methyl ester 4b

Compound 4b was prepared according to the same procedure
as for compound 4a, scale: sodium metal (189 mg, 8.2 mmol),
anhydrous methanol (4 mL), methanol (6 mL), aldehyde (335 mg,
2 mmol), methyl azidoacetate (875 mg, 7.6 mmol), to afford 4b as
a yellow powde (268 mg, 51%).

Mp 117-118 °C (decomposed); vy, (KBr)/cm™" 3439, 3108,
2946, 2925, 2851, 2127, 1716, 1602, 1548, 1487, 1463, 1435, 1384,
1322, 1281, 1254, 1214, 1189, 1082, 1044, 1014, 888 and 739; oy
(300 MHz; acetone-d,) 3.84 (3H, s, OCH,), 3.92 (3H, s, OCH,),
3.93 (3H, s, OCH,), 7.12 (1H, s, CH), 7.50 (1H, s, ArH), 7.89
(1H, s, ArH); 6. (75 MHz; acetone-dg) 53.6 (CHj;), 53.6 (CHs),
57.2 (CH,), 111.1 (CH), 116.1 (CH), 130.3 (CH), 130.5 (C), 133.3
(C), 149.3 (C), 159.4 (C) and 164.0 (C); m/z (EI) 264 (M**, 53%),
204 (49), 177 (58), 64 (54) and 59 (100); HRMS (EI) found (M**)
264.0856, C,;H,,N,O, requires 264.0859.

4,7-Dimethoxy-1H-pyrrolo|3,2-c]pyridine-2-carboxylic acid
methyl ester 2a

The reaction was carried out in a 100 mL round-bottomed flask,
open to the atmosphere via a condenser and an addition funnel.
To hot xylene (13 mL) at 140 °C was slowly added with vigorous
stirring a suspension of acrylate 4a (423 mg, 1.6 mmol) in xylene
(27 mL). Once the addition was complete, the mixture was stirred
for 1 h at 140 °C, then slowly cooled down to room temperature
overnight without stirring. After the complete crystallisation of
the solid, the supernatant was removed and the solid dried under
high vacuum to give 5-azaindole 2a (310 mg, 82%) as pale pink
crystals.

Mp 192-193 °C; Anal. found C, 55.8; H, 5.3; N, 11.65.
C H\:N, O, requires C, 55.95; H, 5.1; N, 11.85; v, (KBr)/cm™!
3437, 3300, 2948, 2924, 1702, 1619, 1593, 1537, 1499, 1465, 1446,
1429, 1360, 1307, 1258, 1208, 1157, 1098, 1087, 984, 853 and 754;
Ju (300 MHz; DMSO-dy) 3.84 (3H, s, OCH3), 3.90 (3H, s, OCH,),
3.92(3H,s, OCH,), 7.10 (1H, s, ArH), 7.47 (1H, s, ArH) and 12.57
(1H, br s, NH); o (75 MHz; DMSO-d,) 51.9 (CH,), 52.8 (CH,),
56.4 (CH,), 106.5 (CH), 113.0 (C), 120.4 (CH), 127.5 (C), 134.2
(C), 140.0 (C), 152.8 (C) and 160.9 (C); m/z (CI) 238 (12%) and
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237 (MH*, 100); HRMS (CI) found (MH*) 237.0874, C,,H;;N,O,
requires 237.0875.

4,7-Dimethoxy-1H -pyrrolo[2,3-c]pyridine-2-carboxylic acid
methyl ester 2¢

The reaction was carried out in a 50 mL round-bottomed flask,
open to the atmosphere via a condenser and an addition funnel. To
hot xylene (8 mL) at 140 °C was slowly added with vigorous stirring
a solution of acrylate 4b (264 mg, 1.0 mmol) in xylene (16 mL).
Once the addition was complete, the mixture was stirred for 1 h
at 140 °C, then cooled to room temperature over 4 h and kept in
a freezer at —20 °C overnight. The supernatant was removed and
the solid dried under high vacuum to give 6-azaindole 2¢ (73 mg,
31%) as a pale yellow powder. The supernatant was purified by
flash chromatography (PE-EtOAc 50:50) to afford 2¢ (61 mg,
26%) as a pale yellow powder; overall yield = 57%.

Mp 169-170 °C; Vpex (KBr)/cm™' 3306, 2994, 2939, 1713, 1511,
1470, 14438, 1340, 1320, 1288, 1234, 1202, 1097, 992, 827 and
747; oy (300 MHz; DMSO-d,) 3.86 (3H, s, OCHj;), 3.88 (3H, s,
OCH,), 3.96 (3H, s, OCH,), 7.07 (1H, s, ArH), 7.27 (1H, s, ArH)
and 12.62 (1H, br s, NH); o (75 MHz; DMSO-d,) 52.0 (CH,),
52.8 (CH;), 55.9 (CH5;), 104.9 (CH), 114.7 (CH), 123.0 (C), 124.8
(C), 129.0 (C), 145.7 (C), 146.4 (C) and 161.0 (C); m/z (EI) 236
(M**, 100%), 221 (M** — CH5', 7), 204 (M** — CH,;0H, 53), 189
(M** — CH;0H — CHy;", 54); HRMS (EI) found (M**) 236.0798,
C,H,N,0, requires 236.0797.

1-Benzyl-4,7-dimethoxy-1H-pyrrolo|3,2-c|pyridine-2-carboxylic
acid methyl ester 2b

To a solution of 5-azaindole 2a (100 mg, 0.42 mmol) in DMF
(3 mL) at room temperature, was added in one portion sodium
hydride (60% dispersion in mineral oil, 20 mg, 0.50 mmol). The
mixture was heated to 50 °C and stirred for 3 h 30 min. Benzyl
bromide (50 pL, 0.42 mmol) was then added and the resulting
mixture stirred for an additional 2 h at 50 °C. After cooling to
room temperature, water (10 mL) was added and the aqueous
phase extracted with EtOAc (3 x 20 mL). The organic phases
were dried over Na,SQO,, filtered and the solvents removed under
reduced pressure. The resulting crude product was purified by
flash chromatography (PE-EtOAc 70:30) to afford compound 2b
(101 mg, 74%) as a white powder.

Mp 121-122 °C; v, (KBr)/cm™ 3435, 3028, 3008, 2940, 1712,
1657, 1606, 1520, 1483, 1452, 1437, 1400, 1362, 1312, 1269, 1234,
1203, 1101, 1066, 1011, 985, 857, 749 and 727; 5, (300 MHz;
DMSO-d¢) 3.79 (3H, s, OCH;), 3.82 (3H, s, OCH;), 3.94 (3H, s,
OCH,), 6.04 (2H, s, CH,Ph), 6.93 (2H, d, J = 7.0, CH,0-ArH),
7.17-7.29 (3H, m, CH,ArH), 7.30 (1H, s, ArH) and 7.54 (1H, s,
ArH);é (75 MHz; DMSO-d,) 49.3 (CH,), 52.0 (CH3;), 53.0 (CH3),
56.6 (CH;), 109.4 (CH), 111.9 (C), 122.0 (CH), 125.9 (CH), 127.0
(CH), 127.0 (C), 128.5 (CH), 134.5 (C), 139.2 (C), 140.5 (C), 153.1
(C) and 160.9 (C); m/z (ESI*) 328 (19%), 327 (MH*, 100); HRMS
(ESI¥) found (MH") 327.1347, CsH;,N,O, requires 327.1345.

Experimental procedure for the oxidation of 4,7-dimethoxy
5-azaindole 2a: 4,6,7-trioxo-4,5,6,7-tetrahydro-1H-
pyrrolo|3,2-c]pyridine-2-carboxylic acid methyl ester 12a

To a solution of 5-azaindole 2a (47 mg, 0.2 mmol) in a 1:1
acetonitrile-water mixture (16 mL) at room temperature was

added in one portion [bis(trifluoroacetoxy)iodo]benzene (PIFA)
(86 mg, 0.2 mmol). After stirring for one hour, a further portion of
PIFA (86 mg, 0.2 mmol) was added. This procedure was repeated
two more times, after 2 h and 3 h reaction time, so that a total of
four equivalents (344 mg, 0.8 mmol) of PIFA were used. One hour
after the last PIFA addition, the mixture was filtered on a sintered
glass funnel filled with a pad of silica gel 1 cm thick, washing with
EtOAc. After evaporation of the filtrate under reduced pressure,
the residue was purified by flash chromatography (PE-EtOAc
50:50) to afford a pink solid. This solid was then washed with
dichloromethane to give the trioxo compound 12a (43 mg, 97%)
as a pale yellow solid.

Mp 269-270 °C; v, (KBr)/cm™' 3210, 3137, 2924, 2853, 1690,
1554, 1455, 1432, 1287, 1229, 1138, 1096, 974, 927 and 799; oy
(300 MHz; DMSO-d,) 3.85 (3H, s, OCH;), 7.16 (1H, s, H3), 11.54
(1H, s, H5) and 14.00 (1H, br s, H1); ¢ (75 MHz; DMSO-d,)
52.4 (CH;), 113.3 (CH), 123.9 (C), 130.3 (C), 132.8 (C), 158.7 (C),
160.0 (C), 160.7 (C) and 166.5 (C); m/z (ESI*) 463 (48%), 445 (54),
427.1 2M + H*, 29), 222.9 (MH", 100), 209 (24); HRMS (ESI*)
found (M + Na*) 245.0174, C;H4N,O;Na requires 245.0174.

The single crystal for the X-ray diffraction analysis was obtained
as follows: a solution of compound 12a (1 mg) in acetone (0.7 mL)
was allowed to stand for three days at room temperature (20 °C)
in a test tube (without capping). The resulting colorless needle
(0.06 x 0.07 x 0.21 mm) was then analyzed on a Nonius Kappa
CCD diffractometer at 293 K. CCDC reference number 641655.
For crystallographic data in CIF or other electronic format see
DOI: 10.1039/b719776d.}

Experimental procedure for the oxidation of 7-hydroxy 4-methoxy
5-azaindole 3a: preparation of compound 12a

To a solution of 5-azaindole 3a (22 mg, 0.1 mmol) in a 1:1
acetonitrile-water mixture (8§ mL) at room temperature was added
in one portion [bis(trifluoroacetoxy)iodo]benzene (PIFA) (44 mg,
0.1 mmol). After stirring for one hour, the resulting mixture
was filtered off on a sintered glass funnel filled with a pad of
silica gel 1 cm thick, washing with EtOAc. After evaporation
of the filtrate under reduced pressure, the residue was purified
by flash chromatography (PE-EtOAc 50:50) to afford the trioxo
compound 12a (19 mg, 95%) as an orange solid.

Typical experimental procedure for the oxidation of
N-benzyl-4,7-dimethoxy 5-azaindole 2b: preparation of
1-Benzyl-4,6,7-trioxo-4,5,6,7-tetrahydro-1H-pyrrolo[3,2-
c|pyridine-2-carboxylic acid methyl ester 12b

To a solution of N-benzyl-5-azaindole 2b (68 mg, 0.21 mmol) in a
1:1 acetonitrile-water mixture (23 mL) at room temperature was
added in one portion [bis(trifluoroacetoxy)iodo]benzene (PIFA)
(359 mg, 0.84 mmol). After stirring for 4 h, the resulting mixture
was filtered off on a sintered glass funnel filled with a pad of
silica gel 1 cm thick, washing with EtOAc. After evaporation of
the filtrate under reduced pressure, the residue was purified by
flash chromatography (PE-EtOAc 70:30) to afford compound 12b
(53 mg, 81%) as a pale brown solid.

Mp 208-209 °C; Ve (KBr)/cm™' 3205, 3120, 2924, 2853, 1728,
1710, 1674, 1526, 1489, 1454, 1425, 1382, 1255, 1186, 1119, 1078,
945, 737 and 707; oy (300 MHz; DMSO-d;) 3.79 (3H, s, OCH,),
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5.99 2H, s, CH,Ph), 7.13 2H, d, J = 6.4, CH,0-ArH), 7.25-7.30
(3H, m, CH,ArH), 7.32 (1H, s, H3) and 11.70 (1H, s, HS5); o
(75 MHz; DMSO-d,) 49.7 (CH,), 52.5 (CH;), 115.3 (CH), 123.5
(0), 126.7 (CH), 127.4 (CH), 128.5 (CH), 129.5 (C), 132.0 (C),
136.8 (C), 158.5(C), 159.7 (C), 160.3 (C) and 167.1 (C); m/z (ESI*)
648 (32%), 647 (2M + Na*, 100), 335 (M + Na*, 11), 313 (MH*, 8);
HRMS (ESI¥) found (M + Na*) 335.0647, C,H;,N,0sNa requires
335.0644.

Preparation of compound 12¢ from 4,7-dimethoxy-6-azaindole 2c:
4,5,7-trioxo-4,5,6,7-tetrahydro-1 H-pyrrolo|2,3-c|pyridine-2-
carboxylic acid methyl ester 12¢

Compound 12¢ was prepared according to the same procedure
as for compound 12b, scale: 6-azaindole 2¢ (50 mg, 0.21 mmol),
[bis(trifluoroacetoxy)iodo]benzene (PIFA) (365 mg, 0.85 mmol),
1:1 acetonitrile-water mixture (16 mL). The crude product was
purified by flash chromatography (PE-EtOAc 50:50) to afford 12¢
(27 mg, 57%) as a yellow powder.

Mp 261-262 °C; v, (KBr)/cm™ 3436, 3203, 3124, 2925, 2854,
1691, 1561, 1503, 1483, 1425, 1395, 1331, 1276, 1234, 1140, 1101,
990, 932, 809 and 774; 6y (300 MHz; DMSO-d,) 3.84 (3H, s,
OCH,), 7.18 (1H, s, H3), 11.73 (1H, br s, H6) and 14.06 (1H,
very br s, H1); d¢ (75 MHz; DMSO-d¢) 52.2 (CHs;), 112.5 (CH),
124.3 (C), 129.7 (C), 132.7 (C), 157.3 (C), 159.2 (C), 160.2 (C)
and 171.1 (C); m/z (EST*) 468 (22%), 467 (2M + Na*, 100), 245
(M + Na*, 15); m/z (ESI") for C,H;N,O; 221 (M — H~, 100%);
HRMS (EST*) found (M + Na*) 245.0177, CoH¢N,OsNa requires
245.0174.

Preparation of compound 12¢ from 4-hydroxy-7-methoxy
6-azaindole 3c

Compound 12¢ was also prepared according to the same
procedure as for compound 12a (from 7-hydroxy 4-methoxy
S-azaindole 3a), scale: 6-azaindole 3¢ (30 mg, 0.134 mmol),
[Bis(trifluoroacetoxy)iodo]benzene PIFA (59 mg, 0.137 mmol),
1:1 acetonitrile-water mixture (8 mL). The crude product was
purified by flash chromatography (PE-EtOAc 40:60) to afford 12¢
(29.5 mg, 99%) as an orange powder.

Typical experimental procedure for the BBr; monodemethylation
of 4,7-dimethoxyazaindole 2a: preparation of 7-hydroxy-4-
methoxy-1H-pyrrolo[3,2-c|pyridine-2-carboxylic

acid methyl ester 3a

To a cooled (—78 °C) solution of dimethoxy-5-azaindole 2a
(25 mg, 0.10 mmol) in dichloromethane (2 mL) was added
dropwise a 1 M solution of BBr; in dichloromethane (535 pL,
0.53 mmol). The mixture was then stirred at room temperature for
16 h. Methanol (2 mL) was added dropwise and the solvent was
removed in vacuuo. Water (4 mL) was added to the residue and the
pH of this solution was carefully adjusted to pH 7 (controlled with
a calibrated pH meter) with 0.5 M sodium hydroxide solution.
The aqueous phase was extracted with EtOAc (3 x 10 mL)
and, after drying over Na,SQO,, the solvent was removed under
reduced pressure. The resulting crude product was purified by
flash chromatography (PE-Et,O 20:80) to afford compound 3a
(13.5 mg, 57%) as a yellow solid.

Mp 183-184 °C (decomposed); Vi, (KBr)/cm™' 3315, 2924,
2854, 1711, 1628, 1601, 1541, 1497, 1442, 1389, 1327, 1278, 1208,
1161, 1093, 1071, 989, 936, 829, 749 and 708; Jy (300 MHz;
DMSO-d,) 3.86 (3H, s, OCH,;), 3.88 (3H, s, OCH,), 7.09 (1H, s,
ArH), 7.34(1H, s, ArH), 9.28 (1H, br s, ArOH) and 12.07 (1H, brs,
NH); d¢ (50 MHz; DMSO-d;) 51.9 (CH;), 52.6 (CH5;), 106.3 (CH),
113.1 (C), 123.0 (CH), 126.8 (C), 134.0 (C), 136.7 (C), 151.8 (C)
and 161.0 (C); m/z (CI) 223 (MH*, 100%), 85 (10), 79 (20); HRMS
(CI) found (MH*) 223.0720, C,,H,;N,O, requires 223.0719.

Preparation of compound 3¢ from monodemethylation of
4,7-dimethoxyazaindole 2¢c. 4-Hydroxy-7-
methoxy-1H-pyrrolo|2,3-c|pyridine-2-carboxylic acid
methyl ester 3c

Compound 3¢ was prepared according to the same procedure
as for compound 3a, scale: 6-azaindole 2¢ (25 mg, 0.10 mmol),
dichloromethane (2 mL), 1 M solution BBr; in CH,Cl, (266 pL,
0.26 mmol). The crude product was purified by flash chromatog-
raphy (PE-Et,O 30:70) to afford 3¢ (13 mg, 55%) as a yellow
powder.

Mp 203-204 °C (decomposed); Vn., (KBr)/cm™' 3325, 2924,
2852, 1709, 1512, 1449, 1413, 1333, 1262, 1199, 1090, 1063, 820,
776 and 747; oy (300 MHz; DMSO-d¢) 3.86 (3H, s, OCH,), 3.92
(3H, s, OCH,), 7.16 (1H, s, ArH), 7.17 (1H, s, ArH), 9.41 (1H, s,
ArOH) and 12.42 (1H, br s, NH); 6 (75 MHz; DMSO-d,) 52.0
(CHj;), 52.7 (CH3), 105.5 (CH), 117.6 (CH), 123.2 (C), 124.9 (O),
128.5 (C), 143.1 (C), 145.2 (C) and 161.1 (C); m/z (ESI*) 223
(MH*, 100%), 209 (24), 191 (23); m/z (ESI") 425 (100%), 237
(27), 221 M — H-, 30); HRMS (EST*) found (MH*) 223.0717,
C,H,N,0O, requires 223.0719.

2-Azido-3-(2-methoxy-5-(triisopropylsilanyloxy)pyridin-3-
yDacrylic acid methyl ester 13

Sodium metal (540 mg, 23.5 mmol) was dissolved in anhydrous
methanol (17 mL) at 0 °C under argon. To this preformed
sodium methoxide solution at 0 °C was quickly added a solution
of aldehyde 5¢ (1.77 g, 5.7 mmol) and methyl azidoacetate
(2.50 g, 21.7 mmol) in methanol (17 mL). The mixture was
stirred at 25 °C for two h, then poured onto crushed ice (120 g)
and held for 1 h at 4 °C. After addition of dichloromethane
(100 mL) and decantation, the aqueous phase was extracted with
dichloromethane (3 x 150 mL). The organic phases were washed
with water (2 x 150 mL) and dried over Na,SO,. After filtration
and removal of the solvent under reduced pressure, the residue
was purified by flash chromatography (PE-EtOAc 70:30) to afford
acrylate 13 (457 mg, 20%) as an orange solid.

Mp 61-63 °C (decomposed); Vy.x (KBr)/cm™' 3409, 3093, 2946,
2892, 2867, 2123, 1716, 1612, 1589, 1564, 1468, 1437, 1425, 1403,
1379, 1290, 1277, 1260, 1227, 1141, 1086, 1026, 1009, 901, 883,
864, 834, 748, 740 and 692; 6,; (300 MHz; CDCl;) 1.12 (18H, br
d,J = 6.8, (CH(CH;),);), 1.26 (3H, m, (CH(CH,),);), 3.91 (3H, s,
OCH,), 3.94 (3H, s, OCH;), 7.18 (1H, s, CH), 7.77 (1H, d, J = 3.0,
ArH) and 8.15 (1H, d, J = 3.0, ArH); é (50 MHz; CDCl,) 12.6
(CH), 17.9 (CH,;), 53.0 (CH,;), 53.8 (CHs;), 116.2 (C), 118.0 (CH),
126.7 (C), 130.3 (CH), 138.2 (CH), 147.1 (C), 156.0 (C) and 163.8
(C); m/z (ESI) 407 (MH*, 12%), 380 (23), 379 (MH"*-N,, 100).
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4-Methoxy-7-triisopropylsilanyloxy-1H-pyrrolo|3,2-c|pyridine-2-
carboxylic acid methyl ester 14

A solution of azidoacrylate 13 (369 mg, 0.9 mmol) in dry xylene
(32 mL) was added dropwise onto hot (140 °C) xylene (18 mL).
After addition, the mixture was heated at 140 °C for 1 h and then
cooled down to room temperature. The xylene solution was then
chromatographed over silica gel (eluent PE-EtOAc 90:10) to give
5-azaindole 14 (266 mg, 77%) as a pale yellow solid.

Mp 134-135 °C; vy, (KBr)/cm™ 3423, 3114, 2969, 2943, 2866,
1723, 1606, 1546, 1497, 1460, 1432, 1382, 1352, 1309, 1296,
1275, 1239, 1215, 1189, 1178, 1083, 1011, 885, 850 and 833; oy
(300 MHz; CDCl;) 1.13 (18H, d, J = 7.2, (CH(CH),);), 1.33 (3H,
m, (CH(CH;),),), 3.95 (3H, s, OCH,), 4.03 (3H, s, OCH,), 7.27
(1H, d, J = 2.3, H3), 7.50 (1H, s, H6) and 8.91 (1H, br s, NH); d
(50 MHz; CDCl;) 12.8 (CH), 18.0 (CHs;), 52.2 (CH,), 53.3 (CHa),
108.0 (CH), 114.1 (C), 126.5 (C), 126.8 (CH), 135.6 (C), 135.9 (O),
153.7 (C) and 161.8 (C); m/z (ESI*) 380 (24%), 379 (MH*, 100),
365 (13); m/z (ESI7) 378 (31%), 377 (M-H~, 100); HRMS (ESI*)
found (MH") 379.2052, C,sH; N,0,Si requires 379.2053.

Fluoride-promoted deprotection of the TIPS-protected 5-azaindole
14: preparation of 7-hydroxy-4-methoxy S-azaindole 3a

A 1 M solution of tetra-n-butylammonium fluoride in THF
(1.15 mL, 1.15 mmol) was added to a stirred solution of 5-
azaindole 14 (290 mg, 0.76 mmol) in anhydrous THF (1.2 mL)
at 0 °C under argon. The temperature was allowed to rise to room
temperature and the resulting mixture for stirred for 35 minutes.
After addition of water (1.5 mL) and EtOAc (10 mL), the aqueous
phase was extracted with EtOAc (2 x 10 mL). The combined
organic phases were washed with water (2 x 10 mL) and dried over
Na,SO,. After filtration and removal of the solvent under reduced
pressure, the residue was purified by flash chromatography (PE-
EtOAc 40:60) to afford 3a (157 mg, 92%) as an orange solid.

2-Azido-3-(2-methoxy-5-(methoxymethoxy)pyridin-4-yl)acrylic
acid methyl ester 15a

Sodium metal (95 mg, 4.1 mmol) was dissolved in anhydrous
methanol (3 mL) at 0 °C under argon. To this preformed sodium
methoxide solution at 0 °C was quickly added a solution of
aldehyde 6b (199 mg, 1.0 mmol) and methyl azidoacetate (440 mg,
3.8 mmol) in methanol (3 mL). The mixture was stirred at 30 °C
for 1 h, then poured onto crushed ice (20 g) and held for 1 h at
4 °C. The product 15a was recovered by filtration on a sintered
glass funnel as a pale yellow solid (60.6 mg, 21%).

Mp 78-79 °C (decomposed); V., (KBr)/cm™" 3418, 3105, 2956,
2856, 2129, 1716, 1618, 1606, 1546, 1482, 1434, 1381, 1319, 1275,
1260, 1219, 1202, 1155, 1084, 1039, 989 and 962; Jy (300 MHz;
CDCl;) 3.51 (3H, s, OCH;), 3.91 (3H, s, OCH;), 3.93 (3H, s,
OCH,), 5.15 (2H, s, CH,0OCHj;), 7.15 (1H, s, CH), 7.55 (1H, s,
ArH), 8.04 (1H, s, ArH); d. (50 MHz; CDCl,) 53.4 (CH;), 53.7
(CH,), 56.4 (CH,), 96.4 (CH,), 110.6 (CH), 116.0 (CH), 129.5 (C),
133.8 (CH), 134.1 (C), 146.5 (C), 159.5 (C) and 163.5 (C); m/z
(ESI) 295 (MH*, 7%), 267 (MH* — N,, 69), 223 (41), 191 (100),
177 (36).

7-Methoxy-4-methoxymethoxy-1H-pyrrolo|2,3-c]pyridine-2-
carboxylic acid methyl ester 16a

Compound 16a was prepared according to the same procedure as
for compound 2a, scale: azidoacrylate 15a (36.6 mg, 0.12 mmol),
xylene (11 mL). The crude product was purified by flash chro-
matography (PE-EtOAc 70:30) to afford 16a as a yellow powder
(10.1 mg, 31%).

Mp 119-120 °C; v, (KBr)/cm™' 3322, 3299, 1716, 1706, 1510,
1443, 1333, 1314, 1299, 1274, 1227, 1206, 1163, 1149, 1092, 1055,
979, 917, 779 and 750; 6y (300 MHz; CDCl;) 3.55 (3H, s, OCH,),
3.96 (3H, s, OCH,), 4.07 (3H, s, OCH;), 5.26 (2H, s, CH,0OCH,),
7.25 (1H, d, J = 2.3, H3), 7.54 (1H, s, HS) and 9.21 (1H, br s,
NH); dc (50 MHz; CDCl,) 52.3 (CHj;), 53.3 (CHj;), 56.3 (CHs),
96.1 (CH,), 105.8 (CH), 120.9 (CH), 123.1 (C), 126.5 (C), 128.5
(C), 143.7 (C), 147.4 (C) and 161.7 (C); m/z (ESI*) 268 (13%),
267 (MH*, 100), 223 (15); HRMS (CI) found (MH*) 267.0987,
C,H 5N, Oy requires 267.0981.

Acidic deprotection of the MOM-protected 6-azaindole 16a:
preparation of 4-hydroxy-7-methoxy 6-azaindole 3¢

To a solution of 6-azaindole 16a (80 mg, 0.30 mmol) in THF (1 mL)
was added 3 N aqueous HCI (1.1 mL) and the resulting mixture
was stirred at 50 °C for 3 h. After this time, the mixture was cooled
to room temperature and water (10 mL) was added followed by
neutralisation (pH 7-8) with solid K,CO;. The aqueous phase was
then extracted with EtOAc (3 x 10mL). After drying of the organic
phase over Na,SQO,, filtration and removal of the solvents under
reduced pressure, the residue was purified by flash chromatography
(PE-EtOACc 40:60) to afford 3¢ (52 mg, 77%) as an orange solid.

2-Azido-3-(2-methoxy-5-(methoxymethoxy)pyridin-4-yl)acrylic
acid tert-butyl ester 15b

Formation of the azidoalcohol 11b: Sodium hydride (60% dis-
persion in oil, 60 mg, 1.52 mmol) was added portionwise to
cold (—30 °C) isopropanol (4.5 mL). To the resulting sodium
isopropoxide solution was then added solid aldehyde 6b (150 mg,
0.76 mmol) until completely dissolved. A solution of zert-butyl
azidoacetate (477 mg, 3.04 mmol) in isopropanol (0.8 mL) was
then added dropwise to the reaction mixture. After stirring for 4 h
at —30 °C, water (15 mL) was added. The mixture was allowed to
warm to room temperature, then the aqueous phase was extracted
with EtOAc (3 x 15 mL) and the combined organic phases dried
over Na,SO,. After filtration and removal of the solvent under
reduced pressure, the residue was purified by flash chromatography
(PE-EtOAc 70:30) to afford azidoalcohol 11b (170 mg, 63%) as a
yellow oil. This compound 11b was obtained as a 1:1 mixture of
two diastereomers: dial and dia2.

Jn (300 MHz; DMSO-d¢) 1.20 (9H, s, t-Bu dial), 1.48 (9H, s,
t-Bu dia2), 3.39 (3H, s, OCH; dia 1), 3.42 (3H, s, OCH; dia 2),
3.80 (3H, s, OCH; dia 1), 3.81 (3H, s, OCH, dia 2), 3.93-3.97 (2H,
m, CHN; for both dia), 5.14-5.24 (5H, m, CH,OCH; for both
dia + CHOH for dial), 5.39 (dd, J = 5.3-2.6, 1H, CHOH for
dia2), 6.24 (1H, d, J = 5.3, disappears after D,O addition, OH for
dial), 6.37 (1H, d, J = 5.3, disappears after D,O addition, OH for
dia2), 6.83(1H, s, ArH for dial), 6.90(1H, s, ArH for dia2), 7.88
(1H, s, ArH for dial) and 7.90 (1H, s, ArH for dia2); d. (75 MHz;
DMSO0-d¢) 27.3 (CH;), 27.7 (CHs;), 53.2 (CH,), 53.2 (CHs), 55.9
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(CH;), 56.0 (CH;), 63.3 (CH), 64.1 (CH), 68.9 (CH), 69.4 (CH),
82.0(C), 82.4(C),95.1 (CH,), 95.6 (CH,), 108.4 (CH), 108.5 (CH),
131.8 (CH), 132.4 (CH), 143.3 (C), 143.9 (C), 144.8 (C), 145.3 (O),
158.7 (C), 158.8 (C), 166.6 (C) and 167.4 (C). (It was impossible to
assign with certainty signals for both diastereomers); m/z (ESI*)
731 (2M + Na*, 14%), 377 (M + Na*, 54), 355 (MH", 100), 299
(MH* — isobutene (CH;),C=CH,, 36).

Formation and in situ elimination of the mesylate of compound
11b: formation of azidoacrylate 15b: To a solution of 11b (649 mg,
1.83 mmol) in dichloromethane (50 mL) at 45 °C was added
quickly methanesulfonyl chloride (710 pl, 9.19 mmol) and then
triethylamine (2.6 ml, 18.30 mmol). The reaction mixture was
stirred at 45 °C for 1 h then cooled to room temperature. After
addition of a saturated aqueous solution of NaHCO; (50 mL)
and decantation, the aqueous phase was extracted with CH,Cl,
(3 x 100 mL). The organic phases were washed with brine (2 x
100 mL) and dried over Na,SO,. After filtration and removal of
the solvent under reduced pressure, the residue was purified by
flash chromatography (PE-EtOAc 80:20) to afford azidoacrylate
15b (527 mg, 85%) as a yellow solid.

Mp 63-64 °C; V., (KBr)/cm™' 3435, 2924, 2116, 1712, 1605,
1484, 1384, 1277, 1217, 1200, 1153, 1078, 1037, 995 and 886; 5y,
(300 MHz; DMSO-d,) 1.54 (9H, s, t-Bu), 3.43 (3H, s, OCH,), 3.81
(3H, s, OCH;), 5.20 (2H, s, CH,OCH,), 6.99 (1H, s, CH), 7.44
(1H, s, ArH) and 8.02 (1H, s, ArH); . (75 MHz; DMSO-d¢) 27.6
(CH,), 53.3 (CH,), 56.1 (CHj;), 83.8 (C), 96.5 (CH,), 109.5 (CH),
114.1 (CH), 130.9 (C), 133.8 (C), 134.6 (CH), 145.9 (C), 158.7 (C)
and 161.0 (C); m/z (EST*): 359 (MNa*, 12%), 337 (MH", 26), 309
(MH* — N,, 26), 253 (MH* — N, — isobutene (CH;),C=CH,,
100), 177 (43).

7-Methoxy-4-methoxymethoxy-1H -pyrrolo[2,3-c|pyridine-2-
carboxylic acid fert-butyl ester 16b

Compound 16b was prepared according to the same procedure as
for compound 2a, scale: azidoacrylate 15b (72 mg, 0.21 mmol),
xylene (7.2 mL), reaction time 2 h. The crude product was purified
by flash chromatography (PE-EtOAc 70:30) to afford 16b (47 mg,
72%) as a yellow powder.

Mp 93-94 °C; vy, (KBr)/cm™ 3307, 2979, 2936, 1713, 1620,
1587, 1506, 1445, 1408, 1370, 1336, 1300, 1278, 1227, 1208, 1154,
1093, 1059, 973 and 923; J, (300 MHz; DMSO-d,) 1.56 (9H, s,
t-Bu), 3.43 (3H, s, OCHj;), 3.97 (3H, s, OCH;), 5.24 (2H, s,
CH,0CH,), 7.03 (s, lH, ArH), 7.40 (1H, s, ArH) and 12.44 (1H,
br s, NH); d. (75 MHz; DMSO-d,) 27.9 (CH,), 52.9 (CH,), 55.8
(CH,), 81.6 (C), 95.4 (CH,), 104.5 (CH), 119.7 (CH), 122.8 (C),
125.7 (C), 131.0 (C), 142.9 (C), 147.0 (C) and 159.8 (C); m/z
(ESI*) 308 (MH*, 46%), 252 (100), 222 (48); HRMS (EI) found
(M**) 308.1370, C,sH,,N,Os requires 308.1372.

Acidic deprotection and in situ transesterification of the
MOM-protected 6-azaindole 16b: preparation of
4-hydroxy-7-methoxy-6-azaindole 3¢

To a solution of 6-azaindole 16b (48 mg, 0.16 mmol) in methanol
(4 mL) was added 3 N aqueous HCI (1 mL) and the resulting
mixture stirred at 25 °C for 4 h 30 min: after this time, TLC analysis
showed the complete consumption of the starting material. The
reaction was then heated to 50 °C for 20 h. A new product was

formed whose R; matched that of compound 3c. After this time, the
mixture was evaporated to dryness. Water (4 mL) was then added
to the residue and the pH of this solution was carefully adjusted
to pH 7 (controled with a calibrated pH meter) with 0.5 M sodium
hydroxide solution. The aqueous phase was then extracted with
EtOAc (4 x 15 mL) and, after drying over Na,SQ,, the solvent
was removed under reduced pressure. The resulting crude product
was purified by flash chromatography (cyclohexane-EtOAc 60:40)
to afford compound 3¢ (17 mg, 49%) as a light brown solid.

Typical experimental procedure for the oxidation of 7-hydroxy-4-
methoxy 5-azaindole 3a: Preparation of 7-hydroxy-4,6-dimethoxy-
1H-pyrrolo|3,2-c]pyridine-2-carboxylic acid methyl ester 17a

To a solution of 3a (26 mg, 0.11 mmol) in a 1:1 acetonitrile—
methanol mixture (18 mL) at room temperature was added in
one portion [bis(trifluoroacetoxy)iodo]benzene (PIFA) (50 mg,
0.11 mmol). After stirring at room temperature for 4 h, the
resulting mixture was filtered off on a sintered glass funnel filled
with a pad of silica gel 1 cm thick, washing with EtOAc. After
evaporation of the filtrate under reduced pressure, the residue was
purified by flash chromatography (cyclohexane-EtOAc 70:30) to
afford 17a (25 mg, 85%) as a yellow powder.

Mp 199-200 °C; v, (KBr)/cm™' 3501, 3373, 2951, 2853, 1702,
1675, 1653, 1612, 1537, 1497, 1470, 1446, 1416, 1377, 1329, 1310,
2289, 2211, 1228, 1042, 977 and 748; dy (300 MHz; DMSO-dy)
3.83 (3H, s, OCH;), 3.90 (3H, s, OCH,), 3.93 (3H, s, OCH;), 7.02
(1H, d, J = 2.0, H3), 8.41 (1H, s, ArOH) and 11.63 (1H, s, NH);
dc (75 MHz; DMSO-d,) 51.8 (CH3), 52.8 (CHs;), 53.6 (CHs), 106.4
(CH), 108.6 (C), 119.5 (C), 126.7 (C), 136.5 (C), 145.53 (C), 148.2
(C) and 161.1 (C); m/z (CI) 254 (13%), 253 (MH*, 100); HRMS
(CI) found (MH") 253.0820, C,;H,3N,Os requires 253.0824.

Oxidation of 4-hydroxy-7-methoxy 6-azaindole 3c: Preparation of
4-hydroxy-5,7-dimethoxy-1H-pyrrolo[2,3-c|pyridine-2-carboxylic
acid methyl ester 17¢c

Compound 17¢ was prepared according to the same procedure
as for compound 17a, scale: azaindole 3¢ (50 mg, 0.22 mmol),
PIFA (97 mg, 0.22 mmol), 1:1 acetonitrile-methanol mixture
(18 mL). The crude product was purified by flash chromatography
(cyclohexane-EtOAc 60:40) to afford 17¢ (30 mg, 53%) as a yellow
powder.

Mp 176-177 °C; Vo (KBr)/cm™' 3435, 3323, 2951, 1715, 1644,
1598, 1526, 1507, 1451, 1416, 1354, 1328, 1291, 1250, 1210, 1184,
1125, 1095, 1039, 1000, 977, 907 and 770; 5 (300 MHz; DMSO-
ds) 3.85 (3H, s, OCH,), 3.86 (3H, s, OCH,), 3.96 (3H, s, OCH,),
7.08 (1H, d, J = 2.0, H3), 8.63 (1H, s, ArOH) and 12.10 (1H, s,
NH); d¢ (75 MHz, DMSO-d,): 52.0 (CH3), 52.9 (CHj;), 54.0 (CHs,),
104.7 (CH), 119.1 (C), 125.8 (C), 127.8 (C), 129.9 (C), 140.4 (O),
140.9 (C) and 161.2 (C); m/z (ESI*) 293 (21%), 253 (MH", 100),
238 (27), 223 (28), 209 (25); HRMS (ESI*) found (MH*) 253.0822,
C, H;;N,Oq requires 253.0824.
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Enantioselective cycloaddition using chiral transition metal catalysts is an atom-economical and efficient
synthetic tool for the construction of chiral carbo- and heterocyclic skeletons. This short account
discloses our recent results of inter- and intramolecular enantioselective [2 + 2 + 2] cycloadditions

of alkyne and/or alkene moiety(ies). Chiral iridium complexes catalyzed the alkyne trimerization

for the generation of axial chirality(ies), and chiral rhodium ones catalyzed alkyne-alkyne—alkene
cyclization for the generation of a quaternary carbon including spirocyclic system.

Introduction

Transition metal-catalyzed [2 + 2 + 2] cycloaddition of unsaturated
motifs, such as alkynes and alkenes, is the most atom-economical
protocol for the synthesis of six-membered ring systems, and
various types of substrates have been submitted to the inter-, and
intramolecular reactions.! Among them, cyclotrimerization of
alkynes was the first and most developed cycloaddition: thermal
[2 + 2 + 2] cycloaddition of acetylene for the formation of benzene
was already ascertained in the mid-19™ century. The first transition
metal complex-mediated [2 + 2 + 2] cycloaddition of acetylene
was reported by Reppe et al. using a nickel complex.> From the
synthetic point of view, Yamazaki and co-workers’s report of
cobalt complex-mediated reaction of diphenylacetylene for the
syntheses of hexa-substituted benzene should be recognized as
a pioneering work.® Vollhardt and co-workers’s report of cobalt
complex-catalyzed reactions and their use in natural product
synthesis drastically raised the significance of [2 + 2 + 2] cycload-
dition in organic synthesis.* Since then, various transition metal

Department of Chemistry and Biochemistry, School of Advanced Science and
Engineering, Waseda University, 65-502B 3-4-1, Ohkubo, Shinjuku, Tokyo,
1698555, Japan

complexes, mainly from group 8-10 elements, such as rhodium,
nickel, and palladium, have been reported as efficient catalysts.
However, enantioselective cycloaddition had been limited to two
examples: Mori and co-workers reported a chiral nickel complex-
catalyzed intermolecular reaction of a triyne with acetylene,
which generated an asymmetric carbon at the benzylic position
of a formed benzene ring by enantiotopic group selection.’
Stary and co-workers reported a chiral cobalt complex-catalyzed
intramolecular cycloaddition of a triyne, which generated helical
chirality.® These are pioneering works of the enantioselective [2 +
2 + 2] cycloaddition of alkynes; however, their enantioselectivity,
yield, and generality of substrates were not sufficient.

In 2004, three groups, including ours, independently reported
enantioselective [2 + 2 + 2] cycloadditions using different tran-
sition metal catalysts in succession, where axial chirality(ies)
was/were generated along with benzannulation.” This paper sum-
marizes our strategy and achievements in several enantioselective
[2 + 2 + 2] cycloadditions.

Iridium-catalyzed reaction of alkynes

We had examined iridium-catalyzed carbonylative coupling of [2 +
2 + 1] cycloaddition. In the reaction of enynes using Ir-tolBINAP
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(2,2-bis(di-p-tolylphosphino)-1,1’-binaphthyl) catalyst, an enan-
tioselective Pauson—Khand-type reaction proceeded to give chiral
bicyclic cyclopentenones.? In the reaction of diynes using Ir-DPPP
(1,3-bis(diphenylphosphino)propane) catalyst, carbonylative cou-
pling of diynes gave bicyclic cyclopentadienones.’ In the latter
reaction, a hexa-substituted benzene derivative, which was derived
from intermolecular [2 + 2 + 2] cycloaddition of two diynes,
was formed as a by-product [eqn (1)]. These results prompted
us to examine an iridium-catalyzed [2 + 2 + 2] of alkynes for the
construction of highly congested benzene compounds.’

— o [IrCl(cod)(dppp)]

Z/ - (5 mol%)
\%ph xylene, 120 °C
CO (1 atm)

Z=C(COsBn),

Ph
Ph
Ph W
Ph
Z z / +Z 0
Ph

Ph
6% 70%

We assumed that the intermolecular coupling of diynes,
possessing ortho-substituted aryl groups on their termini, and
monoalkynes would provide teraryl compounds with two axial
chiralities. In the reaction of symmetrical diynes and symmetrical
monoalkynes, C, symmetrical chiral compounds will be provided
(Scheme 1).

Q Enantioselective

[2+2+2]
cycloaddition

o=
e

Scheme 1

Intermolecular reaction of diynes with monoalkynes

After screening various catalysts, a chiral iridium complex,
which was prepared in situ from [IrCl(cod)], and MeDUPHOS
(1,2-bis(2,5-dimethylphospholano)benzene), achieved the highly
diastereoselective and enantioselective [2 + 2 + 2] cycloaddition
(Table 1).” In the reaction of oxygen, nitrogen, and carbon-
tethered 1,6-diynes with naphthyl groups at their termini and
1,4-dimethoxybut-2-yne (2a), C, symmetrical teraryl compounds
with two axial chiralities were obtained. Small amounts of the
catalyst also realized excellent enantioselectivity (entry 2). In place
of the naphthyl group, other ortho-substituted aryl ones, such as 2-
methylphenyl and 2-cholorophenyl groups, could also be installed
as substituents at the alkyne termini, and excellent d//meso ratio
and enantioselectivity were achieved.

A proposed mechanism of asymmetric induction is shown in
Scheme 2. The oxidative coupling of the chiral iridium complex
with 1,6-diyne provides iridacyclopentadiene, where two axial

Table 1 Intermolecular reaction of symmetrical diynes and monoalkynes

OMe

1 (Nap: 1-naphthyl) OMe
2a

[IrCl{cod)],+2(S, S)-MeDUPHOS
(10 mol%) OMe
z
OMe

xylene, 100 °C

Entry V4 Yield (%) dl/meso Ee (%)
1 o 83 > 95/5 >99
24 (0] 84 98/2 99
3 NTs 92 > 95/5 99
4 CH, 96 > 95/5 >99
“ [IrCl(cod)], (0.5 mol%) and MeDUPHOS (1 mol%) were used.

23 axially chiral

ip  cycloadducts

Scheme 2

chiralities are induced by steric hindrance between methyl groups
of MeDUPHOS and naphthyl ones of the diyne.

The reaction of but-2-yne-1,4-diol (2b) and but-2-yn-1-ol
(2¢) efficiently proceeded even at room temperature in 1,2-
dimethoxyethane, and axially chiral diol and mono-ol were
obtained [eqn (2)]."* Using the present iridium-catalyzed [2 + 2 +
2] cycloaddition, we first synthesized an axially chiral substituted
pentacene derivative (Scheme 3).'?

o ()

The same
. . as Table 1 O OH
(Z= 0, NTs) PME. it R )

R
2b (R= CH,OH) OO
2c (R= Me)

R= CH,OH: dl/meso= >95/5, >99% ee
R= Me: >90% de, >99% ee

In addition to monoalkynes with oxygen atom(s) at their
propargylic position(s), those with a nitrogen atom operated as
a good coupling partner for diynes, and an axially chiral amine
and amino alcohol were obtained in excellent diastereo- and
enantioselectivity [eqn (3)]."!
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The same

as Table 1
57%

DME, reflux

CBry, PPh3 DDQ
CH,Cl,, r.t.  toluene, reflux
ca. 70%
Scheme 3
NMeTs OO
The same
as Table 1 NMeTs
1|
DME, rt. (3
(Z= CH,, 0) R
2d (R= Me) OO
2e (R= CH,0H)

>90% de, >99% ee

Intramolecular reaction of triynes

We next examined an intramolecular reaction of triynes
with ortho-substituted aryl groups at their termini. In ortho-
binaphthylbenzene itself, the single bonds between two aromatic
rings are freely rotated even at room temperature; however, in the
tricyclic system, two adjacent axial chiralities were generated due
to the existence of two fused rings (Table 2)."* Ir-MeDUPHOS cat-
alyst also worked well, and the corresponding ortho-diarylbenzene
derivatives were obtained with high enantiomeric excess.

Consecutive intermolecular reaction of poly-ynes

We expanded our notion to consecutive reaction, and submitted
oxygen, nitrogen, and ethylene-tethered tetraynes, where two 1,6-
or 1,7-diyne moieties were connected with a 1,4-naphthalene

Table 2 Intramolecular reaction of triynes

Vi The same
as Table 1

Z xylene, 60 °C
Ar———

Ar: ortho-substituted aryl

Entry Z Ar Yield (%)  dl/meso  Ee (%)
1 o 1-Naphthyl 82 5/1 90

24 O 1-Anthracenyl 68 > 20/1 87

3 (0] 2-Cl-4-NO,-Ph 90 12/1 90

4 NTs  4-MeO-1-Naphthyl 89 2/1 ca. 95

“The reaction was examined at room temperature.

spacer, to the [2 + 2 + 2] cycloaddition (Table 3)."* The penta-
aryl compounds with consecutive four axial chiralities were
obtained with almost perfect enantioselectivity (entries 1-3).
Even the reaction of an octayne efficiently proceeded, and the
corresponding nona-aryl compound with consecutive eight axial
chiralities was obtained in high yield with more than 99% ee
(entry 4). A dendritic compound with six axial chiralities was also
obtained in one pot from a hexayne with 1,3,5-triethynylbenzene
core [eqn (4)].

=

The same
as Table 1

3x2a ———

O +

4)

45%, >99% ee

In the reactions mentioned above, axial chiralities were gen-
erated between the formed benzene ring and the aromatic ring
in the substrate. Next, the reaction of tetraynes with a 1,3-diyne
moiety was examined, where axial chirality is generated between
the two benzene rings formed in a biaryl system.” Iridium-
CHIRAPHOS (2,3-bis(diphenylphosphino)butane) complex was
the choice of chiral catalyst, and good enantioselectivity was
achieved using TBS-protected but-2-yne-1,4-diol 2f as a coupling
partner [eqn (5)]."?
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Table 3 Consecutive intermolecular reaction of tetraynes and an octayne

==
7 \ The same z O GMe
\ =1 as Table 1 OMe
— N\ 7 / - \Z xylene, 100 °C
" )
/ O
Nap n
MeO
+20r4x2a MeO G Z
Entry n z Yield (%) Ee (%)
1 1 (6] 89 >99
1 NTs 76 >99
3 1 cis-CH=CH?* 55¢ >99
4 3 O 92 >99

“The reaction was examined at 140°C.*(Z,Z): (Z,E): (E,E)=40:10:1.
°[2 + 2 + 2] Cycloadduct was aromatized into a penta- naphthalene using
DDAQ, and the yield of 2 steps is based on (Z,Z)-isomer of the tetrayne.

— S
/———FPh [IrCl(cod)], + 2CHIRAPHOS
z (20 mol%)
— — + 2x ‘ |
7 xylene or DME, 100 °C-reflux
ph——/
oTBS
2f
Ph

O

Z= C(CO,Et),: 49%, 89% ee
Z=NTs: 76%, 86% ee

(Ee was determined as diols
(R=H))

Ph

Consecutive intramolecular reaction of hexaynes

An intramolecular and consecutive [2 + 2 + 2] cycloaddition
of hexaynes with 1,3-diyne moiety is our most recent challenge.
The acyclic and linear molecules were doubly cyclized to biaryl
products. As a result, axial chirality was generated between
the two benzene rings formed with excellent enantioselectivity
using iridium-xylylBINAP (2,2'-bis(di(3,5-xylyl)phosphino)-1,1'-
binaphthyl) catalyst [eqn (6)]."

Axial chirality in a biaryl system is an important asymmetric
skeleton because it is found in efficient chiral ligands and natu-
rally occurring products.’® As for catalytic and enantioselective
synthesis, aryl-aryl couplings, such as nickel-catalyzed Kumada
coupling,"” copper-catalyzed oxidative coupling of 2-naphthol

derivatives,” and palladium-catalyzed Suzuki coupling,” were
efficient and established protocols. Therefore, the enantioselective
[2 + 2 + 2] cycloaddition of alkynes is a new approach and gives
various types of axially chiral multicyclic compounds.

,—R z
z
———\ [IrCl(cod)], + 2xylyIBINAP Z O
o z (10 mol%) R
7 - T xylene, r.t. R (6)
\%\ z
z
R—/ Z

Z= 0, R=Ph: 81%, 97% ee
Z= NTs, R=Ph: 52%. 98% ee
Z= 0, R=i-Pr: 69%, 96% ee

Rhodium-catalyzed reaction of two alkynes and an
alkene

Rhodium complexes catalyze various types of cycloadditions,
which are represented by [/ + m + n] ones? Among them,
cationic rhodium complexes are generally more active than the
corresponding neutral ones, and many unique and synthetically
useful transformations have been achieved.”! In particular, they
have significant advantage in enantioselective reactions because
of their stronger coordination to unsaturated motifs, which could
achieve higher stereoselectivity. For instance, oxidative coupling
of chiral a Rh(1) complex to an enyne is a common scheme
for the generation of an asymmetric stereocenter at the ring-
fusion carbon of a bicyclic metallacycle (Scheme 4). When R?
is vinyl, 1,3-allylic rearrangement along with ring expansion and
reductive elimination gives [4 + 2] cycloadduct (path A).?> When
R? is methyl, B-hydrogen elimination and reductive elimination
gives ene-type product (path B).? The CO insertion and reductive
elimination gives [2 + 2 + 1] cycloadduct (path C, Pauson—Khand-
type reaction).?* We considered that the [2 + 2 + 2] cycloaddition
of enynes with a substituent at their olefinic moiety (R?* is not
hydrogen) and alkynes provides an efficient protocol for the
construction of a quaternary carbon at the ring-fused position
(path D).

Intermolecular reaction of enynes with monoalkynes

We screened the cationic rhodium-BINAP derivative complexes
as a catalyst for the [2 + 2 + 2] cycloaddition of enynes with
monoalkynes because they were already known to work well as cat-
alysts in enantioselective formation of a bicyclic metallacycle (path
B and C).»»** the Rh-tolBINAP complex efficiently catalyzed the
reaction of various enynes with tethers (Z), substituents at their
alkyne termini (R'), and olefinic moiety (R?) with monoalkyne
2a,” and the corresponding bicyclic cyclohexa-1,3-dienes were
obtained with good to excellent enantiomeric excess (Scheme 5).%

In the case of prop-2-yn-1-ol, namely an unsymmetrical alkyne,
the regioselectivity was not very high but both regioisomers were
obtained in excellent enantiomeric excess [eqn (7)].2¢ Acetylene was
also inserted, where low partial pressure of acetylene was required
for the high yield [eqn (8)].%
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R1
— 1
Z/TR M _—
\_K\Ry, Z » M path C
2 R2 &
R R3
R3
R4
Scheme 4
R1
— [Rh(cod),]BF 4 + tolBINAP
/ - (10 mol%) OMe
z + 2a V4
\_( DCE, 40 °C-reflux OMe
3 R? R2
Me Me H
OMe OMe oM
TsN TsN e
OMe OMe z OMe
Me Ph Me

81%, 97% ee 61%, 89% ee 60%, 92% ee

(Z=C( COzMe)z)

H H
OMe OMe
TsN
O ome TSN ‘ OMe
Me Ph
72%, 98% ee 52%, 92% ee 65%, 97% ee
Scheme 5
OH \/:_/\
— Me The same as Me 98%ee
/ - Scheme 5

TSN\ ( v ’ | DCE 60 °C 1

Me
3a

Me 98% ee

Me
H
sN O (8)
H
Me

67%, 99% ee

The same as
Scheme 5

DCE, 40 °C
under acetylene
atmosphere (0.2 atm)

3a

Table 4 Intramolecular reaction of (E)-enediynes”

— o
Z [Rh(Hg-binap)]BF 4
(10 mol%)
\
DCM, r.t.
RZ%/Z
Entry R! R? V4 z Yield (%)  Ee (%)
1 E E CE, CE, 72 98
2 Me Me CE, CE, 81 97
3 E Me CE, CE, 82 98
4 n-Bu  n-Bu NTs NTs 90 89
5 Me Me CE, NTs 89 95
6 Me BnOCH, CE, O 66 91
“E = CO,Me.

Intramolecular reaction of enediynes

We further examined an intramolecular version of alkyne-alkene—
alkyne coupling: we chose a carbon-tethered symmetrical (E)-
enediyne with unsubstituted alkyne termini as a model substrate,
which provides tricyclic compounds with two adjacent asymmetric
carbons [eqn (9)].7 As a result, the choice of chiral ligands was very
important, and only Hg-BINAP (2,2-bis(biphenylphosphino)-
5,5,6,6',7,7 8,8 -octahydro-1,1’-binaphthyl) achieved good yield
and enantiomeric excess. Other BINAP derivatives, such as
tolBINAP and BINAP, gave miserable yield and enantiomeric
excess.

/ .
zZ [Rh{(cod)2]BF4 + ligand
\ E (10 mol%)
DCM, r.t.
z Z = C(CO2Me)2
; OIBINAP: 15%, <2% ee

BINAP:  59%, 19% ee
Hg-BINAP: 75%, 76% ee

Various carbon-tethered symmetrical (E)-enediynes with sub-
stituents at their alkyne termini were transformed into the
corresponding C,-symmetrical tricyclic compounds in excellent
enantiomeric excess (Table 4, entries 1 and 2). Carbon-tethered
unsymmetrical enediynes, nitrogen-tethered one, and unsymmet-
rical enediynes with carbon- and nitrogen- or oxygen-tethers also
underwent the highly enantioselective intramolecular [2 + 2 + 2]
cycloaddition (entries 3-6).%

Intermolecular reaction of diynes with alkenes

We next changed the coupling combination from enyne with
alkyne to diyne with alkene. In this case, an asymmetric stereocen-
ter is generated at the ring carbon atom when 1,1-disubstituted and
unsymmetrical alkene is inserted into the metallacyclopentadiene
intermediate (Scheme 6).

7\
|\

Scheme 6
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Table 5 Intermolecular reaction of diynes and a-methylenelactones Table 7 Intermolecular reaction of unsymmetrical diynes and nor-
bornene
/%R
z /%R
=R [Rh(cod){(S)xylyl-binap}]BF, z [Rh(cod)2]BF4 + R
(5 mol%) \——CoMe (S)-DIFLUORPHOS
+ (10 mol%)
(=0 DCE, 80 °C * z
n DCM, rt.
° iw
/ CO2Me
Entry V4 R n Yield (%) Ee (%) Entry V4 R Yield (%) Ee (%)
1 C(CO,Bn), H 1 81 95 1 NTs Ph 83 96
2 C(CO,Bn), Me 1 94 99 2 (¢} Ph 51 95
3 NTs Me 1 92 97 3 C(CO,Me), Ph 71 91
4 o Me 1 50 92 4 C(CO,Me), Me 82 99
5 C(CO,Bn), Me 2 93 98
6 C(CO,Bn), Me 3 88 97

Table 6 Intermolecular reaction of a diyne and acrylate derivatives

Z/TMS
\—=Me [Rh(cod){(S)-Hs-binap}]BF4
Z= C(CO,4Bn), (5 mol%)
+ o
o DCE, 60 °C
R1
| OMe
R2
Entry R! R? Yield (%) Ee (%)
1 Me H 92 >99
2 Ph H 54 93
3 H H 87 91
4 H Me 77 96

We chose a-methylene lactones as alkenes because they give
spirocyclic compounds. The Rh-xylylBINAP complex efficiently
catalyzed the reaction, and good to excellent enantioselectivity
was achieved in the asymmetric construction of the spirocyclic
system (Table 5).%

Acrylate derivatives were also good coupling partners: an
asymmetric quaternary, tertiary, and two adjacent tertiary carbon
stereocenters were readily generated at the ring carbon atom(s)
(Table 6).”

The asymmetric [2 + 2 + 2] cycloaddition of unsymmetrical
diynes with norbornene derivatives, namely symmetrical alkenes
was also realized: the Rh-DIFLUORPHOS (5,5-bis(diphenyl-
phosphino)-2,2,2",2'-tetrafluoro-4,4'-bi-1,3-benzodioxole)
plex catalyzed the highly enantioselective coupling of diynes,
possessing an ester functionality at their alkyne terminus and
norbornene derivatives (Table 7).%

com-

Conclusion

We developed iridium- and rhodium-catalyzed enantioselective
[2 + 2 + 2] cycloadditions. The former realized various types of
alkyne trimerization along with the generation of axial chiralities.
In particular, we demonstrated the synthesis of chiral poly-aryl
compounds and a pentacene derivative. The latter realized inter-
and intramolecular couplings of two alkynes and an alkene.

We mainly focused on the construction of a quaternary carbon
stereocenter, including a spirocyclic system. These results opened
up a new dimension of enantioselective [2 + 2 + 2] cycloaddition,
and will be an important synthetic protocol in asymmetric
synthesis.
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A galabiose disaccharide building block was synthesized by an efficient pectinase cleavage of
polygalacturonic acid and subsequent chemical functional group transformations. Besides the
disaccharide, the corresponding trisaccharide was also obtained and modified. The compounds were
subsequently conjugated to dendrimers with up to eight end groups using ‘click’ chemistry. The
compounds were evaluated as inhibitors of adhesion of the pathogen Streptococcus suis in a
hemagglutination assay and strong inhibition was observed for the tetra- and octavalent galabiose
compound with MIC values in the low nanomolar range. The corresponding octavalent trisaccharide

was a ca. 20-fold weaker inhibitor.

Introduction

The preparation of carbohydrates and their conjugates has become
an important field for the study of biological processes and the
development of therapeutic lead structures.! Many methods for
selective protection schemes and for the stereoselective introduc-
tion of glycosidic bonds have been developed over the years.?
While a synthetic strategy is often the most desired preparation
method, a biocatalytic degradation of readily available natural
carbohydrates or carbohydrate polymers can be advantageous. We
report here on a synthetic route to a galabiose (Galal-4Gal) and
its subsequent ‘click chemistry’ conjugation to dendrimers. A route
was used involving enzymatic degradation of polygalacturonic
acid and subsequent chemical modification steps. In our research
program on bacterial anti-adhesion compounds,®* the galabiose
derivative 1 (Chart la) became of interest as its azido function
allows convenient conjugation to dendrimers using our microwave
heated “click” protocol.® The galabiose sequence shows strong
binding to the bacterial Gram-positive pathogen Streptococcus
suis® that can cause meningitis, septicemia, and pneumonia in
pigs and also meningitis in humans.”® Multivalent presentation of
the disaccharide sequence on dendritic scaffolds greatly enhances
their binding potency.**? Other important biological targets that
bind to the galabiose epitope are the uropathogenic E. coli via its
PapG adhesin,*!® the bacterium Pseudomonas aeruginosa via its
PA-IL lectin'! and the Shiga like Toxin, a toxin of the ABs family
produced by E. coli.”? The triazole linkage between the dendritic
scaffold and the galabiose that is described here is very similar to
the previously used*** amide connection. (Chart 1b).

For the synthesis of the galabiose unit a fully synthetic strategy
was previously applied.* While the route did produce the target
product, its many steps make it less ideal for large scale synthesis.
An alternative route towards galabiose based on an enzymatic

“Department of Medicinal Chemistry and Chemical Biology, Utrecht Insti-
tute for Pharmaceutical Sciences, Utrecht University, P.O. Box 80082, 3508
TB Utrecht, The Netherlands. E-mail: R.J. Pieters@uu.nl

*Department of Medical Biochemistry and Molecular Biology, University of
Turku, FI-20520 Turku, Finland

cleavage of polygalacturonic acid was previously reported.!®* The
present work represents an optimization and an extension de-
scribing the discovery of a widely available highly effective enzyme
and easy conjugation procedures. Furthermore, besides the desired
disaccharide also the a(1,4) linked galactopyranosyl trisaccharide
was obtained which would require an even lengthier multistep
synthetic route to prepare than the galabiose disaccharide.

Results and discussion

The procedure started with the enzymatic cleavage of commer-
cially available pectin derived polygalacturonic acid, a polymer
consisting of a(1,4)linked galacturonic acid moieties. The polymer
was treated with the pectinase from Rhizopus oryzae and sepa-
rately also with the pectinase from Aspergillus niger in sodium
acetate buffer at pH 4.5 (Scheme 1). Both enzymes showed the
expected cleavage activity but in the case of the Rhizopus oryzae
pectinase the relative amount of the desired disaccharide 3 versus
monosaccharide 2 and trisaccharide 4 was much higher and
was estimated by TLC to be ca. 2:2:1 (for 3:2:4) while for the
Aspergillus niger pectinase this ratio was ca. 1:2:2. For this reason
the pectinase from Rhizopus oryzae was chosen for further use.
Optimal amounts of the disaccharide were obtained when the
reaction appeared to have finished and no further conversion
was taking place. Initial attempts were made to separate the
obtained mixture of mono-, di and trisaccharides by ion exchange
chromatography using a formic acid gradient,' however on a
10 gram scale this became impractical. Better and faster separation
was achieved by standard silica gel chromatography converting
the free sugars 2—4 to their methyl acetals (a/p ratio =~ 3/1)
and the methyl esters 5-7, using the crude mixture and Dowex-
H* catalysis in MeOH. After separation, the disaccharide 6 was
reduced by NaBH, and its hydroxyls were subsequently acetylated
(Ac,0, pyridine). The anomeric methoxy group was replaced
with an acetate by treatment with H,SO, in acetic anhydride
to give 9. The disaccharide 9 was converted to glycosyl donor
10 by selective anomeric deacetylation using hydrazine acetate
followed by standard introduction of the trichloroacetimidate

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 1425-1434 | 1425





a) HO _oH b) 0

= =
HO HO OH
HO Q
O _OH HO __OH
Q Q
HO. O _~_Nj HO.

OH HO OH

O

OH

S
HO o_~_N N -
OH = ~o £

\anan

O

’ SN P U
HO O ~_N O Nv\o e
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Reagents and conditions (a) pectinase, pH = 4.5, 40 °C; (b) MeOH, Dowex-H*, then separate on silica, 28% for 6, 12% for 7; (c) i. NaBH,,

MeOH, ii. Ac,0, pyridine, 75% (d) H,SO,, Ac,0, quant.; (e) i. N,H,;-AcOH, DMF, ii. CI;CCN, DBU, CH,Cl,, 64% for 10, 42% for 14; (f) HO(CH,);Br,

TMSOTHT, 58% for 11, 55% for 15 (g) NaN;, DMF, quant. for 1, 94% for 16.

moiety. Coupling of the 3-bromopropanol spacer was achieved by
TMSOTT catalysis to give 11 which was subjected to a nucleophilic
substitution by NaN; in DMF to give the desired target compound
1. The described procedure was also applied to the galacturonic
acid trisaccharide 7 to give 16 in comparable yields.

After optimizing the synthesis of the galabiose building blocks,
they were conjugated to the dendritic scaffolds. For this purpose
the so-called “click” reaction, the copper(I) catalyzed [3 + 2]
cycloaddition between azides and alkynes,' was used with our
previously reported conditions.® The dendrimers 17a-20a"> were
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Scheme 2 Glycodendrimer synthesis. Reagents and conditions: (a) i. TFA/CH,Cl,; ii. 4-pentynoic acid, BOP, DiPEA, yields: 70-95%; (b) i. 1, CuSQO,,
sodium ascorbate, DMF, 80 °C, 20 min., yields: 66-84%, ii: NaOMe, MeOH, 35-77%; (c) i. 16, CuSOy,, sodium ascorbate, DMF, 80 °C, 20 min., 79%, ii.

NaOMe, MeOH, 57%.

subjected to Boc cleavage, followed by BOP mediated coupling
of 4-pentynoic acid (Scheme 2). Subsequent conjugation of 17—
20b was performed with the galabiose building block 1 using
Cu(I) catalysis and microwave irradiation at 80 °C. Tetravalent
dendrimer 19b was also conjugated with the trisaccharide 16 to
give 19d. The obtained dendrimers were deacetylated with NaOMe
conditions to give 17¢-20c and 19d.

Hemagglutination assay

The galabiose dendrimers were tested for their interactions with
the S. suis adhesin by evaluating their inhibitory capacity of
hemagglutination inhibition as previously described.** The min-
imal inhibitory concentration (MIC) values were determined and
are depicted in Table 1. From the results a clear multivalency effect
was observed. The results were comparable with the previously
reported data, with low nanomolar inhibition for the multivalent

Table 1 Inhibition of the S. suis D282 mediated hemagglutination of
human erythrocytes by galabiose derivatives

Compound Valency MIC (nM) Rel. pot.® (per sugar)®
17¢ 1 400 1(1)

18¢ 2 8 50 (25)

19¢ 4 2.4 167 (42)

19e¢ 4 2.5 160 (40)

20c 8 3.9 100 (13)

19d 4 43

“ Relative potency = ICsy(monovalent)/ICsy(multivalent ligand). * Relative
potency per sugar = relative potency/valency.

galabiose conjugates.* The tetravalent galabiose dendrimer 19¢
showed practically the same MIC value as the tetravalent reference
compound 19e with the amide linkage as it was retested in the
present study, indicating no influence of the structure of the linking
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moiety. The tested tetravalent galactose trisaccharide 19d, showed
significantly reduced inhibitory potency in comparison to the
tetravalent galabiose compound 19c, i.e. 48 nM vs. 2.4 nM.

Conclusion

The preparation of derivatives of galabiose and the corresponding
trisaccharide were described involving a biocatalytic polysaccha-
ride degradation step followed by chemical modification steps. The
key step in this procedure is the efficient enzymatic cleavage of
the cheap polygalacturonic acid by a readily available pectinase
enzyme. Methylation of the crude cleavage mixture allowed
efficient separation by standard silica gel chromatography. Both
disaccharide and trisaccharide were thus obtained and subse-
quently subjected to the range of chemical modifications leading
to the galabiose building block and a galactose trisaccharide.
Compared to previous reports, both the purification and ligation
were optimized and this route serves as a good alternative to
the fully chemical synthesis approach and it does not require
expensive chemical reagents. Besides the desired disaccharide also
the corresponding trisaccharide was obtained which would require
many chemical steps to synthesize. Ligation of the carbohydrate
building blocks to a series of alkyne functionalized dendrimers
was achieved by “click” chemistry and was found to give excel-
lent coupling yields. The newly prepared galabiose dendrimers
showed comparable S. suis inhibition capacities as reflected in
the MIC values. The tetravalent trisaccharide was found not to
be as effective an inhibitor as the galabiose disaccharide. This
revised partial enzymatic preparation method is attractive for the
preparation of larger quantities of anti-adhesion compounds with
relatively low costs and efforts. It is thus well-suited to further
pursue the anti-adhesion strategy with multivalent carbohydrates,®
as an alternative intervention method against microbial pathogens,
using animal models.

Experimental section
General Remarks

Unless stated otherwise, chemicals were obtained from commer-
cial sources and used without further purification. All solvents
were purchased from Biosolve (Valkenswaard, The Netherlands)
and were stored on molecular sieves (4A). Acetic anhydride
and pyridine were purchased from Acros (Geel, Belgium). Poly-
galacturonic acid and both pectinases from Aspergillus niger and
Rhizopus oryzae were obtained from Fluka. TLC was performed
on Merck precoated Silica 60 plates. Spots were visualized by
dipping in 10% H,SO, in MeOH followed by heating. Microwave
reactions were carried out in a dedicated microwave oven, i.e.
the Biotage Initiator. The microwave power was limited by
temperature control once the desired temperature was reached.
A sealed vessel of 2-5 mL was used. Preparative HPLC runs
were performed on an Applied Biosystems workstation. Elution
was effected using a gradient of 5% MeCN and 0.1% TFA in
H,0 to 5% H,O and 0.1% TFA in MeCN. Analytical HPLC
runs were performed on a Shimadzu automated HPLC system
equipped with an evaporative light scattering detector (PL-ELS
1000, Polymer Laboratories) and a UV/VIS detector operating at
220 and 254 nm. '"H NMR (300 MHz) and *C NMR (75.5 MHz)

were performed on a Varian G-300 spectrometer. Chemical shifts
are given in ppm relative to TMS (*H, 0.00 ppm), CD,0OD ('H, 3.31
ppm), CDCL; (*C, 77.0 ppm), D,O ('H, 4.80 ppm), CD,OD ("*C,
49.2 ppm) or acetone (215.94 ppm in D,0). Exact masses were
measured by nano electro spray time-of-flight mass spectrometry
on a Micromass LCToF mass spectrometer at a resolution of
5000 fwhm. Gold-coated capillaries were loaded with 1 pL of
sample (concentration 20 uM) dissolved in a 1:1 (v/v) mixture of
CH,CN/H,0 with 0.1% formic acid. Nal or poly(ethylene glycol)
(PEG) was added as internal standard. The capillary voltage was
set between 1100 and 1350 V, and the cone voltage was set at
30 V. Matrix Assisted Laser Desorption Ionisation Time of Flight
(MALDI ToF) MS was recorded on a Shimadzu Axima-CFR
with a-cyano-4-hydroxycinnamic acid or sinapic acid as a matrix.
Insulin and adrenocorticotropin fragment 18-39 (Acth) were used
for calibration.

Enzymatic cleavage of polygalacturonic acid. A solution of
polygalacturonic acid (10.0 g, ~ 57 mmol monosaccharide) in
aqueous NaOAc (0.41 M, 500 mL) was adjusted to pH = 4.5 with
NaOH (4M). Pectinase (Rhizopus oryzae, 250 mg or Aspergillus
niger, 250 mg) was added to the polymer suspension and the
resulting mixture was allowed to stir for 24 h at 40 °C. TLC
(formic acid/n-BuOH/H,0, 6/4/1) showed the formation of the
mono-, di- and tri-galacturonic acid (Rf values resp. 0.35, 0.28
and 0.23). The reaction was terminated by stirring for 5 min at
100 °C. The reaction mixture was concentrated and co-evaporated
with MeOH to dryness. The crude mixture was suspended in
MeOH (250 mL) and Dowex-H* (30 g) was added. The mixture
was refluxed for 18 h, the Dowex resin was filtered off and
the crude mixture was concentrated. Silica gel chromatography
(EtOAc/MeOH/H,0, 7/2/1 — 3/2/1) was used to separate the
mono- di- and trigalacturonic acid methyl esters 5, 6 and 7.

Methyl [methyl(methyl a-D-galactopyranosyluronate)-(1— 4)-
o/ p-D-galactopyranoside] uronate (6). Disaccharide 6 was ob-
tained as white foam (3.26 g, 28%). "H NMR (300 MHz, CD;0D):
d=5.11(1H,d, J =1.8 Hz), 4.51 (0.66H, d, H-1 a, J,, = 0.9 Hz),
4.37 (1H, d, J = 3.0 Hz), 4.20 (1H, m), 3.90 (1H, dd), 3.81 and
3.75 (2 x s, 2 x 3H, C(O)OCH;), 3.59 (0.6H, s, OCH; B) and
3.42 (2.4H, s, OCH; 0). *C NMR (CD;0D, 75.5 MHz): 6 =171.9
and 170.9 (C-6, C-6"), 105.9 (C-1 B), 102.4 and 101.9 (C-1’, C-1
a), 80.5,79.6, 74.7, 73.5, 73.0, 72.0, 71.3, 70.9, 70.0 and 69.9 (C-2,
C-2, C-3, C-3, C-4, C-4, C-5, C-5), 58.0 and 56.6 (OCH; o/p),
53.2 and 52.7 (C(O)OCHj;). HRMS for C;sH,,0,; (M, 412.1217):
found [M + Na]* 435.0811, calcd. 435.1115.

Methyl [methyl(methyl a-D-galactopyranosyluronate)-(1—4)-
(methyl- a-D-galactopyranosyluronate)-(1—4)-a/p-D-galacto-
pyranoside] uronate (7). Trisaccharide 7 was obtained as an
amorphous solid (1.35 g, 12%). '"H NMR (300 MHz, CD,0D):
8= 15.15(1H, d, J = 1.8 Hz), 5.10 (1H, dd, J = 1.2 Hz), 4.51
(0.70H, s, H-1 1), 4.39-4.36 (2H, m), 4.20-4.18 (1H, m), 3.90 (1H,
t), 3.87 (1H, t), 3.80, 3.78 and 3.75 (3 x 3H, 3 x s, C(O)OCH,).
3.51 (1.0H, s, OCH; B) and 3.42 (2.5H, s, OCH; 0). *C NMR
(CD;0D, 75.5 MHz): §=171.9, 171.3 and 170.9 (C-6, C-6/, C-6"),
105.9 (C-1 B), 102.2 and 102.0 (C-1 a, C-1', C-1"), 80.6, 80.3, 79.7,
74.7, 72.9, 72.2, 72.0, 71.3, 70.9 and 70.1 (C-2, C-2/, C-2", C-3,
C-3,C-3",C-4,C-4,C-4", C-5,C-5, C-5), 58.0 and 56.6 (OCH;
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a/B), 53.1, 53.0 and 52.7 (C(O)OCH,). HRMS for C,,H,,0, (M,
602.1694): found [M + NaJ* 625.1316, calcd. 625.1592.

Methyl (2,3,4,6-tetra-O-acetyl-a-D-galactopyranosyl)-(1— 4)-
2,3,6-tri-O-acetyl-a./ p-D-galactopyranoside (8). To a solution of
digalacturonic acid methyl ester 6 (3.26 g) in MeOH (150 mL)
was added NaBH, (4.0 g). The solution was stirred for 78 h.
After neutralization with Dowex-H* the mixture was filtered and
concentrated to dryness. Crude disaccharide was suspended in
pyridine (100 mL) and Ac,O (50 mL) was added. The reaction
mixture was stirred for 18 h and concentrated in vacuo at
60 °C. Crude product was taken up in EtOAc (250 mL) and
washed with aqueous NaOH (1M, 100 mL) aqueous HCI (1M,
100 mL), and brine (100 mL). The organic layer was dried over
Na,SO,, filtered and concentrated. Silica gel chromatography
(hexane/EtOAc, 1/1 — 1/2) was used to obtain pure disaccharide
6 as a white foam (3.85 g). '"H NMR (300 MHz, CDCl;): 6 = 5.56
(1H, d, H-4, Jy 4 = 3.0 Hz), 5.39 (1H, dd, H-3, J, v+ = 11.7 Hz,
Jyy = 3.3 Hz), 5.25-5.18 (3H, m, H-3, H-2, H-2'), 4.98 (2H, m,
H-1,H-1"),4.54 (1H, t, H-5, J5, = 6.6 Hz), 4.17-4.06 (6H, m, H-4,
H-5,2 x H-6, 2 x H-6'), 3.52 (0.6H, s, OCH, B), 3.42 (2.4H, s,
OCH; 0), 2.14,2.13, 2.09, 2.08, 2.07,2.03 and 1.99 (7 x 3H, 7 x s,
C(O)CH;). "CNMR (CDCl;, 75.5 MHz): = 170.7, 170.4, 170.2,
170.1 169.9 and 169.9 (C(O)CHj;), 101.7 (C-1 B), 99.0 (C-1"), 97.1
(C-1w),72.7,71.8, 69.4, 68.5, 68.2, 67.7, 67.3 and 66.9 (C-2, C-2/,
C-3, C-3, C-4, C-4, C-5, C-5), 62.3, 61.9, 60.6 and 60.4 (C-6,
C-6'), 55.4 and 55.2 (OCH; a/f), and 20.6 (C(O)CH;). HRMS
for C;;H;0,5 (M, 650.2058): found [M + Na]* 673.1956, calcd.
672.9821.

Acetyl (2,3,4,6-tri-O-acetyl-o-D-galactopyranosyl)-(1—4)-2,3,
6-tri-O-acetyl-a/-D-galactopyranoside (9). To a cooled solu-
tion of 8 (3.80 g, 5.84 mmol) in Ac,O (45 mL) was added
concentrated H,SO, (150 pL). The solution was stirred at 0 °C for
2 h, diluted with CH,Cl, (150 mL) and quenched with aqueous
NaHCO; (5%, 10 mL). The reaction mixture was concentrated to
dryness at 60 °C. The residue was taken up in EtOAc (200 mL) and
washed with aqueous NaOH (1M, 75 mL) and brine (75 mL). The
organic phase was dried over Na,SQO,, filtered and concentrated
to yield white foam 9 (3.83 g, 97%). '"H NMR (300 MHz, CDCl,):
6=6.37 (1H, d, H-10, J,, = 3.6 Hz), 5.57 (1H, dd, H-4, Jy, =
3.0Hz,Jyy =3.3Hz),5.43-5.35(2H, m, H-3' and H-3), 5.26-5.19
(2H, m, H-2', H-2), 5.02 (H, d, H-1', J,,» = 3.6 Hz), 4.52 (1H, t,
H-5, Js¢ = 7.8 Hz), 4.38-4.05 (6H, m, H-4, H-5, 2 x H-¢, 2 x
H-6), 2.16, 2.14, 2.11, 2.11, 2.07, 2.03, 2.03 and 1.99 (8 x 3H, 8
x s, C(O)CH;). "C NMR (CDCl;, 75.5 MHz): 8 = 170.5, 170.5,
170.3, 170.1, 169.8, 169.4, 169.0 and 168.8 (C(O)CH;), 99.1 and
89.8 (C-1and C-1"), 70.3,69.2, 68.4, 68.2, 67.7, 67.2, 67.1 and 66.1
(C-2, C-2, C-3, C-3, C4, C-4, C-5, C-5), 61.5 and 60.5 (C-6,
C-6'), 20.9, 20.7 and 20.6 (C(O)CHj;). HRMS for C;sH;s0,5 (M,
678.2007): found [M + Na]* 701.1905, caled. 701.1530.

(2,3,4,6-Tetra-O-acetyl-a-D-galactopyranosyl)-(1—4)-(2,3,6-
tri-O-acetyl-o-D-galactopyranosyl) trichloroacetimidate (10). A
solution of 9 (4.50 g, 6.64 mmol) and N,H,-HOAc (672 mg,
7.29 mmol) in dry DMF (50 mL) was stirred at r.t. for 70 h. The
mixture was concentrated in vacuo at 60 °C, taken up in EtOAc
(100 mL) and washed twice with brine (50 mL). The organic phase
was dried over Na,SQ,, filtered and concentrated. The white foam
(4.24 g, quantitative) and trichloroacetonitrile (2.0 mL, 20 mmol)

were dissolved in dry CH,Cl, (50 mL) and the solution was
cooled to 0 °C. DBU (1,8-diazabicyclo[5.4.0lundec-7-ene, 301 pL,
2.0 mmol) was added and the solution was stirred at 0 °C for 1 h
followed by 20 h at r.t. The reaction mixture was concentrated and
product 10 was isolated by silica gel chromatography (hex/EtOAc,
1/1) as a slightly yellow foam (3.30 g, 64%). '"H NMR (300 MHz,
CDCl,): 6 = 8.69 (1H, s, OCNHCC,), 6.61 (1H, d, H-1a, J,, =
3.6Hz),5.57(1H,d, H-4,Jy, =3.0Hz),5.42(1H,dd, H-2,J,, =
3.6Hz,J,;=11.3Hz), 5.37-5.28 (2H, m, H-3, H-3"), 5.24 (1H, dd,
H-2,Jyy=3.6Hz,Jyy =11.0Hz),5.03 (1H, m, H-1', J,,’ = 3.6
Hz),4.53 (1H, t,H-5, Js, = 6.0 Hz), 4.38-4.28 (3H, m, H-4, 2 x H-
6),4.16-4.11 (3H, m, H-5,2 x H-6),2.12,2.11,2.04 and 2.00 (7 x
3H, 4 x s, C(O)CH;). "C NMR (CDCl;, 75.5 MHz): 6 = 170.4,
170.2, 170.0, 169.8 and 168.6 (C(O)CHj;), 160.7 (OC(NH)CCl,),
98.9and 93.5(C-1, C-1'),90.8 (OCNHCCI;), 70.5, 69.3, 68.1, 67.7,
67.2,67.1 and 66.7 (C-2, C-2/, C-3, C-3',C-4,C-4,C-5,C-5),61.8
and 60.6 (C-6, C-6), 20.9, 20.6 and 20.4 (C(O)CH,).

3-Bromopropyl (2,3,4,6-tetra-O-acetyl-a-D-galactopyranosyl)-
(1—4)-2,3,6-tri-O-acetyl-p-D-galactopyranoside (11). A solu-
tion of 10 (1.22 g, 1.56 mmol) and 3-bromopropanol (0.68 mL,
7.8 mmol) in CH,Cl, (30 mL) was stirred under N, at 0 °C. TM-
SOTf (91 uL, 0.47 mmol) was added and the mixture was stirred
at 0 °C for 1 h. The mixture was warmed to r.t. and after 1 h
the reaction was quenched with Et;N and concentrated in vacuo.
Silica gel chromatography (hex/EtOAc, 3/2 — 1/1) afforded pure
11 (0.77 g, 65%). "H NMR (300 MHz, CDCl;): 6 = 5.57 (1H, dd,
H-4, Jyys = 3.0 Hz, Jy5y = 1.1 Hz), 5.39 (1H, dd, H-3, Jyy =
11.0 Hz, Jy 4 = 3.3 Hz), 5.22-5.14 (2H, m, H-2, H-2"), 4.93 (1H,
d, H-1", Jy» = 3.6 Hz), 4.82 (1H, dd, H-3, J,; = 10.7 Hz, J;, =
10.7 Hz), 4.48 (1H, d, H-1, J,, = 8.3 Hz), 4.54-4.43 (2H, m, H-5,
H-6a),4.20-4.10 (3H, H-6b and 2 x H-6'),4.07 (1H, d, H-4, J;, =
2.8 Hz), 4.03-4.96 and 3.73-3.65 (each 1H, 2 x m, CH,Oc,), 3.79
(1H,t,H-5,J5s,=5.0Hz),3.50 (2H, dd, CH,Br, / =5.5Hz,/ =7.4
Hz), 2.20-2.02 (2H, m, OCH,CH,CH,Br), 2.13, 2.11, 2.08, 2.07,
2.04 and 1.99 (7 x 3H, 7 x s, C(O)CHj;). "C NMR (75.5 MHz,
CDCl;): 6=170.5,170.1, 169.8 and 169.2 (C(O)CH,), 101.4 (C-1),
99.4 (C-1), 72.6, 71.9, 68.7, 68.5, 67.8, 67.3 and 67.0 (C-2, C-2,
C-3,C-3,C4,C-4,C-5,C-5),67.1 (OCH,CH,CH,Br), 61.9 and
60.5 (C-6, C-6), 32.3 (CH,Br), 30.3 (OCH,CH,CH,Br) and 20.6
(C(O)CHs;). HRMS for CxH, BrOy; (M, 756.1476): found [M +
Nal* 779.1374, caled. 779.0682.

3-Azidopropyl (2,3,4,6-tetra-O-acetyl-a-D-galactopyranosyl)-
(1—4)-2,3,6-tri-O-acetyl-p-D-galactopyranoside (1). A solution
of 11 (1.21 g, 1.60 mmol) and NaN; (0.52 g, 8§ mmol) in dry
DMF (20 mL) was stirred at 100 °C for 20 h. The solution was
concentrated in vacuo at 60 °C, taken up in EtOAc (150 mL)
and washed with brine (75 mL). The organic phase was dried
(Na,SO0,), filtered and concentrated. Product 1 was lyophilized
from MeCN/H,0O and was obtained as white powder (1.09 g,
95%). '"H NMR (300 MHz, CDCl;): 8 = 5.50 (1H, dd, H-4,
Jyy=3.0Hz,Jy5 = 1.1 Hz), 5.32 (1H, dd, H-3, Jyy = 11.0 Hz,
Jyy = 3.3 Hz), 5.15-5.08 (2H, m, H-2, H-2"), 4.93 (1H, d, H-1’,
Jvy = 3.6 Hz), 4.75 (1H, dd, H-3, J,; = 10.7 Hz, J;, = 2.8
Hz), 4.42 (1H, d, H-1, J,, = 7.8 Hz), 3.91-3.88 and 3.57-3.54
(each 1H, 2 x m, CH,O0q,), 3.79 (1H, t, H-5, J5, = 6.6 Hz),
3.34 (2H, t, CH,N;, J = 6.6 Hz), 2.06, 2.04, 2.01, 2.00, 1.99,
1.97 and 1.92 (7 x 3H, 7 x s, C(O)CH;) and 1.90-1.77 (2H, m,
OCH,CH,CH,N;). "C NMR (75.5 MHz, CDCl;): 3 = 170.4,
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170.1, 169.8 and 169.1 (C(O)CHs;), 101.1 (C-1), 99.4 (C-1'), 72.6,
71.9, 68.6, 67.8, 67.3 and 67.0 (C-2, C-2/, C-3, C-3, C4, C4,
C-5, C-5), 66.2 (OCH,CH,CH,N;), 61.9 and 60.4 (C-6, C-6),
48.0 (OCH,), 28.9 (CH,N;) and 20.8 (C(O)CH;). HRMS for
CyHy N3O (M, 719.2385): found [M + Na]* 742.2283, calcd.
742.1694.

Methyl (2,3,4,6-tetra-O-acetyl-a-D-galactopyranosyl)-(1—4)-
(2,3,6-tetra-O-acetyl-a-D-galactopyranosyl)-(1—4)-2,3,6-tri-O-
acetyl-a/p-D-galactopyranoside (12). To a solution of trigalac-
turonic acid methyl ester 7 (1.35 g) in MeOH (100 mL) was added
NaBH, (2.0 g). The solution was stirred for 78 h. After neutraliza-
tion with Dowex-H* the mixture was filtered and concentrated to
dryness. Crude trisaccharide was suspended in pyridine (50 mL)
and Ac,0 (25 mL) was added. The reaction mixture was stirred for
18 h and concentrated in vacuo at 60 °C. Crude product was taken
up in EtOAc (250 mL) and washed with aqueous NaOH (1M,
100 mL) aqueous HCI (1M, 100 mL), and brine (100 mL). The
organic layer was dried over Na,SO,, filtered and concentrated.
Silica gel chromatography (hexane/EtOAc, 1/2 — 1/4) was used
to obtain pure trisaccharide 12 as a white foam (2.30 g). '"H NMR
(300 MHz, CDCl;): 6 =5.56 (1H,dd, H-4", Jy,» =3.0Hz, J v 5» =
1.4 Hz), 5.40 (1H, dd, H-3", J»y» = 11.3 Hz, J o» = 3.3 Hz), 5.33
(1H, dd, H-3', Jyy = 11.3 Hz, Jy, = 3.3 Hz), 5.25 (1H, t, H-2’,
J = 2.8 Hz), 5.21-5.16 (3H, m, H-2, H-2', H-3), 5.00-4.98 (2H,
m, H-1', H-1"), 4.95 (1H, d, H-1, J,, = 3.6 Hz), 4.54 (1H, t, H-5,
Jss = 6.6 Hz), 4.46-3.99 (10 H, m, H-4, H-4, H-5, H-5", 2 x H-6,
2 x H-6', 2 x H-6"), 3.51 (0.6H, s, OCH; B), 3.41 (2.2H, s, OCH;
a),2.14,2.13,2.10,2.10, 2.09, 2.08, 2.07, 2.05, 2.04 and 1.99 (10 x
3H, 10 x s, C(O)CH,;). *C NMR (CDCl,, 75.5 MHz): § = 170.5,
170.2, 170.1 and 170.0 (C(O)CHj;), 101.8 (C-1 B), 99.2 and 99.1
(C-1, C-1"), 97.1 (C-1 w), 72.5, 72.0, 69.3, 69.2, 68.8, 68.5, 68.3,
67.8, 67.7, 67.3, and 66.9 (C-2, C-2/, C-2", C-3, C-3, C-3", C-4,
C-4, C-4", C-5, C-5, C-5"), 62.5, 62.1, 61.1 and 60.3 (C-6, C-6/,
C-6"), 56.6 and 55.3 (OCH; o/B), 20.9, 20.7 and 20.6 (C(O)CHs).
HRMS for C;Hs, 0, (M, 938.2903): found [M + NaJ* 961.2786,
caled. 961.2801.

Acetyl (2,3,4,6-tri-O-acetyl-a-D-galactopyranosyl)-(1—4)-(2,3,
6-tri-O-acetyl-a-D-galactopyranosyl)-(1— 4)-2,3,6-tri-O-acetyl-
a/p-D-galactopyranoside (13). To acooled solution of12(2.25 g,
2.40 mmol) in Ac,0O (20 mL) was added concentrated H,SO,
(60 puL). The solution was stirred at 0 °C for 2 hours, diluted
with CH,Cl, (100 mL) and quenched with aqueous NaHCO;
(5%, 5 mL). The reaction mixture was concentrated to dryness
at 60 °C. Crude product was taken up in EtOAc (200 mL) and
washed with NaOH (1M, 75 mL) and brine (75 mL). The organic
layer was dried over Na,SO,, filtered and concentrated. After
lyophilization 13 was obtained as white powder (2.08 g, 90%)
'"H NMR (300 MHz, CDCl;): 6 = 6.37 (1H, d, H-10, J,, = 3.6
Hz), 5.56 (1H, d, H-4", Jy 4 = 2.2 Hz), 5.42-5.20 (6H, m, H-3,
H-3, H-3”, H-2, H-2', H-2"), 5.00-4.98 (2H, 2 x d, H-1’, H-1",
Jvy = 3.6 Hz, J,»,» = 3.6 Hz), 4.53 (1H, t, H-5, J5, = 6.6 Hz),
4.46-4.00 (10 H, m, H-4, H-4, H-5, H-5", 2 x H-6,2 x H-¢, 2 x
H-6"), 2.15, 2.14, 2.13, 2.11, 2.10, 2.08, 2.07, 2.05, 2.04, 2.01 and
1.99 (11 x 3H, 11 x s, C(O)CHs;). *C NMR (CDCl;, 75.5 MHz):
6=170.7,170.5, 170.3, 170.2, 170.1, 169.6 and 168.9 (C(O)CH,),
99.3 and 89.8 (C-1, C-1’, C-1"), 70.5, 69.3, 69.1, 68.9, 68.3, 67.8,
67.4, 66.9 and 66.3 (C-2, C-2/, C-2", C-3, C-3, C-3", C-4, C-4,
C-4", C-5, C-5, C-5"), 61.9, 61.0 and 60.4 (C-6, C-6/, C-6") 20.9

and 20.6 (C(O)CH,). HRMS for C,yHs, 05, (M, 966.2852): found
[M + NaJ* 989.2119, calcd. 989.2750.

(2,3,4,6-Tetra-O-acetyl-a-D-galactopyranosyl)-(1—4)-(2,3,6-
tri-O-acetyl-a,f-D-galactopyranosy)l-(1—4)-(2,3,6-tri-O-acetyl-
o-D-galactopyranosyl) trichloroacetimidate (14). A solution of
13 (2.50 g, 2.60 mmol) and N,H,;.HOAc (262 mg, 2.85 mmol) in
dry DMF (20 mL) was stirred at r.t. for 70 h. The mixture was
concentrated in vacuo at 60 °C, taken up in EtOAc (150 mL) and
washed twice with brine (75 mL). The organic phase was dried
over Na,SQ,, filtered and concentrated. The obtained white foam
(2.22 g, 93%) and trichloroacetonitrile (0.72 mL, 7.2 mmol) were
dissolved in dry CH,Cl, (50 mL) and the solution was cooled
to 0 °C under a N,. 1,8-Diazabicyclo[5.4.0Jundec-7-ene (108 uL,
0.72 mmol) was added and the solution was stirred at 0 °C for 1 h
followed by 2 h at r.t.. The reaction mixture was concentrated and
product 14 was isolated by silica gel chromatography (hex/EtOAc,
2/3 — 1/3) as a white amorphous solid (1.17 g, 42%). '"H NMR
(300 MHz, CDCl;): 6 = 8.69 (1H, s, OCNHCCI,), 6.60 (1H, d,
H-1a,J,, =3.3Hz), 5.56 (1H, d, H-4", J 4» = 2.8 Hz), 5.42-5.20
(6H, m, H-2, H-2’, H-2", H-3, H-3’, H-3"), 5.00 and 4.99 (2 x 1H,
2xd,H-1',H-1",Jyy =3.0Hz, J»,» = 2.8 Hz), 4.53 (1H, t, H-5,
Js¢ =7.2Hz), 4.46-4.02 (10H, m, H-4, H-4, H-5, H-5", 2 x H-6,
2 x H-6, 2 x H-6"), 2.14, 2.12, 2.10, 2.09, 2.06, 2.05, 2.04, 2.04,
2.02 and 1.99 (10 x 3H, 10 x s, C(O)CH;). *C NMR (CDCl;,
75.5 MHz): 6 = 170.4, 170.2, 170.1, 169.9 and 169.6 (C(O)CH,),
160.7 (OC(NH)CCl;), 99.3 and 99.1 (C-1’, C-17), 93.5 (C-1), 90.7
(OCNHCCL,), 70.6,69.2, 68.9, 68.2, 67.7, 67.3, 66.9 and 66.7 (C-2,
C-2,C-2,C-3,C-3,C-3",C4,C-4,C4", C-5,C-5, C-5), 62.0,
61.2 and 60.3 (C-6, C-6, C-6"), 20.9 and 20.5 (C(O)CH,).

3-Bromopropyl (2,3,4,6-tri- O -acetyl-a-D-galactopyranosyl)-
(1—-4)-(2,3,6-tri-O-acetyl-a-D-galactopyranosyl)-(1—4)-2,3,6-
tri-O-acetyl-p-D-galactopyranoside (15). A solution of 14
(1.17 g, 1.09 mmol) and 3-bromopropanol (0.48 mL, 5.5 mmol) in
CH.,CI, (25 mL) was stirred under N, at 0 °C. TMSOTT (63 uL,
0.33 mmol) was added and the mixture was stirred at 0 °C for
1 h. The mixture was warmed to r.t. and after 1 h the reaction
was quenched with Et;N and concentrated in vacuo. Silica gel
chromatography (hex/EtOAc, 2/3 — 1/3) afforded pure 15 as
white foam (607 mg, 55%). '"H NMR (300 MHz, CDCl;): é =
5.56 (1H, dd, H-4", Jy 4 = 3.3 Hz, Jo5»» = 1.1 Hz), 5.39 (1H,
dd, H-3", J, 3 = 11.0 Hz, Jy 4 = 3.3 Hz), 5.33-5.21 (3H, m,
H-2', H-2", H-3), 5.00 and 4.98 (each 1H, 2 x d, H-1" and H-1",
Jvy =3.6Hz, J»» = 3.3 Hz),4.86 (1H, dd, H-3, J,; = 10.7 Hz,
J;4 = 2.8 Hz), 4.49 (1H, d, H-1, J,, = 7.7 Hz), 4.54-4.05 (9H,
m, H-4, H-5, H-5", 2 x H-6, 2 x H-6, 2 x H-6"), 4.31 (1H, d,
H-4, Jy 4 = 1.9 Hz), 4.02-3.96 and 3.75-3.66 (2 x 1H, 2 x m,
CH,Ogy), 3.82 (1H, t, H-5, J55, = 6.0 Hz), 3.50 (2H, dd, CH,Br,
J =55Hz,J = 6.6 Hz), 2.14, 2.11, 2.11, 2.10, 2.09, 2.07, 2.07,
2.06,2.03and 1.99 (10 x 3H, 10 x s, C(O)CH;) and 2.20-2.05 (2H,
m, OCH,CH,CH,N;). "C NMR (75.5 MHz, CDCl,): 6 = 170.4,
170.1, 170.0, 169.9, 169.8 and 168.9 (C(O)CH;), 101.1 (C-1), 99.1
and 99.0 (C-1', C-1"), 72.2, 71.8, 69.1, 68.7, 68.4, 68.0, 67.8, 67.5,
67.1 and 66.6 (C-2, C-2/, C-2", C-3, C-3, C-3",C-4,C-4,C-4", C-
5, C-5, C-5), 66.8 (OCH,CH,CH,Br), 62.0, 60.9 and 60.2 (C-6,
C-6/, C-6"), 32.1 (CH,Br), 30.1 (OCH,CH,CH,Br), 20.7, 20.6 and
20.4 (C(O)CH;). HRMS for C, Hy;BrO, (M, 1044.2321): found
[M + Na]* 1067.1964, calcd. 1067.2159.
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3- Azidopropyl (2,3,4,6-tri- O -acetyl-a-D -galactopyranosyl) -
(1-4)-(2,3,6-tri-O-acetyl-a-D-galactopyranosyl)-(1—4)-2,3,6-
tri-O-acetyl-p-D-galactopyranoside (16). A solution of 15
(607 mg, 0.60 mmol) and NaN; (195 mg, 3 mmol) in dry DMF
(20 mL) was stirred at 100 °C for 20 h. The solution was
concentrated in vacuo at 60 °C, taken up in EtOAc (50 mL) and
washed twice with brine (25 mL). The organic phase was dried
(Na,S0,), filtered and concentrated. After lyophilization 16 was
obtained as white powder (548 mg, 94%). '"H NMR (300 MHz,
CDCl,): & = 5.56 (1H, dd, H-4", Jy» = 3.3 Hz), 5.39 (1H, dd,
H-3", Jy 3 = 11.0 Hz, Jy o = 3.3 Hz), 5.32-5.22 (3H, m, H-2/,
H-2",H-3),5.17 (1H, dd, H-2, J,, = 7.7 Hz, J,; = 10.7 Hz), 4.99
and 4.98 (each 1H, 2 x d, H-1"', H-1", J;» = 3.6 Hz, J,»,» = 3.3
Hz), 4.83 (1H, dd, H-3, J,; = 10.7 Hz, J,, = 2.8 Hz), 4.46 (1H, d,
H-1, J,, = 7.7 Hz), 4.56-4.02 (9H, m, H-4, H-5, H-5", 2 x H-6,
2 x H-6, 2 x H-6"), 4.30 (1H, d, H-4, J;, = 1.7 Hz), 3.98-3.92
and 3.66-3.64 (2 x 1H, 2 x m, CH,O¢.), 3.79 (1H, t, H-5, J5¢c =
6.6 Hz), 3.38 (2H, t, CH,N;, J = 6.6 Hz), 2.14, 2.11, 2.10, 2.09,
2.08, 2.07, 2.06, 2.05, 2.03 and 1.99 (10 x 3H, 10 x s, C(O)CHs)
and 1.90-1.82 (2H, m, OCH,CH,CH,N;). *C NMR (75.5 MHz,
CDCl;): 6=170.6,170.2,170.0 and 169.0 (C(O)CH,), 101.0 (C-1),
99.3 and 99.2 (C-1’, C-17), 72.4, 72.0, 69.2, 68.9, 68.5, 68.2, 68.0,
67.7, 67.3 and 66.8 (C-2, C-2/, C-2", C-3, C-3, C-3", C-4, C-4, C-
4", C-5, C-5, C-5"), 66.0 (OCH,CH,CH,N;), 62.1, 61.0 and 60.3
(C-6, C-6/, C-6"),47.9 (CH,N;), 28.9 (OCH,CH,CH,N;3) and 20.5
(C(O)CH;). HRMS for C, H5; N30, (M, 1007.3230): found [M +
Na]* 1030.2924, calcd. 1030.3128.

Monovalent pentynoic acid dendrimer (17b). Compound 17a
(295 mg, 1.0 mmol) was stirred in a mixture of CH,Cl,/TFA
(1/1, v/v, 20 mL) with a trace of water for 3 h. The reaction
mixture was then concentrated to dryness and taken up in
CH,CI, (10 mL). BOP (487 mg, 1.1 mmol) and 4-pentynoic acid
(108 mg, 1.1 mmol) were added followed by DiPEA (0.55 mL,
3.3 mmol). The mixture was stirred for 72 h and concentrated
in vacuo. The crude mixture was taken up in EtOAc (50 mL)
and washed twice with KHSO, (1M, 15 mL), twice with NaOH
(1M, 15 mL) and with brine (15 mL). Pure product was obtained
as a white solid (192 mg, 70%). '"H NMR (300 MHz, CDCl;):
8 = 7.64 (1H, m, CH,,n-6), 7.55 (1H, s, CH,n-2), 7.35 (1H,
t, CH,on-5), 7.11 (1H, dd, CH,,,,,-4), 6.12 (1H, bs, C(O)NH),
4.10 (2H, t, OCH,CH,NH, J = 5.4 Hz), 3.92 (3H, s, OCH,),
3.74-3.68 (2H, m, OCH,CH,NH), 2.59-2.53 and 2.48-2.42 (2 x
2H, 2 x m, C(O)CH,CH,CCH) and 1.94 (1H, t, CH,CH,CCH).
BC NMR (75.5 MHz, CDCl;): 6 = 171.3 (C(O)NH), 166.8
(C(O)OCH,), 158.6 (Crom=-3), 131.8 (Cprom-1), 129.8 (Cyrom-5), 122.7
(Cirom=6), 119.8 (Crom-4), 115.1 (C,rom-2), 69.6 (CH,CH,CCH), 67.3
(OCH,CH,NH), 52.4 (C(O)OCHs;), 39.2 (OCH,CH,NH), 35.5
(C(O)CH,CH,CCH) and 15.1 (C(O)CH,CH,CCH).

Divalent pentynoic acid dendrimer (18b). Divalent dendrimer
18a (454 mg, 1.0 mmol) was stirred in a mixture of CH,Cl,/TFA
(1/1, v/v, 16 mL) with a trace of water for 3 h. The reaction
mixture was then concentrated to dryness and taken up in CH,Cl,
(5 mL), BOP (0.97 g, 2.2 mmol) and 4-pentynoic acid (215 mg,
2.2 mmol) were added followed by DiPEA (1.10 mL, 6.6 mmol).
The reaction mixture was stirred for 18 h and concentrated. Crude
product was taken up in EtOAc (100 mL) and washed with KHSO,
(1M, 50 mL), NaOH (1M, 50 mL) and brine (50 mL). Dendrimer

18b was obtained after silica gel chromatography (EtOAc) as a
white solid (380 mg, 92%). "H NMR (300 MHz, CDCl;): 6 =7.19
(2H, d, CH,;,n-2,6), 6.65 (1H, s, CH,,,,,-4), 6.05 (2H, bs, C(O)NH),
4.09-4.06 (4H, m, OCH,CH,NH), 3.91 (3H, s, OCHj;), 3.73-3.67
(4H, m, OCH,CH,NH), 2.57-2.51 and 2.46-2.40 (2 x 4H, 2 x
m, C(O)CH,CH,CCH) and 1.95 2H, t, CH,CH,CCH, J = 2.1
Hz). *C NMR (75.5 MHz, CDCl,): 6 = 171.4 (C(O)NH), 166.7
(C(O)OCH,), 159.7 (Cyrom=-3,5), 132.5 (Cprom-1), 108.4 (C,rom-2,6),
106.6 (C,rom-4), 69.7 (CH,CH,CCH), 67.4 (OCH,CH,NH), 52.6
(C(O)OCH;), 39.1 (OCH,CH,NH), 35.5 (C(O)CH,CH,CCH)
and 15.1 (C(O)CH,CH,CCH).

Tetravalent pentynoic acid dendrimer (19b). Tetravalent den-
drimer 19a (1099 mg, 1.0 mmol) was stirred in a mixture of
CH,CL,/TFA (1/1, v/v, 20 mL) with a trace of H,O for 1 h.
The reaction mixture was then concentrated to dryness and
taken up in CH,Cl, (10 mL), BOP (2.65 g, 6.0 mmol) and 4-
pentynoic acid (589 mg, 6.0 mmol) were added followed by
DiPEA (1.98 mL, 12.0 mmol). The reaction mixture was stirred
for 18 h and concentrated at 60 °C. Dendrimer 19b was obtained
after silica gel chromatography (CH,Cl,/MeOH/DMF, 94/5/1
— 85/10/5) as white solid (826 mg, 81%, small contamination).
'H NMR (300 MHz, DMSO): 5 = 8.66 (2H, s, C(O)NH), 8.15
(4H, t, C(O)NH), 7.09 (2H, m, CH,;,n-2,6), 7.04 (4H, s, CH,onn-
2,6'), 6.84 (1H, t, CH,on-4), 6.65 (2H, t, CH,,,n-4), 4.16 (4H,
t, OCH,CH,NH, J = 5.4 Hz), 4.01 (8H, t, OCH,CH,NH, J =
5.4 Hz), 3.83 (3H, s, OCH,), 3.64-3.58 (4H, m, OCH,CH,NH),
3.45-3.39 (8H, m, OCH,CH,NH), 2.73 (4H, t, CH,CH,CCH, J =
2.1 Hz) and 2.39-2.27 (16H, m, C(O)CH,CH,CCH). *C NMR
(75.5 MHz, DMSO): 6 = 170.6 (C(O)NH), 165.9 (C(O)OCH,),
159.7 (Cyrom=3,5), 159.4 (C,rom-3,5), 136.2 (Cyrom-1"), 131.6 (Crom-
1), 107.7 (Coom-2,6), 106.0 (C,on-2,6"), 104.1 (C,om-4'), 83.7
(CH,CH,CCH), 71.2 (CH,CH,CCH), 66.6 (OCH,CH,NH), 52.3
(C(O)OCH;), 38.2 (OCH,CH,NH), 34.0 (C(O)CH,CH,CCH)
and 14.2 (C(O)CH,CH,CCH).

Octavalent pentynoic acid dendrimer (20b). Octavalent den-
drimer 20a (597 mg, 0.25 mmol) was stirred in a mixture of
CH,CL,/TFA (1/1, v/v, 10 mL) with a trace of H,O for 1 h.
The reaction mixture was then concentrated to dryness and
taken up in dry DMF (5§ mL), BOP (1.33 g, 3 mmol) and
4-pentynoic acid (295 mg, 3 mmol) were added followed by
DiPEA (0.99 mL, 6 mmol). The reaction mixture was stirred
for 18 h and concentrated at 60 °C. Silica gel chromatography
(CH,C1,/MeOH/DMF, 94/5/1 — 85/10/5) was used for pu-
rification although a small impurity remains present (621 mg, ~
quantitative). '"H NMR (300 MHz, DMSO): 6 = 8.69 (6H, s,
C(O)NH), 8.16 (8H, t, C(O)NH), 7.07-7.04 (14H, m, CH,;;,-2,6,
2,6/, 27,6"), 6.82 (1H, s, CH,mm-4), 6.70 (2H, bs, CH,,,n-4'), 6.64
(4H, d, CH,,,n-4"), 4.14 (12H, bs, OCH,CH,NH), 4.01 (16H, s,
OCH,CH,NH), 3.80(3H, s, OCH,), 3.61 (12H, d, OCH,CH,NH),
3.42 (16H, d, OCH,CH,NH), 2.72 (8H, bs, CH,CH,CCH) and
2.35-2.29 (32H, m, C(O)CH,CH,CCH). “C NMR (75.5 MHz,
DMSO): 6 = 170.6 (C(O)NH), 165.9 (C(O)OCH,;), 159.4 (C,rom-
37,5"), 136.2 (C,rom-1"), 106.0 (C,onm-2",6"), 104.1 (C,ron-4"), 83.7
(CH,CH,CCH), 71.2 (CH,CH,CCH), 66.6 (OCH,CH,NH), 53.4
(C(O)OCH;), 40.3 (OCH,CH,NH), 34.0 (C(O)CH,CH,CCH)
and 14.2 (C(O)CH,CH,CCH).
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General “click” procedure

Dendrimer was mixed with the galabiose azide (1.5 eq per
alkyne), CuSO,-5H,0 (0.15 eq per alkyne) and sodium ascorbate
(0.3 eq per alkyne) in 1% H,O0/DMF. The mixture was heated
under microwave irradiation to 80 °C for 20 min. The reaction
mixture was concentrated in vacuo at 60 °C and after silica gel
chromatography the dendrimer was obtained.

General deacetylation procedure

A solution of the dendrimer in MeOH (5 mL) was treated
with NaOMe in MeOH (30% wt solution, 50 pL) for 5 h. The
solution was neutralized by Dowex-H*, filtered and concentrated
in vacuo. Deprotected dendrimers were purified using preparative
HPLC. Pure products were obtained after lyophilisation.

Monovalent galabiose dendrimer (17c¢). The general “click”
procedure was applied. Monovalent galabiose derivative was
obtained as a white foam (179 mg, 72%). '"H NMR (300 MHz,
CDCl): & = 7.65 (1H, d, CH,;on-6), 7.53 (1H, t, CH,,;n-2), 7,35
(1H, t, CH,;on-5), 7.09 (1H, dd, CH,,,-4), 6.34 (1H, bs, NHCO),
5.58 (1H, dd, H-4, Jy 4 = 3.0 Hz, Jyv = 1.1 Hz), 5.41 (1H,
dd, H-3, Jyy = 11.0 Hz, Jy4 = 3.3 Hz), 5.23-5.16 (2H, m, H-
2, H-2), 5.00 (1H, d, H-1, J,» = 3.9 Hz), 4.80 (1H, dd, H-3,
J,; = 10.7 Hz, J;, = 2.7 Hz), 445 (1H, d, H-1, J,, = 7.70 Hz),
4.55-4.35,4.21-4.04 and 3.90-3.76 (5H, 6H, 2H, 3 x m, H-1, H-4,
H-5, H-6, H-6', OCH,CH,NH, CH, N .70, CH,O64), 3.91 3H, s,
OCH,), 3.69-3.63 (2H, bs, OCH,CH,NH), 3.49-3.40 (1H, m, H-
5), 3.06 and 2.67 (2 x bs, each 2H, C(O)CH,CH,C 1), 2.20—
2.02 (2H, m, OCH,CH,CH,N 1), 2.14, 2.10, 2.09, 2.08, 2.06,
2.04 and 1.99 (7 x 3H, 7 x s, C(O)CH;). *C NMR (75.5 MHz,
CDCl;): & = 170.5, 170.4, 170.1, 169.9 and 169.2 (C(O)CH,),
166.6 (C(O)OCH3;), 158.3 (Corom=-3), 131.4 (Cyrom-1), 129.4 (C,rom-
5), 122.3 (Crom-6), 119.6 (Cyrom-4), 114.7 (Cprom-2), 101.0 (C-1),
99.4 (C-1), 72.6, 71.9, 68.5, 67.7, 67.2 and 67.0 (C-2, C-2, C-
3, C-3, C4, C-4, C-5, C-5), 66.8 (OCH,CH,CH,N;,,01), 65.6
(OCH,CH,NH), 61.9 and 60.4 (C-6, C-6'), 52.1 (C(O)OCH,),
46.6 (CH,Nyia0i), 38.8 and 30.0 (C(O)CH,CH,Ciz0), 20.8 and
20.6 (C(O)CH;). HRMS for C,,H5xN,O,, (M, 994.3543): found
[M + HJ]* 995.3600, calcd. 995.3621. The general deacetylation
procedure yielded compound 17¢ as a clear oil (30.7 mg, 35%). 'H
NMR (300 MHz, D,0): 6 = 7.72 (1H, bs, CH;s0), 7.61 (2H, s,
CH,;on-6), 7.46-7.40 2H, m, CH,;,,-2,5), 7.14 (1H, d, CH,;o-4),
497(1H,d,H-1",Jy =3.6 Hz),4.39-4.27 (6H, m), 4.39-4.31 (2H,
m), 4.22 (2H, t), 4.02-3.97 (4H, m), 3.94-3.67 (14H, m), 3.56-3.42
(5H, m), 2.98 and 2.60 (2 x 2H, 2 x bt, C(O)CH,CH,C;,..) and
2.00 (2H, bt, OCH,CH,CH,N,,0.)- *C NMR (75.5 MHz, D,0):
8 = 175.6 (C(O)NH), 169.4 (C(O)OCH;), 158.9 (C,om-3), 131.5
(Carom=-1), 130.8 (Cyrom=5), 123.1 (Cprom-6), 121.0 (C,rom-4), 115.6
(Cirom-2), 103.7 (C-1), 101.0 (C-1), 77.9, 77.7, 75.7, 73.1, 71.6,
71.4, 69.8 and 69.6 (C-2, C-2/, C-3, C-3, C4, C-4, C-5, C-5),
67.5 (OCH,CH,CH,N,;,0.), 67.0 (OCH,CH,NH), 61.2 and 60.7
(C-6, C-6'), 53.4 (C(O)OCH,), 47.7 (CH,Nyisore), 39.4 and 35.7
(C(O)CH,CH,Cigrore) and 21.7 (OCH, CH,CH, Niiaore). HRMS
for C;)HyN,O,5 (M, 700.2803): found [M + HJ* 701.0662, calcd.
701.2881.

Divalent galabiose dendrimer (18c). The general “click” pro-
cedure was applied. Protected divalent galabiose dendrimer was

obtained as a white foam (155 mg, 84%). '"H NMR (300 MHz,
CDCL): 6 = 7.44 (2H, bs, CHyiy), 7-15 (2H, s, CH,on-2,6),
6.67 (1H, s, CH,,.n-4), 6.62 (2H, bs, NHCO), 5.58 (2H, dd, H-
4, Jyy = 2.5Hz), 541 (2H, dd, H-3, Jyy = 11.3 Hz, Jyy =
3.3 Hz), 5.23-5.16 (4H, m, H-2, H-2), 5.00 (2H, d, H-1', J,» =
3.6 Hz), 4.81 (2H, dd, H-3, J,; = 10.7 Hz, J;, = 2.5 Hz),
447 (2H, d, H-1, J,, = 7.70 Hz), 4.55-4.35, 4.17-4.00 and
3.87-3.75 (10H, 12H, 4H, 3 x m, H-1, H-4, H-5, H-6, H-¢/,
OCH,CH,NH, CH,Niu00, CH,O064), 3.90 (3H, s, C(O)OCH,),
3.65 (4H, bs, OCH,CH,NH), 3.50-3.42 (1H, m, H-5), 3.06 and
2.67 (2 x bs, each 4H, C(O)CH,CH,C 1), 2.20-2.02 (4H, m,
OCH,CH,CH, N ,,00)> 2.14, 2.10, 2.09, 2.08, 2.06, 2.04 and 1.99
(7 x 6H, 7 x s, C(O)CH;). *C NMR (75.5 MHz, CDCl,): =
170.2, 170.1, 170.0, 169.8, 169.6 and 168.9 (C(O)CH;), 166.1
(C(O)OCH,), 159.2 (Cyom=-3,5), 131.7 (Cyrom-1), 107.7 (C,rom-2,6),
106.4 (C,om-4), 100.7 (C-1), 99.1 (C-1"), 72.3, 71.6, 68.3, 67.5,
67.0 and 66.8 (C-2, C-2, C-3, C-3, C4, C-4, C-5, C-5), 66.6
(OCH,CH,CH,N,01), 65.4 (OCH,CH,NH), 61.7 and 60.2 (C-6,
C-6'),51.9 (C(O)OCH;), 38.5and 29.7 (C(O)CH, CH, Ciy0e), 20.5
and 20.3 (C(O)CH;). HRMS for CyH,sN;O,, (M, 1852.6561):
found [M + Na]* 1875.6348, calcd. 1875.6459. The general
deacetylation procedure yielded compound 18c¢ as a white foam
(66.3 mg, 49%). '"H NMR (300 MHz, D,0): 6 = 7.75 (2H, bs,
CHsiaror), 7.05 (2H, s, CH,ron-2,6), 6.62 (1H, s, CH,n-4), 4.97
(2H, s, H-1"), 4.39-4.27 (6H, m), 4.02-3.70 (25H, m), 3.56-3.53
(8H, m), 2.97 and 2.60 (2 x 4H, 2 x bs, C(O)CH,CH,C\;0.) and
2.02 (4H, bs, OCH,CH,CH, N ;,,0.)- *C NMR (75.5 MHz, D,0):
8 =175.7 (C(O)NH), 168.9 (C(O)OCHj;), 160.1 (C,onm-3,5), 132.3
(Curom-1), 108.9 (C,om-2,6), 107.5 (C,om-4), 103.7 (C-1), 101.0 (C-
1Y,77.9,77.7,75.9,75.6,73.2,73.0, 71.5, 69.9 and 69.5 (C-2, C-2/,
C-3,C-3,C4,C-4, C-5,C-5), 67.7 (OCH,CH,CH, N ias01.), 67.1
(OCH,CH,NH), 61.3 and 60.8 (C-6, C-6'), 47.6 (CH,N i00), 39.4
and 35.8 (C(O)CH,CH,C ) and 21.9 (OCH, CH,CH, N .00)-
HRMS for C;;Hg N3Oy (M, 1264.5082): found [M + Nal*
1287.1271, caled. 1287.4980.

Tetravalent galabiose dendrimer (19¢). The general “click”
procedure was applied. Protected tetravalent galabiose dendrimer
19¢ was obtained as a white foam (151 mg, 78%). 'H NMR
(300 MHz, CDClL;): & = 7.44 (4H, bs, CHy0), 7.36 (2H, bs,
C(O)NH), 7.15 (2H, s, CH,,on-2,6), 6.94 (8H, bs, CH,on-2,6'
and C(O)NH), 6.73 (1H, bs, CH,,n-4), 6.52 (2H, bs, CH,om-
4), 5.57 (4H, dd, H-4, Jy, = 2.2 Hz), 541 (4H, dd, H-3,
Jyy = 11.0 Hz, Jy, = 3.3 Hz), 5.23-5.15 (8H, m, H-2, H-2)),
5.00 (4H, d, H-1", Jyy = 3.7 Hz), 4.81 (4H, dd, H-3, J,; =
10.7 Hz, J5, = 2.4 Hz), 4.54-4.35, 4.21-4.08, 3.98 and 3.87-3.80
(22H, 22H, 8H, 12H, 3 x m, 1 x bs, H-1, H-4, H-5, H-6, H-¢/,
OCH,CH,NH, OCH,CH,NH, CH;Ni;.,0., CH,06,), 3.87 (3H, s,
OCH,), 3.57 (6H, bs, OCH,CH,NH), 3.45 (4H, bs, H-5) 3.03 and
2.66 (2 x bs, 2 x 8H, C(O)CH,CH,Ciyo), 2.20-2.00 (8H, m,
OCH,CH,CH;N,00)> 2-13, 2.10, 2.08, 2.07, 2.05, 2.04 and 1.99
(7 x 12H, 7 x s, C(O)CHj;). *C NMR (75.5 MHz, CDCl,): 8 =
170.5,170.4, 170.0, 169.9 and 169.2 (C(O)CH,), 167.9 (C(O)NH),
166.4 (C(O)OCH5;), 159.5 (C,iom-3,5 and C,on-3,5), 136.3 (Corom-
1), 131.9 (Crom-1), 108.1 (Corom-2,6), 106.5 (C,rom-4), 106.0 (Crom-
2,6'), 104.8 (C,om-4), 100.9 (C-1), 99.4 (C-1"), 72.5, 71.8, 68.6,
68.4, 67.7, 67.2 and 67.0 (C-2, C-2, C-3, C-3, C-4, C-4, C-5, C-
5, 66.7 (OCH,CH,CH,N,;i,,01), 65.6 (OCH,CH,NH), 61.8 and
60.4 (C-6, C-6), 52.2 (C(O)OCHj;), 46.7 (CH,Niji0z01)> 39.5 and
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38.6 (OCH,CH,NH), 38.6 and 30.0 (C(O)CH,CH,C;0l), 20.8
and 20.6 (C(O)CH;). HRMS for C,;0Hx¢N 3046 (M, 3895.3864):
found [M + 3Na]** 1321.7095, calcd. 1321.4519. The general
deacetylation procedure yielded compound 19¢ as a white foam
(64.3 mg, 74%). '"H NMR (300 MHz, D,0): 6 = 7.65 (4H, s,
CHizore), 6.79 (6H, s, CH,,0n-2,6, 2,6), 6.48 (3H, t, CH,on-4,
4, 495 (4H, s, H-1'), 4.37-4.27 (16H, m), 4.01-3.45 (84H, m),
2.89 and 2.52 (2 x 8H, 2 x bs, C(O)CH,CH,C,..) and 2.00
(8H, m, OCH,CH,CH;,Ni,s0)- *C NMR (75.5 MHz, D,0): § =
175.4 and 169.6 (C(O)NH), 168.2 (C(O)OCHy;), 160.0 (C,;0n-3',5),
159.8 (Cuom=-3.5), 133.0 (Cyrom-1), 131.7 (Cyrom-1"), 108.6 (C,rom-
2,6), 106.9 (C,on-2,6), 105.3 (C,on-4), 103.6 (C-1), 100.9 (C-
1), 77.8, 71.7, 73.0, 71.5, 71.3, 69.7 and 69.5 (C-2, C-2, C-
3, C-3, C4, C4, C-5, C-5), 67.5 (OCH,CH,CH;Ny;,01), 67.0
(OCH,CH,NH), 61.2 and 60.7 (C-6, C-6'), 47.5 (CH,N ias0. ), 39.2
and 35.7 (C(O)CH,CH,C,,0i.) and 21.7 (OCH, CH,CH, N a0 )-
MALDI ToF MS for C;;,H,;N ;305 (M, 2719.0906): found [M +
Na]* 2743.20, caled. 2743.65.

Octavalent galabiose dendrimer (20c). The general “click”
procedure was applied. Protected octavalent galabiose dendrimer
was obtained as a white foam (131 mg, 66%). '"H NMR (300 MHz,
CDCl): & = 7.68 (8H, bs, CH,iys0), 7-46 and 7.30 (8H and 6H,
2 x bs, C(O)NH), 7.07 (CH,;on-2,6), 6.89 (12H, s, CH,;on-2',0’,
2",6"), 6.69 (1H, s, CH,;on-4), 6.40 (6H, bs, CH,;o-4', CH,;on-4"),
5.57 (4H, d, H-4, Jyy = 2.7 Hz), 541 (4H, dd, H-3, Jy» =
11.0 Hz, Jy4 = 3.3 Hz), 5.23-5.15 (8H, m, H-2, H-2'), 5.00
(44, d, H-1', Jy» = 3.7 Hz), 4.83 (4H, d, H-3, J,; = 10.8 Hz),
4.55-4.30, 4.20-4.00 and 3.90-3.70 (40H, 45H, 46H, 3 x m, H-1,
H-4, H-5, H-6, H-6', CH,N,;;,,.., OCH,CH,NH, OCH,CH,NH,
CH,O¢., C(O)OCH,), 3.53 (16H, bs, OCH,CH,NH), 3.45 (8H,
m, H-5), 2.19-2.01 (16H, m, OCH,CH,CH;Nyi.0), 2.14, 2.13,
2.10, 2.08, 2.05, 2.04 and 1.99 (7 x 12H, 7 x s, C(O)CHj;). *C
NMR (75.5 MHz, CDCLy): § = 170.5, 170.3, 170.0, 169.9 and
169.2 (C(O)CH,), 167.6 (C(O)NH), 166.4 (C(O)OCHs;), 159.4
(Cirom=3,5, 3,5, 37,5"), 136.3 (Cyrom-1", 17), 131.9 (C,rom-1), 108.2,
106.0 and 104.4 (C,om-4, 4, 4", C,rom-2,6, 2,6/, 27,6"), 100.9 (C-1),
99.4 (C-1), 72.5, 71.8, 68.6, 68.4, 67.7, 67.2 and 67.0 (C-2, C-
2, C-3, C-3, C4, C4, C-5, C-5), 66.7 (OCH,CH,CH,N s ),
65.7 (OCH,CH,NH), 61.8 and 60.4 (C-6, C-¢'), 30.0 and 29.5
(C(O)CH,CH,Cius0) and 20.5 (C(O)CH,;). The general deacety-
lation procedure yielded compound 20c as a white foam (54.5 mg,
77%). '"H NMR (300 MHz, D,0): § = 7.67 (8H, s, CHyiy0rc)> 6.73
(10H, s, CH,;;n-2,6, 2,6, 27,6"), 6.42 (6H, t, CH,;,,-4, 4, 47), 4.95
(8H, d, H-1", J,, = 3.6 Hz), 4.37-4.30 (25H, m), 4.01-3.43 (140H,
m), 2.87 and 2.51 (2 x 16H, 2 x bs, C(O)CH,CH,C,0.) and
2.01 (16H, m, OCH,CH,CH;N,.0..)- *C NMR (75.5 MHz, D,0):
8 =175.2,169.3 and 169.1 (C(O)NH), 167.9 (C(O)OCH,;), 159.9
(Carom-3",5"), 103.6 (C-1), 100.9 (C-1"), 77.8, 77.7,75.7, 73.0, 71.5,
71.3,69.7 and 69.5 (C-2, C-2/, C-3, C-3,C-4,C-4, C-5, C-5), 67.5
(OCH,CH,CH;N i,01), 67.0 (OCH,CH,NH), 61.2 and 60.7 (C-6,
C-6'), 47.5 (CH,Nyiarore), 39.2 and 35.5 (C(O)CH,CH,C,;iy0.) and
21.7 (OCH, CH,CH;Niy01.)- MALDI ToF MS for Cp3;3H350 N3O 5
(M, 5628.2555): found [M + Na]* 5654.46, calcd. 5654.50.

Tetravalent trisaccharide dendrimer (19d). The general “click”
procedure was applied. Protected tetravalent dendrimer was
obtained as a white foam (201 mg, 79%). '"H NMR (300 MHz,
CDCl,): 6 = 7.45 (4H, bs, CHip0ie), 7-36 (2H, bs, C(O)NH), 7.14
(2H, s, CH,;on-2,6), 6.94 (8H, bs, CH,,n-2',6' and C(O)NH), 6.70

(1H, bs, CH,;on-4), 6.48 (2H, bs, CH,,,n-4), 5.56 (4H, d, H-4",
Jy o = 2.7 Hz), 540 (4H, dd, H-3", Jy 3 = 11.1 Hz, Jy4 =
3.3 Hz), 5.31-5.15 (12H, m, H-2, H-2', H-2"), 5.00 (4H, d, H-
1", Jy»» = 3.6 Hz), 4.97 (4H, d, H-1", J,,,», = 1.8 Hz), 4.81 (4H,
d, H-3, J,5 = 9.9 Hz), 4.56-4.30, 4.22-3.98 and 3.82-3.75 (25H,
24H, 8H, 3 x m, H-1, H-4, H-4', H-5, H-5", H-6, H-6', H-6",
OCH,CH,NH, OCH,CH,NH, CH,N;,,0., CH,O0¢.), 3.87 (3H, s,
OCH,), 3.57 (6H, bs, OCH,CH,NH), 3.44 (4H, bs, H-5), 3.01 and
2.65 (2 x 8H, 2 x bs, C(O)CH,CH,C,o), 2.20-2.00 (8H, m,
OCH,CH,CH;Nyiiy00), 2.14, 2.12, 2.09, 2.07, 2.06, 2.03 and 1.99
(10 x 12H, 10 x s, C(O)CH;). *C NMR (75.5 MHz, CDCl;):
8=170.6, 170.4, 170.2, 170.1, 169.9 and 169.2 (C(O)CHs;), 167.2
(C(O)NH), 166.4 (C(O)OCH,), 159.5 (C,rom-3",5"), 136.4 (Cyrom-
1), 131.7 (Cyom-1), 108.3, 108.0, 106.3, 106.1 and 104.7 (C,om),
101.0 (C-1), 99.6 and 99.3 (C-1’, C-17), 72.5, 72.3, 72.1, 71.9,
69.0, 68.7, 68.4, 67.8, 67.5 and 66.8 (C-2, C-2, C-2”, C-3, C-
3, C-3" C4, C4, C-4, C-5, C-5, C-5), 65.6 (OCH,CH,NH),
62.1, 61.0 and 60.3 (C-6, C-6/, C-6"), 52.1 (C(O)OCH,), 46.5
(CH,Niazoe), 39.5 and 38.6 (OCH,CH,NH), 35.3 and 30.0
(C(O)CH,CH,Cisore), 20.6 and 20.5 (C(O)CH;). HRMS for
CusHa00NsO, 5 (M, 5047.7245): found [M + Na]* 5072.99, calcd.
5073.6748. General deacetylation procedure yielded compound
19d as a white foam (28.4 mg, 57%). '"H NMR (300 MHz, D,0):
& = 7.70 (4H, s, CHyipore), 6.84 (2H, s, CH,;on-2,6), 6.79 (4H, s,
CH,,.n-2,6), 6.51 (3H, t, CH,,on-4, 4), 5.01-4.97 (8H, m, H-1’,
H-17), 4.41 (4H, t), 4.29 (16H, m), 4.11-3.60 (86H, m), 3.55-3.40
(18H, m), 2.91 and 2.54 (2 x 8H, 2 x bs, C(O)CH,CH,C o)
and 2.00 (8H, m, OCH,CH,CH,N,,,.)- *C NMR (75.5 MHz,
D,0): 6 = 175.3 and 169.7 (C(O)NH), 168.3 (C(O)OCH,), 160.0
(Carom=-3,5), 159.8 (Cyprom-3,5), 136.2 (Cyrom-1"), 106.8 (C,rom), 103.5
(C-1), 101.1 and 100.8 (C-1’, C-17), 79.6, 77.5, 75.6, 72.8, 71.6,
71.4, 69.8, 69.5 and 69.2 (C-2, C-2/, C-2, C-3, C-3, C-3", C-
4, C-4, C4, C-5, C-5, C-5), 67.4 (OCH,CH,CH,N,.s01), 66.9
(OCH,CH,NH), 61.2 and 60.5 (C-6, C-6', C-6"),47.7 (CH;,N szt )
39.2 and 35.4 (C(O)CH,CH,Cs0i), 30.1 (OCH,CH,NH) and
21.5 (OCH,CH,CH, N ,0). MALDI ToF MS for C,yH,1N 405
(M, 3367.3019): found [M + Na]* 3391.87, caled. 3392.21.

Hemagglutination

Hemagglutination assays were performed as described
previously.* Briefly, equal volumes of bacteria and 5% sialidase-
treated human erythrocytes were mixed and hemagglutination was
visually recorded after 1 h incubation on ice. For inhibition assays,
2-fold dilutions of galabiose compounds (25 pL) were mixed with
bacteria (25 pL). After 5 min of incubation at room temperature,
50 uL of the erythrocytes was added. The hemagglutination
was recorded as described and the MIC values (the lowest
concentration completely inhibiting the hemagglutination) were
recorded.
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Cyclic tetrapeptides are a class of natural products that have been shown to have broad ranging
biological activities and good pharmacokinetic properties. In order to synthesise these highly strained
compounds a ring contraction strategy had previously been reported. This strategy was further
optimised and a suite of techniques, including the Edman degradation and mass spectrometry/mass
spectrometry, were developed to enable characterisation of cyclic tetrapeptide isomers. An NMR
solution structure of a cyclic tetrapeptide was also generated. To illustrate the success of this strategy a

library of cyclic tetrapeptides was synthesised.

Introduction

Cyclic tetrapeptides are a class of naturally occurring privileged
substructures, providing many potent molecules in a diverse range
of therapeutic areas.* Typical examples, all derived through
extraction from culture broths, are the cytotoxic and antimitogenic
agents HC toxin** and chlamydocin,> the antitumor agent
trapoxin,” the tyrosinase inhibitor cyclo-[(L)Pro-(L)Tyr-(L)Pro-
(L)Vall® and the antimalarial apicidins.® One compound from
the apicidin family is reported to show in vivo activity by both
parenteral and oral administration in mice against Plasmodium
berghei.>®

Head-to-tail cyclic tetrapeptides differ from their larger macro-
cyclic counterparts in that they are highly constrained, to the point
that typically the planarity of the amide bonds is twisted. >
This ensures that they display their substituents in a highly
spatially defined manner, which makes them very useful as
molecular toolkits to probe a receptor and then develop smaller
organics with the requisite functionality.

However, because of these characteristics cyclic tetrapeptides
are difficult to synthesise. So-called “difficult” sequences produce
linear and cyclic oligomers in preference to the monocyclic target,
even when cyclisation is performed at high dilution,’?* making
them generally inaccessible. The few cyclic tetrapeptides that have
been synthesised carry either D-residues, postmodified or unnatu-
ral residues, or at least one tertiary amide in the sequence,!!-15:16-21-2
Cyclic tetrapeptides are also difficult to characterizez NMR
spectra of these molecules are complicated as they are often a
mixture of slowly interconverting conformers, which results in
peak broadening.
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A ring contraction approach was reported by Meutermans et al.
that enables the synthesis of several cyclic tetrapeptides from their
linear precursor.’*? The strategy utilizes an auxiliary, 2-hydroxy-
6-nitrobenzylaldehyde (HnB) (Fig. 1). Due to the success of this
strategy, the objective of this work was to further optimise this
procedure, develop a suite of characterisation techniques for cyclic
tetrapeptides, and to synthesise a cyclic tetrapeptide library.

HO NO,

H 0

Fig. 1 HnB auxiliary.

Results and discussion
Synthesis of cyclic tetrapeptides

A photolabile cyclisation auxiliary (HnB, Fig. 1) was recently
reported that permits the synthesis of difficult cyclic pep-
tides sequences including cyclic tetrapeptides from their linear
precursors.'”? The strategy is outlined in Scheme 1. The auxiliary
was first reductively aminated onto the N-terminus of the resin-
bound peptide. After cleavage from resin and concomitant removal
of the side-chain protecting groups to produce 1, cyclisation can be
accomplished to produce the cyclic nitrophenyl ester intermediate
2. Upon heating at 70 °C, this product ring contracts through
an O-to-N acyl transfer to generate the desired cyclic peptide 3.
Photolytic removal of HnB then provides the target cyclic product
4. Using the described method several tetrapeptide sequences
have been successfully synthesized, including cyclo-[Tyr-Arg-Phe-
Ala].®

The versatility of this synthetic route for each of the synthetic
steps was explored for a number of cyclic tetrapeptides. In parallel
with this, the development of a suite of analytical tools to aid in
the characterisation of these compounds and their intermediates
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Scheme 1 Synthesis of difficult sequences through a ring contraction strategy.

was very important. Having accomplished this, a library of cyclic
tetrapeptides was synthesized.

The initial sequences chosen for the study were based on the
(D)Phe-Arg-Trp and Arg-Phe-Phe sequences. The Trp, Arg and
Phe residues were selected as they are often found as common
recognition motifs. Glycine was appended to the C-terminus of
these sequences as prior experience had shown that the C-terminal
residue is capable of racemizing during synthesis.® Initially, no
side chain protecting groups were used. It was believed that the
presence of protecting groups was unnecessary and could possibly
hinder cyclisation-ring contraction yields based on steric effects.

A small number of unprotected Phe-Arg-Trp-Gly sequences
were synthesized on solid-support (Table 1, 1aa, 1ac, 1ae). After
cleavage and purification, the cyclisation and ring contraction
steps were performed using 1 equiv. BOP at 70 °C with 10 equiv. of

Table 1 Cyclisation of linear tetrapeptides 1 and corresponding yields of
the cyclic product 3 after photolysis to give product 4

Linear peptide Yield (%)

1 3 4
aa [HnB](D)Phe-(D)Arg-Trp-Gly-OH 46° 12¢¢
ab  [HnB](D)Phe-(D)Arg(Pbf)-Trp(Boc)-Gly-OH 290 18k
ac [HnB](D)Phe-Arg-(D)Trp-Gly-OH 77° <52
ad [HnB](D)Phe-Arg(Pbf)-(D) Trp(Boc)-Gly-OH 34¢ 11*
ae [HnB]Phe-(D)Arg-(D) Trp-Gly-OH 54b 25¢¢
af [HnB]His-(D)Phe-Arg-Trp-OH/ 36¢ 728
ag [HnB](D)Phe-(D)Arg(Pbf)-(D) Trp(Boc)-Gly-OH 28° 19¢*
ah  [HnB]Phe-Arg(Pbf)-(D)Trp(Boc)-Gly-OH 400 260
ai [HnB]Phe-(D)Arg(Pbf)-Trp(Boc)-Gly-OH 300 19¢*
aj [HnB](D)Phe-Arg(Pbf)-Trp(Boc)-Gly-OH 29* 21k
ak [HnB]Arg(Pbf)-Phe-Phe-Gly-OH 65" 10"

“Yield of purified product after RP-HPLC. * 1 eq HATU, 2 eq DIEA,
1 mM in DMSO, 3h/rt; ii) 10 eq DIEA, 15 h, 70 °C. <1 eq BOP, 2 eq
DIEA, 1 mM in DMSO, 3h/rt; ii) 10 eq DIEA, 15 h, 70 °C. hv, | mM
peptide in 1% HOAc in DMSO, 5 h. ¢ hv, 0.1 mM peptide in 1% HOAc in
DMSO, 5 h./Chiral amino acid analysis showed that the C-terminal Trp
a-carbon inverted 99.7% during cyclic tetrapeptide synthesis. # Yield after
photolysis. # Yield after photolysis of protected peptide followed by TFA
treatment. Note: 4aa and 4ab are equivalent; 4ac and 4ad are equivalent.

diisopropylethylamine (this method had been used to synthesize
other cyclic tetrapeptides).?

Although the linear starting material could still be observed
two products were also identified by LC/MS for each of the
sequences cyclised. In addition, after purification both products
appeared to have the mass corresponding to the cyclised material.
Characterisation at this point was found to be problematic due
to the instability of the HnB cyclised products. Hence, the HnB
auxilary was immediately removed by photolysis. NMR character-
isation of the final products was found to be very labour intensive,
primarily due to the slowly interconverting conformations. It thus
became apparent that other characterisation techniques would
be necessary in order to quickly identify the products. This is
especially important when generating large numbers of cyclic
tetrapeptides as a possible discovery project.

Characterisation techniques: Edman degradation and
mass-spectrometry/mass-spectrometry (MS/MS)

Characterisation of cyclic tetrapeptides is very challenging. In
many cases, multiple conformers of the same molecule may be
observed by both NMR and HPLC. Conceptually, there are
three possible cyclisation products: the desired N- to C-terminal
cyclised product (4, Scheme 1), a side-chain to C-terminal cyclised
product (for example, when cyclisation occurs through the amino
group of lysine or the guanidyl group of arginine) (6, Scheme 1)
or an amide bond to C-terminal cyclised product (for example,
producing a diketopiperazine). Two different analytical techniques
were selected to assist in characterisation: the Edman degradation
and mass-spectrometry/mass-spectrometry (MS/MS).

The Edman degradation was selected as the reaction will
proceed for side-chain cyclised peptides, but not head-to tail
cyclised peptides. Furthermore, the reaction may be accomplished
on very small quantities and analysis merely requires a mass
spectrometer.

The Edman degradation proceeds through the reaction of
an N-terminal amino group with phenyl isothiocyanate under
mildly alkaline conditions to form a thiourea. This product then
rearranges under acidic conditions to produce the thiohydantoin,
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Table 2 Edman degradation of selected cyclic tetrapeptides

Observed Peaks after Treatment®

Observed Mass of Peptide-thiourea
Peptide Starting Material* Starting Material Thiohydantoin Des-R1 Peptide complex
ACP (65-74)° 1063 — 235.1 (Val) 964.7 —
4aa Cyclo-[(D)Phe-(D)Arg-Trp-Gly] 547.4 547.4 — — —
6aa (D)Phe-Cyclo[( D) Arg-Trp-Gly] 547.3 — 283.1 (Phe) 400.3 —
4ac Cyclo-[(D)Phe-Arg-(D) Trp-Gly] 547.6 547.6 — — —
6ac (D)Phe-Cyclo-[A4rg-(D) Trp-Gly] 547.3 547.6 Not observed 400.3 —
4ae Cyclo-[Phe-(D)Arg-(D) Trp-Gly] 547.6 547.6 — — —
6ae Phe-Cyclo[(p) Arg-(D)Trp-Gly] 547.3 — 283.1 (Phe) 400.3 —
Cyclo[(p) Arg-(D)Trp-Gly] 400.3 — — — 535.3
4af Cyclo-[His-(D)Phe-Arg-Trp] 627.4 627.4 — — —
4ak Cyclo-[Arg(Pbf)-Phe-Phe-Gly) 760.5 760.5 — — —

“Peaks are for [M + H] ions, [M + Na] ions were also often observed. * Acetyl Carrier Protein ACP(65-74) was used as a positive control. ¢ It was later

confirmed that (L)Trp had inverted to (D)Trp in 99.7% purity.

leaving the peptide chain without the N-terminal residue. If the
N-terminus is not a primary amine, the reaction will not proceed.

After development on the positive control peptide Acyl Carrier
Protein (ACP) (65-74), all of the cyclic peptides prepared above
(Table 1) were photolysed and purified by RP-HPLC (Scheme 1).
The peptides were then tested (Table 2). As can be observed, ACP
(65-74) works very well as a control, producing only the desired
thiohydantoin and cleaved peptide. Next, pairs of Phe-Arg-Trp-
Gly photolysed products from the [HnB]peptide cyclisation were
tested (4 and 6). In each case, one of these failed to react at
all with the phenyl isothiocyanate, confirming its identity as the
desired N- to C-terminal cyclised product. The other compound
produced the N-terminal thiohydantoin and a cleaved peptide.
This product could therefore either be an arginine side-chain
cyclised product, or could be cyclised through one of the amide
bonds. As a result, the crude Edman degradation mixture from
Phe-cyclo[(Dp) Arg-(D)Trp-Gly] was re-subjected to the Edman
degradation. Gratifyingly, the cyclo[(p) Arg-(D)Trp-Gly] thiourea
complex was observed, but no thiohydantoin corresponding to the
arginine appeared. Therefore, this product had cyclised through
the arginine side-chain. Only one product was obtained from the
cyclisation and photolysis of [HnB]His-(D)Phe-Arg-Trp-OH and
[HnBJArg(Pbf)-Phe-Phe-Gly-OH. These were examined by the
Edman degradation, which verified that they had cyclised through
the N- and C-termini.

Many of these products were also subjected to mass-
spectrometry/mass-spectrometry (MS/MS) analysis. This con-
firmed the results from the Edman degradation. For example,
head-to-tail cyclised products such as cyclo[His-(D)Phe-Arg-Trp]
4af exhibited fragments corresponding to a N- and C- terminal
residue dipeptide fragment (Trp-His). The side-chain cyclised
product (D)Phe-Cyclo[( p) Arg-Trp-Gly] 6ac exhibited no fragment
corresponding to Phe-Gly or Arg-Gly (Arg-Gly is unlikely, as three
bonds must be broken and cleavage at the guanidyl group would
be favoured), although fragments corresponding to the loss of Phe
were observed.

Thus, three products were obtained through cyclisation with
the HnB auxiliary. The first of these products to elute by RP-
HPLC was the linear peptide, followed by the arginine-side chain
cyclised product and then the desired N- to C-termini cyclised
product.

Development and optimisation

Having identified all three materials obtained from the cyclisation,
optimisation of the yield of the head-to-tail cyclised product was
attempted. Five different coupling agents were trialled over the
standard conditions (13 h at 70 °C) (Table 3). The ratio of the
products did not appreciably change after 13 hours, except in the
case of BOP and DIC cyclisations. For cyclisation with activating
agent DIC, very little cyclic material (either head to tail or head
to side chain) was obtained. Treatment with HATU resulted in a
much higher yield of the desired cyclic product.

It was observed that the best coupling agent to form the head-
to-tail cyclic material was HATU and the best to form the side-
chain cyclised material was BOP. However it became clear that
due to hydrolysis and slow decomposition, immediate purification
and photolysis was required. Interestingly, while conducting these
tests it was observed that 3 could be retreated with coupling agent
to obtain 5.

Analysis using mass spectrometry indicated that by-products of
HnB photolysis were reacting with the cyclic peptide. Photolysis of
o-nitrobenzylamines is known to proceed through the elimination
of o-nitrosobenzaldehyde, which can then break down to other
products when irradiated at wavelengths higher than 350 nm.** To
try and limit the effect of these products, a number of conditions
were tested, including the addition of scavengers, using different
solvents, cooling the solution, diluting the solution and utilising
different workup conditions. Unfortunately, no improvement on

Table 3 Cyclisation yields and products of [HnB]Phe-(D)Arg-(D)Trp-
Gly-OH 1lae*

Coupling Yield? (%) Yielde (%) Yield? (%)
Reagent (1) 3) (5)
BOP 11 37 52
DIC 80 12 8
HBTU 40 27 33
PyBOP 8 51 41
HATU 16 63 21

“Relative yields calculated by HPLC Data after 13 hours heating at
70 ° C.* [HnB]Phe-(D)Arg-(D)Trp-Gly-OH 1ae ¢ [HnB]Cyclo-[Phe-(D)Arg-
(D)Trp-Gly] 3ae. ¢ [HnB]Phe-Cyclo-[( p) Arg-(D) Trp-Gly] Sae.
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the 1% acetic acid/DMF solution could be found, except for the
dilution of the DMF solution to 0.1 mM.

As another confirmation of the structure of the head-to-tail
cyclic peptides 4aa and 4ac these products were re-synthesised
with all side-chain protecting groups 4ab and 4ad (producing
3, Scheme 1, Table 1). Overall yields for the cyclisation ring
contraction step for the protected peptide were up to half that
of the analogous reaction with the unprotected peptide. This
illustrates that the presence of protecting groups may hinder
cyclisation-ring contraction yields based on steric effects. However,
as expected the yields for the photolysis of the protected cyclic
peptides were much higher. Subsequent protecting group cleavage
and purification reduced the yields for this step as shown in Table 1,
so that the overall yield for the complete synthesis of the cyclic
tetrapeptide was similar when functional groups were protected or
unprotected. Five more peptides (4ag-4ak) were also synthesized
with all side-chain protecting groups giving comparable yields.

Interestingly, while the photolysis yield normally varied from
3-26%, one cyclic peptide displayed quite different results. Cyclo-
[His-(D)Phe-Arg-Trp] 4af photolysed in 72% yield. As the cyclisa-
tion only yielded one product in similar quantity to that obtained
for the other peptides and it was known that epimerisation of the
C-terminal residue of these peptides can be problematic, these
results were suspicious, even though Edman degradation proved
that the product was a head-to-tail cyclic peptide. Chiral amino
acid analysis revealed that the tryptophan had inverted in 99.7%
purity.

It was presumed that the stereoinversion must have occurred at
the cyclisation step. Cyclisation proceeds through the formation of
the C-terminal residue activated benzotriazole ester (from BOP),
followed by the nucleophilic substitution of the benzotriazole with
the phenolic oxygen of HnB. An O- to N- acyl transfer then
occurs, contracting the ring system. This product is known to
be unstable and the reaction reversible. Although epimerisation
of the C-terminal residue can occur prior to the formation of the
benzotriazole ester, this is unlikely given the rate of this intermolec-
ular reaction (analogous amide bond forming intermolecular
reactions are completed in minutes at room temperature). As
a result, stereoinversion most likely occurred from the phenolic
or benzotriazole esters or from the amide, ie immediately
prior to or during cyclisation. As cyclisation and stereoinversion
are reversible, this indicates that the LDLL cyclic tetrapeptide
is significantly more sterically constrained than the LDLD
peptide, effectively trapping the reaction after complete stereo-
inversion.

It therefore seems that the substantial increase in yield for
both the cyclisation and photolysis of Hnb-Cyclo[His-(D)Phe-
Arg-(D)Trp] is the result of slow hydrolysis of this product. This
indicates that the stereoinversion to the (D)Trp product is a
thermodynamic sink.

LDLD cyclic peptides are known to behave very differently to
other cyclic peptides. Ngu-Schwemlein ez al. synthesized a series
of LDLD cyclic tetrapeptides in which every second residue was
(D)-alanine.” In this case, the synthesis proceeded at elevated
temperature with an activated ester and no ring contraction
auxiliary was necessary. It has also been reported that cyclic LD
peptides can adopt flat conformations, in which the backbone
amides are orientated perpendicular to the side chains and the
plane of the ring system.***' The products (head-to-tail cyclo-
octapeptides) have also been known to form cylindrical -sheet
peptide assemblies, although a dimerisation is more difficult
in smaller cyclic systems and is dependent upon amino acid
composition.3*3!

NMR structure of cyclo[(L)His-(D)Phe-(L)Arg-(D) Trp]

The majority of cyclic tetrapeptides synthesized (1aa—1ak) ex-
hibited a great deal of line broadening by '"H NMR, making
structural analysis very difficult. Cyclo[Phe-(D)Arg-(D)Trp-Gly]
was a typical example (Fig. 2). However, cyclo[His-(D)Arg-Phe-
(D)Trp] exhibited a very sharp spectrum, and only one set of
signals. A solution structure was generated from this product.

A DQF-COSY, TOCSY, ECOSY and ROESY was run on
cyclo[His-(D)Arg-Phe-(D)Trp] in d,-DMSO and a TOCSY and
ROESY were run in two mixtures of acetonitrile/water/deuterium
oxide, in an effort to resolve all cross-peaks. As can be seen in
Table 4 a small change in chemical shift for the NH’s, Ha’s and
HP’s could be observed. This is due to the change in hydrogen
bonding ability of the solvent systems, and may also indicate
a change in conformational state in aqueous media. However,
a solution structure was only examined in d,-DMSO. Analysis
of the spectrum indicated that the cyclic peptide possessed only
trans amide bonds. The ROESY spectrum exhibited very strong
inter-residue rOe’s between all NH (i) and Ha (i+1), but much
weaker intra-residue rOe’s between NH and Ha (Fig. 3) indicating
that these atoms are close in space, which is illustrative of a
trans configuration.>!* In addition, no inter-residue cross-peaks
could be observed between any Ha’s, which is usually a sign of
cis amide bonds." According to the Karplus equation, the large
repeating 3Jynp, pattern of 9.19 Hz and 9.56 Hz indicates an

CyclofPhe-(D)Arg-(D)Trp-Gly]
S
Cyclo[His{(D)Phe-Arg-(D)Trp]
' l’! O'G U'd 0'2 8'0 'I’S 7.'5 'I" 7’2 7'0 "l "5 5" "2 4‘5 4’0 3‘5 3'0 2:5 2'0 1‘5 Hﬂ‘
Fig.2 '"H NMR Spectrum (500 MHz), 9-6 ppm and 5-1 ppm, of Cyclo[Phe-(D)Arg-(D)Trp-Gly] 4ae and Cyclo]His-(D)Arg-Phe-(D)Trp] 4af.
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Table 4 Proton chemical shifts for cyclo[His-(D)Phe-Arg-(D)Trp]

Solvent
Proton d;-DMSO H,0/d;-MeCN/D,0 (76.5:13.5:10) d;-MeCN/D,0 (9:1) Random Coil Values®
Histidine
NH 8.034,J 9.56 Hz 8.407 8.41
Ha 4.612 4.865 4.870 4.63
Hp 2.983,2.784 3.235,3.149 3.361, 3.147 3.26, 3.20
ArH 7.165, 8.827 7.290, 8.220 7.14,8.12
Phenylalanine
NH 7.962,19.19 Hz 8.311 8.23
Ha 4.540 4.917 4.901 4.66
Hp 2.978,2.792 3.308, 3.180 3.303, 3.208 3.22,2.99
2,6H 7.15-7.23 7.46-7.57 7.49-7.57 7.30
3,5H 7.39
4H 7.34
Arginine
NH 7.761,J 9.56 Hz 8.323 8.27
Ha 4.305 4.580 4.583 4.38
Hp 1.590, 1.462 1.915, 1.826 1.953, 1.837 1.89, 1.79
Hy 1.364, 1.284 1.631, 1.526 1.717, 1.619 1.70
Hb 3.041 3.239 3.331 3.32
NHe 7.429 7.290 7.17, 6.62
Tryptophan
NH 7.928,7J9.19 Hz 8.373 8.09
Ha 4.634 5.030 4.967 4.70
Hp 3.139, 2.810 3.491, 3.283 3.525,3.258 3.32,3.19
ArH 6.942,7.025,7.047, 7.315, 7.476 7.359, 7.470, 7.717, 7.884 7.315,7.333,7.442, 7.681, 7.858 7.17,7.24,7.50, 7.65
NHI1 10.717 10.261 10.22
away from each other as possible. In addition, identical ECOSY
RNH - RHA cross-peaks between Ho and Hf indicate that rotation about this
bond is largely unrestrained.

WNH - RHA .3 Variable temperature experiments were conducted on the cyclic
tetrapeptide in d,-DMSO between 298 and 338 K (Fig. 4). It
appeared that there are no strong hydrogen bonding interactions
as all NH’s exhibited a change in chemical shift with temperature

4.4 of between 3 and 5 ppb/K. When a D,O exchange experiment
was conducted (Fig. 5) it was clear that the amide NH’s of Arg,
Trp and Phe all exchange very slowly (approximately 11.5, 11
ENH-EHA and 4.5 h, respectively for half of the NH’s to exchange), but
E 4.5 the His NH is fully exchanged after approximately 5 h. When
ﬁ these pieces of data are examined together it becomes clear that
HNH - HHA N none of the amide bond NH’s are involved in hydrogen bonding,
£ & although they all appear to be quite buried in the molecule. This
RNH-FHa ¢ concurs with a previously reported LDLD cyclic peptide structure
(cyclo[Leu-(D)Ala-Leu-(D)Ala]) by Ngu-Schwemlein et al., in
A .
HNH-WHA  FNH - HHA =
. . . o v i
ra 8.0 7.9 7.8 1.7 g 0
Fig. 3 NH-Ha region of ROESY spectrum in d;-DMSO. § e
§ 100
almost antiperiplanar relationship between NH and Ha, which § -
corresponds to a ¢ angles of around 120° (CO-NH-Ha-CO L
torsion angle) and also illustrates a symmetry to the peptide z . AT
backbone. These coupling constants are typical of extended :5 -;;emr ji?,,'ﬁh;'f
. . . . . . I > [ 14
peptide units, such as a B-sheet®? and is therefore indicative of NH: 3.24ppb /K
trans amide bonds. D:s: 0 S 310 315 ES) s 3% ns 30

The amino acid side chains in this cyclic tetrapeptide exhibited
very few inter-residue rOe’s. This would be expected, as the
orientation of the backbone forces the side chains to be as far

Temperature (K)

Fig. 4 Variable temperature experiment: A8 amide nitrogen 'H NMR
shift versus temperature (d,-DMSO).
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Amide NH : Arg Ho

Time (min)

Fig. 5 D,O exchange experiment (5% D,O in d,-DMSO).

which an open B-turn structure not stabilized by intramolecular
hydrogen bonding was proposed.™

From the information collected, a solution structure was
generated using X-PLOR. This resulted in ® angle (C,-CO-NH-C,
torsion angles) violations. X-ray structures of cyclic tetrapeptides
indicate that the o angles (Ca-CO-NH-Co torsion angles) are
quite commonly twisted from planarity, regardless of whether the
amide bonds are cis or trans."»'*5183 In fact, the all-trans cyclic
tetrapeptides commonly possess a ® angle twist of £ 15-25 © 351213
As a result, all of the energy restraints in parallhdg5.2.pro (the X-
PLOR parameter file) on the o torsion angle were relaxed from
their default value of 500. Solution structures were then calculated
at energy values of 500, 250, 150 and 50 (Table 5, Fig. 6).

As can be seen in Table 5 and Fig. 6, the o dihedral angles
twist to approximately 20° when the energy restraint is relaxed to
50, which correlates well with twist seen in X-ray structures. This
structure also displays a relatively small change in energy over
the 20 lowest energy structures, and the smallest RSMD. Another
factor of note is that as the ® twist energy restraint is relaxed, the
direction of planarity of the amide bond becomes more and more
perpendicular to the plane of the peptide backbone.

Synthesis of the cyclic-tetrapeptide library

Having explored the synthesis and characterisation of a small
number of cyclic-tetrapeptides, a general synthesis of a 44 member
library was conducted (Table 6). This synthesis was carried out
using HATU cyclisation and microwave assisted ring contraction.

Arg
Trp

Fig. 6 Superimposition of the peptide backbone and BC (purple) of the
20 lowest energy minimised structures of cyclo-[His-(D)Phe-Arg-(D)Trp],
in which the o torsion angle energy restraint is relaxed to 50.

Replacement of thermal heat with microwave irradiation resulted
in shorter reaction times. Isolation of 3 was not carried out, as the
crude mixture was photolysed immediately to generate the desired
cyclic tetrapeptide 4.

Due to the difficulties in synthesising these highly constrained
macrocyles, in combination with the well known “sequence depen-
dency” on cyclisation, it was not expected that every compound

Table 5 Solution structure information from the relaxation of the ® angle energy restraints on cyclo[His-(D)Phe-Arg-(D)Trp]

Restraint energy of Omega bond (dihedrals)

500 (default) 250 150 50

AE for top 20 structures 11.7 kcal/mol 8.4 kcal/mol 10.0 kcal/mol 5.4 kcal/mol
RSMD for backbone atoms (N,C,CA) of top 20 structures 0.069 0.109 0.097 0.075
s phe —174.72 —171.48 —166.88 —160.45
Dphe-Arg 175.10 170.47 166.48 159.56
OpreTrp —175.53 —171.52 —167.17 —160.49
Orip-tis 173.98 169.33 165.66 159.70
D —139.19 —131.07 —125.01 —100.70
Dphe 144.37 141.79 129.18 106.11
bare —142.25 —134.13 —125.97 —101.12

o 149.56 143.59 130.90 105.29
Whis 39.53 40.71 47.87 55.77
Wrhe —39.91 —44.60 —49.51 —59.79
Ware 34.96 38.75 46.02 56.75
Wiip —42.35 —47.19 —50.02 —59.95
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Table 6 Cyclic tetrapeptide library synthesis

Linear peptide” (1) Yield (4) Mass Theory® Mass Found®

al [HnBJAla-Arg-Tyr-Gly-OH 29% 448.23 448.23
am [HnB]JAla-Ile-Ile-Gly-OH 5% 355.24 355.22
an [HnB]Ala-Asn-His-Gly-OH 9% 380.29 380.28
a0 [HnB]Phe-Gly-Asn-Gly-OH 8% 376.16 376.28
ap [HnB]Phe-His-Ala-Gly-OH 9% 413.20 413.22
aq [HnB]Phe-Asn-Phe-Gly-OH 4% 466.21 466.34
ar [HnB]Phe-Arg-His-Gly-OH 12% 498.26 498.39
as [HnB]Tyr-Ala-Ile-Gly-OH 9% 405.22 405.41
at [HnB]Tyr-Asn-Ile-Gly-OH — 448.21 —

au [HnB]Tyr-Trp-Phe-Gly-OH 4% 554.24 554.40
av [HnB]Tyr-Trp-Ile-Gly-OH 5% 520.26 520.23
aw [HnB]Ile-Ala-Val-Gly-OH — 341.21 —

ax [HnB]lle-Trp-Phe-Gly-OH — 504.39 —

ay [HnB]Asn-His-Phe-Gly-OH — 456.20 —

az [HnB]Asn-Arg-Phe-Gly-OH 6% 475.24 474.50
ba [HnB]Asn-Ser-Trp-Gly-OH — 445.19 —

bb [HnB]Arg-His-Asn-Gly-OH 10% 465.23 465.25
be [HnB]JArg-Ile-His-Gly-OH 15% 464.28 464.27
bd [HnB]Thr-His-Phe-Gly-OH 10% 443.21 444.18
be [HnB]Trp-Ala-His-Gly-OH 7% 452.21 452.20
bf [HnB]Trp-Asn-His-Gly-OH 5% 495.21 495.28
bg [HnB]Trp-Arg-Phe-Gly-OH 11% 547.28 547.29
bh [HnB]Tyr-Ile-Gln-Gly-OH — 462.24 —

bi [HnB]Phe-Tyr-Ala-Gly-OH 11% 439.20 439.22
bj [HnBJAla-Arg-Tyr-Gly-OH 19% 448.23 478.23
bk [HnB]Ile-Arg-Tyr-Gly-OH 11% 490.28 490.30
bl [HnB]lle-Trp-Tyr-Gly-OH — 420.26 —

bm [HnB]Tyr-Ile-Ile-Gly-OH — 447.26 —

bn [HnB]Tyr-Asn-Arg-Gly-OH — 491.24 —

bo [HnBJArg-His-1le-Gly-OH 11% 464.28 464.31
bp [HnB]Phe-Arg-Ile-Gly-OH 16% 474.29 474.40
bq [HnB]Arg-Arg-Gly-Gly-OH — 427.26 —

br [HnBJAsn-Arg-Tyr-Gly-OH 7% 491.24 491.32
bs [HnB]Arg-Tyr-Val-Gly-OH 9% 476.26 476.35
bt [HnB]Trp-Arg-Gly-Gly-OH 12% 457.23 457.22
bu [HnB]GIn-Tyr-Trp-Gly-OH 28% 535.23 535.22
bv [HnB]Arg-Tyr-Arg-Gly-OH 9% 533.30 333.69
bw [HnB]JAla-Trp-Ile-Gly-OH 14% 428.23 428.25
bx [HnBJArg-Trp-Val-Gly-OH 11% 499.28 499.34
by [HnB]Ser-Ile-1le-Gly-OH 7% 371.23 371.20
bz [HnB]Arg-Ser-Ile-Gly-OH 12% 414.25 414.26
ca [HnB]Phe-Arg-Trp-Gly-OH 5% 547.28 547.33
cb [HnB]Tyr-Val-Phe-Gly-OH 7% 467.23 467.42
cc [HnB]Phe-Val-Tyr-Gly-OH 6% 467.23 467.32

@ All naturally occurring amino acids are the L-isomer. * % Yield over two steps from 1 without purification of the intermediate material; i) 1 eq HATU,
2 eq DIEA, 1 mM in DMSO, 3h/rt; ii) 10 eq DIEA, 3h/microwave; iii) AcOH added to make a 1% solution, hv, 3 h. ©Mass of the purified cyclic

tetrapeptide. Characterisation was based upon mass spectroscopy results.

could be successfully prepared. Surprisingly, around 70% of all of
these peptides were successfully synthesised.

Some unsuccessful syntheses contained B-branched amino
acids (Val, Ile), indicating that steric problems were a possible
cause. Cyclo[Tyr-Ala-Ile-Gly] 4as was successful, whilst related
compound cyclo[Ile-Ala-Val-Gly] 4aw was not. Further, cyclo[Tyr-
Trp-Phe-Gly] 4au succeeded, whilst cyclo[Ile-Trp-Phe-Gly] 4ax did
not. When sequences were changed, dramatic effects were also
observed. Cyclo[Ile-Arg-Tyr-Gly] 4bk succeeded, whilst cyclo[Ile-
Trp-Tyr-Gly] 4bl could not be prepared. Strikingly cyclo[Gln-
Tyr-Trp-Gly] 4bu was synthesised in relatively high yield, whilst
the related compound cyclo[Asn-Ser-Trp-Gly] 4ba could not be
prepared. This sequence dependent effect on cyclisation had been
noted previously, and consequently HnB had been incorporated
into the backbone of cyclic tetrapeptides to further facilitate
cyclisation of these more difficult sequences.” Overall, isolated

yields were low and this is probably a reflection of the photolysis
rather than the ring contraction.

Edman degradation was performed on the successfully synthe-
sised library members. In most cases the correct cyclic material was
observed. The only exception was when arginine was present in the
4™ position (Table 6). The library contained 7 such sequences 4bb,
4bc, 4bo, 4bq, 4bs, 4bv, 4bx, 4bz. Of these only 3 of the cyclised
products contained both the head-to-tail cyclic material and the
sidechain-to-head cyclic material 4bo, 4bs, 4bz. Interestingly when
Asn was placed in the 4™ position no side chain cyclic product
was observed. In addition, side chain cyclised products were not
identified by mass spectrometry when nucleophilic sidechains were
positioned in the 2™ or 3" position. This is probably an indication
that 9 to 11 membered rings would not form due to the constrained
nature of these systems, and consequently that the formation of
the cyclic tetrapeptides would be favoured. This library is currently
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being screened against a number of G-protein coupled receptors
and protein kinases.

Conclusion

Despite three decades of discovery of numerous biologically active
cyclic tetrapeptides from various microbial sources and their
reported oral activity, these products have been largely unexplored
in the pharmaceutical industry. Primarily this is due to their
synthetic inaccessibility.

A photolabile ring-contraction auxiliary was used for the
synthesis of number of cyclic tetrapeptides and the cyclisation
and photolysis steps were examined and optimised. In parallel
with this, a suite of characterisation techniques was developed,
including Edman degradation and mass-spectrometry/mass-
spectrometry. An NMR solution structure of cyclo[His-(D)Phe-
Arg-(D)Trp] was also generated, which displayed all trans amide
bonds. The alternating L and D amino acids allowed the cyclic
peptide to adopt a relatively flat configuration in which the
backbone amides are orientated perpendicular to the ring system.
This product was synthesised from cyclo[His-(D)Phe-Arg-Trp] and
a complete stereoinversion at the C-terminal residue occurred
during the synthesis, illustrating that the LDLL cyclic peptide is
significantly more sterically constrained than the LDLD peptide.

A small number of cyclic tetrapeptides were synthesised to find
the optimal conditions for cyclisation. Following this, a larger
library of 34 compounds was synthesised and these are currently
being tested for biological activity aginst a number of GPCRs.

HnB is an ideal auxiliary for this procedure due to its superior
acyl transfer properties, its ready accessibility and its photolability.
Using this auxiliary, a range of cyclic tetrapeptides may be
synthesised which would be inaccessible by other means.

Materials and methods

Thin Layer Chromatography (TLC) was performed on silica gel
60 F,s, plates (Merck). The chromatograms were viewed under
U.V. light. Flash column chromatography was performed with
flash silica gel 60 (0.063-0.200 mm, Merck). Nuclear Magnetic
Resonance spectra were recorded at 300 MHz ('H)/75 MHz (*C)
or 500 MHz ("H) on a Varian Gemini-300 or a Bruker ARX 500
spectrometer, respectively. "H and "*C chemical shifts (8) are given
in parts per million (ppm) using residual protonated solvent as
an internal standard. Coupling constants are given in Hertz (Hz).
The following abbreviations are used: s = singlet, d = doublet,
t = triplet, m = multiplet. Low resolution mass spectral data were
recorded on a Micromass LCT (TOF MS ES+) instrument. High
resolution mass spectral data was obtained on a PE Sciex API
QSTAR Pulsar (ES-QqTOF) instrument using ACP (acyl carrier
protein) (65-74) (C,;H;sN,,O, (M + H), 1063.5424) and reserpine
(C33HyN,Oy (M + H), 609.2812) as internal references. Resolution
for the instrument was set between 10,000 and 12,000 for all stan-
dards. Melting points were determined on a Bausch and Lomb hot
stage. Chiral amino acid analysis was performed by C.A.T. GmbH
& Co. Chromatographie und Analysentechnik KG, Tibingen,
Germany. Analytical reversed-phase HPLC was performed on a
Vydac Cj; column (4.6 x 250 mm). Preparative reversed phase
HPLC was performed on a Vydac Cj; column (22 x 250 mm) or
Phenomonex Jupiter 10 p 300 A Cj; column (21.2 x 100 mm).

Separations were achieved using linear gradients of buffer B in
A (A = 0.1% aqueous TFA; B = 90% CH,CN, 10% H,0, 0.09%
TFA) at a flow rate of 1 mL/min (analytical) and 20 mL/min
(preparative). Microwave irradiation of library members was per-
formed sing the Ethos Microwave Labstation (Milestone Inc., CT,
USA). Abbreviations: MeCN, acetonitrile; TFA, trifluoroacetic
acid; DCM, dichloromethane; petrol, petroleum spirit (bp 40—
60 °C); EtOAc, ethyl acetate; DIEA, diisopropylethyl amine;
AcOH, acetic acid; MeOH, methanol; Et,0, diethyl ether; DMSO,
dimethylsulfoxide; DMF, N N-dimethylformamide; HBTU,
O-benzotriazol-1-yl-N,N,N’,N -tetramethyluronium hexafluoro-
phosphate; HATU, O-(7-azabenzotriazol-1-yl)-N,N,N’,N -tetra-
methyluronium hexafluorophosphate; BOP, benzotriazol-1-yl-
oxytris(dimethyamino)phosphonium hexafluorophosphate; DIC,
diisopropylcarbodiimide; PyBOP, benzotriazole-1-yloxytripyr-
rolidinophosphonium hexafluorophosphate.

Materials

Aminomethyl polystyrene resin (sv = 0.41 mmol/g) and all
N,-Fmoc-amino acids were peptide synthesis grade purchased
from Auspep (Melbourne Australia) or Novabiochem (San
Diego, USA). Dichloromethane, diisopropylethylamine, N,N-
dimethylformamide, and trifluoroacetic acid were obtained from
Auspep (Melbourne, Australia). HPLC grade acetonitrile was
purchased from BDH (Brisbane, Australia). 2-(1H-Benzotriazol-
1-yD)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU)
was purchased from Richelieu Biotechnologies (Quebec, Canada).

"H NMR spectrometry

All NMR experiments were recorded on a Bruker ARX 500
spectrometer equipped with a z-gradient unit at 298 K except
for variable temperature experiments. Peptide concentrations were
~3 mM. Cyclo[His-(D)Arg-Phe-(D)Trp] was examined in d,-
DMSO, H,0/d;-MeCN/D,O (76.5:13.5:10) and d;-MeCN/D,O
(9:1). "H NMR experiments recorded were ROESY with mixing
time of 400 ms, TOCSY, DQF-COSY and E-COSY. All spectra
were run over 5555 Hz with 4 K data points, 16-24 scans. Spectra
was processed using XWIN-NMR and 'H chemical shifts are given
in parts per million (ppm) using residual protonated solvent as an
internal standard. Coupling constants are given in Hertz (Hz).
3 Jnmne coupling constants were measured on the 1D spectrum.

Distance restraints and structure calculations

Peak volumes in ROESY spectra were classified as strong,
medium, weak and very weak, corresponding to upper bounds
on interproton distances of 2.7, 3.5, 5.0 and 6.0 A, respectively.
Appropriate pseudoatom corrections were made,* and distances
of 0.6 and 2.0 A were added to the upper limits of restraints
involving methyl and phenyl protons, respectively. *J .1, cOupling
constants were used to determine ¢ dihedral angle restraints,* and
as all coupling constants exceeded 9.0 Hz, ¢ was restrained to +
or-120 + 30 ° for L- and D- amino acids, respectively.

Structures were calculated using the torsion angle dynam-
ics/simulated annealing protocol in X-PLOR version 3.851 using
a modified geometric force field based on parallhdg5.2.pro.’
Structure refinements were performed using energy minimisa-
tion (2000 steps) using parallhdg5.2.pro. Structure modelling,
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visualisation and superimpositions were done using Insight II
(MSI). RMS deviations, and the quality of the solution structure
was determined in X-PLOR.

Edman degradation

Edman degradation studies were performed according to the
method of Pitt et al.,’ with the following modifications. Less
than 0.01 mg cyclic peptide was treated with 25 pL of a
phenylisothiocyanate/pyridine/H,O (1:1.5:1.5) solution. The so-
lution was left at room temperature for 1.5 h under argon then the
aqueous phase was extracted twice with 400 pL hexane/EtOAc
(2:1). Trifluoroacetic acid (20 pL) was then added to the aqueous
layer, which was subsequently left at room temperature for 1 h.
Finally, 60 pL of water was added and the resulting solution
analysed by ES-MS.

Synthesis

2-Hydroxy-6-nitrobenzaldehyde (HnB)*®. meta-Nitrophenol
(10.0 g, 71.9 mmol) was dissolved in 57.1 mL 75% poly-phosphoric
acid and was heated to 100 °C. Hexamine (10.2 g, 72.4 mmol)
was then slowly added to this stirred solution. After the addition
of the hexamine, the solution was stirred for a further 50 minutes
before it was cooled and dissolved in water. This aqueous solution
was then extracted several times with ethyl acetate, before drying
the organic layer with MgSO, and removing the ethyl acetate
under vacuum. The crude product was then chromatographed
over silica gel (10% EtOAc/petrol) and dried to produce a yellow
solid (1.25 g, 7.48 mmol). Yield: 10.4%. Melting point: 51-52 °C
(lit. 53-54 °C). '"H NMR (300 MHz, CDCl;) & 7.30 (m, 1H),
7.55 (m, 1H), 7.63 (t, 1H), 10.31 (s, 1H), 12.09 (s, I1H); “C NMR
(75 MHz, CDCl,) 8§ 112.3, 116.0, 124.1, 135.9, 151.2, 163.2, 193.8.

General procedure for the synthesis for peptides

Synthesis of linear peptides on resin. All linear peptides were
chemically synthesised stepwise using Fmoc protecting groups and
in situ HBTU activation protocols as previously described.***
Coupling efficiencies were determined by the quantitative nin-
hydrin test* and recoupled where necessary to obtain >99.5%
efficiency. These peptides are displayed in Table 1.

Introduction of HnB

The 2-hydroxy-6-nitrobenzaldehyde (2 eq) was dissolved in
MeOH/DMF (1:1) (0.1 M) and added to the amino peptide resin.
After 5 min the resin was filtered and a second portion of aldehyde
(2eq) added. After another 5 min the resin was filtered and washed
with MeOH/DMF (1:1). 0.1M NaBH, (10 eq) in MeOH/DMF
(1:3) was then added and the reaction mixture left standing for
5 min. The resin was again filtered and washed with MeOH/DMF
(1:3), DMF, MeOH/DCM (1:1) and air-dried.

Cleavage

Peptides on chlorotrityl resin were cleaved using TFA (either 95%
with 5% H,0 or 1% in DCM, 10 mL/500 mg resin, 1h at RT). The
resin was filtered and solvents evaporated in vacuo. The residue
was washed with ether (2 x 10 mL) and dissolved in aqueous

acetonitrile (50%). The product was then purified by reversed-
phase HPLC.

Peptide cyclisation

1 equivalent of BOP or HATU and 2 equivalents of DIEA were
added to a 1 mM solution of the linear peptide in DMSO and
stirred for 3 h at rt. 10 equivalents of DIEA were then added
and the solution stirred overnight at 70 °C. The DMSO was then
removed under vacuum, the residue dissolved in a solution of
aqueous acetonitrile (50%) and lyophilised before purification by
reversed-phase HPLC.

General procedure for photolysis

Cyclic peptides were dissolved in 1% acetic acid/DMF to make a 1
to 0.1 mM concentration. The solution was placed in a beaker and
photolysis carried out for 5 hours using a UV lamp (350-365 nm,
20 W, Black/White/Blue). The DMF was removed under vacuum,
the residue dissolved in a solution of aqueous acetonitrile (50%)
and lyophilised, before purification by reversed-phase HPLC.

The Pbf protecting group was then removed by treating the
product with 400 pL cleavage mixture (92.5% TFA, 5% H,0, 2.5%
TiPS) for 1 hour. The TFA solution was then blown off with
argon and the residue dissolved in a small amount of acetonitrile
and lyophilised. The product was then purified by reversed-phase
HPLC.

Library synthesis of peptides

All reactions were performed on a Bohdan MiniBlock™ using
1.5 mL of solvent for all reactions and washings. All linear
peptides were chemically synthesised stepwise as before using
Fmoc protecting groups and in situ HBTU activation protocols as
previously described.** Coupling efficiencies were determined by
the quantitative ninhydrin test*! and recoupled where necessary to
obtain >99.5% efficiency. HnB was introduced as reported above.
Cleavage was performed using TFA 95% with 5% H,O, 1h at
RT. The resin was filtered and filtrate evaporated under reduced
pressure. The residue was washed with ether (2 x 10 mL) and
dissolved in aqueous acetonitrile (50%). The product was then
purified by reverse-phase HPLC (Table 6).

HATU (1 eq)and DIEA (2 eq) were added to a 1 mM solution of
the linear peptide in DMSO and stirred for 1 h at RT. Excess DIEA
(10 eq) was then added and the solution stirred for 3 h at 100 °C
using the Ethos Microwave Labstation. After ring contraction,
the solution was placed in a beaker (2 mL). AcOH was added and
photolysis was carried out for 3 hours using a UV lamp (350—
365 nm, 20 W, Black/White/Blue). The DMSO was removed
under vacuum, the residue dissolved in aqueous acetonitrile (50%)
and the product purified by reversed-phase HPLC.
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Tetra- and octavalent sialoside clusters were prepared in good yields exploiting for the first time the
multiple copper-catalyzed cycloaddition of a propargyl thiosialoside with calix[4]arene polyazides. The
cycloadducts featured the hydrolytically stable carbon-sulfur bond at the anomeric position and the
1,4-disubstituted triazole ring as the spacer between the sialic acid moieties and the platform. It was
demonstrated that these unnatural motifs did not hamper the desired biological activity of the
sialoclusters. In fact, they were able to inhibit, at submillimolar concentrations, the

hemagglutination and the viral infectivity mediated both by BK and influenza A viruses.

Introduction

Naturally occurring sialic acids constitute a family of more than 50
structurally distinct nine-carbon 3-deoxy-ulosonic acids,' the most
widespread derivative being 5- N-acetyl-neuraminic acid (Neu5SAc,
1) (Fig. 1). These monosaccharides are found at the non-reducing
end of glycoconjugates, where they are invariably a-D-linked to a
hexopyranose, usually D-galactose or D-galactosamine, or other
sialic acid fragments. Due to their peculiar position within cell-
surface glycoproteins and glycolipids, sialic acids are exposed to
the external environment and involved in numerous physiological
and pathological recognition phenomena, including the adhesion
of bacteria and viruses to human cells.?

H OH
Ho J&H o
AcHN COH
HO

1
5-Acetyl-neuraminic acid (Neu5Ac)

Fig.1 The most common sialic acid found in Nature.

Examples of the latter pathogens are the BK and influenza
A viruses. BK virus (BKV) is a human polyomavirus known
to be the etiological agent of a severe form of nephropathy,
a complication observed in 5-8% of kidney transplants, which
often leads to the organ loss.* The extensive immunosuppressive
treatment used to prevent kidney rejection enables a dramatic
enhancement of the BK'V replication resulting in the polyomavirus
associated nephropathy (PVN). However, primary infection by
BKYV is usually asymptomatic and only occasionally may be
accompanied by mild respiratory illness or urinary tract disease.
During primary infection, viremia occurs and the virus spreads
to several organs of the infected individual where it remains in

“Dipartimento di Chimica, Laboratorio di Chimica Organica, Universita di
Ferrara, Via Borsari 46, I-44100, Ferrara, Italy

*Dipartimento di Medicina Sperimentale e Diagnostica, Sezione di Microbi-
ologia, Universita di Ferrara, Via Borsari 46, I-44100, Ferrara, Italy

a latent state. Virus isolation and Southern blot hybridization
analysis established that the kidney is the main site of BKV
latency in healthy individuals. By these technical approaches,
BKYV sequences were also detected in other organs, such as
liver, stomach, lungs, parathyroid glands, and lymph nodes.* The
detection of BKV DNA in tonsils suggests that the oropharynx
may be the initial site of BKYV infection.® Besides the above
mentioned PVN disease, other inflammatory syndromes affecting
several organs were described after BKV infection or reactivation
in both immunocompetent® and immunosuppressed®’ individuals.
Moreover, an association between hemorrhagics cystitis and
BKYV was shown in immunosuppressed bone marrow transplant
recipients® as well as in immunocompetent people.’ It has been
recently demonstrated by one of us (A. C.) that whole BKYV, its
complete DNA, and also subgenomic DNA fragments containing
the early region, are able to transform embryonic fibroblasts and
cells cultured from kidney and brain of hamster, mouse, rat, rabbit
and monkey."” BKV is highly oncogenic in rodents' since young
or newborn hamsters, mice and rats, inoculated with BK'V through
different routes, developed tumors."* However, the role of BKV in
human neoplasia is still uncertain.

Since no reliable drugs against BKV are available to date,*®
there is a great need to develop new, non-conventional antiviral
molecules based on recent discoveries of the actual receptors of
BKYV onto the host cell. Early experiments showed that BK'V does
not bind to sialic acid-depleted erythrocytes? and Vero cells.®
Then, further evidence of the Neu5Ac-mediated attachment of
the virus to the cell has proved the key role exerted by 5-N-acetyl-
neuraminic acid, linked to N-glycoproteines or gangliosides, as
ligand of the viral capsid proteins.'>!® Therefore, artificial Neu5SAc-
decorated structures able to interfere with this sugar-protein
recognition process may act as anti-BKV agents. It is worth noting
that the potential of sialic acid-based unnatural ligands of BK'V, as
inhibitors of its binding to the host cell, has never been explored."”

A similar approach can be envisaged to design new antiviral
drugs against other pathogens such as the influenza A viruses,
which include the human, avian, swine, and equine influenza
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viruses. Although both influenza A and B type viruses are
responsible for annual flu epidemics in humans, only the A virus
can cause sporadic pandemics, characterized by excess mortality
and morbidity, since there is no animal reservoir of the influenza
B virus.”® Aquatic birds provide the natural reservoir for the
influenza A viruses, although avian flu is, in general, asymptomatic
in wild birds. Occasionally, highly pathogenic strains of the
influenza A viruses (e.g. H5SN1) cause serious systemic infections
in domestic poultry and even cross the species barrier infecting
humans.” These single-stranded RNA viruses carry two surface
glycoproteins, a trimeric lectin (hemagglutinin, HA)* and a
tetrameric glycosidase (neuraminidase, NA),"¢ and are subtyped
according to the reactivity of HA (15 subtypes) and NA (9
subtypes). Both proteins are present in multiple copies on the
virus surface (ca. 500 units of HA and 100 units of NA per virion)
and recognize the same host cell sugar, 5-N-acetyl-neuraminic
acid. The hemagglutinin mediates the adhesion of the virus to the
cell, followed by the fusion of viral and cell membranes, whereas
the neuraminidase cleaves the terminal sialic acid linked to the
glycoconjugate receptors to allow progeny virus release and to
promote the spread of the infection facilitating the movement
of the viral particles through mucus.*** Therefore, designed
molecules that bind stronger than the natural ligand to either HA
or NA would be, in principle, good anti-flu drugs. During the past
two decades both issues have been actively addressed, but only
some neuraminidase inhibitors,”® zanamivir (2) and oseltamivir
(3), have reached the market (Fig. 2), whereas compounds targeted
against hemagglutinin® failed to become drugs.” This was mainly
due to the weak HA-binding properties shown by monomeric
sialic acid derivatives. In fact, compound 6, one of the best
monovalent inhibitors of the bromelain-released hemagglutinin
(a soluble form of HA that lacks the C-terminal anchoring
peptide), has a dissociation constant of 3.7 uM,* only three
orders of magnitude lower than that found for methyl o-sialoside
5 (K, = 2.8 mM), the prototypal HA ligand (Fig. 3). On the other
hand, good monomeric neuraminidase inhibitors,” including the
commercially available ones, have dissociation constants in the
picomolar range.”® However, NA inhibitors are effective only
after the onset of infection in the host and are not suitable for
prophylactic purposes. To this end, a great deal of work has been
devoted to the synthesis of multivalent HA ligands,? non-natural
compounds displaying multiple copies of sialic acid moieties, for
which it was anticipated a strong HA affinity due to simultaneous
binding events.

H
o \)\
HOLANS O~—cozH o CO,Et
AcHN AcHN
)NL HN
HN” NH,
2 3

zanamivir (Relenza®) oseltamivir (T amiﬂu®)

Fig.2 Commercially available neuraminidase inhibitors.
Results and discussion

Synthesis of multivalent sialosides

Many recognition processes take place through the attachment of
multiple binding sites on one molecule (e.g. a protein) or organism

H COH H COH
Ho 8 o Ho I 9H o
AcHN O—R AcHN OCHjz
HO HO
4 R = oligosaccharidic chain 5
(natural ligand)
H COH
Ho 8" o
AN O(CH,)sCONHCH,
SO,NHCH,CO, Q
a e

N(CHz).

Fig.3 Natural and unnatural ligands of influenza A virus hemagglutinin.

(e.g. avirus) to multiple receptor sites on another one (e.g. a cell).*
The resulting affinity enhancement is orders of magnitude greater
than that expected on the basis of a mere multiplication factor
of valency. Indeed, multivalency is a means Nature has found
to increase weak interactions to biologically relevant levels. This
finding is especially important in carbohydrate-protein recognition
events, in which monovalent affinities are usually quite low. In the
case where a protein, which is bearing clustered binding sites,
links to a multivalent ligand displaying sugar units with proper
orientation and spacing, the phenomenon is termed® glycoside
cluster effect.3®

Non-natural multivalent HA ligands that present o-sialoside
units tethered to proteins,** homopeptides,*® polysaccharides,*
polymers,* liposomes,* nanostructures,’” dendrimers,*® and low
molecular weight scaffolds (to form clusters)* have been prepared
and, in most cases, tested as inhibitors of the hemagglutination
and the cytopathic effects mediated by influenza A viruses.*
High molecular weight multivalent sialosides**®” showed a po-
tent HA inhibitory activity, in some cases*" higher than that
observed for the most effective natural inhibitor (equine a,-
macroglobulin), since the minimum concentrations* required
to inhibit hemagglutination by the virus were in the nano-
or picomolar range. However, serious concerns***:37°4 were
raised about the toxicity of polymeric sialosides having a poly-
acrylamide backbone, 3% 351:35m.350.35 Tny gddition, the polydisperse
nature of macromolecular materials, which prevents rigorous
purification and characterization, together with their potential
immunogenicity, may constitute an insurmountable obstacle to the
approval as antiviral therapeutics by national regulatory agencies.
Therefore, structurally well-defined multivalent sialosides, such as
dendrimer?®® and cluster®® derivatives, are valuable lead compound
candidates.

Our interest in sugar clusters dates back to the mid-1990s, when
we reported the first synthesis* of glycosylated calixarenes (calix-
sugars) such as the water-soluble tetra-O-galactosyl-calix[4]arene
7 (Fig. 4). Then, various calixsugars were prepared by us** and
others,*** while the synthesis of hydrolytically stable, carbon-
linked glycosyl-calixarenes turned out to be a quite difficult
task. In fact, the Wittig olefination of calixarene aldehydes by
anomeric sugar phosphoranes gave poor results, since only a
bis-C-glycosylated calix[4]arene was obtained in modest yield.**
Also the approach based on the Pd(0)-mediated Sonogashira-
Heck-Cassar cross-coupling between poly-iodoarenes and ethynyl
C-glycosides (C-glycosyl acetylenes), was inefficient for the
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synthesis of C-calixsugars, while it was successfully applied to the
preparation of a different class of C-glycoside clusters.* Finally,
taking advantage of the potential of the Cu(I)-mediated azide-
alkyne cycloaddition,*™* ethynyl C-glycosides were coupled with
various scaffolds bearing multiple azide functions to give in high
yields C-glycoclusters, including the C-calixsugar 8 (Fig. 4).*
These molecules displayed a 1,4-disubstituted 1,2,3-triazole ring
as the linker, a formidable keystone,®® connecting the sugar
ligand to the scaffold. Recently, following a two-step procedure
developed by Sharpless and Demko,* the hitherto unreported 1,5-
disubstituted tetrazole-linked glycoclusters were made available as
well.*! Specifically, the facile cycloaddition between azidomethyl
C-glycosides and tosyl cyanide gave the corresponding 1-glycosyl-
S-sulfonyl-tetrazole derivatives, which were submitted to multiple
nucleophilic substitution by calixarene tetrols to afford tetravalent
C-glycoclusters,” e.g. 9 (Fig. 4).

_ Q
70 - HO%O
oH >"H
OH N=N
- Q \
8 = HO
SRR AV SN
OH
OH
9 = Ho Q
© - XA, o
OH I\
N N

Fig. 4 Calixarene-based glycoside clusters prepared in the Authors’
laboratory.

Unfortunately, the latter methodology cannot be exploited for
the synthesis of sialoside clusters, because the acyl functions of the
NeuSAc units do not tolerate the conditions of the nucleophilic
substitution step. Hence, we envisaged the copper-catalyzed azide-
alkyne cycloaddition to be a convenient entry to multivalent
sialosides. Calix[4]arenes, the most versatile members of this class
of cyclic oligophenols,®> were chosen as scaffolds due to the
easy derivatization at both the upper (wide) and lower (narrow)
rims and their three-dimensional preorganized architecture. In
particular, among the four possible conformations (cone, partial
cone, 1,2-alternate, 1,3-alternate) adopted by calix[4]arenes, the
cone conformer allows a spatially close arrangement of up to
four sugar ligands at either sides of the hydrophobic cavity. In
order to prepare glycoclusters resistant to enzymatic hydrolysis for
potential in vivo applications, the native anomeric oxygen atom of
the sialic acid moieties had to be replaced by a carbon or sulfur®®
atom. The resulting isosteres would retain the hemagglutinin
binding affinity because the functional groups involved in this
sugar-protein recognition,* i.e. axial carboxylate, amide function,
and glycerol side chain, are not altered.

Since a-D-linked C-sialosides bearing a terminal triple bond
in their aglycon chain appeared to us to be difficult access, the

known®*® propargyl thiosialoside 10 was chosen as dipolarophile
in the planned Cu-assisted cycloaddition reactions (Scheme 1). As
the 1,3-dipole counterpart, we used the calixarene tetra-azide 11,
a stable compound adopting the fixed cone conformation that has
been recently synthesized in our laboratory.* Hence, the tetra-
azide 11 was allowed to react at room temperature overnight
with the sugar alkyne 10 (1.2 equiv. per azide group) in the
presence of freshly distilled N,N-diisopropylethylamine (Hiinig’s
base) and 25 mol% of commercially available copper(I) iodide.
To achieve complete solubility of the cycloaddition partners,
anhydrous DMEF, instead of toluene, was used as the reaction
solvent. As partially deacetylated sialoclusters were formed due
to the presence of adventitious water, the crude reaction mixture
was acetylated (Ac,0, Py, r.t., 3 h). The tetravalent sialocluster
12 was isolated in 65% yield by column chromatography on
silica gel. The trivalent cycloadduct was recovered in 20% yield,
although contaminated by 12 and other byproducts. The MS and
'"H NMR analyses readily confirmed the C,-symmetric structure
of 12, while the 1,4-disubstitution pattern of the 1,2,3-triazole
spacers was firmly established by *C NMR spectroscopy. In fact,
a large positive A(S¢4 - O¢s) value (20.7 ppm) was found in the
BC spectrum of 12, as expected for 1,4-disubstituted triazole
derivatives,*” including sugar clusters.* On the other hand, it has
been demonstrated that 1,5-disubstituted triazole rings display
small negative values (ca. —5 ppm) for the chemical shift difference
of the same carbon atoms.** To provide suitable material
for biological studies, the sialocluster 12 was first deacetylated
by transesterification (MeONa, MeOH, r.t.,, 3 h) to give the
corresponding methyl ester derivative. Then, the saponification
(aqueous NaOH, r.t., 18 h) of the crude product afforded the water
soluble tetra-acid 13 in 76% overall yield after filtration through a
short column of C18 silica gel.

Aiming at investigating the effect of the chain length on the
molecular recognition properties of the sialoside clusters, we
targeted the calix[4]arene 15 in which the azide functions are
linked to the aromatic ring through single methylene spacers
(Scheme 2). Hence, the known*® upper rim calix[4]arene tetrol
14 was converted into 15 upon treatment with diphenyl phos-
phoryl azide (DPPA, 1.5 equiv. per hydroxy group) and 1,8-
diazabicyclo[5.4.0.Jundec-7-ene (DBU) at 120 °C for 15 h. After
column chromatography on silica gel, the short-arm calix[4]arene
tetra-azide 15 was isolated in 55% yield as a white crystalline solid.
The cycloaddition between 15 and the propargyl thiosialoside 10
was carried out as described above to afford the peracetylated
tetravalent sialocluster 16 in 75% isolated yield. Also in this case,
the 1,4-regiochemistry of the triazole ring was established by *C-
NMR analyses (A(8¢s - O¢s) = 20.8 ppm). Then, the removal of the
acetyl protecting groups and the hydrolysis of the methyl esters,
followed by C18 silica gel purification, gave the tetra-acid 17 in
80% yield.

The approach to sialoclusters displaying the sugar moieties close
to each other was carried out using a cone-configured calix[4]arene
azidated at the lower rim. This side of the macrocycle is signifi-
cantly narrower than the upper side. Therefore, the known*® tetra-
allyl-calixarene 18 (Scheme 3) was transformed into the tetrol 19
by one-pot multiple hydroboration and oxidation (73%). Then,
compound 19 was submitted to the azidation using DPPA and
DBU (120°C, 18 h) to give, after column chromatography on silica
gel, the lower rim tetra-azide 20 in 67% yield as a white crystalline
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solid. The Cu-catalyzed cycloaddition of 20 with thiosialoside 10
(4.8 equiv.) under standard conditions afforded crystalline 21 in
53% isolated yield. The main reason for the moderate yield of
isolated 21 was due to the loss of the product in the course of
the chromatographic purification because of the low solubility
of the cycloadduct in the eluent employed. Unfortunately, direct

L.

Scheme 1

(PhO),P(O)N3, DBU
—_—

12 R'=Ac;R®=Me (65%)

13 R'= R?=H

(76%)

10 (4.8 equiv.)
Cul, i-PraEtN
—_—

h DMF, r.t, 16 h
R'0 NHAc
% __OR'
OR'!
OR'
N CO,R?
l/ N’zN s OR'
\N / O NHAc
N OR!
R'0 OR!
16 R'=Ac;R2=Me (75%)

17 R'= R?=H (80%)

crystallization of the crude mixture, as well as size-exclusion
chromatography were not suitable means for the purification of
21. The C,-symmetric structure and the regioisomeric assignment
of the disubstituted triazole residues were confirmed by MS and
NMR analyses (see Experimental Section). Moreover, the fixed
cone conformation of the calix[4]arene scaffold was substantiated
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by the presence of signals for the equatorial and axial protons of
the methylene bridges between the phenyl rings as large doublets
at 3.15 and 4.30 ppm, respectively.” Finally, the acetyl and
methyl protecting groups were removed under basic conditions
as described for the above sialoclusters at the upper rim to give the
tetra-acid 22 in 50% yield as a white crystalline solid.

Since sialylation at either the upper or lower rim of calix[4]arene
scaffolds was quite efficient, we planned to prepare a cluster
constituted of sialic acid residues at both sides of the calixarene
cavity. In principle, such a densely sialylated molecule can bind
simultaneously to a couple of hemagglutinin trimers located onto
a single virion or two distinct viral particles. In both cases the HA
inhibitory activity was expected to be stronger than that displayed
by the tetravalent sialoclusters 13, 17, and 22. To this end, the
tetra-phenol 23 (Scheme 4) was further allylated at the lower rim
to give the octa-allyl derivative 24 in nearly quantitative yield.
The fixed cone conformation of this product was proved®” by the
presence in its "H NMR spectrum of two doublets at 3.10 and
4.38 ppm (J = 13.0 Hz) corresponding to the methylene bridges
protons. Then 24 was submitted to the hydroboration-oxidation
one-pot sequence to afford the octaol 25 (87%), which in turn was
azidated using DPPA and DBU at high temperature. The syrupy
calix[4]arene octa-azide 26 was isolated in pure form (52%) by
column chromatography on Sephadex LH-20. The purification of
this polyazide on a silica gel column was unsuccessful very likely
because of the strong interactions with this stationary phase. The
cycloaddition of 26 with propargyl thiosialoside 10 (1.2 equiv.
per azide group) was performed using our standard procedure to
give the octavalent cluster 27 in 72% yield after Sephadex LH-20
column chromatography. By means of this technique the sialoclus-
ter 27 was recovered as a brown solid, probably due to a complex

with copper salts. A colorless, analytical sample of 27 was obtained
by deacetylation, chromatography on C18 silica gel column, and
acetylation (see Experimental Section). This compound showed
very broadened signals in its '"H NMR spectrum recorded at room
temperature, probably due to a slow equilibrium between the
conformations adopted by the glycosylated chains linked to the
metacyclophane core. Fortunately, the sharp spectrum acquired
at 120 °C (in DMSO-d,) allowed to assign the C,-symmetric
structure and the cone conformation to 27, while the formation
of 1,4-disubstituted triazole rings was confirmed by “C NMR
analysis (A(S¢s - Ocs) = ~19 ppm). Although slightly contaminated
by copper salts, compound 27 was transformed into the target
octavalent sialocluster 28 by standard transesterification of the
acetate functions and methyl ester saponification, followed by
column chromatography on C18 silica gel. By this procedure, 28
was isolated in a pure form and 61% yield. Also the octavalent
sialocluster 28 showed a complex '"H NMR spectrum at 25 °C,
while raising the temperature to 120 °C caused the coalescence of
the signals.

A rigorous evaluation of the enhancement of hemagglutinin
inhibitory activity shown by glycoclusters with respect to a
monovalent ligand, i.e. the glycoside cluster effect, required a
monomeric sugar featuring the same aglycon structure.® Hence,
the thiosialoside 30 (Scheme 5) appeared to be more appropriate
than methyl O-sialoside 5 (Fig. 3) as the reference monovalent
ligand. Actually, compound 30 embodied all the functional groups
present in the above multivalent sialosides, such as the equatorial
thioglycoside linkage, the 1,4-disubstituted triazole moiety, and
the phenyl ring. Its protected derivative, the acetylated methyl
ester 29, was readily prepared in 78% yield by Cu-promoted
cycloaddition of 10 with crude benzyl azide (ca. 5 equiv.) prepared
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in situ immediately before use (Scheme 5). Then, standard
deprotection reactions allowed the conversion of 29 into water
soluble 30 in almost quantitative yield.

Biological assays

The capability of the synthesized multivalent sialosides to bind
BKYV particles was tested using the hemagglutination inhibition
(HI) assay (Table 1). All compounds were able to inactivate BKV
at submillimolar concentrations, the lower rim tetrasialoside 22
being the most potent of this set of inhibitors (0.11 mM, entry
4). Therefore, the use of the non-natural calixarene scaffold and
triazole linker did not prevent the molecular recognition properties

Table 1 HI of BKV by multivalent sialosides

Entry Compound HI activity* (mM) Relative potency®
1 30 0.28 1

2 13 0.17 (0.68)° 1.65 (0.41)¢

3 17 0.25 (1.00)° 1.12 (0.28)¢

4 22 0.11 (0.44)° 2.55 (0.64)*

5 28 0.20 (1.60)° 1.40 (0.17)¢

“Minimum concentration required for complete HI. ® All potencies
normalized to that of monovalent sialoside 30. ¢ Actual concentration
of sialic acid units.  Based on the sialic acid contents.

of the sugar ligand. Although each multivalent sialoside was
more active than the monovalent derivative 30 (relative potencies:
from 1.12 to 2.55), the same was no longer true when the actual
concentration of sialic acid moieties was taken into consideration
(relative potencies: from 0.17 to 0.64). Indeed, the installation
of multiple copies of neuraminic acid onto a platform led to
a decrease of the inhibition activity per sugar unit, this being
in contrast to the occurrence of the glycoside cluster effect.
These disappointing results may be ascribed to a low surface
concentration of viral hemagglutinin, which hampers multiple
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concomitant interactions to take place. Unfortunately, no data
are available in the literature about the number and spatial
arrangement of hemagglutinin on the BK'V surface.

Preliminary tests demonstrated that compounds 13, 17, 22, 28,
and 30 did not manifest cytotoxicity against Vero cells. Hence, to
further assess the ability of these sialosides to bind BKV virions,
experiments of neutralisation of infection were carried out. Eight
to ten days after infection in Vero cells, an evident cytopathic effect
(CPE) was present in cultures infected with the control positive,
whereas all other cultures, infected with BKV but pretreated
with the mono- and multivalent sialosides (at the concentrations
indicated in Table 1) or anti-BKV antibodies, did not show CPE. In
order to confirm these results, all media obtained from the infected
cultures were frozen and thawed three times, then submitted
to the hemagglutination assay. Only the medium derived from
cultures infected with the control positive gave hemagglutination,
indicating the formation of new viral particles due to a cycle
of BKV infection. Finally, the presence of structural antigens
was analyzed by immunofluorescence (IF) in mock-infected cells,
infected cells, and in cells infected with the artificial inhibitor-
preincubated BKV (Fig. 5). When BKV was preincubated with
the mono- and multivalent sialosides, the adsorption step was
inhibited and the nuclei of the cells did not show the presence of
viral proteins (Fig. 5c—g). The same result was obtained when the
virus was preincubated with specific antibodies (Fig. 5h), whereas
in cells infected with BKV, not pretreated, viral proteins were
expressed and the nuclei of the cells appeared fluorescent (Fig. 5b).

The biological activity of the four sialoside clusters prepared
was also tested against the influenza A virus. The standard HI
assay (Table 2) demonstrated that 13, 22, and 28 were able to
inhibit the virus-induced hemagglutination, whereas the upper rim
tetrasialoside 17 failed to show HI activity at concentrations up to
50 mM (entry 3). In striking contrast to that observed with BKYV,
the monovalent sialoside 30 was a very weak hemagglutination
inhibitor (0.28 vs. 100 mM, entry 1 in Table 1 and 2). On
the other hand, the upper and lower rim polysialosides 13, 22,
and 28 were active at submillimolar concentrations showing
similar potencies (0.25-0.37 mM). These results indicate that a
moderate glycoside cluster effect was operative since, considering
the inhibition activity per sialic acid unit, the above multivalent
sialosides were 50-83 times more active than the monovalent
derivative 30 (Table 2). Moreover, it appears from the HI assay
that the reduced length and flexibility of the methylene spacers
at the upper rim of 17 did not allow an efficient sugar-protein
recognition. Finally, the HI activity of the octasialoside 28 (Table 2,
entry 5) was close to that of the tetrasialosides 13 and 22, indicating
that only one of the two sets of sialic acid units linked at both

Table 2 HI of influenza A virus by multivalent sialosides

Entry Compound HI activity* (mM) Relative potency®
1 30 100 1

2 13 0.37 (1.48)° 270 (68)*

3 17 >50 (>200)° —

4 22 0.30 (1.20)° 333 (83)¢

5 28 0.25 (2.00)° 400 (50)*

“Minimum concentration required for complete HI. ® All potencies
normalized to that of monovalent sialoside 30. ¢ Actual concentration
of sialic acid units. ¢ Based on the sialic acid contents.

Fig. 5 Inhibition of the cytopathic effect in Vero cell cultures infected by
BKYV. The fluorescent nuclei indicate the expression of viral proteins. a)
Mock-infected cells. b) Cells infected with BKV. c-g) Cells infected with
BKYV pretreated with monovalent sialoside 30, upper rim tetrasialoside 13,
upper rim tetrasialoside 17, lower rim tetrasialoside 22, octasialoside 28,
respectively. h) Cells infected with BKV, pretreated with specific antibodies.

calixarene rims was involved in the interaction with the viral
hemagglutinin. We suspect that this behaviour is due to the
unsuitable distance between the two sets of sugar ligands, very
likely too short to allow the simultaneous binding to two distinct
virions.

The multivalent sialosides 13, 22, and 28 were also submitted to
aneutralisation assay of influenza A virus (H3N2 strain) infectivity
performed as described for the BKV (see Experimental Section).
Ten days after infection of MDCK cells, the cytopathic effect
(CPE) was present in cells infected with the virus, not pretreated,
whereas the same cultures, infected with the virus and pretreated
with the above inhibitors, did not show CPE.
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Conclusions

While non-polymeric multivalent sialosides have been already
described®®** and, in some cases, submitted to biological assays,
our results pave the way for the synthesis of viral hemagglutinin
inhibitors via multiple azide-alkyne cycloaddition. This powerful
ligation method allowed us to prepare both inhibitors of the
influenza A virus showing a moderate glycoside cluster effect and
the first artificial inhibitors of the BKV.

Experimental section

All moisture-sensitive reactions were performed under a nitro-
gen atmosphere using oven-dried glassware. Anhydrous solvents
were dried over standard drying agents® and freshly distilled
prior to use. Reactions were monitored by TLC on silica gel
60 F,; with detection by charring with sulfuric acid. Flash
column chromatography® was performed on silica gel 60 (230
400 mesh). Melting points were determined with a capillary
apparatus. Optical rotations were measured at 20 + 2 °C in
the stated solvent; [o], values are given in deg cm*g"dm™'.
'"H NMR (300 and 400 MHz) and *C NMR spectra (75 and
100 MHz) were recorded for CDCI, solutions at room temperature
unless otherwise specified. Peak assignments were aided by "H-'H
COSY and gradient-HMQC experiments. In the "H NMR spectra
reported below, the n and m values quoted in geminal or vicinal
proton-proton coupling constants J,,,, refer to the number of the
corresponding sugar protons. MALDI-TOF mass spectra were
acquired using 2,5-dihydroxy-benzoic acid as the matrix. EST mass
spectra were recorded for 6:4 CH;CN-H,O solutions containing
0.1% of trifluoroacetic acid.

5,11,17,23-Tetrakis{ { 3-{4-[(methyl 5-acetamido-4,7,8,9-tetra-O-
acetyl-3,5-dideoxy-2-thio-a-D-glycero-nD-galacto-2-nonulopyrano-
sylonate)methyl]-1H-1,2,3-triazol-1-yl} propyl} }-25,26,27,28-
tetrapropoxy-calix[4]arene (12)

A mixture of calix[4]arene tetra-azide 11 (92 mg, 0.10 mmol),
propargyl thiosialoside 10 (262 mg, 0.48 mmol), freshly distilled
N,N-diisopropylethylamine (418 pL, 2.40 mmol), Cul (23 mg,
0.12 mmol), and anhydrous DMF (5 cm®) was sonicated in an
ultrasound cleaning bath for 1 min, then magnetically stirred in the
dark at room temperature for 16 h, and concentrated. A solution
of the residue in pyridine (2 cm?) and acetic anhydride (2 cm?)
was kept at room temperature for 3 h, then concentrated, diluted
with AcOEt (100 cm?), washed with phosphate buffer at pH 7 (2 x
10 cm?®), dried (Na,S0O,), and concentrated. The residue was eluted
from a column of silica gel with acetone to give first a tris-adduct
(51 mg, 20%) slightly contaminated by the tetra-adduct 12. '"H
NMR (400 MHz) selected data: 6 7.53 (s, 1H, H-5 Tr.), 7.52 (s,
2H, 2 H-5 Tr.), 6.44 (d, 4H, J = 3.3 Hz, Ar), 6.39 (s, 4H, Ar),
4.87(ddd, 3H, Js,4 = J45 = 10.9, J3qs = 4.7 Hz, 3 H-4), 4.38 and
3.04 (2d, 8H, J = 13.0 Hz, 4 ArCH,Ar), 3.69, 3.68, and 3.66 (3 s,
9H, 3 OMe), 2.73 (dd, 3H, J3,5q = 12.8 Hz, 3 H-3eq). MALDI-
TOF MS (2561.88): 2585.9 (M* + H + Na), 2600.9 (M* + K).
Eluted second was 12 (202 mg, 65%) as a syrup; [o]p, = +40.0 (¢
0.4, CHCl;). '"H NMR (300 MHz): $ 7.56 (s, 4H, 4 H-5 Tr.), 6.44
(s, 8H, Ar), 5.52 (d, 4H, Jsxu = 10.0 Hz, 4 NH), 5.48 (ddd, 4H,
Jrs = 8.5, Jsoa = 2.7, Jso» = 5.5 Hz, 4 H-8), 5.36 (dd, 4H, J,; =

2.1 Hz, 4 H-7), 4.90 (ddd, 4H, Jy4 = 11.4, Jyqs = 4.6, Jy5 =
10.5 Hz, 4 H-4), 4.41 and 3.07 (2d, 8H, J = 13.3 Hz, 4 ArCH,Ar),
4.34 (dd, 4H, Jo.0, = 12.5 Hz, 4 H-9a), 4.23 (t, 8H, J = 7.0 Hz,
4 ArCH,CH,CH.), 4.10 (dd, 4H, 4 H-9b), 4.09 (ddd, 4H, Js, =
10.6 Hz, 4 H-5),4.03 and 3.98 (2d, 8H, J = 14.0 Hz, 4 SCH,), 3.91
(dd, 4H, 4 H-6), 3.83 (t, 8H, J = 7.5 Hz, 4 CH;CH,CH,0), 3.68
(s, 12H, 4 OMe), 2.76 (dd, 4H, J 3, 3¢ = 12.5 Hz, 4 H-3eq), 2.32 (t,
8H,J=7.2Hz,4 ArCH,CH,CH,), 2.20, 2.19, 2.16, 2.05, and 1.90
(5's,60H, 20 Ac), 2.04-1.91 (m, 20H, 4 H-3ax, 4 ArCH,CH,CH,,
4 CH,;CH,CH,0), 1.00 (t, 12H, J = 7.5 Hz, 4 CH,;CH,CH,0).
BCNMR (100 MHz): §170.8, 170.2, 170.1, and 168.2 (CO), 155.0
(C Ar), 143.2 (C-4 Tr.), 134.9 (C Ar), 133.2 (C Ar), 127.9 (CH
Ar), 122.5 (C-5Tr.), 82.8 (C-2), 76.6 (CH;CH,CH,0), 74.1 (C-6),
69.5 (C-4), 68.1 (C-8), 67.2 (C-7), 62.4 (C-9), 53.0 (OMe), 49.6
(ArCH,CH,CH,), 49.3 (C-5), 37.6 (C-3), 32.0 (ArCH,CH,CH,,
ArCH,CH,CH,), 31.0 (ArCH,Ar), 23.3 (SCH,, CH;CH,CH,O0),
23.2, 21.3, and 20.9 (CH;CO), 10.3 (CH;CH,CH,0); MALDI-
TOF MS (3107.41): 3130.3 (M* + Na), 3146.1 (M* + K). Anal.
Calcd. for C,,,H,0,N,,05,S,: C, 55.66; H, 6.23; N, 7.21. Found: C,
55.91; H, 6.35; N, 7.40.

5,11,17,23-Tetrakis{ { 3-{4-[(5-acetamido-3,5-dideoxy-2-thio-a-D-
glycero-D-galacto-2-nonulopyranosylonic acid)methyl]-1H-1,2,3-
triazol-1-yl}propyl} }-25,26,27,28-tetrapropoxy-calix[4]arene (13)

A solution of 12 (62 mg, 0.02 mmol) in a 0.2 M solution
of NaOMe in MeOH (4 cm?®, prepared from Na and MeOH
immediately before use) was stirred at room temperature for
3 h in a nitrogen atmosphere, then neutralized with Dowex
50 x 2-400 resin (H* form, activated and washed with H,O
and MeOH immediately before the use), and filtered through
a sintered glass filter. The resin was washed with MeOH, and
the solution was concentrated to give crude 5,11,17,23-tetra-
kis{{3-{4-[(methyl 5-acetamido-3,5-dideoxy-2-thio-a-D-glycero-
D-galacto-2-nonulopyranosylonate)methyl]-1 H-1,2,3-triazol-1-y1 } -

propyl}}-25,26,27,28-tetrapropoxy-calix[4]larene. 'H  NMR
(300 MHz, CD;0D) selected data: 5 7.92 (s, 4H, 4 H-5 Tr.), 6.56
(s, 8H, Ar), 4.44 and 3.11 (2d, 8H, J = 12.8 Hz, 4 ArCH,Ar),
4.21 (t, 8H, J = 6.8 Hz, 4 ArCH,CH,CH,), 4.13 and 4.01 (2d,
8H, J = 14.1 Hz, 4 SCH,), 3.79 (s, 12H, 4 OMe), 2.79 (dd, 4H,
Jreqs = 4.5, J33eq = 12.7 Hz, 4 H-3eq), 2.02 (s, 12H, 4 Ac), 1.84
(dd, 4H, J;,. = 11.3 Hz, 4 H-3ax), 1.04 (t, 12H, J = 7.4 Hz,
4 CH;CH,CH,0). A solution of the methyl ester tetra-adduct
in 0.2 M aqueous NaOH (2 cm®) was kept at room temperature
for 18 h in a nitrogen atmosphere, then neutralized with Dowex
50 x 2-400 resin, and filtered through a sintered glass filter. The
resin was washed with H,O, and the solution was concentrated.
The residue was eluted from a C18 silica gel cartridge with 1:1
H,0-MeOH, then MeOH, and dried under high vacuum to give
13 (36 mg, 76%) as an amorphous solid; [a], = +24.7 (¢ 0.7,
MeOH). '"H NMR (300 MHz, CD;0D) selected data: & 7.90
(s, 4H, 4 H-5 Tr.), 6.55 (s, 8H, Ar), 4.44 and 3.11 (2d, 8H, J =
12.8 Hz, 4 ArCH,Ar),4.20 (t,8H, J = 7.0 Hz, 4 ArCH,CH,CH,),
4.15 and 4.02 (2d, 8H, J = 14.0 Hz, 4 SCH,), 2.82 (dd, 4H,
J3eqa = 3.6, T3¢ = 12.5 Hz, 4 H-3eq), 2.03 (s, 12H, 4 Ac), 1.84
(dd, 4H, J;,., = 10.5 Hz, 4 H-3ax), 0.94 (t, 12H, J = 7.5 Hz, 4
CH;CH,CH,0). *C NMR (75 MHz, CD;0D): § 175.3 (C), 173.2
(C), 156.1 (C), 145.4 (O), 136.1 (C), 135.0 (C), 129.5 (CH), 124.9
(CH), 84.4 (C), 78.0 (CH,), 77.2 (CH), 72.7 (CH), 70.2 (CH), 69.2
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(CH), 64.5 (CH,), 53.7 (CH), 50.7 (CH,), 42.1 (CH,), 33.0 (CH,),
32.8 (CH,), 31.8 (CH,), 24.5 (CH,), 22.7 (CHj;), 10.9 (CH,). ESI
MS (2378.71): 1190.5 (M + 2)/2, 793.9 (M + 3)/3. Anal. Calcd.
for C,sH;5,N405S,: C, 54.53; H, 6.44; N, 9.42. Found: C, 54.38;
H, 6.51; N, 9.33.

5,11,17,23-Tetrakis(3-azidomethyl)-25,26,27,28-tetrapropoxy-
calix|4]arene (15)

A mixture of calixarene tetrol 14 (285 mg, 0.40 mmol),
sodium azide (208 mg, 3.20 mmol), diphenyl phosphoryl azide
(520 uL, 2.40 mmol), 1,8-diazabicyclo[5.4.0.Jundec-7-ene (240 pL,
1.60 mmol), and anhydrous DMF (4 cm?) was stirred at 120 °C
for 15 h then partially concentrated, diluted with Et,O (100 cm?),
washed with H,O (2 x 10 cm?), dried (Na,SO,), and concentrated.
The residue was eluted from a column of silica gel with 15:1
cyclohexane-AcOEt to give 15 (179 mg, 55%) as a white solid.
Mp 149-150 °C (cyclohexane). '"H NMR (300 MHz): § 6.64 (s,
8H, Ar), 4.48 and 3.18 (2d, 8H, J = 13.4 Hz, 4 ArCH,Ar), 3.98 (s,
8H, 4 CH,N,), 3.88 (t,8H, J = 7.5 Hz, 4 CH;CH,CH,0), 1.96 (tq,
8H, J =17.5,7.5 Hz, 4 CH;CH,CH,0), 1.02 (t, 12H, J = 7.5 Hz,
4 CH,CH,CH,0). "C NMR (75 MHz): § 156.5 (C), 135.2 (C),
128.6 (C), 128.5 (CH), 76.9 (CH,), 54.2 (CH,), 30.8 (CH,), 23.2
(CH,), 10.2 (CH;); MALDI-TOF MS (812.96): 835.8 (M* + Na),
851.8 (M* + K). Anal. Calcd. for C,H;,N,,0,: C, 65.01; H, 6.45;
N, 20.68. Found: C, 65.12; H, 6.52; N, 20.81.

5,11,17,23-Tetrakis{ { 4-[(methyl 5-acetamido-4,7,8,9-tetra-O-
acetyl-3,5-dideoxy-2-thio-a-D-glycero-D-galacto-2-nonulopyrano-
sylonate)methyl]-1H-1,2,3-triazol-1-yl }methyl }-25,26,27,28-tetra-
propoxy-calix|4]arene (16)

The cycloaddition between the tetra-azide 15 (24 mg, 0.03 mmol)
and propargyl thiosialoside 10 (79 mg, 0.14 mmol) was carried
out as described for the preparation of 12 to give, after acetylation
of the crude mixture and column chromatography on silica gel
(acetone), 16 (68 mg, 75%) as a syrup; [a], = +45.5 (¢ 1.0, CHCL).
"H NMR (400 MHz): § 7.40 (s, 4H, 4 H-5 Tr.), 6.58 (bs, 8H, Ar),
5.45 (ddd, 4H, J,5 = 8.5, Jy4, = 2.6, Jso, = 5.3 Hz, 4 H-8), 5.33
(dd, 4H, J,; = 2.3 Hz, 4 H-7), 5.32 (d, 4H, Jsxu = 10.0 Hz, 4
NH), 5.23 and 5.18 (2d, 8H, J = 14.6 Hz, 4 ArCH,N), 4.89 (ddd,
4H, J3s = 11.2, Jiqs = 4.7, J45 = 10.5 Hz, 4 H-4), 4.40 and
3.09 (2d, 8H, J = 13.6 Hz, 4 ArCH,Ar), 4.29 (dd, 4H, Jy, 0 =
12.5 Hz, 4 H-9a), 4.08 (dd, 4H, 4 H-9b), 4.06 (ddd, 4H, Js; =
10.7 Hz, 4 H-5), 4.00 and 3.94 (2d, 8H, J = 14.2 Hz, 4 SCH,),
3.88 (dd, 4H, 4 H-6), 3.81 (t, 8H, J = 7.5 Hz, 4 CH;CH,CH,0),
3.57 (s, 12H, 4 OMe), 2.70 (dd, 4H, J3,3, = 12.6 Hz, 4 H-3eq),
2.16, 2.14, 2.02, 2.01, and 1.88 (5 s, 60H, 20 Ac), 1.96 (dd, 4H, 4
H-3ax), 1.89 (tq, 8H, J = 7.4, 7.5 Hz, 4 CH,CH,CH,0), 0.98 (t,
12H, J = 7.4 Hz,4 CH,CH,CH,0). *C NMR (75 MHz): $ 170.8,
170.7,170.2, 170.1, and 168.2 (CO), 156.9 (C Ar), 143.2 (C-4 Tr.),
135.4 (C Ar), 128.3 (CH Ar), 128.2 (C Ar), 122.4 (C-5 Tr.), 82.9
(C-2), 77.0 (CH;CH,CH,0), 74.0 (C-6), 69.4 (C-4), 68.2 (C-8),
67.2 (C-7), 62.3 (C-9), 53.8 (ArCH,N), 52.9 (OMe), 49.3 (C-5),
37.6 (C-3), 30.8 (ArCH,Ar), 23.4 (SCH,), 23.15, 21.3, 20.80, and
20.76 (CH,CO), 23.10 (CH;CH,CH,0), 10.2 (CH,CH,CH,0);
MALDI-TOF MS (2995.19): 3018.7 (M* + Na), 3034.7 (M* +
K). Anal. Calcd. for C,;sH,4NsO5,S,: C, 54.54; H, 5.92; N, 7.48.
Found: C, 54.73; H, 6.01; N, 7.62.

5,11,17,23-Tetrakis{ {4-[(5-acetamido-3,5-dideoxy-2-thio-a-D-
glycero-D-galacto-2-nonulopyranosylonic acid)methyl]-1H-1,2,3-
triazol-1-yl} methyl}-25,26,27,28-tetrapropoxy-calix[4]arene (17)

The sialocluster 16 (30 mg, 0.01 mmol) was deacetylated and
demethylated as described for the preparation of 13. The crude
product was eluted from a C18 silica gel cartridge with MeOH,
concentrated, and dried under high vacuum to give 17 (18 mg,
80%) as an amorphous solid; [a], = +16.0 (¢ 0.5, MeOH). 'H
NMR (300 MHz, CD;0D): 3 7.86 (s, 4H, 4 H-5 Tr.), 6.69 (s, 8H,
Ar), 5.32 (s, 8H, 4 ArCH,N), 4.45 and 3.20 (2d, 8H, J = 13.3 Hz,
4 ArCH,Ar), 4.15 and 4.05 (2d, 8H, J = 14.5 Hz, 4 SCH,), 3.87
(t, 8H, J = 7.5 Hz, 4 CH,CH,CH,0), 3.81-3.72 (m, 16H), 3.67—
3.59 (m, 4H), 3.58-3.50 (m, 8H), 2.86 (bd, 4H, J;,3, = 12.0 Hz,
4 H-3eq), 2.03 (s, 12H, 4 Ac), 1.95 (tq, 8H, J = 7.5, 7.5 Hz, 4
CH,CH,CH,0), 1.76-1.68 (m, 4H, 4 H-3ax), 1.02 (t, 12H, J =
7.5 Hz, 4 CH;CH,CH,0). "C NMR (75 MHz, CD,0D): § 175.4
(C), 174.3 (C), 158.0 (O), 146.4 (C), 136.7 (C), 130.2 (C), 129.5
(CH), 124.8 (CH), 86.1 (C), 78.1 (CH,), 76.9 (CH), 70.3 (CH),
69.5 (CH), 64.5 (CH,), 54.9 (CH,), 53.9 (CH), 42.5 (CH,), 31.7
(CH,), 24.6 (CH,), 24.4 (CH,), 22.7 (CHj;), 10.7 (CHj;). ESI MS
(2266.50): 1134.4 (M + 2)/2, 756.7 (M + 3)/3. Anal. Calcd. for
CiooH 136N 1s05S,: C, 52.99; H, 6.05; N, 9.89. Found: C, 52.88; H,
6.11; N, 9.80.

25,26,27,28-Tetrakis(3-hydroxypropoxy)-calix[4]arene (19)

To a cooled (0 °C), stirred solution of 18 (1.17 g,
2.0 mmol) in anhydrous THF (10 cm®) was added dropwise 9-
boracyclo[3.3.1]nonane (48 cm?, 24.0 mmol, of a 0.5 M solution
in hexane). The solution was allowed to reach room temperature
in 1.5 h, then cooled to 0 °C and slowly diluted with 10 M
NaOH (1.5 cm?®) and 35% H,0, (3.8 c¢cm®). The mixture was
stirred at room temperature for 30 min and then warmed to
60 °C. Stirring was continued for an additional 1.5 h, then
the mixture was cooled to room temperature, diluted with 1 M
phosphate buffer at pH 7 (50 cm?), concentrated to remove the
organic solvents, and extracted with CH,Cl, (2 x 100 cm?®). The
combined organic phases were dried (Na,SO,) and concentrated.
The residue was eluted from a short column (5 x 5 cm) of silica gel
with AcOEt, then 1:1 AcOEt-acetone, acetone, and 9:1 acetone-
MeOH to give 19 (0.96 g, 73%) as a white solid. Mp 256-257 °C
(Acetone). "H NMR (300 MHz, CDCI; + D,0): 6 6.67-6.58 (m,
12H, Ar), 4.42 and 3.23 (2d, 8H, J = 13.5 Hz, 4 ArCH,Ar),
4.08 (t, 8H, J = 7.0 Hz, 4 HOCH,CH,CH,0), 3.90 (t, 8H,
J = 6.3 Hz, 4 HOCH,CH,CH,0), 2.20 (s, 3H, 0.5 (CH;),CO),
2.18 (tt, 8H, J = 6.3, 7.0 Hz, 4 HOCH,CH,CH,0). *C NMR
(75 MHz): 6 155.8 (C Ar), 134.9 (C Ar), 128.3 (CH Ar), 122.3
(CH Ar), 72.4 (HOCH,CH,CH,0), 60.2 (HOCH,CH,CH,O0),
32.9 (HOCH,CH,CH,0), 30.9 (ArCH,Ar); MALDI-TOF MS
(656.80): 679.8 (M* + Na), 695.8 (M* + K). Anal. Calcd. for
C4H,504-0.5(CH;),CO C, 72.68; H, 7.49. Found: C, 72.76; H, 7.54.

25,26,27,28-Tetrakis(3-azidopropoxy)-calix|4]arene (20)

The calixarene tetrol 19 (328 mg, 0.50 mmol) was azidated as
described for the preparation of 15 to give, after column chro-
matography on silica gel (3:1 CH,Cl,-cyclohexane), 20 (253 mg,
67%) as a white solid. Mp 108-110 °C (MeOH). 'H NMR
(300 MHz): 66.63 (s, 12H, Ar),4.36 and 3.24 (2d, 8H, J = 13.5 Hz,
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4 ArCH,Ar), 4.00 (t, 8H, J = 7.0 Hz, 4 N,CH,CH,CH,0), 3.55
(t, 8H, J = 6.7 Hz, 4 N;CH,CH,CH,0), 2.18 (tt, 8H, J = 6.7,
7.0 Hz, 4 N;CH,CH,CH,0). "C NMR (75 MHz): $ 155.8 (C),
134.7 (C), 128.4 (CH), 122.6 (CH), 71.8 (CH,), 48.7 (CH.), 30.9
(CH,), 29.5 (CH,); MALDI-TOF MS (756.86): 780.0 (M* + Na).
Anal. Calcd. for C,)H,N,,0,: C, 63.48; H, 5.86; N, 22.21. Found:
C, 63.61; H, 5.94; N, 22.30.

25,26,27,28-Tetrakis{3-{4-[(methyl 5-acetamido-4,7,8,9-tetra-O-
acetyl-3,5-dideoxy-2-thio-a-D-glycero-D-galacto-2-nonulopyrano-
sylonate)methyl]-1H-1,2,3-triazol-1-yl} propoxy } -

calix|4]arene (21)

The cycloaddition between the tetra-azide 20 (76 mg, 0.10 mmol)
and propargyl thiosialoside 10 (262 mg, 0.48 mmol) was carried
out as described for the preparation of 12 to give, after acetylation
of the crude mixture and column chromatography on silica gel
(2:1 acetone-AcOEt, then acetone), 21 (156 mg, 53%) as a white
solid. Mp 144-146 (dec.) (AcOEt-cyclohexane); [a], = +41.0 (¢
1.5, CHClL;). 'H NMR (400 MHz):  7.55 (s, 4H, 4 H-5 Tr.), 6.58
(s, 12H, Ar), 5.44(ddd, 4H, J, 3 =8.7, J39. = 2.9, J39, = 5.3 Hz, 4 H-
8),5.35(d, 4H, Jsxu = 10.0 Hz, 4 NH), 5.34 (dd, 4H, J,; = 2.3 Hz,
4H-7),4.87(ddd, 4H, J3,, s = 11.5, J3,qs = 4.5, J4s = 10.6 Hz, 4 H-
4),4.50(t,8H, J = 6.8 Hz, 4 CH,CH,CH,0), 4.30 (dd, 4H, Jy, 4, =
12.5Hz,4 H-9a),4.30 and 3.15 (2d, 8H, J = 13.6 Hz, 4 ArCH,Ar),
4.09 (dd, 4H, 4 H-9b), 4.07 (ddd, 4H, Js, = 10.8 Hz, 4 H-5), 4.02
and 3.94 (2d, 8H, J = 14.2 Hz, 4 SCH,), 3.93 (t,8H, J = 7.0 Hz, 4
CH,CH,CH,0), 3.86 (dd, 4H, 4 H-6), 3.68 (s, 12H, 4 OMe), 2.72
(dd, 4H, J;, 5, = 12.8 Hz, 4 H-3eq), 2.42 (tt,8H, J = 6.8, 7.0 Hz, 4
CH,CH,CH,0), 2.16, 2.14, 2.02, 2.01, and 1.88 (5 s, 60H, 20 Ac),
1.99(dd, 4H, 4 H-3ax). "C NMR (100 MHz): 6170.8, 170.3, 170.1,
and 168.2 (CO), 155.7 (C Ar), 143.2 (C-4 Tr.), 134.6 (C Ar), 128.5
(CH Ar), 122.9 (CH Ar), 122.6 (C-5 Tr.), 82.9 (C-2), 74.0 (C-6),
71.3 (CH,CH,CH,0), 69.5 (C-4), 68.2 (C-8), 67.2 (C-7), 62.3 (C-
9), 53.1 (OMe), 49.2 (C-5), 47.4 (CH,CH,CH,0), 37.6 (C-3), 30.9
(ArCH,Ar, CH,CH,CH,0), 23.3 (SCH,, CH,CH,CH,0), 23.2,
21.3, and 20.8 (CH;CO); MALDI-TOF MS (2939.09): 2961.1
(M* + Na), 2977.1 (M* + K). Anal. Calcd. for C 5, H ;N cOs5,S,:
C, 53.94; H, 5.76; N, 7.63. Found: C, 54.08; H, 5.82; N, 7.80.

25,26,27,28-Tetrakis{ 3-{4-[(5-acetamido-3,5-dideoxy-2-thio-o-D-
glycero-D-galacto-2-nonulopyranosylonic acid)methyl]-1H-1,2,3-
triazol-1-yl} propoxy } -calix[4]arene (22)

The sialocluster 21 (59 mg, 0.02 mmol) was deacetylated and
demethylated as described for the preparation of 13. The crude
product was eluted from a C18 silica gel cartridge with 1:1 H,O-
MeOH, then MeOH, concentrated, and dried under high vacuum
to give 22 (22 mg, 50%) as a white solid. Mp 192-194 (dec.)
(AcOEY); [o]lp = +28.9 (¢ 0.9, MeOH). 'H NMR (400 MHz,
CD;0D): 8 7.95 (s, 4H, 4 H-5 Tr.), 6.63-6.55 (m, 12H, Ar), 4.58
(t, 8H, J = 6.7 Hz, 4 CH,CH,CH,0), 4.36 and 3.15 (2d, 8H,
J =13.6 Hz, 4 ArCH,Ar), 4.12 and 4.01 (2d, 8H, J = 14.5 Hz, 4
SCH,), 3.92 (t, 8H, J = 6.6 Hz, 4 CH,CH,CH,0), 3.84-3.71 (m,
16H), 3.61 (dd, 4H, Jg, = 5.4, Jo,0o = 11.3 Hz, 4 H-9b), 3.54-3.48
(m, 8H), 2.79 (dd, 4H, Jsqs = 4.5, J3u3e = 12.8 Hz, 4 H-3eq),
2.47 (tt, 8H, J = 6.6, 6.7 Hz, 4 CH,CH,CH,0), 2.00 (s, 12H, 4
Ac), 1.79 (dd, 4H, J;,,, = 10.8, 4 H-3ax). “C NMR (75 MHz,
CD;0D): 6 175.2 (C), 173.0 (C), 157.1 (C), 145.6 (C), 136.1 (C),

129.6 (CH), 125.2 (CH), 123.6 (CH), 84.2 (C), 77.2 (CH), 72.7
(CH), 72.7 (CH,), 70.2 (CH), 69.1 (CH), 64.5 (CH,), 53.7 (CH),
48.9 (CH,), 42.0 (CH,), 32.0 (CH,), 24.5 (CH,), 22.7 (CH,). ESI
MS (2210.39): 1106.2 (M + 2)/2, 738.0 (M + 3)/3. Anal. Calcd.
for CosH 55N ,4O0+S4: C, 52.16; H, 5.84; N, 10.14. Found: C, 52.10;
H, 5.89; N, 10.03.

5,11,17,23-Tetra-allyl-25,26,27,28-allyloxy-calix[4]arene (24)

To a cooled (0 °C), stirred solution of tetrol 23 (1.05 g, 1.8 mmol)
in DMF (18 cm®) was added NaH (0.43 g, 10.8 mmol, of a 60%
dispersion in oil) and, after 15 min, allyl bromide (0.75 cm?,
8.6 mmol). The mixture was stirred at room temperature for 2 h,
then diluted with CH;OH (1 ¢cm?) and, after 10 min, diluted with
1 M phosphate buffer at pH 7 (50 cm?) and extracted with Et,O
(2 x 100 cm?®). The combined organic phases were dried (Na,SO,)
and concentrated. The residue was eluted from a column of silica
gel with 2:1 cyclohexane-CH,Cl, to give 24 (1.31 g, 98%) as a
syrup. '"H NMR (300 MHz): 3 6.50 (s, 8H, Ar), 6.38 (ddt, 4H,
J = 6.4,10.3, 17.2 Hz, 4 CH,=CHCH,0), 5.82 (ddt, 4H, J =
6.5, 10.2, 17.0 Hz, 4 ArCH,CH=CH,), 5.27 (ddt, 4H, J = 1.5,
1.5, 17.2 Hz, Hcis of 4 CH,=CHCH,0), 5.19 (ddt, 4H, J = 1.1,
1.5, 10.3 Hz, Htrans of 4 CH,=CHCH,O0), 4.98 (ddt, 4H, J =
1.5, 1.8, 10.2 Hz, Htrans of 4 ArCH,CH=CH,), 4.90 (ddt, 4H,
J =138, 1.8, 17.0 Hz, Hcis of 4 ArCH,CH=CH,), 4.46 (ddd, 8H,
J=1.1,1.5, 6.4 Hz, 4 CH,=CHCH,0), 4.38 and 3.10 (2d, 8H,
J =13.0 Hz, 4 ArCH,Ar), 3.09 (ddd, 8H, J = 1.5, 1.8, 6.5 Hz, 4
ArCH,CH=CH,). *C NMR (75 MHz): 3 154.1 (C), 138.2 (CH),
135.9 (CH), 134.9 (C), 133.2 (C), 128.3 (CH), 116.7 (CH,), 114.9
(CH,), 75.9 (CH,), 39.4 (CH,), 31.3 (CH,), 26.9 (CH,). MALDI-
TOF MS (745.00): 767.9 (M* + Na), 783.9 (M* + K). Anal. Calcd.
for C;,H;,O,: C, 83.83; H, 7.58. Found: C, 84.02; H, 7.70.

5,11,17,23-Tetrakis(3-hydroxypropyl)-25,26,27,28-tetrakis(3-
hydroxypropoxy)-calix[4]arene (25)

The octa-allyl-calixarene 24 (372 mg, 0.50 mmol) was submitted
to the hydroboration-oxidation as described for the preparation of
19. The crude mixture was triturated with cyclohexane, then Et,0,
and finally with AcOEt to give 25 (386 mg, 87%) as a white solid.
Mp. 213-215 °C (Acetone). '"H NMR (300 MHz, DMSO-d¢ +
D,0): 5 6.47 (s, 8H, Ar), 4.28 and 3.05 (2d, 8H, J = 12.7 Hz,
4 ArCH,Ar), 3.86 (t, 8H, J = 7.3 Hz, 4 HOCH,CH,CH,O0),
357 (t, 8H, J = 6.3 Hz, 4 HOCH,CH,CH,0), 3.30 (t,
8H, J = 6.3 Hz, 4 ArCH,CH,CH,0OH), 224 (t, 8H, J =
7.5 Hz, 4 ArCH,CH,CH,0OH), 2.03 (tt, 8H, J = 6.3, 7.3 Hz,
4 HOCH,CH,CH,O), 148 (tt, 8H, J = 6.3, 7.5 Hz, 4
ArCH,CH,CH,OH). “C NMR (75 MHz, DMSO-d,): 8 154.0
(©), 134.9(0), 134.0 (C), 127.7 (CH), 72.3 (CH,), 60.0 (CH,), 58.1
(CH,), 34.3 (CH,), 33.0 (CH,), 31.0 (CH,). MALDI-TOF MS
(889.12): 912.1 (M* + Na). Anal. Calcd. for C;,H;,0,,: C, 70.24;
H, 8.16. Found: C, 70.40; H, 8.27.

5,11,17,23-Tetrakis(3-azidopropyl)-25,26,27,28-tetrakis(3-
azidopropoxy)-calix[4]arene (26)

The calixarene octaol 25 (178 mg, 0.20 mmol) was azidated
as described for the preparation of 15 to give, after column
chromatography on Sephadex LH-20 (CH,Cl,), 26 (113 mg, 52%)
as a dark yellow syrup. An analytical sample was obtained by
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chromatography on preparative TLC (silica gel 60, 0.5 mm, 3.5:1
CH,Cl,-cyclohexane). '"HNMR (300 MHz): 66.48 (s, 8H, Ar), 4.30
and3.15(2d,8H,J=13.4Hz,4 ArCH,Ar),3.97(t,8H,J =7.2Hz,
4 CH,CH,CH,0), 3.54 (t, 8H, J = 6.7 Hz, 4 ArCH,CH,CH,),
3.19 (t, 8H, J = 6.8 Hz, 4 CH,CH,CH,0), 2.40 (t, 8H, J =
7.5 Hz, 4 ArCH,CH,CH,), 2.19 (tt, 8H, J = 6.8, 7.2 Hz, 4
CH,CH,CH,0), 1.73 (tt, 8H, J = 6.7, 7.5 Hz, 4 ArCH,CH,CH,).
BC NMR (75 MHz): § 154.0 (C Ar), 134.6 (C Ar), 1344 (C
Ar), 128.3 (CH Ar), 72.0 (CH,CH,CH,0), 50.5 (CH,CH,CH,0),
48.7 (ArCH,CH,CH,), 32.0 (ArCH,CH,CH,), 30.9 (ArCH,Ar),
30.5 (ArCH,CH,CH,), 29.5 (CH,CH,CH,0). MALDI-TOF MS
(1089.22): 1112.4 (M* + Na). Anal. Calcd. for C;;Hg,N,,O,: C,
57.34; H, 5.92; N, 30.86. Found: C, 57.56; H, 6.08; N, 31.01.

5,11,17,23-Tetrakis{3-{4-[(methyl 5-acetamido-4,7,8,9-tetra-O-
acetyl-3,5-dideoxy-2-thio-a-D-glycero-np-galacto-2-nonulopyrano-
sylonate)methyl]-1H-1,2,3-triazol-1-yl } propyl }-25,26,27,28-
tetrakis{3-{4-[(methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-
dideoxy-2-thio-a-D-glycero-D-galacto-2-nonulopyranosylonate)-
methyl]-1H-1,2,3-triazol-1-yl } propoxy }-calix[4]arene (27)

The cycloaddition between the octa-azide 26 (44 mg, 0.04 mmol)
and propargyl thiosialoside 10 (209 mg, 0.38 mmol) was carried
out as described for the preparation of 12. The crude mixture was
acetylated (1:1 pyridine-acetic anhydride) at room temperature
for 3 h and concentrated. A solution of the residue in AcOEt
(40 cm?) was washed with phosphate buffer at pH 7 (10 cm?)
and water (10 cm®), then concentrated. The residue was eluted
from a column of Sephadex LH-20 with 1:1 CH,Cl,-MeOH to
give 27 (157 mg, 72%) as a light brown solid. In order to obtain
an analytical sample, compound 27 was deacetylated under basic
conditions (MeOH, Dowex 1 x 8 resin, r.t., 48 h), eluted from a
Cl18 silica gel cartridge with MeOH, and acetylated (1:1 pyridine-
Ac,0, r.t., 14 h). A solution of the residue in CH,Cl, was washed
with water and concentrated to give 27 as a colorless amorphous
solid; [a]p, = +43.8 (¢ 0.5, CHCI;). '"H NMR (300 MHz, DMSO-
ds, 120 °C) selected data: 6 7.84 (s, 4H, 4 H-5 Tr.), 7.79 (s, 4H, 4
H-5 Tr.), 7.38 (bd, 8H, Jsxu = 9.0 Hz, 8 NH), 6.53 (s, 8H, Ar),
5.37-5.30 (m, 8H, 8 H-8), 5.21 (bd, 8H, J,5 = 7.0 Hz, 8 H-7), 4.82
(ddd, 8H, Js,.4 = 11.0, J3eq4 = 4.5, J45 = 10.0 Hz, 8 H-4), 4.50
(t, 8H, J = 6.8 Hz, 4 CH,CH,CH,0), 4.20 (t, 8H, J/ = 6.6 Hz, 4
ArCH,CH,CH,), 3.77 (s, 12H, 4 OMe), 3.75 (s, 12H, 4 OMe), 3.12
(d,4H, J = 13.0 Hz, 4 Heq of 4 ArCH,Ar), 2.71 (dd, 8H, Jiu 36 =
12.8 Hz, 8 H-3eq), 2.08 and 2.07 (2 s, 24H, 8 Ac), 2.04 (s, 24H, 8
Ac), 1.96 and 1.95 (2's, 24H, 8 Ac), 1.94 (s, 24H, 8 Ac), 1.84 (dd,
8H, 8 H-3ax), 1.72 (s, 24H, 8 Ac). "C NMR (75 MHz, DMSO-d)
selected data: 6 170.0, 169.6, 169.4, 169.2, 169.0, and 168.0 (CO),
153.7 (C Ar), 141.8 (C-4 Tr.), 141.7 (C-4 Tr.), 134.0 (C Ar), 128.0
(CH Ar), 123.2 (C-5 Tr.), 123.0 (C-5 Tr.), 82.6 (C-2), 73.5 (C-6),
69.4 (C-4), 67.5 (C-8), 66.9 (C-7), 61.8 (C-9), 53.0 (OMe), 47.6
(C-5), 37.2 (C-3), 22.5, 20.9, and 20.5 (CH;CO); MALDI-TOF
MS (5453.69): 5477.8 (M* + H + Na), 5492.7 (M* + K). Anal.
Calcd. for Cy3sH;,N3,0,60S5: C, 51.97; H, 5.77; N, 8.22. Found: C,
52.26; H, 5.89; N, 8.40.

5,11,17,23-Tetrakis{ 3-{4-[(5-acetamido-3,5-dideoxy-2-thio-a-D-
glycero-D-galacto-2-nonulopyranosylonic acid)methyl]-1H-1,2,3-
triazol-1-yl} propyl }-25,26,27,28-tetrakis{3-{4-[(5-acetamido-3,5-

dideoxy-2-thio-0-D-glycero-D-galacto-2-nonulopyranosylonic
acid)methyl]-1H-1,2,3-triazol-1-yl} propoxy } -calix[4]arene (28)

A solution of 27 (54 mg, 0.01 mmol) in a 0.2 M solution of NaOMe
in MeOH (3 cm?, prepared from Na and MeOH immediately
before the use) was stirred at room temperature in a nitrogen
atmosphere. After 1.5 h the solution turned turbid, therefore
was diluted with H,O (ca. 1 cm®) and stirred for an additional
2 h, then neutralized with Dowex 50 x 2-400 resin (H* form,
activated and washed with H,O and MeOH immediately before
the use), and filtered through a sintered glass filter. The resin was
washed with H,O and MeOH, and the solution was concentrated.
A solution of the methyl ester octa-adduct in 0.2 M aqueous
NaOH (3 cm®) was kept at room temperature for 24 h in a nitrogen
atmosphere, then neutralized with Dowex 50 x 2-400 resin, and
filtered through a sintered glass filter. The resin was washed with
H,O, and the solution was concentrated. The residue was eluted
from a C18 silica gel cartridge with H,O-MeOH (from 2:1 to 1:1),
then MeOH, and dried under high vacuum to give 28 (24 mg,
61%) an amorphous solid; [a], = +6.7 (¢ 0.2, H,0). 'H NMR
(300 MHz, DMSO-d, + D,O, 120 °C) selected data: & 7.88 (bs,
4H, 4 H-5 Tr.), 7.81 (bs, 4H, 4 H-5 Tr.), 6.45 (s, 8H, Ar), 1.90 (s,
24H, 8 Ac). "C NMR (75 MHz, DMSO-d; + D,0) selected data:
8 173.5 (C), 172.0 (C), 144.9 (C), 134.8 (C), 128.7 (CH), 124.0
(CH), 85.8 (©), 75.5 (CH), 71.9 (CH), 69.3 (CH), 68.1 (CH), 63.4
(CH,), 53.1 (CH), 49.5 (CH,), 47.5 (CH,), 42.2 (CH,), 31.7 (CH,),
30.5 (CH,), 23.9 (CH,), 23.0 (CH;). ESI MS (3996.30): 1332.9
(M + 3)/3,1000.6 (M + 4)/4. Anal. Calcd. for C,sH,5,N;,04Ss:
C,49.29; H, 5.85; N, 11.22. Found: C, 49.15; H, 5.92; N, 11.13.

1-Benzyl-4-[(methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-
dideoxy-2-thio-a-D-glycero-D-galacto-2-nonulopyranosylonate)-
methyl]-1H-1,2,3-triazole (29)

A mixture of benzyl bromide (150 pL, 1.26 mmol), sodium
azide (246 mg, 3.78 mmol), and MeOH (2.5 ¢cm®) was stirred
at room temperature for 16 h, then partially concentrated using
a stream of nitrogen, diluted with H,O (10 cm?), and extracted
with Et,0 (2 x 20 cm?®). The combined organic phases were
dried (Na,S0Q,), the solvent was partially removed under vacuum,
and the solution concentrated to dryness using a stream of
nitrogen to give benzyl azide as a colorless oil, which was used
in the next step without further purification. A mixture of crude
benzyl azide (ca. 1.25 mmol), propargyl thiosialoside 10 (138 mg,
0.25 mmol), freshly distilled N,N-diisopropylethylamine (220 puL,
1.26 mmol), Cul (12 mg, 0.06 mmol), and anhydrous DMF
(2.5 cm®) was sonicated in an ultrasound cleaning bath for 1 min,
then magnetically stirred in the dark at room temperature for 6 h,
and concentrated. A solution of the residue in pyridine (1 cm?)
and acetic anhydride (1 cm?®) was kept at room temperature for
14 h, then concentrated. The residue was eluted from a column
of silica gel with AcOEt to give 29 (134 mg, 78%) as a colorless
syrup; [a]lp = +37.0 (¢ 1.3, CHCL;). '"H NMR (300 MHz): 6 7.48
(s, 1H, H-5 Tr.), 7.42-7.28 (m, 5H, Ar), 5.56 and 5.47 (2d, 2H,
J =14.8 Hz, PhCH,), 5.45 (ddd, 1H, J,5 = 8.9, Jy9, = 2.7, Jgoo =
5.5Hz,H-8),5.32(dd, 1H, J,; =2.1 Hz, H-7), 5.17 (d, 1H, Jsxu =
10.0 Hz, NH), 4.87 (ddd, 1H, Ji,4 = 11.6, Jsqs = 4.5, Ju5 =
10.6 Hz, H-4), 4.30 (dd, 1H, Jo,, = 12.5 Hz, H-9a), 4.07 (dd, 1H,
H-9b), 4.06 (ddd, 1H, Jsc = 10.8 Hz, H-5), 4.01 and 3.97 (2d, 2H,
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J = 13.5 Hz, SCH,), 3.85 (dd, 1H, H-6), 3.58 (s, 3H, OMe), 2.72
(dd, 1H, J3,34 = 12.7 Hz, H-3eq), 2.16, 2.14, 2.04, 2.02, and 1.89
(5s,15H,5Ac), 1.99(dd, 1H, H-3ax). *CNMR (75MHz): 6170.8,
170.7, 170.2, 170.1, and 168.1 (CO), 143.9 (C-4 Tr.), 134.7 (C Ar),
129.0 (CH Ar), 128.7 (CH Ar), 128.1 (CH Ar), 122.4(C-5Tr.), 82.7
(C-2),73.9(C-6),69.4(C-4),68.1 (C-8),67.2 (C-7),62.3(C-9), 54.0
(PhCH,), 52.8 (OMe), 49.3 (C-5), 37.6 (C-3), 23.14 (SCH,), 23.10,
21.1, 20.8, and 20.7 (CH;CO); MALDI-TOF MS (678.71): 701.2
(M* + Na), 717.8 (M* + K). Anal. Calcd. for C;)HxN,O,,S: C,
53.09; H, 5.64; N, 8.25. Found: C, 53.26; H, 5.77; N, 8.40.

1-Benzyl-4-[(5-acetamido-3,5-dideoxy-2-thio-a-D-glycero-D-
galacto-2-nonulopyranosylonic acid)methyl]-1H-1,2,3-
triazole (30)

The thioglycoside 29 (68 mg, 0.10 mmol) was deacetylated as
described for the preparation of 13 to give crude 1-benzyl-
4-[(methyl 5-acetamido-3,5-dideoxy-2-thio-a-D-glycero-D-galacto-
2-nonulopyranosylonate)methyl]-1H-1,2,3-triazole (52 mg). 'H
NMR (300 MHz, D,O) selected data: & 7.78 (s, 1H, H-5 Tr.),
7.33-7.22 (m, 5H, Ar), 5.43 (s, 2H, PhCH,), 3.95 and 3.80 (2d,
2H, J =11.0 Hz, SCH,), 3.24 (s, 3H, OMe), 2.62 (dd, 1H, J3..4 =
4.6, Jyiq = 12.9 Hz, H-3eq), 1.88 (s, 3H, Ac), 1.70 (dd, 1H,
Jswa = 11.6 Hz, H-3ax). The crude methyl ester derivative was
hydrolyzed as described for the preparation of 13 to give, after
chromatography (C18 silica gel cartridge, 2:1 MeOH-H,0) 30
(48 mg, 96%) as an amorphous solid; [a], = +1.8 (¢ 0.2, MeOH).
'H NMR (300 MHz, D,0) selected data: 6 7.78 (s, 1H, H-5 Tr.),
7.32-7.26 (m, 3H, Ar), 7.24-7.18 (m, 2H, Ar), 5.46 (s, 2H, PhCH,),
3.88 and 3.78 (2d, 2H, J = 15.0 Hz, SCH,), 3.66 (dd, 1H, J,5 =
Jss = 10.3 Hz, H-5), 3.52 (ddd, 1H, J3,, = 11.2, J3q4 = 4.8 Hz,
H-4),2.64 (dd, 1H, J3,3., = 12.8 Hz, H-3eq), 1.88 (s, 3H, Ac), 1.68
(dd, 1H, H-3ax). "C NMR (75 MHz, D,0): 5 175.2 (C), 174.0 (C),
145.6 (C), 135.0 (C), 129.3 (CH), 128.9 (CH), 128.2 (CH), 124.4
(CH), 86.4 (C), 74.9 (CH), 71.9 (CH), 68.7 (CH), 68.1 (CH), 62.5
(CH,), 54.0 (CH,), 51.8 (CH), 40.8 (CH,), 23.7 (CH,), 22.2 (CHj;).
Anal. Calcd. for C,;H,sN,OsS: C, 50.80; H, 5.68; N, 11.28. Found:
C, 50.68; H, 5.75; N, 11.20.

Cells and viruses

Vero and MDCK cells were grown and propagated in Dul-
becco’s modified Eagle’s minimal essential medium (DMEM)
supplemented with 10% foetal calf serum (FCS) at 37 °C in
a humidified atmosphere with 5% CO,. Prototype BKV was
grown in Vero cells as described previously.®® BKV was titrated
by hemagglutination of type 0 human erythrocytes® and by the
fluorescent antibody (FA) focus assay in Vero cells.®® Influenza A
virus (H3N2 strain) was grown in MDCK cell monolayers and
viral hemagglutination units (HAU) were determined as described
previously.®

Hemagglutination and hemagglutination-inhibition assays

Hemagglutination titration was carried out in a plastic 96-well
microplate. 25 uL of virus were diluted serially with 25 pL of
phosphate-buffered saline at pH 7.4 (PBS) and to each dilution
was added 50 puL of a 1% suspension of group 0 human red cells.
After the addition of erythrocytes the microplate was kept at 4 °C

for 5 h. The hemagglutination titer was calculated on the basis of
the highest virus dilution that gave a complete hemagglutination.

For HI titrations, the compounds were diluted serially with
25 uL of PBS on a microtiter plate. A 25 uL of viral suspension
containing eight hemagglutination doses were added to each well
and the mixture was kept at 37 °C for 1 h. Then 50 pL of a 1%
suspension of red cells in PBS were added to each well. The results
were read after 5 h of incubation at 4 °C. The HI titer was defined
as the maximum dilution of each compound that caused complete
inhibition of viral hemagglutination.

Neutralisation assay of viral infectivity

Neutralisation of viral infectivity was carried out by incubating
different amounts of each compound with 10-50 TCIDs, (50%
tissue-culture infectious dose) of BKV or influenza A virus at
37°Cfor 1 h. Then, the suspensions were added to Vero or MDCK
monolayers and, after 2 h at 37 °C, the inoculum was removed,
the monolayers were washed three times with DMEM, and then
incubated in the medium containing 2% FCS. The cultures were
observed by light microscope for the presence of viral cytopathic
effects (CPE) for 8-10 days. As a positive control, two cultures
were infected with the virus alone and as a negative control, two
monolayers were inoculated with the virus pre-treated with specific
antibodies. Then, when the positive controls developed CPE, the
medium of each well was frozen awaiting determination of the
presence of virions by hemagglutination.

Immunofluorescence

Viral coat protein antigens were detected by indirect immunoflu-
orescence. Subconfluent cell monolayers, cultured on cover slips,
were infected with BK or influenza A viruses, pre-treated or not
with the sugar derivatives under examination. Four to six days
after infection, cultures were fixed for 10 min in cold acetone,
incubated at 37 °C for 30 min with specific antibodies anti-coat
antigens, washed three times in PBS, and incubated at 37 °C
for 30 min with fluorescein-conjugated goat anti-rabbit IgGs
(Antibodies Incorporated, Davis, CA). After extensive washing
in PBS, the preparations were mounted in buffered glycerol and
observed with a fluorescence microscope.
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As part of a study to confirm putative structural assignments to new gibberellins and to furnish
sufficient quantities for biological investigations, a twenty step synthesis of 18-hydroxy GA, from
gibberellic acid (GA;) is described, allowing the confirmation of structure for a new gibberellin, GA 3,
that occurs in developing grains of barley (Hordeum vulgare). The early part of the sequence involved
cleavage of the C(3)-C(4) bond in the A-ring of a 3-oxo intermediate. The ring was then reformed as
part of a “domino” process involving the conjugate addition of alkoxide to an a-methylene lactone
moiety followed by an intramolecular aldol reaction. The bioactivities of the new GA, and its
18-hydroxy-GA, relative, have been confirmed in dwarf barley growth and o-amylase induction assays.

Introduction

Gibberellins (“GAs”) in which the 18-methyl group has under-
gone oxidation have been isolated from immature seeds of the
sword bean (Canavalia gladiata)' and from both immature and
germinated barley grain (Hordeum vulgare). GAs from the latter
species were identified as putative 18-OH derivatives of GA, (1),
GA, (2), GA;, (3) and GA; (4)* on the basis of GC-MS spectral
comparisons and KRIs* of reference compounds that were derived
from metabolic feeds of 18-hydroxy GA,, to the fungus Gibberella
Sfujikuroi B1-41a.> We have recently confirmed the identity of 18-
hydroxy GA, by synthesis® and have now embarked upon the
preparation of 18-hydroxy GA, with a view to confirming both
the identity of the endogenous material and providing sufficient
material to assess its bioactivity.

1(R =OH)
2(R =H)

Results and discussion

Our first attempt to prepare 18-hydroxy-GA, followed the same
strategy that we had employed in the synthesis of 18-hydroxy-
GA,® and is outlined in Scheme 1. Initially, we employed ketone
5,7 and although the preparation of 6 proceeded smoothly, yields
for subsequent steps en route to the ene-lactone 9 were less than
satisfactory (for details see experimental section).
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\\\OAc

CO,Me CO,Me

RO
Scheme 1  Reagents: i, NaOH, H,O-THF; ii, EtOCOCI, Et;N; NaBH,;
iii, LDA; CBr,.

We suspected that the problems arose from our choice of acetate
for the protection of the 13-hydroxyl and accordingly employed a
MOM ether group instead. The preparation of an advanced 18-
substituted intermediate then proceeded uneventfully and mostly
in excellent yield as outlined in Scheme 2, although, as in the
GA, series, reduction of acid 14 proved to be problematical. Thus,
the A-ring double bond in 12 was removed by conjugate hydride
addition following Hanson’s protocol® and after reconstitution of
the 3-oxo function to give ketone 13, cleavage of the A-ring was
readily achieved by means of a retro-Claisen reaction induced by
brief treatment (3 minutes) with NaOH in aqueous THF.® Under
these conditions, a 5 : 1 mixture of C4 epimers was obtained
with the endo-methyl isomer predominating.'® Attempts to reduce
the 3-carboxyl by the standard treatment with NaBH, of the
mixed anhydride formed from ethyl chloroformate! that had been
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Scheme 2 Reagents: i, Ac,0O, Et;N; ii, MOMCI, iPr,NEt; iii, K,CO;,
MeOH; iv, H,CrO,; v, NaBH,, CuCl; vi, NaOH, H,O-THF; vii, BOP,
iPr,NEt; NaBH,; viii, TBSCI, imidazole, Et;N; ix, LDA; CBr,; x, TBAF;
xi, Dess—Martin periodinane; xii, ROH, DBU.

reasonably effective in the GA, series proved to be unsatisfactory,
as did numerous other methods; only a procedure utilizing
benzotriazol-1-yloxytris(dimethylamino)phosphonium hexafluo-
rophosphate (“BOP”)'? proved to be acceptable.

To prepare 16, it was thought to be necessary to protect the free
C-3 hydroxyl, and accordingly the rerz-butyldimethylsilyl ether 15
was formed in quantitative yield using standard conditions. Sub-
sequent treatment with LDA followed by tetrabromomethane'
afforded a bromolactone in excellent yield (99%) which, when
treated with TBAF, afforded carbinol 16 in 62% yield, the reagent
effecting both elimination of HBr and liberation of the 3-hydroxyl.
Then, formation of aldehyde 17 was smoothly achieved by Dess—
Martin periodinane oxidation'* as a prelude to carrying out the
desired domino transformation to 18 (R = CH,CH=CH,) by
means of the conjugate addition of allyl alcohol followed by an
aldol reaction. This process resulted in a 62% yield of a 2 : 1
mixture of the 3a-epimer with the 3B-diastereomer. Unfortunately,
we could not remove the allyl group® from the 3B-epimer and
achieved only a 40% yield with the 3o-epimer. We therefore
examined a number of other alcohols that might generate a C-
18 protecting group that would be more amenable to removal
(Scheme 3).

We also hoped to improve the total yield and proportion of the
3B-epimer. The outcomes for small scale experiments are displayed
in Table 1. Once reproducibility and yields on a larger scale were
taken into account, we decided in favour of the benzyloxy adduct,

CO,Me

19a R = allyl 19b R = allyl

20a R = propargyll 20b R = propargyll

21b R = trichloroethyl
22b R = hydroxyethyll
23b R = benzyl

24b R = pmethoxybenzyl

25b R = phenylethyl

21a R = trichloroethyl
22a R = hydroxyethyll
23a R = benzyl

24a R = pmethoxybenzyl
25a R = phenylethyl

26a R = hydroxypropyl

Scheme 3 Products from alkoxide additions to aldehyde 15.

even though the 3B : 3a ratio was unfavourable and the 16-ene
function would complicate removal of the benzyl group.

We dealt with the first issue through base catalysed equilibration
of the 3u-epimer which afforded a 2 : 1 mixture favouring
the 3o-epimer; separation, and recycling was effected with 92%
recovery for each cycle.® Then, as outlined in Scheme 4, 23b was
oxidised first to the 17-nor-ketone with OsO,~NalO,' to allow
hydrogenolytic removal of the benzyl group,® resulting in diol 27.

Scheme 4  Reagents: i, OsO,, NalO,; ii, H,, Pd(OH),-C; iii, CH,Br,, Zn,
TiCl4; iv, DHP, Py.HOTs; v, nBuSLi, HMPA; vi, Dowex (H").

The A' double bond was restored by means of the Lom-
bardo procedure," the product protected as bis-tetrahydropyranyl
adduct 28, and then the ester function demethylated with lithium
propanethiolate.®® Finally, the target GA (1) was liberated by
acidic hydrolysis with Dowex resin. Confirmation of structure
for the putative 18-hydroxy-GA, was then established by GCMS
comparison of the silylated methyl ester with that of the synthetic
material and has been assigned as GA 3.

The bioactivities of the new GA and the previously prepared
18-hydroxy-GA,.,® as well as their parents, GA, and GA,, were
compared in dwarf barley growth assays* and are shown in
Table 2. GA, was about 10-fold less active than GA, in this
bioassay, and the 18-hydroxy derivatives each had about one
quarter of the activity of the parent compound.

18-OH GA, and 18-OH-GA, were tested at two concentrations
in the g-amylase induction bioassay: 10~ M and 10~° M for GA,
and 18-OH GA,, and at 107 M and 10~ M for the less active GA,

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 1416-1424 | 1417





Table 1 Yields of adducts from treatment of aldehyde 17 with various alkoxides

Alcohol Yield (%) 3a: B epimer ratio Alcohol Yield (%) 3a.: B epimer ratio
\/\OH 63 2:1 @/\OH 72 2:1
72 3:1 24 2:1
/\OH Q/\OH
MeO
CI3C/\OH 57 1:1 58 1:1
HO 31 10:1 OH
~"0H ©/\/

Me;Si — @)

e 0H ©)‘\/OH
THPO —

" oH

HO\/\/OH 25 >10:1

o

Table 2 Estimates of relative activities of different GAs in a dwarf barley
leaf growth assay

Compound [H]s50* (M)
GA, 3.1 x 107
GA, 3.1 x10°¢
18-OH GA, 1.3 x 10-¢
18-OH GA, 1.2 x 10°°

“[H]so is the concentration of GA required for half-maximal stimulation
of leaf elongation rate.

and 18-OH GA, (Fig. 1). In this assay, a-amylase is produced in the
interval 2-4 days following the commencement of GA treatment.?
At 2 d the highest a-amylase activities occurred at the highest
concentrations of GA, or GA,, with the 18-OH derivatives of
these GAs being less active than the parent GA. There was a
difference of about 10-fold in the relative activities of GA, and
GA,, with the former being the more active. In both cases the
18-OH derivatives have less activity than the parent compounds.
At later times the 18-OH GAs had either lower or approximately
equivalent activity to the parent GAs. The a-amylase induction
assay is less suited than the growth assay to determining relative
activities of different GAs because it requires destructive sampling
and is not a linear response.

Conclusion

The methodology for introducing the 18-hydroxyl into the gib-
berellin skeleton has been more thoroughly explored and has
allowed the structure of putative 1 to be confirmed. Also, sufficient
material has been obtained to allow a preliminary examination of
its biological activity. In the barley grain development mutant
described by Green et al.® there were elevated levels of GA, and

of 18-OH GA,, associated with the production of a-amylase in
the mutant grains. The probability that 18-OH GA, might have
biological activity has now been confirmed in both leaf growth
and o-amylase induction bioassays. It was not possible to make
an accurate estimate of the relative amounts of GA, and of 18-
OH GA, in the original study® because a deuterated standard is
not yet available for 18-OH GA,. However, based on its relative
abundance to *H GA;, 18-OH GA, may be present at up to 6 times
the content of GA,, and even though it is not as active as GA, in
a-amylase induction, it might still constitute the major bioactive
GA in such grains. GA, and 18-OH GA, were not examined in
the original study, but these GAs are considerably less active than
their 13-hydroxylated counterparts in both the growth assay and
the g-amylase assay.

Experimental section
Bioassays

The dwarf barley growth assay is based on the maximal elongation
rate of the first leaf of a GA-deficient dwarf mutant (M489) of
Himalaya barley.”* This mutant contains a single amino acid sub-
stitution in the GA 3-oxidase enzyme predominant in vegetative
parts of the plant. Grains were placed in filter paper envelopes, and
imbibed and germinated in 1 mM potassium phosphate buffer,
pH 5.5, either without GA (control), or containing GA; (10 uM,
which gives a near-maximal growth response), or the GAs to
be tested (a range of concentrations). The concentration of GA
required for half-maximal stimulation of elongation rate ([H]s,)
was estimated by re-arrangement of equation [3] of Weyers et al.,*
assuming that p = 1:

Ramp X [H] - [H]

H =
[ ]50 R _ Rmin

(1
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Fig.1 Production of o-amylase by endosperm half-grains incubated with GAs at different concentrations. A. GA, and 18-OH GA,. B. GA, and 18-OH
GA,. At the indicated time the half-grains were homogenised with the medium, and a-amylase activity assayed as described in Methods.

where R,., is the amplitude of the response (response in the
presence of saturating GA,; minus the response in the absence
of GA;), R is the response for the compound being assessed for
activity, R, is the response on control medium, and [H] is the
concentration of the compound being assessed.

The o-amylase assay using barley endosperm half-grains was
utilized as previously described.?

Synthetic procedures

For general directions see ref. 6.

ent-13-Acetoxy-3,4-seco-20-norgibberell-16-ene-3,7-dioic acid
7-methyl ester 19,10-lactone 4-epimers (6)

To a stirred solution of 5 (2.0 g, 5.0 mmol) in THF (40.0 mL) and
water (10.0 mL), was added NaOH (1.2 g, 6 equiv.). After vigorous
stirring for 3 min, HCI (1 M) was added and the reaction mixture
poured into a bilayer of water and EtOAc. The aqueous layer was
separated, back extracted in EtOAc and the combined organic
layers extracted several times with aqueous sodium bicarbonate.
The combined alkaline layers were acidified with HCI (1 M) and
extracted several times with EtOAc. The combined organic layers
were washed with brine, dried (Na,SO,) and the solvent removed
in vacuo to afford, without further purification, a 7 : 1 (exo-H :
endo-H) mixture of the C-4 epimers of 6 (1.7 g, 85%); vy, (cm™"):
3058, 2951, 1767, 1731, 1665, 1437, 1369, 1311, 1265, 1241, 1173,
1099, 1043, 962, 893. 6y (CDCl,) 1.21 (2.5 H, d, J 7.0, H-18 major
epimer), 1.40 (0.5 H, d, J 7.6, H-18 minor epimer), 2.00 (3 H, s,
OAc), 2.81 (1 H, d, J 2.1, H-6), 2.98 (1 H, dq, J 11.0, J,5 11.0,
J 1.0, H-4), 3.07 (1 H, dd, J5, 11.0, Js¢ 2.1, H-5), 3.69 (3 H, s,
CO,CH,), 493 (1 H, d, J 1.8, H-17), 499 (1 H, s, H-17); m/z

(EI): 420.1784 (M*, 38% Cs,HaOy requires 420.1784), 378 (85),
360 (100), 346 (33), 332 (66), 305 (78), 290 (51), 272 (42), 227 (44),
199 (27), 171 (31), 129 (34), 105 (34), 91 (60), 79 (30).

ent-13-Acetoxy-3-hydroxy-3,4-seco-20-norgibberell-16-en-7-oic
acid 7-methyl ester 19,10-lactone 4-epimers 7

To a stirred solution of 6 (150 mg, 0.36 mmol) in THF (4.0 mL) at
0°C, was added Et;N (109 puL, 2.2 equiv.) and ethyl chloroformate
(88 uL, 2.0 equiv.) dropwise. After 1.5 h, NaBH, (54 mg, 4.0 equiv.)
was added and the mixture stirred a further 3 h after which NaBH,
(92 mg, 6.85 equiv.) was added. After stirring a further 2 h, the
mixture was acidified with HCI (1 M) and the reaction mixture
poured into a bilayer of HCI (1 M) and EtOAc. The aqueous
layer was separated and the organic layer washed several times
with 1.0 M HCI. The aqueous layers were back extracted into
EtOAc, and the combined organic layers washed several times
with aqueous sodium bicarbonate. The alkaline aqueous layers
were back extracted into EtOAc, the combined organic layers
washed with brine and dried (Na,SO,). Concentration in vacuo
and column chromatography on silica (50% EtOAc 50% light
petroleum, increasing to 100% EtOAc) gave a 7 : 1 (exo-H : endo-
H) ratio of the C-4 epimers 7 (44 mg, 30%); vnx (cm™"): 3443,
3058, 2949, 1764, 1732, 1664, 1437, 1369, 1311, 1241, 1202, 1173,
1100, 1050, 964, 894.6,; (CDCl;) 1.19 (2.6 H, d, J 7.3, H-18 major
epimer), 1.38 (0.4 H, d, J 7.6, H-18 minor epimer), 1.99 (3 H, s,
OAc),2.79(1H,d,J 2.3, H-6),2.98 (1 H, m, H-4), 3.08 (1 H, dd, J
2.4,J10.9, H-5),3.66 2 H, t, J 6.3, H-3), 3.67 (3 H, s, CO,CH,),
492 (1 H,d,J 1.9, H-17),4.97 (1 H, s, H-17). m/z (EI): 406.1988
(M*, 38% C,,H;,O; requires 406.1992, M*, 65%), 388 (10), 364
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(52), 346 (93), 332 (62), 318 (88), 305 (100), 286 (67), 259 (67), 231
(67), 213 (45), 171 (53), 129 (52), 105 (57), 91 (92), 69 (70).

ent-13-Acetoxy-4a-bromo-3-hydroxy-3,4-seco-norgibberell-16-
en-7-oic acid 7-methyl ester 19,10-lactone 8

To a stirred solution of the alcohol mixture prepared above
(50 mg, 0.12 mmol) in THF (2.0 mL), at —78 °C, was added
LDA (0.25 M, 1.25 mL, 2.5 equiv.). The solution was stirred
for 15 min before adding a THF solution (0.5 mL) of CBr,
(102 mg, 2.5 equiv.), the reaction mixture was then stirred a further
40 min before quenching with aqueous ammonium chloride. The
solution was allowed to warm to room temp and poured into
a bilayer of EtOAc and water. The organic layer was separated
and washed several times with water. The aqueous layers were
back extracted into EtOAc, and the combined organic layers
washed with brine and dried (Na,SO,). Concentration in vacuo
and column chromatography on silica (20% EtOAc and 80% light
petroleum, increasing to 80% EtOAc) gave the bromide as a brown
oil (16 mg, 27%); v (cm™): 3380, 2952, 2870, 1772, 1733, 1665,
1592, 1452, 1437, 1171, 1045, 984, 894. 6,; (CDCL;): 1.92 (3 H, s,
H-18), 2.00 (3 H, s, OAc), 2.81 (1 H, t, J 2.2, J,,, 15.5, H-15),
2.87 (1 H, d, J 1.9, H-6), 3.61 (1 H, d, J 2.0, H-5), 3.70 (2 H,
t, J 6.3, H-3), 3.72 (3 H, s, CO,CH,), 4.92 (m, | H, H-17), 4.99
(1 H,s, H-17); m/z (EI): 484.1097 (M*, 38% C,,H,,0,”Br requires
406.1992, M*, 4%), 424/426 (21), 405 (26), 387 (48), 373 (44), 359
(28), 345 (90), 331 (48), 303/301 (70), 285 (92), 273 (100), 231 (50),
213 (49), 171/169 (42), 129 (57), 105 (48), 91 (97), 79 (49), 69 (62).

ent-30-Acetoxy-13-hydroxy-gibberella-1,16-dien-7-oic acid
7-methyl ester 19,10-lactone

To a solution of GA; methyl ester (11) (41.6 g, 0.12 mol) in CH,Cl,
(250 mL) cooled to 0 °C was added Et;N (80.5 mL, 0.58 mol, 5 eq)
and acetic anhydride (54.5 mL, 0.58 mol, 5 eq). The reaction was
stirred overnight at room temp and then cooled to 0 °C. Water
(5 mL) was added and the mixture was stirred for 15 min at
0 °C. An additional 20 mL of water was added, the ice bath
removed and the reaction was stirred for 20 min. The layers were
then separated and the aqueous phase was extracted with CH,Cl,
(x3). The organic phases were combined and washed with 1 M
HCI, water, K,CO; solution and brine, dried (MgSO,), filtered,
and the solvent evaporated. Purification by recrystallisation from
ether and hexane furnished a white solid (40.4 g, 86%); mp 175—
177 °C (Found: C, 65.35, H, 6.54%. C,,H,,O, requires C, 65.66;
H, 6.51%); v (cm™"): 3513, 2939, 2873, 1777, 1735, 1450, 1437,
1373, 1331, 1228, 1159, 1100, 1022, 974, 896, 735; 5, (CDCL;): 1.15
(3 H, s, H-18), 1.69-2.21 (9 H, m), 2.13 (3 H, s, OAc), 2.78 (1 H,
d, J 10.9, H-6), 3.33 (1 H, d, J 10.9, H-5), 3.75 (3 H, s, CO,CH,),
498 (1 H,m, H-17),5.29 (1 H,d, J 1.9,H-17), 5.34 (1 H,d, J 3.7,
H-3), 5.88 (1 H, dd, J 3.7, 9.3, H-2), 6.39 (1 H, dd, J 0.69, 9.3,
H-1); 0. (CDCl,): 14.5,17.2,21.1,38.4,43.3,44.9, 50.6, 50.7, 51.2,
52.3,52.4,53.6,70.4, 78.4,90.4, 108.0, 129.4, 134.4, 157.1, 170.3,
172.6, 177.4. m/z (EI) 402.1680 (M* C,,H,,O, requires 406.1679).

ent-3a-Acetoxy-13-methoxymethoxy-gibberella-1,16-dien-7-oic
acid 7-methyl ester 19,10-lactone

A solution of GA; methyl ester 3-acetate (44.55 g, 0.11 mol) in
CH,Cl, (300 mL) was cooled to 0 °C. Diisopropylethylamine

(58 mL, 0.33 mol, 3 eq) was added followed by dropwise addition
of MOMCI (25.2 mL, 0.33 mol, 3eq). The reaction was allowed
to warm to room temp and then DMAP (100 mg) was added and
the reaction was stirred for 2 days at room temp. After cooling
to 0 °C, sat. NaHCO; (20 mL) was added and the mixture was
stirred for 15 min. The organic phase was then washed with water,
cold 2 M HCI, sat. NaHCO; and brine, dried (MgSO,) and the
solvent removed in vacuo to furnish a colourless oil. No further
purification was carried out. v, (cm™"): 2940, 2884, 1780, 1736,
1449, 1437, 1372, 1332, 1269, 1227, 1158, 1101, 1039, 976, 895;
Jou (CDCLy) 1.15 (3 H, s, H-18), 1.72-2.21 (9 H, m), 2.13 (3 H, s,
OAc), 2.78 (1 H, d, J 10.7, H-6), 3.32 (1 H, d, J 10.7, H-5), 3.38
(3H,s,MOM), 3.75(3 H, s, CO,CH;),4.55,4.77(2H, 2 x ABd, J
7.1, MOM), 5.04 (1 H, m, H-17), 5.18 (1 H, dd, J 1.5, 2.7, H-17),
5.34 (1 H, dd, J 0.69, 3.7, H-3), 5.87 (1 H, dd, J 3.8, 9.3, H-2),
6.39 (1 H, dd, J 0.69, 9.3, H-1); 6 NMR (CDCl;) 14.5, 16.9, 21.1,
38.0, 41.2, 43.8, 50.4, 50.8, 51.0, 52.3, 52.5, 53.7, 55.6, 70.5, 83.4,
90.5,92.2,108.8,129.3,134.4, 153.4,170.3, 172.7,177.4; m/ z (El):
446.1943 (M* CyH;,O4 requires 446.1941).

ent-3a-Hydroxy-13-methoxymethoxy-gibberella-1,16-dien-7-oic
acid 7-methyl ester 19,10-lactone

To a solution of the acetate prepared above (0.11 mol) in methanol
(400 mL) was added a K,CO;—KHCO; solution (1 : 1, 110 mL,
0.22 mol, 2 eq) in 3 portions—7 min apart—and then the reaction
was stirred until complete (1 h). The reaction was quenched and
brought to pH 5 with cold 2 M HCI. The solvent was removed and
the residue was taken up in EtOAc and water. The aqueous phase
was extracted with EtOAc (x5). The combined organic phase was
then washed with 10% K,CO; solution and brine, dried (MgSO,)
and the solvent removed to furnish a white solid (43.21 g, 97% over
two steps); mp 124-126 °C (Found: C, 65.20, H, 6.94%. C,,H,,0O,
requires C, 65.33; H, 6.98%); v, (cm™'): 3457, 2949, 2884, 1775,
1734, 1451, 1377, 1331, 1269, 1251, 1197, 1160, 1102, 1039, 894,
747; 04 (CDCl;) 1.24 (3 H, s, H-18), 1.60-2.24 (9 H, m), 2.44 (1 H,
br, OH), 2.80 (1 H, d, J 10.6, H-6), 3.22 (1 H, d, J 10.6, H-5),
3.37 (3 H, s, MOM), 3.74 (3 H, s, CO,CH;), 4.16 (1 H, d, J 3.7,
H-3), 4.55, 477 (2 H, 2 x ABd, J 7.1, MOM), 5.04 (1 H, m,
H-17), 5.17 (1 H, m, H-17), 591 (1 H, dd, J 3.7, 9.3, H-2), 6.32
(1 H, dd, J 0.69, 9.3, H-1); 6 (CDCl;) 14.6, 17.0, 38.0, 41.3, 43.8,
50.6, 50.9, 51.0, 52.5, 53.1, 53.7, 55.6, 70.0, 83.5, 90.8, 92.2, 108.8,
132.7,133.0, 153.4,173.0, 178.8; m/z (EI): 404.1833 (M* C,,H»0;
requires 404.1835).

ent-13-Methoxymethoxy-3-oxo-gibberella-1,16-dien-7-oic acid
7-methyl ester 19,10-lactone (12)

To a cooled solution of alcohol prepared above (25.7 g, 0.063 mol)
in acetone (300 mL) was added Jones reagent until an orange
colour persisted. The excess Jones reagent was then quenched
with propan-2-ol and the reaction was diluted with EtOAc. The
reaction was washed with water, sat. NaHCO, (x3) and brine,
dried (MgSO,) and the solvent removed to furnish the ketone 12
as a white solid (24.71 g, 97%); mp 134-136 °C (Found: C, 65.28;
H, 6.53%. C,,H,50; requires C, 65.66; H, 6.51%); vy, (cm™"): 2950,
2883, 1782, 1733, 1696, 1439, 1380, 1318, 1269, 1260, 1197, 1149,
1093, 1037, 916, 713; oy (CDCL;): 1.28 (3 H, s, H-18), 1.77-2.26
(9 H, m), 2.90 (1 H, d, J 10.3, H-6), 3.38 (3 H, s, MOM), 3.52
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(1H,d,J10.3, H-5),3.74 3 H, s, CO,CH,), 4.56, 4.78 (2 H, 2 x
ABd, J 7.1, MOM), 5.06 (1 H, m, H-17), 5.19 (1 H, dd, J 1.7,
3.0, H-17), 6.05 (1 H, d, J 9.5, H-2), 7.26 (1 H, d, J 9.5, H-1); dc
(CDCL): 11.8, 17.1, 38.0, 41.7, 43.9, 50.2, 51.4, 51.8, 52.8, 55.7,
62.5,65.2,83.3,89.8,92.3,109.1, 129.4, 147.3, 152.6, 171.8, 173.1,
191.7; m/z (EI) 402.1682 (M* C,H,sO, requires 402.1679).

ent-3-Hydroxy-13-methoxymethoxy-gibberell-16-en-7-oic acid
7-methyl ester 19,10-lactone 3-epimers

To a cooled solution of enone 12 (20.5 g, 0.051 mol) in methanol
(1.2 L) was added CuCl (25.2 g, 0.25 mol, 5 eq) and then NaBH,
(19.2 g, 0.51 mol, 10 eq) carefully in several portions (bubbles
vigorously!). After NaBH, addition was complete the reaction
was stirred for 20 min more and then quenched with acetic acid
and filtered through Celite. The solvent was then removed in vacuo
and the residue was taken up in EtOAc and water. The aqueous
phase was extracted with EtOAc (x3) and the combined organic
phase was washed with water, sat. NaHCO; (x3) and brine, dried
(MgSO,) and the solvent removed to furnish the alcohol as a
white solid (19.96 g, 97%) which was used directly in the next step.
Column chromatography on silica (EtOAc-light petroleum, 1 : 1)
of a small portion (170 mg) gave the 3B-alcohol (12 mg) as a gum
followed by the crystalline 3o-epimer (145 mg).

3B-epimer: 5 (CDCly): 1.15 (3 H, s, H-18), 1.60-2.23 (13 H, m),
2.69 (1 H, d, J 10.1, H-6), 3.20 (1 H, d, J 10.1, H-5), 3.37 (3 H, s,
MOM), 3.71 (3 H, s, CO,CHj;), 3.84 (1 H, m, H-3), 4.55, 4.77
(2H,2 x ABd,J 7.2, MOM), 5.02 (1 H, brs, H-17),5.14 (1 H, t, J
2.5,H-17); 6 (CDCl,): 15.0,17.4,27.5,28.4, 38.2,42.0,43.9, 49.8,
51.6,52.1,52.5,53.0, 54.8, 55.7,70.5, 83.7,92.2,94.0, 108.5, 153.3,
173.2,178.2; m/z (EI) 406.1991 (C,,H;,0; M* requires 406.1992).

3a-epimer: mp 120-122 °C; Found: C, 64.75, H, 7.59%.
C,,H;,0; requires C, 65.01; H, 7.44%; vy (cm™'): 3462, 2948,
2885, 1772, 1733, 1439, 1380, 1345, 1285, 1271, 1255, 1194, 1148,
1077, 1040, 899, 735; oy (CDCl;): 1.19 (3 H, s, H-18), 1.40-2.30
(13H, m,),2.54(1 H,d, J 9.5, H-6),2.76 (1 H, d, J 9.5, H-5), 3.37
(3 H, s, MOM), 3.66 (1 H, m, H-3), 3.73 (3 H, s, CO,CHj;), 4.54,
477(2H,2 x ABd,J 7.2, MOM), 5.02 (1 H, brs, H-17),5.13 (1 H,
t,J 2.3, H-17); - (CDCl;): 13.1, 17.5, 28.0, 29.9, 30.26, 38.1, 42.3,
43.9,51.0, 51.5, 52.6, 54.7, 55.7, 57.6, 73.4, 83.6,92.2, 92.8, 108.5,
153.0, 173.2, 177.3;%. m/z (EI) 406.1995 (C,,H; O, M* requires
406.1992).

ent-13-Methoxymethoxy-3-oxo-gibberell-16-en-7-oic acid
7-methyl ester 19,10-lactone (13)

To a cooled solution of alcohols prepared above (17.9 g, 0.044 mol)
in acetone (200 mL) was added Jones reagent until an orange
colour persisted. The excess Jones reagent was then quenched
with propan-2-ol and the reaction was diluted with EtOAc and
water. The reaction was washed with water, sat. NaHCO; (x3)
and brine, dried (MgSO,) and the solvent removed to furnish the
ketone 13 as a white solid (13.34 g, 75%). mp 79-80 °C; Found: C,
64.86, H, 6.77%. C,,H,50; requires C, 65.33; H, 6.98%; vy (cm™):
2941, 2890, 1781, 1726, 1448, 1382, 1325, 1289, 1199, 1148, 1038,
958, 935, 916, 898, 732; 5,; (CDCl;): 1.20 (3 H, s, H-18), 1.70-2.21
(10 H, m), 2.46-2.66 (3 H, m), 2.81 (1 H, d, J 9.1, H-6), 3.06 (1 H,
d, J 9.1, H-5), 3.38 (3 H, s, MOM), 3.72 (3 H, s, CO,CH;), 4.56,

478 (2 H, 2 x ABd, J 7.2, MOM), 5.05 (1 H, brs, J 2.1, H-17),
5.15(1 H,t,J 2.2, H-17); . (CDCly): 10.7, 17.7, 28.0, 31.0, 35.0,
38.0,42.7,43.7, 51.6, 52.3, 52.7, 55.8, 57.8, 63.3, 83.4, 92.2, 92.8,
108.8, 152.3, 172.4, 174.0, 200.2; m/z (EI) 404.1838 (C,,Hx O, M*
requires 406.1835).

ent-13-Methoxymethoxy-3,4-seco-20-norgibberell-16-ene-3,7-
dioic acid 7-methyl ester 19,10-lactone (14)

To a solution of ketone 13 (0.281 g, 0.69 mmol) in THF (12 mL)
was added NaOH (0.083 g, 2.08 mmol, 3 eq) in water (3 mL). The
reaction was stirred vigorously for 3 min and then quenched with
1 M HCI. The reaction mixture was poured into EtOAc and water
and the layers separated. The aqueous phase was extracted with
EtOAc (x3) and then the combined organic phase was extracted
with sat. NaHCO; (x4). The aqueous extract was acidified with
1 M HCI and back-extracted with EtOAc (x5). The organic
phase was then washed with brine, dried (MgSO,) and the solvent
removed to furnish the carboxylic acid 14 as a white solid (0.293 g,
100%). No further purification was necessary; mp 139-141 °C;
Found: C, 62.35, H, 7.01%. C,,H;,0¢ requires C, 62.55; H, 7.16%;
Vmax (€m™"): 3518, 3188, 2950, 1767, 1729, 1439, 1367, 1310, 1244,
1172, 1117, 1099, 1039, 960, 895, 800; oy (CDCl;): 1.24 3 H, d, J
7.1, H-18), 1.60-2.68 (13 H, m), 2.78 (1 H, d, J45, H-6),2.99 (1 H,
dq, J,5 11.0, J 7.1, H-4), 3.08 (1 H, dd, Js, 11.0, J5¢ 2.1, H-5),
3.35(3 H, s, MOM), 3.69 (3 H, s, CO,CH;), 4.56, 4.80 (2 H, 2 x
ABd, J 7.3, MOM), 5.06 (2 H br t, H-17); 6. (CDCl;): 12.3, 19.0,
28.0,29.2, 32.5, 38.1, 38.3,41.5, 44.4, 49.3,49.4, 51.0, 51.1, 52.3,
55.7,84.2,91.9, 95.3, 107.9, 149.7, 174.8, 178.1, 179.0; m/z (EI)
422.1937 (C,,H;Os M* requires 422.1941).

ent-3-Hydroxy-13-methoxymethoxy-3,4-seco-20-norgibberell-16-
en-7-oic acid 7-methyl ester 19,10-lactone

Diisopropylethylamine (0.32 mL, 1.8 mmol, 1.2 eq) was added
to a mixture of the carboxylic acid (0.65 g, 1.5 mmol) and BOP
reagent (0.75 g, 1.7 mmol, 1.1 eq) in THF (15 mL) and stirred
at room temp for 45 min. NaBH, (0.102 g, 2.7 mmol, 1.75 eq)
was added and the reaction was stirred for 30 min at room
temp. A second portion of NaBH, (0.102 g, 2.7 mmol, 1.75 eq)
was added and the reaction was again stirred for 30 min. The
reaction was then quenched with 1 M HCI (5 mL), stirred for
20 min and then poured into EtOAc—5% 2-butanol and water.
The organic phase was washed with water (x2) and the combined
aqueous phases were extracted with EtOAc—5% 2-butanol (x3).
The combined organic phase was then washed with brine, dried
(MgSO0,) and the solvent removed in vacuo. Purification by silica
gel chromatography (EtOAc) furnished the alcohol (0.529 g, 84%)
as a colourless 0il; v, (cm™): 3452, 2945, 2879, 1764, 1729, 1448,
1436, 1369, 1310, 1239, 1191, 1169, 1040, 960, 916; dy (CDCl;):
1.23(3H,d,J 7.3,H-18), 1.58-2.05(12H, m), 2.58 (1 H, dt, J 15.8,
3.1,H-15),2.78 (1 H, d, J 2.2, H-6), 2.94-3.12 (2 H, m, H-4, H-5),
3.35(3H, s, MOM), 3.69 (3 H, s, CO,CH,), 3.69 (2 H, overlapped,
H-3),4.56,4.81 (2H,2 x ABd, J 7.0, MOM), 5.06 (2 H, m, H-17);
Jdc (CDCly): 12.3,19.0, 27.4, 34.2, 38.2, 38.6, 41.6, 44.4, 49.5, 51.0,
51.1 (2 x C), 52.2,55.7,62.8, 84.2,91.9, 96.3, 107.7, 149.9, 174.9,
179.4; m/z (EI) 408.2150 (C,H;,0; M* requires 408.2148).

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 1416-1424 | 1421





ent-3-tert-Butyldimethylsilyloxy-13-methoxymethoxy-3,4-seco-
20-norgibberell-16-en-7-oic acid 7-methyl ester 19,10-lactone (15)

To a cooled solution of alcohol prepared above (0.429 g, 1.1 mmol)
and imidazole (14 mg, 0.21 mmol, 0.2 eq) in DMF (15 mL)
was added Et;N (0.29 mL, 2.1 mmol, 2 eq) and then tert-
butyldimethylsilyl chloride (0.32 g, 2.1 mmol, 2 eq). The reaction
was stirred overnight at room temp and then poured into EtOAc
and water. The aqueous phase was extracted with EtOAc (x3).
The combined organic phase was washed with water and brine,
dried (MgSO,) and the solvent evaporated. Purification by silica
gel chromatography (4 : 1 hexane-EtOAc-2 : 1 hexane-EtOAc)
furnished 15 (0.494 g, 90%) as a colourless oil; v, (cm™): 2951,
2857, 1769, 1733, 1436, 1361, 1251, 1195, 1150, 1099, 1042, 961,
836, 776; oy (CDCl;): 0.04 (6 H, s, Si-Me,), 0.88 (9 H, s, Si-7Bu),
1.23 (3 H, d, J 7.2, H-18), 1.50-2.10 (12 H, m), 2.55 (1 H, dt, J
15.8,2.9, H-15),2.77 (1 H, d, J 2.2, H-6), 2.95-3.10 (2 H, m, H-4,
H-5), 3.35(3 H, s, MOM), 3.62 2 H, t, J 5.1, H-3), 3.68 3 H, s,
CO,CH,), 4.56,4.80 (2 H, 2 x ABd, J 7.2, MOM), 5.05 (2 H, m,
H-17); o (CDCLy) : —4.9, 12.3, 18.7, 19.0, 26.3, 27.6, 28.0, 34.1,
38.2,38.6,41.6,44.4,49.5,51.00, 51.04, 52.2,55.7,63.1,84.2,91.9,
96.4,107.6,150.1,174.8, 179.3; m/z (EI) 522.3013 (CxH,O,Si M*
requires 522.3013).

ent-4a-Bromo-3-zert-butyldimethylsilyloxy-13-methoxymethoxy-
3,4-seco-20-norgibberell-16-en-7-oic acid 7-methyl ester 19,10-
lactone

A solution of n-butyllithium (1.6 M in hexanes, 0.25 mL,
0.40 mmol, 1.5 eq) was added to a solution of diisopropylamine
(0.056 mL, 0.40 mmol, 1.5 eq) in THF (3 mL) at 0 °C and the
reaction was stirred for 20 min. After cooling to —78 °C, 15
(0.14 g, 0.27 mmol) in THF (3 mL) was added and the reaction
was stirred for 25 min at —78 °C. CBr, (0.22 g, 0.66 mmol, 2.5 eq)
in THF (3 mL) was added and the reaction was stirred for 40 min
at —78 °C. The reaction was then quenched with NH,Cl and
allowed to warm to room temp (60 min) before pouring into EtOAc¢
and water. The organic phase was washed with water (x2). The
aqueous phase was extracted with EtOAc (x2). The combined
organic phase was then washed with brine, dried (MgSO,) and
the solvent removed. Purification by silica gel chromatography
(4 : 1 hexane-EtOAc) furnished the bromide (0.143 g, 88%) as a
colourless oil; v, (cm™"): 2951, 2857, 1775, 1734, 1436, 1359, 1280,
1246, 1213, 1169, 1149, 1107, 1040, 960, 835, 775; &y (CDCl;) :
0.05 (6 H, s, SiMe,), 0.89 (9 H, s, Si-tBu), 1.50-2.24 (12 H, m),
1.95(3 H, s, H-18), 2.57 (1 H, dt, J 15.8, 3.1, H-15), 2.83 (1 H, d,
J 2.1, H-6), 3.33 (3 H, s, 3H, MOM), 3.60 (1 H, d, J 2.1, H-5),
3.65(2H,t, J 6.3, H-3),3.72 (3 H, s, CO,CHj;), 4.54, 4.79 (2 H,
2 x ABd, J 7.3, MOM), 5.06 (2 H, m, H-17); 6. (CDCl;) : —4.9,
18.6, 18.7, 26.1, 26.3, 28.2, 33.4, 38.1, 41.3, 44.5, 47.0, 50.9, 52.4,
53.3, 55.6, 55.7, 59.2, 63.0, 84.1, 91.9, 97.2, 107.8, 149.3, 173.4,
174.6; m/z (EI) 600.2120 (CysH,;O,Si”Br M* requires 600.2118);
602.2104 (C,sH,50,Si*' Br M* requires 602.2097).

ent-3-Hydroxy-13-methoxymethoxy-3,4-seco-20-norgibberella-
4(18),16-dien-7-oic acid 7-methyl ester 19,10-lactone (16)

To a solution of the bromide prepared above (0.034 g, 0.057 mmol)
in THF (3 mL) was added 1 M TBAF solution in THF (0.17 mL,
0.17 mmol, 3eq) and the reaction stirred for 4 h at room temp.

The reaction was poured into EtOAc-5% 2-butanol and water.
The organic phase was washed with water (x2) and the combined
aqueous phases were extracted with EtOAc—5% 2-butanol (x3).
The combined organic phase was then washed with brine, dried
(MgSO,) and the solvent removed in vacuo. Purification by silica
gel chromatography (2 : 1 EtOAc-hexane) furnished 16 (0.017 g,
74%) as a colourless o0il; vy, (cm™"): 3494, 2947, 1759, 1732, 1659,
1438, 1402, 1351, 1329, 1274, 1196, 1169, 1115, 1041, 975, 895,
818; Jy (CDCLy) : 1.50-2.10 (12 H, m), 2.61 (1 H, dt, J 16.1, 3.1,
H-15),2.65 (1 H, d, J 0.88, H-6), 3.33 (3 H, s, MOM), 3.51 (1 H,
d, J 1.3, H-5), 3.65 (2 H, t, J 6.4, H-3), 3.72 (3 H, s, CO,CH,),
4.54,478 2 H, 2 x ABd, J 7.3, MOM), 5.06 (2 H, m, H-17), 5.72
(1H,d, J2.2,H-18),6.31 (1 H, d, J 2.6, H-18); - (CDCl,): 19.0,
27.2,35.2,38.2,41.2, 44.6, 48.9, 50.2, 51.8, 52.3, 55.8, 60.5, 62.8,
84.2,91.9,95.2,107.8, 124.3, 140.6, 149.4, 170.2, 174.1; m/z (EI)
406.1992 (C,H;,0;, M* requires 406.1992).

ent-13-Methoxymethoxy-3-o0xo0-3,4-seco-20-norgibberell-4(18),
16-dien-7-oic acid 7-methyl ester 19,10-lactone (17)

Dess—Martin periodinane (0.060 g, 0.16 mmol, 1.5 eq) was added
to 14 (0.043 g, 0.11 mmol) in CH,Cl, (5 mL) and stirred at room
temp for 2 h. Na,S,0; (2.5 mL) and sat. NaHCO; (2.5 mL) were
then added and the reaction was stirred vigorously just until both
layers were clear. The layers were separated and the aqueous phase
was extracted with CH,Cl, (x3). The combined organic phase
was washed with water and brine, dried (MgSO,) and the solvent
removed in vacuo. Purification by silica gel chromatography (1 :
1 EtOAc-hexane) furnished aldehyde 15 (0.039 g, 91%) as a
colourless oil. v,,, (cm™): 2948, 1761, 1725, 1659, 1439, 1274,
1169, 1114, 1041, 895; oy (CDCl;): 1.50-2.09 (9 H, m), 2.26-2.64
(4H,m),2.65(1H,d,J 1.1, H-6),3.33 (3 H, s, MOM), 3.46 (1 H.
d,J 1.1, H-5),3.72 (3H, s, CO,CH;), 4.54,4.78 2 H, 2 x ABd, J
7.3, MOM), 5.06 (2 H, m, H-17), 5.74 (1 H, d, J 2.2, H-18), 6.34
(1H,d, J2.6,H-18),9.76 (1 H, t, J 1.1, CHO); 4 (CDCl,;): 19.0,
30.9, 38.2, 38.8, 41.2, 44.6, 48.7, 50.2, 51.9, 52.4, 55.8, 60.5, 84.1,
91.9,94.2,107.9, 125.0, 140.0, 149.2, 169.8, 174.0, 200.5; m/z (EI)
404.1834 (C,,HO, M" requires 406.1835).

ent-18-Benzyloxy-3-hydroxy-13-methoxymethoxy-gibberell-
16-en-7-oic acid 7-methyl ester 19,10-lactone 3-epimers (18, R =
CH,Ph)

DBU (4.5mL, 30 mmol, 10 eq) was added to a solution of aldehyde
17 (1.22 g, 3.0 mmol) in 10 mL of benzyl alcohol and the reaction
was stirred at room temp for 18 h. After quenching with 1 M
HCI, the reaction mixture was poured into EtOAc and water.
The organic phase was washed with water (x2). The combined
aqueous phase was extracted with EtOAc (x3). The combined
organic phase was washed with brine, dried over MgSO, and the
solvent removed. Purification by silica gel chromatography (5 : 1
hexane-EtOAc-1 : 1 EtOAc-hexane) furnished in sequence, the
3B-epimer (0.717 g) followed by the 3a-isomer (0.396 g), 72% total
yield, both as colourless oils.

3B-epimer: vy, (cm™"): 3480, 2947, 2879, 1772, 1734, 1439, 1270,
1196, 1158, 1111, 1073, 1040, 918, 893, 863, 737, 699; 5, (CDCl,):
1.65-2.35(13 H, m), 2.76 (1 H, d, J 9.7, H-6), 3.36 (3 H, s, OCH;-
MOM), 3.51 (1 H,d, J 1.3, 3-OH), 3.51 (1 H, d, J 9.7, H-5), 3.60,
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3.96 2 H, 2 x ABd, J 9.8, H-18), 3.62 (3 H, s, CO,CH,), 4.16
(1H,brd, J2.3,H-3),4.45,4.47 (2H, 2 x ABd, J 11.6, PhCH,),
454,476 2 H, 2 x ABd, J 7.2, -MOM), 5.03 (1 H, br s, H-17),
513 (1 H, t, J 1.9, H-17), 7.31 (5 H, m, C¢Hjy); . (CDCl;): 17.5,
27.3,27.5, 38.1, 42.8, 44.0, 50.3, 50.8, 51.3, 52.2, 52.4, 55.7, 57.9,
70.8,71.9,74.4, 83.7,92.1,95.7, 108.3, 127.8, 128.3, 128.8, 136.8,
152.9, 173.0, 175.0.

3a epimer: Found: C, 67.78, H, 6.77%; Cy,H;3,0; requires C,
67.95, H, 7.08%; vyn. (cm™"): 3435, 2948, 2879, 1771, 1733, 1439,
1286, 1254, 1196, 1148, 1115, 1075, 1040, 914, 899, 735, 698; oy
(CDCl;): 1.45-2.30 (13 H, m), 2.69 (1 H,d, J 9.1, H-6),2.90 (1 H,
d, J 9.1, H-5), 3.36 (3 H, s, MOM), 3.55 (3 H, s, CO,CH};), 3.58,
3.97 (2 H, 2 x ABd, J 10.6, H-18), 4.01 (1 H, m, H-3), 4.42, 4.47
(2H,2 x ABd, J 11.9, PhCH,), 4.54, 4.77 (2 H, 2 x ABd, J 7.0,
MOM), 5.01 (1 H, brs, H-17), 5.11 (1 H, m, H-17), 7.31 (5 H, m,
C¢Hs); ¢ (CDCly): 17.7,29.2, 30.0, 38.1, 43.1, 43.8, 51.26, 51.30,
51.9,52.2,55.7,56.1, 58.7, 66.4,70.1, 73.8, 83.6,92.2, 94.1, 108.3,
127.6,128.0,128.6,137.8, 152.6,173.2,175.0; m/z (FAB) 535.2308
(CyH30gNa [M + Na]* requires 535.2308).

DBU (1.1 mL, 7.2 mmol, 10 eq) was added to a solution of the
3a-epimer (0.367 g, 0.72 mmol) in 5 mL of benzyl alcohol and the
reaction was stirred at room temp for 2 h. After quenching with
1 M HCI, the reaction mixture was poured into EtOAc and water.
The organic phase was washed with water (x2). The aqueous
phase was extracted with EtOAc (x3). The combined organic
phase was washed with brine, dried over MgSO, and the solvent
removed. Purification by silica gel chromatography (5 : 1 hexane—
EtOAc-1 : 1 EtOAc-hexane) furnished the products as a mixture
of the 3a-epimer (0.230 g) with the 3f isomer (0.108 g); 92% total
recovery, both as colourless oils.

ent-30,18-Dihydroxy-13-methoxymethoxy-16-oxo-17-norgibbe-
rellan-7-oic acid 7-methyl ester 19,10-lactone (27)

To a solution of 23b (0.037 g, 0.072 mmol) in dioxane and water (3 :
1, 5 mL) was added osmium tetraoxide (1 mol%) and the reaction
was stirred for 5 min at room temp. Then sodium periodate
(0.046 g, 0.22 mmol, 3 eq) was added and the reaction was stirred
overnight at room temp. The following day, more sodium periodate
(0.046 g, 0.22 mmol, 3 eq) was added and the reaction was again
stirred overnight at room temp. Upon completion, the reaction
was diluted with EtOAc and then washed with 1 M Na,S,0; (x2),
water and brine, dried over MgSQ,, and the solvent removed in
vacuo. Purification by silica gel chromatography (2 : 1 EtOAc—
hexane) furnished ketone 27 (0.022 g, 59% yield) as a colourless
oil; v, (cm 71): 3492, 2950, 2893, 1753, 1453, 1366, 1284, 1203,
1153, 1113,1049,1032,990, 916, 735; 4 (CDCl;): 1.66-2.40 (13 H,
m), 2.85 (1 H, d, J 10.0, H-6), 3.34 (3 H, s, MOM), 3.46 (1 H, d,
J0.9,C-30H),3.55(1 H, d, J 10.0, H-5), 3.62 (3 H, s, CO,CHj;),
3.62,3.97 (2H, 2 x ABd, J 9.8, H-18), 4.16 (1 H, d, J 2.9, H-3),
4.46 (2H, s, PhCH,), 4.62,4.78 2 H, 2 x ABd, J 7.5, MOM), 7.31
(5 H, m, C4H5); 6c (CDCly): 17.4,27.2,27.4,32.0,39.4,47.4,49 .4,
50.9, 52.5, 52.8, 53.0, 56.2, 58.2, 70.7, 71.8, 74.5, 83.2, 92.9, 95.3,
127.8,128.4, 128.9, 136.7, 172.3, 174.6, 215.5.

Benzyl ether (0.070 g, 0.14 mmol) and palladium hydroxide on
carbon (10 mg) were combined in EtOAc (5 mL) and hydrogen
gas was introduced to the flask via a balloon. The reaction was
stirred at room temp for 2 h and then filtered through Celite and
the solvent removed in vacuo. Ketone 27 was obtained as a white

solid after removal of the solvent (0.052 g, 90% yield); mp 170-
172 °C; Found C, 59.13; H, 6.60%; C, H»O,: C, 59.43; H, 6.65%;
Vmax (€m™1): 3480, 2951, 1752, 1439, 1284, 1203, 1154, 1118, 1034,
989, 918, 733; dy (CDCl;): 1.60-2.45 (13 H, m), 291 (1 H, d, J
11.0, H-6),2.98 (1 H, dd, J 4.8, 8.8, 18-OH), 3.35 (3 H, s, MOM),
3.42 (1 H, d, J 10.8, H-5), 3.66 (1 H, m, 3-OH), 3.71 (1 Hdd, J
4.8,12.5, H-18),3.80 (3 H, s, CO,CH;), 4.03 (1 H, dd, J 8.8, 12.5,
H-18),4.30 (1 H, m, H-3),4.64,4.81 (2H, 2 x ABd, J 7.5, MOM);
Jc (CDCly): 17.5,27.5,27.6, 31.8, 38.4, 46.6, 48.8, 49.3, 52.3, 53.3,
53.8, 56.3, 58.7, 64.2, 70.3, 82.9, 93.0, 94.1, 173.8, 175.0, 215.7;
m/z (EI) 424.1738 (C, H»xOy M* requires 424.1733).

ent-30,18-Dihydroxy-13-methoxymethoxy-gibberell-16-en-7-oic
acid 7-methyl ester 19,10-lactone

Lombardo reagent prepared from CH,Br, (0.75 mL)" was added
as a suspension dropwise via a pipette to a solution of ketone
(0.046 g, 0.11 mmol) in CH,Cl, (2 mL) at room temp. The reaction
was monitored by TLC and when complete was poured into a
slurry of NaHCO; (solid) and water (2 : 1) and ether. The mixture
was shaken until a clear organic layer was obtained and then the
layers were separated. The organic layer was dried over MgSO,
and the solvent removed. The crude 16-alkene (0.020 g, 43%) was
obtained as an oil and carried through to the next reaction; vy,
(cm™): 3440, 2930, 1764, 1733, 1455, 1435, 1283, 1247, 1199, 1159,
1112, 1039, 918, 892; §,; (CDCl;) : 1.59-2.22 (13 H, m), 2.85 (1 H,
d, J 11.0, H-6), 3.01 (1 H, dd, J 4.8, 9.2, 18-OH), 3.38 (1 H, d, J
11.0, H-5), 3.38 (3 H, s, MOM), 3.67 (1 H, dd, J 4.8, 12.5, H-18),
3.71 (1 H, m, 3-OH), 3.78 (3 H, s, CO,CH;), 4.00 (1 H, dd, J 9.1,
12.6, H-18), 4.28 (1 H, m, H-3), 4.56,4.76 2 H, 2 x ABd, J 7.2,
MOM), 5.05 (1 H, m, H-17), 5.20 (1 H, m, H-17); . (CDCl;):
17.5, 27.67, 27.73, 38.3, 41.0, 43.4, 49.0, 49.3, 50.9, 53.0, 53.5,
55.7, 58.5, 64.6, 70.7, 83.4, 92.3, 94.3, 109.2, 153.7, 174.8, 175.2;
m/z (EI) 378.1678 (M* 50%), HRMS: C,H,,0; (M+) requires
378.1684.

ent-3a,13,18-Trihydroxy-gibberell-16-en-7-oic acid 19,10-lactone
(O]

Dihydropyran (0.1 mL, 1.1 mmol, 10 eq) was added to a solution
of the diol (0.11 mmol from the previous reaction) and PPTS
(5 mg) in 4 mL CH,Cl, and stirred at room temp overnight. The
reaction was then washed with water, sat. NaHCO,, and brine,
dried over MgSO, and the solvent removed in vacuo. No further
purification was carried out. The crude mixture of diastereomers
28 was obtained as an oil and carried through to the next reaction.
Oy (crude, CDCl;): 1.0-2.30 (25 H, m), 2.75-2.82 (1 H,d x 2, J
9.5, H-6), 3.36 (3 H, s, MOM), 3.36-3.75 (5 H, m), 3.67 (3 H, s,
CO,CH;), 3.69-3.93 (2 H, 2 x ABd, H-18), 4.21 [1 H, m, OCHO
(THP)], 4.53-4.78 (2 H, 2 x ABd, MOM), 5.03, 5.13 (2 H, m,
H-17).

A solution of lithium n-butanethiolate in HMPA
(0.26 mL,1.5 M, 0.39 mmol) was added to the methyl ester
(0.11 mmol) in HMPA (0.5 mL) and stirred overnight at room
temp. The reaction mixture was then diluted with water, and
acidified with cold 2 M HCl to pH 3. The mixture was extracted
with EtOAc (x3) and the combined organic phase was washed
with KH,PO, (to pH 4.5), CuCl, solution, and brine. The organic
layer was dried over MgSO, and the solvent removed in vacuo.
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The crude product was dissolved in methanol (1 mL) and water
(0.2 mL), Dowex resin (H*) added, and the mixture heated for
3 h. The reaction was then cooled to room temp and filtered. The
resin was rinsed with methanol and the solvent was evaporated.
Purification on reverse-phase HPLC furnished a colourless gum,
(0.003 g, 8% over 4 steps); oy (MeOH-d,): 1.64-2.01 (11 H, m),
2.19(1 H, d, J 15.6, H-15),2.39 (1 H, dt, J 2.89, 15.6, H-15), 2.93
(1H,d,J10.3,H-6),3.30 (1 H,d, J 10.3, H-5), 3.80, 3.84 2 H, 2 x
ABd, J 11.2,H-18),3.97 (1 H, d, J 3.5, H-3), 4.94 (1 H, m, H-17),
5.20 (1 H, m, H-17); 6y (MeOH-d,): 17.1, 27.3, 27.8, 38.7, 42.9,
44.8,49.4,50.1,51.4,52.4,59.1,61.4,67.2,77.5,94.7,106.2, 157.3,
175.0, 177.4; m/z (EI) 364 (5%), 346.1415 (55%, M*-18. C,,H,,04
requires 346.1416), 328 (40), 300 (35), 284 (30), 270 (32), 255 (25),
242 (30), 227 (19), 213 (24), 199 (48), 121 (48), 105 (80), 91 (96),
69 (100); m/z (Me-TMS, EI) 594 (M*,%), 579 (21), 562 (10), 536
9), 429 (15), 401 (21), 385 (37), 374 (46), 355 (44); KRI 2745.

Preparation of 18-alkoxy derivatives 19a—26a and 19b-25b

General procedure. DBU (0.18 mL,) was added to a solution
of aldehyde 17 (50 mg) in 3 mL of alcohol and the reaction was
stirred at room temp for 18 h. After quenching with 1 M HCI, the
reaction mixture was poured into EtOAc and water. The organic
phase was washed with water (x2). The combined aqueous phase
was extracted with EtOAc (x3). The combined organic phase was
washed with brine, dried over MgSO, and the solvent removed.
Purification by silica gel chromatography (5 : 1 hexane-EtOAc-1 :
1 EtOAc-hexane) furnished in sequence, the 3f3-epimer followed
by the 3o-isomer, both as colourless oils. Yields and ratios are
summarized in Table 1. Selected NMR data are available in the
ESI (Table 3).7
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Dodecyl thioglycosides (3, 4, 5) were prepared by conventional transformation of D-glucose and used as
new glycosyl donors for a short-step synthesis of phytoalexin elicitor heptaglucoside. A
gentio-tetraoside derivative (6) having three hydroxyl groups was synthesized by NIS-TfOH promoted
glycosylate in more than 90% yield followed by selective removal of temporary protective groups.
Undesired formation of a-glycosides at the introduction of B-(1— 3)-branches into
gentio-oligosaccharides was found to be suppressed by use of a thiophilic reagent system, BSP
(1-benzenesulfinyl piperidine)-Tf,0, giving the heptaglucoside in only four glycosylation steps.

Introduction

Since Albersheim et al. identified a heptaglucoside analogous
to 1 that elicits production of phytoalexin in soybeans,' its
unique structure has often been used as a model compound to
demonstrate the feasibility of new methodologies in chemical
synthesis of oligosaccharides, e.g., convergent block synthesis, one-
pot sequential glycosylation, and chemoselective glycosylation.?
Compound 1 consists of a B-(1—6)-linked D-glucopyranose
backbone (gentiopentaose unit) and two p-(1— 3)-linked branches
(laminaribiose units). Because of the difficulty of glycosylating
the sterically hindered 3-hydroxyl group, the most successful
syntheses of 1 reported to date involved construction of the
laminaribiose units at an earlier stage of the synthetic scheme.
In contrast to this laminaribiose route, van Boom et al. proposed
a seemingly straightforward strategy, in which the B-(1— 6)-linked
backbone of 1 would be synthesized first and two B-(1— 3)-linked
branches would be introduced subsequently.® However, no one has
reported the total synthesis of 1 via this gentio-oligosaccharide
route. Recently, while investigating the regioselective introduction
of a B-(1—3)-linked branch into gentio-oligosaccharides using
our newly-developed dodecyl thioglycoside donors,* we found that
BSP-Tf,0° was a suitable promoter for our purpose. In this paper,
we report the first successful results using this approach, which
involves tris-glycosylation of a gentiotetraose intermediate.

Results and discussion

Following the retrosynthetic analysis of the target heptaglucoside
1 proposed by van Boom, elimination of three glucose moieties
at the non-reducing end and branches leaves a B-(1— 6)-linked
gentiotetraoside 6 as shown in Scheme 1.
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and "C NMR spectra for compounds 3,4, 5, 6,7, 8, 13, 14, and '"H NMR
spectrum for compound 1. See DOI: 10.1039/b800809d
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Scheme 1 Retrosynthetic analysis of the heptaglucoside 1 by
tris-glycosylation.

Provision for further tris-glycosylation sites in 6 is anticipated
through the use of temporary protecting groups, O-chloroacetyl
(MCA) and O-allyl groups, allowing for exposure of the free
hydroxylic acceptor sites. Furthermore, participation of the neigh-
boring 2-O-benzoyl protection groups in the dodecyl thioglucosyl
donors would afford the desired B-glucosidic linkages. As a result,
the total synthesis can be initiated from a known acceptor 2 and
three dodecyl thioglycosyl donors (3, 4, 5). Starting from readily
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Scheme 2 Synthesis of glycosyl donor 3. Reagents and conditions: (i) C,,H,;SH, BF;-Et,0, (CH,),Cl,, 0 °C, 87%; (ii) (a) NaOMe, MeOH, 3 h; (b)
TrCl, pyridine, DMAP, 60 °C, 5 h; (¢) BzCl, pyridine, 60 °C, overnight, 91% over 3 steps; (iii) (a) AcOH-H,O = 5 : 1, 70 °C, 1 h; (b) (MCA),0O,
pyridine—-CH,Cl, = 1: 10, 3 h, 92%, over 2 steps. DMAP = N, N-dimethylaminopyridine, MCA = chloroacetyl.
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Scheme 3 Synthesis of glycosyl donor 4 and 5. Reagents and conditions: (1) C,,H,sSH, BF;-Et,0, (CH,),Cl,, 94%; (ii) (a) NaOMe, MeOH, 3 h; (b) TrCl,
pyridine, 60 °C, overnight; (¢) BzCl, pyridine, 0 °C to rt, overnight, 86% over 3 steps; (iii) (a) AcOH-H,0 = 5:1, 70 °C, 1 h; (b) MCA, pyridine-CH,Cl, =
1:10, 87% over 2 steps; (iv) (a) NaOMe, MeOH, 5 h; (b) BzCl, pyridine, rt, overnight, 86% over 2 steps.

available D-glucose derivatives and non-volatile I-dodecanethiol,
the glycosyl donors (3, 4, 5) were prepared by means of conven-
tional transformations as shown in Schemes 2 and 3. Using the
thioglycosides 3 and 4 as glycosyl donors, and N-iodosuccinimide
(NIS)-triflic acid (TfOH),” as the promoter, we proceeded with
sequential glycosylation to synthesize the gentiotetraoside 6, as
outlined in Scheme 4.

Coupling 2 and the dodecylthio donor 3, which has a MCA and
an O-allyl protecting group, was first performed in dry CH,Cl,
using NIS-TfOH as a promoter, and the temporary O-MCA
protecting group was subsequently removed by treatment with
aqueous pyridine, giving the desired disaccharide acceptor 7 in
92% overall yield. Moreover, two gentiotrioses 8 and 9 were
synthesized under similar conditions with the O-MCA protected
4, and the per-benzoylated donors 5 in high yields, respectively.
The acceptor 8 was further glycosylated with 3 to give the tetraose
11 which has two O-allyl groups. Finally, selective removal of
the O-allyl groups in 9 and 11 was successfully performed by
ultrasonication with PdCL,.? giving the acceptors 10* and 6 in 90%
yield. The triol 6, obtained in an excellent overall yield, was a
potential intermediate in our synthetic route to 1. Compound 10
was used as a model acceptor for an investigation into introducing
a B-(1—3)-linked branch.

Our attention was focused next on tris-glycosylation to intro-
duce B-D-glucose residues into 6 concurrently. As a preliminary
experiment, the triol 6 was treated with the donor 5 (3.6 equiv.)
in the presence of NIS-TfOH for 2 days. As predicted by van
Boom,*® this was less successful and led to a complex mixture
of products, from which crude fully benzoylated heptaglucoside,
hexaoside, and gentiopentaoside were obtained in 25, 39, and
18% yields, respectively. However, 'H NMR spectra of the crude
oligosaccharide thus obtained revealed contamination of several
undesired a-glucosidic linkages.

HO

8:R=H, Ry =Allyl
- — 9:R=Bz Ry =Allyl
"":10:R=Bz, Ri=H

HO ivl3
(0}
BzO
ZRO&O
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Scheme4 Synthesis of gentio-oligosaccharide intermediate. Reagents and

conditions: (i) NIS-TfOH, CH,Cl,, —20 °C to rt; then H,O-pyridine,

50 °C, overnight, 7: 92%; (i) NIS-TfOH, CH,Cl,, —20 °C to rt; then

H,O-pyridine, 50 °C, overnight, 4—8: 92% and 5—9: 88%; (iii) PdCl,,

NaOAc-95% AcOH,,, ultrasonication, rt, 10: 90%; (iv) NIS-TfOH,

CH,Cl,, —20 °C to rt; then H,O-pyridine, 50 °C, overnight, 11: 92%;
(v) PdCl,, NaOAc-95% AcOH,,, ultrasonication, rt, 6: 90%.

aq.»
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These disappointing results forced us to seek better reaction
conditions for the introduction of the B-(1— 3)-linked branches.
Using the model acceptor 10 and the disarmed donor 5, we
evaluated the recently developed promoters of thioglycosides as
shown in Scheme 5; the results are summarized in Table 1. To
our surprise, the reaction using NIS-TfOH at —40 °C to room
temperature in dry CH,Cl, (entry 1) afforded 13 which was isolated
as an anomeric mixture (o.: f = 1:1.4) in 41% yield, even though
a participating benzoyl ester is present at the C-2 position in 5.
Similarly, the well-known thioethyl counterpart 12 was also able to
provide 13 with a slightly poorer o : B ratio (entry 3). Furthermore,
we also examined milder thiophilic reagents, NIS-TfOH-AgOTf®
and ICI-AgOTTf," for which a substoichiomeric amount of pro-
moter has been reported to activate the thioglycoside, producing
a sulfonium byproduct that can further promote glycosylations.
However, 13 was obtained in 28% yield and with disappointing
stereoselectivity (a : p = 1 : 1.4); representative reactions are
highlighted in entry 4. Although the unusual formation of 1,2-
cis-glycosides has been explained by unfavorable and mismatched
structure between a glycosyl donor and an acceptor,’ little has
been reported on B-(1— 3)-linked systems. We hypothesized that
severe steric hindrance between acceptor 10 and an orthoester
intermediate derived from the donor 5 occurred in oxocarbenium
ion leading to the B-glycosidic bond, but not in the transition state
leading to the a-bond. We next focused on a BSP-Tf,O promoter

BzO

Bzoﬁ&
OBz %%Z&&'
zO
5:R=8Cq;Hzs BzO

12: R = SEt 10 OMe

&&
820 ©
promoter Z QBz o
— P Bo 0829 o
A,
OBz ézO
BzO

13 OMe

Scheme 5 Model glycosylation to introduce B-(1— 3)-branch.

Table 1 Evaluation of promoter system of thioglycosides in B-(1— 3)-
branch formation®

Entry Promoter Temperature Yield (a: B)
1 NIS-TfOH —40°Ctort 41% (1:1.4)
20 NIS-TfOH —40°Ctort 39%(1:1.2)
3¢ NIS-TfOH —40°Ctort 33%(1:1.3)
4 NIS-TfOH-AgOTf —40°Ctort 28% (1:1.4)
5 ICI-AgOTf —40°Ctort No trace

6 BSP-Tf,0 —78°Ctort 44% (B only)
7 BSP-Tf,0 —78°Ctort 60% (B only)

“ All reactions were performed with 1.2 eq. of donor in CH,Cl,. Anomeric
ratio determined by integration of the '"H NMR spectrum of the crude
reaction mixture. ® Glycosyl donor 12 was used. ¢ Donor 5 (1.5 eq.) was
used.

system developed by Crich et al., which is known to facilitate
formation of a highly reactive glycosyl triflate intermediate. As
shown in entries 6 and 7, BSP-Tf,O mediated condensation
between 10 and 5 proceeded with complete stereoselectivity to
yield the B-linked tetraglucoside 13 in 44% yield. Use of slightly
excess donor was more effective to yield 13 (60%). This -
selectivity can be explained by the rapid Sy2-like displacement
of the intermediate o-triflate, which has also been observed by
the groups of Crich,>** van der Marel,” and Yoshida.'* The
satisfactory stereoselectivity and product yield of the BSP-Tf,0
mediated glycosylation made it applicable to our purpose.

Based on these fruitful results, we finally undertook the
culminating step of our synthetic scheme, the tris-glycosylation
of 6 to construct the heptaglucoside. As shown in Scheme 6,
the dodecylthio donor 5 was pre-activated with BSP-Tf,O at
—78 °C for 15 min, and the tetraose acceptor 6, which has three
hydroxyl groups, was subsequently added and the reaction was
completed while gradually increasing the reaction temperature
from —78 to —40 °C overnight. As we expected, the activation
and condensation proceeded smoothly, as monitored by two-
dimensional TLC analysis (hexane-EtOAc, 1 : 1 and toluene—
EtOAc 5 : 1, v/v). Repeated chromatography on a silica gel
column with these solvent systems furnished the fully protected
heptaglucoside 14 in 47% yield together with a mixture of
hexaglucosides in 42% yield. In a 600 MHz '"H NMR spectrum
of 14, six anomeric protons, except for one at the reducing end,
appeared as doublets with large coupling constants, suggesting all
glucosidic linkages were  in configuration. Final removal of all
benzoyl groups was performed with NaOMe in MeOH-H,O0 to
give known target compound 1, the '"H NMR spectrum of which
was consistent with the reported data.>=

5+6

Scheme 6 Synthesis of the heptaglucoside 1. Reagents and conditions: (i)
BSP-Tf,0, CH,Cl,, —78 °C to —40 °C, overnight, 14: 47%; (ii) NaOMe,
MeOH-H,O =1:1, 24 h, rt, 1: 74%.

Conclusions

It has been shown for the first time that a concise synthesis of the
branched structure of the phytoalexin elicitor heptaglucoside 1 is
enabled by employing sulfonyl triflate mediated tris-glucosylation
of the gentiotetraose intermediate 6. Since this approach allowed
the introduction of two B-(1— 3)-glucosyl branches at the final
stage of the synthesis, this strategy would be applicable to the
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synthesis of various analogues of 1 that have different mono-
and/or oligosaccharide branches.

Experimental
General methods

All chemicals were purchased as reagent grade and used without
further purification whereas NIS was recrystallized by 1,4-dioxane
and diethyl ether (1: 1, v/v) before use. Dichloromethane (CH,Cl,)
and 1,2-dichloroethane were distilled over calcium hydride. Molec-
ular sieves used for glycosylation were MS4A, which were activated
at 200 °C under reduced pressure prior to use. Reaction monitoring
was done with analytical thin-layer chromatography (TLC) on
silica gel 60F,s, plates (layer-thickness, 0.25 mm; E. Merck,
Darmstadt, Germany), which were visualized under UV (254 nm)
and/or by spraying with p-methoxybenzaldehyde-H,SO,~-MeOH
(1:2:17, v/v). Medium pressure column chromatography was
performed on silica gel (LiChroprep Si 60; 40-63 um, Merck,
Darmstadt, Germany). Column chromatography was performed
onsilica gel (Silica gel 60; 70-230 mesh ASTM, Merck, Darmstadt,
Germany).

'H and “C NMR spectra were recorded with a Bruker ASX
300 (300 and 75.1 MHz, respectively), JEOL A 500 (500 and
125 MHz) or JEOL ECA 600 (600 and 150 MHz). Splitting
patterns are indicated as s, singlet; d, doublet; t, triplet; q, quartet;
m, multiplet; brs, broad singlet for '"H NMR data. Signals were
assigned on the basis of 'H-"H COSY and 'H-'"H TOCSY NMR
experiments. ESI-HR mass spectra were recorded on a JEOL
JMS-100TJ spectrometer and ESI-TOF HR mass spectra were
measured on a Bruker micro TOF focus spectrometer. MALDI-
TOF mass spectrometry was carried out using a Bruker-Daltonik
Ultraflex TOF mass spectrometer equipped with a pulsed ion
extraction system.

Dodecyl 2,4,6-tri-O-acetyl-3-allyl- O-1-thio-$-D-glucopyranoside
(18)

Compound 17¢ (500 mg, 1.3 mmol) and 1-dodecanethiol (0.5 mL,
2.0 mmol) was dissolved in 1,2-dichloroethane (10 mL) and the
solution was cooled to 0 °C. To the solution was added slowly
BF;-Et,0 (0.45 mL, 1.9 mmol), then the mixture was stirred for
30 min at 0 °C. TLC (toluene-EtOAc, 5 : 1, v/v) confirmed
complete disappearance of the stating material. The reaction
mixture was poured into ice-water, and extracted with CHCl;. The
resulting mixture was successively washed with saturated aqueous
(sat. aq.) NaHCO;, brine, dried (MgSO,), and concentrated. The
residue was recrystallized in EtOH to yield 18 (600 mg, 87%).
[aly = —30.8 (¢ 1.24, CHCL;); '"H NMR (300 MHz, CDCl,): 6
5.81 (ddd, 1H, J = 5.5 Hz, J = 10.6 Hz, J = 22.6 Hz, CH,—
CH=CH,), 5.30 (d, 1H, J = 17.0 Hz, CH,-CH=CH,), 5.18 (d,
1H,J =7.7Hz, CH,-CH=CH,), 5.10(t, lH, J, s = 10.2 Hz, H-4),
5.04(t, 1H, J, ; = 9.8 Hz, H-2), 4.40 (d, 1H, J, , = 10.0 Hz, H-1),
4.26 (dd, 1H, J; 4 = 4.1 Hz, H-6b), 4.13 (dd, 1H, J5( = 2.2 Hz,
Je oo = 14.7 Hz, H-62), 4.30-4.00 (m, 2H, CH,—~CH=CH,), 3.61
(t, IH, J; 4, = 9.2 Hz, H-3), 3.70-3.50 (m, 1H, H-5), 2.90-2.60 (m,
2H, SCH,), 2.10, 2.10, 2.09 (3 s, each 3H, CH;Ac), 1.87-1.65 (m,
20H, SCH,(CH,),,CHs), 0.92 (t, 3H, J = 4.1 Hz, CH,CH,); *C
NMR (75 MHz, CDCl;): 6 171.0, 169.5, 169.4 (C=0 Ac), 134.4,

131.1,117.2,84.0,81.5,76.8,76.4,73.3,71.4,69.8, 62.8, 32.2, 30.6,
30.1,29.9,29.8,29.6,29.4,29.1,22.9,21.2,21.1, 14.4, 11.2; Anal.
Calcd for C,;H,O5S: C, 61.10; H, 8.74; S, 6.04%; Found: C, 60.96;
H, 8.75; S, 6.07%.

Dodecyl 3-0-allyl-2,4-di-O-benzoyl-6-O-trityl-1-thio-f-
D-glucopyranoside (19)

To a solution of 18 (500 mg, 0.9 mmol) in MeOH (10 mL) was
added a 25% solution of NaOMe in MeOH to adjust the solution
to pH >12, and the mixture was stirred at room temperature for
3 h, when TLC (CHCI;-MeOH, 10 : 1, v/v) indicated that the
reaction was complete. The reaction mixture was neutralized with
Amberlite IR-120 (H* form), filtered, and concentrated to give
the 2,4,6-triol. To a dry pyridine (10 mL) solution of the resulting
triol, DMAP (165 mg, 1.35 mmol), and chlorotriphenylmethane
(362 mg, 1.3 mmol) were added, and the solution was stirred
at 60 °C for 5 h, when TLC (toluene-EtOAc, 20 : 1, v/v)
indicated that the reaction was completed. After addition of
benzoyl chloride (0.6 mL, 5.6 mmol), the reaction mixture was
stirred at 60 °C, overnight. The mixture was partitioned between
CHCI; and ice-water. The organic phase was washed with 1 M
HCl, sat. aq. NaHCO;, brine, dried (MgSO,), and concentrated.
Purification on silica gel column chromatography with hexane—
EtOAc, 20 : 1—5 : 1, v/v as the eluant afforded compound 19
(700 mg, 91%). [a]¥ = —19.8 (¢ 1.22, CHCl;); '"H NMR (300 MHz,
CDCl;): 0 8.20-7.10 (m, 25H, CH, o), 5.62 (ddd, 1H, J = 5.8 Hz,
J = 8.0 Hz, J = 16.9 Hz, CH,-CH=CH,), 5.52 (t, 1H, J,; =
9.6 Hz, H-2), 5.51 (t, IH, J, s = 9.6 Hz, H-4), 5.05 (dd, IH, J =
1.4 Hz, J = 17.2 Hz, CH,-CH=CH,), 4.93 (d, 1H, J = 10.4 Hz,
CH,-CH=CH,), 4.77 (d, 1H, J, , = 10.0 Hz, H-1), 4.09 (d, 2H,
CH,-CH=CH,), 4.00 (t, 1H, J;, = 9.2 Hz, H-3), 3.84-3.81 (m,
1H, H-5), 3.50-3.30 (m, 2H, H-6a, 6b), 3.04-2.80 (m, 2H, SCH,),
1.85-1.68, 1.47-1.28 (m, 20H, SCH,(CH,),,CH5;), 0.98 (t, 3H, J =
6.9 Hz, CH,CH,); “C NMR (75 MHz, CDCl;):  171.3, 165.2,
164.9, 147.1, 143.9, 143.5, 134.5, 133.4, 133.3, 130.0, 129.9, 129.2,
128.8, 128.7,128.5, 128.2, 128.1, 127.9, 127.4, 127.3, 127.1, 117.6,
86.8, 83.9, 81.6, 78.5, 73.5, 72.6, 71.0, 63.0, 60.6, 32.1, 30.2, 30.1,
29.9,29.8,29.6,29.3,29.3, 22.9, 14.4; ESI-HRMS (m/z) calcd for
Cs,H,,O,SNa*: 877.4108; Found: 877.4113.

Dodecyl 3-0-allyl-2,4-di-O-benzoyl-6- O-chloroacetyl-1-thio-fi-
D-glucopyranoside (3)

To a solution of the tritylated compound 19 (500 mg, 0.58 mmol)
in acetic acid (40 mL) was added H,O (8 mL) at 70 °C. The
mixture was stirred at this temperature for 1 h, after which time
the reaction was completed as indicated by TLC (hexane-EtOAc,
3:1, v/v). The reaction mixture was evaporated, then subjected to
co-evaporation with toluene three times. Purification on silica gel
column chromatography (hexane-EtOAc, 7:1—5:1,v/v) gave a
colorless oil (330 mg, 93%).

A solution of the resulting de-O-tritylated thioglycoside
(330 mg, 0.54 mmol) in pyridine-CH,Cl, (1 : 10, v/v, 10 mL)
was treated with chloroacetic anhydride (103 mg, 0.6 mmol);
the reaction was allowed to process for 3 h. The mixture was
successively washed with ice-water, sat. aq. NaHCO;, and brine,
dried (MgS0O,), and concentrated. Purification with silica gel
column chromatography (hexane-EtOAc, 7 : 1—5: 1, v/v) gave
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compound 5 (380 mg, 92% in two steps). [a]5 = —13.7 (¢ 0.96,
CHCL;); 'H NMR (300 MHz, CDCl;): 6 8.18-7.27 (m, 10H,
CH,;om), 5.54 (ddd, 1H, J = 5.8 Hz, J = 10.4 Hz, J = 22.6 Hz,
CH,-CH=CH,), 5.39 (t, 1H, J, s = 9.7 Hz, H-4), 5.35 (t, 1H,
J,3=9.7Hz, H-2),5.03(dd, 1H, J = 1.4 Hz, J = 17.2 Hz, CH,—
CH=CH,),4.90(d, 1H,J =10.3 Hz, CH,~CH=CH,), 4.66(d, 1H,
Ji.» = 10.0 Hz, H-1), 4.38-4.31 (m, 2H, H-6a, 6b), 4.10-4.00 (m,
4H, COCH,CIl, CH,-CH=CH,), 3.98 (t, 1H, J; , = 9.1 Hz, H-3),
3.95-3.78 (m, 1H, H-5), 2.78-2.63 (m, 2H, SCH,), 1.30-1.08 (m,
20H, SCH,(CH,),,CH,;), 0.88 (t, 3H, J = 7.0 Hz, CH,CH,;); *C
NMR (75 MHz, CDCl,): 6 167.4,165.4,165.3, 140.0, 133.7, 134.4,
130.2, 130.1, 130.0, 129.4, 129.0, 128.8, 117.9, 84.3, 81.1, 73.8,
72.3,70.8, 64.7, 63.3, 41.1, 30.3, 30.5, 30.0, 29.9, 29.8, 29.7, 29.5,
29.1, 23.0, 14.5; ESI-HRMS (m/z) caled for C;;H,ClOgSNa*:
711.2729; Found: 711.2743.

Dodecyl 2,3,4,6-tetra-O-acetyl-1-thio-p-D-glucopyranoside (20)

To a solution of 1,2,3,4,6-penta-O-acetyl-p-D-glucopyranose
(780 mg, 2.0 mmol) and 1-dodecanethiol (0.53 mL, 2.2 mmol)
in 1,2-dichloroethane (10 mL) was added BF;-Et,O (0.3 mL,
2.4 mmol) and the solution was stirred for 40 min at room tem-
perature. The reaction was quenched with Et;N and evaporated.
The residue was recrystallized in EtOH to yield 20 (1.0 g, 94%).
[aly = —29.2 (¢ 0.12, CHCL); '"H NMR (300 MHz, CDCl,): 6
5.24 (t, 1H, J;, = 9.3 Hz, H-3), 5.10 (t, 1H, J, s = 9.5 Hz, H-4),
5.05(t, 1H, J, ; = 9.4 Hz, H-2), 4.49 (d, 1H, J, , = 10.0 Hz, H-1),
4.26 (dd, 1H, J; 4 = 4.9 Hz, H-6b), 4.05 (dd, 1H, J5 ¢ = 2.2 Hz,
Jea o = 12.3 Hz, H-62), 3.75-3.65 (m, 1H, H-5), 2.76-2.60 (m, 2H,
SCH,), 2.10,2.08,2.04,2.03 (4 s, each 3H, CH;Ac), 1.66-1.26 (m,
20H, SCH,(CH,),,CH.), 0.88 (t, 3H, J = 4.1 Hz, CH,CH,); *C
NMR (75 MHz, CDCl;): 6 171.1, 170.7, 169.9, 169.9 (C=0), 84.2,
76.4,74.5,70.5, 68.9, 62.8, 32.4, 30.6, 30.2, 30.1, 30.1, 29.9, 29.7,
29.3, 23.2, 21.2, 21.1, 14.6; Anal. Calcd for C,sH,,O,S: C, 58.62;
H, 8.33; S, 6.02%; Found: C, 58.55; H, 8.46; S, 6.17%.

Dodecyl 2,3,4-tri-O-benzoyl-6- O-trityl-1-thio-p-D-glucopyranoside
(02

To a solution of 20 (1.0 g, 1.9 mmol) in MeOH (50 mL) was added
a 25% solution of NaOMe in MeOH to adjust the pH to >12
at room temperature. After 3 h, TLC (CHCl;-MeOH, 5 : 1, v/v)
showed that the reaction was completed. The reaction mixture
was neutralized with Amberlite IR-120 (H* form), filtered, and
concentrated in vacuo. The product and chlorotriphenylmethane
(1.2 g, 4.0 mmol) were dissolved in dry pyridine (10 mL) and the
solution was heated to 60 °C, overnight. TLC (toluene-EtOAc, 20 :
1, v/v) indicated that the reaction was completed, and that one
product was formed. To the reaction mixture was added benzoyl
chloride (1.3 mL, 11.1 mmol) at 0 °C, the reaction mixture was
stirred at the same temperature for 30 min and at room temperature
overnight. TLC (hexane-EtOAc, 5 : 1, v/v) then showed that the
reaction was completed. The mixture was diluted with CHCl,, then
poured into ice-water. The organic phase was washed with 1 M
HCI, sat. aq. NaHCO;, brine, dried (MgS0O,), and concentrated.
Purification on silica gel column chromatography (hexane-EtOAc,
15:1-5: 1, v/v) as the eluant afforded compound 21 (1.5 g,
86%) as a colorless oil. [a]® = +0.26 (¢ 0.99, CHCL,); '"H NMR
(300 MHz, CDCl;): ¢ 8.29-7.07 (m, 30H, CH,,,), 5.86 (t, 1H,

Js.. = 9.5 Hz, H-3), 5.68 (t, 1H, J, s = 9.8 Hz, H-4), 5.64 (t, 1H,
J,s = 9.5 Hz, H-2), 4.85 (d, 1H, J,, = 9.8 Hz, H-1), 3.95-3.89
(m, 1H, H-5), 3.40 (dd, 1H, J5 ¢, = 2.2 Hz, J¢, ¢ = 10.6 Hz, H-6a),
3.30 (dd, 1H, Js ¢ = 4.9 Hz, H-6b), 2.97-2.82 (m, 2H, SCH,),
1.87-1.25 (m, 20H, SCH,(CH,),,CH,), 0.92 (t, 3H, J = 7.0 Hz,
CH,CH,); ®C NMR (75 MHz, CDCL): § 166.2, 165.6, 165.1,
143.9, 133.5, 133.4, 133.4, 130.5, 130.2, 130.1, 130.0, 129.6, 129.3,
128.9, 128.8, 128.7, 128.6, 128.5, 128.0, 127.2, 87.0, 84.0, 74.8,
71.2,69.7, 62.9, 60.7, 32.2, 30.3, 30.2, 30.0, 29.8, 29.7, 29.5, 29.3,
23.0, 14.5; ESI-HRMS (m/z) caled for CsgH,OsSNa*: 941.4058;
Found: 941.4061.

Dodecyl 2,3,4-tri-O-benzoyl-6- O-chloroacetyl-1-thio-f-
D-glucopyranoside (4)

To a solution of the tritylated compound 21 (500 mg, 0.5 mmol)
in acetic acid (40 mL) was added H,O (8 mL) at 70 °C. The
mixture was stirred at the same temperature for 1 h, when the
reaction was complete as indicated by TLC (hexane-EtOAc, 3 :
1, v/v). The reaction mixture was evaporated, then subjected to
co-evaporation with toluene three times and purification by silica
gel column chromatography (hexane-EtOAc, 7 : 15 : 1, v/v)
gave a colorless oil (318 mg, 94%).

A solution of the resulting de-O-tritylated thioglycoside
(318 mg, 0.47 mmol) in pyridine-CH,Cl, (1 : 10, v/v, 10 mL) was
treated with chloroacetic anhydride (100 mg, 0.6 mmol), and the
reaction was stirred for 2 h. The mixture was successively washed
with ice water, sat. aq. NaHCO;, and brine, dried (MgSO,), and
concentrated. Purification by silica gel column chromatography
(hexane-EtOAc, 7:1—5:1, v/v) gave compound 4 (312 mg, 87%
in two steps). [a]y = —6.2 (¢ 1.24, CHCl;); '"H NMR (300 MHz,
CDCl;): 6 8.09-7.10 (m, 15H, CH,;nn), 5.93 (t, 1H, J5, = 9.5 Hz,
H-3), 5.59 (t, 1H, J, s = 10.0 Hz, H-4), 5.64 (t, 1H, J, ; = 9.8 Hz,
H-2),4.83 (d, 1H, J,, = 10.0 Hz, H-1), 4.50-4.30 (m, 2H, H-6a,
6b), 4.20-4.00 (m, 3H, H-5, COCH,Cl), 2.81-2.70 (m, 2H, SCH,),
1.34-1.24 (m, 20H, SCH,(CH,),,CHs), 0.92 (t, 3H, J = 6.9 Hz,
CH,CH,); "C NMR (75 MHz, CDCl,): ¢ 167.3, 165.5, 165.1,
165.3,133.9, 133.6, 130.1, 130.1, 129.9, 129.3, 128.9, 128.8, 128.7,
128.6, 128.6, 84.3, 74.2, 70.7, 69.4, 64.3, 40.9, 32.2, 30.4, 29.9,
29.8,29.8,29.6,29.4,29.0, 22.9, 14.4; ESI-HRMS (m/z) caled for
C,1H,»ClOySNa*: 775.2678; Found: 775.2683.

Dodecyl 2,3,4,6-tetra- O-benzoyl-1-thio-p-D-glucopyranoside (5)

To a solution of the acetate 20 (600 mg, 1.13 mmol) in MeOH
(20 mL) was added NaOMe (20 mg), and the solution was stirred
at room temperature for 5 h. After neutralization with Amberlite
IR-120 (H* form), the solvent was evaporated and the residue
was dissolved in pyridine (8 mL). Benzoyl chloride (0.8 mL,
6.8 mmol) was added to the solution. The mixture was stirred
at room temperature overnight, poured into crushed ice-water
and extracted with CHCI;. The extract was washed successively
with 1 M HCI, sat. aq. NaHCO; and brine, dried with MgSO,,
and evaporated. The residue was chromatographed on silica gel
(toluene-EtOAc20:1—10: 1, v/v) to give the benzoate 5 (757 mg,
86%) as a colorless oil. [a]? = +12.4 (¢ 1.70, CHCL;); '"H NMR
(300 MHz, CDCl;): ¢ 8.03-7.17 (m, 20H, CH, o), 5.95 (t, 1H,
J;.. =9.5Hz, H-3), 5.69 (t, 1H, J, s = 9.7 Hz, H-4), 5.56 (t, 1H,
J,; = 9.6 Hz, H-2), 4.87 (d, 1H, J, , = 10.0 Hz, H-1), 4.65 (dd,
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1H, Js. o, = 3.1 Hz, H-6b), 4.51 (dd, 1H, Js¢ = 54 Hz, J¢, o =
12.2 Hz, H-6a), 4.26-4.16 (m, 1H, H-5), 2.76-2.60 (m, 2H, SCH,),
1.66-1.26 (m, 20H, SCH,(CH,),,CH,), 0.88 (t, 3H, J = 4.1 Hz,
CH,CH,); "C NMR (75 MHz, CDCl,): ¢ 166.4, 166.2, 165.6,
165.5, 133.8, 133.6, 133.6, 133.4, 130.2, 130.2, 130.1, 129.6, 129.2,
129.2, 128.7, 128.7, 128.6, 84.4, 76.7, 74.6, 71.1, 70.1, 63.7, 32.3,
30.5, 30.1, 30.0, 30.0, 29.9, 29.8, 29.7, 29.4, 29.1, 23.0, 14.4; Anal.
Calcd for C,sH5,0,S: C, 70.74; H, 6.71; S, 4.11%; Found: C, 70.92;
H, 6.65; S, 3.97%.

General procedure for the preparation of gentio-oligosaccharides
using NIS-TfOH

A solution of the glycosyl donor (1.2 equiv. to acceptor), glycosyl
acceptor (1.0 equiv.) and freshly recrystallized NIS (1.2 equiv. to
donor) in CH,Cl, was stirred for 30 min over activated molecular
sieves under a nitrogen atmosphere. TfOH (5 pL) was added at
—20 °C with a micro syringe. The reaction mixture was stirred
and the temperature was warmed slowly to room temperature.
After TLC (toluene-EtOAc, 5 : 1, v/v) analysis to check that the
glycosyl donor was consumed, the reaction was quenched with
Et;N (about 2 mL) and then diluted with CHCI;. The mixture
was filtered thought a Celite pad, and the filtrate was washed
successively with sat. aq. Na,S,0;, sat. aq. NaHCO;, and brine,
dried (MgSO0,), and concentrated to gave a crude oil, which mainly
consisted of a chloroacetated product.

The crude mixture of the above mentioned glycosylation was
dissolved in pyridine (20 mL) and H,O (4 mL). After stirring
overnight at 50 °C, the reaction was completed as indication
by TLC (toluene-EtOAc, 2.5 : 1, v/v). The reaction mixture
was evaporated, then subjected to co-evaporation with toluene
three times. Purification was carried out by silica gel column
chromatography (toluene-EtOAc).

Methyl 6-0O-(3-0-allyl-2,4-di- O-benzoyl-f-D-glucopyranosyl)-
2,3,4-tri- O-benzoyl-a-D-glucopyranoside (7)

The glycosyl donor 3 (689 mg, 1.0 mmol) was condensed with
glycosyl acceptor 2 (761 mg, 1.2 mmol) using NIS (270 mg,
1.2 mmol), and TfOH (0.02 mmol, 5 pL) in dry CH,Cl, (20 mL)
according to the general procedure described above. Compound 7
was obtained as a colorless oil (845 mg, 92% in two steps). [a]¥ =
+2.4 (¢ 1.25, CHCl;); '"H NMR (600 MHz, CDCl;): J 8.13-7.22
(m, 25H, CH,,,n), 6.07 (t, 1H, J; , = 9.9 Hz, H-3), 5.60-5.50 (ddd,
IH, J = 6.0 Hz, J = 11.0 Hz, J = 22.5 Hz, CH,~-CH=CH,),
5.42 (t, 1H, J, s = 9.3 Hz, H-4), 5.30 (t, 1H, J,y y = 8.2 Hz, H-
2,519 (t, 1H, Jy v = 9.3 Hz, H-4), 5.11 (dd, 1H, J = 3.8 Hz,
J,; =10.2 Hz, H-2), 5.01 (d, 1H, J = 10.4 Hz, CH,—~CH=CH,),
495(d, 1H, J,, = 3.8 Hz, H-1),4.90 (d, 1H, J = 10.4 Hz, CH,—
CH=CH,), 4.79 (d, 1H, J, y = 8.2 Hz, H-1), 4.23- 4.17 (m, 1H,
H-5),4.09 (dd, 1H, J;s ¢ = 2.2 Hz, H-6b), 4.03 (d, 2H, J = 5.5 Hz,
CH,-CH=CH,), 3.98 (t, 1H, Jy 4 = 9.3 Hz, H-3), 3.75 (dd, 1H,
Jse = 6.6 Hz, J¢, o, = 11.0 Hz, H-6a), 3.73-3.67 (m, 1H, H-6'D),
3.65-3.60 (1 m, 1H, H-5), 3.58-3.52 (m, 1H, H-6'b), 3.15 (s, 3H,
OMe), 2.80-2.72 (m, 1H, OH); “C NMR (75 MHz, CDCl,): ¢
169.7, 166.1, 166.0, 134.6, 134.0, 133.7, 133.4, 130.3, 130.2, 130.1,
130.0, 129.6, 129.4, 129.2, 128.9, 128.8, 128.6, 117.5, 101.0, 97.2,
80.0,75.3,73.4,72.4,70.9, 69.9, 68.7, 67.2, 61.8, 55.9; ESI-HRMS
(m/z) caled for Cs5;Hy;sOsNa*: 939.2835; Found: 939.2833.

Methyl 6-0-(6-0-2,3,4-tri-O-benzoyl-f-D-glucopyranosyl)-3-O-
allyl-2,4-di-O-benzoyl-g-D-glucopyranosyl)-2,3,4-tri- O-benzoyl-
a-D-glucopyranoside (8)

The glycosyl donor 4 (459 mg, 0.5 mmol) was condensed with
glycosyl acceptor 7 (452 mg, 0.42 mmol) using NIS (270 mg,
1.2 mmol), and TfOH (0.02 mmol, 5 uL) in dry CH,Cl, (10 mL)
according to the general procedure described above. Compound 8
was obtained as colorless oil (643 mg, 92% in two steps). [a]y =
+0.18 (¢ 0.95, CHCL;); '"H NMR (600 MHz, CDCl;): 6 8.10-7.10
(m, 40H, CH,,,n,), 6.06 (t, 1H, J;, = 9.7 Hz, H-3), 5.93 (t, 1H,
Jy" = 9.7 Hz, H-3"), 5.57-5.49 (ddd, 1H, J = 44 Hz, J =
5.5Hz, J = 16.4 Hz, CH,-CH=CH,), 5.41 (t, 1H, J, s = 9.7 Hz,
H-4),5.27 (t, 1H, Jy y =9.8 Hz, H-2),5.26 (t, 1H, J».y = 9.1 Hz,
H-4), 5.23 (t, 1H, Jy v = 9.8 Hz, H-4"), 5.19 (t, 1H, Jy y =
9.3 Hz, H-2"), 5.11 (dd, 1H, J = 3.8 Hz, J, ; = 10.2 Hz, H-2), 5.02
(d,1H,J,,=3.8Hz, H-1),4.98 (dd, 1H,J = 1.6 Hz, / = 17.3 Hz,
CH,-CH=CH,), 493 (d, IH, J, y = 7.7 Hz, H-1'), 4.87 (dd, 1H,
J =1.6 Hz, J = 13.2 Hz, CH,-CH=CH,), 4.59 (d, 1H, J,» ,» =
8.2 Hz, H-1"), 4.07-4.02 (m, 1H, H-5), 4.15-3.93 (m, 4H, H-6b,
6'b, CH,-CH=CH,), 3.85(t, 1H, Jy v = 9.3 Hz, H-3), 3.84-3.72
(m, 4H, H-5, 5", 6'a, 6’b), 3.63-3.57 (m, 1H, H-6"a), 3.52 (dd,
1H, Js56, = 6.0 Hz, Jo, s, = 11.5 Hz, H-62), 3.13 (s, 3H, OMe),
2.93-2.87 (m, 1H, OH); “C NMR (75 MHz, CDCl;): ¢ 166.1,
166.0, 165.7, 165.4, 165.2, 134.5, 133.8, 133.7, 133.6, 133.6, 133.6,
133.5, 133.4,133.3, 130.2, 130.0, 130.0, 130.0, 130.0, 130.0, 129.4,
129.4, 129.3, 129.2, 129.0, 125.6, 117.7, 101.7, 100.9, 96.8, 79.6,
74.8,74.0, 73.5, 73.3, 73.1, 72.4, 72.2, 72.0, 70.6, 70.1, 69.5, 68.9,
68.4, 61.5, 55.5, 21.8; ESI-HRMS (m/z) calcd for C,sH,,0,,Na*:
1413.4149; Found: 1413.4143.

Methyl 6-0-(6-0-(6-0-(3-0-allyl-2,4-di-O-benzoyl-p-p-
glucopyranosyl)-2,3,4-tri- O-benzoyl-p-D-glucopyranosyl)-3-O-
allyl-2,4-di-O-benzoyl-g-D-glucopyranosyl)-2,3,4-tri- O-benzoyl-
a-D-glucopyranoside (11)

The glycosyl donor 3 (83 mg, 0.12 mmol) was condensed with
glycosyl acceptor 8 (143 mg, 0.1 mmol) using NIS (32.4 mg,
0.144 mmol), and TfOH (0.02 mmol, 5 pL) in dry CH,Cl, (10 mL)
according to the general procedure described above. Compound
11 was obtained as a colorless oil (198 mg, 92%). [a]¥ = —7.6 (¢
1.00, CHCI;); '"H NMR (600 MHz, CDCl;): 6 8.20-7.13 (m, 50H),
6.07 (t, 1H, J;, =9.9 Hz, H-3), 5.73 (t, 1H, Jy 4 = 9.9 Hz, H-3"),
5.61-5.51 (m, 2H, CH,-CH=CH,), 5.38 (t, IH, J, s = 9.9 Hz,
H-4),5.29 (t, 1H, Jy y = 8.8 Hz, H-2'), 5.21 (t, IH, Jy .y = 9.9 Hz,
H-4),5.17 (t, 1H, J,» y» =8.9Hz, H-2"),5.11 (dd, 1H, J =7.8 Hz,
Jy 3 =9.8 Hz, H-2"), 5.10 (dd, 1H, J = 3.8 Hz, J, ; = 10.2 Hz, H-
2),5.03(d,2H,J =17.0 Hz, CH,-CH=CH,), 5.00 (t, 1H, J,» s» =
9.9 Hz, H-4"), 5.00 (t, 1H, Jy s» = 9.9 Hz, H-4"), 4.99 (d, 1H,
Ji.,» = 3.8 Hz, H-1), 491 (d, 2H, J = 15.9 Hz, CH,-CH=CH,),
490 (d, 1H, J,» y» = 8.2 Hz, H-1"), 4.60 (d, 1H, J,» ,» = 8.2 Hz,
H-17), 4.57 (d, 1H, J,.» = 8.2 Hz, H-1'), 4.12-3.95 (m, 6H, H-
5, 6b, CH,~-CH=CH,), 3.89 (t, 1H, Jy» 4 = 9.9 Hz, H-3"), 3.88
(t, 1H, Jy » = 9.9 Hz, H-3), 3.86-3.81 (m 3H, H-6'b, 5, 6"a),
3.79-3.69 (m, 3H, H-6"a, 5", 6”b), 3.66-3.61 (m, 1H, H-5'), 3.59
(dd, 1H, Jy ¢, = 4.9 Hz, H-6"b), 3.53 (dd, 1H, Jy ¢, = 1.6 Hz,
Jeawon = 1.2 Hz, H-6'a), 3.51 (dd, 1H, Js¢ = 6.1 Hz, Jg, 6 =
11.3 Hz, H-6a), 3.09 (s, 3H, OMe), 2.79-2.89 (brs, 1H, OH); “C
NMR (75 MHz, CDCl;): 6 166.5, 166.3, 166.3, 166.1, 166.0, 165.9,
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165.8, 165.6, 165.4, 134.9, 134.8, 134.1, 134.0, 134.0, 133.9, 133.8,
133.7, 133.6, 133.5, 133.4, 131.5, 130.6, 130.5, 130.3, 130.2, 130.2,
130.1, 130.0, 129.8, 129.7, 129.5, 129.4, 129.3, 129.2, 129.1, 129.0,
129.0, 128.8, 128.7, 118.0, 117.9, 102.1, 101.3, 100.9, 97.0, 80.1,
79.9, 75.0, 74.5, 74.2, 74.0, 73.8, 73.1, 73.0, 72.8, 72.6, 71.6, 70.8,
70.2, 69.3, 68.7, 68.0, 62.1, 55.6, 39.3, 30.9, 30.3, 29.5, 24.6, 23.6,
14.6, 11.5; ESI-HRMS (m/z) calcd for C,,, Hy,O5 Na*: 1823.5515;
Found: 1823.5517.

Methyl 6-0-(6-0-(6-0-(2,4-di-O-benzoyl-f-D-glucopyranosyl)-
2,3,4-tri- O-benzoyl-p-D-glucopyranosyl)-2,4-di- O-benzoyl-f-D-
glucopyranosyl)-2,3,4-tri-O-benzoyl-a-D-glucopyranoside (6)

To a solution of compound 11 (158 mg, 0.09 mmol) in acetic acid
(3.8 mL) and H,0 (0.2 mL) were added sodium acetate (74 mg,
0.9 mmol) and palladium(ir) chloride (64 mg, 0.36 mmol), and the
reaction mixture was sonicated at room temperature for 2 h. The
solution was then filtered through a celite bed and the filtrate was
extracted with CHCl;. The organic layer was washed with H,O,
sat. aq. NaHCO;, and brine, dried (MgSO,), and then purification
by silica gel column chromatography (toluene-EtOAc, 5: 12 :
1, v/v) gave compound 6 (139 mg, 90%) as a syrup foam. [a]} =
—8.7 (¢ 1.04, CHCl;); '"H NMR (500 MHz, CDCl;): ¢ 8.20-7.13
(m, 50H), 6.08 (t, 1H, J;, = 9.8 Hz, H-3), 5.79 (t, 1H, Jy » =
9.8 Hz, H-3"), 5.45 (t, 1H, J, s = 9.8 Hz, H-4), 5.23 (dd, 1H, J =
7.9 Hz, Jy y» = 9.8 Hz, H-2), 5.18 (t, 1H, J,.s» = 9.6 Hz, H-4"),
5.14 (t, 1H, Jy v = 10.4 Hz, H-4), 5.14 (t, 1H, J,y y = 9.2 Hz,
H-2),5.12(t, 1H, J, 5 =9.2 Hz, H-2), 5.06 (t, 1H, J,» y» = 8.5 Hz,
H-2"), 5.06 (t, 1H, J,» y» = 8.5 Hz, H-4"), 5.02 (d, 1H, J,, =
3.7 Hz, H-1), 4.88 (d, 1H, J,» y» = 7.9 Hz, H-1"), 4.76 (d, 1H,
Ju.» =719 Hz, H-1"),4.62 (d, 1H, J, » = 7.9 Hz, H-1"), 4.17 (t,
1H, Jy» y» = 9.2 Hz, H-3"), 4.15-4.90 (m, 1H, H-5), 4.01 (dd, 1H,
Js.e = 1.8 Hz, H-6b), 3.96 (t, lH, Jy » = 9.2 Hz, H-3), 3.92-3.98
(m, 1H, H-5"),3.93 (dd, 1H, Js ¢, = 3.7 Hz, H-6"b), 3.89 (dd, 1H,
Js ¢» = 6.1 Hz, H-6'b), 3.81 (dd, 1H, Jy ¢, = 6.1 Hz, Jg, ¢ =
11.0 Hz, H-6"a), 3.78 (dd, 1H, Jy» ¢, = 3.0 Hz, H-6"b), 3.75 (dd,
IH, Jy ¢, = 1.6 Hz, J¢. ¢, = 7.2 Hz, H-6'a), 3.72-3.60 (m, 3H,
H-5,57,6"a),3.59 (dd, 1H, J5 ¢, = 6.1 Hz, J4, ¢, = 11.3 Hz, H-6a),
3.16 (s, 3H, OMe), 3.00-2.88 (brs, 3H, OH); *C NMR (75 MHz,
CDClL): 6 166.9, 166.7, 166.5, 166.4, 166.1, 166.0, 165.9, 165.8,
165.4,133.9, 133.8, 130.7, 130.6, 130.5, 130.4, 130.3, 130.2, 130.1,
129.9,129.7,129.4, 129.2, 128.9, 128.8, 128.7, 128.6, 128.5, 101.4,
101.1, 101.0, 97.0, 75.1, 74.8, 73.9, 73.4, 73.0, 72.3, 70.7, 70.3,
70.1, 69.2, 68.7, 68.4, 68.3, 61.9, 55.6; ESI-HRMS (m/z) calcd for
CysHg, 05 Na*: 1743.5889; Found: 1743.5891.

Methyl 6-0-(3,6-di-O0-(2,3,4,6-tetra- O-benzoyl-§-D-
glucopyranosyl)-2,4-di- O-benzoyl-p-p-glucopyranosyl)-2,3,4-
tri-O-benzoyl-o-D-glucopyranoside (13)

(a) NIS-TfOH promoted glycosylation. A solution of the gly-
cosyl donor 5 (141 mg, 0.18 mmol), glycosyl acceptor 10 (170 mg,
0.12 mmol), freshly recrystallized NIS (49 mg, 0.22 mmol), and
MS4A (300 mg) in dry CH,Cl, (5 mL) was stirred at room
temperature for 30 min under a nitrogen atmosphere. To the
mixture was added TfOH (5 pL, 0.02 mmol) at —40 °C. The
reaction mixture was allowed to slowly warm to room temperature
overnight (two-dimensional TLC, hexane-EtOAc, (1 : 1, v/v)
and toluene-EtOAc (5 : 1, v/v)), then quenched with Et;N and

diluted with CHCI;, filtered, successively washed with sat. aq.
Na,S,0;, sat. aq. NaHCO;, and brine. After drying (MgSO,)
and concentration, the residue was purified twice by column
chromatography (hexane-EtOAc 1 : 1, followed by toluene-EtOAc
10 : 1) to provide 13 as a colorless oil (100.1 mg, 41%, a.: B; 1 :
1.4).

(b) BSP-Tf,0 promoted glycosylation. A solution of the
glycosyl donor 5 (141 mg, 0.18 mmol), BSP (56 mg, 0.27 mmol)
and MS4A (300 mg) was stirred in dry CH,Cl, (3 mL) at room
temperature for 30 min under a nitrogen atmosphere. The reaction
mixture was cooled to —78 °C, followed by addition of Tf,O
(45 pL, 0.27 mmol) and stirred at this temperature for 15 min.
Then a solution of glycosyl acceptor 10 (179 mg, 0.12 mmol) in dry
CH,Cl, (2 mL) was added and the reaction mixture was allowed
to slowly warm to room temperature overnight (two-dimensional
TLC, hexane-EtOAc, (1: 1, v/v) and toluene-EtOAc (5: 1, v/V)).
Purification as described above gave 13 (107.8 mg, 44%, B only).

(c) NIS-TfOH-AgOT{ promoted glycosylation. A solution of
the glycosyl donor 5 (31 mg, 40 umol), glycosyl acceptor 10
(116 mg, 80 pmol), freshly recrystallized NIS (6.3 mg, 20 umol),
and MS4A (300 mg) in dry CH,Cl, (4 mL) was stirred at room
temperature for 30 min under a nitrogen atmosphere. To the
mixture was added TfOH (2 uL, 20 umol) at —40 °C and the
mixture was stirred at this temperature for 30 min. Then a solution
of AgOTf (7.2 mg, 28 umol) in Et,O (1 mL) was added and the
reaction mixture was allowed to slowly warm to room temperature
overnight (two-dimensional TLC, hexane-EtOAc, (1 : 1,v/v) and
toluene-EtOAc (5 : 1, v/v)). Purification as described above gave
13 (22.4 mg, 28%, a: B; 1: 1.4).

(d) ICI-AgOTf promoted glycosylation. A solution of the
glycosyl donor 5 (31 mg, 40 umol), glycosyl acceptor 10 (116 mg,
80 umol), AgOTf (15 mg, 60 umol), and MS4A (300 mg) in dry
CH,Cl, (4 mL) was stirred at room temperature for 30 min under a
nitrogen atmosphere. The reaction mixture was cooled to —40 °C,
followed by the addition of IC1 (10 pL, 0.28 mmol) in CH,Cl,
(1 mL), and the temperature was increased gradually from —40 °C
to room temperature overnight (two-dimensional TLC, hexane—
EtOAc, (1 : 1, v/v) and toluene-EtOAc (5 : 1, v/v)) to give no
trace condensation products.

Repeated column chromatography of the anomeric mixture
of the tetraglucoside with toluene-EtOAc gave pure o- and f-
anomers. Spectroscopic data for the B-anomer was identical with
that previously prepared by the van Boom group.?

a-Anomer. [a]y =—0.54(c 1.00, CHCL;); '"H NMR (600 MHz,
CDCl): 6 8.14-7.03 (m, 65H, CH,,,,), 6.08 (t, 1H, J;, = 9.9 Hz,
H-3), 6.03 (t, 1H, Jy. 4 = 9.9 Hz, H-3"), 5.87 (t, IH, Jy» 4 =
9.9 Hz, H-3"), 5.56 (t, 1H, Jy 5 = 9.9 Hz, H-4"), 5.51 (t, 1H,
J.s = 9.9 Hz, H-4), 5.48 (t, 1H, J,» y» = 9.8 Hz, H-4"), 5.46 (d,
1H, J,» »» = 3.8 Hz, H-17), 5.35 (t, 1H, Jy y = 8.8 Hz, H-2), 5.35
(t, 1H, J» y = 8.8 Hz, H-2"), 5.13 (dd, 1H, J = 3.9 Hz, J,, =
10.1 Hz, H-2), 5.11 (dd, 1H, J = 2.8 Hz, Jy» y» = 10.4 Hz, H-2"),
5.08 (t, 1H, Jy ¢ = 9.9 Hz, H-4), 5.04 (d, 1H, J, , = 3.3 Hz, H-1),
5.01 (d, 1H, J,» »» = 7.7 Hz, H-1"), 4.53 (dd, 1H, Js ¢, = 3.3 Hz,
H-6"b), 4.49 (d, 1H, J y = 7.7 Hz, H-1), 3.37 (dd, 1H, Jy ¢, =
5.5Hz, J¢, ¢» = 12.1 Hz, H-6"a), 4.29 (t, 1H, Jy v = 9.4 Hz, H-
3),4.25-4.19 (m, 2H, H-6b, 5"), 4.20-4.13 (m, 1H, H-5), 4.02 (dd,
1H, Jy ¢y = 2.8 Hz, H-6"b), 4.01 (m, 1H, H-5"), 3.77 (dd, 1H,
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Js ¢» = 8.2 Hz, H-6'b), 3.72 (dd, 1H, Jy ¢, = 2.4 Hz, Jg, ¢ =
9.9 Hz, H-6'a), 3.67-3.61 (m, 1H, H-5), 3.53 (dd, 1H, Js, =
2.8 Hz, J¢, ¢, = 12.4 Hz, H-6a), 3.47 (dd, 1H, Jsy» ¢, = 4.9 Hz,
Jera g = 11.3 Hz, H-6"a), 2.15 (s, 3H, OMe); “C NMR
(150.9 MHz, CDCl;): ¢ 207.0, 166.2, 166.1, 165.8, 165.8, 165.7,
165.6, 165.4,165.3, 165.2, 165.2, 164.9, 164.8, 133.6, 133.6, 133.5,
133.2,133.2,133.2, 133.1, 133.1, 133.1, 133.0, 133.0, 133.0, 133.0,
133.0, 133.0, 129.4, 129.4, 129.3, 129.2, 129.1, 129.1, 129.0, 128.9,
128.7, 128.6, 128.6, 128.6, 128.5, 128.3, 128.2, 128.1, 101.4, 101.1,
96.7, 74.8, 72.8, 72.5, 72.2, 72.2, 72.1, 70.8, 70.3, 70.2, 69.3, 68.7,
68.6,68.5,68.1,63.3,61.7,55.3,31.0,29.8; ESI-TOF HRMS (m/z)
calcd for C,;4HysO;,Na*: 2055.5675; Found: 2055.5669.

B-Anomer. [a]* = +0.78 (¢ 1.02, CHCL,); '"H NMR (600 MHz,
CDCl,): 6 8.04-7.09 (m, 65H, CH,..), 6.05 (t, 1H, J+, = 9.9 Hz,
H-3), 6.01 (t, 1H, Jy o = 9.9 Hz, H-3"), 5.60 (t, 1H, J, s = 9.9 Hz,
H-4), 5.55 (t, 1H, Jy o = 9.3 Hz, H-3"), 543 (t, 1H, Jy y =
9.8 Hz, H-2"), 5.40 (t, 1H, J, s = 9.9 Hz, H-4"), 5.31 (t, 1H,
Jon g = 8.2 Hz, H-2"), 5.28 (t, 1H, J,» s» = 9.9 Hz, H-4"), 5.08
(dd, 1H, J = 3.3 Hz, J, , = 10.4 Hz, H-2), 5.05 (d, 1H, J,» »» =
6.6 Hz, H-17), 5.03 (t, 1H, J» y = 7.7 Hz, H-2), 5.01 (d, 1H,
J.» = 3.3 Hz, H-1), 4.94 (t, 1H, J, y = 8.8 Hz, H-4), 4.90 (d,
1H, J» o = 7.7 Hz, H-1"), 4.58 (dd, 1H, J; ¢ = 2.3 Hz, H-6b),
4.41(dd, 1H, Js o = 4.9 Hz, Jo ¢ = 11.8 Hz, H-6a), 4.37 (d, 1H,
Jvy =7.7Hz, H-1"), 4.30-4.25 (m, 1H, H-5), 421 (t, 1H, Jy y =
8.8 Hz, H-3), 4.11 (dd, 1H, Jy» ¢r, = 2.1 Hz, Jgr, vy = 8.7 Hz,
H-6"a),4.00 (dd, 1H, Jy ¢, = 5.5 Hz, H-6'b), 3.98-3.82 (m, 4H, H-
57,5, 6'b, 6"b), 3.77 (dd, 1H, Jy ¢, = 8.2 Hz, Jg. ¢ = 12.1 Hz,
H-6'a), 3.72-3.69 (m, 1H, H-5), 3.35 (dd, 1H, Jo ¢, = 6.6 Hz,
Jerw g = 12.6 Hz, H-6"a), 3.04 (s, 3H, OMe); *C NMR (75 MHz,
CDCl,): 5 166.8, 166.5, 166.3, 166.2, 166.1, 165.9, 165.8, 165.7,
165.6, 164.7, 134.0, 133.8, 133.7, 133.5, 133.4, 130.5, 130.4, 130.3,
130.0, 130.0, 130.0, 129.9, 129.8, 129.7, 129.7, 129.6, 129.5, 129.4,
129.3, 129.2, 129.1, 129.0, 128.9, 128.8, 128.7, 101.9, 101.4, 97.1,
75.4,74.1,73.5,73.3, 72.8, 72.7, 72.5, 72.3, 70.9, 70.4, 70.2, 70.1,
69.2, 68.9, 68.6, 63.8, 55.7, 30.3; ESI-TOF HRMS (/) caled for
C,sHy 05 Na*: 2055.5675; Found: 2055.5672.

Methyl 6-0-(6-0-(6-0-(3,6-di-0-(2,3,4,6-tetra-O-benzoyl-f-D-
glucopyranosyl)-2,4-di- O-benzoyl-p-p-glucopyranosyl)-2,3,4-tri-
O-benzoyl-p-D-glucopyranosyl)-3-O-(2,3,4,6-tetra-O-benzoyl-f-D-
glucopyranosyl)-2,4-O-benzoyl-f-D-glucopyranosyl)-2,3,4-tri-
O-benzoyl-a-D-glucopyranoside (14)

A solution of the glycosyl donor 5 (185 mg, 0.24 mmol), BSP
(63 mg, 0.29 mmol) and MS4A (500 mg) was stirred in dry
CH,Cl, (4 mL) at room temperature for 30 min under a nitrogen
atmosphere. The reaction mixture was cooled to —78 °C, and
stirred at the same temperature for 15 min after addition of
T£,0 (0.29 mmol, 49 pL). Then a solution of glycosyl acceptor
6 (109 mg, 0.06 mmol) in dry CH,Cl, (2 mL) was added to the
reaction mixture. It was allowed to slowly warm to —40 °C with
stirring overnight (two-dimensional TLC, hexane-EtOAc, (1 : 1,
v/v) and toluene-EtOAc (5 : 1, v/v)), then quenched with Et;N
and diluted CHCl,, filtered, washed with sat. aq. NaHCO;, and
brine. After drying (MgSO,) and concentration, the residue was
purified by repeated column chromatography with hexane—EtOAc
(1:1, v/v), followed by toluene-EtOAc (10 : /1, v/v) to provide
14 (98 mg, 47%) and hexaglucosides (72 mg, 42%) as a colorless
oil. Compound 14 had [a]3* = —14.4 (¢ 0.13, CHCL;); '"H NMR

(600 MHz, CDCl;): 6 8.15-7.08 (m, 110H, CH,,..,), 6.10 (t, 1H,
Jaaran =9.9Hz, H-3A"), 6.00 (t, 1H, J35 45 = 9.9 Hz, H-3B), 5.79 (1,
1H, J3c.4c = 9.9 Hz, H-3C), 5.58 (dd, 3H, J =9.3 Hz, J = 19.2 Hz,
H-3A", 3A", 4A"), 5.44-5.24 (m, 9H, H-2A’, 2A”, 2A"”, 4A", 4A”,
2B, 4B, 2C, 40), 5.18 (t, 1H, J.y 3y = 8.8 Hz, H-2D), 5.03 (d, 1H,
Jia v =8.2Hz, H-1A"),4.98 (t, 1H, J,y_ s = 9.9 Hz, H-4D"), 4.97
(d, 1H, J 5,5 = 3.7 Hz, H-1B), 4.95 (d, 1H, J s7 247 = 9.3 Hz, H-
1A"),4.93(d, 1H, J\p7.2a» = 7.7THz, H-1A"), 4.85 (t, 1H, Jopr 3pr =
8.8 Hz, H-2D"),4.70 (t, 1H, J,p» sp» = 8.8 Hz, H-4D"), 4.65 (d, 1H,
Jic.oc = 8.2 Hz, H-1C), 4.58 (dd, 1H, Jsy 64 = 2.2 Hz, H-6A'D),
4.41(dd, 1H, Jsp ¢ara = 5.5Hz, Jgara 6 a = 14.8 Hz, H-6A’a), 4.35
(d, 1H, J,y oy = 7.7 Hz, H-1D'), 4.37-4.31 (m, 1H, H-5A"), 4.26
(d, 1H, J\y oy = 7.7 Hz, H-1D"), 4.26 (t, 1H, J3p 4y = 8.8 Hz,
H-3D), 4.22 (t, 1H, Jspr 4 = 8.8 Hz, H-3D"), 4.19-4.08 (m, 2H,
H-6A"a, 6A"b), 4.05-3.93 (m, 3H, H-5A", 5A”, 6A”a), 3.87 (d,
1H, Jspr o, = 11.5 Hz, H-6D"b), 3.82-3.71 (m, 5H, H-5B, 5C,
6Ba, 6Bb, 6Da), 3.70-3.52 (m, 4H, H-5D’, SD”, 6Ca, 6D"a), 3.44
(dd, 1H, Jsy ¢y = 7.7 Hz, H-6D'b), 3.25 (dd, 1H, Js¢ ¢c, = 4.4 Hz,
H-6Cb), 3.17 (dd, 1H, J 55 ¢s. = 3.8 Hz, J g, eso = 11.3 Hz, H-6BD),
3.06 (s, 3H, OMe); *C NMR (75 MHz, CDCl,): § 175.6, 165.9,
165.6, 165.4, 165.3, 165.1, 165.0, 164.9, 164.7, 164.7, 163.9, 134.1,
133.4,133.0, 132.9, 132.8, 129.7, 129.6, 129.5, 129.4, 129.3, 129.2,
129.1, 129.0, 128.9, 128.7, 128.6, 128.4, 128.2, 128.1, 128.0, 100.9,
100.8, 100.7, 100.4, 100.1, 96.3, 81.6, 73.3, 72.9, 72.8, 72.7, 72.6,
72.0,71.8, 70.2, 69.9, 69.7, 68.4, 63.2, 55.1, 52.8, 52.7, 51.5, 31.9;
ESI-HRMS (m/z) caled for C,;H,,O5Na*: 3477.9625; Found:
3477.9663.

Methyl 6-O-(3-O-(B-p-glucopyranosyl)-6-O-(6-O0-(3,6-di-O-
(B-p-glucopyranosyl)-B-pD-glucopyranosyl)-f-pD-glucopyranosyl)-
p-D-glucopyranosyl)-o-D-glucopyranoside (1)

To a solution of 14 (14 mg, 4.0 pmol) in MeOH (0.8 mL) and H,O
(0.7 mL) was added NaOMe (28 mg) at room temperature and the
mixture was stirred at room temperature for 24 h. The reaction
mixture was treated with Amberlite IR-120B ion exchange resin
(H* form), to give the title compound 1 (3.5 mg, 74%) as a white
solid. The spectroscopic data were consistent with the previous
reports.?3 'TH NMR (600 MHz, D,0, 300 K): 6 4.64 (d, 1H, J =
3.6 Hz),4.57(d, 1H,J =7.8 Hz),4.56 (d, 1H, J = 7.8 Hz), 4.39 (d,
1H,J=7.2Hz),4.38(d, 1H,J =7.2Hz),4.37 (d, 1H, J =7.2 Hz),
4.35(d, 1H, J = 7.8 Hz), 3.80-3.10 (m, 41H); MALDI-TOF MS
(m/z) caled for C;3H7,O3Na*: 1189.4; Found: 1189.9.
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A novel palladium-catalyzed addition of alcohols to olefins
was developed, in which a migration of double bond was
involved. By this new method, a variety of allylic ethers were
prepared with moderate to high yields under mild conditions.

Introduction

Carbon-oxygen bond structures are widely present in natural
products and medicinally important compounds. The formation
of carbon—oxygen bonds, therefore, has stimulated considerable
interest in developing new methods and become one of the great
aspects of organic synthesis. In the past few years, continuous
efforts have been made in this field with various methods developed
and strengthened. Ethers and esters with carbon—oxygen bonds
are usually prepared under mild conditions via the addition
of hydroxy groups of alcohols or carboxylic acids to olefins
(hydroalkoxylation) catalyzed by Brensted acids,' main group
metals? or transitional metals such as platinum,® copper,* silver,’
gold,® palladium’ and lanthanides.? It is obvious that this method
provides the potential of both regio- and enantiocontrol. In
particular, palladium catalysts, due to their extraordinary catalytic
activities and outstanding ability to tolerate a wide variety of
functional groups, have received much attention.” In most cases,
hydroalkoxylation of olefins catalyzed by palladium catalysts
involves a process in which the cationic palladium first activates
the unsaturated carbon—carbon bonds by coordination and then
the desired compounds are formed by the subsequent nucleophilic
addition of the O-H groups and protonation of the Pd-carbon
bond.?

Results and discussion

In this communication, we disclose a novel approach toward
the palladium-catalyzed combination of alcohols and homoallylic
alcohols under mild conditions to afford a series of allylic ethers
efficiently (Fig. 1). It was noted that a process in which rearrange-
ment of the homoallylic alcohol occurs provides a delocalized allyl
cation structure'® and that subsequently a nucleophilic alcohol
attacks this cation, forming a carbon—oxygen bond. Compared
with the past research on palladium-catalyzed allylation with free
allylic alcohols," the m-allyl-palladium intermediate was formed
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Fig. 1 Palladium-catalyzed addition of alcohols to olefins.

twice in our research. Also, this reaction broadens the scope of
Li et al.’s work on the isomerization of double bonds that occurs
with ruthenium catalysts in water."

In our initial studies, many catalysts as well as ligands were
investigated, as summarized in Table 1. The reaction conditions
were optimized and the best conditions found were to use 10 mol%
of PdCl, only, as shown in entry 1 of Table 1. By virtue of these
optimized conditions, the reaction afforded 2a with an isolated
yield of 84%. The reactions under other palladium catalysts
such as Pd(OAc),, PdCL,(CH;CN), and PdCl,(PhCN), could also
generate the desired products with fairly good yields (Table 1,
entries 2-4). Subsequently, we attempted to improve the reaction
by employing different ligands. Thus, aliphatic ligands, aryl amine
ligands, pyridine-containing ligands and phosphorous ligands
were examined. However, all of them had negative influences on
this reaction to different degrees (Table 1, entries 5-11). Having
gained some crucial insights of the effect of different catalysts,
further optimization was performed on exploring the effects of
the solvent as well as the additives (Table 2). It was obvious that
methanol is the best solvent while other additives all disfavor
this reaction to different degrees. Therefore, the best reaction
conditions found are that the substrate 1a is treated with catalytic
PdCl, (10 mol%) in alcohols.

Subsequently, the optimized system was applied to the addition
of various alcohols to 1a and the results were listed in Table 3. It
was found that the primary alcohols provided the desired products
with moderate to good yields (Table 3, entries 1-3, 5 and 7) while
the secondary alcohol gave the product with slightly lower yield,
perhaps due to the steric effect (Table 3, entry 4). Nevertheless,
the influence of steric hindrance on the reaction was limited. Even
for tert-butyl alcohol, which has great steric hindrance, the desired
products could be obtained with moderate yields (Table 3, entry
6). Moreover, we have expanded our investigation to acetic acid
as the nucleophile and the additional product 2i could also be
obtained (Table 3, entry 9).

To further evaluate the scope of this reaction, a range of
homoallylic alcohol derivatives was subjected to the optimized
reaction conditions (Table 4). In general, substitution (MeO,
Br or Cl) at the ortho-position of the phenyl ring provided the
corresponding adducts with higher yields than substitution at the
para-position (Table 4, entries 1-3 and 5-7) regardless whether
the substituent was electron-withdrawing or electron-donating.
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Table 1 Effect of different catalysts and ligands on the addition of methanol to olefins*

e
OH o
catalyst X
N CH40H
ligand, 30°C, 3h
1a 2a

Entry Catalyst Ligand Isolated yield (%)

1 PdCl, — 84

2 Pd(OAc), — 75

3 PdCL(CH,CN), — 80

4 PdCL(PhCN), — 82

5 PdCl, Pyridine Trace

6 PdCl, 2,2'-Bipyridine Trace

7 PdCl, 1,10-Phenanthroline Trace

8 PdCl, Benzene-1,2-diamine 70

9 PdCl, N',N',N? N>-Tetramethylethane-1,2-diamine 36
10 PdCl, 1,4-Diaza-bicyclo[2.2.2]octane 83
11 PdCl, P(Ph), 65
“ Reaction conditions: 1 mmol of 1a in 5 mL of methanol with 10 mol% catalyst and 10 mol% ligand.
Table 2 Screening for different additives and solvents* Table 4 Addition of methanol to various substrates®

~ e
OH 0 OH 0
SN PdCl, X N N PdCl, Y
* CHOH ———— R ¥ CHOH — > R°
30°C, 3h Z 30°C, 3h Z
1a 2a
1b-j 2i-2q
Entry Catalyst Additive Solvent Isolated yield (%) ]
Entry Substrate Product Isolated yield (%)

1 PdCl, — DMF 30

2 PdCl, — Toluene 72 1 R =4-Cl 1b 23 60

3 PdCl, — Hexane 70 2 R =4-Br Ie 2178

4 PdCl, — Acetone 25 3 R =4-MeO 1d 2k 70

5 PdCl, K,CO, Methanol 62 4 R =4-Me le 2m 74

6 PdCl, HCI Methanol 66 5 R =2-Cl 1f 2n 64

7 PdCl, CH,COOH  Methanol 63 6 R =2-Br Ig 20 86

8 PdCl, Et,N Methanol 50 7 R =4-MeO 1h 2p 80

8 R =3-Cl 1i 2q 57

“1 mmol of 1a in 1 mL of methanol, in the presence of corresponding 9 HO. = 1j 2r 81

additive (1 mmol) and solvent (5 mL) with 0.1 mmol PdCl,.

Table 3 Addition of different alcohols to 1a“

R
OH 0
X + ROH —"dCk AN
temp. |, 3h

1a 2a-g
Entry R-OH Product Isolated yield (%)
1 Methanol 2a 84
2 Ethanol 2b 77
3 1-Propanol 2¢ 78
4 2-Propanol 2d 72
5 1-Butanol 2e 73
6 tert-Butyl alcohol 2f 53
7 Benzyl alcohol 2g 52
8 Glycol 2h 72
9 Acetic acid 2i 57

“ Reaction conditions: 0.2 M of 1a in alcohol or carboxylic acid with
10 mol% catalyst. Reaction temperature for entries 6 and 7 was 50 °C
while for others it was about 30 °C.

On the other hand, meta-substitution had little influence on the
reaction. For instance, 1i gave the corresponding adduct 2q with a

10 = 1k 2s 74
SN

“ Reaction conditions: 0.2 M of 1b-1k in methanol with 10 mol% catalyst.

yield of 57% (entry 8). Even when the phenyl ring was replaced by a
naphthyl ring, the desired product 2r could also be obtained with
a good yield (Table 4, entry 9). More importantly, homoallylic
alcohol 1k with an aliphatic substituent was also reactive. The
reaction led to the desired product 2s with a yield of 74% (Table 4,
entry 10).

Afterwards, a tentative mechanism for this novel palladium-
catalyzed reaction was proposed on the basis of our experimental
results, as outlined in Fig. 2. Initially, the coordination of
palladium(1) to 1a activates the alkene toward the subsequent
migration of hydride from the C2 position to the C4 position at
the terminal of the chain. Then the structure of n-allyl-palladium*®
is built up through the departure of the hydroxyl group and the

This journal is © The Royal Society of Chemistry 2008
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Fig. 2 Proposed mechanism for the addition of methanol to 1a to form
(E)-(3-methoxybut-1-enyl)benzene.
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following methanol attack on this allyl-palladium complex forms
the carbon—oxygen bond, finally giving the stable product. To
support this mechanism, additional experiments were designed
and performed (Fig. 3). When methanol was replaced with d,-
methanol, only d;-2a was obtained, which indicated that C4
of d;-2a did not catch the proton from the hydroxy group in
methanol (Fig. 3, reaction 1). With this result in hand, 11 was also
synthesized (an intermediate mentioned in Li ez al.’s mechanism'?)
to be reacted with methanol under the above-mentioned reaction
conditions, and 2a could be obtained quantitatively as well (Fig. 3,
reaction 3). In addition, the result that (E)-buta-1,3-dienylbenzene
(1m) could not be converted to 2a under the same reaction con-
ditions also offered evidence to support the proposed mechanism
(Fig. 3, reaction 2). This palladium-catalyzed mechanism is similar
to the mechanism proposed by Li et al., where the reaction was
performed in water and catalyzed by a ruthenium complex.'?

D
D
oH O/kD
PdCl,
1 AN + CD;OD ——4mM— \2 4 )
2 4 30°C,3h 1 3
1a dsy 2a
O/
NN
(2)
1m 2a
OH O/
PdClI
X + CH3OH42> A
30°C,3h 3)
1 2a

Fig.3 Supporting experiments to investigate the mechanism.

Conclusions

We have developed a novel palladium-catalyzed hydroalkoxylation
of homoallylic alcohols with a double bond migration. More
importantly, in this reaction a m-allyl-palladium complex was
involved and a process of isomerization of homoallyic alcohols
catalyzed by Pd(11) was determined. To the best of our knowledge,
it represents the first example of the palladium-catalyzed addition
of alcohols to olefins involving isomerization of homoallylic

alcohols and migration of the double bond. Further investigation
of the scope and mechanism of this reaction is ongoing in our
laboratory.

Experimental

IR (Perkin-Elmer, 2000FTIR), 'H NMR (CD;Cl, 400 or
300 MHz), “C NMR (CDCl;, 100 or 75 MHz) and MS-GC
(HP 5890(11)/HP5972, EI. Analytical thin-layer chromatography
(TLC) plates were commercially available. Solvents were reagent
grade unless otherwise noted. All starting materials and reagents
are commercially available and were used as received.

Typical procedure of the addition of alcohols to olefins

To a solution of 1a (1 mmol) in 3 mL of MeOH, PdCl, (0.1 mmol)
was added. Thereafter the mixture was heated at 30 °C under air
for 3 h, the methanol was evaporated under reduced pressure, and
the residual mixture was then purified by column chromatography
over silica gel to afford product 2a with high purity.

General procedure for allylation of carbonyl compounds in aqueous
medium"

To a mixture of the carbonyl compound (1 mmol) in 2 mL of
THF and 4 mL of saturated NH,Cl solution was added zinc
powder (0.130 g, 2 mmol) and allyl bromide (0.242 g, 2 mmol)
at room temperature. After the mixture was stirred for 0.5 h it was
extracted with ethyl acetate for three times. The combined organic
extracts were dried using anhydrous Na,SO, and evaporated
under reduced pressure; the mixture was then purified by column
chromatography over silica gel to afford products 1a-1k with high
purity.

(E)-(3-Methoxybut-1-enyl)benzene (2a)". 'H NMR (CDCl;,
300 MHz, ppm): 6 = 7.41-7.22 (m, 5H), 6.54 (d, / = 15.9 Hz,
1H), 6.09 (dd, J = 15.9 Hz, 7.5 Hz, 1H), 3.92-3.87 (m, 1H), 3.32
(s, 3H), 1.33 (d, J = 6.3 Hz, 3H). *C NMR (CDCl;, 75 MHz,
ppm):d = 136.8, 131.6, 131.5, 128.7, 127.8, 126.6, 78.3, 56.2, 21.6.
IR (liquid film, cm™): v = 3027, 2975, 2927, 2820, 1686, 1494,
1450, 1369, 1199, 1139, 1111, 1084, 1042, 968, 748, 693. HRMS
calc. C,;H,0: 162.1045. Found: 162.1040.

d;-(E)-(3-Methoxybut-1-enyl)benzene  (d;-2a). 'H NMR
(CDCl;, 300 MHz, ppm): 6 = 7.41-7.21 (m, 5H), 6.53 (d, J =
15.9 Hz, 1H), 6.09 (dd, J = 15.9 Hz, 7.5 Hz, 1H), 4.05-3.96 (m,
1H), 1.33 (d, J = 6.3 Hz, 3H). *C NMR (CDCl;, 75 MHz, ppm):
0 =136.8,131.6, 131.4, 128.7, 127.7, 126.6, 78.1, 21.6. IR (liquid
film, cm™"): v = 3027, 2965, 2928, 2854, 2234, 2192, 2057, 1598,
1494, 1448, 1368, 1150, 1121, 1092, 1021, 968, 747, 693. HRMS
calc. C,;H,;D;0: 165.1233. Found: 165.1231.

(E)-(3-Ethoxybut-1-enyl)benzene (2b). 'H NMR (CDClI,,
300 MHz, ppm): 6 = 7.38-7.21 (m, 5H), 6.51 (d, J = 15.9 Hz,
1H), 6.12 (dd, J = 15.9 Hz, 7.5 Hz, 1H), 4.05-3.96 (m, 1H), 3.62—
3.52 (m, 1H), 3.47-3.37 (m, 1H), 1.33 (d, J/ = 6.3 Hz, 3H), 1.21 (t,
J = 7.2 Hz, 3H). *C NMR (CDCl,, 75 MHz, ppm): § = 136.9,
132.3,130.9, 128.7, 127.7, 126.6, 76.4, 63.7, 21.9, 15.6. IR (liquid
film, cm™"): v = 3027, 2975, 2929, 2869, 1598, 1493, 1447, 1369,
1317,1092,967, 748, 693. HRMS calc. C,,H,;O: 176.1201. Found:
176.1223.
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(E)-(3-Propoxybut-1-enyl)benzene (2¢)S. 'H NMR (CDCl,,
300 MHz, ppm): 6 = 7.41-7.23 (m, 5H), 6.51 (d, J = 15.9 Hz,
1H), 6.12 (dd, J = 15.9 Hz, 7.2 Hz, 1H), 4.01-3.97 (m, 1H),
3.48-3.42 (m, 1H), 3.35-3.30 (m, 1H), 1.64-1.56 (m, 2H), 1.32 (d,
J = 6.0 Hz, 3H), 0.92 (t, J/ = 7.5 Hz, 3H). ®C NMR (CDCL,,
75 MHz, ppm): 6 = 137.0, 132.4, 130.8, 128.7, 127.7, 126.6, 76.5,
23.3,21.8, 10.8. IR (liquid film, cm™"): v = 3060, 2969, 2931, 2874,
1598, 1494, 1451, 1369, 1318, 1090, 967, 748, 693. HRMS calc.
C;H50: 190.1358. Found: 190.1339.

(E)-(3-Isopropoxybut-1-enyl)benzene (2d)*. 'H NMR (CDCI,,
300 MHz, ppm): 6 = 7.40-7.20 (m, SH), 6.50 (d, J = 16.2 Hz,
1H), 6.07 (dd, J = 15.9 Hz, 7.2 Hz, 1H), 4.16-4.10 (m, 1H), 3.75-
3.67 (m, 1H), 1.31 (d, J/ = 6.3 Hz, 3H), 1.16 (d, J = 6.3 Hz, 6H).
BC NMR (CDCl;, 75 MHz, ppm): 6 = 137.0, 133.0, 130.3, 128.7,
127.6, 126.6, 73.6, 68.6, 23.5, 22.3, 21.9. IR (liquid film, cm™):
v = 3056, 2921, 1644, 1459, 1374, 1258, 1102, 800. HRMS calc.
C;H30: 190.1358. Found: 190.1366.

(E)-(3-Butoxybut-1-enyl)benzene (2¢). 'H NMR (CDCl;,
300 MHz, ppm): 6 = 7.40-7.23 (m, 5H), 6.51 (d, J = 15.9 Hz,
1H), 6.07 (dd, J = 15.9 Hz, 7.5 Hz, 1H), 4.00-3.96 (m, 1H), 3.54—
3.46 (m, 1H), 3.39-3.31 (m, 1H), 1.59-1.52 (m, 2H), 1.41-1.31
(m, 5H), 091 (t, J = 7.2 Hz, 3H). “C NMR (CDCl;, 75 MHz,
ppm): § = 137.0, 132.5, 130.8, 128.7, 127.7, 126.6, 68.6, 32.2, 21.8,
19.6, 14.1. IR (liquid film, cm™"): v = 3026, 2957, 2871, 1459, 1369,
1243, 1090, 973, 747, 692. HRMS calc. C,;H,,0: 204.1514. Found:
204.1512.

(E)-(3-tert-Butoxybut-1-enyl)benzene (2f)"*. 'H NMR (CDCl,
300 MHz, ppm): 6 = 7.37-7.20 (m, 5H), 6.48 (d, J = 15.9 Hz,
1H), 6.23 (dd, J = 15.9 Hz, 6.0 Hz, 1H), 4.31-4.27 (m, 1H), 1.27
(d, J = 6.3 Hz, 3H), 1.24 (s, 9H). *C NMR (CDCl;, 75 MHz,
ppm): § = 137.5,135.2, 128.6, 128.1, 127.3, 126.4, 74.1, 68.4, 28.7,
23.9. IR (liquid film, cm™"): v = 3027, 2975, 2929, 2868, 1688,
1598, 1494, 1449, 1369, 1316, 1153, 1092, 967, 748, 693. HRMS
calc. C,H,0O: 204.1514. Found: 204.1516.

(E)3-(Benzyloxy)but-1-enyllbenzene 2g)'°. 'H NMR (CDCI,,
300 MHz, ppm): 6 = 7.41-7.22 (m, 10H), 6.54 (d, J = 15.9 Hz,
1H), 6.17 (dd, J = 15.9 Hz, 7.5 Hz, 1H), 4.62 (d, J = 12.0 Hz,
1H), 4.44 (d, J = 12.0 Hz, 1H), 4.15-4.06 (m, 1H), 1.38 (d, J =
6.6 Hz, 3H). "C NMR (CDCl;, 75 MHz, ppm): 6 = 138.9, 136.8,
131.9, 131.5, 128.7, 128.5, 127.8, 127.6, 126.6, 76.0, 70.2, 21.9. IR
(liquid film, cm™"): v = 3029, 2972, 2925, 2855, 1599, 1494, 1452,
1369, 1145, 1072, 968, 746, 694. HRMS calc. C,;H30: 238.1358.
Found: 238.1349.

(E)-2-(4-Phenylbut-3-en-2-yloxy)ethanol ~ (2h). 'H NMR
(CDCl;, 300 MHz, ppm): 6 = 7.40-7.22 (m, 5H), 6.54 (d, J =
15.9 Hz, 1H), 6.11 (dd, J = 15.9 Hz, 7.5 Hz, 1H), 4.10-4.01 (m,
1H), 3.74 (t, J = 7.5 Hz, 2H), 3.67-3.61 (m, 1H), 3.52-3.45 (m,
1H), 2.05 (br, 1H), 1.36 (d, J = 6.3 Hz, 3H). *C NMR (CDCl;,
75 MHz, ppm): 6 = 136.6, 131.5, 128.7, 127.8, 126.6, 77.2, 69.5,
62.1, 21.7. IR (liquid film, cm™): v = 3433, 3027, 2974, 2929,
2866, 1494, 1450, 1371, 1147, 1106, 1061, 968, 750, 694. HRMS
calc. C,;H50,: 206.1307. Found: 206.1303.

(E)-4-Phenylbut-3-en-2-yl acetate (2i)'’. 'H NMR (CDCl,,
300 MHz, ppm): 6 = 7.37-7.22 (m, SH), 6.60 (d, J = 15.9 Hz,
1H), 6.19 (dd, J = 15.9 Hz, 7.5 Hz, 1H), 5.58-5.48 (m, 1H), 2.07
(s, 1H), 1.41 (d, J = 6.6 Hz, 3H). *C NMR (CDCl,, 75 MHz,

ppm): 6 = 170.4, 136.5, 131.6, 128.9, 128.7, 128.0, 126.7, 71.1,
21.5, 20.5. IR (liquid film, cm™): v = 3028, 2981, 2932, 1736,
1494, 1448, 1371, 1241, 1149, 1042, 966, 749, 693. HRMS calc.
Ci,H,,0;: 190.0994. Found: 190.1003.

(E)-1-Chloro-4-(3-methoxybut-1-enyl)benzene (2j). 'H NMR
(CDCl;, 400 MHz, ppm): 6 = 7.33-7.26 (m, 4H), 6.49 (d, J =
15.9 Hz, 1H), 6.07 (dd, J = 15.9 Hz, 7.5 Hz, 1H), 3.90-3.87 (m,
1H), 3.32 (s, 3H), 1.32 (d, J = 6.3 Hz, 3H). "C NMR (CDCl;,
100 MHz, ppm): 6 = 135.3, 133.3, 132.3, 130.1, 128.8, 127.7, 78.0,
56.2, 21.4. IR (liquid film, cm™"): v = 3029, 2977, 2928, 1593,
1491, 1370, 1352, 1199, 1110, 1090, 969, 854, 809. HRMS calc.
C, H5ClIO: 196.0655. Found: 196.0646.

(E)-1-Bromo-4-(3-methoxybut-1-enyl)benzene (2k). 'H NMR
(CDCl;, 300 MHz, ppm): 6 = 7.45-7.43 (m, 2H), 7.25 (d, J =
8.4 Hz, 2H), 6.47 (d, J = 15.9 Hz, 1H), 6.09 (dd, J = 15.9 Hz,
7.5 Hz, 1H), 3.91-3.86 (m, 1H), 3.32 (s, 3H), 1.32 (d, J = 6.3 Hz,
3H). C NMR (CDCl,, 75 MHz, ppm): 6 = 135.7, 132.5, 131.8,
130.1, 128.1 121.5, 78.0, 56.3, 21.4. IR (liquid film, cm™): v =
2926, 1728, 1487, 1462, 1423, 1371, 1259, 1109, 1075, 1038, 1011,
970, 804. HRMS calc. C,;H,;BrO: 240.0150. Found: 240.0139.

(E)-1-Methoxy-4-(3-methoxybut-1-enyl)benzene @ns. 'H
NMR (CDCl,, 300 MHz, ppm): 6 = 7.35-7.31 (m, 2H), 6.87-6.85
(m, 2H), 6.47 (d, J = 15.9 Hz, 1H), 595 (dd, J = 16.2 Hz,
7.8 Hz, 1H), 3.89-3.81 (m, 1H), 3.79 (s, 3H), 3.31 (s, 3H), 1.32 (d,
J = 6.3 Hz, 3H). "C NMR (CDCl;, 75 MHz, ppm): § = 159.4,
131.0, 129.6, 129.4, 127.8, 114.1, 78.4, 56.1, 55.4, 21.7. IR (liquid
film, cm™"): v = 2960, 2928, 1608, 1512, 1462, 1300, 1248, 1176,
1108, 1082, 1036, 969, 819. HRMS calc. C,H;(O,: 192.1150.
Found: 192.1159.

(E)-1-(3-Methoxybut-1-enyl)-4-methylbenzene (2m). '"HNMR
(CDCl;, 300 MHz, ppm): 6 = 7.29 (d, J = 7.8 Hz, 2H), 7.13 (d,
J =7.8Hz,2H), 6.50 (d, J = 15.9 Hz, 1H), 6.02 (dd, J = 15.9 Hz,
7.5 Hz, 1H), 3.90-3.85 (m, 1H), 3.31 (s, 3H), 2.34 (s, 3H), 1.32 (d,
J = 6.3 Hz, 3H). *C NMR (CDCl,, 75 MHz, ppm): § = 137.6,
134.0, 131.4, 130.6, 129.4, 126.5, 78.3, 56.1, 21.6, 21.3. IR (liquid
film, cm™"): v = 3023, 2975, 2926, 2855, 2819, 1513, 1459, 1370,
1198, 1139, 1110, 1082, 969, 800. HRMS calc. C,,H,0: 176.1201.
Found: 176.1199.

(E)-1-Chloro-2-(3-methoxybut-1-enyl)benzene (2n). 'H NMR
(CDCl;, 400 MHz, ppm): 6 = 7.55-7.53 (m, 1H), 7.36-7.34 (m,
1H), 7.23-7.17 (m, 2H), 6.92 (d, J = 15.9 Hz, 1H), 6.08 (dd, J =
15.9Hz, 7.6 Hz, 1H), 3.96-3.92 (m, 1H), 3.34 (s, 3H), 1.34 (d, J =
6.4 Hz, 3H). *CNMR (CDCl;, 100 MHz, ppm): 6 = 135.0, 134.4,
133.2,129.8,128.7,127.7,127.0, 126.9, 78.1, 56.2, 21.5. IR (liquid
film, cm™): v = 3063, 2977, 2929, 2821, 1591, 1470, 1441, 1369,
1354, 1200, 1143, 1110, 1083, 1037, 969, 751, 693. HRMS calc.
C,;H;CIO: 196.0655. Found: 196.0653.

(E)-1-Bromo-2-(3-methoxybut-1-enyl)benzene (20). 'H NMR
(CDCl;, 300 MHz, ppm): 6 = 7.56-7.52 (m, 2H), 7.30-7.24 (m,
1H), 7.13-7.08 (m, 1H), 6.87 (d, J = 15.9 Hz, 1H), 6.02 (dd, J =
15.9 Hz, 7.5 Hz, 1H), 3.97-3.92 (m, 1H), 3.35 (s, 3H), 1.34 (d, J =
6.3 Hz, 3H). "C NMR (CDCl;, 75 MHz, ppm): 6 = 136.8, 134.6,
133.1, 130.0, 129.0, 127.6, 127.3, 123.8, 78.0, 56.3, 21.5. IR (liquid
film, cm™"): v = 3060, 2975, 2928, 2820, 1588, 1466, 1438, 1369,
1353, 1200, 1142, 1109, 1042, 1024, 967, 751, 667. HRMS calc.
C,;H;BrO: 240.0150. Found: 240.0153.
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(E)-1-Methoxy-2-(3-methoxybut-1-enyl)benzene 2p). 'H
NMR (CDCl;, 300 MHz, ppm): § = 7.48-7.45 (m, 1H), 7.22
(d, J = 7.5 Hz, 1H), 6.95-6.83 (m, 3H), 6.10 (dd, J = 15.9 Hz,
7.8 Hz, 1H), 3.90-3.83 (m, 4H), 3.32 (s, 3H), 1.33 (d, J = 6.6 Hz,
3H). C NMR (CDCl;, 75 MHz, ppm): 6 = 156.9, 132.1, 128.8,
127.0, 126.4, 125.8, 120.8, 111.1, 78.7, 56.1, 55.6, 21.7. IR (liquid
film, cm™'): v = 2974, 2931, 1597, 1490, 1463, 1291, 1244, 1107,
1082, 1029, 975, 751. HRMS calc. C,H,0,: 192.1150. Found:
192.1143.

(E)-1-Chloro-3-(3-methoxybut-1-enyl)benzene (2q). 'H NMR
(CDCl;, 400 MHz, ppm): 6 = 7.38-7.37 (m, 1H), 7.26-7.22 (m,
3H), 6.48 (d,J =15.9Hz, 1H), 6.11 (dd, J = 15.9 Hz, 7.4 Hz, 1H),
3.91-3.87 (m, 1H), 3.32 (s, 3H), 1.32(d, / = 6.4 Hz, 3H). "CNMR
(CDCl;, 100 MHz, ppm): 6 = 138.7, 134.6, 133.2, 129.90, 129.86,
127.6, 126.4, 124.7, 77.9, 56.2, 21.4. IR (liquid film, cm™'): v =
3062, 2978, 2923, 2821, 1594, 1566, 1475, 1370, 1352, 1111, 968,
779, 685. HRMS calc. C,;;H,;ClO: 196.0655. Found: 196.0659.

(E)-1-(3-Methoxybut-1-enyl)naphthalene  (2r). 'H NMR
(CDCl;, 400 MHz, ppm): 6 = 8.13-8.11 (m, 1H), 7.86-7.84 (m,
1H), 7.78 (d, J = 8.4 Hz, 1H), 7.61 (d, J = 6.8 Hz, 1H), 7.52-7.43
(m, 3H), 7.29 (d, J = 15.7 Hz, 1H), 6.13 (dd, J/ = 15.7 Hz, 7.6 Hz,
1H), 4.04-4.01 (m, 1H), 3.41 (s, 3H), 1.41 (d, J = 6.0 Hz, 3H). “C
NMR (CDCl;, 100 MHz, ppm): 6 = 134.9, 134.6, 133.8, 131.3,
128.71, 128.65, 128.1, 126.2, 125.9, 125.8, 124.1, 123.8, 78.4, 56.3,
21.7. IR (liquid film, cm™"): v = 3058, 2976, 2928, 2819, 1590,
1447, 1395, 1369, 1198, 1141, 1111, 1087, 969, 794, 775. HRMS
calc. C;sH,,0: 212.1201. Found: 212.1209.

(E)-(4-Methoxypent-2-enyl)benzene (2s)*. 'H NMR (CDCl;,
300 MHz, ppm): 6 = 7.32-7.17 (m, 5H), 5.80-5.72 (m, 1H), 5.42
(dd, J = 15.3 Hz, 7.5 Hz, 1H), 3.73-3.67 (m, 1H), 3.39 (d, J =
6.6 Hz, 2H), 3.26 (s, 3H), 1.41 (d, J/ = 6.0 Hz, 3H). *C NMR
(CDCl;, 75 MHz, ppm): 6 = 140.4, 133.4, 131.6, 128.7, 128.6,
128.4,78.0, 56.0, 38.8, 21.5. IR (liquid film, cm™"): v = 3028, 2977,
2929, 2819, 1494, 1452, 1370, 1200, 1114, 1090, 1044, 972, 844,
745, 699. HRMS calc. C;H,,0: 176.1201. Found: 176.1200.
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Pyrinodemin A 1, a cytotoxic marine alkaloid, was synthesized in a convergent and enantioselective

fashion. The key steps are an asymmetric intramolecular dipolar cycloaddition of an oxazoline N-oxide

to introduce the bicyclic ring system of the molecule, a cuprate coupling for the extension of the
saturated chain and a B-alkyl Suzuki coupling for the introduction of a 3-pyridyl moiety. Reductive
amination allowed the coupling of the second side-chain onto the nitrogen atom to give 1. Additionally,
attempts to prepare 1 from a trienic precursor by a double B-alkyl Suzuki reaction are described.

Introduction

In 1999, Kobayashi and co-workers reported the isolation of a new
marine alkaloid, pyrinodemin A 1, extracted from the Okinawan
marine sponge Amphimedon sp.." Later, the same authors reported
the isolation of three other pyrinodemins, B, C, and D 2-4.2
All the members of the pyrinodemin family share a common
structural feature based on a cis-cyclopent[c]isoxazolidine ring
system substituted with two hydrocarbon chains terminating
with a 3-pyridine ring (Fig. 1). Differences between the four
pyrinodemins occur in the length in the side chain on the nitrogen
atom and in the presence of (Z)-double bonds. The exact structure
and absolute configuration of pyrinomedin A 1 have been the
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subject of several reassignments, most of them made via total
syntheses.® Since the structure originally proposed possessing the
double bond at the 16’17’ position did not correspond to 1 on the
basis of ¥C NMR data, new structures with the double bond at
the 1415 or the 15-16' position were proposed by Baldwin et al.
and Snider and Shi.? Finally, the correct structure was ascertained
by Kobayashi and co-workers who established the position of the
double bond at C,;'~C¢’ by total synthesis and degradation of
natural pyrinodemin A 1.*

Each pyrinodemin contains three stereogenic centers, all located
on the isoxazolidine ring. The absolute configuration of 1 was
originally unknown, an optical rotation of —9 (¢ 1 in CHCl;)
being provided. Asymmetric synthesis of 1 by Baldwin et al’®
and Morimoto et al.® established the absolute configuration of
1 to be (158, 16S, 20R) by comparison of the optical rotation
with literature data. However, these results were called into
question by more recent work:* HPLC analysis on a chiral
column and comparison with racemic and enantiomerically pure
synthetic samples revealed that natural pyrinodemin 1 was indeed
a racemic mixture. Despite this intriguing feature, stereoselective
elaboration of the bicyclic core of pyrinodemins remains an
attractive challenge.

A biogenetic hypothesis for the pyrinodemin family has been
provided by Kobayashi,' in which the final step involves an
intramolecular dipolar cycloaddition between a nitrone and a
(Z)-alkene for the construction of the bicyclic isoxazolidine ring
system (Fig. 2). This biogenetic scheme has been the starting point
for the total synthesis of pyrinodemin A 1 and B 2 in racemic form
by Snider and Shi and Baldwin et al.,® and in enantioselective
fashion by Baldwin et al®> and Morimoto et al..® In the latter
case, an additional function (protected hydroxyl group) was used
for the asymmetric induction before removal at the end of the
synthesis.

All pyrinodemins possess cytotoxic activity against murine
leukemia L1210 and KB epidermoid carcinoma cells, pyrinodemin
A 1 being the most active (ICs, 0.058 pg mL~' and 0.5 pg
mL~! respectively). They also possess weak activity against several
bacterial strains and weak antifungal activity.

Owing to their unusual chemical structures and their biological
activities, pyrinodemins have been the subject of several synthetic
studies.** In the present article, we wish to report the first
enantioselective synthesis of pyrinodemin A 1 under its revised
structure, as proposed as Kobayashi and co-workers.*
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Fig. 2 Proposed biogenetic scheme for pyrinodemin Al.

Results and discussion
Synthetic strategy

Given the controversy concerning the exact structure of pyrin-
odemin, it appeared important to us to design a synthetic strategy
in which the side chain on the nitrogen atom (C,'~C,,') could be
introduced at a later stage in the synthesis. Our approach to the
total synthesis of 1 relies on a convergent and flexible route, suitable
for analogue synthesis: it involves the enantioselective synthesis
of the cis-cyclopent|[c]isoxazolidine ring, followed by side-chain
appendage and introduction of pyridine rings. This strategy could
also allow the synthesis of all members of the pyrinodemin family
from a common precursor 6 (Fig. 3).
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Fig. 3 General strategy for the synthesis of pyrinodemins.

We have already reported the enantioselective synthesis of the
bicyclic system of pyrinodemins’ via the asymmetric intramolec-
ular dipolar cycloaddition of a chiral, phenylglycinol-derived
oxazoline N-oxide, according to a methodology developed in our
laboratory.® This dipole is prepared in situ by condensation of an
orthoester onto a hydroxylaminoalcohol hydrochloride (Fig. 4).°
The subsequent oxazoline N-oxide undergoes intramolecular
dipolar cycloadditions with high stereoselectivity.'

\[NHOH Hcl  MeQ Ph @
+ Meo%—ﬂ E— \:
OH MeO \[ R
oxazollne
N-oxide

Ph

Fig. 4 Synthesis of oxazoline N-oxides.

We anticipated that the intramolecular version of this cycload-
dition could lead in a stereoselective fashion to the bicyclic core of
pyridodemins, after removal of the chiral auxiliary. This required

the preparation of an orthoester bearing a (Z)-alkene. Initial
attempts revealed that the chain length of the orthoester had a
dramatic effect on the yield in the cycloaddition steps: although
good yields were obtained with short chains, the presence of a long
chain completely inhibited the cycloaddition reaction (Fig. 5).

© o) — toluene,
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R= (CHy)g-CH=CHy>: no reaction

Fig. 5 Model studies for intramolecular cycloadditions.

Synthesis of a common precursor to pyrinodemins

These results led us to select orthoester 9 as the cycloaddition
partner and to add the saturated C,—C,; chain at a later stage.
Thus, orthoester 9 was prepared in three steps from 3-butyn-1-ol.
Hydroxyl group protection as its PMB ether gave alkyne 7 which
was metallated and reacted with commercially available trimethyl
4-bromoorthobutyrate! to give the highly acid-labile orthoester
8. The crude product was submitted to partial hydrogenation over
Lindlar catalyst in the presence of pyridine to give the (Z)-alkene
9. Condensation of N-hydroxyphenylglycinol hydrochloride 10
with 9 in the presence of triethylamine gave the intermediate
oxazoline N-oxide 11 which underwent intramolecular dipolar
cycloaddition to give the tricyclic compound 12 in good overall
yield and complete stereoselectivity, as a single isomer (Scheme 1).
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Scheme 1 Synthesis of tricyclic compound 12. a: NaH, PMBBr, THF,
DMEF, 0 °C to rt, 91%; b: BuLi, THF, DMPU, —78 °C then trimethyl
4-bromoorthobutyrate, —78 °C to rt, 99% (crude); c: H,, Lindlar catalyst,
pyridine, MeOH, rt; d: 10, toluene, 4 A MS, 45°C, 2 h, then Et;N; e: 75°C,
16 h, 54% (over two steps).
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The relative configurations in compound 12 were determined
on alcohol 13 using "H NMR NOESY experiments after removal
of the PMB protecting group, and were assumed to arise from
an exo transition state, in which the dipole is attacked on the Si
face (opposite to the phenyl substituent, Scheme 2). This highly
stereoselective cycloaddition secured the 15S,16S configuration
required for pyrinodemins.

H
H [3+2] o Q
O~ > N —0oPMB
B OPMB ~—— N=
N ®
Ph

only product

Scheme 2 Relative configuration and transition state in the cycloaddition
reaction; a: DDQ, H,0, CH,Cl,, 84%.

Removal of the phenylglycinol-derived chiral auxiliary re-
quires reductive cleavage of the oxazolidine C-O bond, fol-
lowed by N-debenzylation. The first step was achieved using
zinc borohydride,” giving alcohol 14 as a single diastereomer
(Scheme 3). The cleavage of the C—-N bond could not be performed
under hydrogenolytic conditions, due to competitive hydrogenol-
ysis of the N-O bond. Therefore, a slight modification of the
Agami-Couty procedure for N-debenzylation,' which involves

Scheme 3  Synthesis of compound 18: a: Zn(BH,),, Et,0, —10 °C, 84%;
b: MsCl, Et;N, CH,Cl,, 0 °C; ¢: KCN, DMSO, 100 °C, 50% (over two
steps); d: EtSH, BF;-OEt,, then Boc,0, NaHCO;, H,0, CH,Cl,, 93%; e:
MsCl, Et;N, CH,Cl,, rt; f: Nal, acetone, reflux, 99% (over two steps); g:
CH,=CH—(CH,),~MgBr, Cul, THF, —20 °C, 59%.

cyanide-mediated B-elimination was applied: the primary hydroxyl
group was converted into its mesylate, which was treated with
potassium cyanide in DMSO to give the target bicyclic oxazoline
15 in good overall yield. This step could be performed using either
conventional or microwave heating with comparable yields; the
latter procedure occurred in shorter reaction times but was less
reproducible.

The following step in the synthesis was the introduction of the
C;—C,; chain, which was performed by cuprate coupling. Thus,
N-protection of 15 as its Boc carbamate, followed by removal
of the PMB protecting group, gave the primary alcohol 16 which
was converted to the corresponding iodide 17. Copper(1)-mediated
coupling of this iodide with the Grignard reagent derived from
6-bromo-1-hexene gave the alkene 18 which contained all the
carbons of the saturated side-chain of pyrinodemins.

Compound 18 was chosen as the precursor for introduction
of the 3-pyridyl moiety using a B-alkyl Suzuki reaction.'® This
coupling reaction has been developed as a very powerful method
for the alkylation of vinyl, aryl and heteroaryl derivatives, and has
found many applications in total synthesis, owing to its efficiency
and its high functional group tolerance, including basic nitrogen
atoms.'® Thus, we anticipated that hydroboration of 18, followed
by palladium-catalyzed coupling with a 3-halopyridine,”” would
lead to compound 20 in a highly convergent route (Scheme 4),
despite the lower reactivity of 3-halopyridine derivatives compared
to other isomers. Moreover, this route would be suitable for
the introduction of other aryl substituents in the synthesis of
analogues.

Scheme 4 B-Alkyl Suzuki coupling of compound 18. a: 9-BBN dimer,
THE, rt; b: see Table 1.

Results for the B-alkyl Suzuki coupling reaction of 18 are
reported in Table 1. Low reactivity, side reactions and difficulties
in purification led to moderate yields. We observed that using
9-BBN dimer instead of 9-BBN-H in solution gave better results,
due probably to higher concentration. The best results for the cou-
pling reactions were observed using 3-bromopyridine, Pd(PPh;),
as the catalyst and potassium carbonate as the base. Using
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Table 1 B-Alkyl Suzuki coupling of 18 with 3-halopyridine derivatives

X Catalyst* Base Conditions Yield 20
Br  Pd(PPh;), K,CO; THF-DMF-H,0,80°C  42%

Br  Pd(PPh;), K,;PO, THF-DMF-H,0, 80 °C  trace®
Br Pd(dppf)Cl, K,CO; THF-DMF-H,0,80°C trace

I Pd(PPh;), K,CO; THF-DMF-H,0, 80 °C trace

1 Pd(dppf)Cl, Cs,CO; THF-DMF-H,0,80°C trace

“10% of catalyst was used. * 62% of compound 21 was obtained.

3-iodopyridine did not lead to the expected product. Using other
catalysts or bases resulted mainly in the formation of oxidation
product 21. Under optimized conditions, a moderate yield of 42%
was obtained.

Finally, N-deprotection of compound 20 gave the bicyclic
hydroxylamine 6, which can be used as precursor for the synthesis
of each pyrinodemin (Scheme 5).

Scheme 5 a: CF;CO,H, CH,Cl,, rt, 86%.

Synthesis of pyrinodemin A (1) by reductive amination

Having achieved the synthesis of precursor 6, we turned our
attention to the introduction of the second side-chain on the
nitrogen atom. Reductive amination of the hydroxylamine was
chosen as the key step for this N-alkylation. Thus, aldehyde 28 was
prepared in six steps from 5-hexyn-10l 22 (Scheme 6):'® protection
as its TBS ether, followed by metallation and alkylation with
1,7-dibromoheptane gave the alkyne 24 which was reduced to
the (Z)-alkene 25 by hydrogenation over Lindlar catalyst. The
primary bromide 25 was used for the alkylation of 3-picoline,
which installed the pyridine ring on the alkyl chain. Finally,
deprotection of 26 and oxidation with 2-iodoxybenzoic acid (IBX)
gave the target aldehyde 28. The final step in the synthesis of
pyrinodemin A 1 was the reductive amination: condensation of
hydroxylamine 6 with aldehyde 28 in the presence of sodium
borohydride gave 1 in unoptimized 30% yield. Once again, some
difficulties in purification lowered the yield. Spectroscopic data
for synthetic pyrinodemin 1 were identical in all respects ("H and
BC NMR, mass, HRMS) to those reported in the literature,®
and provide further confirmation concerning the structure of 1.
Especially, the chemical shifts for olefinic carbons in the "C NMR
spectrum are consistent with those reported by Kobayashi and
co-workers (129.6 and 130.0 ppm).* Optical rotation (=5, ¢ 0.46
in CHCI;) was very close to that reported by Morimoto and co-
workers® for a slightly different structure (—6, ¢ 0.94 in CHCI,),
thus confirming the absolute configuration established throughout
the synthesis.

RO\/\/\
A

22:R=H
23: R=TBS
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Br

Br
25
l a
~
RO — N
26: R= TBS
e
27:R=H
lf ~ |
H — N
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o
|
pyrinodemin A
1

Scheme 6 Total synthesis of pyrinodemin 1; a: TBSCI, imidazole, DMF,
80%; b: BuLi, THF, DMPU, —78 °C, then 1,7-dibromoheptane, —78 °C
to rt, 63%; c: H,, Lindlar catalyst, quinoline, benzene, 94%; d: 3-picoline,
BuLi, THF, DMPU, —78 °C, then 25, —78 °C to rt, 57%; e: TBAF, THF,
0 °C to rt, 90%; f: IBX, DMSO, rt, 40%; g: 6, NaBH;CN, HCI, MeOH, rt,
30%.

Synthesis of 1 by double B-alkyl Suzuki reaction

Despite the fact that the introduction of the pyridine ring onto
compound 21 occurred in moderate yield, and considering that
the presence of pyridine rings complicated purification steps, it
was tempting to introduce both pyridine rings in the last steps of
the synthesis using a double B-alkyl Suzuki coupling reaction.?
Thus, the synthesis of a pyrinodemin precursor containing two
terminal alkenes was achieved (Scheme 7): metallation of alkyne 23
and alkylation with 1-bromo-7-octene gave the enyne 29 which was
partially hydrogenated as usual. Diene 30 was deprotected and ox-
idized to give aldehyde 31. Meanwhile, alkene 18 was deprotected
and the resulting bicyclic hydroxylamine 32 underwent reductive
amination with aldehyde 31 to give the triene 33, substrate for
the double B-alkyl Suzuki reaction. This reaction was performed
according to the conditions developed for the synthesis of 20 (9-
BBN dimer, then Pd(PPh;),, K,CO,, THF, DMF, H,0, 80 °C). We
observed the formation of pyrinodemin A 1, albeit as a mixture
with several by-products. Purification of the crude mixture by
preparative TLC gave a disappointing 7% yield. Obviously, this
strategy necessitates further optimisation in order to provide an
easy access to pyrinodemins and analogues thereof.

Conclusions

The enantioselective total synthesis of pyrinodemin A 1 has been
accomplished in a highly convergent manner, in 14 steps in the

This journal is © The Royal Society of Chemistry 2008
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Scheme 7 Synthesis of pyrinodemin A by double B-alkyl Suzuki reaction;
a: BuLi, THF, DMPU, —78 °C, then 1-bromo-7-octene, —78 °C to rt, 67%;
b: H,, Lindlar catalyst, quinoline, benzene, 83%; c¢: TBAF, THF, 0 °C to
rt, 74%; d: IBX, DMSO, rt, 63%; e: 31, NaBH;CN, HCI, MeOH; f: 9-BBN
dimer, THF, rt, then, 3-bromopyridine, Pd(PPh;),, K,CO;, THE, H,O,
DMEF, 80 °C, 7%.

longest linear scheme. The key steps are the highly diastereoselec-
tive intramolecular dipolar cycloaddition for the construction of
the bicyclic core and the application of organometallic coupling in
the elaboration of side-chains. On this latter point, although the
introduction of pyridines by Suzuki coupling increased the con-
vergent aspect of this synthesis, it also proved that organometallic
couplings in the presence of basic nitrogens induce difficulties in
purifications and result in lower yields. Obviously, it would be
necessary to further investigate this coupling for its application in
the synthesis of pyridine-containing alkaloids.

Experimental section
General methods

Unless otherwise stated, all reactions were performed under argon
atmosphere with oven-dried glassware. All commercially available
reagents were used without further purification. Methanol was
distilled from Mg turnings. Triethylamine, diisopropylamine,
pyridine and dichloromethane were distilled from CaH, under
argon. N,N’-dimethylformamide (DMF), dimethyl sulfoxide
(DMSO), 1,3-dimethyl-3,4,5,6-tetrahydro-2(1 H)-pyrimidinone
(DMPU), hexamethylphosphoramide (HMPA) and quinoline

were distilled from CaH, under vacuum. THF and diethyl
ether were distilled from benzophenone ketyl under argon
prior to use. Benzene and toluene were distilled from sodium.
Reagent grade acetone was used from a freshly opened bottle.
Column chromatography was perfomed using silica gel (230-
400 mesh) using the indicated solvent system. NMR spectra
were recorded on 200 MHz, 250 MHz, 360 MHz or 400 MHz
spectrometers. Chemical shifts (0) are reported in ppm downfield
from tetramethylsilane. Coupling constants (J values) are
reported in Hertz. IR spectra were recorded on a FT-IR
spectrometer. MS and HRMS experiments were performed on a
high/low resolution magnetic sector mass spectrometer. Optical
rotations were performed on a precision automated polari-
meter.

4-[4-Methoxyphenylmethyloxy]-1-butyne (7). A solution of 3-
butyn-1-ol (1.0 eq., 6.2 mL, 82.9 mmol) in THF (40 cm®) was
added at 0 °C to a suspension of sodium hydride (1.2 eq., 3.98 g of
a 60% suspension in o0il, 99.5 mmol) in THF-DMF (40 cm’® each).
After 10 min, 4-methoxybenzyl bromide (1.2 eq., 20 g, 99.5 mmol)
was added dropwise and the mixture was stirred for 15 hours at
room temperature, then poured on cold water (100 cm?®). After
extraction with diethyl ether (3 x 100 cm®), the combined organic
layers were washed with brine, dried over sodium sulfate, filtered
and concentrated under reduced pressure. Purification by flash
chromatography (pentane—diethyl ether 85 : 15) gave the protected
alcohol 7 (14.4 g, 91% yield) as a colourless 0il. vy, (film)/cm=":
3292, 3001-2837, 2120, 1613, 1513, 1248; 6y (360 MHz, CDCl,):
7.25 (2H, d, J 8.0), 6.85 (2H, d, J 8.0), 4.50 (2H, s), 3.80 (3H, s),
3.55(2H, t, J 7.0), 2.45 (2H, td, J 7.0 and 2.6), 1.95 (1H, t, J 2.6);
dc (90 MHz, CDCl;): 158.9 (s), 129.9 (s), 129.2 (d), 113.4 (d), 81.1
(s), 72.2 (1), 67.5 (1), 66.6 (d), 54.8 (q), 19.5 (1).

8-[4-Methoxyphenylmethyloxy]-1,1,1-trimethoxy-5-octyne (8).
A solution of n-butyllithium (2.5 M in hexanes, 1.2 eq., 11.5 cm?,
28.8 mmol) was added dropwise to a solution of alkyne 7 (1.0 eq.,
4.64 g, 244 mmol) in dry THF (24 cm’) at —78 °C. After
30 min, DMPU (1.2 eq., 3.5 cm?, 28.8 mmol) was added, and
the mixture was stirred for 10 min. After addition of trimethyl
4-bromoorthobutyrate (0.9 eq., 5.0 g, 22.0 mmol), the mixture
was warmed to room temperature, then stirred overnight at
45°C. After cooling to room temperature, a 10% sodium carbonate
solution was added and the mixture was extracted with ethyl
acetate. The combined organic layers were washed with saturated
sodium hydrogencarbonate, dried over sodium sulfate and filtered
through basic alumina. Concentration under reduced pressure
afforded the crude orthoester (7.4 g, quantitative yield), which
was used without further purification. v, (film)/cm=": 3514, 2948~
2836, 1513, 1459, 1248-1182, 1103-1037; oy (250 MHz, CDCl;):
7.25(2H, d, J 8), 6.85 (2H, d, J 8), 4.45 (2H, s), 3.80 (3H, s), 3.50
(2H, t, J 7), 3.25 (9H, s), 2.45 (2H, m), 2.19 (2H, m), 1.85 (2H,
m), 1.55 (2H, m); é¢ (62.5 MHz, CDCl;): 158.9 (s), 129.9 (s), 128.9
(d), 115.4(s), 113.4(d), 80.5 (s), 77.0 (s), 72.2 (1), 54.9 (q), 49.0 (),
29.0 (1), 22.1 (1), 19.8 (1), 18.1 (1).

5-(Z)-8-]|4-Methoxyphenylmethyloxy]-1,1,1-trimethoxy-5-oc-
tene (9). Lindlar catalyst (5Smol%, 0.53 g) was added to a solution
of alkyne 8 (1 eq., 7.4 g, 24.4 mmol) in dry methanol (85 cm?)
and pyridine (3.3 ¢cm®) at room temperature under argon. The
flask was purged three times with hydrogen, and the mixture was
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stirred overnight under a hydrogen atmosphere. Filtration through
Celite®, then through basic alumina, followed by concentration
under reduced pressure gave the alkene 9 (7.4 g, 99%) as a
colourless oil, which was used without further purification.
Vmax (film)/cm™1: 3515, 3001-2836, 1513, 1463, 1247, 1173, 1091-
1038; J, (250 MHz, CDClL,): 7.25 (2H, d, J 8), 6.85 (2H, d, J 8),
5.40 (2H, m), 4.45 (2H, s), 3.80 (3H, s), 3.45 2H, t, J 7), 3.20
(9H, s), 2.35 (2H, m), 2.05 (2H, m), 1.70 (2H, m), 1.40 (2H, m);
(62.5 MHz, CDCl;): 158.8 (s), 130.9 (d), 130.2 (s), 128.8 (d), 126.0
(d), 115.4 (s), 113.3(d), 72.1 (1), 69.2 (1), 54.8 (q), 49.0 (q), 29.4 (1),
27.7 (1), 26.5 (1), 22.4 (1).

(3R,58,5aR,8a5)-5-|2-(4-Methoxyphenylmethyloxy)ethyl]-3-
phenylhexahydro-1,4-dioxa-3a-azacyclopenta|c]pentalene (12). A
mixture of orthoester 9 (1.5 eq., 7.4 g, 22.0 mmol), hydroxy-
laminophenylglycinol hydrochloride 10 (1.0 eq., 2.8 g, 14.7 mmol)
and 4 A molecular sieves (2.8 g) in dry toluene (147 cm®) was
vigorously stirred for 2 hours at 45 °C under argon. Triethylamine
(1.1 eq., 2.2 cm®, 16.2 mmol) was added and the mixture was
further stirred at 75 °C overnight. After cooling to rt, the reaction
mixture was filtered through Celite® and concentrated under
reduced pressure. Analysis of the crude mixture by '"H NMR
revealed the presence of a single cycloadduct isomer, together
with some degradation products arising from the orthoester 9.
Purification by flash chromatography (heptane—ethyl acetate 85 :
15 to 7 : 3) gave the cycloadduct 12 (3,2 g, 54% yield) as a pale
yellow oil. [a]y —132.6 (¢ 1.2 in CHCLy); vy, (film)/cm™': 3455,
3062, 2954-2857, 2381, 1736, 1612, 1513, 1464, 1248, 1097, 1036;
Jn (360 MHz, CDCl,): 7.45-7.25 (7H, m), 6.85 (2H, d, J 8), 4.51
(1H, dd, J 7 and 6), 4.45 (3H, m), 4.25 (1H, dd, J 9 and 7), 3.80
(3H, s), 3.70 (1H, dd, J 9 and 7), 3.50 (2H, t, J 6), 2.65 (1H, m),
2.20 (1H, m), 1.93 (1H, m), 1.85-1.65 (4H, m), 1.63 (2H, m); J
(100 MHz, CDCl,): 159.2 (s), 139.0 (s), 130.5 (s), 129.2 (d), 128.5
(s), 127.5 (s), 127.2 (s), 116.2 (s), 113.8 (d), 76.5 (d), 72.7 (1), 72.0
(1), 69.7 (d), 67.2 (1), 56.1 (d), 55.3 (q), 37.3 (1), 29.4 (1), 25.4 (1),
24.6 (t); m/z (ES): 418.2 [M + Na]; HRMS: found: 418.200; calcd
for C,,H,yNaNO, [M + Na]: 418.1994.

(2R,35,3aS5,6aR)-2-{3-[2-(4-Methoxyphenylmethyloxy)ethyl]-
hexahydrocyclopenta|clisoxazol-1-yl}-2-phenyl-ethanol (14). A
freshly prepared 0.1 M zinc borohydride solution in diethyl ether
(2.5 eq., 12.5 mmol, 125 cm?®) was added dropwise over 30 min to
a cooled (—10 °C) solution of the cycloadduct 12 (1.0 eq., 1.97 g,
5.0 mmol) in anhydrous diethyl ether (50 cm?®). The mixture was
stirred at — 10 °C overnight, then neutralized with 2 N hydrochloric
acid solution and extracted with diethyl ether (2 x 30 cm?).
The combined organic layers were washed with brine, dried over
sodium sulfate, filtered and concentrated under reduced pressure.
Purification by flash chromatography (heptane—ethyl acetate 8§ : 2
to 5:5) gave the desired product 14 (1.66 g, 84% yield) as a white
solid (mp 65 °C); [a]? —35.2 (¢ 0.6 in CHCL); vy, (film)/cm™":
3455, 3064, 2954-2857, 2381, 1736, 1612, 1513, 1464, 1248, 1097,
1036; oy (400 MHz, CDCl,): 7.35-7.15 (7H, m), 6.85 (2H, d, J 9),
4.30 (2H, s), 3.95 (1H, m), 3.85 (2H, m), 3.70 (3H, s), 3.65 (2H,
m), 3.50-3.30 (2H, m), 2.90 (1H, br s), 2.75 (1H, m), 1.70 (4H, m),
1.60-1.31 (4H, m); ¢ (100 MHz, CDCl,): 159.1 (s), 137.1 (s), 130.4
(s), 129.2(d), 129.0(d), 128.2 (d), 127.8 (d), 113.7 (d), 77.1 (d), 72.6
(1), 68.8 (d), 67.7 (), 67.1 (d), 67.0 (1), 55.2 (q), 50.1 (d), 29.7 (1),
26.3 (1), 26.2 (1), 26.1 (t); m/z (ES): 420.2 (IM + Na], 100), 398.2

(IM + H], 14); HRMS found: 420.2151; calcd for C,,H;; NaNO,
[M + Na]: 420.2151.

(35,3a5,6aR)-3-|2-(4-Methoxybenzyloxy)ethyllhexahydrocyclo-
penta[clisoxazole (15). Triethylamine (2.0 eq., 2.0 cm’,
14.6 mmol) was added to a solution of alcohol 14 (1.0 eq.,
2.9 g, 7.3 mmol) in dry dichloromethane (90 cm?) at 0 °C. The
mixture was stirred for 10 min at 0 °C, and methanesulfonyl
chloride (2.0 eq., 1.2 cm?, 14.6 mmol) was added. After 1.5 h at
0 °C, an additional aliquot of triethylamine and methanesulfonyl
chloride (1.0 eq. of each) was added and the mixture was stirred
for 30 min before concentration under reduced pressure. The
residue was dissolved in dichloromethane, and the organic layer
was washed with 2 N hydrochloric acid solution then brine, dried
over anhydrous sodium sulfate, filtered and concentrated under
reduced pressure to afford the mesylate (3.5 g, quantitative yield),
which was used without further purification.

Potassium cyanide (10 eq., 4.88 g, 73.7 mmol) was added to a
solution of the above mesylate (1.0 eq., 3.5 g, 7.37 mmol) in dry
DMSO (74 cm?*). The solution was stirred for 1.5h at 100 °C. After
cooling to rt, a 10% sodium carbonate solution was added, and the
mixture was extracted with diethyl ether. The combined organic
layers were dried over sodium sulfate, filtered and concentrated
under reduced pressure. Purification by flash chromatography
(heptane—ethyl acetate 6 : 4 to 0 : 10) gave 15 (1 g, 50% yield)
as a pale yellow oil. [a]? + 36.4 (¢ 1.04 in CHCL); vy, (film)/cm™:
3428, 2955, 2863, 1613, 1513, 1464, 1361, 1301, 1247, 1174, 1091,
1033, 819; 6,4 (400 MHz, CDCl;): 7.25 (2H, d, J 8.6), 6.80 (2H, d,
J 8.6),4.37 (2H, s), 3.90 (1H, m), 3.78 (3H, s), 3.68 (1H, m), 3.55
(2H, m), 2.75 (1H, m), 1.85 (3H, m), 1.65-1.42 (4H, m), 1.35 (1H,
m); dc (100 MHz, CDCl;): 159.1 (s), 130.4 (s), 129.2 (d), 113.7 (d),
83.6 (d), 72.6 (1), 67.6 (1), 66.5 (d), 55.2 (q), 50.1 (d), 34.9 (1), 29.0
(1), 26.9 (1), 26.5 (t); m/z (ES): 300.2 (M + Na], 100), 278.2 (M +
H], 16); HRMS: found: 300.1573; calcd for C,(H,;NaNO; [M +
Nal]: 300.1576.

(35,3aS,6aR)-3-(2-Hydroxyethyl)hexahydrocyclopenta|clisoxa-
zole-1-carboxylic acid zert-butyl ester (16). Ethanethiol
(CAUTION: very unpleasant odour) (4.0 eq., 1.1 cm?, 14.4 mmol)
and boron trifluoride (0.11 cm?) were added at room temperature
to a solution of 15 (1.0 eq., 1 g, 3.61 mmol) in dichloromethane
(40 cm®). After 20 min, most of the thiol was evaporated
through argon flow. After addition of sodium carbonate (1 g),
tert-butoxycarbonyl anhydride (1.1 eq., 870 mg, 3.97 mmol) and
water (15 cm?), the mixture was stirred overnight at rt. Sodium
hydrogencarbonate solution was added and the mixture was
extracted with dichloromethane. The combined organic layers
were washed with brine, dried over anhydrous sodium sulfate,
filtered and concentrated under reduced pressure. Purification by
flash chromatography (heptane—ethyl acetate 6 : 4 to 4 : 6) gave the
N-protected alcohol 16 (860 mg, 93% yield) as a brown oil. [a]}y
—70 (¢ 0.63 in CHCL,); vy, (film)/cm™": 3415, 2960, 2871, 1705,
1455, 1393, 1368, 1342, 1254, 1165, 1103, 1063; oy (360 MHz,
CDCl,): 4.58 (1H, ddd, J 7.4, 7.4 and 3.5), 3.88 (1H, ddd, J 10.1,
6.1 and 3.9), 3.77 (2H, t, J 6.6), 2.83 (1H, m), 2.72 (1H, br s),
2.00-1.80 (3H, m), 1.76-1.64 (3H, m), 1.46 (9H, s), 0.87 (2H, m);
Jc (90 MHz, CDCl;): 157.2 (s), 82.4 (d), 81.6 (s), 65.6 (d), 60.3
(), 49.9 (d), 34.4 (1), 31.1 (1), 28.1 (q), 26.3 (t), 26.1 (t); m/z (ES):
280.2 ([M + Na], 10), 224.1 (100); HRMS: found: 280.1523; calcd
for C;;H,;NaNO, [M + Na]: 280.1530.
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(35,3a8,6aR)-3-(2-1odoethyl)hexahydrocyclopenta| c]isoxazole-
1-carboxylic acid tert-butyl ester (17). Triethylamine (2.0 eq.,
0.9 cm’, 6.46 mmol) was added to a solution of alcohol 16 (1.0 eq.,
830 mg, 3.23 mmol) in dry dichloromethane (32 cm?). After 15 min,
methanesulfonyl chloride (2.0 eq., 0.5 cm®, 6.46 mmol) was added
and the solution was stirred for 1 hour at rt. After addition of
sodium hydrogencarbonate and extraction with dichloromethane,
the combined organic layers were washed with brine, dried over
anhydrous sodium sulfate, filtered and concentrated under reduced
pressure to give the corresponding mesylate (1.08 g, 99%) as a
brown oil, which was used without further purification. Sodium
iodide (4.0 eq., 2.04 g, 12.9 mmol) was added to a solution of
the mesylate (1.0 eq., 1.08 g, 3.23 mmol) in acetone (25 cm?®).
The mixture was stirred for 2 hours at reflux. After cooling to
rt and concentration of the solvent under reduced pressure, the
residue was partitioned between dichloromethane and saturated
sodium hydrogencarbonate. The aqueous phase was extracted with
dichloromethane, and the combined organic layers were washed
with sodium thiosulfate solution then brine, dried over anhydrous
sodium sulfate, filtered and concentrated under reduced pressure.
Filtration through a pad of silica gel (heptane—ethyl acetate 1: 1)
afforded the desired iodide 17 (1.18 g, 99%) as a brown oil. [a]¥
—63 (¢ 1.1 in CHCL); vy, (film)/cm=": 2960, 2932, 2870, 1709,
1455, 1392, 1367, 1330, 1252, 1164, 1064; 6, (360 MHz, CDCl;):
4.66 (1H, ddd, J 7.6, 7.6 and 3.5), 3.84 (1H, ddd, J 9, 5.9 and
3.5),3.33(1H, ddd, J 10.1, 7.4 and 5.2), 3.26 (1H, ddd, J 10.1, 8.3
and 6.8), 2.85 (1H, m), 2.22-1.89 (3H, m), 1.75-1.52 (5H, m), 1.50
(9H, s); d¢ (90 MHz, CDCl,): 157.3 (s), 83.6 (d), 81.5 (s), 65.7 (d),
49.2 (d), 34.4 (1), 32.3 (1), 28.2 (q), 26.4 (1), 26.3 (t), 1.8 (t); m/z
(ES): 390.0 ([M + Na], 30), 333 (100). HRMS: found: 390.0540;
calcd for C;sH,,INaNO; [M + Na]: 390.0548.

(35,3a8,6aR)-3-Oct-7-enylhexahydrocyclopenta| c]isoxazole-1-
carboxylic acid zerz-butyl ester (18). A suspension of magnesium
turnings (10.0 eq., 442 mg, 18.4 mmol) in dry tetrahydrofuran
(10 cm®) was cooled to 0 °C, and a few drops of 6-bromo-1-
hexene were added, followed by a solution of the above bromide
(5.0 eq., 1.2 cm?®, 9.2 mmol) in dry tetrahydrofuran (2 cm?). The
mixture was stirred for 3 hours at room temperature, then added
dropwise to a cold (—20 °C) solution of iodide 17 (1.0 eq., 675 mg,
1.84 mmol) and copper(1) iodide (1.3 eq., 454 mg, 2.39 mmol) in
dry tetrahydrofuran (20 cm?®). The solution was stirred overnight
at room temperature. After addition of saturated ammonium
chloride and extraction with dichloromethane, the combined
organic layers were washed with brine, dried over anhydrous
sodium sulfate, filtered and concentrated under reduced pressure.
Purification by flash chromatography (heptane—ethyl acetate 9 : 1)
gave the alkene 18 (349 mg, 59% yield) as a pale yellow oil. [a]¥
—40 (¢ 1.1 in CHCL); vy, (film)/cm™": 2932, 2857, 1732, 1708,
1641, 1455, 1392, 1367, 1331, 1253, 1165, 1064; 5, (360 MHz,
CDCl;): 5.79 (1H, ddt, J 16.8, 10.0 and 6.9 Hz), 4.98 (1H, m), 4.92
(1H, m), 4.60 (1H, ddd, J 7.5 and 3.4 Hz), 3.72 (1H, m), 2.78 (1H,
m), 2.03 (2H, m), 1.91 (1H, m), 1.68 (5H, m), 1.48 (9H, s), 1.36
(10H, m); o (62.5 MHz, CDCl,): 157.1 (s), 139.0 (d), 114.1 (1),
84.2 (d), 81.1 (s), 65.5 (d), 49.4 (d), 34.5 (1), 33.7 (1), 29.3 (1), 28.9
(1), 28.8 (1), 28.2 (q), 27.9 (1), 26.5 (t), 26.3 (), 25.8 (t); m/z (ES):
346 (M + Na], 30), 333 (100); HRMS: found: 346.2364; calcd. for
C,yH;;NaNO; [M + Na]: 346.2364.

(35,3a8,6aR)-3-(8-Pyridin-3-yloctyl)hexahydrocyclopenta| c]-
isoxazole-1-carboxylic acid tert-butyl ester (20). A solution of
alkene 18 (1.0 eq., 99 mg, 0.31 mmol) in dry, degassed tetrahy-
drofuran (3 cm?) was added to solid 9-borabicyclo[3.3.1]nonane
(9-BBN) dimer (1.9 eq., 143 mg, 0.59 mmol) and the solution was
stirred overnight at room temperature. This solution was added via
cannula to a solution of palladium tetrakis(triphenylphosphine)
(0.1 eq., 72 mg, 0.062 mmol), potassium carbonate (3.0 eq.,
128 mg, 0.93 mmol) and 3-bromopyridine (2.0 eq., 60 uL,
0.62 mmol) in DMF (3 cm?®) and water (1 cm?) and the mixture was
stirred for 2 hours at 80 °C, then cooled to rt. Water was added
and the solution was extracted with diethyl ether. The combined
organic layers were washed with water (5 x 1 cm®) and brine, dried
over anhydrous sodium sulfate, filtered and concentrated under
reduced pressure. Purification by flash chromatography (heptane—
ethyl acetate 8 : 2 to 6 : 4) gave the coupling product 20 (53 mg,
42% yield) as a pale yellow oil. [a]¥ + 27.5 (¢ 0.75 in CHCL,);
Vma(film)/cm™": 2925, 2857, 1699, 1647, 1456, 1422, 1393, 1368,
1254, 1166, 1065; 5,; (250 MHz, CDCl;): 8.44 (1H, m), 8.42 (1H,
m), 7.50 (1H, ddd, J 7.9, 2 and 1.8), 7.21 (1H, dd, J 7.9 and 5),
4.58 (1H, ddd, J 7.6, 7.6 and 3.2), 3.72 (1H, ddd, J 7.6, 7.6 and
5.7),2.78 (1H, m), 2.60 (2H, t, J 7.6), 1.91 (1H, m), 1.75-1.57 (6H,
m), 1.50 (9H, s), 1.47 (13H, m); d. (75 MHz, CDCl;):157.0 (s),
149.2 (d), 146.4 (d), 138.1 (s), 136.2 (d), 123.3 (d), 84.2 (d), 81.1
(s), 65.5 (d), 49.4 (d), 34.5 (1), 32.9 (1), 31.0 (1), 29.5 (1), 29.3 (1),
29.2 (1), 29.0 (1), 28.2 (q), 27.9 (1), 26.5 (1), 26.3 (), 25.8 (t); m/z
(ES): 425.3 (M + Nal, 94), 364 (15), 325 (100), 303 (38); HRMS:
found: 425.2780; calcd for C,,H;xNaN,O; [M + Na]: 425.2775.

(35,3a8,6aR)-3-(8-Pyridin-3-yloctyl) hexahydrocyclopenta| c]-
isoxazole (6). A solution of the N-Boc isoxazolidine 20 (1.0 eq.,
56 mg, 0.14 mmol) and trifluoroacetic acid (10.0 eq., 0.15 cm?,
1.4 mmol) in dry dichloromethane (2 cm?) was stirred for 25 min
at room temperature. After addition of a 10% sodium carbonate
solution and extraction with dichloromethane, the combined
organic layers were washed with brine, dried over anhydrous
sodium sulfate, filtered and concentrated under reduced pressure
to afford the deprotected isoxazolidine 6 (36 mg, 86% yield) as a
colorless oil. [a]¥ + 27.5 (¢ 0.65, CHCL;); v, (film)/cm™": 3400,
2929, 2855, 1647, 1422, 1092; 6, (300 MHz, CDCl,): 8.43 (1H, m),
8.42 (1H, m), 7.50 (1H, ddd, J 7.7, 1.9 and 1.8), 7.20 (1H, ddd, J
7.8, 4.7 and 0.7), 3.94 (1H, td, J 8.4 and 4.3), 3.56 (1H, m), 3.44
(1H, br s), 2.75 (1H, m), 2.60 2H, t, J 7.5), 1.91 (1H, m), 1.67-
1.44 (8H, m), 1.42-1.24 (10H, m); d. (75 MHz, CDCl;): 149.7 (d),
147.0 (d), 138.0 (s), 136.0 (d), 123.3 (d), 87.0 (d), 66.4 (d), 49.9 (d),
35.0 (1), 33.0 (), 31.1 (1), 29.7 (1), 29.3 (1), 29.3 (1), 29.0 (1), 28.3
(1),26.9 (1), 26.7 (1), 26.5 (t); m/z (ES): 325.2 (M + Na], 100), 303
(28); HRMS: found: 325.2254; calcd for C,yH3;NaN,O [M + NalJ:
325.2250.

Pyrinodemin A (1) by reductive amination

Aldehyde 28° (2.0 eq., 46 mg, 0.16 mmol) was added to a solution
of isoxazolidine 6 (1.0 eq., 23 mg, 0.076 mmol) in dry methanol
(1 cm?) at 55 °C. After 3 hours, 3 drops of helianthine were added
and the pH was adjusted with 2 N hydrochloric acid solution until
the solution turned red. Sodium cyanoborohydride (2.0 eq., 10 mg,
0.16 mmol) was added and the solution was stirred for 2.5 hours at
room temperature. After evaporation of methanol under reduced
pressure, addition of a 10% sodium carbonate solution, and
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extraction with dichloromethane, the combined organic layers
were washed with brine, dried over anhydrous sodium sulfate,
filtered and concentrated under reduced pressure. Purification by
preparative thin layer chromatography (heptane-ethyl acetate 7 :
3 with ammonia vapor) gave pyrinodemin A 1 (12 mg, 27% yield).
[a]? =5 (¢ 0.46, CHCL,); 4 (300 MHz, CDCl,): 8.46 (4H, br s),
7.51 (2H, m), 7.23 (2H, m), 5.35 (2H, m), 4.07 (1H, m), 3.51 (1H,
m), 2.88 (2H, m), 2.64 (5H, m), 2.04 (4H, m), 1.75 (1H, m), 1.66
(6H, m), 1.48 (3H, m), 1.30 (26H, br s); 6 (90 MHz, CDCl;): 149.9
(s), 147.1 (s), 138.1 (q), 135.9 (s), 130.0 (s), 129.6 (s), 123.3 (s), 77.7
(s), 72.6 (d), 57.3 (s), 49.9 (s), 33.0 (d), 32.0 (d), 31.9 (d), 31.2 (d),
29.7(d), 29.5 (d), 29.4 (d), 29.3 (d), 29.3 (d), 29.2 (d), 28.8 (d), 27.8
(d), 27.5 (d), 27.2 (d), 27.2 (d), 27.1 (d), 26.5 (d); m/z (ES): 612.3
(IM + K], 5), 596.3 (IM + Na], 100), 574.4 ((M + H], 25); HRMS:
found: 596.4556; calcd for C;3Hs,NaN;O [M + Na]: 596.4550.

1-tert-Butyldimethylsilyloxy-13-tetradecene-5-yne (29). This
compound was obtained from alkyne 23 according to the same
procedure as that for the preparation of 24, using 1-bromo-7-
octene. Yield: 67%. Jy (360 MHz, CDCl;): 5.88-5.73 (1H, m),
498 (2H, m), 3.63 (2H, t, J 7), 2.29-2.0 (6H, m), 1.63-1.18 (12H,
m), 0.97 (9H, s), 0.04 (6H, s).

(5Z)-1-tert-Butyldimethylsilyloxy-5,13-tetradecadiene (30).
This compound was prepared from 29 according to the same
procedure as that for the preparation of 25. Yield: 83%. dy
(360 MHz, CDCl;): 5.89-5.23 (1H, m), 5.48-5.28 (2H, m), 5.00
(2H, m), 3.63 2H, t, J 7), 2.12-1.97 (6H, m), 1.61-1.48 (2H,
m), 1.47-1.27 (10H, m), 0.92 (9H, s), 0.05 (6H, s); é- (90 MHz,
CDCl;): 183.8 (d), 129.9 (d), 129.6 (d), 114.1 (), 63.0 (1), 33.8-25.1
91), 25.9 (q), —0.5 ().

(5Z)-5,13-Tetradecadien-1-ol. This compound was prepared
according to the same procedure as that for the preparation of 27.
Yield: 74%. oy (360 MHz, CDCl,): 5.90 (2H, m), 5.85-5.68 (1H,
m), 4.93 (2H, m), 3.62 (2H, t, J 10), 2.08-1.88 (6H, m), 1.72 (1H,
brs), 1.54 (2H, m), 1.42-1.18 (10H, m).

(57)-5,13-Tetradecadienal (31). This compound was prepared
according to the same procedure as that for the preparation of 28.
Yield 63%. oy (250 MHz, CDCl;): 9.80 (1H, t, J 9), 5.82 (1H, m),
5.52-5.23 (2H, m), 4.96 (2H, m), 2.44 (dt, J 9), 2.18-1.95 (6H, m),
1.70 (2H, m), 1.46-1.20 (8H, m).

(35,3a8,6aR,5 Z)-3-(7-octen-1-yl)-1-[(5',13')-tetradecadien-1-
yllhexahydrocyclopenta|clisoxazole (33). A solution of aldehyde
31 (2.0 eq., 43 mg, 0.21 mmol) in dry methanol (1 cm?®) was added
to a solution of deprotected amine 32 (1.0 eq., 23 mg, 0.10 mmol)
in dry methanol (1 cm?®). After 3 hours at room temperature, 3
drops of helianthine were added and the pH was adjusted with 2 N
hydrochloric acid solution until the solution turned red. Sodium
cyanoborohydride (2.0 eq., 13 mg, 0.21 mmol) was added and
the solution was stirred for 2 hours at room temperature. After
evaporation of methanol, addition of a 10% solution of sodium
carbonate and extraction with dichloromethane, the combined
organic layers were washed with brine, dried over anhydrous
sodium sulfate and the solvents were evaporated under reduced
pressure. Purification by preparative thin layer chromatography
(heptane—ethyl acetate 8 : 2) gave the desired triene 33 (21.6 mg,
50% yield) as a pale yellow oil. [a]? —9 (¢ 0.62 in CHCL);

Vaax (film)/cm™": 2928, 2856, 1639, 1455, 1258, 1171, 1036; oy
(300 MHz, CDClL;): 5.78 (2H, m), 5.35 (2H, m), 4.90 (4H, m),
4.05 (1H, m), 3.44 (1H, m), 2.84 (2H, m), 2.60 (1H, m), 2.05 (8H,
m), 1.75-1.40 (8H, m), 1.30 (20H, m); . (75 MHz, CDCl;): 139.1
(d, 20), 130.0 (d), 129.5 (d), 114.1 (t, 2C), 77.6 (s), 72.5 (s), 56.8
(d), 49.9 (s), 36.3 (d), 33.7 (d), 32.6 (d), 31.8 (d), 29.7 (d), 29.6 (d),
29.5(d), 29.3 (d), 29.1 (d), 29.0 (d), 28.8 (d), 27.8 (d), 27.5 (d), 27.2
(d), 27.1 (d), 27.0 (d), 26.4 (d), 26.3 (d); m/z (ES): 438.3 (M +
Nal, 99),416.3 ([M + H], 100); HRMS: found: 416.3894; calcd for
CxH5NO [M + HJ: 416.3887.

Pyrinodemin A (1) by double B-alkyl Suzuki reaction. A
solution of triene 33 (11 mg, 0.026 mmol) in dry, degassed THF
(0.8 cm®) was added to solid 9-BBN dimer (3.3 eq., 21 mg,
0.086 mmol). The solution was stirred at room temperature
overnight then transferred via cannula to a solution of palladium
tetrakis(triphenylphosphine) (1.6 eq., 49 mg, 0.042 mmol), potas-
sium carbonate (6.0 eq., 21 mg, 0.156 mmol) and 3-bromopyridine
(4.0eq., 10 uL, 0.104 mmol) in DMF (0.7 cm?) and water (0.3 cm?).
The solution was stirred for 2 hours at 80 °C, then cooled to
rt. After addition of water and extraction with ethyl acetate, the
combined organic layers were washed five times with water, dried
over anhydrous sodium sulfate and the solvents were evaporated
under reduced pressure. Purification by preparative thin layer
chromatography (heptane—ethyl acetate 7 : 3 with ammonia vapor)
afforded pyrinodemin A 1 (1 mg, 7% yield).
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Treatment of N-alkyl-oxazolidin-2-ones with Grignard reagents gives tertiary carboxylic amide
products. Various substituted oxazolidinones can be used as illustrated with phenyl, benzyl or isopropyl
groups on the 4-position, and methyl, benzyl or p-methoxybenzyl groups on the 3-position (the
nitrogen atom). A selection of Grignard reagents were successful, including allyl, benzyl, alkyl and
phenyl magnesium halides. The organomagnesium species attacks the carbonyl group and promotes
ring-opening of the oxazolidinone. The product tertiary amides are useful substrates for stercoselective
transformations and were applied to a highly selective enolate alkylation and to a ring-closing
metathesis reaction to a six-membered lactam and hence a formal synthesis of the alkaloids (—)-coniine

and (+)-stenusine.

Introduction

Oxazolidin-2-ones are very important in synthetic chemistry. They
form the basis of some antibacterial agents,' and have played
a crucial role as chiral auxiliaries in asymmetric synthesis.> The
oxazolidin-2-one ring can act as a masked -amino-alcohol and
has been used for the synthesis of a variety of different ring-opened
products.** Typically the oxazolidin-2-one is hydrolysed to a B-
amino-alcohol using forcing conditions such as by refluxing with
excess hydroxide ions.* Alternatively, but less commonly, strong
acids, trimethylsilanolate or diamines such as ethylene diamine can
be used.* As far as we are aware, there is only a single publication
of the ring-opening of oxazolidin-2-ones with alkyllithiums,®
together with an isolated example of the use of methyllithium
to open a hindered oxazolidin-2-one.® These methods make use of
the (weak) electrophilicity of the carbonyl group. The carbon atom
at C-5 is also electrophilic and ring-opening of oxazolidin-2-ones
at C-5 with a nucleophile is possible.”

During research on the synthesis of some alkaloids, we had
recourse to investigate the ring-opening of the oxazolidin-2-one
1 (Scheme 1).* Treatment of this oxazolidin-2-one with allyl
magnesium bromide gave the tertiary carboxylic amide 2. To
our knowledge this is the first example of the ring-opening of
an oxazolidin-2-one with a Grignard reagent, although there is
a report of the use of a Grignard reagent to open a 6-membered
cyclic carbamate (a benzoxazinone).’ This chemistry could provide
a useful method of wide generality for ring-opening of oxazolidin-
2-ones that expands the range of carbon-based nucleophiles in
comparison to the addition of the more reactive organolithium
species.” We therefore decided to investigate the reaction further
and report here a range of examples of this methodology.
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S3 7HF, UK. E-mail: i.coldham@shef.ac.uk; Fax: +44 (0)114 222 9346,
Tel: +44 (0)114 222 9428

bAstraZeneca, Alderley Park, Macclesfield, Cheshire, SK10 4TG, UK

OBn I?MB :/OBn

\/\H/N\(-\/\
°© OH
2

Scheme 1  Reagents and conditions: i, 2 equiv. allyl magnesium bromide,
THE, —78 °C, 2.5 h, 63%; PMB = p-methoxybenzyl.
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Results and discussion

The N-alkyl oxazolidin-2-ones 4a—f used in this chemistry were
prepared from their corresponding N-unsubstituted analogues 3a—
¢ (Schemes 2 and 3), themselves prepared using standard methods
as reported previously.!” The N-alkylations were performed using
sodium or potassium hydride in THF together with iodomethane,
benzyl bromide or p-methoxybenzyl chloride.”* This led to a
selection of different substrates 4a—f, including N-alkyl and N-
benzyl compounds with either alkyl (isopropyl), benzyl or phenyl
substituents at the 4-position of the oxazolidin-2-one ring. This
range of substrates was used to probe the scope of the subsequent
ring-opening reaction.

0o (o]

)k i R2 J‘I\ i F:‘1 0
HN o T NTo T o A M
R Rl R?

3a R'=IPr 4a R'='Pr,R2=CHyPh  5a-h

3b R'=CH,Ph 4b R'=Pr,R?=PMB

4c R'=CH,Ph, R?=Me
4d R'=CH,Ph, R?= PMB

Scheme 2 Ring-opening of oxazolidinones 4a—d (see Table 1). Reagents
and conditions: i, NaH, THF, BnBr or PMBCI or Mel; ii, R’MgX, THF,
—78°C.

Treatment of the oxazolidin-2-ones 4a—d with allyl, methyl, ethyl
or phenyl magnesium bromide or with benzyl magnesium chloride
gave the desired tertiary amides Sa—h (Scheme 2, Table 1). Best
yields were normally obtained by using an excess of the Grignard
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3c 4e R'=Me 5i-m

4f R'=CH,CH=CH,

Scheme 3 Ring-opening of oxazolidinones 4e—f (see Table 2). Reagents
and conditions: i, NaH, THF, Mel or allyl bromide; ii, R*MgX, THF,
—78 °C.

reagent (1.5-3 equiv.) in THF at low temperature (—78 °C),
although in some cases it was beneficial to allow the reaction
mixture to warm to room temperature slowly. The products
were purified by column chromatography and NMR spectroscopy
revealed a mixture of rotamers in all cases. The oxazolidin-2-ones
4e—f were treated with allyl, ethyl or n-hexyl magnesium bromide
or with benzyl magnesium chloride to give the related tertiary
amides Si-m (Scheme 3, Table 2).

Some comments on the ring-opening reaction are worthy of
mention. Allyl magnesium bromide was a good nucleophile and
good yields of the products 5a, 5S¢, 5d, 5h and 5i were obtained. The
product 5¢ appeared to be unstable and visible discolouration was
observed over several hours at room temperature. Addition of allyl
magnesium bromide to the oxazolidinone 4f was more sluggish but
was improved by the addition of further excess of the Grignard
reagent (3 equiv. gave 20% yield of Sm, with 60% recovered
oxazolidin-2-one 4f but 7 equiv. of allyl magnesium bromide gave
up to 60% yield of Sm). The addition of magnesium bromide
as an alternative to activate the oxazolidinone was ineffective
in this case but did improve the yields in the reactions of alkyl
magnesium bromides. Hence MeMgBr and EtMgBr gave only
low yields (< 20%) of the products Se, 5f and 5k in the absence of
MgBr,, but significant improvements were obtained in its presence
(Table 1, entries 5 and 6 and Table 2, entry 3). The longer chain »-
hexyl magnesium bromide was successful in the absence of MgBr,

Table 1 Ring-opening of oxazolidinones 4a—d

to give the product 51. We were pleased to find that the chemistry
was also amenable to benzyl Grignard reagents (to give the tertiary
amides 5b and 5j) and with phenyl magnesium bromide (to give
5g).

The addition of the Grignard reagent to the oxazolidin-2-one
requires several hours at —78 °C and this presumably reflects
the poor electrophilicity of the carbonyl group. We propose that
the addition provides a tetrahedral intermediate that is relatively
stable at low temperature. This intermediate is then hydrolysed
on work up to give the desired tertiary carboxylic amide. If
the temperature of the mixture is allowed to rise then this
should enhance the rate of addition, however it also enhances
the breakdown of the tetrahedral intermediate. For example,
addition of allyl magnesium bromide at 0 °C gave lower yields
of the products 5, together with, in some cases, the 2,2-diallyl-
oxazolidine product (corresponding to the complete replacement
of the carbonyl oxygen of 4 by two allyl units).

Allyl magnesium bromide is a good nucleophile for this ring-
opening reaction. Insight into the mechanism of the reaction was
obtained by studying the related crotyl (but-2-enyl) magnesium
bromide as the nucleophile. The addition of this reagent to the
oxazolidin-2-one 4d gave a mixture of products, from which
the tertiary amides 6 were isolated as the major components
(Scheme 4). These products represent addition of the allyl unit
at the y- position. There was no stereoselectivity in the process
and the products 6 were formed as a mixture of stereoisomers.

~ O

j\
N~ O i
/@/\ U - HO\/\N)S/\
MeO \
Ph

4d MeO 6

Ph

Scheme 4 Ring-opening of oxazolidinone 4d with crotyl magnesium
bromide. Reagents and conditions: i, MeCH=CHCH,MgBr, THF, —78 °C,
32%, dr 1:1.

Entry Starting material Product R' R? R? Yield 5 (%)
1 4a 5a Pr CH,Ph CH,CH=CH, 69

2 4a 5b Pr CH,Ph CH,Ph 53

3 4b 5¢ Pr PMB CH,CH=CH, 68

4 4c 5d CH,Ph Me CH,CH=CH, 72

5¢ 4c Se CH,Ph Me Me 39

6° 4c 5f CH,Ph Me Et 44

7 4c 5g CH,Ph Me Ph 65

8 4d 5h CH,Ph PMB CH,CH=CH, 82

¢ With added MgBr,.

Table 2 Ring-opening of oxazolidinones 4e—f

Entry Starting material Product R! R? Yield 5 (%)
1 4e 5i Me CH,CH=CH, 86

2 4e 5§ Me CH,Ph 70

3 4e 5k Me Et 30

4 4e 51 Me (CH,)sCH; 52

5 4f S5m CH,CH=CH, CH,CH=CH, 60

“With added MgBr,.
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The ability of allyl Grignard reagents to add at the y- position
may contribute to the enhanced reactivity of these nucleophiles,
although even simple alkyl Grignard reagents can be successful
(Tables 1 and 2).

Tertiary carboxylic amides of f-amino-alcohols have been found
to be excellent substrates for asymmetric alkylation reactions. This
has been demonstrated using enolates of amides derived from,
for example, pseudoephedrine or phenylglycinol.’* To illustrate
this chemistry, the tertiary carboxylic amide 5h was treated
with two equivalents of LDA and LiCl, followed by alkylation
with iodomethane (Scheme 5). This gave the alkylated product
6. The diastereoselectivity in the reaction was high (dr 97:3)
and was determined by HPLC. The configuration of the major
diastereomer is expected to be that shown in structure 6, based on
related alkylations of other tertiary carboxylic amides.*

Ph__ o Ph__ o

HO\/E\NJ\/\ —I> HO\/g\Nk/\

MeO : 5h MeO : 6

Scheme 5 Asymmetric alkylation of the amide Sh. Reagents and condi-
tions: i, LDA, LiCl, THF, —78 °C, then Mel, 72%, dr 97:3.

To further illustrate the use of this chemistry, ring-closing
metathesis using Grubbs’ second generation catalyst'® with the
product 5m gave the novel 6-membered lactam 7 (Scheme 6)."
Reduction of the alkene gave the known compound 8, and this
completes a formal synthesis of the alkaloids (—)-coniine®® and
(+)-stenusine.'®"’

o |
X N i ;
XN o i \/\N o i
Ph Ph OH
af 5m
=
iii ref. 15
N O > N O > ”

o OH o OH

(—)-coniine

8
‘refs. 16,17

()Y
7

(+)-stenusine

Scheme 6 Formal synthesis of (—)-coniine. Reagents and conditions: i,
CH,=CHCH,MgBr, THF, —78 °C, 60%; ii, Grubbs II, CH,Cl,, heat,
1.5 h, 94%; iii, H,, 5% Pd/C, MeOH, room temp., 87%.

Conclusions

The ring-opening of N-alkyl-oxazolidin-2-ones is possible using
Grignard reagents. A variety of substituted oxazolidin-2-ones
and different Grignard reagents can be used. In cases that give
low yields, some enhancement can be achieved by using excess
Grignard reagent or by conducting the reaction in the presence

of MgBr,. The products are tertiary carboxylic amides. These
compounds are useful in synthesis, for example as substrates
for stereoselective alkylation or for conversion to alkaloids, as
demonstrated by ring-closing metathesis to lactam products.

Experimental
General methods

For general experimental details, including information on solvent
purifications and the spectrometers used in this research, see
previous descriptions.’®

General method for the ring-opening of V-alkyl-oxazolidin-2-ones

The Grignard reagent (3 mmol) was added to the oxazolidinone
(1 mmol) in THF (5 mL) at —78 °C. After 3 h, aqueous NH,ClI
(5 mL) was added, the mixture was warmed to room temperature
and was extracted with Et,O (3 x 20 mL), dried (Na,SO,) and
evaporated. Purification by column chromatography on silica,
eluting with petrol-EtOAc, gave the tertiary amide product.

N-Benzyl-N-|(S)-1-hydroxy-3-methylbutan-2-yl]-but-3-enamide
5a. Using the general method, allyl magnesium bromide and
the oxazolidinone 4a gave the amide 5a (0.18 g, 69%) as an oil
as a mixture of rotamers (ratio 3:1); R; 0.42 [CH,Cl,—EtOAc
(4:1)]; [0 4+29.1 (1.0, CHCL,); Vpay(neat)/cm™" 3395, 2965, 1620;
8x(250 MHz, CDCl;) 7.42-7.25 (SH, m, ArH), 6.14-5.89 (1H, m,
CH=), 5.32-5.08 (2H, m, =CH,), 4.76 (0.75H, d, J 16.5, CH),
4.28 (0.75H, d, J 16.5, CH), 4.22-4.16 (0.75H, m, CH), 3.83
(0.25H, d, J 16, CH), 3.75-3.54 (1.75H, m, CH + minor rotamer
CH peaks), 3.39-3.23 (0.75H, m, CH), 3.22-3.08 (2H, m, CH,),
2.57-2.43 (0.75H, m, CH), 1.98-1.83 (0.25H, m, CH), 0.99 (0.8H,
d, J 6.5, CH,), 0.97 (2.2H, d, J 6.5, CH;), 0.93 (2.2H, d, J 6.5,
CH,;), 0.90 (0.8H, d, J 6.5, CH;); d-(125 MHz, CDCl;) 173.5,
173.4,139.5, 136.6, 132.1, 131.4, 129.0, 127.9, 127.6, 127.5, 126.8,
118.4, 118.0, 69.1, 66.3, 63.4, 61.6, 54.0, 44.3, 39.9, 39.4, 27.7,
26.1, 20.4, 20.1; HRMS (EI) found: M*, 261.1739, C,(H»NO,
requires M*, 261.1729; LRMS m/z (EI) 260 (7%, M*), 230 (22),
162 (49), 150 (20), 91 (100).

N-Benzyl-N-[(S)-1-hydroxy-3-methylbutan-2-yl]-phenylaceta-
mide 5b. Using the general method, benzyl magnesium chloride
and the oxazolidinone 4a gave the amide 5b (0.16 g, 53%) as an
oil as a mixture of rotamers (ratio 3:1); R; 0.38 [petrol-EtOAc
(3:2)]; [a]p™ +19.6 (1.0, CHCL,); Vipue(neat)/cm™" 3370, 2960, 1620;
8x(250 MHz, CDCl;) 7.39-7.18 (10H, m, ArH), 5.25 (0.25H, d, J
15, CH), 4.77 (0.75H, d, J 16.5, CH), 4.37-4.22 (0.75H, m, CH),
4.22 (0.75H, d, J 16.5, CH), 3.92-3.53 (3.5H, m, 3 x CH + minor
rotamer CH peaks), 3.34-3.23 (0.25H, m, CH), 3.08 (0.75H, dt, J
10.5,4, CH), 2.60-2.45 (0.75H, m, CH), 1.93-1.77 (0.25H, m, CH),
0.97(0.8H,d, J 6.5,CH;),0.91 (2.2H,d, J 6.5, CH;), 0.84 (2.2H, d,
J6.5,CH;),0.59(0.8H,d, J 6.5, CH;); 6-(125 MHz, CDCl;) 173.6,
139.5, 136.6, 135.4, 134.6, 129.2, 129.0, 128.9, 128.85, 128.75,
128.7, 127.9, 127.6, 127.4, 127.1, 126.9, 126.6, 69.2, 66.2, 63.5,
61.7, 54.3, 42.2, 41.7, 27.6, 26.1, 20.3, 20.0, 19.6; HRMS (EI)
found: M*, 311.1883, C, H,;NO, requires M*, 311.1885; LRMS
m/z (EI) 311 (9%, M*), 162 (37), 91 (100).

N -p-Methoxybenzyl- NV -[(S)-1-hydroxy-3-methylbutan-2-yl]-
but-3-enamide 5c¢. Using the general method, allyl magnesium
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bromide and the oxazolidinone 4b gave the amide Sc¢ (0.2 g, 68%) as
an oil as a mixture of rotamers (ratio 2.3:1); R; 0.2 [petrol-EtOAc
(3:2)]; [a]5™ 19.6 (¢ 1.0, CHCL); v, (neat)/cm™' 3370, 2960, 1610;
8u(250 MHz, CDCl;) 7.32-6.80 (4H, m, ArH), 6.12-5.88 (1H, m,
CH=), 5.15-4.93 (2H, m, =CH,), 4.67 (1H, d, J 16.5, CH), 4.32
(1H, brt, J 5, OH), 4.20 (1H, d, J 16.5, CH), 3.79 (2.1H, s, CH,),
3.76 (0.9H, s, CH;), 3.71-3.65 (2H, m, CH,), 3.33-3.05 (3H, m,
CH and CH,), 2.56-2.38 (0.7H, m, CH), 1.93-1.80 (0.3H, m, CH),
0.99-0.85 (6H, m, 2 x CHj;); 8:(125 MHz, CDCl;) 173.4, 159.3,
158.8, 132.2,131.5,131.4, 129.0, 128.4, 128.2, 118.3, 117.9, 114.4,
114.3, 68.8, 66.3, 63.4, 61.5, 55.3, 55.2, 53.4, 39.9, 39.3, 27.8, 26.0,
20.3, 20.2, 20.1; HRMS (ES) found: MH*, 292.1918, C,;H,NO;
requires MH*, 292.1913; LRMS m/z (ES) 314 (72%, MNa*), 292
(100, MH*).

N-|(S)-1-Hydroxy-3-phenylpropan-2-yl]- N -methyl-but-3-ena-
mide 5d. Using the general method, allyl magnesium bromide
and the oxazolidinone 4¢ gave the amide 5d (0.23 g, 72%) as
an oil as a mixture of rotamers (ratio 3:1); R; 0.15 [petrol-
EtOAc (3:7)]; [alp® —67.0 (1.1, CHCl;), —27.9 (10.7, CHCl,),
lit.® —7.4 (10.7, CHClL); HRMS (EI) found: M*, 233.1413,
C 4 H,)NO, requires M*, 233.1416. Spectroscopic data consistent
with literature.”

N-|(S)-1-Hydroxy-3-phenylpropan-2-yl]- N -methyl-acetamide
5e. Methyl magnesium bromide (0.5 mL, 1.5 mmol, 3 M in
Et,0) and magnesium bromide (0.28 g, 1.5 mmol) were added
to the oxazolidinone 4¢ (0.2 g, 1.0 mmol) in THF (5 mL) at
—78 °C. The mixture was allowed to warm to room temperature
over 16 h. Aqueous NH,CI (5 mL) was added and the mixture was
extracted with Et,O (3 x 20 mL), dried (Na,SO,) and evaporated.
Purification by column chromatography on silica, eluting with
petrol-EtOAc (1:3), gave the amide 5e (0.08 g, 39%) as an oil as a
mixture of rotamers (ratio 2:1); R; 0.04 [petrol-EtOAc (1:3)]; [0]p?
—50.0(1.0, CHCl,), lit.* —36.0 (3.9, CHCl;), no spectroscopic data
reported; v (neat)/cm" 3355, 2925, 1615; 8,,(250 MHz, CDCl;)
7.32-7.11 (5H, m, ArH), 4.54-4.43 (0.7H, m, CH), 4.16-4.01 (0.3H,
m, CH), 3.82-3.65 (2H, m, CH,), 2.96-2.66 (SH, m, CH, and CHj;),
2.03 (2H, s, CHs;), 1.79 (1H, m, CHs); 6-(125 MHz, CDCl;) 172.4,
172.2, 138.0, 137.6, 128.7, 128.7, 128.7, 128.4, 126.7, 126.4, 62.9,
62.3, 62.2, 58.8, 35.1, 34.4, 33.1, 26.5, 22.4, 21.4; HRMS (ES)
found: MNa*, 230.1151, C,,H,;NO,Na requires MNa*, 230.1157;
LRMS m/z (ES) 230 (5%, MNa*), 208 (100, MH*).

N-[(S)-1-Hydroxy-3-phenylpropan-2-yl]-/V-methyl-propiona-
mide 5f. In the same way as the amide Se, ethyl magnesium
bromide (2.6 mL, 2 mmol, 0.8 M in THF), magnesium bromide
(0.19 g, 1 mmol) and the oxazolidinone 4¢ (0.2 g, 1.0 mmol) gave,
after purification by column chromatography on silica, eluting
with CH,Cl,-Et,O (7:3), the amide 5f (0.1 g, 44%) as an oil
as a mixture of rotamers (ratio 2.6:1); R; 0.22 [CH,Cl,-Et,O
(7:3)]; [0]p* —28.0 (1.1, CHCly); Vipex (neat)/cm=' 3375, 2940, 1615;
ox(250 MHz, CDCl;) 7.31-7.11 (SH, m, ArH), 4.54-4.43 (0.7H,
m, CH), 4.18-4.06 (0.3H, m, CH), 3.81-3.65 (2H, m, CH,), 3.17-
3.08 (0.7H, m, OH), 2.94-2.70 (5.3H, m, OH, CH, and CH,),
2.26 (2H, q, J 7.5, CH,), 1.07 (2.1H, t, J 7.5, CH,), 0.92 (0.9H,
t, J 7.5, CH;); 8:(100 MHz, CDCl;) 176.2, 175.6, 138.6, 138.0,
129.3, 129.25, 129.2, 128.9, 127.2, 126.9, 63.9, 62.8, 61.2, 60.5,
35.8,34.8, 33.5,27.9, 27.1, 26.6, 9.8, 9.6; HRMS (ES) found: M*,

222.1501, C,;H,\NO, requires M*, 222.1494; LRMS m/z (ES) 244
(9%, MNa*), 222 (100, MH").

N-[(S)-1-Hydroxy-3-phenylpropan-2-yl]- NV -methyl-benzamide
5g. Using the general method, phenyl magnesium bromide and
the oxazolidinone 4c¢ gave the amide 5g (0.17 g, 65%) as needles as a
mixture of rotamers (ratio 3:2); R; 0.17 [petrol-EtOAc (2:3)]; m.p.
103-104 °C; [a]p® —79.5 (0.4, CHCL,), lit.5 —75.4 (0.4, CHCl,),
no spectroscopic data reported; vy, (neat)/cm=! 3355, 1605, 1590;
84(250 MHz, CDCl;) 7.35-6.84 (10H, m, ArH), 4.74-4.61 (0.6H,
m, CH), 4.11-3.56 (2.8H, m, CHCH,OH), 3.36-3.27 (0.6H, m,
CH), 3.15-2.60 (4.6H, m, CH, and CH}), 1.80-1.68 (0.4H, m, CH);
3¢(125 MHz, CDCl;) 173.6, 137.9, 137.3, 136.55, 136.5, 129.7,
129.1,128.9,128.8, 128.65, 128.6, 128.4, 128.0, 126.9, 126.7, 126.6,
63.1, 62.3, 62.0, 59.1, 35.1, 34.8, 34.2, 27.0; HRMS (ES) found:
MH*, 270.1488, C,;H,,NO, requires MH*, 270.1494; LRMS m/z
(ES) 270 (100, MH™).

N-p-Methoxybenzyl- N -[(S)-1-hydroxy-3-phenylpropan-2-yl]-
but-3-enamide 5h. Using the general method, allyl magnesium
bromide and the oxazolidinone 4d gave the amide Sh (0.28 g, 82%)
asan oil as a mixture of rotamers (ratio 4:1); R; 0.21 [petrol-EtOAc
(3:2)]; [e]p* 29.5 (¢ 1.0, CHCL,); v, (neat)/cm" 3375, 2930, 1610;
8x(500 MHz, CDCl;) 7.31-7.09 (5.4H, m, ArH), 7.03 (1.6H, d, J
8.5,ArH), 6.84 (2H, d, J 8.5, ArH), 5.98-5.81 (1H, m, CH=), 5.19-
497 (2H, m, =CH,), 4.37 (1H, d, J 16, CH), 4.21-4.10 (1H, m,
CH), 3.82-3.47 (3H, m, CHCH,), 3.79 (2.4H, s, CHj;), 3.77 (0.6H, s,
CH,), 3.16-3.01 (3.6H, m, 2 x CH,), 2.84-2.72 (0.4H, m, CH,);
8c(125 MHz, CDCl;, major rotamer) 173.2, 159.2, 138.7, 131.3,
129.2, 128.5, 128.2, 128.1, 126.5, 118.2, 114.3, 64.3, 63.9, 55.3,
52.7, 39.9, 34.3; HRMS (EI) found: M*, 339.1823, C, H,;NO;
requires M*, 339.1834; LRMS m/z (ES) 362 (30%, MNa*), 340
(100, MH*).

N-|[(R)-2-Hydroxy-1-phenylethyl]-/V-methyl-but-3-enamide  Si.
Using the general method, allyl magnesium bromide and the
oxazolidinone 4e gave the amide 5i (0.21 g, 86%) as needles as
a mixture of rotamers (ratio 3:1); R; 0.29 [petrol-EtOAc (3:7)];
m.p. 37-38 °C; [a]p* —118.0 (1.4, CHCL,); v, (neat)/cm=" 3405,
1615; 84(250 MHz, CDCl;) 7.40-7.20 (5H, m, ArH), 6.13-5.92
(IH, m, CH=), 5.85 (1H, dd, J 9.5, 5, CH), 5.23-5.12 (2H, m,
=CH,), 4.22-4.02 2H, m, CH,), 3.37 (0.5H, br d, J 7, CH,), 3.23
(1.5H, dt, J 7, 1.5, CH,), 2.77 (3H, s, CH;), 2.55 (1H, br s, OH);
d:(62 MHz, CDCl;) 172.9,172.8,137.1, 136.7, 131.9, 131.1, 128.9,
128.7,127.9,127.7,127.7,126.9, 118.0, 61.6, 61.4, 61.3, 58.1, 39.4,
39.0, 31.0, 28.3; HRMS (ES) found: MH*, 220.1327, C;;H;NO,
requires MH*, 220.1338; LRMS m/z (ES) 242 (18%, MNa*), 220
(100, MH"); Anal. calcd for C,;H;NO,: C, 71.21; H, 7.81; N, 6.39.
Found: 71.15; H, 7.88; N, 6.20%.

N-[(R)-2-Hydroxy-1-phenylethyl]-V-methyl-2-phenylacetamide
5j. Using the general method, benzyl magnesium chloride
and the oxazolidinone 4e gave the amide 5§ (0.19 g, 70%) as
needles as a mixture of rotamers (ratio 2.5:1); Ry 0.22 [petrol-
EtOAc (2:3)]; m.p. 73-74 °C, lit."® 75-77 °C; [a]p™ —113.0 (1.1,
CHCL), lit* —117 (1.25, CHCL;); HRMS (ES) found: MH",
270.1496, C,;H,NO, requires MH*, 270.1494. Spectroscopic
data consistent with literature.”

N-[(R)-2-Hydroxy-1-phenylethyl]-N-methyl-propionamide 5k.
In the same way as the amide 5e, ethyl magnesium bromide
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(2.6 mL, 2 mmol, 0.8 M in THF), magnesium bromide (0.19 g,
1 mmol) and the oxazolidinone 4e (0.2 g, 1.0 mmol) gave, after
purification by column chromatography on silica, eluting with
CH,Cl,-Et,0 (7:3), the amide 5k (0.06 g, 30%) as an oil as a
mixture of rotamers (ratio 2.4:1); R; 0.27 [EtOAc-MeOH (98:2)];
[a]n® —45.9 (1.1, CHCL); Vga(neat)/cm™ 3385, 2935, 1615;
64(250 MHz, CDCl;) 7.34-7.14 (5H, m, ArH), 5.85 (0.7H, dd,
J9,5,CH), 5.10 (0.3H, dd, J 9, 4, CH), 4.15-3.94 (2H, m, CH,),
3.54 (1H, br s, OH), 2.72 (2.1H, s, CH;), 2.70 (0.9H, s, CH,),
242 (2H, q, J 7.5, CH,), 1.13 (2.1H, t, J 7.5, CH,), 1.11 (0.9H,
t, J 7.5, CH;); 8.(125 MHz, CDCl;) 175.7, 175.5, 137.3, 137.0,
128.6, 128.4,127.8, 127.7, 127.6, 126.8, 61.6, 61.4, 61.3, 58.1, 30.7,
28.1, 27.3, 26.7, 9.6, 9.2; HRMS (ES) found: MNa*, 230.1152,
C,,H;;NO,Na requires MNa*, 230.1157; LRMS m/z (ES) 230
(47%, MNa*), 208 (100, MH™*).

N-[(R)-2-Hydroxy-1-phenylethyl]-N-methyl-2-heptanamide 5I.
Using the general method, hexyl magnesium bromide and the
oxazolidinone 4e gave the amide 51 (0.14 g, 52%) as an oil
as a mixture of rotamers (ratio 3:1); R; 0.27 [petrol-EtOAc
(I:D]; [a]p® —95.3 (1.1, CHCL); Vay(neat)/cm™" 3385, 2925, 1620;
(250 MHz, CDCl;) 7.37-7.18 (SH, m, ArH), 5.86 (0.75H, dd, J
9.5,5,CH), 5.15(0.25H, dd, J 9.5, 5, CH), 4.15-4.07 2H, m, CH,),
2.76 (3H, s, CH;), 2.39 (2H, t, J 7.5, CH,), 1.71-1.62 (2H, m, CH,),
1.39-1.26 (6H, m, 3 x CH,), 0.91-0.86 (3H, m, CH,); 8.(125 MHz,
CDCl;)175.4,174.9,137.2,137.0,128.9,128.7,127.9,127.8,126.8,
61.9, 61.6, 61.3, 58.3, 34.2, 33.7, 31.6, 31.2, 29.2, 29.1, 28.1, 25.5,
25.1, 22.6, 14.1; HRMS (ES) found: MH*, 264.1959, C,;H,NO,
requires MH*, 264.1964; LRMS m/z (ES) 550 (100%, M,HNa*),
286 (18, MNa*), 264 (50, MH").

N-Allyl-N-[(R)-2-Hydroxy-1-phenylethyl]-but-3-enamide ~ Sm.
Using the general method, allyl magnesium bromide (7 mmol),
and the oxazolidinone 4f (0.2 g, 1.0 mmol) gave, after purification
by column chromatography on silica, eluting with petrol-EtOAc
(3:2), the amide 5m (0.15 g, 60%) as an oil; R; 0.21 [petrol-EtOAc
(3:2)]; [o]p® —51.0 (1.0, CHCL); Vs (neat)/cm™ 3395, 2930,
1615; 64(250 MHz, CDCl;) 7.37-7.19 (5H, m, ArH), 6.09-5.91
(1H, m, CH=), 5.73-5.58 (1H, m, CH=), 5.54 (1H, t, J 6.5,
NCH), 5.22-5.07 (4H, m, 2 x =CH,), 4.12 (2H, br d, J 6.5, CH,),
3.84-3.65 (2H, m, CH,), 3.21 (2H, br d, J 6.5, CH,); 6-(125 MHz,
CDCl;) 173.4, 137.1, 135.0, 134.1, 131.8, 131.6, 129.0, 128.7,
128.5, 128.5, 128.1, 127.9, 127.0, 118.0, 116.9, 63.1, 62.3, 62.1,
62.0, 60.9, 48.2, 45.4, 39.3; HRMS (EI) found: M*, 245.1413,
C,sHyNO, requires M*, 245.1416; LRMS m/z (EI) 245 (6%, M*),
214 (33), 146 (51), 101 (35), 86 (100).

N-[(S)-1-Hydroxy-3-phenylpropan-2-yl]- N-p-methoxybenzyl-2-
methylbut-3-enamide 6. #-Butyllithium (2.5 mL, 6 mmol, 2.5 M)
was added to diisopropylamine (0.9 mL, 6.6 mmol) in THF
(10 mL) at —78 °C. The mixture was warmed to 0 °C then
re-cooled to —78 °C and the amide 5h (1.0 g, 2.9 mmol) in THF
(10 mL) was added. After 1 h, LiCl (0.75 g, 17.4 mmol) was added.
After 30 min, iodomethane (0.36 mL, 17.4 mmol) was added.
After 30 min, aqueous NH,Cl1 (10 mL) was added, the mixture was
warmed to room temperature and was extracted with EtOAc (3 x
20 mL), dried (Na,SO,) and evaporated. Purification by column
chromatography on silica, eluting with petrol-EtOAc (1:1), gave
theamide 6 (0.74 g, 72%) as an oil as a mixture of diastereomers (dr
97:3) and a mixture of rotamers (ratio 7:1); R 0.55 [petrol-EtOAc

(1:D)]; [0]p® —25.2 (¢ 1.0, CHCI,); v, (neat)/cm™" 3400, 2940,
1610; 84(400 MHz, CDCl;) 7.21-7.11 (5H, m, ArH), 7.03 (2H, d,
J 10, ArH), 6.88 (2H, d, J 10, ArH), 5.96-5.89 (1H, m, CH=),
5.11-491 (2H, m, =CH,), 4.54-4.30 (2H, m, CH,), 3.82 (3H, s,
CH,), 3.77 (2H, d, J 7, CH,), 3.73-3.68 (1H, m, CH), 3.34-3.29
(1H, m, CH), 3.41-3.06 (2H, m, CH,), 1.73 (1H, br s, OH), 1.28
(0.4H, s, CH;), 1.21 (2.6H, s, CHj;); 8.(100 MHz, CDCl;) 176.1,
159.4, 138.6, 138.4, 138.1, 129.3, 129.2, 129.0, 128.7, 128.5, 128 .4,
128.0, 127.7, 126.8, 126.4, 115.8, 115.6, 115.1, 114.3, 114.2, 64.4,
63.9, 63.2, 62.5, 55.2, 52.0, 51.2, 42.1, 34.2, 18.7; HRMS (ES)
found: MH*, 354.2064, C,HxNO; requires MH*, 354.2069;
LRMS m/z (ES) 376 (10%, MNa*), 354 (100, MH"*); Anal. caled
for C,H,,NO;: C, 74.76; H, 7.70; N, 3.96. Found: 74.71; H,
7.61; N, 3.99%. The diastereomer ratio was determined by HPLC
using an Alltech Alltima ODS 3 um column, length 150 mm, i.d.
4.6 mm, MeCN-H,O 40:60, flow rate 1 mL per min, detection at
254 nm, retention times: 17.5 min (minor) and 18.7 min (major).

1,6-Dihydro-1-[(R)-2-hydroxy-1-phenylethyl]pyridine-2(3H)-
one 7. Grubbs second generation catalyst (C,HgsClLN,PRu)
(137 mg, 0.16 mmol) was added in two portions to the amide
5m (1.0 g, 4.07 mmol) in CH,Cl, (30 mL) at 40 °C. After 1.5 h, the
mixture was cooled to room temp. After 1 h DMSO (0.5 mL) was
added. After 2 h, the solvent was evaporated and the residue was
purified by column chromatography on silica, eluting with petrol—
EtOAc (1:9), gave the lactam 7 (833 mg, 94%) as an oil; R; 0.30
[petrol-EtOAc (1:9)]; [0]p® —65.8 (c 0.8, CHCL,); V. (neat)/cm™
3350, 2880, 1615; 6,;(500 MHz, CDCl;) 7.35-7.26 (SH, m, ArH),
5.89-5.86 (1H, m, CH), 5.76-5.62 (2H, m, CH=CH), 4.19-4.12
(2H, m, CH,), 3.90-3.52 (2H, m, CH,), 3.07-3.04 (2H, m, CH,),
2.16 (1H, br s, OH); 4-(125 MHz, CDCl;) 169.1, 136.4, 127.9,
127.8, 122.0, 121.0, 61.4, 58.5, 44.6, 32.7, HRMS (ES) found:
MNa*, 240.0992, C,;H,;sNO,Na requires MNa*, 240.1000; LRMS
m/z (ES) 457 (100%, M,Na*), 240 (82, MNa*), 218 (22, MH").

(R)-1-(2-Hydroxy-1-phenylethyl)piperidin-2-one 8. The lactam
7 (1.0 g, 4.6 mmol) and palladium on charcoal (100 mg, 5%) in
MeOH (20 mL) were stirred under an atmosphere of hydrogen at
room temp. After 48 h, the mixture was filtered, the solvent was
evaporated and the residue was purified by column chromatog-
raphy on silica, eluting with CH,Cl,-MeOH (95:5), to give the
lactam 8 (0.88 g, 87%) as needles; R; 0.50 [CH,Cl,~MeOH (95:5)];
m.p. 112-114°C,1it.** 113-115°C; [a]p** —79.8 (c 0.5, CHC,), lit.*
—80 (0.5, CH,Cl,); Anal. calcd for CsH;NO,: C, 71.21; H, 7.81;
N, 6.39. Found: 71.16; H, 7.78; N, 6.43%. NMR spectroscopic
data as reported.'
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Total synthesis of (—)-ulapualide A, a novel tris-oxazole macrolide from
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A new, second generation, total synthesis of ulapualide A (1), whose stereochemistry was recently
determined from X-ray analysis of its complex with the protein actin, is described. The synthesis is
designed and based on some speculation of the biosynthetic origin of the contiguous fris-oxazole unit
in ulapualide A, alongside that of the related co-metabolites that contain only two oxazole rings, e.g. 6
and 7. The mono-oxazole carboxylic acid 67b and the mono-oxazole secondary alcohol 55b which,
together, contain all of the 10 asymmetric centres in the natural metabolite, were first elaborated using a
combination of contemporary asymmetric synthesis protocols. Esterification of 67b with 55b under
Yamaguchi conditions gave the ester 77 which was then converted into the ®w-amino acid 18a following
simultaneous deprotection of the #-butyl ester and the N-Boc protecting groups. Macrolactamisation of
18a, using HATU, now gave the key intermediate macrolactam 17, containing two of the three oxazole
rings in ulapualide A (1). A number of procedures were used to introduce the third oxazole ring in
ulapualide A from 17, including: a) cyclodehydration to the oxazoline 78a followed by oxidation using
nickel peroxide leading to 76; b) dehydration to the enamide 79, followed by conversion into the
methoxyoxazoline 78b, via 80, and elimination of methanol from 78b using camphorsulfonic acid. The
tris-oxazole macrolide 76 was next converted into the aldehyde 82b in four straightforward steps, which

was then reacted with N-methylformamide, leading to the E-alkenylformamide 83. Removal of the
TBDPS protection at C3 in 83 finally gave (—)-ulapualide A, whose 'H and *C NMR spectroscopic
data were indistinguishable from those obtained for naturally derived material. It is likely that the
tris-oxazole unit in ulapualide A (1) is derived in nature from a cascade of cyclodehydrations from an
acylated tris-serine precursor, e.g. 9, followed by oxidation of the resulting tris-oxazoline intermediate,
i.e. 10. It is also plausible to speculate that the biosynthesis of metabolites related to ulapualide A, e.g.
the bis-oxazole 6 and the imide 7, involve cyclisations of just two of the serine units in 9. These
speculations were given some credence by carrying out pertinent interconversions involving the
bis-oxazole amide 24, the enamide 25, the imide 26, the oxazoline 27 and the tris-oxazole 30 as model
compounds. An alternative strategy to the tris-oxazole macrolide intermediate 76 was also examined,
involving preliminary synthesis of the aldehyde 73, containing a shortened (C25-C34) side chain from
67b and 47b. A Wadsworth—-Emmons olefination reaction between 73 and the phosphonate ester 74 led
smoothly to the E-alkene 75, but we were not able to reduce selectively the conjugated enone group in
75 to 76 without simultaneous reduction of the oxazole alkene bond, using a variety of reagents and

reaction conditions.

Introduction

The “ulapualides” are a unique family of macrolides isolated from
sponges and nudibranchs (sea slugs). They show structures which
feature three contiguously linked oxazoles embedded within the
macrocycle, and a substituted polyol side chain terminated by
an unusual N-formyl enamine unit. Ulapualide A (1) was the
first of their number to be characterised', and the family now
includes the mycalolides, e.g. 2, kabiramides 3, halishigamides 4

School of Chemistry, University of Nottingham, Nottingham, NG7 2RD,
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T Electronic supplementary information (ESI) available: Additional exper-
imental procedures; crystal structure data. See DOI: 10.1039/b801036f

and halichondramides 5,>* together with a number of congeners
where the tris-oxazole unit has been severed, e.g. 6, or modified
as an imide, e.g. 7.5 The ulapualides show antifungal activity
and ichthyotoxic properties, together with modest activity against
L1210 leukemia cells.

At the time ulapualide A was isolated in the late 1980s,
oxazoles had rarely been reported as secondary metabolides,
let alone those containing contiguously linked oxazoles. The
burgeoning family of polyoxazole-based secondary metabo-
lites now includes the phorboxazoles,® hennoxazoles,” dia-
zonamide A,® several azole-based cyclic peptides’, the tetra-
oxazole YM-216391, and the intriguing hepta-oxazole telomes-
tatin.!!
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The juxtaposition of several nitrogen and oxygen ligand-
binding sites in the ulapualides encouraged us earlier to carry
out a molecular mechanics study of a hypothetical metal-chelated
complex of ulapualide A." This study led us to assign the relative
stereochemistry shown in structure 8 for ulapualide A," and in
1998 we described a total synthesis of this compound. Much to
our chagrin, although the synthetic ulapualide A showed identical
chromatographic behaviour, as well as chiroptical and '"H NMR
spectroscopic data, with those of the natural product, very small
differences were observed in the *C NMR spectra, associated with
the C32-C34 portions, of the structures. We therefore concluded
that we had synthesised a diastereoisomer of natural ulapualide
A, which, apart from other features, was almost certainly epimeric

at C32. Contemporaneously, Panek and Fusetani,** and their col-
laborators, using a combination of degradation studies, together
with reconnective and total synthesis, established that the related
metabolite mycalolide A had the stereochemistry shown in the
structure 2. The stereochemistry established for mycalolide A
differed from the one we had tentatively assigned to ulapualide A
at no less than five stereocentres, i.e. C28, C29, C30, C32 and C3.
This was uncanny, even somewhat bewildering, in view of the close
similarity of much of the NMR spectroscopic data recorded for our
synthetic and natural ulapualide A. To cap it all, in 2004, Rayment
et al.” presented an X-ray crystal structure of ulapualide A bound
to the protein actin which showed that the metabolite had the
stereochemistry shown in structure 1. Thus, ulapualide A (1) and
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mycalolide A (2) have identical stereochemistries at C3, and along
their C28-C33, and indeed C37-C39, side chains. As synthetic
chemists, driven by curiosity and desirous of completeness, it
became imperative for us to undertake a new, second generation,
total synthesis of ulapualide A. This paper presents full details
of these new synthetic endeavours,'® which are interweaved with
an exploration of the biosynthetic interrelationship between the
contiguously linked zris-oxazole containing metabolites 1-5 and
those congeners, 6 and 7, with incomplete tris-oxazole motifs.

Discussion and synthetic strategy

In the absence of biosynthetic studies, it is likely that the zris-
oxazole unit 11 in the ulapualides is derived from a cascade of
cyclodehydrations from an acylated tris-serine precursor, e.g. 9,
followed by oxidation of the resulting tris-oxazoline intermediate
10." Tt is also plausible that a similar cyclodehydration—oxidation
process involving just two of the serine units in 9 would lead to
the bis-oxazole amide 12 (Scheme 1). The amide 12 could then
act as precursor to the tris-oxazole 11, and also to the enamide
13, and then to the open-chain ester-amide 15, by a sequence
involving oxidation to the imide 14 and hydrolysis. Indeed, based
on this speculation we designed our second generation synthesis
of ulapualide A (1) involving macrolactamisation of an w-amino
acid intermediate, viz. 18a, as a key step, followed by elaboration of
the central oxazole ring in the natural product from a macrolide-
macrolactam, viz. 17a,'® as a late step in the overall synthesis. This
approach required a synthesis of the ester 18a from the carboxylic
acid 20a and the alcohol 19, which, together, contain all of the ten
stereocentres in ulapualide A. The terminal formyl enamine unit
in 1 would be introduced as a late step in the synthesis, following
manipulation of the functionality and the protecting groups in
the tris-oxazole macrolide 16a, leading to the aldehyde 16b,
and treatment of the latter with N-methylformamide. Before

discussing this total synthesis of ulapualide A (1) in detail,
however, we first describe some complementary synthetic inter-
conversions with some model substrates, which give credence to
the speculation regarding the biosynthetic relationships between
the ulapualides 1-5, and their congeners, 6 and 7, having modified
tris-oxazole units.'

Using the truncated tris-oxazole 30, together with the bis-
oxazole amide 24 and the oxazoline bis-oxazole 27, as model
compounds, we first prepared the known substituted oxazoles 21
and 22a® starting from readily available derivatives of serine. The
oxazole-oxazolidine 21 was next doubly deprotected, using 4 M
HCl in dioxane, and the resulting secondary amine 23 was then
acylated with the acid chloride 22b, produced from 22a, leading
to the bis-oxazole serine amide derivative 24 (Scheme 3).

Treatment of 24 with SOCI, in DCM next gave the corre-
sponding alkyl chloride, which underwent dehydrochlorination
in the presence of DBU to produce the enamide 25 (Scheme 3).
Oxidative cleavage of the alkene bond in 25, using catalytic RuO,
and NalO, then gave the imide 26, c¢f. the natural product 7. In
a separate sequence, the bis-oxazole serine amide 24 underwent
cyclodehydration when treated with DAST," producing the bis-
oxazole oxazoline 27 in 99% yield. Oxidation of the oxazoline
27 in the presence of NiO, in hot benzene,® or better, using
BrCCl;-DBU,* then led to the contiguously linked tris-oxazole
30. The same tris-oxazole 30 was also produced from the enamide
25 following conversion to the methoxy-substituted oxazoline 29
via the methoxy-bromide 28, and treatment with camphorsulfonic
acid in toluene (Scheme 3).2 The aforementioned synthetic
interconversions, involving the amide 24, the enamide 25, the
imide 26, together with the oxazolines 27 and 29 and the tris-
oxazole 30, not only provide a plausible biogenetic link between
the ulapualide natural products 1-7, but also set some precedent
for the more demanding synthetic work towards ulapualide A that
we were about to embark upon.
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Scheme 4

Synthesis of the oxazole-substituted C25-C41 (55) and C25-C34
(47) side chains

In our synthesis of the diastereoisomer 8 of ulapualide A, we
applied a range of contemporary synthetic methods in asymmetric
synthesis, and examined a variety of OH protecting groups to
prepare the C26-C41 (top chain) portion in 8. Pertinent to these
studies was the use of methoxymethyl, z-butyldimethylsilyl and
t-butyldiphenylsilyl ether protecting groups at C30, C38 and C41
respectively, and their sequential and selective deprotection using
Me,BBr (for MeOCH,0-), Me;SiOTf (for C38, sec-OH), HF-
C;H;N (for C41, primary OH).

We investigated two separate approaches to the advanced
intermediate 16a en route to ulapualide A. In the first of these
approaches we planned to synthesise the tris-oxazole based
macrolide 31 containing a shortened (C25-C34) side chain,
derived ultimately from 19b and 20, via 18b, and then to elaborate
31 to 16a via an olefination reaction, producing 32, followed by
selective reduction of the C34-C35 alkene bond (Scheme 4). In the
second, more convergent, approach we proposed incorporating the
entire C25-C41 top chain in the natural product at an earlier stage
in the overall synthesis, i.e. starting with the oxazole substituted
intermediate 19a.

The (shortened) C25-C34 side chain 47 was synthesised
starting from 3-benzyloxypropanal 33, (R)-2-benzyl-3-propionyl-
2-oxazolidinone 34, and the (R)-pentenoyloxazolidin-2-one 40,
using conventional Evans aldol chemistry® to introduce the syn
stereochemistry at C32-C33 (i.e. 34 — 35) and the anti- stere-
ochemistry at C29-C30 (i.e. 40 — 41), and by applying Brown’s
allylboration chemistry? to install the B-orientated hydroxyl group
at C28 (viz. 43 — 44a) (Scheme 5). Protection of the hydroxyl
group in 44a as its methyl ether 44b, followed by oxidative cleavage
of the alkene bond, next gave the corresponding aldehyde 45. A
Wittig reaction between the aldehyde 45 and the phosphorus ylide,
derived in situ from the oxazolemethyl bromide 46a* and Bu;P,
using DBU as base, gave the E-vinyloxazole 47a with the C25-C34
side chain present in ulapualide A. The methyl ether group in 47a
was then converted into the corresponding alcohol in two steps
leading to 47b in readiness for coupling to the carboxylic acid 20
en route to the macrolide 31.

The oxazole-substituted compound 55b, containing the entire
C25-C41 top chain in ulapualide A, was also synthesised from the
intermediate 44b following exchange of TBS for MOM, oxidative
cleavage of the alkene bond in 48b and protection of the resulting
aldehyde as the corresponding dimethylacetal 49b (Scheme 6). The
absolute stereochemistry of the dimethylacetal 49b was established

by X-ray crystallography.?® Deprotection of the silyl ether in 49b
and oxidation of the resulting alcohol, using TPAP, next gave the
aldehyde 50b. A Wadsworth—-Emmons reaction between the alde-
hyde 50 and the phosphonate ester 51 we had used in our synthesis
of the diastereoisomer of ulapualide A," using Ba(OH), as base”
then gave the E-alkene 52, which, in one step was converted into
the alcohol 53a following hydrogenation/hydrogenolysis in the
presence of Pearlman’s catalyst?® The primary alcohol in 53a was
now protected as its TBDPS ether 53b, and the dimethylacetal
group was then unmasked selectively using Me,BBr at —78 °C*
to give the aldehyde 54 in excellent yield (Scheme 6). Finally, a
straightforward Wittig reaction between 54 and the phosphonium
salt 46b, under the same conditions as those used to synthesise 47a
from 45, led to the E-2-alkenyloxazole 55a, which was selectively
deprotected using Me,BBr in CH,Cl, at —78 °C to provide the
corresponding C30-alcohol 55b.

Synthesis of the oxazole-substituted carboxylic acid 20

In our (first generation) synthesis of the diastereoisomer 8 of
ulapualide A we introduced the methyl group at C9 as a late step in
the overall synthesis using a 1,4-addition reaction of methylcopper
lithium to an C8,9-unsaturated enone precursor. This conjugate
addition showed poor selectivity (3:2, o:f) and accordingly we
examined an alternative strategy to synthesise the C9(S)-methyl,
C3(S) oxy-protected carboxylic acid 20 (Scheme 2).** This syn-
thesis was based on a little-used chromium-mediated coupling
reaction between the C4 (S) oxy-protected alkyl iodide 59 and the
C3(S) methyl substituted aldehyde 65, in the presence of vitamin
B|2.31

Thus, asymmetric reduction of the known B-keto ester 56a
using (S)-Ru[BINAP]* first gave the (S)-hydroxy ester 57a (97%
ee), which was next selectively protected as its C6-TBS, C3-TBDPS
bis-silyl ether 58a (Scheme 7). The absolute stereochemistry of 57a
was confirmed by comparison with the same compound prepared
from 56b using Noyori’s asymmetric hydrogenation protocol,
followed by hydrogenolysis of the benzyl ether protecting group
([alo +21.9; [a]lp +22.7 synthetic).** Selective deprotection of the
TBS group in 58a, using camphorsulfonic acid in MeOH, followed
by iodination of the resulting primary alcohol 58a then gave the
(S)-iodide 59 in 83% overall yield over two steps.

The substituted aldehyde 65 was prepared from Garner’s
aldehyde starting with an E-selective Wittig reaction, leading to
the o,B-unsaturated ester 60,* followed by chelation-controlled
syn-addition of lithium dimethylcuprate producing the adduct 61a
(9:1 syn selectivity).® Successive functional group interconversions

1482 | Org. Biomol. Chem., 2008, 6, 1478-1497

This journal is © The Royal Society of Chemistry 2008





LA -
\)J\N o i i
BnO_~_0 + —__ _» BnO 325 NYO 5 BnO OR'
Bn OH 0 OR
33 34
35 36
v, Vi iii|: a,R—R—'H
— » Oy OTBDPS ) b, R=H, R = TBDPS
v
|—_> ¢, R=Me, R = TBDPS
OMe
37 Bn,
Vil VI, IX X X1
33 BnO\WOEt Bno\/\/\COCI BnO\/\/\ﬂ/ N\n/O
0o
33 O 39 a0 ©
Xii-xiv XV, XVi
OTBDPS X » OTBDPS O - OTBDPS
OBn C:)H OMe TBSC:) OMe
4 42 43
XVii XiX OWAR
- N B OTBDPS Ox ‘ OTBDPS S\/IN
5 5 46
R OTBS OM OMe OTBS OMe
(o) OMe t-BuO,C a, R=Br
44 45 “x ¢ b, R = *PBus Br-
a,R=H
Xvill b, R = Me
z OTBDPS
47R TBS . | N 34
) a,R= B
XX |__> b,R=H S\/N OMe OR OMe
t-BuO,C

Scheme 5 Reagents and conditions: i, Bu,BOTT, Et;N, DCM, —78 °C, 72%; ii, LiBH,~MeOH, THF; iii, TBDPS-CI, imidazole, DMF, 94%; iv, NaHMDS,
Mel, THEF, 0 °C, 90%; v, Pd(OH),/C, H,, EtOAc, 92%, vi, DMSO, (COCl),, DCM, Et;N, —78 °C, 96%; vii, ethoxycarbonylmethylenetriphenylphos-
phorane, DCM, 68%; viii, LIOH, THF, H,O, 95%; ix, (COCl),, DMF, DCM, 99%; x, n-BuLi, 4-phenylmethyl-2-oxazolidone, —78 °C, 95%; xi, 37,
Bu, BOTT, Et;N, DCM, —78 °C, 58%, xii, LIBH,~MeOH, THF, 99%; xiii, MsCl, DIPEA, DCM, —40 °C; xiv, LiBH,~MeOH, THF, 85%; xv, TBSOTT,
2,6-lutidine, DCM, 85%; xvi, O;, DCM, PPh;, —78 °C, 93%; xvii, allylmagnesium bromide, Et,0, —78 °C, (—)-B-chlorodiisopinocamphenylborane, 91%;
xviii, NaHMDS, Mel, THF, —15 °C, 91%; xix, O;, DCM, PPh;, —78 °C, 94%; xx, PBu;, then 45, DBU, DMF, 0 °C, 91%; xxi, HF-pyridine, THF,

pyridine, 91%, then TBDPSCI, imidazole, DMF, 63%.

next led to the amino alcohol 62, which was then reacted with
Garner’s acid* to deliver the corresponding amide 63 (Scheme 8).
Oxidation of the primary OH group in 63 followed by a Robinson—
Gabriel cyclisation®” of the resulting keto-aldehyde gave the
substituted oxazole 64, which was then elaborated to the C7-
aldehyde 65 in two straightforward steps.

The oxazole-substituted aldehyde 65 was coupled to the iodide
59 in degassed DMF in the presence of chromium chloride and
vitamin By, to give a 1:1 mixture of C7 epimers of the alcohol
66 in 88% yield. Finally, oxidation of the alcohol 66 using Swern
conditions, followed by saponification of the ester group in the
resulting 6-ketoester 67a, using LIOH/MeOH, gave the carboxylic
acid 67b.

Synthesis of the tris-oxazole macrolide 72a containing a C25-C34
side chain

With concise syntheses of the oxazole-containing carboxylic acid
67b and the oxazole-containing C30 alcohol 47b, we were now

in a position to examine their combination and conversion to
the tris-oxazole macrolide 72. The esterification of the carboxylic
acid 67b with the alcohol 47b proceeded smoothly under Ya-
maguchi conditions® to give the ester 68 in an excellent 96%
yield (Scheme 9). The t-butyl ester and the N-Boc protecting
groups in 68 were then removed simultaneously using TMSOTf
in the presence of Et;N* to give the amino acid 69, which was
immediately treated with DPPA and iPr,NEt* in DMF at room
temperature, leading to the macrolactam 70 in 50-70% yield over
two steps. When the macrolactam 70 was treated with DAST
at —78 °C it underwent smooth cyclodehydration and gave the
corresponding oxazoline 71 in 92% yield. The oxidation of the
oxazoline 71 to the tris-oxazole macrolide 72 however did not turn
out to be straightforward. Where most oxidants such as DDQ,
MnO, and activated NiO, worked reasonably well with model
systems, both DDQ or MnO, failed to oxidise 71 to 72, and NiO,
needed to be used in considerable excess (60 equiv), with recovery
and recycling of unoxidised oxazoline, before a respectable 55%
yield of the tris-oxazole macrolide 72a could be realised.
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DMEF, 81%; iii, TBDPS-CI, imidazole, DMF, 90%; iv, CSA, MeOH, DCM,
97%; v, PPhs, 1,, imidazole, DCM, 0 °C, 86%.

Synthesis of the 7ris-oxazole macrolide 16a containing the entire
C25-C41 top chain and its C34-C35 dehydro analogue 75, and
completion of the total synthesis of ulapualide A (1)

In our first approach to the advanced intermediate 16a en
route to ulapualide A (Scheme 2), we planned to elaborate
the aldehyde 73, containing a shortened C25-C34 side chain,
to the corresponding alkene 75 using an olefination reaction
with the substituted phosphonate ester 74, and then to effect

a regioselective reduction of the C34-C35 alkene in 75 in the
presence of the C25-C26 (vinyloxazole) double bond, leading to 76
(Scheme 10).

Thus, selective deprotection of the TBDPS ether of the primary
alcohol group in 72a using HF—pyridine, followed by oxidation
of the resulting alcohol 72b with Dess—Martin periodinane,* first
gave the aldehyde 73. A Wadsworth—-Emmons reaction between
the aldehyde 73 and the phosphonate ester 74, produced in two
steps from 51 using Ba(OH), as base, next gave the E-alkene 75 in
60% yield over two steps.

Selective reduction of the conjugated enone alkene, at C34—
C35 in the presence of the vinyloxazole alkene at C25-C26 in
75, leading to the target 76 (cf. 16a), was not straightforward. A
plethora of methods for selective 1,4-reductions of enones abound
in the literature, with transition-metal-catalysed hydrosilylations
and “copper hydride” reductions amongst the most attractive.
Using model systems alongside the substrate 75, we investigated
the scope for (PPh;-CuH), and PhSiH;,* Red-Al® and CuBr or
Cul,® Mo(Co)¢ and Ph;SiH;,* H, and Pd(OH), on C,® and
CuCl, Bu,NF, PPh; with PhMe,SiH.* To our chagrin, in all cases,
we either recovered starting material or observed simultaneous
reduction of both conjugated enone and vinyloxazole alkene
bonds in 75. At this stage therefore we abandoned our first
approach to the advanced intermediate 76 (cf. 16a) towards
ulapualide A (1), and instead focused on our second approach,
i.e. incorporating the entire C25-C41 top chain in the natural
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product, starting from the already synthesised oxazole-substituted
C30 alcohol 55b.

The synthesis of 76 from the C30 alcohol 55b and the carboxylic
acid 67b was relatively straightforward and proceeded along a
pathway essentially identical to that followed in our synthesis of
the ester 68 and the macrolide 71 with a shorter side chain, from
47b and 67b.

Thus, esterification of the carboxylic acid 67b with the alcohol
55b, using Yamaguchi’s conditions, followed by removal of the
t-butyl ester and N-Boc protecting groups in the product 77, first
gave the corresponding w-amino acid 18a (Scheme 11). Instead of
DPPA-iPr,NEt used in the macrolactamisation of the analogue
69 to 70, we treated 18a with HATU* at 0 °C, which resulted
in an equally efficient macrolactamisation and gave 17 in an
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agreeable 67% yield (over 2 steps). Treatment of 17 with DAST
at —78 °C next gave the oxazoline 78a (89%), but the subsequent
oxidation of 78a to the corresponding tris-oxazole 76 (cf. 16a),
using NiO, in benzene under reflux, was unreliable and seldom
gave yields above 25%. A more reliable route to 76 from 17 was
via the enamide 79, and based on our earlier model studies with
25 (Scheme 3). Thus, mesylation of 17 followed by elimination of
MeSO,H from the intermediate mesylate in the presence of DBU
first gave the enamide 79 in 75% yield over two steps. Treatment
of 79 with NBS in MeOH next led to the methoxybromide 80,
which underwent dehydrobromination in the presence of Cs,CO;?
producing the methoxyoxazoline 78b. Finally, treatment of 78b
with camphorsulfonic acid in benzene, heated under reflux, gave
the same tris-oxazole macrolide 76 to that obtained using the NiO,
oxidation route.

The final six steps in the synthesis of ulapualide A (1) from the
tris-oxazole macrolide 76 had already been established in our first
generation total synthesis of the diastereoisomic ulapualide A (8).
Thus, selective deprotection of the TBS group in 76 using TMSOTf
at —78 °C, followed by acetylation of the resulting secondary
alcohol 81a first led to the C38-acetate 81b (Scheme 12). A second,

Table 1

selective deprotection of the TBDPS ether of the C41 primary
alcohol, using HF—pyridine (1.5 h only) next gave the alcohol
82a, which was then oxidised to the aldehyde 82b using Dess—
Martin periodinane. Although not without some difficulties, when
a solution of the aldehyde 82b in benzene was heated under reflux
with N-methylformamide) (22 equiv.) in the presence of PPTS
(0.25 equiv) for 6-10 h (t.l.c. monitoring with further additions
of N-methylformamide) workup and chromatography gave the
E-alkenyl formamide 83 which was isolated as a 3:2 mixture
of rotamers, in 25-40% yield. Finally, removal of the TBDPS
protection at C3 in 83, using HF—pyridine in THF (12 h), gave
(—)-ulapualide A as a colourless viscous oil, in 60% yield.

The synthetic ulapualide A had [a]p* —52.8 (¢ 0.11 in MeOH)
(lit. [a]lp —42.9 (¢ 0.16 in MeOH)) and displayed 'H and "“C
NMR spectroscopic data which were indistinguishable from those
obtained for naturally derived material.! Significantly, chemical
shift data for the C32, C34 and C33-Me carbon atoms in synthetic
1 were superimposable on those obtained for natural ulapualide A.

This is in contrast to the synthetic diastereoisomer 8 which
displayed small differences in the chemical shifts of these same
three carbon atoms in its *C NMR spectrum (Table 1) yet closely

BC NMR data (d¢ in ppm) for the C32-C34 unit in synthetic and natural ulapualide A, and in the synthetic diastereoisomer 8

28 30 32\ 34_R'
R™ 27 29 Y7 31 33
OMe O  OMe
o
o~

Carbon atom Natural ulapualide A Synthetic ulapualide A Diastereoisomer 8 of ulapualide A
32 81.8 81.8 81.0
34 27.6 27.17 26.6
C33-Me 15.5 15.6 14.2
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Table 2 "“C NMR data (dc in ppm) for natural and synthetic ulapualide A

Carbon atom Natural ulapualide A Synthetic ulapualide A Carbon atom Natural ulapualide A Synthetic ulapualide A
1 172.6 172.6 32 81.8 81.8
2 43.0 43.0 33 40.4 40.5
3 68.4 68.6 34 27.6 27.7
4 37.2 37.3 35 39.8 39.9
5 20.8 20.8 36 211.8 211.7
6 439 439 37 48.6 48.7
7 210.5 210.5 38 77.3 77.6
8 48.1 48.3 39 37.0 37.0
9 28.2 27.9 40 112.2 112.2

10 146.5 146.5 110.5 110.5

12 154.2 154.3 41 129.6 129.6

14 133.5 133.5 125.5 125.6

15 131.7 131.8 43 162.2 162.2

17 156.2 156.3 161.0 161.0

19 137.4 137.4 44 33.1 33.1

20 130.2 130.4 45 19.5 19.5

22 162.7 162.8 C38-OCOMe 170.1 170.1

24 137.8 137.8 C38-OCOMe 20.9 21.0

25 117.2 117.3 46 13.4 13.4

26 139.9 139.8 47 15.5 15.6

27 33.7 33.6 C32-OMe 58.1 58.2

28 80.0 80.0 48 9.1 9.1

29 34.6 34.6 C28-OMe 57.8 57.8

30 73.0 73.0 49 18.9 18.9

31 32.1 322

similar chemical shift data for all other carbon atoms.”* The *C
NMR spectroscopic data for synthetic (—)-ulapualide A (1) and
naturally derived material, recorded on the same spectrometer
during the same period of time, are collected in Table 2.

Summary and comment

Our total synthesis of (—)-ulapualide A complements the recent
X-ray studies made by Rayment ez al.'s on an actin—ulapualide A
complex. The synthesis also emphasises how vigilant and cautious
synthetic chemists should be in relying on NMR spectroscopy
when comparing data for complex natural products and their
synthetic counterparts. Our present studies have shown that
profound changes in the stereochemistry of a natural product
(compare structures 1 and 8 which differ at five stereocentres) are
not always adequately reflected in a significant way in their NMR
spectroscopic, and other, data.*” It could be argued that apart
from the usual comparisons of mass spectrometric, chiroptical,
and chromatography data, the unambiguous proof of identity of
a complex natural product with a synthetic compound should
always be ascertained by recording “mixed” 'H and *C NMR
spectra. This proposition assumes of course, that there are
sufficient quantities (i.e. 0.5-1 mg) of both natural and synthetic

materials to “sacrifice” in the exercise! This concept of “mixed”
NMR spectra is akin to mixed melting point measurements which,
after all, were used routinely and with great accuracy for decades
by our synthetic chemistry ancestors!

Experimental
General details

"H NMR spectra were recorded on Bruker DPX 360 (360 MHz),
Varian Inova 400 (400 MHz), or Bruker DRX 500 (500 MHz)
spectrometers. Chemical shifts are quoted in parts per million
(ppm) downfield of tetramethylsilane, and the spectra are refer-
enced to residual protonated solvent (6 7.27 for CDCl; and 7.15
for C4Ds). Abbreviations used in the description of resonances
are: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet),
app (apparent) and br (broad). Coupling constants (J) are quoted
to the nearest 0.1 Hz. *C NMR spectra were recorded on Bruker
DPX 360 (360 MHz), Varian Inova 400 (400 MHz) or Bruker DRX
500 (500 MHz) spectrometers. Chemical shifts are quoted in parts
per million (ppm) downfield of tetramethylsilane, and spectra are
referenced to residual protonated solvent (6 77.1 for CDCl;, 128.6
for C,D,); multiplicities were determined using a DEPT sequence.
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Abbreviations used in the description of resonances are: s (singlet,
quaternary), d (doublet, CH), t (triplet, CH,), q (quartet CHj,).
Where required, "H-'"H COSY and 'H-"*C COSY were recorded
on Bruker DPX 360 (360 MHz), Varian Inova 400 (400 MHz) or
Bruker DRX 500 (500 MHz) spectrometers.

Infra-red spectra were recorded on a Perkin-Elmer 1600 series
FT-IR spectrometer as a dilute solution in chloroform. Absorp-
tions (V) are reported in wavenumbers (cm™).

Mass spectra were recorded on VG Autospec, MM-701CF,
or Micromass LCT spectrometers, using electron ionisation (EI)
or electrospray (ES) techniques. High-resolution mass spectra
were calculated from the molecular formula corresponding to the
observed signal using the lowest atomic weights of isotopes of each
element, to 4 decimal places.

Optical rotations were recorded on a JASCO DIP 370 polarime-
ter. [a], values are recorded in units of 107! deg cm? g!. Melting
points were recorded on a Stuart Scientific SMP3 apparatus and
are uncorrected. Thin layer chromatography (TLC) was performed
on Merck DC-Alufolien 60PF,s, 0.2 mm precoated plates. Product
spots were visualised by the quenching of UV fluorescence (A, =
254 nm) and subsequently developed using vanillin solution,
molybdophosphoric acid solution, or potassium permanganate
solution, as appropriate. Flash column chromatography was
carried out on silica gel (Merck silica gel 60 (230-400 mesh
ASTM)).

Unless stated otherwise, reactions requiring anhydrous condi-
tions were conducted in an inert atmosphere of nitrogen in flame-
dried or oven-dried apparatus. Combined solvent extracts were
dried over MgSO, prior to evaporation, unless stated otherwise.

Several reagents were purified prior to use. Triethylamine,
pyridine and diisopropylethylamine were distilled from calcium
hydride. Dimethylboron bromide was prepared according to the
procedure of Guindon et al? and stored as a solution in dry
dichloromethane at —20 °C. Nickel peroxide was reactivated
according to the procedure of Konaka et al.*® The concentrations
of alkylation reagents were determined by titration against 1,3-
diphenylacetone p-tosylhydrazone. Molecular sieves were stored in
a warm oven before use. All other commercially available reagents
were used as received.

When necessary, solvents were dried prior to use. Benzene,
toluene, diethyl ether and tetrahydrofuran (THF) were distilled
from sodium and benzophenone ketyl. Dichloromethane was dis-
tilled from calcium hydride. Methanol was distilled from magne-
sium methoxide and ethanol was distilled from magnesium ethox-
ide. Anhydrous dimethylformamide was obtained from Aldrich.

2-{1-[(2-Methyloxazole-4-carbonyl)amino]vinyl }-2,3-
dihydrooxazole-4-carboxylic acid methyl ester (25)

Thionyl chloride (320 pl, 4.40 mmol) was added dropwise over
5 min to a stirred solution of the hydroxy amide 24 (144 mg,
0.49 mmol) in dry dichloromethane (3.5 ml) at 0 °C under a
nitrogen atmosphere. The solution was stirred at room temper-
ature for 12 h and then concentrated in vacuo. Ethyl acetate
(36 ml) and water (20 ml) were added to the residue and the
separated aqueous phase was then extracted with ethyl acetate
(2 x 20 ml). The combined organic extracts were dried (MgSO,)
and then concentrated in vacuo to leave the corresponding alkyl
chloride (160 mg, 98%) as a yellow oil: v, (soln, CHCL;)/cm™!

3398, 1737 and 1682; '"H NMR (360 MHz, CDCl;) ¢ 2.50 (3H, s,
CH,;CN), 3.93 (3H, s, CH;0),4.04 (1H,dd, J 11.3,4.7Hz, CHH),
4.12 (1H, dd, J 11.3, 4.7 Hz, CHH), 5.78 (1H, app dt, J 8.7,
4.7 Hz, CONHCH), 7.73 (1H, d, J 8.7 Hz, NH), 8.13 (1H, s,
CHCCONH), 8.25 (1H, s, CHCCO,Me); *C NMR (90.6 MHz,
CDCl;) J 13.9 (q), 45.2 (1), 48.3 (d), 52.4 (q), 133.8 (s), 135.2
(s), 141.6 (d), 144.7 (d), 160.4 (s), 161.3 (s), 161.5 (s), 161.7 (s);
m/z (EI) 336.0393 (M* + Na), C,H,CIN;O; + Na requires
336.0363.

1,8-Diazabicyclo[5.4.0Jundec-7-ene (485 pl, 3.20 mmol) was
added dropwise over 5 min to a stirred solution of the alkyl chloride
(1.18 g, 3.20 mmol) in dry dichloromethane (13 ml) at room
temperature under a nitrogen atmosphere. The orange mixture
was stirred at room temperature for 3 h and then concentrated in
vacuo. Ethyl acetate (100 ml) and 2 M hydrochloric acid (80 ml)
were added to the residue and the separated organic phase was then
washed with 2 M hydrochloric acid (2 x 80 ml), dried (MgSO,),
and concentrated in vacuo. The residue was recrystallised from
ethyl acetate-light petroleum (bp 40-60 °C) to give the enamide
(0.88 g, 99%) as colourless crystals, mp 150-151 °C: v, (soln,
CHCL)/cm™ 3366, 1747 and 1689; (found, C, 51.8%; H, 3.9%;
N, 15.0%; C,,H;N;0; requires C, 52.0%; H, 4.0%; N, 15.2%); 'H
NMR (360 MHz, CDCl;) 6 2.53 (3H, s, CH;CN), 3.95 (3H, s,
CH;0), 5.86 (1H, s, CCHH), 6.64 (1H, s, CCHH), 8.15 (1H, s,
CHCCONH), 8.24 (1H, s, CHCCO,Me), 9.29 (1H, s, NH); *C
NMR (90.6 MHz, CDCl;) 6 13.9 (q), 52.4 (q), 105.1 (), 127.9
(s), 134.0 (s), 136.0 (s), 141.5 (d), 144.5 (d), 158.9 (s), 159.7 (s),
161.3(s), 161.7 (s); m/z (EI) 278.0754 (M* + H), C,,H, N;Os + H
requires 278.0777.

2-[(2-Methyloxazole-4-carbonyl)carbamoyljoxazole-4-carboxylic
acid methyl ester (26)

Ruthenium(1v) oxide hydrate (2.3 mg, 0.02 mmol) and sodium
periodate (618 mg, 2.89 mmol) were added sequentially to a
stirred solution of the enamide 25 (200 mg, 0.72 mmol) in carbon
tetrachloride (7.3 ml), water (7.3 ml) and acetonitrile (0.4 ml) at
room temperature. The mixture was stirred vigorously for 30 min,
then chloroform (10 ml) and water (10 ml) were added. The
separated aqueous phase was extracted with chloroform (2 x
10 ml) and the combined organic extracts were then washed with
saturated aqueous sodium thiosulfate solution (10 ml) and brine
(10 ml), dried (MgSO,) and concentrated in vacuo. The residue
was purified by chromatography on silica using ethyl acetate-light
petroleum (bp 40-60 °C) (3:2) as eluent to give the imide (99 mg,
50%), which recrystallised from ethyl acetate-light petroleum (bp
40-60 °C) as colourless crystals, mp 254-256 °C: v,,, (soln,
CHCL)/cm™ 1764; 'H NMR (360 MHz, CDCl;) 6 1.58 (3H, s,
CH;CN), 3.98 (3H, s, CH;0), 8.31 (1H, s, CHCCONH), 8.44
(1H, s, CHCCO,Me), 10.80 (1H, s, NH); *C NMR (90.6 MHz,
CDCl5)0 13.9(q), 52.8(q), 134.4 (s), 134.8 (s), 143.8 (d), 147.3 (d),
151.4(s), 154.1 (s), 157.8 (s), 160.4 (s), 162.1 (s); m/z (EI) 280.0567
(M* + H), C;;HyN;05 + H requires 280.0570.

Methyl 2-(2-(2-methyloxazol-4-yl)oxazol-4-yl)oxazole-4-
carboxylate (30)

Procedure A. A solution of the oxazoline 27 (2.5 mg,
0.009 mmol) in dry degassed benzene (1 ml) was heated under
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reflux in the presence of nickel peroxide (30 mg, 0.33 mmol) and
4 A molecular sieves (10 mg) for 30 min. The mixture was filtered
through celite and the filter cake was washed with ethyl acetate (3 x
5 ml). The combined ethyl acetate washings were concentrated in
vacuo and the residue was purified by chromatography on silica
using ethyl acetate-light petroleum (bp 40-60 °C) (1:1) as eluent
to give the tris-oxazole (1 mg, 40%) as a crystalline solid.

Procedure B. Bromotrichloromethane (99 ul, 1.0 mmol) was
added to a stirred solution of the oxazoline 27 (90 mg, 0.32 mmol)
in dry dichloromethane (3 ml) at 0 °C under a nitrogen atmo-
sphere and the mixture was stirred at 0 °C for 10 min. 1,8-
Diazabicyclo[5.4.0]lundec-7-ene (150 pl, 1.0 mmol) was added
dropwise over 5 min and the mixture was allowed to warm to
room temperature overnight. The mixture was concentrated in
vacuo and the residue was then partitioned between ethyl acetate
(5 ml) and 10% aqueous citric acid solution (5 ml). The separated
organic extract was washed with saturated sodium bicarbonate
solution (5 ml), then dried (MgSO,) and concentrated in vacuo.
The residue was purified by chromatography on silica using ethyl
acetate-light petroleum (bp 40-60 °C) (1:1) as eluent to give the
tris-oxazole (70 mg, 81%) as a solid, which recrystallised from
ethyl acetate-light petroleum (bp 40-60 °C) as colourless crystals,
mp 217-220 °C.

Procedure C. A solution of the oxazoline 29 (13 mg,
0.04 mmol) and CSA (10 mg, 0.04 mmol) in dry toluene (10 ml) was
heated under reflux using a Dean—Stark apparatus for 12 h. The
mixture was concentrated in vacuo and the residue was purified
by chromatography on silica using ethyl acetate-light petroleum
(bp 40-60 °C) (1:1) as eluent to give the tris-oxazole (12 mg,
95%), which recrystallised from ethyl acetate-light petroleum (bp
40-60 °C) as colourless crystals, mp 216-219 °C; v, (soln,
CHCl;)/cm™' 1732, 1655 and 1586; '"H NMR (360 MHz, CDCl;) 6
2.57(3H, s, CH;CN), 3.95(3H, s, CH;0),8.26 (1H, s, CHOCCH,),
8.33 (1H, s, CHCCNCCO,Me) 8.42 (1H, s, CHCCO,Me); *C
NMR (90.6 MHz, CDCl;) 6 13.9 (q), 52.4 (q), 129.7 (s), 130.9 (s),
134.5 (s), 139.3 (d), 139.3 (d), 143.9 (d), 155.6 (s), 156.4 (s), 161.4
(s), 163.1 (s); m/z (EI) 276.0618 (M* + H), 298.0499 (M* + Na),
C,HoN;Os5 + H requires 276.0620.

Methyl 2-(1-(2-methyloxazole-4-carboxamido)-2-bromo-1-
methoxyethyl)oxazole-4-carboxylate (28)

N-Bromosuccinimide (14 mg, 0.08 mmol) was added in one
portion to a stirred solution of the enamide 25 (20 mg, 0.07 mmol)
in dry methanol (2 ml) at room temperature under a nitrogen
atmosphere. The mixture was stirred at room temperature for 15 h
whereupon a colourless solid precipitated. The solid was filtered
and washed with cold methanol to leave the bromide (26 mg,
96%) which recrystallised from ethyl acetate-light petroleum (bp
40-60 °C) as colourless crystals, mp 140-142 °C: v,,, (soln,
CHCl;)/cm™" 3374, 1732 and 1693; '"H NMR (360 MHz, CDCl;)
0 2.53 (3H, s, CH;CN), 3.24 (3H, s, CH;OCNH), 3.95 (3H, s,
CH;0,C),4.11(1H,d, J 10.7Hz, CHHBr),4.82 (1H,d, J 10.7 Hz,
CHHBr), 8.13 (1H, s, CHCCONH), 8.34 (1H, s, CHCCO,Me),
8.35-8.42 (1H, br, NH); “C NMR (90.6 MHz, CDCl;) ¢ 13.9
(q), 33.1 (1), 52.5 (q), 52.5 (q), 85.4 (s), 133.3 (s), 135.5 (s), 141.8
(d), 145.6 (d), 160.2 (s), 160.5 (s), 161.1 (s), 161.7 (s); m/z (EI)

409.9965 (M* + Na) 355.9899 (M* — MeOH + H), C;;H,,BrN,Oq
+ Na requires 409.9964.

Methyl 2-(4,5-dihydro-4-methoxy-2-(2-methyloxazol-4-yl)oxazol-
4-yl)oxazole-4-carboxylate (29)

Caesium carbonate (18 mg, 0.06 mmol) was added in one portion
to a stirred solution of the bromide 28 (11 mg, 0.03 mmol) in
dry dioxane (1 ml) at 60 °C under a nitrogen atmosphere. The
mixture was stirred at 60 °C for 12 h and then concentrated
in vacuo. Dichloromethane (10 ml) and 10% aqueous citric acid
solution (10 ml), were added and the separated aqueous phase was
then extracted with dichloromethane (2 x 5 ml). The combined
organic extracts were dried (Na,SO,) and then concentrated in
vacuo. The residue was purified by chromatography on silica using
ethyl acetate-light petroleum (bp 40-60 °C) (1:1) as eluent to
give the oxazoline (7.4 mg, 88%) as a solid, which recrystallised
from ethyl acetate-light petroleum (bp 40-60 °C) as colourless
crystals, mp 135-137 °C: vy, (soln, CHCl;)/cm™~! 1743, 1725, 1674
and 1584; '"H NMR (360 MHz, CDCl;) ¢ 2.53 (3H, s, CH;CN),
3.45 (3H, s, CH,OCH,), 3.92 (3H, s, CH;0,C), 4.67 (1H, d, J
10.5 Hz, CHHO), 5.05 (1H, d, J 10.5 Hz, CHHO), 8.15 (1H, s,
CHCCONH), 8.28 (1H, s, CHCCO,Me); “C NMR (90.6 MHz,
CDCl;) 6 13.8 (q), 51.6 (q), 52.3 (q), 74.8 (1), 99.6 (s), 129.7 (s),
133.3 (s), 142.4 (d), 145.0 (d), 161.3 (s), 162.2 (s), 162.5 (s), 162.9
(s); m/z (EI) 308.0861 (M* + H), 330.0674 (M* + Na), 276.0614
(M* — MeOH + H), C;H;N;0,4 + H requires 308.0883.

(S)-4-[(1.S,75)-7-(tert-Butyldiphenylsilanyloxy)-3-hydroxy-8-
methoxycarbonyl-1-methyloctyl]-2',2'-dimethyl-4',5 -dihydro-
[2,4'|bioxazolyl-3'-carboxylic acid zert-butyl ester (66)

A solution of the aldehyde 65 (500 mg, 1.5 mmol) and the
iodide 59 (3 g, 5.9 mmol) in dry dimethylformamide (12 ml) was
added dropwise over 15 min to a stirred suspension of chromium
chloride (1.8 g, 14.7 mmol) and vitamin B,, (160 mg, 0.12 mmol)
(both weighed in a glove bag under an argon atmosphere), in
dry dimethylformamide (21 ml) at room temperature with argon
bubbling through the solution. The mixture was stirred at room
temperature for 3 days and then diluted with water (40 ml)
and diethyl ether (210 ml). The separated organic extract was
washed with water (3 x 40 ml) and brine (62 ml), then dried
(MgSO,) and concentrated in vacuo. The residue was purified
by chromatography on silica using diethyl ether-light petroleum
(bp 40-60 °C) (1:1 to 1:0) as eluent to give a 1:1 mixture of
diastereoisomers of the alcohol (760 mg, 72%) as a colourless oil:
[a]p? —21.2 (¢ 1.03 in CHCl,); vy, (soln, CHClL;)/cm™! 3368, 1732
and 1699; '"H NMR (360 MHz; C¢D,, 333 K) ¢ 1.16-1.30 (16H,
m, (CH;);CSi, CH;CH, CH,CH,CHOH), 1.36 (9H, s, (CH;);CO),
1.39-1.64 (7TH, m, CH;C, CH,CHOSi, CH,CHCH,), 1.87 (3H, s,
CH;C), 2.52 (1H, dd, J 14.9, 4.6 Hz, CHHCO,Me), 2.54 (1H, dd,
J 14.9, 6.8 Hz, CHHCO,Me), 2.95 (1H, ddq, J 7.0, 6.9, 6.8 Hz,
CHCH;), 3.33 (3H, s, CH;0), 3.42-3.52 (1H, m, CHOH), 3.76
(1H, dd, J 8.8, 6.7 Hz, CHHCHN), 3.88 (1H, dd, J 8.8, 2.6 Hz,
CHHCHN), 4.37 (1H, app pentet, J 5.8 Hz, CHOSI), 4.79-4.91
(1H, m, CHN), 6.99 (1H, s, CHCN), 7.24-7.28 (6H, m, ArH),
7.78-7.83 (4H, m, ArH); ®C NMR (90.6 MHz; C;D,, 333 K)
19.9 (q), 20.7 (s), 21.7 (1), 25.0 (q), 26.0 (q), 27.7 (3q), 28.7 (3q),
28.8 (d), 38.0 (1), 38.3 (1), 42.5 (1), 45.1 (1), 51.2 (q), 56.0 (d), 67.9
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(1), 69.3 (d), 71.5 (d), 80.3 (s), 95.5 (s), 128.2 (2d), 128.3 (2d), 130.3
(2d), 133.8 (d), 135.0 (s), 135.2 (s), 136.7 (4d), 146.6 (s), 151,9 (s),
162.2 (s), 171.7 (s); m/z (EI) 723.4001 (M* + H), 745.3893 (M* +
Na), C,yHsN,O;Si + H requires 723.4041.

(S)-4-[(1S,7S)-7-(tert-Butyldiphenylsilanyloxy)-8-
methoxycarbonyl-1-methyl-3-oxooctyl]-2',2'-dimethyl-4',5'-
dihydro-|2,4'|bioxazolyl-3'-carboxylic acid zerz-butyl ester (67a)

DMSO (2.1 ml, 29.5 mmol) was added dropwise over 10 min
to a stirred solution of oxalyl chloride (1.55 ml, 17.8 mmol)
in dry dichloromethane (10 ml) at —78 °C under a nitrogen
atmosphere. The solution was stirred at —78 °C for 15 min
and then a solution of the alcohol 66 (984 mg, 11.8 mmol) in
dry dichloromethane (10 ml) was added dropwise over 15 min.
The mixture was stirred at —78 °C for 1.5 h, then triethylamine
(9.4 ml, 67.3 mmol) was added dropwise over 15 min. The mixture
was allowed to warm to room temperature, then diluted with
water (10 ml). The separated aqueous phase was extracted with
dichloromethane (2 x 20 ml) and the combined dichloromethane
extracts were then dried (MgSO,) and concentrated in vacuo. The
residue was purified by chromatography on silica using diethyl
ether-light petroleum (bp 40-60 °C) (1:1) as eluent to give the
ketone (869 mg, 87%) as a colourless oil: [a],* —69.4 (¢ 1.90
in CHCL,); Vo (soln, CHCL;)/ecm™" 1731 and 1699; (Found: C,
66.8; H, 7.8; N, 3.9; C,HsN,O;Si requires C, 66.6; H, 7.8; N,
3.9%); '"H NMR (400 MHz; C,D,, 333 K) § 1.10-1.16 (12H,
m, (CH;),CSi, CH;CH), 1.34 (9H, s, (CH;);CO), 1.41-1.48 (4H,
m, CH,CH,CHOSI), 1.58 (3H, s, CH,C), 1.81-1.91 (SH, m,
CH,COCH,CHCH;, CH;C), 2.13-2.22 (1H, m, CHHCHCH,),
2.37 (1H, dd, J 14.9, 5.7 Hz, CHHCO,Me), 2.51 (1H, dd,
J 149, 6.6 Hz, CHHCO,Me), 2.57 (1H, dd, J 16.5, 6.2 Hz,
CHHCHCH,), 3.23 (1H, ddq, J 6.8, 6.7, 6.6 Hz, CHCH,), 3.33
(3H, s, CH;0), 3.81 (1H, dd, J 8.9, 6.5 Hz, CHHCHN), 3.89 (1H,
dd, J 8.9, 3.3 Hz, CHHCHN), 4.32 (1H, app pentet, J 5.4 Hz,
CHOS:I), 4.84-5.01 (1H, m, CHN), 6.98 (1H, s, CHCN), 7.23—
7.27 (6H, m, ArH), 7.74-7.80 (4H, m, ArH); "C NMR (90.6 MHz;
C¢Dq, 333 K) 0 19.3 (1), 19.5 (q), 19.5 (s), 24.7 (q), 25.6 (q), 27.3
(3q), 27.4 (d), 28.3 (3q), 36.9 (1), 41.9 (1), 42.7 (1), 48.5 (1), 50.9
(q), 55.7 (d), 67.6 (1), 70.7 (d), 79.8 (s), 95.1 (s), 127.8 (2d), 127.9
(2d), 129.9 (2d), 133.3 (d), 134.5 (s), 134.6 (s), 136.2 (2d), 136.3
(2d), 145.8 (s), 151,5 (s), 163.3 (s), 171.1 (s), 207.0 (s); m/z (EI)
721.3845 (M* + H), 745.3893 (M* + Na), C, HsxN,O,Si + H
requires 721.3884.

The bis-oxazole ester (68)

The ester was prepared from the carboxylic acid 67b (150 mg,
0.212 mmol) and the alcohol 47b (118 mg, 0.18 mmol) under
Yamaguchi conditions, using the procedure described for the
synthesis of the ester 75 from 55b and 67b. It was purified by
chromatography on silica, using diethyl ether-light pretroleum
(bp 40-60 °C) (1:1 to 1:3) as eluent, and was obtained as an oil
(96%), which showed, [a]p* —21.3 (¢ 1.50 in CHCl;); v, (soln,
CHCl;,cm™") 1717, 1703; "H NMR (360 MHz, CDCI;) (rotamers)
00.88(3H,d, J 6.6 Hz, CH; CH), 0.90 (3H, d, J 6.7 Hz, CH,CH),
1.05 (9H, SiCMe;), 1.07 (9H, SiCMe;), 1.21 (3H, d, J 6.6 Hz,
CH, CH), 1.27-1.65 (27H, m), 1.68-1.93 (5H, m), 2.13 (2H, t,
J 7.6 Hz, CH,CH,CO), 2.36-2.58 (5H, m), 2.73 (1H, dd, J 17.0

and 5.7 Hz, CHHCO), 3.11-3.27 (3H, m), 3.24 (3H, OMe), 3.26
(3H, OMe), 3.57 (1H, dd, J 10.0 and 6.2 Hz, CHHOSIi), 3.67
(1H, dd, J 10.0 and 6.1 Hz, CHH OSi), 4.03-4.27 (3H, m), 4.98
(0.7H, dd, J 6.2 and 3.4 Hz, CHN), 5.04-5.15 (1.3H, m, CHN
and CH.OC=0), 6.4 (1H, d, J 16 Hz, CH=CHCH,), 6.78 (1H,
dt, J 16 and 7.5 Hz, CH=CHCH,), 7.27 (0.3H, OCH=CHMe),
7.31(0.7H, OCH=CHMe), 7.36-7.47 (12H, m), 7.65-7.72 (8H, m,
ArH), 8.01 (1H, OCH=); "C NMR (90 MHz, CDCl;)(rotamers)
9.3(q), 12.2(q), 18.7(q), 19.2 (s), 19.3 (s), 19.3 (q), 24.3 (q), 25.1
(q), 26.7 (d), 26.9 (q), 28.1 (q), 28.2 (q), 28.3 (q), 32.9 (1),34.9 (1),
36.0 (1), 38.7 (d), 40.1 (d), 41.7 (t), 42.8 (1), 48.2 (t), 55.2 (d), 57.7
(q), 58.6 (q), 65.0 (1), 67.4 (1), 69.5 (d), 72.9 (d), 78.5 (d), 80.1 (s),
80.8 (d), 82.0 (s), 94.4 (s), 94.9 (s), 118.2 (d), 127.6 (2 x d), 129.6
(d), 129.7 (2 x d), 133.1 (d), 133.3 (d), 133.7 (2 x s), 133.9 (s),
135.3 (s), 135.5 (2 x d), 135.8 (d), 135.9 (d), 137.7 (d), 142.5 (d),
145.0 (s), 151.2 (s), 151.9 (s), 160.5 (s), 161.2 (s), 162.6 (s), 162.8
(s), 170.6 (s), 208.5 (s), 208.8 (s). m/z (ESI) 1354.7366 (M* + H),
C,,H,sN;0,,Si, requires 1354.7370.

The bis-oxazole macrolactam (70)

The macrolactam was prepared from the ester 68 using TMSOTf-
Et;N in CH,Cl, at 0 °C to give, first, the corresponding amino
acid 69. The amino acid was then treated with DPPA-Et;N in
DMF at 0 °C (¢ HATU-Et;N in CH,Cl, used in the synthesis
of 17 from 75), to give the macrolactam (68%) as a viscous oil,
[a]p? 4+2.2 (¢ 0.55 in CHCL,); v, (soln, CHCl;, cm™") 3646, 3398,
1718, 1670; '"H NMR (360 MHz, CDCl,), 0.81 (3H, d, J 6.9 Hz,
CH, CH), 0.84 (3H, d, J 6.9 Hz, CH,;CH), 1.03 (9H, CMe;,),
1.04 (9H, CMe;), 1.24 (3H, d, J 7.0 Hz, CH;CH), 1.38-162 (6H,
m), 1.77-1.86 (2H, m), 2.08-2.26 (2H, m), 2.36 (1H, dd, J 16.2
and 5.1 Hz, CHHC=0), 2.4-2.59 (4H, m), 2.86 (1H, dd, J 16.2
and 9.2, CHH.C=0), 3.06-3.15 (2H, m, 2 x CHOMe), 3.2 (3H,
OMe), 3.28 (3H, OMe), 3.27-3.34 (1H, m), 3.41 (1H, brt, J 5.8 Hz,
OH), 3.54 (1H, dd, J 9.9 and 6.3 Hz, CHHOSI), 3.62 (1H, dd, J
9.9 and 6.0 Hz, CHH 0Si), 3.99-4.13 (3H, m), 5.0-5.06 (1H, m),
5.35 (1H, dt, J 8.1 and 3.9 Hz, CHNH), 6.34 (1H, d, J 16 Hz,
CH=CH.CH,), 6.81 (1H, dt, J 16 and 7.5, =CHCH,), 7.32-7.46
(13H, m), 7.64-7.69 (8H, m, ArH), 7.88 (1H, d, J 8.1 Hz, NH),
8.09 (1H, OCH=). "C NMR (90 MHz, CDCl,), 9.4 (q), 12.0 (q),
18.6 (q), 19.2 (2 x s), 19.9 (q), 26.9 (d), 26.9 (2 x q), 32.4 (1), 33.7
(1), 35.6 (1), 38.7 (d), 39.7 (d), 42.0 (1), 43.2 (1), 48.3 (1), 49.0 (d),
57.4(q), 58.6 (q), 64.2 (1), 64.9 (1), 69.5 (d), 72.4 (d), 78.4 (d), 80.6
(d), 118.1 (d), 127.6 (d), 129.6 (2 x d), 129.7 (2 x d), 133.7 (2 x s),
133.8 (s), 133.9 (s), 134.5 (d), 135.5 (d), 135.6 (d), 135.8 (d), 136.1
(s), 137.3 (d), 140.5 (d), 144.1 (s), 160.8 (s), 161.1 (s), 170.1 (s),
209.6 (s). m/z (ESI) 1140.5806 (M* + H), C4HggN; Oy, Si, requires
1140.5801.

The oxazoline bis-oxazole macrolide (71)

The oxazoline was prepared from the macrolactam 70 using
DAST in CH,Cl,, and following the procedure described for the
synthesis of the analogous oxazoline 76a from 17. It was purified
by chromatography on silica, using diethyl ether-light petroleum
(bp40-60°C) (1:1 to 1:99) as eluent, and was obtained as a viscous
o0il (92%) which showed [a]p* + 64.5 (c 0.4 in CHCL,); v, (soln,
CHCl;, cm™) 1716, 1679; '"H NMR (360 MHz, CDCl;) 0.81 (3H,
d, J 6.9 Hz, CHMe), 0.89 (3H, d, J 7.0 Hz, CHMe), 1.02 (9H,
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CMe,), 1.08 (9H, CMe,), 1.18-1.23 (1H, m), 1.23 (3H, d, J 7.0 Hz,
CHMe), 1.35-1.56 (SH, m), 1.67-1.77 (2H, m), 1.79-1.94 (2H, m),
2.19(1H,dd, J 16.4and 4.3 Hz, CHH.C=0), 2.37(2H, d, J 6.2 Hz,
CH, CO,), 2.46-2.64 (2H, m, =CHCH.), 2.85 (1H, dd, J 16.5 and
9.5 Hz, CHHC=0), 3.07 (1H, td, J 6.3 and 2.8 Hz, CHOMe),
3.31-3.18 (2H, m), 3.31 (3H, OMe), 3.34 (3H, OMe), 3.58 (1H,
dd, J 10.1 and 6 Hz, CHHOSI), 3.64 (1H, dd, J 10.1 and 6.2 Hz,
CHH 0Si), 3.97-4.05 (1H, m), 4.68 (1H, dd, J 9.5 and 8.8 Hz,
CHHCHN), 4.98 (1H, dd, J 8.7 and 4.4 Hz, CH.OC=0), 5.05
(1H, dd, J 6.7 and 8.8 Hz, CHH.CHN), 5.43 (1H, dd, J 9.9 and
6.4 Hz, CHN), 6.43 (1H, d, J 16.2 Hz, CH=CH.CH.), 6.85 (1H,
ddd, J 16.2,8.1 and 6.5 Hz, CH,CH=CH), 7.35 (1H, CH=), 7.35—
7.50 (12H, m), 7.62-7.75 (8H, m), 8.01 (1H, OCH=); *C NMR
(90 MHz, CDCL,) 9.1 (q), 12.1 (q), 18.3 (1), 19.3 (2 x ), 26.4 (q),
26.5 (d), 26.8 (q), 26.9 (q), 32.1 (1), 32.5 (1), 35.6 (1), 38.6 (q), 39.1
(@), 41.5 (1), 43.2 (1), 47.8 (1), 57.2 (q), 59.2 (q), 63.3 (d), 65.0 (1),
69.3 (d), 7.10 (), 72.0 (d), 78.5 (d), 81.6 (d), 118.9 (d), 237.5 (d),
127.6 (d), 129.6 (d), 129.8 (d), 130.8 (s), 133.7 (2 x 5), 133.8 (s),
134.0 (s), 134.2 (d), 135.5 (d), 135.6 (d), 135.8 (d), 135.9 (d), 136.4
(d), 140.2 (d), 144.3 (s), 159.4 (s), 161.9 (s), 162.7 (s), 169.9 (s),
209.7 (s); m/z (ESI) 1122.5674 (M* + H) CysHgoN,0,,Si, requires
1122.5695.

The tris-oxazole macrolide (72b)

The tris-oxazole 72a was produced by oxidation of the oxazoline
bis-oxazole 71, using NiO, in benzene, following the procedure
described for the preparation of the analogous tris-oxazole 76
from 78a. Recovered 78a was continuously recycled to produce the
tris-oxazole (55%) as an oil, which showed [a]p? +14.5 (¢ 0.24 in
CHC,); vy (soln, CHCl;, cm™") 1728, 1714; '"H NMR (500 MHz,
CDCl,) 0.80 (3H, d, J 6.9 Hz, CHMe), 0.85 (3H, d, J 6.9 Hz,
CHMe), 1.02 (9H, CMe;), 1.04 (9H, CMe;), 1.29 (3H, d, J 6.9 Hz,
CHMe), 1.46 (1H, ddd, J 14.4,10.0 and 1.9 Hz, CHH.CHOMe),
1.58 (1H, ddd, J 14.4, 10.3 and 1.7 Hz, CHH.CHOMe), 1.65-
1.79 (4H, m), 1.83-1.91 (2H, m), 2.27-2.30 (1H, m), 2.35 (1H, d,
J 6.1 Hz, CHH.CO), 2.38 (1H, d, J 5.7, CHH.CO), 2.46 (1H,
app, dt, J 15.1 and 8.3 Hz, CHH.CH=), 2.50 (1H, dd, J 15.9 and
6.9 Hz, CHH.CQ,), 2.57 (1H, dd, J 15.9 and 5.2 Hz, CHH.CO,),
2.59-2.66 (1H, m), 3.14 (1H, dd, J 16.6 and 7.7 Hz, CHH.CO),
3.2-3.24 (1H, m), 3.25 (3H, OMe), 3.27 (3H, OMe), 3.40 (1H,
app. sex, J 6.7 Hz, CH;CHCH,C=0), 3.52 (1H, dd, J 10.0 and
6.5 Hz, CHHOSI), 3.63 (1H, dd, J 10.0 and 6.2 Hz, CHHOSI),
4.29 (1H, app. qn, J 5.4 Hz, CH,CHOSi), 5.06 (1H, ddd, J 8.0, 5.7
and 2.3 Hz, CHO.C=0), 6.35 (1H, d, J 15.9 Hz, CH,CH=CH),
7.10 (1H, ddd, J 15.9, 8.6 and 6.0 Hz, CH,CH=), 7.30-7.43 (13H,
m), 7.63-7.73 (8H, m), 8.05 (2H, OCH=); *C NMR (125 MHz,
CDCl) 8.70 (q), 12.0 (q), 19.2 (s), 19.3 (s), 19.4 (1), 19.7 (q), 26.9
(q) 27.0 (q and d), 33.0 (2 x t), 36.2 (1), 39.0 (d), 41.5 (t), 44.0 (1),
47.5 (1), 57.3 (q), 58.8 (q), 65.1 (t), 69.6 (d), 72.8 (t) 78.4 (d), 80.5
(d), 117.3 (d), 127.5 (d), 127.6 (d), 129.5 (d), 130.5 (s), 131.8 (s),
133.4 (d), 133.8 (2 x s), 134.1 (s), 134.2 (s), 135.5 (d), 135.6 (d),
135.8 (d), 135.9 (d), 136.9 (d), 137.2 (d), 138.7 (d), 146.5 (s), 154.1
(s), 156.4 (s), 162.3 (s), 170.5 (s), 210.5 (s). m/z (ESI) 1120.5569
(M* + H). CssHg,N30,4Si, requires 1120.5539.

The corresponding alcohol 72b was prepared from the silyl
ether 72a, using HF—pyridine complex in dry THF, following the
procedure described for the deprotection of 47a to 47b. It was
purified by chromatography on silica, using diethyl ether—ethyl

acetate (1:1, then 1:99) as eluent, and was obtained as a viscous
oil which was used immediately in the next step.

The tris-oxazole macrolide conjugated enone (75)

Powdered sodium hydrogencarbonate (7.1 mg, 84 p mol) and
Dess—Martin periodinane (7.4 mg, 17 umol) were added to a
solution of the alcohol 72b (7.4 mg, 8.4 pmol) in dichloromethane
(800 p) at room temperature and the mixture was stirred for
2h. More Dess—Martin periodinane (3.7 mg) was added and
the mixture was stirred at room temperature for a further lh.
Saturated sodium thiosulfate (500 pl) and saturated sodium
hydrogencarbonate (500 pl), followed by ether (2 ml), were
added and the separated aqueous phase was then extracted with
diethyl ether (3 x 2 ml). The combined organic extracts were
washed with brine (1 ml) then dried and evaporated in vacuo.
The residue containing the aldehyde 73 was reacted with the -
ketophosphonate 74 (5.3 mg, 11 umol) in THF-H,O (180 pl) in
the presence of Ba(OH),-8H,0 (2.8 mg, 9 ul), using the procedure
described for the synthesis of the conjugated enone 52 from 50b
and 51. Chromatography on silica, using diethyl ether as eluent,
gave the enone (4.1 mg, 36%) as an oil, [a]p? —27.3 (¢ 0.41 in
CHCL,); Vyax (soln, CHCL;, cm™") 1732, 1709; '"H NMR (500 MHz,
CDCl;)0—0.10 (3H, SiMe), 0.04 (3H, SiMe), 0.80 (3H, d, / 7.0 Hz,
CH, CH), 0.81 (9H, CMe;), 0.87 (3H, d, J 6.8 Hz, CH,CH), 0.97
(3H, d, J 7.5 Hz, CH;CH), 0.99 (3H, d, J 7.4 Hz, CH;CH), 1.03
(9H, CMe;), 1.05 (9H, CMe;), 1.28 (3H, d, J 6.9 Hz, CH;CH),
1.41-1.53 (3H, m), 1.70-1.80 (SH, m), 1.83-1.93 (2H, m), 2.24—
2.36 (2H, m), 2.39 (1H, dd, J 16.7 and 5.6 Hz, CHH.CO), 2.40—
2.47 (1H, m), 2.54 (1H, dd, J 15.6 and 6.4 Hz, CHH.CO,), 2.59
(dd, J 15.6 and 5 Hz, CHH CQO,), 2.57-2.7 (2H, m), 2.98 (1H, app.
qn, J 7.5 Hz, CH;CH.C=0), 3.04 (1H, ddd, J 9.9, 4.1 and 2.1 Hz,
CH,CH OMe), 3.15 (1H, dd, J 16.7 and 7.7 Hz, CHHCO), 3.16—
3.20 (1H, m), 3.28 (3H, OMe), 3.31 (3H, OMe), 3.4 (1H, app. sx,
J 6.7 Hz, CH;CH.CH,C=0), 3.64 (1H, app. dt, J 9.1 and 5.6 Hz,
CHH.OSi), 3.75(1H, ddd, J 10.4, 7.6 and 5.3 Hz, CHH.OS:i), 3.92
(1H, dd, J 8.1 and 2.2 Hz, CH,OTBS), 4.29 (2H, app. qn, J 5.3 Hz,
CH,CHOSIi), 5.10 (1H, dd, J 9.6, 7.0 and 2.0, CHOC=0), 6.17
(1H, dd, J 16.0 and 1.0 Hz, CH.C=0), 6.34 (1H, d, J 15.9 Hz,
CH,CH =CH), 6.87 (1H, dd, J 15.9 and 6.5 Hz, CH=CH.C=0),
7.07 (1H, ddd, J 15.7, 8.4 and 6.2 Hz, CH,CH=), 7.30-7.46 (13H,
m),7.65-7.73 (8H, m, ArH), 8.05 (1H, OCH=),8.05 (1H, OCH=);
BCNMR (125 MHz, CDCl;)6 —4.3(q), —4.0(q), 8.6 (q), 14.3 (q),
14.6 (q), 16.6 (q), 18.4 (s) 19.2 (s), 19.4 (s), 19.5 (1), 19.7 (q), 26.2
(q), 26.9 (q), 27.1 (q), 32.6 (t), 32.7 (d), 33.1 (1), 33.5 (1), 36.3 (1)
38.3(d), 39.3 (d), 41.4 (1), 44.1 (1), 47.6 (1), 48.4 (d), 57.4 (q), 58.1
(q), 62.2 (q), 69.7 (d), 72.6 (d), 78.5 (d), 80.4 (d), 80.9 (d), 117.2
(d), 127.6 (d), 127.7 (d), 129.6 (d), 130.4 (d), 130.6 (s), 131.9 (s),
133.5(d), 134.0 (s), 134.1 (s), 134.2 (s), 135.6 (d), 135.9 (d), 136.0
(d), 137.0 (d), 137.3 (d), 138.8 (d), 146.5 (s), 147.8 (d), 154.2 (s),
156.5 (s), 162.4 (s), 170.4 (s), 203.2 (s), 210.4 (s); m/z 1405.7489
(M* + H,0). C4H,,,03N;Si4, requires 1405.7425.

The bis-oxazole macrolactam (17) (P = TBDPS; P’ = TMS)

Trimethylsilyl trifluroromethanesulfonate (258 pl, 1.42 mmol), was
added dropwise over 5 min to a stirred solution of the acetonide
77 (117 mg, 0.072 mmol) and triethylamine (229 ul, 1.64 mmol) in
dry dichloromethane (14 ml) at 0 °C under a nitrogen atmosphere.
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The solution was allowed to warm to room temperature and
stirred at this temperature for 48 h. Saturated aqueous ammonium
chloride solution (700 pl) and diethyl ether (250 ml) were added
and the mixture was stirred vigorously at room temperature for
30 min. The separated organic phase was dried (Na,SO,) and then
concentrated in vacuo to leave the crude amino alcohol 18a (P’ =
TBS) as an oil.

HATU (36 mg, 0.095 mmol) was added in one portion to a
stirred solution of crude amino alcohol and triethylamine (13 pl,
0.095 mmol) in dry dichloromethane (35 ml) at 0 °C, under a
nitrogen atmosphere. The solution was allowed to warm to room
temperature and stirred at this temperature for six days. Saturated
aqueous sodium bicarbonate solution (10 ml) was added and the
separated aqueous phase was then extracted with dichloromethane
(3 x 30 ml). The combined organic extracts were dried (Na,SO,)
and then concentrated in vacuo. The residue was purified by
chromatography on silica using diethyl ether-light petroleum (bp
40-60 °C) (1:1 to 0:1) as eluent to give the macrocycle (68 mg,
67%) as a colourless oil, which crystallised from diethyl ether,
light petroleum (bp 40-60 °C) as colourless crystals, mp 57—
59 °C: [a]p™ —6.4 (¢ 1.0 in CHCLy); v,y (soln, CHCl;)/cm™" 3399,
2931, 2857, 1715, 1671 and 1596; (Found: C, 68.0; H, 8.4; N,
2.9 CgH,;5sN;0,5Si; requires C, 68.1; H, 8.2; N, 3.0%); 'H NMR
(400 MHz, CDCl;) 6— 0.04 (3H, s, CH;Si), 0.07 (3H, s, CH;Si),
0.77 (3H, d, J 6.8 Hz, CH;-29), 0.84 (3H, d, J 7.3 Hz, CH;-39),
0.88 (9H, s, (CH;);CSi(CHj;),), 0.90 (3H, d, J 7.2 Hz, CH,-33),
0.95(3H, d, J 7.0 Hz, CH;-37), 1.07 (9H, s, (CH;);CSi(Ph),), 1.08
(9H, s, (CH;),;CSi(Ph),), 1.25 (3H, d, J 6.9 Hz, CH;-9), 1.33-1.38
(1H, m, CHH H-40), 1.40-1.48 (4H, m, H-31, H-4), 1.53-1.63
(2H, m, H-5), 1.68-1.89 (SH, m, CHH H-40, H-33, H-29, H-34),
1.95 (1H, m, H-39), 2.11-2.29 (2H, m, H-6), 2.37 (1H, dd, J 16.3,
5.0 Hz, CHH H-8),2.47 2H, app d, J 6.4 Hz, H-2), 2.51 2H, t, J
7.6 Hz, H-35), 2.55-2.64 (2H, m, H-27), 2.74-2.85 (2H, m, H-37,
H-32), 2.88 (1H, dd, J 16.3, 9.2 Hz, CHH H-8), 3.13 (IH, m, H-
28), 3.24 (3H, s, CH;0C-32), 3.30-3.35 (1H, m, H-9), 3.34 (3H, s,
CH;0C-28), 3.60-3.70 (1H, m, CHH H-41), 3.72-3.79 (1H, m,
CHH H-41),3.82(1H, dd, J 8.1, 2.3 Hz, H-38), 4.004.15 (1H, m,
H-3), 4.02 (1H, dd, J 11.3, 3.9 Hz, CHH H-19), 4.06-4.14 (1H,
m, CHH H-19), 5.03-5.13 (1H, m, H-30), 5.35 (1H, app dt, J 8.1,
3.9 Hz, H-15), 6.34 (1H, d, J 16.0 Hz, H-25), 6.82 (1H, dt, J 16.0,
7.2 Hz, H-26), 7.35-7.49 (13H, m, ArH & H-14), 7.65-7.73 (8H,
m, ArH), 7.88 (1H, d, J 8.1 HzH-16), 8.12 (1H, s, H-24); "C NMR
(125 MHz, CDCly) 6 —1.4(q), —1.1(q), 9.5 (q), 14.1 (q), 15.6 (q),
16.2 (q), 18.4 (s), 18.6 (1), 19.2 (s), 19.3 (s), 19.9 (q), 24.4 (1), 26.2
(39), 26.9 (3q), 27.0 (3q), 30.8 (1), 33.1 (d), 33.8 (2t), 34.1 (d), 35.6
(1), 39.8 (d), 42.0 (1), 42.5 (), 43.3 (1), 48.4 (1), 49.1 (d), 50.0 (d),
57.5(q), 57.9 (q), 62.1 (1), 64.3 (), 69.6 (d), 72.5 (d), 78.6 (d), 80.6
(d), 81.7(d), 118.2(d), 125.6 (d), 127.7 (8d), 129.6 (2d), 129.8 (2d),
133.8 (s), 134.9 (2'5), 134.0 (2 5), 134.6 (d), 135.6 (4d), 135.9 (2d),
135.9 (2d), 136.2 (s), 137.5 (d), 140.6 (d), 144.2 (s), 160.9 (s), 161.2
(s), 170.1 (s), 209.7 (s), 214.0 (s); m/z (EI) 1410.7807 (M* + H),
1432.7594 (M* + Na), CyH,;5sN;0,3Si; + H requires 1410.7816.

The oxazoline bis-oxazole macrolide (78a)

(Diethylamino)sulfur trifluoride (7 ul, 0.053 mmol) was added in
one portion to a stirred solution of the macrocycle 17 (48 mg,
0.035 mmol) in dry dichloromethane (1 ml) at —78 °C under a
nitrogen atmosphere. The mixture was stirred at —78 °C for 2 h,

then allowed to warm to room temperature and stirred at this
temperature for a further 10 min. The mixture was quenched with
saturated sodium bicarbonate solution (2 ml) and the separated
organic phase was then dried (Na,SO,) and concentrated in vacuo.
The residue was purified by chromatography on silica using diethyl
ether-light petroleum (bp 40-60 °C) (2:3) as eluent to give the
oxazoline (43 mg, 89%) as a colourless oil: [a],* +22.9 (¢ 2.9 in
CHCl,); Vi, (soln, CHCl;)/cm™" 2931, 2858, 1714, 1679 and 1598;
"H NMR (400 MHz, CDCl;) 6—0.03 (3H, s, CH;Si), 0.09 (3H, s,
CH,Si),0.76 (3H, d, J 7.2 Hz, CH;-29), 0.80 (3H, d, J 6.8 Hz, CH,-
39), 0.82-0.90 (3H, m, CH;-33), 0.86 (9H, s, (CH,);CSi(CHj;),),
0.95 (3H, d, J 6.8 Hz, CH;-37), 1.00 (9H, s, (CH;);CSi(Ph),), 1.05
(9H, s, (CH;);CSi(Ph),), 1.20 (3H, d, J 7.2 Hz, CH;-9), 1.24-1.49
(7H, m, CHH H-40, H-31, H-4, H-5), 1.62-1.92 (6H, m, CHH H-
40, H-39, H-33, H-29, H-34), 2.17 (1H, dd, J 16.5, 4.3 Hz, CHH
H-6),2.22-2.31 (1H, m, CHH H-8),2.31-2.40 (1H, m, CHH H-2),
2.37 (1H, dd, J 9.2, 6.3 Hz, CHH H-2), 2.41-2.63 (SH, m, CHH
H-6, H-27, H-35), 2.70-2.81 (1H, m, H-37), 2.81-2.87 (2H, m, H-
32, CHH H-8), 3.08 (1H, app dt, J 6.4, 2.9 Hz, H-28), 3.21-3.41
(1H, m, H-9), 3.30 (3H, s, CH;0C-32), 3.35 (3H, s, CH;0C-28),
3.59-3.69 (1H, m, CHH H-41), 3.71-3.79 (1H, m, CHH H-41),
3.85 (1H, dd, J 8.0, 2.4 Hz, H-38), 3.97 (1H, dddd, J 5.3, 5.2,
5.1, 5.0 Hz, H-3), 4.65 (1H, dd, J 10.0, 8.4 Hz, CHH H-19), 4.97
(1H, ddd, J 4.7, 4.6, 4.5 Hz, H-30), 5.03 (1H, dd, J 8.4, 6.4 Hz,
CHH H-19), 5.40 (1H, dd, J 10.0, 6.4 Hz, H-15), 6.40 (1H, d, J
16.2 Hz, H-25), 6.82 (1H, dt, J 16.2, 6.4 Hz, H-26), 7.33 (1H, s,
H-14), 7.35-7.52 (12H, m, ArH), 7.61-7.75 (8H, m, ArH), 8.01
(1H, s, H-24); *C NMR (90.6 MHz, CDCl;) 6 —4.2 (q), —4.1 (q),
9.31(q), 14.2 (q), 15.7 (q), 16.2 (q), 18.3 (1), 18.4 (s), 19.3 (s), 19.3
(s), 20.5 (q), 24.4 (1), 26.2 (3q), 26.6 (3q), 26.9 (3q), 30.1 (1), 32.6
(t), 33.1 (d), 33.8 (1), 34.2 (d), 35.6 (1), 38.8 (d), 41.5 (1), 42.5 (1),
43.3 (1), 47.8 (1), 50.1 (d), 57.3 (q), 58.3 (q), 62.2 (1), 63.4 (d), 69.5
(d), 71.0 (t), 72.1 (d), 78.6 (d), 81.6 (d), 82.1 (d), 118.9 (d), 127.6
(d), 127.7 (8d), 129.6 (3d), 129.9 (d), 130.8 (s), 133.8 (2's), 134.0 (2
s), 134.1 (s), 134.3 (d), 135.6 (4d), 135.9 (2d), 136.1 (2d), 136.7 (d),
140.3 (d), 144.3 (s), 159.5 (s), 162.0 (s), 170.0 (s), 209.8 (s), 214.0
(s); m/z (EI) 1414.7398 (M* + Na), CyH,1;N;0,,Si; + Na requires
1414.7530.

The tris-oxazole macrolide (76)

Procedure A. A solution of the oxazoline 78a (14 mg,
0.01 mmol), nickel peroxide (34 mg, 0.38 mmol) and 4 A molecular
sieves (20 mg) in dry degassed benzene (1 ml) was heated under
reflux for 12 h. The mixture was filtered through celite and the filter
cake was washed with ethyl acetate (3 x 5 ml). The combined ethyl
acetate washings were concentrated in vacuo and the residue was
then purified by chromatography on silica using ethyl acetate—
light petroleum (bp 40-60 °C) (1:9 to 2:3) as eluent to give the
tris-oxazole (3.6 mg, 25%), which recrystallised from ethyl acetate—
light petroleum (bp 40-60 °C) as colourless crystals, mp 72-75 °C:
[a]p*-24.8 (¢ 1.0 in CHCLy); v, (soln, CHCL)/cm™' 2931, 2858
and 1713; '"H NMR (400 MHz, CDCl;) 6-0.07 (3H, s, CH;Si),
0.04 (3H, s, CH;Si), 0.78 (3H, d, J 6.8 Hz, CH;-29), 0.82-0.86
(3H, m, CH;-39), 0.85 (9H, s, (CH,);CSi(CH;),), 0.87 (3H, d, J
7.0 Hz, CH,-33), 0.94 (3H, d, J 7.0 Hz, CH;-37), 1.03 (9H, s,
(CH;);CSi(Ph),), 1.05 (9H, s, (CH;);CSi(Ph),), 1.25-1.40 (1H, m,
CHH H-40), 1.28 (3H, d, J 7.0 Hz, CH;-9), 1.38-1.62 (5H, m,
CHH H-4, H-31, H-33, CHH H-34), 1.65-1.82 (SH, m, CHH
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H-4, H-5, CHH H-34, CHH H-40), 1.83-1.95 (2H, m, H-29, H-
39), 2.21-2.46 (2H, m, H-6), 2.38 (1H, dd, J 16.6, 5.5 Hz, CHH
H-8), 2.44-2.54 (3H, m, CHH H-27, H-35), 2.57 (2H, app dd, J
5.4,3.7 Hz, CHH H-2), 2.65 (1H, ddd, J 16.9, 6.4, 4.1 Hz, CHH
H-27),2.75(1H,dq, J 8.0, 7.0 Hz, H-37), 2.88-2.96 (1H, m, H-32),
3.15(1H, dd, J 16.6, 7.8 Hz, CHH H-8), 3.18-3.25 (1H, m, H-28),
3.28 (3H, s, CH;0C-32), 3.32 (3H, s, CH;0C-28), 3.41 (1H, app
q,J 7.0 Hz, H-9), 3.64 (1H, ddd, J 14.5, 9.8, 4.5 Hz CHH H-41),
3.74 (1H, ddd, J 9.8, 6.4, 4.4 Hz, CHH H-41), 3.83 (1H, dd, J
8.0, 2.4 Hz, H-38), 4.29 (1H, dddd, J 5.5, 5.4, 5.3, 5.2 Hz, H-3),
5.11 (1H, ddd, J 9.0, 6.2, 1.2 Hz, H-30), 6.35 (1H, d, J 15.3 Hz,
H-25), 7.09 (1H, ddd, J 15.3, 8.6, 6.4 Hz, H-26), 7.30-7.49 (13H,
m, ArH, H-14), 7.64-7.76 (8H, m, ArH), 8.05 (2H, s, H-19, H-24);
BC NMR (90.6 MHz, CDCl;) 6-4.4 (q), -4.1 (q), 8.8 (q), 14.1 (q),
15.7 (q), 16.2 (q), 18.4 (s), 19.2 (1), 19.4 (q), 19.5 (s), 19.8 (s), 24.5
(1), 26.2 (3q), 26.9 (3q), 27.1 (3q), 27.1 (d) 31.6 (t), 33.0 (d), 33.1
(1), 33.8 (1), 34.2 (d), 36.3 (t), 39.3 (d), 41.5 (1), 42.6 (1), 44.1 (),
47.6 (t), 50.0 (d), 57.4 (q), 58.0 (q), 62.2 (1), 69.8 (d), 72.8 (d),
78.6 (d), 80.5 (d), 81.9 (d), 117.3 (d), 127.6 (4d), 127.7 (4d), 129.6
(4d), 130.6 (s), 131.8 (s), 133.5 (d), 134.0 (2 s), 134.2 (2 s), 135.6
(4d), 135.9 (2d), 136.0 (2d), 137.0 (d), 137.3 (d), 138.9 (d), 146.5
(s), 154.2 (s), 156.5 (s), 162.4 (s), 170.5 (s), 210.5 (s), 214.0 (s);
m/z (EI) 1412.7352 (M* + Na), 1444.7628 (M* + MeOH + Na),
CyH, 11 N;O,S1; + Na requires 1412.7373.

Procedure B. A solution of the oxazoline 78b (124 mg,
0.087 mmol), CSA (105 mg, 0.45 mmol) and 5 A molecular
sieves (100 mg) in dry benzene (15 ml) was heated under reflux
using a Dean—Stark apparatus for 22 h. The mixture was filtered
through celite and the filter cake was washed with ethyl acetate
(3 x 5 ml). The combined ethyl acetate washings were diluted
with saturated aqueous sodium bicarbonate solution (10 ml) and
the separated aqueous phase was then extracted with ethyl acetate
(3 x 20 ml). The combined organic extracts were dried (Na,SO,)
and then concentrated in vacuo. The residue was purified by
chromatography on silica using ethyl acetate-light petroleum (bp
40-60 °C) (1:9 to 2:3) as eluent to give the tris-oxazole (70 mg,
58%), which showed analytical and spectroscopic data which were
identical to those obtained by procedure A.

The bis-oxazole enamide (79)

N,N-Diisopropylethylamine (49 pul, 0.28 mmol), and methanesul-
fonyl chloride (10 pl, 0.13 mmol) were added sequentially to a
stirred solution of the alcohol 17 (177 mg, 0.13 mmol) in dry
dichloromethane (4.5 ml) at 0 °C under a nitrogen atmosphere.
The mixture was stirred at 0 °C for 1 h, then quenched with
1 M aqueous potassium carbonate solution (30 ml) and stirred at
room temperature for 10 min. The separated aqueous phase was
extracted with dichloromethane (3 x 30 ml) and the combined
organic extracts were then dried (Na,SO,) and concentrated in
vacuo to leave the corresponding methanesulfonate as an oil, which
was used without further purification.
1,8-Diazabicyclo[5.4.0lundec-7-ene (19 pl, 0.13 mmol) was
added dropwise over 5 min to a stirred solution of the crude
methanesulfonate (187 mg, 0.13 mmol) in dry dichloromethane
(10 ml) at 0 °C under a nitrogen atmosphere. The mixture was
allowed to warm to room temperature, stirred for 2 h and then
diluted with water (40 ml) and ethyl acetate (40 ml). The separated
aqueous phase was extracted with ethyl acetate (2 x 40 ml) and

the combined organic extracts were washed with 1 M hydrochloric
acid (40 ml) and saturated aqueous sodium bicarbonate solution
(40 ml), then dried (Na,SO,) and concentrated in vacuo. The
residue was purified by chromatography on silica using ethyl
acetate-light petroleum (bp 40-60 °C) (1:5 to 1:1) as eluent to give
the enamide (131 mg, 75%) as a colourless oil: [a]p> —8.4 (¢ 1.0
in CHCL,); vy (soln, CHClL;)/cm™! 3364, 2932, 2858, 1715, 1675
and 1588; 'H NMR (400 MHz, CDCl;) 6—0.06 (3H, s, CH;Si),
0.05 (3H, s, CH;Si), 0.75 (3H, d, J 6.8 Hz, CH,-29), 0.86 (3H, d,
J 6.3 Hz, CH;-39), 0.87 (9H, s, (CH;),CSi(CH,),), 0.88 (3H, d,
J 7.2 Hz, CH;-33), 0.95 (3H, d, J 7.0 Hz, CH;-37), 1.03 (9H, s,
(CH;);CSi(Ph),), 1.06 (9H, s, (CH;);CSi(Ph),), 1.14-1.24 (1H, m,
CHH H-34), 1.27 (3H, d, J 6.9 Hz, CH;-9), 1.30-1.45 (1H, m,
CHH H-40), 1.46-1.58 (4H, m, H-31, H-4), 1.58-1.83 (6H, m, H-
5,H-29, H-33, CHH H-34, CHH H-40), 1.89 (1H, app dp, J, 6.3,
3.5 Hz, H-39), 2.35 (2H, t, J 6.8 Hz, H-6), 2.36 (1H, dd, J 16.4,
6.6 Hz, CHH H-8), 2.41-2.55 (5H, m, H-2, CHH H-27, H-35),
2.59 (1H, ddd, J 11.6, 7.8, 5.1 Hz, CHH H-27), 2.73-2.83 (2H,
m, H-32, H-37), 2.92 (1H, dd, J 16.4, 7.3 Hz, CHH H-8), 3.16
(1H, ddd, J 8.9, 5.1, 1.1 Hz, H-28), 3.25 (3H, s, CH;0C-32), 3.32
(3H, s, CH,0C-28), 3.37 (1H, app dd, J 13.7, 6.9 Hz, H-9), 3.64
(1H, ddd, J 10.0, 8.9, 5.6 Hz, CHH H-41), 3.75 (1H, ddd, J 10.0,
6.3,4.2 Hz, CHH H-41), 3.84 (1H, dd, J 8.1, 2.5 Hz, H-38), 4.04—
4.13 (1H, m, H-3), 5.07 (1H, ddd, J 9.9, 6.5, 1.5 Hz, H-30), 5.70
(1H, s, CHH H-19), 6.39 (1H, d, J 16.0 Hz, H-25), 6.51 (1H, s,
CHH H-19), 6.82 (1H, dt, J 16.0, 7.8 Hz, H-26), 7.30-7.47 (13H,
m, ArH, H-14), 7.62-7.71 (8H, m, ArH), 8.15 (1H, s, H-24), 9.45
(1H, s, H-16); *C NMR (90.6 MHz, CDCl;) 5-4.3 (q), -4.1 (q),
10.0 (q), 14.2 (q), 15.7 (9), 16.2 (q), 18.5(s), 19.3(q), 19.3 (s), 19.4
(), 19.4 (s), 24.4 (1), 26.2 (3q), 27.0 (3q), 27.0 (3q), 27.2 (d), 31.5
(), 33.1 (d), 33.8 (1), 34.1 (d), 34.2 (1), 36.0 (1), 39.9 (d), 42.5 (1),
42.6 (t), 43.5 (1), 48.1 (t), 50.1 (d), 57.6 (q), 57.9 (q), 62.2 (), 69.5
(d), 72.7 (d), 78.6 (d), 80.8 (d), 81.8 (d), 102.2 (1), 118.4 (d), 127.7
(8d), 128.6 (s), 129.7 (2d), 129.8 (2d), 133.7 (2s), 134.0 (2 ), 134.6
(d), 135.6 (4d), 135.9 (4d), 137.0 (s), 137.8 (d), 140.7 (d), 145.9 (s),
157.8 (s), 159.5 (s), 160.7 (s), 170.1 (s), 209.7 (s), 214.0 (s); m/z
(EI) 1392.7658 (M* + H), 1414.7449 (M* + Na), C4H,;;N;0,,Si;
+ H requires 1392.7710.

The bis-oxazole (80)

N-Bromosuccinimide (16 mg, 0.09 mmol) was added in one
portion to a stirred mixture of the enamide 79 (126 mg, 0.09 mmol)
and 4 A molecular sieves (40 mg) in dry methanol (7 ml) and dry
dichloromethane (7 ml) at 0 °C under a nitrogen atmosphere. The
mixture was allowed to warm to room temperature over 15 h, and
then filtered through celite. The filter cake was washed with ethyl
acetate (3 x 15 ml) and the combined ethyl acetate washings were
then diluted with saturated aqueous sodium thiosulfate solution
(10 ml). The separated aqueous phase was extracted with ethyl
acetate (2 x 30 ml) and the combined organic extracts were
washed with brine (10 ml), then dried (Na,SO,) and concentrated
in vacuo. The residue was purified by chromatography on silica
using ethyl acetate-light petroleum (bp 40-60 °C) (1:5 to 1:1) as
eluent to give the bromide (134 mg, 92%) as a colourless oil and a
mixture of diastereoisomers: [a]p* —9.8 (¢ 3.7 in CHCL;); v, (soln,
CHCL)/cm™' 3364, 2932, 2858, 1714, 1675 and 1591; '"H NMR
(400 MHz, CDCl;) 6 —0.06 (6H, s, CH;Si), 0.05 (6H, s, CH;Si),
0.75 (6H, d, J 6.6 Hz, CH;-29), 0.82-0.87 (6H, m, CH;-39), 0.87
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(18H, s, (CH;);CSi(CHs;),), 0.88 (6H, d, J 7.3 Hz, CH;-33), 0.96
(6H, d, J 6.9 Hz, CH,-37), 1.02 (18H, s, (CH;);CSi(Ph),), 1.06
(18H, s, (CH;);CSi(Ph),), 1.29 (6H, d, J 6.9 Hz, CH;-9), 1.15-1.25
(2H, m, CHH H-34), 1.33-1.60 (10H, m, H-4, H-31, CHH H-40),
1.61-1.84 (12H, m, H-5, H-29, H-33, CHH H-34, CHH H-40),
1.84-1.95 (2H, m, H-39), 2.31-2.55 (14H, m, H-2, H-6, CHH H-8,
H-35), 2.55-2.69 (4H, m, H-27), 2.73-2.84 (4H, m, H-32, H-37),
2.93(2H,dd, J 16.4,7.9 Hz, CHH H-8), 3.13-3.20 (2H, m, H-28),
3.11 (3H, s, CH;0C-15), 3.14 (3H, s, CH;0C-15), 3.25 (6H, s,
CH;0C-32), 3.31 (3H, s, CH;0C-28), 3.33 (3H, s, CH;0C-28),
3.34-3.45 (2H, m, H-9), 3.64 (2H, ddd, J 10.1, 7.1, 4.0 Hz, CHH
H-41), 3.75 (2H, ddd, J 10.1, 6.3, 4.4 Hz, CHH H-41), 3.84 (2H,
dd, J 8.0, 2.2 Hz, H-38), 3.98 (1H, d, J 10.4 Hz, CHH H-19), 4.00
(1H,d, J 10.4 Hz, CHH H-19),4.01-4.11 (2H, m, H-3), 4.91 (1H,
d, J 10.4 Hz, CHH H-19), 496 (1H, d, J 10.4 Hz, CHH H-19),
5.07 (2H, ddd, J 10.3, 6.3, 1.9 Hz, H-30), 6.39 (1H, d, J 16.0 Hz,
H-25), 6.40 (1H, d, J 16.0 Hz, H-25), 6.73-6.92 (2H, m, H-26),
7.30-7.48 (24H, m, ArH), 7.51 (2H, s, H-14), 7.61-7.74 (16H, m,
ArH), 8.16 (2H, s, H-24), 8.74 (1H, s, H-16), 8.76 (1H, s, H-16);
BCNMR (90.6 MHz, CDCl;)d —4.3 (2q), —4.1 (2q), 9.8 (q), 10.0
(q), 14.2 (2q), 15.7 (9), 16.2 (2q), 18.4 (2 s), 19.0 (q), 19.2 (t), 19.3
(28),19.4 (25), 19.5 (1), 19.5 (2q), 24.4 (2t), 26.2 (6q), 26.9 (6q),
27.0 (6q), 27.4 (2d), 31.3 (1), 31.7 (2t), 32.6 (t), 33.0 (2t), 33.1 (2d),
33.8 (2t), 33.9(d), 34.0 (d), 34.1 (1), 34.2 (1), 36.0 (21), 39.8 (d), 39.9
(d), 42.5 (1), 42.6 (1), 43.5 (1), 43.7 (1), 48.1 (1), 48.2 (1), 50.1 (2d),
52.4 (2q), 57.5 (29), 57.9 (2q), 62.1 (1), 62.2 (t), 69.5 (d), 69.6 (d),
72.8 (2d), 78.6 (2d), 80.7 (d), 80.8 (d), 81.7 (2d), 85.8 (2 s), 118.3
(d), 118.4 (d), 127.7 (16d), 129.6 (4d), 129.8 (4d), 133.6 (4 s5), 134.0
(4s), 135.6 (8d), 135.9 (8d), 136.0 (s), 136.1 (s), 137.7 (2d), 137.9
(2d), 141.0 (2d), 144.6 (s), 145.0 (s), 159.0 (s), 159.1 (s), 160.2 (2
s), 160.8 (2 s), 170.0 (s), 170.1 (s), 209.5 (s), 209.6 (s), 214.0 (2 s);
m/z (EI) 1524.6863 (M* + Na), Cq H,;,BrN;O,;Si; + Na requires
1524.6897.

The methoxyoxazoline bis-oxazole macrolide (78b)

Caesium carbonate (176 mg, 0.49 mmol) was added in one portion
to a stirred solution of the a-methoxy bromide 80 (250 mg,
0.016 mmol) in dry dioxane (25 ml) at 60 °C under a nitrogen
atmosphere. The mixture was stirred at 60 °C for 5 h and then
concentrated in vacuo. Ethyl acetate (20 ml) and 10% aqueous citric
acid solution (10 ml), were added and the separated aqueous phase
was then extracted with ethyl acetate (3 x 20 ml). The combined
organic extracts were dried (Na,SO,) and then concentrated in
vacuo. The residue was purified by chromatography on silica
using ethyl acetate-light petroleum (bp 40-60 °C) (1:2 to 1:1)
as eluent to give the oxazoline (196 mg, 92%) as a colourless foam
and a mixture of diastereoisomers: [a]p* +0.8 (¢ 2.5 in CHCl,);
Vmax (s0ln, CHCl;)/cm™" 2931, 2857, 1714 and 1676; '"H NMR
(400 MHz, CDCl;) d —0.06 (6H, s, CH,Si), 0.05 (6H, s, CH;Si),
0.77 (3H, d, J 7.1 Hz, CH;-29), 0.79 (3H, d, J 7.7 Hz, CH;-29),
0.80 (3H, d, J 7.2 Hz, CH;-39), 0.81 (3H, d, J 6.8 Hz, CH;-39),
0.85 (18H, s, (CH;);CSi(CHj;),), 0.88 (6H, d, J 7.1 Hz, CH;-33),
0.95 (3H, d, J 6.9 Hz, CH;-37), 0.96 (3H, d, J 6.9 Hz, CH;-37),
1.00 (9H, s, (CH;);CSi(Ph),), 1.03 (9H, s, (CH;);CSi(Ph),), 1.05
(18H, s, (CH;),CSi(Ph),), 1.16-1.28 (2H, m, CHH H-34), 1.21
(3H,d, J 6.9 Hz, CH;-9), 1.24 (3H, d, J 6.9 Hz, CH;-9), 1.29-1.56
(14H, m, H-4, H-5, H-31, CHH H-40), 1.63-1.82 (6H, m, H-33,
CHH H-34, CHH H-40), 1.83-1.94 (4H, m, H-29, H-39), 2.07

(2H, t, J 10.0 Hz, H-6), 2.08 (2H, t, J 10.0 Hz, H-6), 2.20 (1H,
dd, J 16.6,5.2 Hz, CHH H-8), 2.21-2.30 (1H, m, CHH H-8), 2.36
(2H, dd, J 9.4, 7.0 Hz, CHH H-2), 2.39 (2H, dd, J 7.0, 1.5 Hz,
CHH H-2), 2.47-2.62 (4H, m, H-27, H-35), 2.72-2.95 (6H, m,
CHH H-8, H-32, H-37), 3.08 (2H, ddd, J 8.8, 6.8, 3.8 Hz, H-
28), 3.21-3.30 (2H, m, H-9), 3.26 (3H, s, CH;0C-32), 3.31 (3H, s,
CH,0C-32), 3.32 (3H, s, CH;0C-28), 3.33 (3H, s, CH;0C-28),
3.47 3H, s, CH,0C-15), 3.49 (3H, s, CH,0C-15), 3.61-3.69 (2H,
m, CHH H-41), 3.75 (2H, ddd, J 9.7, 5.9, 4.0 Hz, CHH H-41),
3.84 (2H, dd, J 8.1, 2.3 Hz, H-38), 3.95-4.08 (2H, m, H-3), 3.49
(1H, d, J 9.9 Hz, CHH H-19), 4.54 (1H, d, J 9.9 Hz, CHH H-19),
4.75 (1H, d, J 9.9 Hz, CHH H-19), 4.99 (2H, ddd, J 10.6, 4.5,
1.2 Hz, H-30), 5.03 (1H, d, J 9.9 Hz, CHH H-19), 6.38 (1H, d, J
16.0 Hz, H-25), 6.43 (1H, d, J 16.0 Hz, H-25), 6.88 (2H, ddd, J
16.0,6.9, 6.8 Hz, H-26), 7.31-7.49 (26H, m, ArH, H-14), 7.59-7.76
(16H, m, ArH), 8.06 (1H, s, H-24), 8.08 (1H, s, H-24); *C NMR
(90.6 MHz, CDCl,) 6 —4.4 (2q), —4.2 (2q), 9.6 (q), 9.2 (q), 14.1
(29), 15.6 (q), 15.7 (q), 16.2 (2q), 18.4 (2's), 18.5 (1), 19.1 (t), 19.2
(25), 19.3 (2 5), 19.9 (2q), 24.4 (21), 26.2 (6q), 26.3 (3q), 26.6 (3),
26.9 (3q), 27.1 (3q), 27.3 (2d), 30.1 (1), 30.4 (), 32.6 (t), 33.0 (2d),
33.2(t), 33.8 (2t), 34.2 (2d), 35.4 (1), 35.6 (1), 38.8 (d), 39.2(d), 41.4
(), 41.5 (1), 42.5 (2t), 43.2 (1), 43.6 (1), 47.9 (1), 48.0 (1), 50.1 (2d),
52.0(q), 52.1 (q), 57.2(q), 57.3(q), 58.1 (q), 58.3 (q), 62.0 (1), 62.1
(1), 69.5 (d), 69.8 (d), 72.1 (d), 72.5 (d), 74.7 (1), 75.3 (1), 77.3 (d),
78.6 (d), 81.3 (d), 81.6 (d), 81.8 (d), 82.0 (d), 100.2 (s), 100.3 (s),
118.3 (d), 118.8 (d), 127.6 (8d), 127.7 (8d), 129.6 (2d), 129.7 (2d),
129.8 (2d), 130.6 (2's), 133.7 (2 5), 133.8 (2 5), 133.9 (2 ), 134.0
(29), 134.3 (d), 134.8 (d), 135.6 (8d), 135.9 (4d), 136.0 (4d), 137.0
(2d), 137.7 (2d), 141.2 (d), 141.3 (d), 144.4 (s), 145.5 (s), 160.9 (s),
161.3 (s), 161.6 (3), 161.7 (s), 162.1 (s), 162.2 (s), 169.9 (s), 170.1
(s), 209.8 (s), 210.2 (s), 214.0 (2 s); m/z (EI) 1444.7632 (M* + Na),
Cq H,;5N;0,5S1; + Na requires 1444.7635.

The C3 TBDPS ether of ulapualide A (83)

Pyridinium p-toluenesulfonate (0.8 mg, 0.003 mmol) and N-
methylformamide (17 pl, 0.29 mmol) were added sequentially to
a stirred solution of the aldehyde 82b (14 mg, 0.013 mmol) in dry
benzene (30 ml) and the mixture was then heated under reflux for
4 h in a nitrogen atmosphere. The solution was cooled to room
temperature and another portion of N-methylformamide (12 pl,
0.21 mmol) was added, and the mixture was heated under reflux
for a further 6 h. The mixture was cooled to room temperature,
and then diluted with ethyl acetate (10 ml) and water (5 ml). The
separated organic phase was washed with brine (5 ml), then dried
(Na,S0O,) and concentrated in vacuo. The residue was purified by
chromatography on silica using ethyl acetate-light petroleum (bp
40-60 °C) (1:1 to 3:1) as eluent to give the N-methyl-N-alkenyl
formamide (5.6 mg, 40%), as a colourless oil, which was used
without further purification; '"H NMR (500 MHz, CDCl;) J 0.78
(3H, d, J 6.7 Hz, CH;-33), 0.83 (3H, d, J 6.8 Hz CH;-29), 1.00—
1.04 (3H, m, CH;-39), 1.02 (9H, s, (CH;),CSi(Ph),), 1.07 (3H, d,
J 6.9 Hz, CH;-37), 1.17-1.25 (1H, m, CHH H-34), 1.28 (3H, d,
J 7.0 Hz, CH;-9), 1.37-1.59 (4H, m, H-4, H-31), 1.65-1.77 (4H,
m, H-5, H-33, CHH H-34), 1.84-1.93 (1H, m, H-29), 2.00 (3H, s,
CH,CO), 2.20-2.35 (2H, m, H-6), 2.38 (1H, dd, J 16.5, 5.4 Hz,
CHH H-8),2.43-2.57 (4H, m, CHH H-27, H-35, H-39), 2.60-2.64
(2H, m, H-2), 2.64-2.69 (1H, m CHH H-27), 2.71-2.80 (1H, m,
H-37), 2.88-2.93 (1H, m, H-32), 3.08 (3.04) (3H, s, NCH,), 3.13
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(1H, dd, J 16.5, 8.2 Hz, CHH H-8), 3.18-3.24 (1H, m, H-28),
3.26 (3H, s, CH;0C-32), 3.31 (3H, s, CH;0C-28), 3.35-3.44 (1H,
m, H-9), 4.24-4.32 (1H, m, H-3), 4.98 (1H, dd, J 14.4, 9.2 Hz,
H-40), 5.05-5.11 (1H, m, H-30), 5.14 (2H, dd, J 8.9, 3.8 Hz, H-
38), 6.35 (1H, d, J 15.7 Hz, H-25), 7.01-7.13 (1H, m, H-26), 7.17
(6.50) (1H, d, J 14.4 Hz, H-41), 7.29-7.44 (TH, m, ArH, H-14),
7.65-7.75 (4H, m, ArH), 8.05 (2H, s, H-19, H-24), 8.29 (8.08)
(1H, s, CHO); m/z (EI) 1141.5544 (M* + Na), CoHyoN;0,5Si +
Na requires 1141.5545.

Ulapualide A (1)

A 70% solution of hydrogen fluoride in pyridine (0.5 ml) was
added dropwise over 5 min to a stirred solution of the TBDPS
ether 83 (4 mg, 0.004 mmol) in dry tetrahydrofuran (0.5 ml)
and dry pyridine (0.5 ml) at room temperature under a nitrogen
atmosphere. The mixture was stirred at room temperature for
12 h, and then diluted with ethyl acetate (10 ml) and quenched
by the careful addition of saturated aqueous sodium bicarbonate
solution (5 ml). The separated organic phase was washed with
saturated aqueous copper sulfate solution (2 x 5 ml) and brine
(5ml), then dried (Na,SO,) and concentrated in vacuo. The residue
was purified by chromatography on silica using ethyl acetate-light
petroleum (bp 40-60 °C) (3:1 to 1:0) as eluent to give ulapualide A
(1.8 mg, 60%), as a colourless oil; [a]p* —52.8 (¢ 0.11 in MeOH);
"HNMR (500 MHz, CDCl;)6 0.83 (3H, d, J 6.8 Hz, CH;-33),0.91
(3H,d, J 6.9 Hz CH;-29), 1.05 (3H, d, J 6.8 Hz, CH;-39), 1.08 (3H,
d, J 7.0 Hz, CH;-37), 1.27-1.31 (1H, m, CHH H-34), 1.33 (3H, d,
J 7.0 Hz, CH;-9), 1.46-1.63 (4H, m, H-4, H-31), 1.67-1.87 (5H,
m, H-5, H-29, H-33, CHH H-34),2.02 (3H, s, CH;CO), 2.43-2.57
(9H, m, H-2, H-6, CHH H-8, CHH H-27, H-35, H-39), 2.63-2.71
(1H, m CHH H-27), 2.71-2.80 (1H, m, H-37), 2.95-2.99 (1H, m,
H-32),2.99 (1H, dd, J 15.0, 7.2 Hz, CHH H-8), 3.08 (3.04) (3H, s,
NCH,;), 3.28-3.34 (1H, m, H-28), 3.32 (3H, s, CH;0C-32), 3.39
(3H, s, CH;0C-28), 3.39-3.48 (1H, m, H-9), 4.20-4.29 (1H, m,
H-3), 4.46-4.52 (1H, br, OH), 4.95-5.03 (1H, m, H-40), 5.14 (2H,
dd, J 8.8, 3.7 Hz, H-38), 5.25-5.30 (1H, m, H-30), 6.41 (1H, d,
J 16.1 Hz, H-25), 6.97-7.05 (1H, m, H-26), 7.17 (6.50) (1H, d, J
14.3 Hz, H-41), 7.41 (1H, s, H-14), 8.06 (2H, s, H-19, H-24), 8.30
(8.09) (1H, s, CHO); “C NMR (125 MHz, CDCl;) 6 9.1 (q), 13.4
(q), 15.6 (9), 18.9 (q), 19.5(q), 20.8 (1), 21.0 (q), 27.7 (1), 27.9 (d),
32.2 (t), 33.1 (q), 33.6 (1), 34.6 (d), 37.0 (d), 37.3 (1), 39.9 (1), 40.5
(d), 43.0 (1), 43.9 (1), 48.3 (1), 48.7 (d), 57.8 (q), 58.2 (q), 68.6 (d),
73.0 (d), 77.6 (d), 80.0 (d), 81.8 (d), 110.5 (d), 112.2 (d), 117.3 (d),
125.6 (d), 129.6 (d), 130.4 (s), 131.8 (s), 133.5 (d), 137.4 (d), 137.8
(d), 139.8 (d), 146.5 (s), 154.3 (s), 156.3 (s), 161.0 (d), 162.2 (d),
162.8 (s), 170.1(s), 172.6 (s), 210.5(s), 211.7 (s); m/ z (EI) 903.4385
(M* + Na), C,sHgN,Oy; + Na requires 903.4368.
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A highly emissive nucleobase analog, based on a thieno[3,4-
d]pyrimidine core, is enzymatically incorporated into RNA
oilgonucleotides that function as base discriminating fluores-
cent probes.

A fundamentally simple yet practically challenging task in nucleic
acid diagnostics is the detection of single nucleotide polymorphism
(SNP).! Such mutated base pairs, while in many cases associated
with benign biological outcomes, could also be linked to certain
diseases or reflect susceptibility to specific therapeutics.> Whereas
several approaches for the detection of SNPs have been developed
and commercialized,** efforts have recently been made to advance
base-discriminating fluorescent (BDF) nucleosides, a term coined
by Saito et al.’ Upon hybridization to a given target, such emissive
modified nucleobases can, in principle, identify the paired base
on the opposite strand by eliciting a specific change in their
photophysical characteristics.® Such fluorescence-based tools can
facilitate the future development of enzyme-free and homogenous
SNP detection protocols. They present, however, a considerable
challenge in nucleobase probe design, as our ability to correlate
structure and microenvironment with photophysical properties is
currently limited.”

Our program aims at the development of simple and minimally
perturbing emissive nucleobases. The primary design principle
entails maintaining the highest possible structural similarity to the
natural nucleobases, while bestowing useful photophysical prop-
erties upon the probes. Of particular significance is their ability
to respond to and report on changes in their microenvironment.
Several useful nucleobase analogs have been obtained by either
conjugating or fusing five-membered aromatic heterocyclic rings
onto the pyrimidines at their 5 or 5,6 positions, respectively.?
Conjugating furan to a dU core, for example, has generated an
emissive analog that responds to the presence of abasic sites in
DNA via enhanced emission.® The analogous furan containing
ribonucleoside has been shown to serve as a useful probe for
monitoring RNA-ligand binding." Here we report on a new motif
for highly emissive nucleobase analogs based on a thieno[3,4-
d]pyrimidine core. We report the synthesis of the ribonucleoside,
its basic photophysical characteristics, and its conversion into a
triphosphate, as well as its enzymatic incorporation into RNA
oligonucleotides. We then illustrate the ability of the emissive
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RNA strand to photophysically distinguish between perfect and
mismatched base pairing upon hybridization to DNA oligonu-
cleotides.

Short RNA constructs were selected in this case as fluorescent
hybridization probes as such oligonucleotides tend to form stable
heteroduplexes with DNA, frequently of higher stability than
the corresponding DNA-DNA duplexes."! Although solid-phase
synthesis is a powerful tool for the site specific modification of
nucleic acids, we have chosen transcription reactions as a method
of choice for incorporating the fluorescent nucleotide into short
RNA oligonucleotides due to the following reasons: (a) the one
step preparation of the necessary triphosphate is simple, not
requiring extensive protection of the nucleoside, (b) transcription
reactions provide the desired RNA product in one step, eliminating
the lengthy deprotection steps that follow typical solid-phase
oligoribonucleotide synthesis; (c) reasonably large quantities of
RNA can be synthesized by transcription reactions with minuscule
amounts of a triphosphate; and (d) several modified constructs can
easily be made by changing the transcription template.

Thieno[3,4-d]pyrimidine 3 was synthesized in two steps from
commercially available starting materials (Scheme 1). Methyl
3-aminothiophene-4-carboxylate hydrochloride (1) was treated
with KOCN to yield the corresponding urea, which cyclized to
the corresponding pyrimidine 3 upon treatment with sodium
methoxide in methanol.’* The emissive heterocycle 3 was con-
verted into the ribonucleoside 4 using a standard glycosylation

O (o]
~r” “OCH; a OCHs ~¢" “NH
Q% - Cﬁ Qﬁ L
NH, N

NHCONH2
1 2 3
lc
o)
NH <j\)LNH
o o
‘O—P—O—P—O—P—O
-0
(Et3NH

Scheme 1 Synthesis of thieno[3,4-d]pyrimidine-based emissive nucleo-
side and its triphosphate. Reagents: (a) KOCN, aq. acetic acid, RT, 81%; (b)
NaOMe, MeOH, RT; (¢) (i) N,O-bis(trimethylsilyl) acetamide, TMSOTHT,
CH;CN, RT, 57% (steps b and c¢); (ii) NH,OH, dioxane, 60 °C, 84%; (d) (i)
POCl;, (MeO);PO, 0-4 °C; (ii) tributylammonium pyrophosphate, Bu; N,
0-4°C, 56%.
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procedure™ employing 1-O-acetyl-2,3,5-tri-O-Bz-ribofuranoside
and TMSOTHT, followed by deprotection with aqueous ammonia.

The triphosphate 5, required for enzymatic RNA synthesis, was
then prepared in a reasonable yield by treating 4 with POCI,
in trimethylphosphate followed by tributylammonium pyrophos-
phate (Scheme 1). Ion exchange chromatography followed by
HPLC purification provided the analytically pure triphosphate
suitable for transcription reactions.

The sensitivity of the nucleoside’s photophysical characteristics
to changes in its microenvironment was evaluated prior to its
incorporation into RNA oligonucleotides (Table 1). Nucleoside
4 displays two major absorption maxima (260 and 304 nm), which
exhibit minimal sensitivity to solvent polarity (Fig. 1). When an
aqueous solution of the nucleoside is excited at 304 nm, a strong
emission is observed at 412 nm (Fig. 1), with a quantum yield of
0.48 £ 0.05."> In contrast to the ground state absorption profiles,
the emission maximum (4,,) and intensity are considerably
affected by solvent polarity (Fig. 1, Table 1). As solvent polarity
is decreased from water to methanol, and finally acetonitrile,
significant hypsochromic shift (26 nm) and hypochromic effect
(>3-fold) are observed. Excellent linear correlation between
emission energy and Er(30), Reichardt’s microscopic solvent
polarity parameter,® is observed (Figure S17), suggesting that the
highly emissive nucleoside is responsive to its microenvironment,
a necessary property for a useful nucleobase probe.'®
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Fig.1 Absorption (100 uM) and emission (5.0 uM) spectra of nucleoside
4 in water (red), methanol (blue) and acetonitrile (green). Excitation
wavelength was 304 nm, and excitation and emission slit widths were 3
and 5 nm, respectively. Stock solutions for absorption and emission spectra
contained 10% and 0.5% DMSO, respectively.

Diverse interactions with neighboring bases can affect the
photophysical characteristics of an emissive nucleoside upon

Table 1 Photophysical data of thiophene-modified uridine 4

incorporation into oligonucleotides.” To preliminarily evaluate
the impact of the native nucleobases on the excited state of the new
emissive nucleoside, nucleoside monophosphates (AMP, TMP,
GMP and CMP) were titrated into a buffered solution of nu-
cleoside 4 and emission spectra were taken.'?> Stern—Volmer plots
illustrate that GMP exhibits greater quenching than TMP and
AMP with quenching constants (K,,) of 0.3, 0.1 and 0.02 mM~!,
respectively (Fig. 2). CMP displays a nonlinear behavior, but
significant quenching, comparable to that of GMP, is observed
at high concentrations.

4.2
—8— AMP J

F

o 2.6
[

0 2 4 6 8 10
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Fig. 2 Steady-state Stern—Volmer plot for the titration of nucleoside 4
with AMP, GMP, CMP and TMP.

As noted above,'™'® enzymatic incorporation of modified nucle-
osides could be a powerful approach for the synthesis of useful
unnatural RNA constructs. To explore if the modified nucleoside
is suitable for enzymatic incorporation, transcription reactions
with T7 RNA polymerase and triphosphate 5, were performed.
A duplex DNA template was assembled by annealing the 18-
mer T7 consensus promoter to a synthetic DNA template 6
(Fig. 3).” This template contains a unique dA residue to direct
the incorporation of the modified U analog. It also contains a
unique T residue at the 5-end. When performed in the presence of
a-*P ATP, a successful transcription reaction would result in the
3'-end labeling of the RNA transcript, which could be resolved
on a denaturing sequencing polyacrylamide gel and visualized.
Truncated RNA transcripts would remain undetected in failed
transcription reactions. A phosphorimage of the PAGE resolved
transcription reaction with template 6, showed the formation of
full length 10-mer RNA product 7 (Fig. 4, lane 2), corresponding
to an efficiency of 51 + 6% relative to an unmodified RNA

Solvent Amax”/IM Aem/NM 1. E1(30)/Kcal mol™! Energy/cm™!
Water 304 412 33 63.10 2.43 x 10*
Methanol 304 404 2.9 55.40 2.48 x 10*
Acetonitrile 304 386 1.0 45.60 2.59 x 10*

“ Conditions for absorption and emission spectra: 100 and 5.0 uM, respectively. * The lowest energy maximum is given. ¢ Relative emission intensity with

respect to intensity in acetonitrile.
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5 TAATAC GACTCACTATAG 3
3 ATT ATG CTG AGT GAT ATC GCG GCA CGT 5

lT7 RNA polymerase

T7 promoter
Template 6

ATP, GTP, CTP, UTP, 5
a-p ATP

5 ppGCG CCG4GCA 3 7

5 ,pp)GCG CCGUGCA 3 8

3'CGC GGC ACGT & 9

3*CGC GGCCCGT s 10
3'CGCGGC TCGT & 11
3CGC GGC GCGT 5 12

Fig. 3 Enzymatic incorporation of thiophene-modified ribonucleoside
triphosphate 5. DNA template 6 annealed to 18mer consensus T7 promoter
and corresponding RNA transcripts (7 and 8). Also shown are synthetic
complementary and mismatch deoxyribooligonucleotides (9-12) used in
this study.

UTP +
5 &
1

Full length (g

R+
w + +

«-32p ATP - '

Fig. 4 Transcription reaction to study the incorporation efficiency of
thiophene-modified triphosphate 5.

transcript 8, formed in the presence of natural NTPs only (Fig. 4,
compare lanes 1 and 2). Slower migration of the modified RNA
transcript 7 compared to the unmodified transcript 8 is indicative
of the incorporation of the higher molecular weight modified
nucleoside (Fig. 4, compare lanes 1 and 2). When the transcription
reaction was performed with this template in the presence of
equimolar concentrations of UTP and 5, T7 RNA polymerase
exhibited a preference for the natural UTP (Fig. 4, lane 3). A
control reaction in the absence of 5 did not result in the formation
of any full-length product (Fig. 4, lane 4). Taken together,
these observations clearly indicate that the enzyme accepts and
incorporates the unnatural triphosphate 5 into the RNA strand
with reasonable efficiency when not in competition with UTP.2

Larger quantities of oligoribonucleotide 7 were made by large-
scale transcription reactions using template 6. MALDI-TOF MS
measurement of the PAGE purified transcript established the
integrity of the modified full-length RNA (Figure S4%)."> To
further ascertain the presence of the intact thiophene-modified nu-
cleobase in the RNA transcript, enzymatic digestions of transcript
7 with snake venom phosphodiesterase I, calf intestine alkaline
phosphatase, RNase A, and RNase T1 were performed.”> HPLC
analysis of the resulting ribonucleoside mixture unambiguously
revealed the presence of the modified nucleoside 4 and verified the
expected stoichiometry (Fig. 5).

While the RNA transcript 7 showed an emission at 412 nm,
similar to the emission profile of the free nucleoside 4 in water, its
intensity was ~5.5-fold lower than the free nucleoside (Figure S57).
Further quenching was observed upon hybridization to a perfect

rG
a
rc ru A
4
L
0 5 10 15 20
b
| i
0 5 10 15 20

Retention time (min)

Fig. 5 HPLC profile of enzymatic digestion of transcript 7 at 260 nm.
(a) Authentic nucleoside samples and modified nucleoside 4. (b) Digested
RNA transcript. See ESI for details.t

DNA complement 9 (Fig. 6). This quenching of fluorescence
could be attributed to partial stacking of the chromophore and
alteration of its microenvironment, or by neighboring bases via
a photoinduced electron transfer mechanism, or both.?? Similar
reduction in emission has also been seen with other fluorescent
nucleoside analogs (e.g., 2-aminopurine, pyrroloC).? Remarkably,
the emission of the duplex (7e10) containing the fluorescent
nucleoside 4 opposite to C, was enhanced over 7-fold as compared
to the perfect duplex 79 (Fig. 6), where 4 is found opposite to
A. Mismatched duplexes 7e11 and 712, placing T and G opposite

350
— 79
300+ — 7410
- — 711
D 250- — 742
o
o 200-
[~
>
2 150
[72]
S
£ 1004
50
0

T T T T T
350 400 450 500 550
Wavelength (nm)

Fig. 6 Emission spectra of duplexes (1 uM) in 20 mM cacodylate buffer
(500 mM NacCl, 0.5 mM EDTA, pH 7.0) at 25 °C. See ESI for details.t
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to 4, respectively, while exhibiting stronger emission compared
to the perfect duplex 79, were still significantly weaker than
observed for a 4eC mismatch in 7e10. Nucleoside 4 therefore
positively responds to the presence of a C nucleoside in a
complementary oligodeoxynucleotide and can be classified as a
base discriminating fluorescent nucleoside.

Several factors could be responsible for the enhanced emission
observed for the mismatched duplex 7e10. Possibly the simplest
one would be severe destabilization caused by the putative 4-C
interaction leading to ineffective hybridization and, consequently,
high abundance of the more emissive single stranded RNA 7.
To preemptively address such a possibility, we have conducted
the hybridization and fluorescence experiments at slightly elevated
ionic strengths (500 mM NaCl). Importantly, thermal denatura-
tion studies with all 4-containing duplexes and their corresponding
control unmodified duplexes indicated that the incorporation
of the thiophene modification had minimal effect on duplex
stability (Table 2). While the perfectly-matched and least emissive
duplex 79 suffered a ~6 °C of destabilization, all modified
duplexes were as stable as or more stable than their unmodified
counterparts (Table 2, Figures S6, S7t). Additional native gel
retardation experiments with *P-labeled transcript RNA 7 with
ssRNA as the control (Figure S87) showed that all duplexes were
completely intact under the condition utilized for the emission
measurements.’> Taken together, these results suggest that the
modified nucleobase is likely to reside inside the helix and that
the drastic emission enhancement observed for a mismatched
duplex where 4 is found opposite C, when compared to a perfect
duplex with 4 opposite A, is likely to result from differences in the
microenvironment of the fluorescent nucleobase.

Numerous mechanisms, operating either in the ground or
excited states, may account for the different impact of the opposite
base upon the photophysical characteristics of an emissive nucle-
obase. Bulging out of a duplex, differential hydration of a non-
canonical base pair, or base-pairing mediated tautomerization,
constitutes a few ground state processes. Photo-induced electron
or proton transfer represents plausible excited state events. Based
on the Stern—Volmer titrations reported above it is clear that
quenching by specific nucleobases is not directly correlated with
the observed enhanced emission upon mispairing of 4 with C,
although it is likely to impact the quantum yield of the emis-
sive nucleobase. Additional experiments are required to further
ascertain the fundamental causes of the observed photophysical
behavior of 4 when incorporated into oligonucleotides.

Table 2 Thermal melting of duplexes derived from modified (7) and
unmodified (8) RNA transcripts®

Tm/°C Tm/°C

Modified duplex Unmodified duplex

79 53.3+0.7 8¢9 59.4+0.1
Te10 52.8+0.1 8e10 48.3+0.7
Tell 54.6 £0.5 8ell 50.3+0.7
Tel2 50.3+0.7 8e12 498 +14

“ Duplexes were formed by annealing a | : 1 mixture of the oligonucleotides
in 20 mM cacodylate buffer (pH 7.0, 500 mM NacCl, 0.5 mM EDTA).
Concentration of each duplex was 1 pM."

In summary, the thieno[3,4-d|pyrimidine core represents a new
motif for emissive nucleobase analogs, with emission in the
visible range and respectable quantum yield. The corresponding
ribonucleoside triphosphate can be enzymatically incorporated
into RNA oligonucleotides using T7 RNA polymerase and the
resulting fluorescent constructs can be employed as hybridization
probes, positively reporting the presence of a C mismatch by
enhanced emission. Nucleobase 4 therefore expands the repertoire
of emissive isomorphic nucleoside analogs and opens up new
opportunities to explore photophysical properties of modified
nucleic acids.
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The naturally-occurring cyclic cystine-knot microprotein trypsin inhibitors MCoTI-I and MCoTI-I1
have been synthesised using both thia-zip native chemical ligation and a biomimetic strategy featuring
chemoenzymatic cyclisation by an immobilised protease. Engineered analogues have been produced
containing a range of substitutions at the P, position that redirect specificity towards alternative
protease targets whilst retaining excellent to moderate affinity. Furthermore, we report an MCoT1
analogue that is a selective low-uM inhibitor of foot-and-mouth-disease virus (FMDYV) 3C protease, the

first reported peptide-based inhibitor of this important viral enzyme.

Introduction

Cyclotides'* are a unique class of head-to-tail cyclic cysteine-
rich microproteins up to 37 amino acids in length that exhibit
a wide range of biological properties, ranging from anti-HIV*?®
to insecticidal activity.*” In contrast to many smaller naturally
occurring cyclic peptides they are true gene products, and possess
a highly stable cystine-knotf topology, whereby two disulfide
bridges form a ring through which a third is threaded.*'® This
combination of intricate structure, diverse biological activity and
unusual biogenesis has inspired a growing research effort directed
towards understanding the synthesis and function of cyclotides
both in the cell and in vitro.”"*** In addition, their high resistance
to degradation in vivo has attracted recent and widespread
interest in the potential of cyclotides as scaffolds to present
structured protein domains for therapeutic applications.’**” To
date, cyclotides have been isolated from a variety of plant species,
including Cucurbitaceae (genus Momordica),'®'® Rubiaceae® and
Violaceae,?** where they are thought to act as antifeedants.’
Recent work, most notably by the Craik group, has provided
the three-dimensional structures of a wide range of cyclotides by
NMR.? Syntheses of several small to medium size cyclotides have
been reported*2®

The cyclotides MCoTI-I and MCoTI-II were first isolated from
the dormant seeds of Momordica cochinchinensis, and have been
shown to be very potent (sub-nM) inhibitors of trypsin."® Whilst
the MCoTI trypsin inhibitor cyclotides do not share significant
sequence homology with other cyclotides beyond the presence
of the three cystine bridges, solution NMR has shown that
they do indeed adopt a backbone-cyclic cystine-knot topology
(Fig. 1). The binding mode of these cyclotides is likely to be
similar to that of related cystine-knot trypsin inhibitors such as
EETT;"2*3 however, their rigidifying cyclic backbone contributes
both enhanced stability and increased potency in comparison to
these simpler structures.

Department of Chemistry, Imperial College London, Exhibition Road,
London, SW7 2AZ. E-mail: e.tate@imperial.ac.uk, rleatherbarrow@
imperial.ac.uk; Fax: (+44) (0)2075941139

T Note that the term cysteine-knot is also used to describe this structural
motif.

[ SGSDGGVCPKILX;X,CRRDSDCPGACICRGNGYCG

MGCoT-II:
MCoTl-I:

X =X=K
X=Q, % =R

Fig. 1 Solution NMR structure of MCoTI-II and sequences of the
known naturally-occurring MCoTI cyclotides, MCoTI-I and -I1.'*%¢ Key
residues in the active loop (Pro9, Lysl10, Ile11) and the cystine bridges are
highlighted. Red: alpha helix; green: backbone; yellow: cystine bridges.
Structure rendered with PyMOL.¥

As part of our ongoing studies on the potential of cyclotides
as stable scaffolds for drugs or as tools for chemical genetics®
we wished to explore whether the structure of the MCoTI
cyclotides may be re-engineered to exhibit novel inhibitory ac-
tivity. Furthermore, previous studies suggest that cyclotides from
Rubiaceae and Violaceae form via protease-mediated ring closure
at a conserved motif,'%323 and we hypothesised that the total
synthesis of MCoTI cyclotides might be achieved via a biomimetic
protease/ligase pathway. Here we report in full our recent studies
in these two areas,**** and describe the activity and selectivity of
natural and engineered MCoT]I cyclotides for a range of proteases.
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We also discuss the potential implications for future work aimed
at realising the full potential of cyclotides as tools in medicinal
and chemical biology.

Results and discussion
Chemical synthesis of engineered MCoTI cyclotides

Total synthesis of an engineered cyclotide presents three key
challenges:

1. Synthesis of the backbone, which in the case of MCoTI
contains a sensitive Asp-Gly sequence.

2. Head-to-tail backbone cyclisation.

3. Oxidative protein folding to form the three disulfide bonds in
the correct cystine-knot geometry.

In practise, the strategy adopted for backbone synthesis lays the
foundation for correct cyclisation and folding, and this may be
approached using a range of methodologies. Boc-,*® microwave-
enhanced* and Fmoc-*3*3*% based solid-phase peptide synthesis
(SPPS) have all been used for cyclotide backbone construction,
whilst recent work has shown that bacterial expression can also be
an effective approach for smaller scale production of the cyclotide
backbone.

Backbone cyclisation may then be achieved by exposing a suit-
ably side chain protected backbone peptide bearing an amino N-
terminus and a carboxy C-terminus to standard peptide coupling
conditions, but this approach suffers from multiple drawbacks
including poor peptide solubility and the need for high dilution.
Thia-zip native chemical ligation (TZ-NCL), a technique first
pioneered by the Tam group,*** has emerged as the most effective
method for backbone cyclisation of cysteine-rich cyclic peptides,
and is particularly applicable to the synthesis of cyclotides.

In this approach, an unprotected backbone peptide bearing an
N-terminal cysteine and a C-terminal thioester is simply dissolved
in a suitable buffer triggering a spontaneous cascade cyclisation
reaction, resulting in eventual formation of a macrocyclic thioester
that undergoes native chemical ligation to the target head-to-
tail cyclic peptide (Scheme 1). The presence of multiple internal
cysteine residues greatly accelerates the cyclisation by providing
a series of thiolactone intermediates of inferior ring size that are
readily populated under equilibrium conditions, and are eventu-
ally converted into the target compound by irreversible macrolac-
tamisation of the largest ring via NCL. Similarly, in the bacterial
expression of cyclotides constructs bearing a C-terminal intein per-
mit a similar mechanism to operate.?® Despite the potentially prob-
lematic synthesis of a C-terminal thioester, the overall sequence
of SPPS followed by TZ-NCL has proven to be significantly more
efficient and reliable than the analogous peptide bond formation
at high dilution, and may be performed at relatively high concen-
tration without detectable formation of oligomeric by-products.

Subsequent formation of the three disulfide bonds in the correct
configuration is highly dependent on the inherent propensity of
the cyclotide to adopt a cystine-knot.® In some cases, differential
protection of cysteine residues with acetamidomethyl (Acm)
groups is required to direct sequential formation of one or two
disulfide bonds, followed by forced oxidation to the native state.*
Unfortunately, this approach may reduce the efficiency of TZ-
NCL due to reduced availability of internal cysteine residues, and
disulfide bond exchange tends to reduce the purity of the final

c=0
A— HS, . ?‘
HS sH SG\ T )
SH
HS‘B‘Q\/}%&M‘%COSR i 1
NH-Cys="
& SH (‘*Ci[s-NHz
/7 v
P i 1
é S\{NHE Thia-zip SH
SH =0  — /‘
[
SH - r SH
Q
Native \ SH
P o
Chemical 4 Hsm ]
Ligation [ "sH SH 'i‘H

Scheme 1 Schematic representation of thia-zip native chemical ligation
(TZ-NCL). Ring expansion occurs via an inter-converting series of
macrothiolactones, the largest of which can be trapped by an N-to-C
rearrangement (native chemical ligation, NCL) to yield the target
macrolactam.

product. However, a recent systematic study on the mechanism
of oxidative folding of plant-derived MCoTI-II by Craik et al.
demonstrated that it has a strong tendency to adopt the native
cystine-knot conformation,” so we did not anticipate significant
problems with this step.

We therefore chose to adopt Fmoc-based SPPS synthesis
of the backbone thioester followed by TZ-NCL for the total
synthesis of MCoTTI cyclotides and analogues. The Ala22-Cys23
amide bond was selected as the optimal position for backbone
cyclisation, since among the possible Xaa-Cys disconnections it
presents the lowest hindrance to NCL. SPPS was carried out on
a sulfamylbutyryl ‘safety-catch’ linker* after loading of the C-
terminal alanine residue under optimised conditions, as shown
in Scheme 2. Activation and displacement of the resultant C-
terminal sulfonamide was best achieved with iodoacetonitrile and
ethyl 3-mercaptopropionate, resulting in excellent overall yield
of linear thioester with respect to a sequence of 60+ synthetic
steps. Introduction of the sensitive Asp-Gly motif as a dipeptide
bearing a hydroxy-4-methoxybenzyl (Hmb)** protecting group on
the glycine backbone nitrogen to suppress aspartimide formation
was found to be essential, and omission of this group resulted in
only trace quantities of linear product from SPPS.

In addition to the naturally-occurring MCoTI-I and MCoTI-
IT cyclotides, a focussed series of MCoTI-1I analogues bearing
alternative residues in place of Lysl0 was designed to enable
a systematic investigation of the influence of this position on
protease inhibition. Lys10 is recognised as the key determinant of
binding to trypsin by analogy to well-characterised homologous
cystine-knot trypsin inhibitors such as EETL,** and occupies
the P, position in the substrate binding site. Engineering changes
at this residue would therefore be expected to alter inhibitory

This journal is © The Royal Society of Chemistry 2008
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Scheme 2 Synthetic route for SPPS synthesis of MCoT] cyclotide back-
bone thioester (ze-MCoTI) analogues, starting from sulfamylbutyryl AM
resin. MCoTI-I: X, = Q, X, =R, X; = K; MCoTI-II: X, =X, = X; =K;
MCoTI-II analogues: X, =X, =K, X; =R, Q, F, V, A or AKQ. Protecting
groups: Boc: tert-butyoxycarbonyl; Trt: trityl; Fmoc: 9-fluorenylmethoxy-
carbonyl; Pbf: 2,2,4,6,7-pentamethyl dihydrobenzo furan-5-sulfonyl; Hmb:
hydroxy-4-methoxybenzyl (on backbone nitrogen). See Table 3 for overall
yields of linear thioesters. Conditions: (a) Fmoc-Ala-OH, DIPEA, PyBOP,
—20 °C, 8 h; (b) Fmoc—'Bu SPPS; (¢) NMP, DIEPA, iodoacetonitrile
(excess), 24 h, r.t.; (d) sodium thiophenolate (cat.), ethyl 3-mercaptopropi-
onate, DMF, 16 h, r.t.; (e) TFA, H,O, EDT, TIPS (94:2.5:2.5:1).

activity against trypsin, and potentially enable the development of
inhibitors of alternative proteases whose activity depends on the
presence of a residue other than Lys at P,, by analogy with pre-
vious work on peptide-based protease inhibitors.** Accordingly,
open chain thioester MCoTI-II analogues (te-MCoTI) bearing
positively charged (Arg), hydrophobic (Val, Ala), aromatic (Phe)
or amide (Gln) side chains were synthesised (Scheme 2b), along
with one analogue with an expanded active loop (Ala-Lys-Gln)
to investigate the versatility of the synthetic strategy with a longer
backbone.

Backbone cyclisation of the linear thioesters via TZ-NCL was
achieved under standard NCL conditions (100 mM ammonium
carbonate buffer, pH 7.5), and in the presence of a reducing
agent such as tricarboxyethyl phosphine (TCEP) the reduced
cyclic backbone with six free cysteine thiols was isolated. Mild
oxidative refolding by exposure to air in the presence of a suitable
disulfide bond-exchange mediator (glutathione, reduced form)
resulted in smooth conversion to a new product within minutes,
as determined by reverse-phase HPLC (RP-HPLC). Analysis of
this material by MALDI-TOF showed the formation of 3 disulfide
bonds, and the native cyclotide fold of synthetic MCoTI-II was
confirmed by NMR following the protocols of Craik et al.,* and
in inhibition studies (see below). Optimal results were obtained by

combining cyclisation and refolding in a one-pot reaction, whereby
the linear thioester is treated with glutathione in the same buffer,
producing the target cyclotide in excellent overall yield (Scheme 3).
The extended MCoTI-II variant MCoTI-II[AKQ] was formed
in comparable yield and purity, suggesting that the MCoTI-II
cyclotide fold tolerates the presence of additional residues in this
loop.

H—CICRGNGYCGSGSDGGVCPX;ILX1X,CRRDSDCPGA—S COOEt

te-MCoTl analogues
Thia-zip NCL l a

rSGSDGGVCPX3ILX1XZCRRDSDCPGACICRGNGYCG—I

Oxidative
refolding

|—SGSDGGVCPX3ILX1XZCRRDSDCPGACICRGNGYCG—I

MCoTI analogues

Scheme 3 One-pot TZ-NCL-refolding of linear precursor thioester
(te-MCoTTI) analogues; X, X,, X;: see Scheme 2. Solid bond: backbone
cyclisation; dashed bonds: disulfide bridges. See Table 4 for isolated
yield of target cyclotide after purification by RP-HPLC. Conditions:
(a) glutathione (1 mM, reduced form), aqueous ammonium carbonate
(100 mM, pH 7.4), r.t., 24 h. The intermediate head-to-tail cyclic peptide
undergoes spontaneous refolding under these conditions to yield the target
cyclotide in a one-pot reaction.

Protease inhibition by engineered cyclotides

With a variety of natural and engineered MCoTI cyclotides in
hand, we next analysed their activity against a panel of proteases
(Table 1). As previously determined for the natural products,
synthetic MCoTI-I and MCoTI-II are extremely potent trypsin
inhibitors, with K; values in the low-pM range.” MCoTI-11[R],
which contains a conservative substitution that is tolerated in
trypsin substrates, also maintains the potency of the parent
natural product. These cyclotides also proved to be highly selective
for trypsin: all other analogues tested had 10°- to 10*-fold
lower activity in the assay, emphasising the importance of a
positively-charged residue at P,. Activity was effectively switched
to chymotrypsin when Lys10 was changed to match the preferred
P, residue (Phe), with only MCoTI-1II[F] showing low-nM activity
against this enzyme, although other uncharged residues (Q, V, A)
were also tolerated to some degree. The MCoTI cyclotides appear
to be selective inhibitors for trypsin family proteases, exhibiting
micromolar or higher K; against the serine proteases thrombin
and subtilisin. Remarkably however, MCoTI-II[Q] and MCoTI-
IIJAK Q] show significant activity against 3C protease from foot-
and-mouth-disease virus (FMDV 3CP®),* a recently identified
cysteine protease essential for replication in this virulent pathogen.
Inhibition is specific to these cyclotides, which contain elements of
the preferred P,-P, residues (PAKQ) of FMDV 3Cre,* with other
cyclotide analogues showing no detectible activity. Crystallogra-
phy studies have shown that FMDYV 3Cr~, like other picornaviral
cysteine proteases, exhibits structural homology to mammalian
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Table 1

Inhibition activity (K;) of naturally-occurring and engineered MCoTI cyclotides against trypsin, chymotrypsin, thrombin and FMDV 3C

protease. Note that the units for activity against trypsin and chymotrypsin are pM and nM respectively, and are uM for all other enzymes

K; Values

Cyclotide Lys10 = [X] Trypsin/pM Chymo-trypsin/nM Thrombin/pM Subtilisin/uM FMDV 3Cr°/uM
MCoTI-1 2942 >10* >100 >100 >100

MCoTI-II 75+5 >10* >100 >100 >100
MCoTI-1I[R] 85+7 >10* >100 >100 >100
MCoTI-I[Q] 5% 10 2 x 10° >100 >100 41 +£25
MCoTI-I[F] 0.4 x 10° 9.8 £0.7 >100 49 + 4 >100
MCoTI-1I[V] >10° >10* >100 >100 >100
MCoTI-II[A] >10° >10* >100 >100 >100

MCoTI-I1 [AKQ] >10° >10* >100 >100 56 + 35

serine proteases including a chymotrypsin-like fold, which may
favour the inhibitory activity of MCoTI cyclotides against this
target.*”** MCoTI-11[Q] and MCoTI-II[AKQ)] represent the first
known protein-based inhibitors of this important viral protease.

Chemoenzymatic synthesis of engineered MCoT]I cyclotides

Having established the inhibition activity and selectivity profile
of the MCoTTI cyclotides, we next sought to design a simplified
synthesis of the head-to-tail cyclic cystine-knot scaffold by utilising
a biomimetic (chemoenzymatic) approach. It is known that related
cyclic peptidic trypsin inhibitors such as BPTI*** and SFTI-I*!
bind to the enzyme active site in an inter-convertible mixture
of non-covalent enzyme—peptide complex and covalently-bound
peptidyl-enzyme, a non-productive analogue of the acyl-enzyme
intermediate in proteolytic cleavage. Building on previous work
that shows that proteases can be induced to synthesise a peptide
bond by careful control of the reaction conditions,** we reasoned
that a linear cyclotide backbone acid bearing the P, residue at
the C-terminus might be a viable substrate for protease-mediated
ligation, thus enabling synthesis of the cyclic backbone without
the need for a C-terminal thioester.

An initial proof-of-principle experiment was carried out to test
whether this concept could be applied for total synthesis of the
naturally-occurring MCoTI-II. The requisite Lys10 C-terminal
acid open-chain backbone (0c-MCoTI-II) was synthesised in
excellent overall yield using Fmoc—Bu SPPS. As in our previous
syntheses of MCoTI cyclotides, aspartimide formation at the DG
motif was effectively suppressed by the introduction of Hmb
protection at the glycine backbone nitrogen.** oc-MCoTI-II was
refolded to the cystine-knot peptide rf-MCoTI-II by exposure to
our standard oxidative refolding conditions (Scheme 4), and no
misfolded peptide was observed by HPLC. In initial attempts to
achieve backbone ligation, mixtures of r/-MCoTI-II and trypsin
(up to 1 : 1 ratio) were combined in 100 mM phosphate buffer
(pH 7.4). In each case, some cyclisation to MCoTI-II was seen
by MALDI and HPLC by comparison with authentic MCoTI-II
prepared by one-pot TZ-NCL chemistry, but contamination with
peptides resulting from protease auto-digestion precluded further
analysis and purification.

Trypsin immobilised on Sepharose beads (polymer-supported
trypsin, PST) is used widely for sequencing applications, since
contamination through autocleavage is greatly suppressed. We
considered that PST might be employed as a polymer-supported
ligase for clean MCoTI macrolactamisation. Furthermore, the

oc-MCoTl

MCoTIl:PSP complex

MCoTl cyclotide

~10:1 -MCoTl

Scheme 4 Chemoenzymatic synthesis of MCoTI-II and analogues from
open-chain acids (oc-MCoT]I, prepared by SPPS), via refolded cystine—
knot intermediates (r/-MCoTI). PSP: polymer supported serine protease
(trypsin or chymotrypsin); X; = K or F. Conditions: (a) 0.1 M ammonium
carbonate (pH 7.8)-acetonitrile 1 : 1, I mM glutathione (reduced form);
(b) PSP (1 equiv.), 100 mM sodium phosphate (pH 7.0); (c) wash (H,O),
then 0.1% TFA .

newly formed cyclotide should remain tightly bound to the solid
support, enabling facile in situ affinity purification.{ In a typical

1 Subsequent to our first communication of the work presented here, PST
was also described as a reagent for affinity purification of MCoTI-11
expressed in E. coli.®
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Fig. 2 HPLC traces showing conversion of open-chain acid to refolded
backbone to target cyclotide. A: purified oc-MCoTI-1I; B: purified
rf-MCoTI-1I; C: product after elution of MCoTI-II from PST with 0.1%
TFA . Gradient: 0 to 85% MeCN in H,O (+ 0.1% TFA) over 40 minutes.

binding procedure (Scheme 4) a two-fold excess of rf-MCoTI-II
was incubated with sequencing grade PST suspended in phosphate
buffer (100 mM, pH 7.4) at 37 °C for 15 min, after which the
beads were washed several times with buffer. We hypothesised
that increased protonation at the trypsin active site might result
in release of the cyclotide from the putative cyclotide-enzyme
complex in a non-denaturing and pH-dependent manner, and
thus allow the relatively costly PST to be recycled. Gratifyingly,
upon treatment with 0.1% aqueous TFA (pH ~3) in deionised
water MCoTI-II was released from PST in 92% yield, and in high
purity (Fig. 2). MCoTI-II synthesised by this chemoenzymatic
method was identical in all respects to naturally occurring MCoTI-
1118192936 Tnterestingly, concomitant release of a small amount
(8%) of rf-MCoTI-II is observed, although it was absent from
the flow-through from the wash steps. Incubating pure MCoTI-
II with PST under the same conditions yielded an identical
mixture, strongly suggesting that this ~10 : 1 ratio reflects the
equilibrium mixture of MCoTI-II-trypsin complex to peptidyl-
enzyme intermediate, similar to that previously noted by Craik
et al. in related studies on SFTI-L1.5! It was found that by virtue of
the non-denaturing elution conditions, PST could be reused in at
least five cycles of protease-mediated ligation with no detectable
loss of activity. In summary, PST-mediated ligation effectively
combines macrolactamisation with on-bead affinity purification;
the cyclotide is bound as a 1 : 1 trypsin—cyclotide complex, as
evidenced by the ability of MCoTI-II to titrate the trypsin active
site, necessitating a stoichiometric quantity of PST relative to rf-

MCoTI-II. Remarkably, backbone refolding and PST-mediated
ligation/affinity purification may even be combined in a single
pot by simple incubation of crude oc-MCoTI-II with PST in
buffer containing 1 mM glutathione to give MCoTI-II and ~10%
residual rf-MCoTI-II in very high purity upon elution with 0.1%
TFA.

This facile new route to MCoTI-II was explored in a series
of experiments that show that PST possesses ligase specificity
for positively charged (Arg/Lys) residues at P, in the inhibitory
loop. The open-chain forms of the naturally occurring cyclotide
MCoTI-I (P,=Lys) and three MCoTI-II analogues in which P,
was changed to Arg, Gln or Phe (Table 2) were synthesised by
SPPS, and subjected to the refolding and PST-mediated ligation
conditions described above. Folded macrocyclic MCoTI-I and
MCoTI-II[R] were produced in high purity by comparison with
authentic samples prepared by TZ-NCL, whilst MCoTI-11[Q] and
MCoTI-II[F] appear to be cleaved at one or more positions on the
backbone, with multiple peaks observed in the RP-HPLC trace.
As for MCoTI-I1, ligation reactions yielded MCoTI-I (93%) and
MCoTI-II[R] (94%) together with refolded starting material in a
10 : 1 ratio. However, re-engineering the inhibitory loop to contain
P,=Phe enables ligation by chymotrypsin. Thus oc-MCoTI-
II[F] was refolded and incubated with commercially available
sequencing-grade polymer-supported chymotrypsin (PSC) to yield
MCoTI-II[F] analogue cyclotide (90%), with 10% residual rf-
MCoTI-II[F]. Furthermore, the reaction is highly specific: rf-
MCoTI-II[F] is the only MCoTT analogue susceptible to ligation
with PSC; other cyclotides are either unreactive or partially
digested under the same conditions. Qualitative selectivity in the
ligase reaction is therefore directly related to potency of inhibition:
only the most potent inhibitory cyclotides are susceptible to
ligation with a given solid-supported protease.

Conclusions

In summary, we have achieved the total synthesis of MCoTI-I,
MCoTI-II and MCoTTI cyclotide analogues in a strategy that
combines optimised SPPS of the peptide backbone bearing an
N-terminal cysteine and C-terminal thioester, native chemical
ligation/cyclisation via an efficient thia-zip reaction, and refolding
under mild conditions to yield the native cystine-knot topology. At
up to 36 residues in size, these compounds are among the largest
synthetic cyclotides reported to date, and their syntheses demon-
strate the versatility and efficiency of this synthetic approach.
Furthermore, we have developed a biomimetic strategy for the
synthesis of MCoTTI cyclotides bearing a Lys10 or Phel0 residue,

Table 2 Yield of cyclotides and intermediates synthesised by SPPS, refolding and protease-mediated backbone ligation

Yield (%)
Cyclotide Lys10 = [X] SPPS (oc-cyclotide) Refolding (rf-cyclotide) PST (cyclotide) PSC (cyclotide)
MCoTI-I 7 72 93« 0
MCoTI-II 8 65 92¢ 0
MCoTI-1I[R] 13 59 94« 0°
MCoTI-II[F] 5 64 0° 90"
MCoTI-I[Q] 10 60 0° 0

“In each case, residual rf-cyclotide was returned in 7-10% yield after in situ affinity purification. ® Starting material partially digested.
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utilising commercially available polymer-supported proteases that
can act as a ligase for the refolded cyclotide backbone. This
chemoenzymatic approach displays even greater efficacy than
the non-enzymatic route described above, and provides for in
situ affinity purification of the target cyclotides. The ease with
which 0c-MCoTI analogues fold and ligate in the presence of
an appropriate protease raises the possibility that biosynthesis of
MCoTI cyclotides might follow a protease/ligase pathway in vivo,
in a similar manner to the structurally related Kalata cyclotide
family.*?

To realise the full potential of cyclotides as stable scaffolds
for drugs and as tools for chemical genetics it is necessary to
demonstrate that their structure may be re-engineered without loss
of activity. We have reported here the first instance of redesigning
the active loop of a cyclotide to redirect its specificity towards
alternative targets whilst retaining moderate to high affinity.
Proteases are of central importance as current and potential
drug targets in a wide range of diseases. Foot-and-mouth disease,
a disease of cloven-hoofed livestock, exacts a severe economic
toll on affected communities.*® In the work presented here, the
first cyclotide inhibitors of the foot-and-mouth viral 3C protease
are reported,*® based on a re-engineered MCoTI-II cyclotide
scaffold. Though the potency of these first generation inhibitors is
moderate (low uM), it is notable that cyclotides based on a trypsin
inhibitor scaffold exhibit activity against this cysteine protease.

We anticipate that the efficient chemical and chemoenzymatic
routes presented here will be readily adapted to ligation, screening
and in situ purification of cyclotide-based libraries.>* In particular,
polymer-supported proteases represent a potentially powerful
platform for screening combinatorial libraries of precursor pep-
tides for sequences that can adopt a native cyclotide fold, and for
the identification of novel cyclotide-based protease inhibitors with
inherent stability in vivo.'™®

Experimental
Materials and methods

All general laboratory chemicals obtained from chemical suppliers
(Novabiochem UK or Sigma-Aldrich Chemical Co.) were used
without further purification. Peptides were synthesised using
an Advanced ChemTech Apex 396 multiple peptide synthesiser
(Advanced Chemtech Europe, Cambridge, UK). Purification of
crude peptides was performed on a Gilson semi-preparative RP-
HPLC system (Anachem Ltd., Luton, UK) equipped with 306
pumps and a Gilson 155 UV/Vis detector. Analytical RP-HPLC
was performed on a Gilson analytical HPLC system (Anachem
Ltd., Luton, UK) equipped with a Gilson 151 UV/Vis detector
and Gilson 234 auto injector, on a C-18 stationary phase. Peptide
purification was achieved using preparative reverse-phase HPLC
using a HICHROM C18 Column (250 x 21.2 mm). For both
HPLC systems, the peptide bond absorption was detected at
223 nm. The following elution methods were used: Method A:
20 to 50% MeCN in H,O over 40 min; Method B: 0 to 85%
MeCN in H,O over 40 min. The mobile phases contained 0.1%
HPLC-grade TFA as an ion pairing agent and were degassed
with helium. All peptides and reaction mixtures were analysed
using Method B unless otherwise specified. Solid phase resins,
preloaded Wang resin and 4-sulfamylbutyryl AM resin, were

purchased from Novabiochem UK. The resin loadings were as
follows: Fmoc-Lys(Boc)-Wang: 0.69 mmol g~'; Fmoc-Phe-Wang:
0.74 mmol g7'; Fmoc-Gln(Trt)-Wang: 0.62 mmol g-'; Fmoc-
Arg(Pbf)-Wang: 0.51 mmol g='; 4-sulfamylbutyryl AM resin:
1.1 mmol g™'. Amino acids: N-0-9-fluorenylmethoxycarbonyl
(N-0-Fmoc) protected amino acids were obtained from
Novabiochem UK with the following side-chain protecting
groups. Ala, Arg(Pbf), Asn(Trt), Asp(tBu), Cys(Trt), Gly,
Ile, Leu, Lys(Boc), Pro, Ser(‘Bu), Tyr(‘Bu), Val and Fmoc-
Asp(O'Bu)-(Hmb)Gly-OH were purchased from Novabiochem
UK. Reagents: peptide synthesis grade dimethylformamide
(DMF) from Rathburn Chemicals UK. Benzotriazole-1-yl-oxy-
tris-pyrrolidino-phosphonium hexafluorophosphate (PyBOP), N-
hydroxybenzotriazole (HOBt), diisopropylethylamine (DIPEA)
and 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium hex-
afluorophosphate (HBTU) were purchased from Novabiochem
UK and Sigma-Aldrich. Dry tetrahydrofuran (THF) and
N,N-dimethylsulfoxide (DMF), chloroform, dimethylsulfox-
ide (DMSO), dichloromethane (DCM), N-methyl pyrrolidone
(NMP), methanol, piperidine, thioanisole, z-butylmethylether
(TBME), trifluoroacetic acid (TFA), ethanedithiol (EDT),
iodoacetonitrile, 3-mercaptoethyl propionate, sodium thiopheno-
late, monobasic and dibasic sodium phosphate, and trimethylsi-
lylisopropane (TIPS) were regent grade from Sigma-Aldrich. A
‘deprotection mixture’ of TFA-H,O-EDT-TIPS (94:2.5:2.5:1)
was used for cleavage and deprotection reactions.

General procedures

Loading of sulfamylbutyryl AM resin with Fmoc-Ala-OH. Sul-
famylbutyryl AM resin (250 mg, 0.172 mmol) was swollen in DMF
(3 mL) for 1 hour at ambient temperature. To this solution were
added Fmoc-Ala-OH (268 mg, 0.86 mmol) and DIPEA (264 uL,
1.6 mmol). The reaction mixture was left to stir for 15 minutes
followed by cooling to —20 °C for 20 minutes. Then PyBOP
(447 mg, 0.86 mmol) was added and the reaction mixture stirred
for 8 hours at —20 °C. The reaction mixture was left to warm
to ambient temperature overnight. The resin was recovered by
filtration and washed with DMF (3 x 2 mL). The coupling was
repeated using the same procedure and washed with DMF (3 x
2 mL), DCM (3 x 2 mL) and MeOH (3 x 2 mL), respectively.
The loaded resin was dried in vacuo. The coupling efficiency
was assessed as follows: typically 2 mg of thoroughly-dried resin
(or peptidyl resin) was incubated with a solution of 1 mL 20%
piperidine in DMF, and left for 1 hour. The solution was then
filtered off and the filtrate measured for its absorbance at 290 nm
or 301 nm (&,99 nm = 5800 M~' cm ™!, &5; yn = 7800 M~ cm ') against
a blank of 20% piperidine in DMF. Loading efficiency was ~81%.

Solid phase peptide synthesis. Peptide synthesis was carried out
in peptide synthesis grade DMF. Resin preloaded with appropriate
amino acid (25 pmol per well) was swelled in DMF for 60 minutes
before each coupling cycle, N-a-amino Fmoc group was removed
with 20% (v/v) piperidine in DMF for 15 minutes, with two further
repetitions. A fivefold excess of amino acid over resin reactive
groups (125 pmol, 250 uL of a 0.5 M solution) was used for
each coupling. In situ activation and coupling was carried out
for 45 min with a mixture of HBTU-HOBt (125 pumole, 250 pL
of a 0.5 M solution) and DIPEA (125 pmole, 250 uL of 0.5 M
solution). The peptide was washed with DMF (3 x 1 mL) between
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Table 3 Open-chain acids (oc-) and thioesters (fe-) synthesised by SPPS

Data
Cyclotide Lys10 = [X] Residues double-coupled Yield MALDI-MS Retention time/min (Method B)
0¢-MCoTI-I Ala21 Gly22 % 3507[M + HI* 1754[M + 2H]* 12.4
0c-MCoTI-I1 Ala2l Gly22 Ile34 8% 3478[M + HJ* 12.3
0c-MCoTI-II[R] Ala21 Gly22 Tle34 13% 3505[M + HJ* 1753[M + 2HJ* 12.0
0¢-MCoTI-II[F] Ala21 Gly22 Tle34 10% 3497[M + HJ* 14.4
0c-MCoTI-1I[Q] Ala21 Gly22 Tle34 % 3478[M + HJ* 1739[M + 2HJ* 12.3
0¢-MCoTI-II[AKQ] Ala21 Gly22 Tle34 5% 3676[M + HJ* 10.2
te-MCoTI-1 Vall8 6% 3622[M + HJ* 14.8
te-MCoTI-II Tlel4 Lys15 Vall8 5% 3594[M + HJ* 1798[M + 2HJ* 14.4
te-MCoTI-I[R] Tlel4 Argl5 7% 3622[M + HJ* 14.1
1e-MCoTI-II[F] Ile14 Phel5 4% 3613[M + HJ* 1807[M + 2H]* 15.4
te-MCoTI-1I[Q] Ilel4 GInl5 4% 3593[M + H]* 1797[M + 2H]* 14.6
te-MCoTI-TI[V] Tlel4 Vall5 4% 3566[M + HJ* 1783[M + 2H]** 14.6
te-MCoTI-1I[A] Tlel14 Alal5 4% 3537[M + H]* 1769[M + 2HJ** 14.7
te-MCoTI-1I[AKQ)] Ilel4 GInl5 Lys16 Alal7 5% 3793[M + HJ* 1897[M + 2HJ* 14.5

each deprotection and coupling step. A typical cycle consisted of
deprotection, DMF wash, coupling and a further DMF wash. The
N-o-Fmoc protection at the final residue was removed at the end
of the synthesis under the usual conditions. After synthesis was
complete, the fully protected resin-bound MCoTI was removed
from the synthesiser, washed several times (3 x 2 mL DMF, 3 x
2 mL DCM, 3 x 2 mL MeOH) and dried in vacuo. Asp7Gly6
was introduced as a dipeptide (Fmoc-Asp(O'Bu)-(Hmb)Gly-OH)
and coupled for 2 hours. Cys34 was introduced as Boc-Cys(Trt)-
OH for te-MCoTI syntheses. Residues were double-coupled where
appropriate (see Table 3).

Activation and displacement from sulfamyl resin.

Activation. Fully protected MCoTI bound to sulfamyl resin
(25 pmol) was swelled in 1.5 mL of dry NMP for 1 hour. To this
solution was added DIPEA (200 uL, 1.1 mmol) followed by excess
iodoacetonitrile (180 pL filtered through basic alumina prior to
use). The reaction flask was shielded from light and agitated for
24 hours at ambient temperature. The resin was washed with NMP
(5 x SmL), DCM (5 x 5mL), MeOH (5 x 5 mL) and dried in

vacuo.

Displacement. To the activated resin were added a small amount
of sodium thiophenolate (1.6 mg), ethyl 3-mercaptopropionate
(160 pL, 1.25 mmol) and DMF (500 pL). The reaction mixture
was agitated overnight at ambient temperature. The resin was
filtered and the filtrate was evaporated to dryness in vacuo to
yield fully protected MCoTI thioester which was subsequently
treated with 2 mL of deprotection mixture over 3 hours to give
the corresponding fe-MCoT]I. Precipitation and purification were
conducted as described below.

Deprotection and cleavage from Wang resin. Cleavage and
deprotection of peptides was achieved by adding 1.5 mL of
deprotection mixture to dry peptide bound resin (25 umol). The
mixture was agitated on an orbital shaker for up to 3 hours and
then filtered. The resin was washed twice with a small volume of
TFA and the combined washings and filtrate were precipitated
with 10 mL ice cold TBME. The mixture was centrifuged at 5000
rpm for 20 minutes at 0 °C, the supernatant discarded and the
remaining peptide washed with a fresh aliquot of TBME. The
process was repeated three times to ensure complete removal of

all organic impurities. The crude peptide was dried in a desiccator
over silica gel to yield an off-white solid.

Peptide purification. A small sample of crude peptide was
analysed by analytical preparative RP-HPLC before purifying by
preparative HPLC. Individual fractions from preparative reverse-
phase HPLC were analysed using analytical reverse-phase HPLC,
and pure fractions combined and diluted to <10% MeCN with
deionised water. The peptide was obtained as a white solid after
lyophilisation on a Christ Alpha 2-4 freeze dryer (Osterode
am Harz Germany). Mass identification by matrix-assisted laser
desorption/ionisation time of flight mass spectrometry (MALDI-
TOF MS) was performed using a-cyano-4-hydroxycinnamic acid
as the matrix.

Synthesis of cyclotides via thia-zip native chemical ligation.
Glutathione (0.3 mg, 1 pmol) was dissolved in 1 mL of 0.1 M car-
bonate buffer. This solution was added to te-MCoTI (0.28 umol)
which was dissolved in 1 mL of acetonitrile and the reaction mix-
ture left for 24 hours at room temperature. The reaction mixture
was then diluted 2-fold in water and purified by preparative RP-
HPLC using Method A. Fractions were collected, analysed by
analytical HPLC, pure fractions pooled and lyophilized to yield
the product cyclotide.

Synthesis of rf-MCoTI-I, II and analogues via oxidative re-
folding. o0c-MCoTI acid (0.28 pmol) was dissolved in 1 mL of
0.1 M ammonium carbonate buffer. To this solution was added
glutathione (0.3 mg, 1 umol), which was dissolved in acetonitrile
(1 mL). The reaction mixture was allowed to stand for 48 hours
at room temperature, diluted two-fold with water and purified by
RP-HPLC using Method A. Fractions were collected, analysed
using Method B, pooled and lyophilised.

Synthesis of cyclotides via ligation by immobilised protease.

Cyclisation using immobilised trypsin. Immobilised trypsin
(500 pL of re-suspended beads) was washed with 0.1 M phosphate
buffer (5 x 1 mL, pH 7.4) before use. rf-MCoTI peptide
(0.03 pumol) was dissolved in 500 puLL 0.1 M phosphate buffer
pH 7.4 and added to immobilised trypsin. The reaction mixture
was incubated at 37 °C for 15 minutes, mixed on a vortex mixer for
10 s and centrifuged at 14 000 rpm for 5 minutes. The supernatant
was removed from immobilised trypsin which was subsequently
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Table 4 Open-chain refolded (r/-) cyclotides synthesised by oxidative refolding and cyclotides synthesised by TZ-NCL and/or immobilised protease-

mediated ligation

Data
Cyclotide Lys10 = [X] Yield MALDI-MS Retention time/min (Method B)
rf-MCoTI-I 72% 3501[M + HJ* 10.5
rf-MCoTI-IT 65% 3472[M + H]" 1737[M + 2HJ** 104
rf-MCoTI-II[R] 59% 3500[M + H]* 1751[M + 2HJ* 10.5
rf-MCoTI-II[F] 60% 3491[M + H]* 1746[M + 2HJ** 12.2
rf-MCoTI-II [Q] 64% 3473[M + H]" 1736[M + 2HJ** 10.6
rf-MCoTI-II[AKQ] 36% 3672[M + HJ* 12.0
MCoTI-I 68% 3482[M + H]* 1741[M + 2HJ** 12.3
MCoTI-II 72% 3454[M + H]* 1727[M + 2HJ** 11.5
MCoTI-II[R] 72% 3483[M + H]* 1742[M + 2HJ* 11.8
MCoTI-I[F] 64% 3474[M + H]* 1737[M + 2H}* 15.2
MCoTI-I[V] 64%° 3427[M + H]" 1713[M + 2HJ** 10.2
MCoTI-II[A] 63%" 3399[M + H]* 1699[M + 2HJ* 10.1
MCoTI-II[AKQ] 71%° 3653[M + H]* 1827[M + 2H]* 11.7
MCoTI-I 93%* 3482[M + H]" 1742[M + 2HJ* 12.4
MCoTI-II 92%* 3454[M + H]* 1728[M + 2HJ* 11.4
MCoTI-II[R] 94%° 3481[M]* 1741[M + 2HJ* 11.8
MCoTI-II[F] 90%* 3474M + HJ* 154

¢ Synthesised by TZ-NCL. ® Synthesised by immobilised protease-mediated ligation.

washed with water (5 x 1 mL); the reaction mixture was mixed
and centrifuged as above at each washing. 0.1% TFA in water was
added and the mixture mixed and left to stand for 5 minutes, the
supernatant was recovered, and this procedure was repeated. The
combined TFA washings were analysed by analytical HPLC and
MALDI-MS.

Cyclisation using immobilised chymotrypsin. The reaction was
performed exactly as for immobilised trypsin, except that 25 mg
immobilised chymotrypsin was weighed out and washed as above.

Peptide concentration determination for MCoTI-I, II and
MCoTI-II[R]. The concentration of active MCoTI cyclotide
was determined by titration with trypsin (adapted from ref. 12).
Microprotein at a range of concentrations (1 pM to 0.1 nM,
50 uL) in TBS pH 7.6 (Tris buffered saline: 50 mM Tris-HCI,
150 mM NacCl, 0.01% Tritron® X-100, 0.02% sodium azide) was
incubated with trypsin (25 nM, 50 pL) for 30 minutes at 37 °C
in a 96-well plate (Falcon Microtest™ 96). Carbobenzoxy-L-
arginine-7-amino-4-methyl coumarin (75 uM, 100 uL) was added
to the solution and the absorbance measured at room temperature
with excitation and emission wavelengths at 360 and 465 nm
respectively. The concentration of active cyclotide was determined
from inhibition curves obtained in two separate experiments
assuming a 1 : 1 interaction between inhibitor and trypsin.

Peptide concentration determination for MCoTI-II[F] and
MCoTI-II[Q]. These MCoTI-II analogues have relatively low
inhibition activity against trypsin, and so a standard addition
method was used to determine peptide concentration using
analytical HPLC. A standard addition graph from MCoTI-I,
II and MCoTI-II[R] was plotted by varying the active peptide
concentration (200 uM to 10 pM) versus peak area measured at
223 nm and, by comparison of peak areas, used to determine the
concentration of microproteins MCoTI-II[F] and MCoTI-11[Q].

Inhibition kinetics. All inhibition kinetics were determined by
competitive binding assays at 37 °C on a Cytofluor series 400
microplate reader (Perseptive Biosystem, Warrington, UK), using

Falcon Microtest'™ 96-well plates. TBS pH 7.6 was prepared for
trypsin and chymotrypsin assays. The equilibrium dissociation
constant (K;) for the complex between trypsin or chymotrypsin
and the cyclotide was determined by using enzyme concentrations
lower than the K;. Thus, proteases (0.005 nM, 50 pL trypsin
or 0.5 nM, 50 pL chymotrypsin, 12.5 uM, 50 pL subtilisin and
1 nM, 50 pL thrombin) were incubated at a suitable range of
concentrations of inhibitor in TBS for 1 hour. The measurement
was started by the addition of substrate: (5 uM, 100 uL N-p-
tosyl-Gly-Pro-Arg-AMC (AMC: 7-amido-4-methyl coumarin))
for trypsin and thrombin assays, or succinimidyl-Ala-Ala-Pro-
Phe-AMC (10 uM, 100 pL for chymotrypsin or 19 uM, 100 pL
for subtilisin assays). The initial rate of substrate hydrolysis was
monitored by the cleavage of AMC from substrate at an excitation
of 360 nm and emission of 460 nm. Cyclotide activity against
FMDV 3Cr* was determined as described previously, using
617 nM, 50 uL FMDV 3Cr®, 50 uM, 100 uL FRET substrate.*
Initial rate data were then fitted to determine K; using the GraFit
Software package (http://www.erithacus.com/grafit). All assays
were reproduced 3 times with fresh solutions of all reagents, and
the standard deviation is given where appropriate.
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A series of propargylic tertiary alcohols decorated with an sp>-hybridised nitrogen donor were
kinetically resolved by reagent-controlled dehydrogenative Si—O coupling with a strained, highly

reactive silicon-stereogenic cyclic silane.

Introduction

Non-enzymatic kinetic resolution* of alcohols by stereoselective
silylation—as opposed to the related asymmetric acylation®—
was disregarded entirely until it very recently became the focus
of attention.* Initiated by a seminal contribution by Ishikawa
et al.’ Hoveyda and Snapper et al. developed notable catalyst-
controlled asymmetric silylation processes.® At the same time, we
had devised a conceptually different, reagent-controlled silylation’
by using privileged silicon-stereogenic silane (¥ R)-1*° (Fig. 1) as
a chiral resolving reagent. Our diastereoselective strategy is based
on transition metal-catalysed dehydrogenative Si-O couplings, in
which (¥ R)-1 kinetically selects either of the enantiomeric transi-
tion metal-alkoxide complexes. The selectivity factors® s obtained
in the Cu—H-catalysed etherification'®!! of donor-functionalised
secondary alcohols (s ~ 10)™ were substantially improved by
employing a Rh(1)-carbene complex as catalyst (s ~ 900).™

H-Si.,

~Sin,
t-Bu, H

t-Bu,

(SiR)_1

(SiR)_z

Fig. 1 Privileged silicon-stereogenic silanes.

We then entertained the idea to extend this technique to
tertiary alcohols, for which a stereoselective silylation had not
been reported so far. In fact, examples of their kinetic resolution
are scarce, with only a handful enzymatic*™ (including catalytic
antibodies’®) as well as a single chemical method'® known to date.
In this paper, we report an unprecedented stereoselective silylation
of (again donor-functionalised) tertiary alcohols through the use
of the novel strained silicon-stereogenic silane (5 R)-2"7 (Fig. 1).

Organisch-Chemisches Institut, Westfilische Wilhelms-Universitdt, Cor-
rensstrasse 40, D-48149, Miinster, Germany. E-mail: martin.oestreich@uni-
muenster.de; Fax: +49 (0)251 83-36501; Tel: +49 (0)251 83-33271

T Electronic supplementary information (ESI) available: Characterisation
data of 14-24, 26 and 28, 'H and *C NMR spectra of all new compounds
as well as all four molecular structures; crystal structure data. See DOI:
10.1039/b802186d

1 X-Ray crystal structure analysis.

Results and discussion

In our work on the kinetic resolution of secondary alcohols
(vide supra),” the sterically encumbered tertiary silane (S'R)-1
was sufficiently reactive. Conversely, attempts to accomplish its
dehydrogenative coupling with a tertiary alcohol failed without
exception. We then reasoned that conversion might be, if at all,
achieved by using a silane with enhanced Lewis acidity. The pivotal
step in dehydrogenative Si—O couplings is likely to be a o-bond
metathesis of a transition metal-alkoxide and a Si-H bond,"
which involves a Lewis acid—Lewis base interaction of silicon and
oxygen. Aware of the concept of strain-release Lewis acidity,'® we
prepared (5" R)-2," which was accessed following a protocol similar
to that for (¥ R)-1.° Gratifyingly, strained (¥ R)-2 was significantly
more reactive than (¥ R)-1 in the Cu—H catalysis;” no conversion
was seen in the Rh(1)-catalysed process, which had emerged as so
effective for secondary alcohols.”™

A brief screening of several 1-substituted (alkyl, aryl, alkenyl
and alkynyl groups) 1-phenyl-2-(2-pyridinyl) ethanols quickly
showed that merely a slender alkynyl substituent is tolerated at the
tertiary carbon atom. Propargylic alcohol rac-3 was chosen for op-
timisation of the reaction conditions (rac-3 — rac-14, Scheme 1).
As the success is reflected in the diastereoselectivity, rac-2 was
used for this.” Removal of any traces of water by molecular
sieves greatly improved chemical yields. We had learned in our
previous study that electron-rich monophosphines are markedly
superior to electron-poor congeners in terms of reactivity.” This
held true of this transformation as well (Table 1): poor o-donor

CuCl (5.0 mol%)

RsP (L1-L5) (10 mol%)

Ph NaOt#-Bu (5.0 mol%) Ph
rac-2 (0.65 equiv.)

molecular sieves (44) Si

—

-
si—— OH (o)

t-B u,

toluene =

=~ °N N
| T |
N S
65% maximal )
rac-3 (1.0 equiv.) conversion Es*RY-14

Si = SiMe, (relative configuration

see Table 1 for data
assigned by X-ray)

Scheme 1 Optimisation of the reaction conditions and diastereoselectiv-
ity in the racemic series.
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Table 1 Assessment of phosphine ligands in Cu-H-catalysed Si-O coupling of rac-2 (0.65 equiv.) and rac-3 (1.0 equiv.). Diastereoselectivity as the

pivotal parameter for the subsequent kinetic resolution

Entry Ligand R;P T/°C Conv.* (%) dr of (¥S*,R*)-14*
1 (3,5-CF;-C¢H;),P L1 40 <5 53:47

2 Ph,P L2 20 60 88:12

3 (3,5-Xylyl);P L3 20 65 87:13

4 (4-1-Bu-C¢H,);P L4 20 65 92:8

5 t-BuPh,P L5 20 65 89:11

“Determined by '"H NMR analysis and based on alcohol rac-3 (65% corresponds to quantitative conversion using 0.65 equiv. of silane rac-2).

® Diastereomeric ratio determined by GLC analysis using an SE-54 column.

L1 formed an unreactive and unselective catalyst (entry 1) whereas
moderately o-donating L2-5 combined good reactivity with
reasonable diastereocontrol (entries 2-5). L4 was routinely used
from then on.

This protocol was subsequently applied to the kinetic resolution
of a series of aryl-substituted propargylic alcohols rac-3-rac-
10 (Scheme 2 and Table 2, entries 1-8). Diastercoselectivity is
dependent on conversion in the enantiomeric series (columns
10-12, Table 2), which is why we also provide the unbiased
diastereomeric ratios and theoretical selectivity factors s from
experiments in the racemic series (columns 7-9 and 17, Table 2).
Diastereomeric ratios were generally within 90:10 (s = 19-45);
there appears to be a minor influence of the electronic nature of
the arene on its exact values: electron-withdrawing groups at the
arene favour marginally higher numbers, e.g., dr = 94:6 for R? =
4-chlorophenyl (entry 6) versus dr = 90:10 for R* = 4-anisyl (entry
4). The relative configuration of the racemic ethers 14-21 was
assigned by X-ray crystal stucture analyses of 15, 16 and 19. In
the enantiomeric series, the resolutions were performed either with
(%iR)-2 or (*S)-2 of 87-92% ee. The apparent selectivity factors,
s, using the enantioimpure® resolving reagent range from 4.6
9.0, which corresponds to enantiomeric excesses of 72-92% ee
for the slow-reacting alcohols (S)-3, (S)-5, (S)-8 and (S)-9 as well as
(R)-4, (R)-6 and (R)-7 at approximately 65% conversion. Absolute
configurations were deduced from crystallographic analysis of (S)-
8 and the assigned relative configurations (vide supra).

In contrast, when replacing the aryl group by an alkyl
substituent such as methyl (in rac-11), 2-propyl (in rac-12) or
cyclohexyl (in rac-13), the diastereoselection completely collapsed
(Table 2, entries 9-11). The steric bulk of the branched alkyl
residues in rac-12 and rac-13 also retarded conversion, requiring
extended reaction times.

CuCl (5.0 mol%)

Lastly, we exemplarily tested a 2-(6-picolinyl) and a 2-quinolinyl
group as donors (Scheme 3). Among other hetarenes, these had
proven successful in the recently developed Rh(1)-catalysed Si—
O coupling.”™ The selectivity factors for both rac-25 — (S,R)-
26 and rac-27 — (5S,R)-28 (Scheme 3) compared well with
rac-3 — (%S,R)-14 (Table 2, entry 1). The chemical yield of
(S)-27 was lowered by competing retro-1,2-addition affording 2-
methylquinoline.

Conclusion

In summary, we have presented, for the first time, a kinetic
resolution of tertiary (propargylic) alcohols, for which asymmetric
syntheses are less prevalent,? by stereoselective silylation. The
slow-reacting alcohols were isolated in 13-34% yield (at 65%
conversion) with 72-94% ee; the fast-reacting alcohols might
be liberated from the silyl ether in high chemical yield by
chemoselective reductive cleavage of the Si—O bond.? These results
bode well for the further development of chiral silanes as resolving
reagents.

Experimental}

General procedure for the preparation of the donor-functionalised
tertiary alcohols

In a flame-dried Schlenk flask, a solution of freshly destilled i-
Pr,NH (1.82 mL, 1.32 g, 13.0 mmol, 1.30 equiv.) in anhydrous
THF (40 mL) was cooled to —78 °C followed by slow addition
of n-BuLi (4.80 mL, 12.0 mmol, 1.20 equiv., 2.5 M solution
in hexane).”® The reaction mixture was then allowed to warm
to room temperature and maintained at ambient temperature

R2 L4 (10 mol%) R2 R2
NaOt-Bu (5.0 mol%) .
— = _Si —
R CH . molecular sieves (4A) R o7 HO TR
+ py-Si t-Bu +
N By toluene N NZ
| 40°C \
NS NS NN
] ) 63-65%
rac-3-rac-13 (5R)-2 or (5'S)-2: 87-92% ee conversion 14-20 (enantiomeric series) 3-9 (enantiomeric series)
(1.0 equiv.) or rac-2 (racemic series) or 14—24 (racemic series) or 3—13 (racemic series)

(0.65 equiv.)

see Table 2 for details

65% maximum yield 35% maximum yield

Scheme 2 Kinetic resolution of 2-pyridinyl-substituted tertiary alcohols by diastereoselective alcohol silylation.
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for 30 minutes. After recooling to —78 °C, a solution of the

=]
o ~N—< oob 53
» | RR2NRLEE <~ 85232 respective methyl substituted N-hetarene (10.0 mmol, 1.00 equiv.)
oo o o S8 3 8% in anhydrous THF (10 mL) was added in one portion and stirred
| Resemaa | ] = E :‘/ § p at this temperature for further 30 minutes. Subsequently, the
— > ?5% 2 appropriate ketone* (12.0 mmol, 1.20 equiv.) was added dropwise
= @ ‘g = %E to the deeply coloured mixture. After 30 minutes at —78 °C, the
8| BRIEXIZIS ||| ] %'g 1 g ; reaction mixture was quenched with H,O (10 mL) and diluted
£2< °g with zert-butyl methyl ether (10 mL). The pH was adjusted to
—~ o . .
— | = g2 XEE 7-8 by adding aqueous HCI (2 M), and the organic phase was
S| =R . s
§ k) s ; Eo%E separated. Extraction of the aqueous phase with dichloromethane
E ;1’ IIATAS2 ||| é s t" g % (3 x 25 mL) and washing of the combined organic extracts with
g g Z = € > brine (20 mL) was followed by drying of the organic phases over
§ T a g—i Tgl § ; Na,SO,. The solvents were evaporated under reduced pressure
gz | axekxaq | ||| g2 - 2y affording the desired alcohol as a crystalline solid or colourless oil.
= 0 g
Q200w
fNem SO O
— J929238 BES =5 Representative procedure for the Cu-H-catalysed Si—O coupling
Bl | S ==& A |1 ]| 228 =8 p
2|8 | S0~ 8% 42
2 2 ez ? £ A Schlenk tube was charged with molecular sieves (4 A), CuCl
% S %E)L) 5= & (2.0 mg, 20 pmol, 5.0 mol%), tris(4-tert-butyl)phosphine (17.2 mg,
| 2 % x & 40.0 pmol, 10.0 mol%) and degassed toluene (1.5 mL) followed
S| = g2 5 ~E .. .
‘g ;_: eegenay || || 2% L; ) § by addition of solid NaO¢-Bu (1.9 mg, 20 pumol, 5.0 mol%).
5 S5 @ At room temperature, the pre-catalyst was then successively
L — 5 'z
w | B Inenxag 8 :: S=E treated with a solution of alcohol rac-3 (118.2 mg, 400.0 pmol)
Lo < B [5} . . . .
£ | B AR £ 80 S in toluene (2.0 mL) and a solution of silane (*R)-2 (49.5 mg,
o, —_— %n - %, ~ = %n N = NS — %
S| 2| hxhxxnn ©257: 260 pmol, 0.65 equiv., 92% ee) in toluene (0.5 mL). The reaction
s|l@lz|eaezaaa | ||| 582473 : L . .
3 gg¢o ‘T = mixture was maintained at 40 °C until GC analysis of an
L —o co—ax RS5°_E aliquot indicated complete conversion (after approximately 24 h)
2] 0 00— — 00 \O — — < X <t 000'8\-/"\‘ q_ ] _ ‘
2 L dgiddaySSa S8 553 xS of (R)-2 into (S,R)-14 (dr = 76:24). The crude mixture was
= o [o) e Neble e e e o NN 2R s} (/;C“B 9
= ; el 5 g% transferred to a round-bottomed flask and silica gel was added;
o 2| & 225 the solvent was evaporated under reduced pressure. Purification by
2 5| < SBE_
215l s SEpZS flash chromatography on silica gel (cyclohexane—zert-butyl methyl
5| 2 2l zzazarsase S22 ﬁ e ether = 95:5 — 75:25) gave (¥S,R)-14 (110.0 mg, 58%, dr = 76:24)
3| E nennn T Ez8.% 1l ioenriched alcohol (S)-3 (34.6 mg, 34%, 88%
2| B TEE =3 as well as enantioenriched alcohol (5)-3 (34.6 mg, 0, 0 ee)
E’ § S & s %E Z g ° .
%; E EEEEEE,%EE&E % éé‘gg as colourless oils.
T = X X X ¥ X ¥ %X ¥ ¥, ¥ % n <
T|® RaxhhxxhXxhh 22023 2-Phenyl-1-pyridin-2-yl-4-(trimethylsilanyl)but-3-yn-2-ol (3)
| — I I I g o
S| E|s|ararzhnrxxx 53T3E
B alzeeeeereeeee A8 g@ % Analytical data for rac-3: Yield: 88%. R; = 0.58 (cyclohexane—
2 = S gog tert-butyl methyl ether = 1: 1). M.p. 92 °C. '"H NMR (300 MHz
[} = D o s} ?
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(racemic series: dr = 93:7)

Scheme 3 Variation of the donor: 2-(6-picolinyl) and 2-quinolinyl substitution.

CDCl;): 6 0.02 (s, 9H), 2.34 (s, 3H), 3.16 (d, J = 14.2 Hz, 1H),
3.31(d, J = 14.2 Hz, 1H), 7.11-7.22 (m, 4H), 7.60-7.66 (m, 3H),
8.51(ddd, J = 5.0, 1.8, 0.9 Hz, 1H). *C NMR (75 MHz, CDCl,):
0 —0.1, 21.2, 51.6, 73.0, 89.7, 108.2, 122.1, 124.8, 125.5, 128.9,
137.0, 137.2, 141.4, 148.2, 158.8. IR (film) 3271 (br, O-H), 2168
(w, C=C) cm™'. HRMS (ESI) calcd for C,,H,;NOSi (M + H*):
310.1622; found: 310.1620. Anal. calcd for C,,H,;NOSi (309.48):
C, 73.74; H, 7.49; N, 4.53; found: C, 73.70; H, 7.52; N, 4.45.

Analytical data for (R)-4 (84% ee, Entry 2, Table 2): Yield: 34%.
[a]®s = —26.4, [a]°ss = —28.4, [a]*sss = —33.8, [a]* 436 = —81.5
(¢ 0.580, CHCI;). HPLC (Daicel Chiralcel TA column, column
temperature 20 °C, solvent n-heptane-isopropanol = 98 : 2, flow
rate 0.80 mL min~', A = 230 nm): frx = 14.27 min for (S)-4, tx =
15.80 min for (R)-4.

2-(2-Methoxyphenyl)-1-pyridin-2-yl-4-(trimethylsilanyl)but-
3-yn-2-ol (5)

Analytical data for rac-5: Yield: 85%. R; = 0.32 (cyclohexane—
tert-butyl methyl ether = 1: 1). M.p. 89 °C. '"H NMR (300 MHz,
CDCl): 6 0.05 (s, 9H), 3.52 (d, J = 13.8 Hz, 1H), 3.61 (d, J =
13.8 Hz, 1H), 3.91 (s, 3H), 6.91-6.95 (m, 2H), 7.13-7.18 (m, 2H),
7.25 (m, 1H), 7.58 (ddd, J = J = 7.6 Hz, J = 1.8 Hz, 1H), 7.72
(dd, J = 8.0, 1.8 Hz, 1H), 8.47 (ddd, J = 5.0, 1.8, 0.9 Hz, 1H).
“C NMR (75 MHz, CDCl,): 6 —0.2,47.4, 55.7, 71.3, 87.6, 107.8,
112.0, 120.6, 121.7, 124.8, 127.0, 128.7, 131.6, 136.4, 147.8, 156.4,
158.5. 1R (film) 3254 (br, O-H), 2170 (w, C=C) cm~'. HRMS (ESI)
calcd for C,oH,;NO,Si (M + H*): 326.1571; found: 326.1569. Anal.
caled for C,H,;NO,Si (325.48): C, 70.11; H, 7.12; N, 4.30; found:
C, 69.51; H, 7.23; N, 4.07.

Analytical data for (S)-5 (72% ee, Entry 3, Table 2): Yield: 32%.
[ = +97.4, [a]°5s = +103.2, [0]* 546 = +121.2, [a]® 43 = +257.5
(¢ 0.740, CHCI;). HPLC (Daicel Chiralcel TA column, column
temperature 20 °C, solvent n-heptane—isopropanol = 98 : 2, flow
rate 0.80 mL min~', A = 230 nm): #; = 14.05 min for (R)-5, tr =
15.27 min for (S)-5.

2-(4-Methoxyphenyl)-1-pyridin-2-yl-4-(trimethylsilanyl)but-
3-yn-2-ol (6)

Analytical data for rac-6: Yield: 85%. R; = 0.42 (cyclohexane—
tert-butyl methyl ether = 1: 1). M.p. 77 °C. '"H NMR (400 MHz,
CDCl): 6 0.02 (s, 9H), 3.14 (d, J = 14.2 Hz, 1H), 3.30 (d, J =
14.2 Hz, 1H), 3.81 (s, 3H), 6.88-6.91 (m, 2H), 7.13 (d, J = 7.4 Hz,
1H), 7.22 (dd, J = 7.4,4.9 Hz, 1H), 7.62-7.67 (m, 3H), 8.53 (ddd,
J =409, 1.6, 0.9 Hz, 1H). "C NMR (100 MHz, CDCl;): ¢ 0.0,
51.7,55.5,72.9,86.9,108.3,113.6, 122.1, 124.8, 127.0, 136.6, 137.0,
148.4, 159.0, 159.2. IR (film) 3253 (br, O-H), 2167 (w, C=C) cm™'.
HRMS (ESI) calcd for C,yH,;NO,Si (M + Na*): 348.1390; found:
348.1396. Anal. calcd for CyH,;NO,Si (325.48): C, 70.11; H, 7.12;
N, 4.30; found: C, 69.79; H, 7.23; N, 4.29.

Analytical data for (R)-6 (84% ee, Entry 4, Table 2): Yield:
34%. [a]’p = —22.6, [a]®sx = —24.2, [a]*ss6 = —29.0, [a]* 46 =
—67.8, [a]3s = —164 (¢ 0.545, CHCI;). HPLC (Daicel Chiralcel
TIA column, column temperature 20 °C, solvent n-heptane—
isopropanol = 95 : 5, flow rate 0.80 mL min™', 1 = 230 nm):
tg = 13.83 min for (S5)-6, t; = 15.47 min for (R)-6.

2-(4-Fluorophenyl)-1-pyridin-2-yl-4-(trimethylsilanyl)but-
3-yn-2-0l (7)

Analytical data for rac-7: Yield: 93%. R; = 0.52 (cyclohexane—
tert-butyl methyl ether = 1: 1). M.p. 59 °C. "H NMR (400 MHz,
CDCl): 0 0.03 (s, 9H), 3.16 (d, J = 14.4 Hz, 1H), 3.30 (d, J =
14.4 Hz, 1H), 7.01-7.07 (m, 2H), 7.14 (d, J = 7.6 Hz, 1H), 7.25
(m, 1H), 7.65-7.73 (m, 3H), 8.53 (ddd, J = 4.9, 2.0, 0.9 Hz, 1H).
BCNMR (100 MHz, CDCl;): 6 0.1, 51.5, 72.8, 90.3, 107.8, 115.0
(d, Jer = 21.3 Hz), 122.3, 124.9, 127.5 (d, Jr = 8.1 Hz), 137.2,
140.1 (d, Jcr = 2.9 Hz), 148.2, 158.5, 162.4 (d, J.r = 243.9 Hz).
IR (film) 3264 (br, O-H), 2169 (w, C=C) cm~'. HRMS (ESI) calcd
for CsH,)FNOSi (M + Na*): 336.1190; found: 336.1206. Anal.
caled for CsH,0FNOSI (313.45): C, 68.97; H, 6.43; N, 4.47; found:
C, 68.80; H, 6.49; N, 4.34.
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Analytical data for (R)-7 (86% ee, Entry 5, Table 2): Yield:
32%. [a]p = —21.1, [a]¥s;s = —22.6, [a]®sss = —27.2, [a]®s36 =
—68.0, [a]3s = —177 (¢ 0.715, CHCl;). HPLC (Daicel Chiralcel
IA column, column temperature 20 °C, solvent n-heptane—
isopropanol = 98 : 2, flow rate 0.80 mL min~', A = 230 nm):
tx = 11.96 min for (S)-7, tx = 12.81 min for (R)-7.

2-(4-Chlorophenyl)-1-pyridin-2-yl-4-(trimethylsilanyl)but-
3-yn-2-ol (8)

Analytical data for rac-8: Yield: 91%. R; = 0.55 (cyclohexane—
tert-butyl methyl ether =1 : 1). M.p. 86 °C. '"H NMR (400 MHz,
CDCl): 6 0.03 (s, 9H), 3.16 (d, J = 14.2 Hz, 1H), 3.28 (d, J =
14.2 Hz, 1H), 7.13 (d, J/ = 7.6 Hz, 1H), 7.23 (ddd, J = 7.6, 4.9,
0.8 Hz, 1H), 7.31-7.34 (m, 2H), 7.64-7.68 (m, 3H), 8.52 (ddd,
J=49,19,0.9 Hz, |H). "C NMR (100 MHz, CDCl;): § —0.3,
51.1, 72.5, 90.1, 107.4, 122.1, 124.6, 127.0, 128.1, 133.2, 137.0,
142.7,148.0, 158.2. IR (film) 3254 (br, O-H), 2169 (w, C=C) cm'.
HRMS (ESI) caled for C;3H,CINOSi (M + Na*): 352.0895;
found: 352.0899. Anal. calcd for C,sH,,CINOSi (329.90): C, 65.53;
H, 6.11; N, 4.25; found: C, 65.58; H, 6.27; N, 4.19.

Analytical data for (S)-8 (92% ee, Entry 6, Table 2): Yield: 24%.
[a]p = +13.5, [a]®ss = +14.7, [a]sss = +17.9, [a]®436 = +43.9
(¢ 1.11, CHCIL;). HPLC (Daicel Chiralcel IA column, column
temperature 20 °C, solvent n-heptane-isopropanol = 98 : 2, flow
rate 0.80 mL min~!, A = 230 nm): #; = 12.57 min for (S)-8, t; =
14.11 min for (R)-8.

2,4-Diphenyl-1-pyridin-2-ylbut-3-yn-2-ol (9)

Analytical data for rac-9: Yield: 88%. R; = 0.42 (cyclohexane—
tert-butyl methyl ether = 1: 1). M.p. 97 °C. '"H NMR (300 MHz,
CDCly): 6 3.34 (d, J = 14.4 Hz, 1H), 3.45 (d, J = 14.4 Hz, 1H),
7.21-7.36 (m, 8H), 7.40-7.46 (m, 2H), 7.52 (br s, 1H), 7.70 (ddd,
J=J=177Hz, J = 1.8 Hz, 1H), 7.82-7.86 (m, 2H), 8.59 (ddd,
J =49, 1.8, 0.9 Hz, 1H). "C NMR (75 MHz, CDCl;): é 51.5,
73.3, 85.5, 92.0, 122.3, 123.0, 124.7, 125.7, 127.7, 128.3, 128.3,
128.4, 131.8, 137.2, 144.7, 148.5, 158.9. IR (film) 3254 (br, O-H),
2229 (w, C=C) cm~'. HRMS (ESI) calcd for C,,H;;NO (M + H*):
300.1383; found: 300.1380. Anal. calcd for C,;H;;NO (299.37): C,
84.25; H, 5.72; N, 4.68; found: C, 84.11; H, 5.79; N, 4.58.

Analytical data for (S5)-9 (92% ee, Entry 7, Table 2): Yield: 25%.
[a]p = +40.8, [a]®ss = +43.2, [a]*s46 = +51.5, [a]4s = +116
(¢ 0.820, CHCI;). HPLC (Daicel Chiralcel IB column, column
temperature 20 °C, solvent n-heptane—isopropanol = 90 : 10, flow
rate 0.80 mL min~', A = 230 nm): #; = 10.04 min for (R)-9, tr =
11.00 min for (S)-9.

2-(4-Methoxyphenyl)-4-phenyl-1-pyridin-2-ylbut-3-yn-2-ol (10)

Analytical data for rac-10: Yield: 92%. R; = 0.30 (cyclohexane—
tert-butyl methyl ether = 1 : 1). M.p. 101-102 °C. '"H NMR
(400 MHz, CDCl,): 6 3.28 (d, J = 14.4 Hz, 1H), 3.40 (d, J =
14.4 Hz, 1H), 3.81 (s, 3H), 6.90-6.94 (m, 2H), 7.18-7.25 (m, 7H),
7.40 (br s, 1H), 7.66 (ddd, J = J = 7.7 Hz, J = 1.7 Hz, 1H),
7.70-7.74 (m, 2H), 8.55 (ddd, J = 4.8, 1.7, 0.8 Hz, IH). "C NMR
(100 MHz, CDCl,): ¢ 51.6, 55.5, 72.9, 85.4, 92.1, 113.7, 122.2,
123.0, 124.7,127.0, 128.2, 128.3, 131.8, 137.0, 137.2, 148.5, 159.0,
159.2. 1R (film) 3254 (br, O-H), 2230 (w, C=C) cm™'. HRMS (ESI)
calcd for C,L,H;yNO, (M + H*): 330.1489; found: 330.1487. Anal.

caled for C,H,NO, (329.40): C, 80.22; H, 5.81; N, 4.25; found:
C,79.99; H, 5.90; N, 4.19.

2-Methyl-1-pyridin-2-yl-4-(trimethylsilanyl)but-3-yn-2-ol (11)

Analytical data for rac-11: Yield: 82%. R; = 0.30 (cyclohexane—
tert-butyl methyl ether = 1 : 1). Colourless oil. "H NMR (300 MHz,
CDCl;): 6 0.00 (s, 9H), 1.57 (s, 3H), 3.06 (d, J = 14.1 Hz, 1H),
3.13 (d, J = 14.1 Hz, 1H), 6.36 (br s, 1H), 7.20 (d, J = 7.6 Hz,
1H), 7.21 (m, 1H), 7.66 (ddd, J/ = J = 7.6 Hz, J = 1.8 Hz, 1H),
8.49 (m, 1H). "*C NMR (75 MHz, CDCl;): 6 0.2, 29.7, 48.9, 67.9,
86.7,109.6, 121.8, 124.5, 136.7, 148.1, 158.8. IR (film) = 3323 (br,
O-H), 2167 (w, C=C) cm™'. HRMS (ESI) calcd for C;;H;,NOSi
(M + Na*): 256.1128; found: 256.1121.

4-Methyl-3-pyridin-2-ylmethyl-1-(trimethylsilanyl)pent-1-yn-
3-0l (12)

Analytical data for rac-12: Yield: 76%. R; = 0.58 (cyclohexane—
tert-butyl methyl ether = 1:1). Colourless oil. '"H NMR (400 MHz,
CDCl;): 6 —0.08 (s, 9H), 1.04 (d, J = 6.8 Hz, 3H), 1.00 (d, J =
6.8 Hz, 3H), 1.80 (qq, / = J = 6.8 Hz, 1H), 2.97 (s, 2H), 7.10 (d,
J =17.7Hz, 1H), 7.11 (m, 1H), 7.57 (ddd, / =J = 7.7 Hz, J =
1.9 Hz, 1H), 8.39 (m, 1H). *C NMR (100 MHz, CDCl,): § 0.04,
17.3,17.9, 37.7,44.8, 74.8, 88.8, 107.7, 121.8, 124.7, 136.8, 148.1,
159.4. IR (film) 3318 (br, O-H), 2165 (m, C=C) cm™'. HRMS
(ESI) caled for C;sH,;NOSi (M + H*): 262.1622; found: 262.1628.
Anal. calcd for C;sH,;NOSI (261.44): C, 68.91; H, 8.87; N, 5.36;
found: C, 68.50; H, 8.87; N, 5.72.

2-Cyclohexyl-4-phenyl-1-pyridin-2-ylbut-3-yn-2-ol (13)

Analytical data for rac-13: Yield: 89%. R; = 0.51 (cyclohexane—
tert-butyl methyl ether = 1 : 1). M.p. 98-99 °C. '"H NMR
(400 MHz, C;Dy): 6 1.29 (m, 3H), 1.60 (m, 3H), 1.83 (m, 3H),
2.21 (d, J = 12.7 Hz, 1H), 2.54 (d, J = 13.0 Hz, 1H), 2.99 (d,
J =14.1 Hz, 1H), 3.13 (d, J = 14.1 Hz, 1H), 6.52 (dd, J = 7.5,
4.9 Hz, 1H), 6.76 (d, J = 7.5 Hz, 1H), 6.87-6.90 (m, 3H), 6.99
(ddd, J =J =7.5Hz,J = 1.8 Hz, 1H), 7.09 (s, 1H), 7.18-7.22 (m,
2H), 8.09 (ddd, J = 4.9, 1.8, 0.8 Hz, 1H). *C NMR (100 MHz,
C¢Dy): 0 27.3, 28.1, 28.8, 45.8, 49.1, 74.8, 85.4, 93.7, 122.0, 124.3,
125.0, 128.3, 128.7, 132.2, 136.8, 148.8, 160.6. IR (film) = 3301
(br, O-H), 2226 (w, C=C) cm~'. HRMS (ESI) calcd for C,;H,;NO
(M + H*): 306.1852; found: 306.1845. Anal. calcd for C, H;;NO
(305.42): C, 82.59; H, 7.59; N, 4.59; found: C, 82.38; H, 7.68; N,
4.56.

1-(6-Methylpyridin-2-yl)-2,4-diphenylbut-3-yn-2-ol (25)

Analytical data for rac-25: Yield: 96%. R; = 0.61 (cyclohexane—
tert-butyl methyl ether = 1 : 1). M.p. 72-73 °C. 'H NMR
(400 MHz, CDCl;): 6 2.58 (s, 3H), 3.26 (d, J = 14.3 Hz, 1H),
3.34(d, J = 143 Hz, 1H), 6.99 (d, J = 7.7 Hz, 1H), 7.08 (d, J =
7.7 Hz, 1H), 7.22-7.25 (m, 5H), 7.30 (dd, J = J = 7.6 Hz, 1H),
7.40 (dd, J = J = 7.6 Hz, 2H), 7.55 (dd, J = J = 7.7 Hz, 1H),
7.82 (d, J = 7.6 Hz, 2H), 7.86 (br s, 1H). *C NMR (100 MHz,
CDCly): 6 24.5, 51.4, 73.2, 85.4, 92.1, 121.6, 121.9, 123.1, 125.7,
127.7, 128.2, 128.3, 128.4, 131.8, 137.4, 144.9, 157.4, 158.2. IR
(film) 3242 (br, O-H), 2228 (w, C=C) cm~'. HRMS (ESI) calcd
for C,,H,)NO (M + H*): 314.1539; found: 314.1534. Anal. calcd
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for C,,H,,NO (313.40): C, 84.31; H, 6.11; N, 4.47; found: C, 84.04;
H, 6.35; N, 4.22.

Analytical data for (S)-25 (90% ee, Scheme 3): Yield: 25%.
[a]p = +97.4, [a]®5s = +103.2, [a]54s = +121.2, [a]* 436 = +257.5
(¢ 0.740, CHCI;). HPLC (Daicel Chiralcel IB column, column
temperature 20 °C, solvent n-heptane—isopropanol = 90 : 10, flow
rate 0.80 mL min~', A = 230 nm): 7 = 7.83 min for (R)-25, t; =
10.61 min for (S)-25.

2.4-Diphenyl-1-quinolin-2-ylbut-3-yn-2-ol (27)

Analytical data for rac-27: Yield: 90%. R; = 0.62 (cyclohexane—
tert-butyl methyl ether = 1: 1). M.p. 107 °C. "H NMR (400 MHz,
CDCl,): 6 3.52 (d, J = 14.4 Hz, 1H), 3.58 (d, J = 14.4 Hz, 1H),
7.18-7.22 (m, 5H), 7.30-7.34 (m, 2H), 7.39-7.44 (m, 2H), 7.54 (m,
1H), 7.74 (m, 1H), 7.76 (br s, 1H), 7.81-7.88 (m, 3H), 8.12 (d,
J =8.4Hz 1H), 8.15 (d, J/ = 8.4 Hz, 1H). *C NMR (100 MHz,
CDCl,): 6 52.1, 73.2, 85.4, 92.1, 122.9, 123.0, 125.8, 126.6, 127.2,
127.8,128.2, 128.3, 128.4, 129.0, 130.2, 131.8, 137.2, 144.8, 147.0,
159.6. IR (film) = 3232 (br, O-H), 2228 (w, C=C) cm~'. HRMS
(ESI) caled for CosH s NO (M + H*): 350.1539; found: 350.1542.
Anal. calcd for C,sHuNO (349.43): C, 85.93; H, 5.48; N, 4.01;
found: C, 85.86; H, 5.45; N, 3.84.

Analytical data for (S)-27 (94% ee, Scheme 3): Yield: 13%.
[a]®s = +173, [a]®s;s = +183, [a]*ss = +216 (c 0.535, CHCL,).
HPLC (Daicel Chiralcel IB column, column temperature 20 °C,
solvent n-heptane—isopropanol = 98 : 2, flow rate 0.80 mL min~!,
A =230 nm): t; = 20.61 min for (S)-27, tx = 23.23 min for (R)-27.
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