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Two carboxylic acid or N-(X)sulfonyl carboxamide groups were incorporated into calix[4]arene-crown-6
compounds to afford di-ionizable ligands for use in divalent metal ion separations. Acidities of the
N-(X)sulfonyl carboxamide groups were tuned by variation of the electron-withdrawing properties of

X. Cone, partial-cone and 1,3-alternate conformations were obtained by different synthetic strategies

and their structures verified by NMR spectroscopy. Competitive solvent extractions of alkaline earth
metal cations from aqueous solutions into chloroform were performed and the results compared with
those reported previously for di-ionizable p-tert-butylcalix[4]arene-crown-6 analogues to probe the
influence of the para-substituent on the calix[4]arene scaffold on extraction selectivity and efficiency.

Introduction

Spherical metal ion recognition is a central theme of supramolec-
ular chemistry. Various types of ligands have been developed and
evaluated in separations of such metal ion species. Among them,
calixarenes, especially calixarene-crown ethers, are an important
type of ligand for spherical metal ion complexation.! It has been
shown that the efficiency and selectivity of metal ion extraction by
calix[4]arene-crown ethers is controlled by the polyether ring size,
as well as the conformation of the calixarene scaffold.?

It has also been reported that the efficiency and selectivity of
alkali metal picrate extraction may be influenced by variation
of para-substituents on the calix[4]arene scaffold. For exam-
ple, partial-cone p-tert-butylcalix[4]arene-crown-5 conformer 1
(Fig. 1) exhibits higher K* association constants in chloroform
than the cone or 1,3-alternate analogues. On the other hand,
for calix[4]arene-crown-5 ligands with p-H substituents, the 1,3-
alternate conformer 2 is a better K* complexing agent than
the cone or partial-cone conformer.> These differing confor-
mational preferences were attributed to a steric effect of the
p-tert-butyl groups. For the 1,3-alternate conformer of p-tert-
butylcalix[4]arene-crown-5, approach of the metal ion to the cyclic
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polyether binding site would be hindered by two flanking p-
tert-butyl groups. This also accounts for the poorer alkali metal
cation complexing ability of p-zert-butylcalix[4]arene-biscrown-5
(3) compared with that of calix[4]arene-biscrown-5 (4).* Therefore
in p-tert-butylcalix[4]arene-crown-5 ligand 1, one aryl group is
rotated upward to produce the partial-cone conformation.

Previously, we reported the synthesis of di-ionizable p-tert-
butylcalix[4]arene-crown-6 ligands conformationally locked in the
cone (5), partial-cone (6) and 1,3-alternate (7) conformations
(Fig. 2) as alkaline earth metal ion extractants.* Upon ionization
the two acidic functions provided the requisite anions to form
electroneutral extraction complexes. This avoided the need to
transfer aqueous phase anions into the organic phase in the solvent
extraction process and thereby markedly enhanced the efficiency
of metal extraction from aqueous solutions of metal chlorides,
nitrates or sulfates.

For competitive solvent extraction of alkaline earth metal ions
from aqueous solutions into chloroform, the cone conformers 5
exhibited high extraction efficiency and selectivity for Ba** over
Mg**, Ca* and Sr**. The 1,3-alternate conformers 7 were found to
be weaker extractants, but retained high Ba** extraction selectivity.
On the other hand, the partial-cone conformers 6 displayed very
poor extraction capability.*

To probe the influence of the p-rert-butyl group on the
calix[4]arene scaffolds upon the metal ion extraction behavior
of ligands 5-7, we have now prepared a series of di-ionizable

Fig. 1

Calix[4]arene-crown-5 and -biscrown-5 ligands with different para-substituents.
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Fig.3 New proton di-ionizable calix[4]arene-crown-6 ligands in the cone, partial-cone and 1,3-alternate conformations.

p-H-calix[4]arene-crown-6 analogues in cone (8), partial-cone (9)
and 1,3-alternate (10) conformations (Fig. 3) and conducted
competitive solvent extractions of alkaline earth metal cations.
Results from these investigations are described herein.

Results and discussion
Synthesis of cone di-ionizable calix|4]arene-crown-6 ligands

The synthetic procedure for the cone conformers is shown in
Scheme 1. Although it was reported that 1,3-dihydroxycalix[4]-
arene-crown-6 (11) can be synthesized in 75% yield by direct ring
formation from calix[4]arene and pentaethylene glycol ditosylate,’
this result could not be repeated. Therefore, another reported route
was utilized, which included a protection—deprotection sequence.®
Alkylation of 11 with ethyl bromoacetate and NaH in THF at
room temperature gave cone diester 12 in 71% yield. Hydrolysis
of diester 12 with tetramethylammonium hydroxide (TMAOH)
in aqueous THF gave cone di(carboxylic acid) 8a in 97% yield.
Refluxing di(carboxylic acid) 8a with oxalyl chloride in benzene
gave the corresponding di(acid chloride), which was reacted with

b

Q0

1 12

_° . o
HOLO

the sodium salt forms of appropriate commercially available
sulfonamides to provide ligands 8b—e in 63-86% yields.

The cone conformation for compounds 8a—e was verified by 'H-
and "C-NMR spectroscopy. As shown in Table 1, the methylene
bridge (ArCH,Ar) protons of the cone conformers 8a—e exhibited
a typical AX pattern, that is two widely separated doublets at o
ca. 4.5 and ca. 3.2 ppm for the exo- and endo-geminal protons,
respectively. Both types of protons correlated with a single type
of bridge carbon atom at 31-32 ppm, which is characteristic for
bridge carbons in a syn-orientation. The two ionizable protons
gave a single peak near 10.5 ppm and the protons of the two
OCH,C(O) groups appeared as one singlet at about 5.0 ppm.

Synthesis of partial-cone di-ionizable calix[4]arene-crown-6 ligands

Preparation of partial-cone conformers 9a—e is outlined in
Scheme 2. Reaction of 11 with excess ethyl bromoacetate and
KH gave partial-cone diester 13 in 75% yield. Diester 13
was hydrolyzed with NMe,OH and gave, after recrystallization,
di(carboxylic acid) 9a in 85% yield. The di(carboxylic acid) 9a was
refluxed with oxalyl chloride in benzene to give the corresponding
di(acid chloride), which was reacted with the sodium salts of

Vi X

r c b: CH;
00 — c: Ph
C j l d: CgHy-4-NO,
[0 Oj)/OH e: CF,

Q0

8a

Scheme 1 Synthesis of cone conformers 8a—e. Reagents and conditions: a) BrCH,CO,Et, NaH, THF-DMF, rt; b) 10% aq. NMe,OH, THF, reflux; c) i)

(COCQI),, C¢Hg, reflux; ii) XSO,NH,, NaH, THF, rt.
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Table 1 Selected proton and carbon chemical shifts (ppm) for cone, partial-cone, and 1,3-alternate di-ionizable ligands

Ligand NH/OH OCH,C(0O) ArCH,Ar ArCH,Ar
8a 10.94 5.03 4.54,3.26 31.22

8b 10.45 5.13 4.61,3.26 31.60

8c 10.55 4.98 444, 3.11 31.52

8d 10.78 5.01 441,3.13 31.51

8e 10.98 5.18 4.53,3.23 31.52

9a 8.30 4.54,4.24 (0.30)" 4.46,3.17;3.92, 3.66 37.16, 30.51
9b 9.90, 8.20 4.42,4.34 (0.08)" 4.35,3.18; 3.84, 3.53 36.58, 31.69
9c 10.11, 8.30 4.33,4.06 (0.27)° 4.15,3.01; 3.75, 3.45 36.50, 31.51
9d 10.31, 8.34 4.36,4.11 (0.25)" 4.15, 3.02; 3.78, 3.46 36.53, 31.51
9e 10.53, 8.20 4.55,4.08 (0.47)" 4.34, 3.18; 3.86, 3.55 36.75, 31.56
10a — 4.12 3.94,3.81 37.60

10b 8.46 3.67 3.85,3.75 37.65

10¢ 8.82 3.44 3.78,3.65 37.48

10d 9.19 3.14 —b 37.47

10e 8.94 3.39 3.88, —* 37.71

“ Chemical shift differences, Ad (ppm), for syn- and anti-OCH,C(O) groups shown in parentheses. ® Signals buried in those for the crown ether ring

protons.

1
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Scheme 2 Synthesis of partial-cone conformers 9a—e. Reagents and conditions: a) BrCH,CO,Et, KH, THF, rt; b) 10% aq. NMe,OH, THF, reflux; ¢) i)

(COC),, C¢Hg, reflux; ii) XSO,NH,, NaH, THF, rt.

appropriate sulfonamides to provide the final products 9b—e in
50-86% yields.

Because of decreased symmetry compared to the cone con-
former analogues, partial-cone compounds 9a—e exhibited more
complex signals in their "H-NMR spectra (Table 1). The ionizable
groups showed two singlets at 0 ca. 10.0 and ca. 8.3 ppm. The
two OCH,C(O) groups appeared as two singlets and the four
methylene bridges (ArCH,Ar) showed two sets of doublets. Unlike
their p-rert-butylcalix[4]arene analogues,* the upfield shift of the
anti-OCH,C(O) group protons was quite small, usually less than
0.5 ppm. This indicates that the anti-OCH,C(O) groups are quite
flexible due to the small hydrogen atoms at the para-position
of the calix[4]arene scaffold. When those hydrogen atoms are
replaced with ferz-butyl groups, the anti-OCH,C(O) groups are
“locked” deeply in the cavities formed by the three surrounding
benzene rings. The methylene bridges (ArCH,Ar) showed two
sets of doublets. The syn-orientated ArCH,Ar protons appeared
as two widely separated doublets (AX pattern, Ad > 1.0 ppm),

15

which were correlated with the syn-orientated bridge carbons at ca.
31.5 ppm. The anti-orientated ArCH,Ar protons were observed
as two closely separated doublets (AB pattern, Ad ~ 0.3 ppm),
which were correlated with the anti-orientated bridge carbons at
ca. 36.5 ppm.

Synthesis of 1,3-alternate di-ionizable calix|4]arene-crown-6
ligands

The preparative route to 1,3-alternate conformers 10a—e
(Scheme 3) was adapted from the procedure reported for the syn-
thesis of corresponding p-fert-butylcalix[4]arene analogues.* Alky-
lation of calix[4]arene (14) with ethyl bromoacetate and K,COj; in
MeCN gave diester 15in 81% yield.” The diester 15 was hydrolyzed
to produce 1,3-alternate calix[4]arene-crown-6 di(carboxylic acid)
10a following a reported procedure.® Di(carboxylic acid) 10a was
converted into 10b—e in 48-55% yields using the same reaction

o {H XOZS*V\%O o\HN-SOZX
X A
oF £ x
N4 c N b: CH;
[O Oj c: Ph
d: CgH-4-NO,
(O Oj (0 Oj e: CFy
Q9 Q9
10a 10b-e

Scheme 3 Synthesis of 1,3-alternate conformers 10a—e. Reagents and conditions: a) BrCH,CO,Et, K,CO;, MeCN, reflux; b) TsO(CH,CH,0);Ts, Cs,CO;,

MeCN, reflux; ¢) i) (COCl),, C¢Hg, reflux; ii) XSO,NH,, NaH, THF, rt.
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conditions as those employed for the cone and partial-cone
conformers.

With the same symmetry as that of the cone conformers, the
1,3-alternate conformers 10a—e exhibited similar patterns in their
"H-NMR spectra (Table 1). The two ionizable protons appeared
as a singlet at ~9.0 ppm. The two OCH,C(O) group protons were
observed as a singlet at d 3.14-4.12. It should be noted that these
OCH,C(O) protons showed a higher upfield shift than the anti-
OCH,C(O) protons of the partial-cone conformers, even though
the upfield shielding is created by three aromatic rings for the
partial-cone conformers instead of two for the 1,3-alternate con-
formers. This means that the calix[4]arene skeleton is so flexible in
the partial-cone conformation that the anti-OCH,C(O) groups can
remain outside the hydrophobic “well” created by the three sur-
rounding aromatic rings. The methylene bridge (ArCH,Ar) pro-
tons appeared as two closely spaced doublets (AB pattern), which
correlated with anti-orientated bridge carbons (6 ~ 37.5 ppm).

Competitive solvent extraction of alkaline earth metal cations by
di-ionizable calix|4]arene-crown-6 ligands 8a—e, 9a—e and 10a—e

In our earlier paper,* competitive solvent extractions of alkaline
earth metal cations (Mg*, Ca*, Sr** and Ba*) by p-tert-
butylcalix[4]arene-crown-6 ligands 5-7 were performed to probe
the effect of spatial relationship between the ionizable groups
and the crown ether ring on the efficiency and selectivity of
divalent metal ion complexation. This spatial relationship was
found to have a very important influence on the extraction
efficiency and selectivity. The cone conformation, in which the two
ionized groups were located on both sides of the polyether ring-
bound divalent metal ion, was the most energetically favorable for
divalent metal ion extraction.

Since para-substituents on the calix[4]arene scaffold may also
affect extraction efficiency and selectivity, competitive solvent
extractions of alkaline earth metal cations (2.0 mM in each)
by 1.0 mM solutions of ligands 8a—e, 9a—e and 10a—e in
chloroform were performed. Fig. 4 presents plots of the metal
cation loading of the organic phase vs. the equilibrium pH
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Fig.4 Percent metalsloading vs. equilibrium pH of the aqueous phase for
competitive solvent extraction of alkaline earth metal ions into chloroform
by calix[4]arene-crown-6 di(carboxylic acid)s. a) 8a, b) 9a, and ¢) 10a. (=
Mg*, O = Ca’*, A = Sr**, ¥ = Ba*.)

of the aqueous phase for extractions with calix[4]arene-crown-
6 di(carboxylic acid)s 8a, 9a and 10a in the cone, partial-cone
and 1,3-alternate conformations, respectively. The cone ligand 8a
exhibits pronounced extraction selectivity for Ba** over Sr** and
Ca* (Fig. 4a). Significant amounts of Mg** were also extracted
from alkaline aqueous solutions, particularly at higher pH. For
comparison, previously reported results* for corresponding p-zert-
butylcalix[4]arene-crown-6 di(carboxylic acid)s 5a, 6a and 7a are
shown in Fig. 5. Compared with 5a (Fig. 5a), cone ligand 8a
shows poorer extraction efficiency and selectivity. This is attributed
to greater flexibility of ligand 8a in which the bulky p-fert-butyl
groups have been removed from the calix[4]arene scaffold. The
partial-cone ligand 9a, like its p-tert-butylcalix[4]arene analogue
6a, exhibited very poor extraction ability (compare Fig. 4b and 5b).
Comparison of the results obtained for 1,3-alternate di(carboxylic
acid)s 10a (Fig. 4c) and 7¢ (Fig. 5¢) reveals a change from Mg**
as the best extracted alkaline earth metal cation from the most
basic aqueous solutions for the former to Ba** for the latter. This
is puzzling, since Mg** is too small to fit well in the crown-6 cavity.
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Fig.5 Percent metals loading vs. equilibrium pH of the aqueous phase for
competitive solvent extraction of alkaline earth metal ions into chloroform
by p-tert-butylcalix[4]arene-crown-6 di(carboxylic acid)s. a) 5a, b) 6a,
and ¢) 7a. (O = Mg*, O = Ca*, A = Sr**, v = Ba?*.) (Data taken
from ref. 4.)

By replacing the carboxylic acid groups with N-(X)sulfonyl
carboxamide functions, the ligand acidity can be systematically
varied by changing the X group.* A more electron-withdrawing X
group will provide a ligand with higher acidity, which enables metal
ion extraction from aqueous media of lower pH. Competitive
solvent extractions of alkaline earth metal cations from aqueous
solutions into chloroform were performed with calix[4]arene-
crown-6 di[N-(X)sulfonyl carboxamide] ligands 8b—e, 9b—e and
10b—e in the cone, partial-cone and 1,3-alternate conformations,
respectively.

Fig. 6 shows the competitive solvent extraction results for cone
ligands 8b—e in which the X group was varied as CH;, C.Hs,
C¢H4-4-NO, and CF;, respectively. Contrary to the analogous
di(carboxylic acid) 8a (Fig. 4a), ligands 8b—d all exhibited very
high Ba?* extraction selectivity and efficiency with 100% metals
loadings (for formation of 1 : 1 extraction complexes). The pH

This journal is © The Royal Society of Chemistry 2007
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Fig.6 Percent metals loading vs. equilibrium pH of the aqueous phase for
competitive solvent extraction of alkaline earth metal ions into chloroform
by cone calix[4]arene-crown-6 di[N-(X)sulfonyl carboxamides]. a) 8b, b)
8¢, ¢) 8d and d) 8e. (O = Mg**, O = Ca*, A = Sr**, ¥ = Ba>*))

for half loading (pH,s), which is a qualitative measure of ligand
acidity in the two-phase extraction system,* decreased for the
cone N-(X)sulfonyl carboxamide calix[4]arene-crown-6 ligands as
X was varied in the order: Me (7.0) > C,H; (6.9) > C,H,-4-
NO, (6.1) > CF;(2.9). This is consistent with enhancement of
the electron-withdrawing ability of X which increases the ligand
acidity. Compared with the published extraction results for p-
tert-butylcalix[4]arene analogues 5b—e (Fig. 7).,* the selectivity for
Ba** over Mg?, Ca’ and Sr** for extractants 8b—d was slightly
poorer, revealing greater selectivity when p-zert-butyl groups were
present in the di-ionizable calix[4]arene-crown-6 ligands. For the
most acidic extractants 8e and 5e, the extraction profiles presented
in Fig. 6d and 7d, respectively, were virtually identical.
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Fig. 7 Percent metals loading vs. equilibrium pH of the aqueous phase
for competitive solvent extraction of alkaline earth metal ions into
chloroform by cone p-tert-butylcalix[4]arene-crown-6 di[N-(X)sulfonyl
carboxamides]. a) 5b, b) 5¢, ¢) 5d and d) Se. (O = Mg*, O = Ca*,
A = Sr**, ¥ = Ba’.) (Data taken from ref. 4.)

In Fig. 8 are presented the results for competitive alkaline earth
metal ion extraction by the partial-cone calix[4]arene-crown-6
di[N-(X)sulfonyl carboxamide] ligands 9b—e. Like the analogous
di(carboxylic acid) 9a, these ligands show very poor extraction
efficiency and selectivity.
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Fig.8 Percent metalsloading vs. equilibrium pH of the aqueous phase for
competitive solvent extraction of alkaline earth metal ions into chloroform
by partial-cone calix[4]arene-crown-6 di[ N-(X)sulfonyl carboxamides]. a)
9b, b) 9¢c, ¢) 9d and d) 9e. (0 = Mg*, O = Ca®*, A = Sr**, v = Ba’"))

Results for competitive solvent extraction of alkaline earth
metal ions from aqueous solutions into chloroform by 1,3-
alternate calix[4]arene-crown-6 di[N-(X)sulfonyl carboxamide]
ligands 10b—e are portrayed in Fig. 9. Ligand 10b with X = Me
gave the best extraction of Mg** (Fig. 9a), similar to di(carboxylic
acid) 10a (Fig. 4c). Extractants 10c and 10d show somewhat
lower Ba®* selectivity (Fig. 9b and 9c) than the corresponding
p-tert-butylcalix[4]arene analogues 7¢ and 7d (Figs. 10b and 10c,
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Fig.9 Percent metals loading vs. equilibrium pH of the aqueous phase for
competitive solvent extraction of alkaline earth metal ions into chloroform
by 1,3-alternate calix[4]arene-crown-6 di[N-(X)sulfonyl carboxamides]. a)
10b, b) 10c, ¢) 10d and d) 10e. ((J = Mg**, O = Ca*, A = Sr**, ¥ = Ba*.)
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Fig. 10 Percent metals loading vs. equilibrium pH of the aqueous phase
for competitive solvent extraction of alkaline earth metal ions into chloro-
form by 1,3-alternate p-tert-butylcalix[4]arene-crown-6 di[N-(X)sulfonyl
carboxamides]. a) 7b, b) 7¢, ¢) 7d and d) 7e. (O = Mg*, O = Ca*, A =
Sr’*, v = Ba’*). (Data taken from ref. 4.)

respectively). The extraction behavior for 10e with X = CF; was
unusual. Only 20% metal loading was observed when the organic
phase was stripped with the customary 0.1 N HCI. Upon stripping
with 1.0 N HCI, the metal loading increased to 55%. This indicated
much stronger alkaline earth metal cation binding by 10e than
for the other extractants. The reason for this stronger metal ion
binding by 10e is not apparent at this time. For extractant 10e, the
extraction profile shown in Fig. 9d was observed. In comparison,
the corresponding p-tert-butylcalix[4]arene analogue gave much
higher Ba®* extraction selectivity and efficiency (Fig. 10d).

In summary, like their p-tert-butylcalix[4]arene analogues,
calix[4]arene-crown-6 di(carboxylic acid) and di[N-(X)sulfonyl
carboxamide] ligands 8a—e, 9a—e and 10a—e showed alkaline earth
metal ion extraction efficiency and selectivity in the order of
cone >1,3-alternate > partial-cone. The '"H NMR spectra of
the di-ionizable p-H-calix[4]arene compounds indicated greater
flexibility than in analogues with p-fert-butyl substituents. The
generally lower alkaline earth metal ion extraction selectivity and
efficiency observed for the p-H-compounds is attributed to this
greater ligand flexibility.

Experimental
General

Melting points were determined with a Mel-Temp melting point
apparatus. Infrared (IR) spectra were recorded with a Perkin-
Elmer Model 1600 FT-IR spectrometer as deposits from CH,Cl,
solution on NaCl plates. The 'H and "C NMR spectra were
recorded with a Varian Unity INOVA 500 MHz FT-NMR ('H
500 MHz and "*C 126 MHz) spectrometer in CDCl; with TMS
as internal standard. Elemental analysis was performed by Desert
Analytics Laboratory of Tucson, Arizona.

Acetonitrile (MeCN) was dried over CaH, and distilled imme-
diately before use. Tetrahydrofuran (THF) was dried over sodium
with benzophenone as an indicator and distilled just before use.

Cs,CO; was activated by heating at 150 °C overnight under high
vacuum and then stored in a desiccator. Pentaethylene glycol
ditosylate® and calix[4]arene (14)° were prepared by literature
procedures.

Cone 25,27-bis(ethoxycarbonylmethoxy)calix|4]arene-crown-6
(12). A mixture of 11 (2.81 g, 4.48 mmol), THF-DMF (9 : 1,
60 mL), and NaH (1.08 g, 44.8 mmol) was stirred under nitrogen
at room temperature for 30 min. Ethyl bromoacetate (5.99 g,
35.9 mmol) in THF (20 mL) was added slowly. The mixture was
stirred at room temperature for 12 h and quenched with 1 N
HCI (10 mL). The THF was evaporated in vacuo and CH,Cl,
(100 mL) and 10% HCI (50 mL) were added to the residue. The
organic layer was washed with water (2 x 50 mL), dried over
MgSO, and evaporated in vacuo. The residue was purified by
chromatography on silica gel with EtOAc-hexanes (2 : 1) as the
eluent to give 12 (2.54 g, 71%) as a white solid (mp 201-202 °C).
Found: C, 69.41; H, 6.93%. C4Hs,0,, requires C, 69.16; H, 6.81%.
Vmax(film)/cm~" 1758, 1734 (C=0). dy 6.94-7.09 (4 H, m, ArH),
6.80-6.94 (2 H, m, ArH), 6.28-6.38 (2 H, m, ArH), 6.16-6.28 (4 H,
m, ArH), 4.46-4.58 (§ H,m, OCH,CO, ArCH,Ar),4.18-4.35(8 H,
m, OCH,(CH;), OCH,CH,0), 3.98-4.08 (4 H, m, OCH,CH,0),
3.64-3.82 (12 H, m, OCH,CH,0), 3.20 (4 H, d, J 13.5, ArCH,Ar),
1.29 (6 H, t, J 7.5, OCH,CH,). - 169.33, 157.67, 154.46, 136.08,
133.32, 133.18, 128.88, 127.73, 122.76, 122.18, 72.97, 71.54,70.77,
70.73, 70.56, 69.72, 61.34, 60.76, 60.72, 31.02, 14.18.

Cone 25,27-bis(carboxymethoxy)calix|4]arene-crown-6 (8a). A
mixture of 12 (5.80 g, 7.26 mmol), THF (100 mL) and 10%
Me,NOH (100 mL) was refluxed for 24 h. The THF was
evaporated in vacuo and the resulting aqueous mixture was cooled
in an ice-bath and acidified with 6 N HCI. The mixture was
extracted with CH,Cl, (2 x 100 mL). The combined organic layers
were washed with water (2 x 50 mL) and dried over MgSO,. After
evaporation of the CH,Cl, in vacuo, 8a (5.39 g, 97%) was obtained
as a white solid (mp 306-309 °C). Found: C, 67.82; H, 6.38%.
C4;,H,60; requires C, 67.91; H, 6.24%. v, (film)/cm~" 2900-3200
(CO,H), 1734 (C=0).6,, 7.14 (4 H, d, J 7.5, ArH), 6.97 (2 H, t,
J 7.5, ArH), 6.26-6.40 (6 H, m, ArH), 5.04 (4 H, s, OCH,CO),
454 (4H,d, J 134, ArCH,Ar), 3.93-4.02 (4 H, m, OCH,CH,O0),
3.86-3.93 (4 H, m, OCH,CH,0), 3.76-3.84 (8 H, m, OCH,CH,0),
3.70-3.76 (4 H, m, OCH,CH,O0), 3.26 (4H, d, J 13.4, ArCH,Ar).
dc 171.13, 156.68, 153.58, 135.88, 132.80, 129.19, 128.16, 123.38,
123.27, 74.64, 71.80, 70.60, 70.39, 70.27, 69.43, 31.22.

General procedure for preparation of cone 25,27-bis| N-(X)sul-
fonyl carbamoylmethoxy]calix|[4]arene-crown-6 compounds 8b—e.
A solution of 8a (2.00 g, 2.69 mmol) and oxalyl chloride (1.88 mL,
21.5 mmol) in benzene (40 mL) was refluxed for 5 h. The solution
was evaporated in vacuo and dried under high vacuum for 30 min.
The residue was dissolved in THF (20 mL) and added to a
mixture of the appropriate sulfonamide (5.90 mmol) and NaH
(0.66 g, 26.9 mmol) in THF (40 mL) under nitrogen at room
temperature. The reaction mixture was stirred for 12 h (except for
p-nitrobenzenesulfonamide, 3 h). The reaction was quenched with
a small amount of water and the THF was evaporated in vacuo.
The residue was dissolved in CH,Cl, (100 mL) and washed with
10% aqueous K,CO; solution (2 x 50 mL), 10% HCI (50 mL) and
water (2 x 50 mL). The organic layer was dried over MgSO, (except
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for trifluoromethyl derivatives). Evaporation of CH,Cl, in vacuo
gave the crude product, which was purified by chromatography.

Cone 25,27-bis(/N-methanesulfonyl carbamoylmethoxy)calix-
|4]arene-crown-6 (8b). Chromatography on silica gel with
CH,Cl,-MeOH (97 : 3) as eluent, yield 72%, white solid, mp
255-258 °C. Found: C, 58.60; H, 5.87; N, 3.09%. C,,H;,O,N,S,
requires C, 58.91; H, 5.84; N, 3.12%. v, (film)/cm~" 3300-2800
(NH), 1734 (C=0). 64 10.45 (2 H, s, NH), 7.13 (4 H, d, J 7.5,
ArH), 6.97 2 H, t, J 6.5, ArH), 6.20-6.37 (6 H, m, ArH), 5.13 (4
H, s, OCH,CO), 4.61 (4 H, d, J 13.5, ArCH,Ar), 3.89-4.02 (8 H,
m, OCH,CH,O0), 3.76-3.89 (12 H, m, OCH,CH,0), 3.26 (4 H, d, J
13.5, ArCH,Ar), 3.16 (6 H, s, CH;S0,). o 170.07, 155.00, 154.52,
136.52, 132.71, 129.00, 127.84, 123.17, 122.84, 77.25, 77.00, 76.74,
73.40, 70.43, 70.33, 69.94, 69.84, 69.12, 41.42, 31.60.

Cone 25,27-bis(/V-benzenesulfonyl carbamoylmethoxy)calix-
[4]arene-crown-6 (8c). Chromatography on silica gel with
CH,Cl,-MeOH (97 : 3) as eluent, yield 86%, white solid, mp
132-136 °C. Found: C, 63.34; H, 5.35; N, 2.79%. C5;H5,0,,N,S,
requires C, 63.51; H, 5.53; N, 2.74%. vy (film)/cm~" 3441 (NH),
1737, 1719 (C=0). dy 10.55 (2 H, s, NH), 7.97-8.09 (4 H, m,
ArH), 7.54-7.64 (2 H, m, ArH), 7.40-7.53 (4 H, m, ArH), 6.98 (4
H, d, J 7.5, ArH), 6.85 (2 H, t, J 7.5, ArH), 6.22-6.30 (2 H, m,
ArH), 6.19 (2 H, d, J 7.5, ArH), 4.98 (4 H, s, OCH,CO), 4.44 (4
H, d, J 13.5, ArCH,Ar), 3.87-3.96 (4 H, m, OCH,CH,0), 3.79-
3.87 (4 H, m, OCH,CH,0), 3.70-3.79 (8 H, m, OCH,CH,0),
3.60-3.70 (4 H, m, OCH,CH,0), 3.11 (4 H, d, J 13.5, ArCH,Ar).
Oc 168.26, 154.72, 154.58, 139.28, 136.17, 133.48, 132.69, 128.91,
128.68, 128.29, 127.74, 122.94, 122.72, 73.43, 70.26, 69.94, 69.77,
69.31, 31.52.

Cone 25,27-bis(/V-p-nitrobenzenesulfonyl carbamoylmethoxy)-
calix[4]arene-crown-6 (8d). Chromatography on silica gel with
CH,Cl,-MeOH (97 : 3) as eluent, yield 63%, white solid, mp
226-229 °C. Found: C, 58.29; H, 4.77; N, 4.76%. C5,H5,O3xN,S,
requires C, 58.37; H, 4.90; N, 5.04%. vy (film)/cm~" 3417 (NH),
1718 (C=0). o4 10.78 (2 H, s, NH), 8.12-8.22 (4 H, m, ArH),
8.23-8.32 (4 H, m, ArH), 6.95 (4 H, d, J 7.5, ArH), 6.82 2 H, t,
J 7.5, ArH), 6.21-6.30 (2 H, m, ArH), 6.17 (4 H, d, J 7.5, ArH),
5.01 (4H,s, OCH,CO),4.41 (4 H,d, J 13.4, ArCH,Ar), 3.87-3.99
(8 H, m, OCH,CH,0), 3.74-3.87 (12 H, m, OCH,CH,0), 3.13
(4 H, d, J 13.5, ArCH,Ar). ¢ 168.47, 154.59, 154.49, 150.52,
144.36, 136.16, 132.38, 129.74, 128.96, 127.81, 123.87, 123.07,
122.93, 73.22, 70.59, 70.27, 70.01, 69.73, 69.31, 31.51.

Cone 25,27-bis(/V-trifluoromethanesulfonyl carbamoylmethoxy)-
calix|[4]-arene-crown-6 (8¢). Chromatography on silica gel with
CH,Cl,-MeOH (97 : 3) as eluent, yield 79%, white solid, mp 216
218 °C. Found: C, 51.79; H, 4.49; N, 2.34%. C,;H40,,N,S,F,-0.3
CH,CI, requires C, 51.64; H, 4.56; N, 2.72%. vy (film)/cm~" 3416
(NH); 1772 (C=0). 6y 10.98 (2 H, s, NH), 7.13 (4 H, d, J 7.4,
ArH), 6.98 (2 H, t, J 7.5, ArH), 6.22-6.36 (6 H, m, ArH), 5.18
(4 H, s, OCH,CO), 4.53 (4 H, d, J 13.5, ArCH,Ar), 3.95-4.02
(4 H, m, OCH,CH,0), 3.89-3.95 (4 H, m, OCH,CH,0), 3.85
(8 H, s, OCH,CH,0), 3.79 (4 H, s, OCH,CH,0), 3.23 (4 H, d, J
13.5, ArCH,Ar).dc 167.54, 154.60, 154.24, 136.24, 132.57, 129.13,
127.87, 123.50, 123.01, 120.43, 117.86, 72.74, 70.29, 70.14, 69.92,
69.79, 68.66, 31.52.

Partial-cone  25,27-bis(ethoxycarbonylmethoxy)calix|4]arene-
crown-6 (13). A mixture of 11 (10.48 g, 16.7 mmol), KH (4.78 g,
35% dispersion in mineral oil, 41.75 mmol) and THF (400 mL)
was stirred under nitrogen at room temperature for 1 h. Ethyl
bromoacetate (7.41 mL, 66.8 mmol) was added dropwise to the
solution. The reaction mixture was stirred at room temperature
for another 3 h and quenched with a small amount of water.
The THF was evaporated in vacuo, and to the residue was added
CH,Cl, (200 mL) and 10% HCI (100 mL). The organic layer
was separated and washed with water (2 x 100 mL), dried over
MgSO., and evaporated in vacuo. The crude product was purified
by recrystallization from CH,Cl,-MeOH to give 13 (9.96 g,
75%) as a white solid with mp 163-166 °C. Found: C, 68.78; H,
6.81%. Cy4Hs,O), requires C, 69.16; H, 6.81%. v, (film)/cm™!
1755, 1733 (C=0). 0y 7.52 (2 H, d, J 7.6, ArH), 7.11 (1 H, t, J
7.6, ArH), 6.97-7.06 (4 H, m, ArH), 6.85 (1 H, t, J 7.5, ArH),
6.53 (2 H,t,J 7.5, ArH), 6.42-6.49 (2 H, m, ArH), 447 2 H, s,
OCH,C(0)), 442 (2 H, d, J 13.4, ArCH,Ar), 4.10-4.25 (4 H,
m, OCH,CH,0, OCH,C(0)), 3.92-3.99 (4 H, m, OCH,CH,,
OCH,C(0)), 3.67-3.92 (22 H, m, OCH,CH,O, ArCH,Ar), 3.15
(2 H, d, J 12.5, ArCH,Ar), 1.28 3 H, t, J 7.2, CH;), 1.08 (3 H,
t, J 7.2, CH;). dc 170.20, 169.66, 155.99, 155.93, 154.22, 136.44,
133.49, 132.93, 132.72, 131.65, 129.10, 128.82, 128.76, 122.62,
122.60, 122.43, 72.85, 71.30, 70.97, 70.87, 70.47, 69.83, 68.29,
60.59, 59.94, 35.89, 31.54, 14.14, 13.96.

Partial-cone 25,27-bis(carboxymethoxy)calix[4]arene-crown-6
(9a). A mixture of the diester 13 (9.96 g, 12.5 mmol), NMe,OH
(250 mL, 25%), H,O (150 mL) and THF (400 mL) was heated at
reflux for 24 h. The THF was evaporated in vacuo and the resulting
aqueous solution was cooled in an ice-bath and acidified with 6
N HCI. The solution was extracted with CH,Cl, (2 x 100 mL).
The organic phase was washed with water (2 x 100 mL) and dried
over MgSO,. After evaporation of CH,Cl, in vacuo, the crude
product was purified by recrystallization from CH,Cl,-MeOH to
give 9a (7.86 g, 85%) as a white solid with mp 251-254 °C. Found:
C, 67.15; H, 6.41%. C,,H,0,,-0.1 CH,Cl, requires C, 67.30; H,
6.20%. Voo (film)/cm™" 3405 (CO,H), 1754 (C=0). é, 8.30 (2 H,
brs, CO,H), 7.37 (2 H, d, J 7.6, ArH), 7.24-7.32 (1 H, m, ArH),
7.15(2H,d, J 7.4, ArH), 6.99 (1 H, t, J 7.5, ArH), 6.79-6.87 (2
H, m, ArH), 6.72-6.76 (2 H, m, ArH), 6.69 (2 H, t, J 7.4, ArH),
4.54 (2 H, s, OCH,C(0)),4.46 2 H, d, J 13.2, ArCH,Ar), 4.24 (2
H, s, OCH,C(0)), 4.08-4.19 (2 H, m, OCH,CH,0), 3.92 (2 H, d,
J 14.9, ArCH,Ar), 3.50-3.88 (20 H, m, OCH,CH,O, ArCH,Ar),
3.16(2H,d, J 13.2, ArCH,Ar). dc 170.11, 168.18, 154.63, 154.38,
152.18, 135.96, 134.60, 133.40, 132.81, 129.93, 129.33, 128.25,
126.18, 124.21, 123.58, 74.12, 70.77, 70.67, 70.61, 70.52, 69.82,
66.33, 37.16, 30.51.

General procedure for synthesis of partial-cone 25,27-bis|V-(X)-
sulfonyl carbamoylmethoxy]|calix|4]arene-crown-6 compounds 9b—e

The procedure was essentially the same as that employed for
the cone conformers. The crude product was purified by either
recrystallization or chromatography.

Partial-cone 25,27-bis(/N-methanesulfonyl carbamoylmethoxy)-
calix[4]arene-crown-6 (9b). Chromatography on silica gel with
CH,Cl,-MeOH (20 : 1) as eluent, yield 52%, white solid, mp 292—
294 °C (d). Found: C, 59.01; H, 5.89; N, 3.05%. C,,H;,0,4N,S,
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requires C, 58.91; H, 5.84; N, 3.12%. v, (film)/cm~" 3331 (NH),
1727 (C=0). 04 9.90 (1 H, s, NH), 8.20 (1 H, s, NH), 7.45 (2 H, d,
J 7.6, ArH), 7.14 (1 H, t, J 7.6, ArH), 7.07 (2 H, d, J 7.4, ArH),
6.90 (1 H, t, J 7.5, ArH), 6.76-6.84 (2 H, m, ArH), 6.68 (2 H, t,
J 1.5, ArH), 6.54-6.62 (2 H, m, ArH), 4.42 (2 H, s, OCH,C(0)),
4.30-4.39 (4 H, m, ArCH,Ar, OCH,C(0)), 3.68-4.08 (22 H, m,
OCH,CH,O0, ArCH,Ar), 3.54 (2 H, d, J 14.0, ArCH,Ar), 3.41 (3
H, s, CH,), 3.18 (2 H, d, J 13.5, ArCH,Ar), 3.00 (3 H, s, CH,).
oc 169.38, 167.66, 155.87, 153.79, 152.95, 136.23, 134.31, 133.15,
132.04, 131.81, 129.92, 129.06, 128.04, 123.57, 123.15, 122.56,
72.76,70.67,70.41, 70.16, 70.00, 68.92, 68.49, 41.86, 41.13, 36.58,
31.69.

Partial-cone 25,27-bis(/N-benzenesulfonyl carbamoylmethoxy)-
calix[4]arene-crown-6 (9c). Recrystallization from CH,Cl,—
MeOH, yield 85%, white solid, mp 292-295 °C (d). Found: C,
63.42; H, 5.66; N, 2.61%. C5,HssO,N,S, requires C, 63.51; H,
5.53; N, 2.74%. vy (film)/cm~" 3323 (NH), 1731 (C=0). dy 10.11
(1 H, s, NH), 8.30 (1 H, s, NH), 8.13-8.22 (2 H, m, ArH), 7.90—
8.02 (2 H, m, ArH), 7.65-7.74 (1 H, m, ArH), 7.52-7.64 (3 H, m,
ArH), 7.34-7.46 (4 H, m, ArH), 7.08 (1 H, t, J 7.6, ArH), 6.90 (2
H,d, J 7.4, ArH), 6.80 (1 H, t, J 7.5, ArH), 6.67-6.73 (2 H, m,
ArH), 6.64 2 H, t, J 7.5, ArH), 6.49-6.57 (2 H, m, ArH), 4.33 (2
H, s, OCH,C(0)), 4.15 (2 H, d, J 13.4, ArCH,Ar), 4.06 2 H, s,
OCH,C(0)), 3.86-4.02 (4 H, m, OCH,CH,O0), 3.62-3.86 (18 H, m,
OCH,CH,0, ArCH,Ar), 3.45 (2 H, d, J 13.8, ArCH,Ar), 3.00 (2
H,d, J 13.5, ArCH,Ar).d. 167.48, 166.29, 155.85, 153.48, 153.10,
139.46, 138.66, 135.99, 134.34, 134.22, 133.14, 133.10, 131.91,
131.85, 129.78, 129.01, 128.88, 128.44, 128.42, 128.34, 128.01,
123.46, 122.97, 122.60, 72.73, 70.60, 70.52, 70.35, 70.05, 69.17,
68.83, 36.50, 31.51.

Partial-cone  25,27-bis(/V-p-nitrobenzenesulfonyl carbamoyl-
methoxy)calix[4]-arene-crown-6  (9d). Recrystallization from
CH,Cl1,-MeOH, yield 85%, green-yellow solid, mp 292-294 °C
(d). Found: C, 58.30; H, 4.70; N, 4.89%. Cs,Hs,0sN,S, requires C,
58.37; H,4.90; N, 5.04%. Vo (film)/cm~' 3318 (NH), 1733 (C=0).
oy 10.31 (1 H, s, NH), 8.41-8.46 (2 H, m, ArH), 8.35-8.39 (2 H,
m, ArH), 8.34 (1 H, s, NH), 8.17-8.23 (2 H, m, ArH), 8.06-8.13
(2H,m, ArH),7.38 (2H,d, J 7.6, ArH), 7.08 (1 H, t, J 7.6, ArH),
6.86 (2 H,d,J 74, ArH), 6.76 (1 H, t, J 7.4, ArH), 6.64-6.70 (2
H, m, ArH), 6.62 (2 H, t, J 7.4, ArH), 6.49-6.55 (2 H, m, ArH),
4.36 (2 H, s, OCH,C(0)),4.14 (2 H, d, J 13.3, ArCH,Ar), 4.11 (2
H, s, OCH,C(0)), 3.91-4.04 (4 H, m, OCH,CH,0), 3.80-3.90 (4
H, m, OCH,CH,0), 3.66-3.80 (12 H, m, OCH,CH, O, ArCH,Ar),
3.46 (2 H, d, J 13.9, ArCH,Ar), 3.02 (2 H, d, J 13.5, ArCH,Ar).
Jc 167.55, 166.40, 155.87, 153.33, 153.01, 150.99, 150.28, 144.65,
143.93, 136.02, 134.30, 133.14, 131.89, 131.82, 130.02, 129.83,
129.81, 128.83, 127.87, 124.23, 123.52, 123.49, 123.03, 122.50,
72.72,70.63, 70.47, 70.34, 69.93, 68.97, 68.81, 36.53, 31.51.

Partial-cone 25,27-bis(/V-trifluoromethanesulfonyl carbamoyl-
methoxy)calix[4]-arene-crown-6  (9¢). Recrystallization from
CH,Cl,-MeOH, yield 86%, white solid, mp > 224 °C (d). Found:
C, 51.48; H, 4.56; N, 2.81%. C,,H,,O,N,S,F,-0.3 CH,Cl, requires
C, 51.64; H, 4.56; N, 2.72%. vy, (film)/cm™" 3289 (NH), 1762
(C=0). 0y 10.53 (1 H, s, NH), 8.20 (1 H, s, NH), 745 (2 H, d, J
7.7, ArH), 7.12 (1 H, t, J 7.6, ArH), 7.07 2 H, d, J 7.4, ArH),
6.92 (1 H, t, J 7.4, ArH), 6.74-6.81 (2 H, m, ArH), 6.65 (2 H, t,
J 7.4, ArH), 6.57-6.63 (2 H, m, ArH), 4.56 (2 H, s, OCH,C(0O)),

433 (2 H, d, J 13.4, ArCH,Ar), 4.00-4.18 (4 H, m, OCH,C(O),
OCH,CH,0), 3.68-3.96 (20 H, m, OCH,CH,0, ArCH,Ar), 3.55
(2 H, d, J 142, ArCH,Ar), 3.18 (2 H, d, J 13.5, ArCH,Ar). dc
167.47, 165.31, 155.94, 153.30, 152.79, 135.91, 134.65, 133.21,
132.10, 132.07, 130.04, 129.17, 127.71, 123.68, 123.52, 122.85,
72.60, 70.56, 70.15, 70.01, 69.89, 69.02, 68.33, 36.75, 31.56.

General procedure for preparation of 1,3-alternate 25,27-bis-
[V-(X)-sulfonyl carbamoylmethoxy]calix|[4]arene-crown-6
compounds 10b—e

The procedure was essentially the same as that employed for the
cone conformers. The crude product was purified by chromatog-
raphy.

1,3-Alternate 25,27-bis(/N-methanesulfonyl carbamoylmethoxy)-
calix[4]arene-crown-6 (10b). Chromatography on silica gel with
CH,Cl,-MeOH (97 : 3) as eluent, yield 48%, white solid, mp
218-219 °C. Found: C, 59.11; H, 5.78; N, 3.10%. C,H;,O,N,S,
requires C, 58.91; H, 5.84; N, 3.12%. vy (film)/cm~" 3339 (NH),
1716 (C=0). d4 8.46 (2 H, s, NH), 7.19 (4 H, d, J 7.5, ArH),
7.13 (4 H, d, J 7.5, ArH), 6.91-6.99 (4 H, m, ArH), 3.85
(4 H, d, J 15.7, ArCH,Ar), 3.64-3.79 (20 H, m, OCH,CO,
ArCH,Ar, OCH,CH,0), 3.49-3.56 (8 H, m, OCH,CH,0), 3.37 (6
H, s, CH;S0,). dc 168.54, 156.89, 154.42, 134.41, 133.34, 131.17,
129.98, 124.19, 123.95, 71.31, 71.19, 70.63, 70.23, 69.81, 41.46,
37.65.

1,3-Alternate 25,27-bis(/V-benzenesulfonyl carbamoylmethoxy)-
calix[4]arene-crown-6 (10c). Chromatography on silica gel with
CH,CL,-MeOH (97 : 3) as eluent, yield 55%, white solid, mp
236-242 °C. Found: C, 63.43; H, 5.25; N, 2.57%. C5;H5;O,N,S,
requires C, 63.51; H, 5.53; N, 2.74%. v, (film)/cm™" 3334 (NH),
1718 (C=0).0y 8.82 (2 H, s, NH), 8.30 (4 H, d, J 7.6, ArH), 7.56—
7.78 (6 H, m, ArH), 7.16 (4 H, d, J 7.6, ArH), 6.82-7.02 (6 H, m,
ArH), 6.70 2 H, t, J 7.4, ArH), 3.78 (4 H, d, J 15.4, ArCH,Ar),
3.60-3.75 (16 H, m, ArCH,Ar, OCH,CH,0), 3.50-3.60 (8 H, m,
OCH,CH,0), 3.44 (4 H, s, OCH,CO). 6 167.33, 156.93, 154.20,
138.68, 134.34, 134.10, 133.24, 131.27, 129.97, 129.00, 128.74,
124.15, 123.76, 71.27,71.23, 71.10, 70.83, 70.46, 69.95, 37.48.

1,3-Alternate 25,27-bis(/N-p-nitrobenzenesulfonyl carbamoyl-
methoxy)-calix|4]arene-crown-6 (10d). Chromatography on sil-
ica gel with CH,Cl,-MeOH (97 : 3) as eluent, yield 53%,
white solid, mp 160-165 °C. Found: C, 58.68; H, 4.74; N,
5.10%. CyHsON,S, requires C, 58.37; H, 4.90; N, 5.04%.
Ve (film)/cm™" 3332 (NH), 1745 (C=0). 6, 9.19 (2 H, s, NH),
8.48-8.56 (4 H, m, ArH), 8.40-8.48 (4 H, m, ArH), 7.20 (4 H, d, J
7.6, ArH), 6.88-7.00 (6 H, m, ArH), 6.65(2H, t,J 7.4, ArH), 3.52—
3.88 (28 H, m, ArCH,Ar, OCH,CH,0), 3.14 (4 H, bs, OCH,CO).
Oc 167.96, 157.42, 153.65, 150.93, 144.15, 134.80, 133.18, 131.81,
130.10, 130.05, 124.22, 124.14, 124.00, 71.34, 71.25, 71.20, 71.13,
70.29, 70.01, 37.47.

1,3-Alternate 25,27-bis(/V-trifluoromethanesulfonyl carbamoyl-
methoxy)-calix|[4]-arene-crown-6 (10e). Chromatography on sil-
ica gel with CH,CL-EtOAc (97 : 3) as eluent, yield 51%,
white solid, mp 199-202 °C. Found: C, 52.72; H, 4.82; N,
2.95%. CyuHyO14N, S, F requires C, 52.59; H, 4.61; N, 2.79%.
Vax (film)/cm™ 3334 (NH), 1718 (C=0). 5, 8.94 (2 H, s, NH),
7.22(4H,d,J7.6,ArH),7.09 (4 H,d,J 7.6, ArH),6.97 2H, t,J
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7.5,ArH), 6.93 (2 H, t,J 7.5, ArH), 3.88 (4 H, d, J 15.6, ArCH, Ar),
3.66-3.82 (16 H, m, OCH,CH,0, ArCH,Ar), 3.52-3.62 (8 H, m,
OCH,CH,0), 3.39 (4 H, bs, OCH,CO). 5. 166.87, 157.27, 153.84,
134.70, 133.23, 131.69, 130.07, 124.67, 124.25,71.29, 71.25, 71.21,
71.03, 70.37, 69.92, 37.71.

Procedure for competitive extraction of alkaline earth metal
cations

An aqueous solution of the alkaline earth metal chlorides with
hydroxides for pH adjustment (for 8e, 9e, and 10e, 0.10 M
HCI was utilized for pH adjustment) (2.0 mL, 2.0 mM in each
alkaline earth metal cation species) and 2.0 mL of 1.0 mM ligand
in chloroform in a metal-free, capped, polypropylene, 15 mL
centrifuge tube was vortexed with a Glas-Col Multi-Pulse Vortexer
for 10 min at room temperature. The tube was centrifuged for
10 min for phase separation with a Becton-Dickinson Clay Adams
Brand® centrifuge. A 1.5 mL portion of the organic phase was
removed and added to 3.0 mL of HCI solution in a new, 15 mL,
polypropylene centrifuge tube (the concentration of the HCI
solution is 0.10 M unless stated otherwise). The tube was vortexed
for 10 min and centrifuged for 10 min. The alkaline earth metal
cation concentrations in the aqueous phase from stripping were
determined with a Dionex DX-120 Ion Chromatograph with a
CSI12A column. The pH of the aqueous phase from the initial
extraction step was determined with a Fisher Accumet AR25 pH
meter with a Corning 476157 combination pH electrode.

The metal loading (ML) was calculated by use of the following
equation

ML(%) = loonM.org/niLigand.org

where 1y ., Was the final metal amount (in moles) that was stripped
from the organic phase and 7', 4.0, Was the initial ligand amount
(in moles) in the organic phase.
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A family of previously reported ring-closing metathesis (RCM)-derived macrocycles that exhibit potent
Grb2 SH2 domain-binding affinity is characterized by stereoselectively-introduced upper ring junctions
that bear bicyclic aryl substituents. However, the synthetic complexity of these macrocycles presents a
potential limit to their therapeutic application. Therefore, the current study was undertaken to simplify
these macrocycles through the use of achiral 4-pentenylamides as ring-forming components. A series of
macrocycles (5a—f) was prepared bearing both open and cyclic constructs at the upper ring junction.
The Grb2 SH2 domain-binding affinities of these macrocycles varied, with higher affinities being
obtained with cyclo-substituents. The most potent analogue (5d) contained a cyclohexyl group and
exhibited Grb2 SH2 domain-binding affinity (K = 1.3 nM) that was nearly equal to the parent
macrocycle (2), which bore a stereoselectively-introduced naphthylmethyl substituent at the upper ring
junction (K = 0.9 nM). The results of this study advance design considerations that should facilitate

the development of Grb2 SH2 domain-binding antagonists.

Introduction

Inhibition of protein-tyrosine kinase (PTK)-dependent signaling
has emerged as an important new approach toward anticancer
therapeutics.’? Most clinically effective small molecule PTK
inhibitors interact at the kinase catalytic cleft, where they function
as ATP-competitive agents. Although PTK inhibitors generally
exhibit low collateral cytotoxicity, the cardiotoxicity recently
reported following administration of the c-Abl PTK inhibitor,
imatinib mesylate (Gleevec)® highlights a need for alternate
approaches toward PTK down regulation.

Src homology 2 (SH2) domain binding interactions are key
components of PTK pathways that function downstream of the
kinase step and afford potentially complimentary targets for
blocking PTK signaling.* Development of SH2 domain binding
inhibitors, including inhibitors of the growth factor receptor
bound protein 2 (Grb2) SH2 domain, has been undertaken by
several groups.®® Grb2 is a non-catalytic docking module that
plays critical roles in several cancers, including erbB-2 dependent
breast cancers and c-Met dependent renal carcinomas.” The design
of Grb2 SH2 domain signaling inhibitors has been assisted by
the preferential binding of native “pTyr-Xxx-Asn-Yyy” ligands in
type-I beta turn conformations.® A group at Novartis developed
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Research, NCI-Frederick, National Institutes of Health, Frederick, MD
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T Electronic supplementary information (ESI) available: Procedures for
the whole cell Grb2 binding studies shown in Fig. 2 as well as synthetic
experimental details for compounds 9¢, 9e, 9f, 10b, 10c, 10e, 10f, 13b, 13c,
13d, 13e, 13f, 5b, 5c¢, 5d, Se and 5f. See DOI: 10.1039/b611887a

peptide mimetics exemplified by 1 that are characterized by a C-
terminal (3-bicyclicarylpropyl)amide® and a bend-inducing pTyr +
1 Acqc (1-aminocyclohexanecarboxylic acid) residue (Fig. 1)."°

We had previously prepared macrocycle 2 as a conformationally
constrained variant of 1 using ring-closing metathesis (RCM)
chemistries (Fig. 1)."'2 Macrocycles based on 2 represent a new
family of highly potent Grb2 SH2 domain-binding antagonists
that can provide single digit nanomolar binding constants even
when mono-anionic phosphoryl mimetics are employed.”® In
designing 2 we hypothesized that introduction of the ring-closing
propenyl segment into 1 could enhance binding affinity in part due
to rotational restriction at the upper ring junction. However, when
macrocycle 3 was prepared bearing both R and S stereochemistries
at the upper ring junction, little difference was observed in the
binding affinities (Fig. 1)."* The related RCM-derived macrocycle
4 also showed a surprising lack of dependence of binding affinity
on upper ring junction stereochemistry.'*!¢ Therefore, a study was
undertaken to prepare a series of macrocycles 5a—5f lacking a
stereogenic center at the upper ring junction and to examine their
Grb2 SH2 domain binding affinities.

Results and discussion
Synthesis

A key feature of macrocycles 5a—5f is the facile synthesis of
achiral 4-penten-1-amines (9a-9f) that serve as the upper ring
junction components during RCM ring closure (Scheme 1). With
the exception of 4-penten-1-amine (9a), which was derived from
4-penten-1-o0l,"” amines 9b—9f were prepared by the method of
Bender and Widenhoefer, namely by allylation of the nitriles 6b—
6f to yield the corresponding known 1-(2-propenyl)carbonitriles
(8b-8f) followed by reduction.” For analogue 9d, commercially
available cyclohexanecarbonitrile (6d) was first halogenated to the
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Fig. 1 Structures of Grb2 SH2 domain-binding inhibitors.

known 1-chloro derivative (7d) by the method of Fleming et al.,
then metalated (n-butyl lithium) and reacted with allyl bromide to
yield the intermediate 8d."

Initial attempts to couple the cyclohexyl-containing amine
9d with N°®-Boc-Asn-OH using HOBt-EDCI active ester
methodology® gave only a low yield of the desired asparagine
amide 10d. A similar effort at coupling the diphenyl-containing
amine 9f resulted in no product. Alternatively, the mixed anhydride
(i-BuOC(0O)Cl, 4-methylmorpholine) coupling of amines 9a-9¢
and 9e, 9f with N“-Boc-Asn(Trt)-OH gave the desired asparagine
amides 10 in high yields (Scheme 2).

Previous syntheses of macrocycles exemplified by 2 and 3 have
involved the low yield coupling of the protected p-vinyl-containing
pTyr mimetic 12 with the dipeptides 11, obtained by condensing
the appropriate asparagine alkenylamides with N-protected 1-
aminocyclohexanecarboxylic acid (Scheme 3).>'%2-2% The poor
yields of this key step can be attributed to steric interactions
between the highly hindered 12 and the dipeptide 11.

In order to overcome the low yields encountered in the
condensation of 12 with the dipeptides 11, coupling of 12 with the

/\/\/OH —> /\/\/NHZ.TFA

9a
R4 R, R,
Y /\>< —>/\></NH2
CN
6bR,; = RZ-CH3 8b-f 9b-f

6c Ry = 2 =—(CHp)s—
6d Ry =Ry =—(CHp)s—
6e Ry = Ry = —(CHy)e—
6f Ry =R, = Ph

%

Cl CN
7d

Vi

Scheme 1  Reagents and conditions: (i) CH;SO,Cl, NEt;, CH,Cl,, room
temp, 3 h; then NaN;, DMF-H,O0, 50 °C, overnight; (ii) LiAlH,, Et,O,
0°C, 1 h then (Boc),0, Et,0-H,O, room temp, overnight; (iii) CF;CO,H
Et;SiH, CH,Cl,, room temp, 2 h (52% yield over three steps); (iv)
LiN(i-Pr),, THF, —78 °C, 45 minutes, then allyl bromide, warmed to room
temp overnight; for 8f; NaH, DMF 0° to room temp, overnight (65% yield
for 8b; 84% yield for 8c; 91% yield for 8e); (v) PCls, pyridine, CHCl;, reflux
overnight (95% yield); (vi) allyl bromide, n-BuLi, THF, —78 °C, 2 h (76%
yield); (vii) LiAlH,, Et,O for 9b, 9d, 9f; THF for 9¢c, 9¢, 0 °C, 1 h (82%
yield for 9b; 92% yield for 9¢; 92% yield for 9e; quantitative over two steps
for 9f).

(0]

o NHR
AN — X/\”)S W
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Boc H

9a X =CH,

9b X = C(CH3),

9c¢c X = C(cyclo —C4Hg-)
9d X = C(cyclo —CsHqg-)
9e X = C(cyclo —CgHqo—)
9f X = C(CgHs)o

10a-10c, 10e, 10f R =Trt
10d R=H

Scheme 2 Reagents and conditions: For 10a—10c, 10e and 10f,
N“-Boc-L-Asn(Trt), 4-methylmorpholine, i-BuOC(O)Cl, DMF, 0 °C then
room temp, overnight (30% yield for 10a; 82% yield for 10b; 92% yield
for 10c; 92% yield for 10e; quantitative for 10f). For 10d, N“-Boc-L-Asn,
EDCI, HOBt, NEt(i-Pr),, CH,Cl,, room temp, overnight (11% yield over
two steps from 8d).

sterically less crowded monomeric 1-aminocyclohexanecarboxylic
acid allyl ester (16) was undertaken (Scheme 4). Preparation of
16 was achieved in two steps from commercially-available N-Boc-
I-aminocyclohexanecarboxylic acid (14) by initial O-allylation to
15 (50% yield) followed by TFA cleavage of the N-Boc group.
Without purification, crude 16 was directly reacted with 12 using
HOAt-EDCT active ester coupling? in the presence of NEt(i-Pr),
to provide desired product 17 in 90% yield. Cleavage of the O-allyl
ester [Pd(PPh;),, morpholine] gave the dipeptide equivalent 18 in
91% yield suitably protected for further coupling.

Treatment of the N-Boc protected asparagine alkenylamides
10a-10f with TFA gave the corresponding TFA salts (19a—
19f), which were directly subjected to HOAt-EDCI active
ester coupling with pseudodipeptide 18 in the presence of
NELt(i-Pr), (Scheme 5). In this fashion the open-chain metathesis
precursors 13a—13f were uniformly obtained in good to high yields.
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room temperature, 2 days (50% yield); (ii) CF;CO,H, Et;Si, CH,Cl,, room
temp, 2 h; (iii) HOAt, EDCI, NEt(i-Pr),, DMF, room temp, 2 days (90%
yield over two steps); (iv) Pd(PPh;),, morpholine, THF, room temp, 30 min
(91% yield).
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Table1 Grb2 SH2 domain-binding affinities determined by surface
plasmon resonance

Compound no. Kp/nM*
2 0.9

5a 320

5b 360

5¢ 24

5d 1.3

Se 39

5f 72

“Steady state values determined on Biacore 2000 and S51 instruments
using amine coupled surfaces as described in references 15 and 34.

Metathesis ring closure to the intermediate protected
macrocycles 21 using Grubbs 2™ generation catalyst
[(PCy;)(Im(Mes),)Ru=CHPh) 20]* failed when conducted
in refluxing dichloromethane (bp 40 °C). However, increasing
the reaction temperature through the use of refluxing 1,2-
dichloroethane (bp 83 °C) provided the desired protected
ring-closed intermediates 21a-21f, which were passed down a
silica gel column. The brown products were deprotected using
TFA and purified by reverse phase HPLC to yield the final
products 5a—5f as white solids. Yields of HPLC-purified products
were disappointing, ranging from 4% (for 5f) to 39% (for 5a).

Grb2 SH2 domain-binding affinities

Grb2 SH2 domain binding affinities of final macrocycles 5a—
5f were determined by surface plasmon resonance (SPR) using
Biacore 2000 and S51 instruments. While SPR-determination of
SH2 domain binding constants has often been indirect through
the measurement of an inhibitor’s ability to compete with sensor-
bound reference pTyr-containing peptide for binding to Grb2 SH2
domain protein in solution,?*? our current protocol directly mea-
sured the binding of macrocycles 5a—5f to biotinylated Grb2 SH2
domain protein immobilized onto the sensor chip. Immobilization
of protein was achieved either by amine coupling or by streptavidin
capturing of the biotin functionality. Binding affinities determined
from steady state K, values using amine-coupled surfaces (Table 1)
were generally poorer by up to an order of magnitude or more than

0
“Mes
NH2 *el \( X/\N K NH2

: —>5af

Ru=—\
ClI7 1
PCy Ph

" BuO t-BuO

21a-f

Scheme 5  Reagents and conditions: (i) HOAt, EDCI, NEt(i-Pr),, DMF, room temp, 2 days (for 13a 91% yield over two steps from 10a; for 13b 90% yield
over two steps from 10b; for 13c quantitative yield over two steps from 10¢; for 13d 60% yield over two steps from 10d; for 13e quantitative yield over two
steps from 10e; for 13f 85% yield over two steps from 10f); (ii) C,H,Cl,, reflux, 2 days; (iii) CF;CO,H, Et;Si, CH,Cl,, room temp, 2 h (for 5a 39% yield
over two steps from 13a; for 5b 11% yield over two steps from 13b; for Sc 7% yield over two steps from 13c; for 5d 17% yield over two steps from 13d; for

5e 6% yield over two steps from 13e; for 5f 4% yield over two steps from 13f.
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the corresponding values obtained from biotin capture surfaces
(data not shown). The reasons for these differences are not known.

The binding affinity of the parent macrocycle 2, which bears
a stereoselectively-introduced naphthylmethyl substituent at the
upper ring junction, was found to be K, = 0.9 nM, in close agree-
ment with previous determinations.'? The affinities of macrocycles
5a (Kp = 320 nM) and 5b (K, = 360 nM) that contained either
unsubstituted or bis-methyl substituted upper ring junctions were
significantly less than other members of the series. The highest
affinities were obtained with macrocycles having cyclopentyl and
cyclohexyl substituents at the upper ring junctions (5¢, K, =
24 nM and 5d, K, = 1.3 nM, respectively). Increasing the
substituent ring size to seven members resulted in a decrease in
affinity (5e, Kp = 39 nM). Macrocycle 5f having a bis-phenyl-
substituted ring junction showed a further loss of affinity (K, =
72 nM), yet retained greater affinity than the unsubstituted and
bis-methyl-containing macrocycles 5a and 5b, respectively.

In open-chain 1 the naphthyl ring system has been hypoth-
esized to interact with a hydrophobic patch on the Grb2 SH2
domain protein formed by the side chains of LyspD6 and Leu
BD’1 and bounded by Phe BE3.° Structure-activity studies on
the related phosphopeptides “Ac-pTyr-Ile-Asn-NH-R” showed
an approximate 10-fold loss of binding affinity when R = 3-
(1-naphthyl)propyl was replaced by the less hydrophobic 3-
phenylpropyl, isopropyl or isobutyl groups.” The structural im-
portance of substituents occupying the naphthyl ring position in
1 has also been shown by affinity enhancements achieved through
the introduction of oxygen functionality onto the naphthyl ring®
or by replacement of the naphthyl group with indole ring systems.

Molecular modeling had previously indicated that the naphthyl
ring system in 2 should interact with the hydrophobic patch
formed by the side chains of LyspD6 and Leu fD’'1.2" A recent X-
ray crystal structure of a similar naphthyl-containing macrocycle
bound to Grb2 SH2 domain protein showed that the naphthyl
ring lay primarily over the Leu BD’1 region with the macrocycle
ring-closing propenyl bridge interacting with the methylenes of
the LyspD6 side chain.’® Because macrocycles 5a—5f lack the
naphthylmethyl substituent of parent 2, reduced interactions with
the hydrophobic patch would be expected relative to 2, although
hydrophobic interactions with the LyspD6 side chain would be
retained. Therefore, note was taken of the fact that cyclohexyl-
containing 5d retained nearly all the affinity of the parent 2, which
contained a stereoselectively introduced naphthylmethyl group at
the upper ring junction.

The unsubstituted 5a and bis-methyl-substituted Sb exhibited
significantly reduced affinity. This could arise from greater flexi-
bility of their macrocycle-forming pentenyl segments and reduced
hydrophobic interactions with the Leu fD’1 region. The greater
affinities of the cyclopentyl (5¢) and cyclohexyl (5d)-containing
macrocycles may be attributed to a combination of reduced
conformational flexibility of their pentenyl amide chains and
greater hydrophobic interactions with the Leu D'l region. In
spite of its greater lipophilic character, the cycloheptyl-containing
5e may bind with less affinity due to increased conformational
flexibility.

It was also of interest to examine the ability of a representative
macrocycle to inhibit the binding of Grb2 to cognate protein
in whole cells. For this purpose, S¢ was incubated at different
concentrations with A431 breast cancer cells in the presence

and absence of epidermal growth factor. A431 cells over-express
the epidermal growth factor receptor (EGFR) PTK. Following
incubation with inhibitor the cells were washed, lysed and binding
of Grb2 to EGFR measured as described in the Electronic
Supplementary Information (ESI).T As shown in Fig. 2, at 300 nM
concentration macrocycle Sc was able to achieve a nearly complete
blockade of intracellular binding of Grb2 to EGFR.

control + EGF
5¢ [nM] 0 30 300 0 30 300
IP 0-Grb2 P
Blot o-EGFR Cad
IP 0-Grb2
PoGbl | e D

Fig. 2 Concentration-dependent inhibition by 5¢ of binding of Grb2 to
epidermal growth factor receptor (EGFR) tyrosine kinase in intact A431
cells as described in the Electronic Supplementary Information.t Cells
were treated with the indicated concentrations of 5¢, then left untreated
(control) or briefly stimulated with EGF (+EGF). Cells were lysed and the
amount of EGFR bound to Grb2 determined (upper panels) as well as the
amount of total Grb2 (lower panels).

Conclusions

Macrocycles exemplified by 2 exhibit promising Grb2 SH2 domain
inhibitory profiles. However, their synthetic complexity presents
potential limitations to their therapeutic application. The goal of
the current study was to employ achiral 4-pentenylamides as ring-
forming components in the RCM formation of a new family of
macrocycles that do not require stereoselective construction of the
upper ring junction. In the course of this work it was found that
the low synthetic yields associated in the original synthesis with
the key coupling of the pTyr mimetic portion with an Acc-Asn-
alkenylamide dipeptide unit could be overcome by preconstruction
of a pseudo-dipeptide formed from the pTyr mimetic and the Ac,c
residue and then coupling this with the Asn-akenylamide residue.
Unfortunately, yields of RCM macrocyclization for this series were
disappointingly low. The Grb2 SH2 domain-binding affinities of
these macrocycles varied, depending on the substituents at the
upper ring-forming junction. Higher affinities were obtained with
cycloalkyl substituents, with the most potent analogue having a
cyclohexyl group. It was significant that binding affinity nearly
equivalent to the parent 2 could be obtained without employing
defined chirality at the upper ring junction or using bicyclic aryl
substituents. The results of this study contribute significantly to a
greater understanding of design considerations that may be useful
for the development of Grb2 SH2 domain-binding antagonists.

Experimental
2,2-Dimethyl-4-penten-1-amine (9b)

To a suspension of LiAlH, (5.60 g, 147 mmol) in ether (100 mL)
at 0 °C was added dropwise nitrile 8b (4.0 g, 36.7 mmol) and the
reaction mixture was warmed to room temperature and stirred
overnight. To the mixture was cautiously added H,O (25 mL)
and the mixture was vigorously stirred until white. It was dried
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(Na,S0O,) and solvent removed to provide previously reported*
9b as a colorless oil (3.20 g, 77% yield). "H NMR (400 MHz,
CDCl;) 6 5.80 (m, 1 H), 5.03 (m, 2 H), 2.45 (s, 2 H), 1.97 (m, 2 H),
1.55 (m, 2 H), 0.86 (s, 6 H).

N“-Boc-N-(triphenylmethyl)-L-asparagine (4-pentenyl)amide (10a)

To a solution of N“-Boc-L-Asn(Trt)-OH (950 mg, 2.00 mmol)
in DMF (10 mL) at 0 °C with 4-methylmorpholine (1.00 mL,
9.10 mmol) was added isobutylformate (0.32 mL, 2.45 mmol)
and the mixture was stirred at 0 °C (10 minutes) then amine 9a
(478 mg, 2.40 mmol) was added and the reaction mixture was
warmed to room temperature and stirred overnight. The mixture
was diluted with ethyl acetate (150 mL), washed with H,O (2 x
50 mL), brine (50 mL), dried (Na,SO,) and solvent removed.
Purification by silica gel column chromatography (hexane and
ethyl acetate) afforded 10a as a white solid (325 mg, 30% yield).
"H NMR (400 MHz, CDCl;) § 7.32-7.15 (m, 15 H), 6.98 (br s, 1
H), 6.70 (brs, 1 H), 6.18 (brs, 1 H), 5.77 (m, 1 H), 5.00 (m, 2 H),
4.42 (m, 1 H), 3.21 (m, 2 H), 3.08 (dd, J = 15.0, 3.4 Hz, | H), 2.53
(dd,J=15.0,2.2Hz, 1 H),2.05(q,J =7.2Hz,2 H), 1.55 (m, 2 H),
1.43 (s, 9 H). FAB-MS (+VE) m/z 542.4 (M + H)*. HR-FABMS
caled for C5;3HyyN;O, (M + H)*: 542.3019. Found: 542.3009.

N*-Boc-N-(triphenylmethyl)-L-asparagine
1-(2-propenyl)-cyclohexanemethanamide (10d)

To a solution of 7d (3.80 g, 25.5 mmol) in dry ether (200 mL) at
0 °C, was cautiously added LiAIH, (2.0 g, 52.6 mmol) and the
mixture was warmed to room temperature and stirred overnight.
The reaction mixture was cooled to 0 °C and quenched by the
cautious addition of H,O (5.0 mL). The mixture was stirred
vigorously until the color became white, then it was dried (Na,SO,)
and solvent evaporated to yield crude amine 9d as a colorless oil
(3.20 g). An aliquot (0.75 g, 5.0 mmol) was added to a pre-formed
active ester solution formed by reacting at room temperature
for 15 minutes N“-Boc-L-Asn-OH (1.16 g, 5.0 mmol), HOBT
(0.70 g, 5.0 mmol), EDCI (1.00 g, 5.0 mmol) and NEt(i-Pr),
(1.75mL, 10 mmol) in dry CH,Cl, (25 mL). The resulting reaction
mixture was stirred at room temperature overnight. The mixture
was diluted with ethyl acetate (200 mL) and washed with H,O
and brine, dried (Na,SO,) and solvent evaporated. Purification
by silical gel column chromatography (hexane and ethyl acetate)
afforded 10d as a colorless solid (200 mg, 11% yield from 7d). 'H
NMR (400 MHz, CDCl;) 6 6.94 (s, 1 H), 6.29 (s, 1 H), 6.20 (d, J =
6.4 Hz,1 H), 5.84 (m, 1 H), 5.64 (s, 1 H), 5.10 (m, 2 H), 4.45 (m, 1
H), 3.17 (m, 2 H), 2.94 (dd, J = 15.2, 3.6 Hz, | H), 2.55(dd, J =
154, 6.2 Hz, 1 H), 2.03 (m, 2 H), 1.50-1.20 (m, 19 H). FAB-MS
(+VE) m/z: 368.4 (M + H)*. HR-FABMS calcd for C,yH3,N;0,
(M + H)*: 368.2549. Found: 368.2550.

N’-Boc-a-aminocyclohexanecarboxylic acid 2-propenyl ester (15)

A mixture of N“Boc-l-aminocyclohexanecarboxylic acid®
(1.70 g, 7.00 mmol), allyl bromide (0.89 mL, 10.5 mmol) and
Na,CO; (881 mg, 10.5 mmol) in DMF (20 mL) was stirred at room
temperature (2 days). The reaction mixture was diluted with ethyl
acetate (150 mL), washed with H,O (2 x 50 mL) and brine (50 mL),
dried (Na,SO,) and solvent evaporated. Purification by silica gel
column chromatography (hexane and ethyl acetate) afforded 15 as

a colorless oil (1.00 g, 50% yield). "H NMR (400 MHz, CDCl;)
0592 (m, 1 H), 525 (m, 1 H), 5.20 (m, 1 H), 4.72 (br s, 1 H),
4.61 (m, 2 H), 2.00 (m, 2 H), 1.84 (m, 2 H), 1.65-1.53 (m, 3 H),
1.53-1.43 (m, 11 H), 1.30 (m, 1 H). FAB-MS (+VE) m/z: 284.2
(M + H)*. HR-FAB (M + H)*: 284.1873, Calc: 284.1862.

Dipeptide allyl ester 17

Treatment of N°-Boc-protected 15 (384 mg, 1.35 mmol) with
CF;CO,H (1.56 mL) and triethylsilane (0.64 mL) in CH,Cl,
(3.00 mL) at room temperature (2 h) and removal of volatiles pro-
vided the free amine as its CF;CO,H salt (16). This was dissolved
in DMF (2.0 mL) and added to a pre-formed active ester solution
obtained by reacting pTyr mimetic 12> (450 mg, 0.90 mmol) in
DMF (4.0 mL) along with HOAt (183 mg, 1.35 mmol), EDCI
(258 mg, 1.35 mmol) and NEt(i-Pr), (0.78 mL, 4.50 mmol) with
stirring at room temperature (15 minutes). The combined reaction
mixture was stirred at room temperature (2 days). The mixture
was diluted with ethyl acetate (150 mL), washed with H,O (2 x
50 mL) and brine (50 mL), dried (Na,SO,) and solvent evaporated.
Purification by silica gel column chromatography (hexane and
ethyl acetate) provided 17 as a white solid (540 mg, 90% combined
yield). "H NMR (400 MHz, CDCl;) § 7.22-7.10 (m, 4 H), 5.94
(s, 1 H), 5.83-5.77 (m, 2 H), 5.25-5.00 (m, 4 H), 4.46 (m, 2 H),
3.52 (m, 1 H), 3.00 (m, 1 H), 2.92 (d, J = 21.2 Hz, 2 H), 2.52
(m, 2 H), 1.70-1.20 (m, 36 H), 0.85 (m, 1 H). FAB-MS (+VE)
m/z: 662.4 (M + H)*. HR-FABMS calcd for C;,H;,\NNaO,P (M
+ Na)*: 684.3641. Found: 684.3644.

Dipeptide acid 18

To a solution of dipeptide allyl ester 17 (540 mg, 0.82 mmol)
in anhydrous THF (30 mL) which had been degassed under
argon for 5 minutes was added Pd(PPh;), (93 mg, 0.080 mmol)
and morpholine (0.70 mL, 8.00 mmol). The mixture stirred at
room temperature (30 minutes) then 0.1 M HCI (100 mL) was
added, THF was removed in vacuo and the remaining residue was
extracted with ethyl acetate (3 x 50 mL). The combined ethyl
acetate extracts were washed with brine (50 mL), dried (Na,SO,)
and purified by silica gel column chromatography (CH,Cl, and
methanol) to afford 18 as a white solid (460 mg in 91% yield). 'H
NMR (400 MHz, CDCl;) 6 7.21-7.12 (m, 4 H), 591 (m, 1 H),
5.75 (s, 1 H), 5.15 (m, 2 H), 3.49 (m, 1 H), 3.10-2.90 (m, 3 H),
2.72-2.55 (m, 2 H), 1.70 (m, 2 H), 1.60-1.25 (m, 33 H), 1.15 (m, 2
H). FAB-MS (+VE) m/z: 644 (M + Na)*. HR-FABMS calcd for
C;;H,NNaOxP (M + Na)*: 644.3328. Found: 644.3359.

Metathesis precursor 13a

N“-Boc-protected asparagine amide 10a (94 mg, 0.174 mmol) was
treated with CF;CO,H (1.60 mL) and triethylsilane (0.30 mL)
in CH,Cl, (1.0 mL) at room temperature (4 h), then volatiles
were removed in vacuo and the residue was placed in a vacuum
(30 minutes) to yield the CF;CO,H amine salt 19a. This was
dissolved in DMF (2.0 mL) and added to a pre-formed active
ester solution prepared by stirring dipeptide acid 18 (70 mg,
0.116 mmol) in DMF (2.0 mL) with HOAT (19 mg, 0.140 mmol),
EDCI (28 mg, 0.140 mmol) and NEt(i-Pr), (91 puL, 0.522 mmol)
at room temperature (15 minutes). The resulting reaction mixture
was stirred at room temperature (2 days) then diluted with ethyl
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acetate (150 mL), washed with H,O (2 x 50 mL) and brine
(50 mL) and dried (Na,SO,). Purification by silica gel column
chromatography (CH,Cl, and methanol) provided 13a (85 mg,
91% yield). "H NMR (400 MHz, CDCl;) ¢ 7.35 (t, / = 6.0 Hz, 1
H), 7.24 (dd, J =8.4,2.0 Hz,2 H), 7.19(d, ] = 8.4 Hz, 2 H), 7.11
(d, 7 =8.4Hz, 1 H),6.78 (brs, 1 H), 6.28 (s, 1 H), 5.89-5.76 (m, 2
H), 5.56 (brs, 1 H), 5.12-4.97 (m, 4 H), 4.49 (dd, J/ = 13.4, 7.0 Hz,
1 H), 3.46 (t, J = 9.4 Hz, 1 H), 3.25 (m, 1 H), 3.18 (m, 1 H), 3.07
(m, 1 H), 3.00 (dd, J = 21.4, 3.4 Hz, 2 H), 2.79 (m, 2 H), 2.64
(m, 2 H), 2.14-2.08 (m, 4 H), 1.78-1.57 (m, 5 H), 1.52-1.27 (m,
29 H), 1.13 (m, 2 H), 0.60 (m, 1 H). FAB-MS (+VE) m/z: 803.5
(M + H)*. HR-FABMS calcd for C,H;N,NaO,P (M + Na)*:
825.4543. Found: 825.4568.

Macrocyclic final product 5a

A solution of tripeptide 13a (50 mg, 0.063 mmol) in 1,2-
dichloroethane (20 mL) was degassed under argon (5 minutes) then
Grubbs 2" generation catalyst [((PCy;)(Im(Mes),)Ru=CHPh)
201** (26 mg, 0.032 mmol) was added and the mixture was
refluxed (2 days). The mixture was concentrated and purified
by silica gel column chromatography (CH,Cl, and methanol)
to provide the brown crude product 21a. This was treated with
a mixture of CF;CO,H (9.0 mL), triethylsilane (0.50 mL) and
H,O (0.50 mL) at room temperature (2 h). The solvent was
removed and the residue was purified by reverse phase preparative
HPLC using a Phenomenex C,3 column (21 mm diameter X
250 mm, cat. no: 00G-4436-P0) using a linear gradient from
0% aqueous acetonitrile (0.1% CF;CO,H) to 100% acetonitrile
(0.1% CF;CO,H) over 35 minutes at a flow rate of 10.0 mL min™!
(detection at 225 nm). Lyophilization provided the macrocyclic
final product 5a as a white solid (15 mg, 39% yield from 13a). 'H
NMR (400 MHz, DMSO-d;) 6 8.50 (s, 1 H), 8.32 (d, J = 8.0 Hz,
1 H), 7.57 (br s, 1 H), 7.31 (d, J/ = 8.4 Hz, 2 H), 7.20-7.13 (m, 4
H), 5.78 (dd, J = 15.0, 10.0 Hz, 1 H), 5.56 (m, 1 H), 4.26 (m, 1
H),4.09 (d, J =8.4 Hz, | H), 3.55 (m, 1 H), 3.28 (d, / = 11.6 Hz,
1 H), 293 (d, J = 21.2 Hz, 2 H), 2.83 (dd, J = 15.8, 5.0 Hz, 1
H), 2.76 (m, 1 H), 2.53 (m, 1 H), 2.33 (dd, / = 15.2, 4.8 Hz, | H),
2.20-1.95 (m, 4 H), 1.90-1.70 (m, 3 H), 1.60-1.40 (m, 7 H), 1.20
(m, 1 H). FAB-MS (—VE) m/z: 605.2 (M — H)". HR-FABMS
caled for CxHyN,O,P (M + H)*: 607.2533. Found: 607.2558.
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A new class of receptor is described that can selectively bind to the solvent exposed surface of proteins
such as cytochrome ¢ and lysozyme with low micromolar affinity over cytochrome ¢551, o-lactalbumin,
myoglobin and RNase A, under physiologically relevant conditions (5 mM phosphate, pH 7.4). The use
of anthracene as a hydrophobic scaffold allows the receptor to act as a selective chemosensor via
fluorescence quenching or FRET. The study reveals that co-operative electrostatic interactions over a
large surface area dominate binding. Further investigations reveal that the receptor binds to the solvent
exposed heme edge of cytochrome ¢ inhibiting its reaction with small reducing agents and validating the

strategy for the disruption of protein function.

Introduction

The design of molecular receptors capable of binding protein
surfaces and disrupting their function is an active area of research
due to the importance of protein—protein interactions in many
cellular processes.? Traditionally, this disruption of function is
achieved through recognition of well-defined cavities within the
protein,! while recognition of the solvent-exposed exterior is
less explored.> Every protein presents a unique distribution of
hydrophobic and charged residues at its surface (Fig. 1)* that
influences the selectivity and affinity with which it interacts with
other proteins.* Recognition of small peptide fragments has been
achieved in aqueous solution using combinations of hydrophobic,
electrostatic and metal-ligand interactions, an approach that has
been extended further to the recognition of proteins.>® Similarly,
numerous reports describing model peptides or miniature proteins
focus upon stabilizing and presenting the features of secondary
structure critical to a protein—protein interface’ and in turn
this has inspired the development of protein surface mimetics
(proteomimetics).®

In recent years, we have reported synthetic receptors that
are capable of binding to the exterior surfaces of cytochrome
¢, o-chymotrypsin, platelet-derived growth factor and other
proteins through complementary electrostatic and hydrophobic
interactions.® Latterly, we have validated this approach for the
modulation of protein function by (a) disrupting protein—protein
interactions' and (b) inducing denaturation of the target protein.'!
In further developing these studies we sought to construct a
broader range of receptor designs with the added potential for
function in the recognition and sensing of a wider variety of
proteins.
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In this paper we describe the synthesis and binding properties of
a series of anthracene-derived receptors. These compounds have
the advantages, relative to our previously-reported porphyrins,
of being of lower molecular weight, virtually colourless and
exhibiting an efficient fluorescence resonance energy transfer
(FRET) based quenching of fluorescence on protein binding. The
design strategy leads to selectivity in the recognition and sensing of
cytochrome ¢ and lysozyme when compared to cytochrome c551,
a-lactalbumin, RNase A and myoglobin.?

Results and discussion

We chose to focus upon two primary targets in this work with the
added goal of incorporating a ready readout of recognition into the
receptor design. Cytochrome ¢ was an attractive target as we had
already shown that the unparied electrons in the ferro form could
quench fluorescence upon binding to a fluorogenic receptor.®*
Lysozyme was chosen as a complementary non-metalloprotein
that might promote a different fluorescent response. Cytochrome
¢ is a highly basic protein (12 kDa, pI 9.79) and plays key roles in
electron transfer and apoptosis, that are mediated by complex
formation with proteins such as cytochrome ¢ peroxidase and
Apafl.” A critical recognition region on the surface of cytochrome
¢ involves a hydrophobic patch centered on the solvent exposed
Fe(111) heme unit that is surrounded by lysine and arginine residues.
This domain has been characterised in terms of its interaction with
a complementary domain of cytochrome ¢ peroxidase.’* ' The
interaction is dominated by large entropic and small enthalpic
contributions and a large negative heat capacity.”* Likewise the
highly basic and helical hen egg white lysozyme is a monomeric
protein (14 kDa, pI 9.80) that destroys the cell wall in certain
bacteria via cleavage of the B-glycosidic bond between the C1 of
N-acetylmuramic acid and the C4 of N-acetylglucosamine of the
bacterial peptidoglycan.' While there is no specific protein partner
associated with lysozyme, there are several crystal structures of
lysozyme-antibody complexes with affinities ranging from 10-°—
10~"* M. Additional investigations have demonstrated that the
entire surface of the protein is antigenic.'*'* In each case, the
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(a)

(b)

(c)

(d)

(e)

Fig. 1 Electrostatic and ribbon representations of (a) horse heart cy-
tochrome c, (b) Pseudomonas aeruginosa cytochrome ¢551, (c) horse skele-
tal myoglobin, (d) hen egg white lysozyme, (e) bovine milk a-lactalbumin,
and (f) bovine RNase A (hydrophobic patches are represented in white
and grey, acidic patches in red and basic patches in blue. a-Helical regions
are shown in red, B-sheet blue and random coil light grey. Prosthetic heme
groups are shown as green cylinders).?

interaction between antigen and antibody is characterised by a
large number of hydrophobic contacts coupled with critical ion
pair interactions.'s

We reasoned that a fluorescent, hydrophobic group such as
anthracene could act as a useful core around which to attach
different charged groups. The synthesis of receptor 1a was achieved
in 6 steps and was tailored to match the basic nature of the targeted
proteins. Starting with dimethyl-5-hydroxyisophthalate, alkylation
and then hydrolysis yielded the benzyl protected di-acid as
described previously.' EDCI mediated coupling with aspartic acid
dimethyl ester followed by hydrogenation over 10% Pd(C) gave
S-hydroxy(bisdimethylaspartate)isophthalamide in 70% yield. Di-
alkylation using 9,10-bis(bromomethylanthracene) was achieved
with K,COj; as base (32%) followed by ester hydrolysis to yield
receptor 1a (87%) (Scheme 1). Manual docking of receptor la
to the known structure of cytochrome ¢*?* indicates that the
anthracene scaffold could bind to the solvent exposed hydrophobic
patch of the protein with additional interactions resulting from

electrostatic contact between the carboxylates of the receptor and
basic residues of the protein (Fig. 2a, b).

(b)

Fig. 2 Receptor 1la manually docked to cytochrome c¢ (a) electrostatic
representation and (b) ribbon representation (colours are as for Fig. 1
except the prosthetic heme group is shown in CPK format. The receptor
is shown as yellow cylinders. The basic residues proposed as important to
the binding interaction are shown as blue cylinders).

Titration of horse heart cytochrome ¢ into a solution of receptor
1a (5 mM phosphate, pH 7.4) resulted in efficient fluorescence
quenching (ex 330 nm, similar results are obtained upon excitation
at 285 nm) (Fig. 3a) as a result of complex formation with the
heme edge region of the protein; a well known recognition site for
binding various substrates,*»!%:1L12513 Cyrvye fitting of this data
to a 1 : 1 binding model gave a dissociation constant of 0.66 uM,
reflecting good affinity for a first generation receptor. Job analysis
was used to confirm the predominant formation of a 1 : 1 complex
(Fig. 3b).
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Fig. 3 Fluorescence spectra (ex 330 nm, 5 mM phosphate, pH 7.4) (a)
1 uM receptor 1a on addition of cytochrome ¢, inset shows the change
in signal at 401 nm over the course of the titration as a function of the
concentration of cytochrome ¢ and the curve derived by regression analysis.
(b) Job’s plot: emission of receptor la was monitored at 401 nm as a
function of the mole fraction of cytochrome ¢. The total concentration of
the two species was held constant at 2 pM.
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Scheme 1  Synthesis of receptors 1-2.

This result prompted us to probe the structural properties of
the receptor that are key to protein affinity. Receptors 1b—d and
2 were synthesised in a similar manner to la (Scheme 1). Due
to weak fluorescence emission from receptor 2, the fluorescence
recovery of 1a upon titration of 2 into a 1 : 1 mixture of 1a and
cytochrome ¢ was used to assess the binding with cytochrome
¢. In a control experiment, no changes in fluorescence of 1a were
observed upon titration with 2. There is a deviation from simple 1 :
1 stoichiometry observed for binding of receptor 1c¢ to cytochrome
¢ and this is further reflected in a non-ideal 1 : 1 Job’s plot.
It has been proposed on several occasions that a second weak
binding site on cyctochrome ¢ exists'” and this may account for
the observed deviation from a simple 1 : 1 stoichiometry with
the more hydrophobic receptor le. A summary of the results
obtained from binding assays is shown in Table 1. Receptors 1a,
1d and 2 all have affinity for cytochrome ¢ below 1 pM whereas
receptors 1b and ¢ bind an order of magnitude less efficiently. This
result indicates that the dominant contribution to the binding
interaction is derived from the presence of eight appropriately
spaced carboxylate residues that act in a cooperative manner
across a large surface area. Curiously no significant increase in
affinity results from additional hydrophobic residues (1a v 1d and
1b v 1c¢) as was observed for porphyrin derived receptors.®

Table 1 Dissociation constants of receptors 1a—d and 2 with cytochrome
Cu

Receptor Stoichiometry Dissociation constant
1a 1:1 0.66 (£0.048) pM

1b 1:1 3.32(£0.097) uM

1c 1:10 1.4 (£0.192) pM

1d 1:1 0.30 (+0.013) uM

2 n/d 0.57 (£0.036) pM*

“5 mM phosphate, pH 7.4. ®* Non-ideal 1 :
¢ Competition assay.

1 Job’s plot (see ESIf).

Since the readout of binding relied upon fluorescence quench-
ing, we sought to assess the versatility of the receptor design
in the recognition of other proteins. Titration of lysozyme into
a solution of receptor 1la (5 mM phosphate buffer, pH 7.4, ex
285 nm) results in fluorescence resonance energy transfer (FRET).
This is due to the overlap in emission spectra of the protein
tryptophan residues (em,,, 340 nm) and absorption spectra of
the anthracene moitey (ex 354 nm) suggesting a mutual proximity
(<25 A) from complex formation (data not shown). However,
this approach proved unsuitable for studying the binding because
of signal overlap at higher concentrations of protein. Consistent
with this observation, titration of receptor 1a into a solution of
lysozyme causes a decrease in intensity of the protein emission due
to FRET (Fig. 4a). These data were used to derive a dissociation
constant of 0.52 uM by curve fitting to a 1 : 1 binding isotherm
and the stoichiometry of the interaction was once again confirmed
using Job analysis (Fig. 4b).

Accordingly, we sought to assess the selectivity of receptor 1a for
the surface of cytochrome ¢ and lysozyme against other proteins.
Cytochrome c551 from Pseudomonas aeruginosa has a similar
tertiary structure and performs a similar biological function to
cytochrome ¢ yet lacks lysine residues surrounding the prosthetic
heme. Likewise o-lactalbumin, which forms a complex with
galactosyl transferase, has a similar tertiary structure to that of
lysozyme.***!7 The protein fold and electrostatic representations
of both lysozyme and a-lactalbumin (bovine milk) highlight the
similar evolutionary origins of the two proteins (Fig. 1).>'
Furthermore, o-lactalbumin contains several tryptophans that are
close to the surface suggesting its compatibility with the FRET
assay. In addition, RNase A (bovine) containing no tryptophans
and myoglobin (horse skeletal),® were selected to provide a further
measure of selectivity.

The results of the binding assays are summarized in Table 2
and highlight a clear electrostatic dependence upon the binding of
receptor 1a to different proteins. Both cytochrome c551 and myo-
globin behaved well in the quenching assay and showed an affinity
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Fig. 4 Fluorescence spectra (ex 285 nm, 5 mM phosphate, pH 7.4) (a)
1 uM lysozyme on addition of receptor 1a, inset shows the change in signal
at 340 nm over the course of the titration as a function of the concentration
of receptor 1a and the curve derived by regression analysis. (c) Job’s plot:
emission of receptor 1a was monitored at 423 nm as a function of the mole
fraction of lysozyme. The total concentration of the two species was held
constant at 2 uM.

Table 2 Dissociation constants for binding of proteins to receptor 1a“

Protein pl MW Dissociation constant
Cytochrome ¢ 9.8 12 kDa 0.66 (£0.048) uM”
Cytochrome c551 5.7 11 kDa 7.36 (£0.960) uM®
Myoglobin 7.4 16 kDa 3.56 (£0.160) uM®*
Lysozyme 9.8 14 kDa 0.52 (£0.062) uM¢

o — Lactalbumin 4.7 14 kDa >5uM

RNase A 8.6 14 kDa n/d

“pH 7.4, 5 mM sodium phosphate buffer. * Determined by following
quenching of anthracene emission (em,,, = 401 nm, ex 330 nm) upon
addition of protein. ¢ Determined by following the decrease in protein
emission (em,,,, = 340 nm, ex 285 nm) due to FRET from tryptophan of
protein (ex = 285 nm) to anthracene upon addition of receptor.

for 1a an order of magnitude lower than lysozyme and cytochrome
c reflecting their less basic nature (Table 2). At concentrations up
to 5 uM of protein, no FRET was observed between 1a and o-
lactalbumin. At higher concentrations, deviations from a linear
dependence upon fluorescence occurred for both receptor and
protein suggesting aggregation. However, Beers law was obeyed
in both cases up to at least 2 x 10~* M. Furthermore, no exciplex
emission was observed for the anthracene group indicating that
inner filter effects are probably responsible for the non-linear
behaviour. This suggests that 1a binds to a-lactalbumin with K, >
5 uM. Only small changes in the fluorescence of 5 uM la were
observed upon titration with RNase A indicating that the binding
is likely quite weak. Although RNase A contains no tryptophan
residues, the high tyrosine content should still permit some FRET
to occur.

The electrophoretic mobility of a protein should in principle
be affected upon complex formation with an anionic receptor
such as la. A gel shift assay of lysozyme with and without
1a shows that a discernable change in electrophoretic mobility
occurs in the presence of receptor 1a. No effect is seen with a-
lactalbumin further supporting the selectivity of 1a for lysozyme
over a-lactalbumin (Fig. 5).

1234 56 738
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Fig. 5 Agarose gel shift assay: lanes 1 and 3 lysozyme, lanes 2 and 4
lysozyme and 1a, lanes 5 and 7 a-lactalbumin, lanes 6 and 8 o-lactalbumin
and 1a.

The reaction of cyctochrome ¢ with reducing agents represents a
useful model of the reaction that occurs between cytochrome ¢ and
its natural protein partner—cytochrome ¢ peroxidase. Previously,
it has been shown that the pseudo first order reduction of Fe(i1r)
cytochrome ¢ to Fe(il) cytochrome ¢ with ascorbate can be
inhibited through binding of proteins or surface receptors.®'®
Reduction of cytochrome ¢ by ascorbate was clearly inhibited
in the presence of the receptor 1la K., = 2 and 1d K, = 4
(Fig. 6) indicating the receptor sterically blocks approach of the
reducing agent (Fig. 2). Furthermore, the receptors both have
affinity greater than that of the natural protein partner (2.4 uM,
5 mM phosphate, pH 7.0)."*¢ Therefore, these receptors could
in principle disrupt protein function by binding to the solvent
exposed surface of cytochrome ¢ displacing the natural protein
partner and preventing the redox reaction. The enhanced effect of
receptor 1d is presumably a result of the greater surface area (i.e.
greater steric impedence to the reducing agent) that it can provide
compared to 1a.

03
0.2
3A :
0 ol * cytcalone
- .- A
- *  with 16 uM 1a
v with 18 uM 1d
00 &
0 40 80 120
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Fig. 6 Reduction kinetics of 10 uM cytochrome ¢ by 2 mM ascorbate
(5 mM phosphate, pH 7.4) in the presence and absence of receptors la and
1d.
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Conclusions

In summary, the synthesis and characterization of a new class of
receptors for exterior protein surfaces represents a strategy that
allows for the detection of high affinity binding to a broad range
of proteins. We observe marked selectivity among these proteins
suggesting this strategy can form the basis for more selective
receptors with higher affinity.

Experimental

All solvents were purchased from Malinkroft and all reagents
were purchased from Aldrich unless otherwise stated and used
without further purification. Yields are not optimized. Purification
by column chromatography was carried out using silica gel (230
400 mesh size). Analytical thin layer chromatography (TLC)
was conducted using Baker 25 mm silica gel pre-coated glass
plates with fluorescent indicator active at UV,,;. Preparative TLC
was conducted using Analtech 1000 mm silica gel pre-coated
plates with fluorescent indicator active at UV,,;. Melting points
were obtained using an Electrothermal capillary melting point
apparatus and are uncorrected. Both '"H and "C NMR spectra
were acquired on either Bruker DPX 400 or DPX 500 series spec-
trometers at 400 and 100 MHz, or 500 and 125 MHz, respectively.
Chemical shifts are expressed as parts per million using solvent as
internal standard and coupling constants are expressed in Hz. The
following abbreviations are used: s for singlet, d for doublet, t for
triplet, q for quartet, p for pentet, m for multiplet and br for broad.
Preparative HPLC was performed on a Waters 600E controller
in conjunction with a Waters 490E multiwavelength UV detector.
Analytical HPLC was performed on a Rainin HP controller with a
Rainin UV detector, both attached to a Dell Optiplex PC running
Varian StarWorkstation software. Mass spectrometry data were
obtained by the University of Illionois at Urbana-Champaign
Mass Spectrometry Laboratory, under the guidance of Dr Steve
Mullen. CHN analyses were performed at Atlantic Microlabs
New Jersey. UV spectra were measured using an Agilent A453
spectrophotometer or a molecular devices spectramax250 plate
reader spectrophotometer. Fluorescence spectra were acquired on
a Hitachi F-4500 instrument.

Stock solutions of receptor were prepared to a concentration
of 0.1-0.9 mM in 5 mM phosphate buffer. Once the receptors
had been dissolved, the pH was adjusted to 7.4 via addition of
1 N sodium hydroxide or 1 N HCI. Likewise, stock solutions
of hen egg white lysozyme, bovine milk o-lactalbumin, horse
skeletal myoglobin, bovine RNase A, horse heart cytochrome
¢ and Pseudomonas aeruginosa cytochrome c551 (all obtained
from Sigma and used without further purification except where
stated) were prepared to a concentration of 0.3-1.0 mM in
5 mM phosphate and the pH adjusted to 7.4 via addition
of sodium hydroxide or HCI (extinction coefficients and pl’s
were calculated using the program “ProtParam” available at
www.expasy.org). Pseudomonas aeruginosa cytochrome c551 was
subjected to ultrafiltration (5 kDa molecular cutoft) then dissolved
in 5 mM phosphate and subjected to ultrafiltration two more times
to remove undesired salts. The concentration of protein in the
stock solution was verified from the absorbance at 280 nm
in 6 M GdmHCI, 20 mM phosphate, pH 6.5 (¢ = 3.84 x
10* dm= mol™" cm™! lysozyme, 2.84 x 10* dm~ mol™! cm™' a-

lactalbumin, 1.39 x 10* dm~ mol™! cm™' myoglobin, 0.82 x

10* dm~ mol™' cm™' RNase A) and found to be within 5-10%
of that determined by weight. The concentration of horse heart
cytochrome ¢ and Pseudomonas aeruginosa cytochrome c551 was
determined using the molar extinction coefficient at 550 nM
of 2.95 x 10* after reduction using dithionite. No deviations
from Beers law were observed for any of the receptors in the
concentration ranges studied indicating they were monomeric in
solution. During the course of all titrations the guest solution
contained a concentration of host equivalent to that in the host
solution and the volume added was kept small to minimize large
changes in the concentration of guest, which were corrected for in
the regression analysis.

Eqn (1) operating in SigmaPlot was used to derive the dissocia-
tion constant for a 1 : 1 binding isotherm:

f=m[(nc+x+K)— \/{(n*c + x + K)* — 4ncex}]/2ne (1)

J/ = change in relative fluorescence, m = maximum value of f/, n =

stoichiometry, ¢ = concentration of receptor, K = dissociation
constant, x = concentration of protein added.

Eqn (2) operating in SigmaPlot was used to derive the apparent
dissociation constant in the competition assay and then eqn (3)
was used to calculate the real dissociation constant

S = o+ x + ko) — (s + x + kg)* — 4xs}]/2s (2)

chomp = Kd/(l + S/Kdrec) (3)

f = change in fluorescence, f,,, = maximum change in fluo-

rescence, s = concentration of protein, x = concentration of
competitor added, K; = apparent dissociation constant, Ky.om, =
real dissociation constant of competitor, K4, = dissociation
constant of receptor as derived from eqn (1).

Electrophoretic mobility shift assay

Non-denaturing gel-shift assay was performed on thin (10 mm),
1% agarose gel in 5 mM sodium phosphate gel buffer. 5 uLL of
sample (protein = 8 uM, receptor 16 pM) were loaded on the gel,
and power (constant at 100 V) was applied for 1 hour. The gel was
fixed briefly in acetone, washed with water, and dried. The gel was
stained quickly with Coomasie blue R250 and destained in 10%
acetic acid solution.

UV-Vis-monitored ascorbate reduction assay

A solution containing cytochrome ¢ was incubated with or without
synthetic agent in a 2 mL quartz cuvette with a pathlength of
1 cm, and the volume was adjusted to 1.9 mL by addition of 5 mM
sodium phosphate buffer (pH 7.4). After 10 min of incubation
at rt, 100 uLL of a 20 mM stock solution of ascorbate in 5 mM
sodium phosphate buffer (pH 7.4) were added to the cuvette. The
final concentration of cytochrome ¢ was 15 uM and of receptor
between 16-18 uM. The cuvette was immediately agitated with a
glass rod for <1 second, and the spectrophotometer started. The
instrument automatically measured the absorbance at 550 nm,
every 0.5 seconds, for at least 1 min. The collected data was
analyzed based on the equation derived from a pseudo first order
rate expression: AAbs = max* (1 — e7*°>"); where A,,, = Abs, —
Abs, = 0, and ¢ = time in seconds. Both max and k were floated,
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and were determined by regression analysis in the SigmaPlot 2001
software. The parameter max corresponds to maximal A, as ¢
approaches infinity or completion of reaction, and the parameter
kobs corresponds to the observed pseudo-first order rate constant
in units of s7'. The relative rates of reaction were then calculated
based on the following equation K,y = Ky, + recepton/ Koyt o

Benzoyloxycarbamoylphenylalanylaspartic acid diethyl ester

To a stirred solution of benzoyloxycarbamoylphenylalanine
(3.00 g, 10.0 mmol), aspartic acid hydrochloride diethyl es-
ter (2.26 g, 10.0 mmol), DMAP (1.22 g, 10.0 mmol) in
dichloromethane (150 mL) at 0 °C was added EDCI (1.91 g,
10.0 mmol). The reaction mixture was then allowed to warm to
room temperature and stirred overnight. The reaction mixture was
washed successively with hydrochloric acid (1 N, 25 mL), saturated
sodium bicarbonate (25 mL) and saturated sodium chloride then
dried over magnesium sulfate, filtered and concentrated to ca.
15 mL. The solution was passed through a short pad of silica
gel using 10% ethyl acetate in dichloromethane as eluent and
concentrated to leave the product (3.91 g, 83%) as a white solid, mp
129.5-132 °C (Found: C, 63.6; H, 6.4; N, 6.0. C,sH;,O;N requires
C, 63.8; H, 6.4; N, 5.9%); oy (400 MHz, CDCl;) 1.27 (6H, dt, J
7.0 and 7.0), 2.82 (1H, dd, J 17.1 and 4.5), 3.0 (1H, dd, J 16.9 and
4.5), 3.15 (2H, m), 4.13 (2H, q, J 7.0), 4.22 (2H, q, J 7.0), 4.52
(1H, m), 4.81 (1H, dt, J 7.8 and 4.5), 5.11 (2H, s), 5.36 (1H, d,
J 7.3), 6.89 (1H, d, J 7.8), 7.31 (10H, m); . (100 MHz, CDCl;)
14.46, 14.49,36.59, 38.81,49.08, 56.23, 61.48, 62.33, 67.42, 127.44,
128.44, 128.58, 128.93, 129.05, 129.75, 136.42, 136.55, 156.22,
170.61, 171.07, 171.18; m/z (EI) 470 (M*).

Phenylalanylaspartic acid diethyl ester

A solution of benzoyloxycarbamoylphenylalanine aspartate di-
ethyl ester (3.00 g, 6.38 mmol) and 10% palladium on carbon (0.16
g)in 1 : 1 tetrahydrofuran—-methanol (25 mL) was stirred under
an atmosphere of hydrogen for 6 hours. When the reaction was
complete, the solution was filtered through celite and concentrated
in vacuo to yield the product (2.05 g, 96%) as an off yellow glass,
mp 207-209 °C; dy (400 MHz, CDCl;) 1.25 (6H, m), 2.73 (1H, dd,
J 13.6 and 9.0), 2.78 (1H, dd, J 16.9 and 4.8), 3.00 (1H, dd, J 16.7
and 4.8), 3.23 (1H, dd, J 13.6 and 4.0), 3.69 (1H, dd, J = 9.0 and
4.0),4.13 (2H, m), 4.21 (2H, m), 4.83 (1H, dt, J 8.3 and 4.8), 7.27
(5H, m), 8.12 (1H, d, J 8.3); d (100 MHz, CDCl,) 14.50, 14.51,
36.91, 41.16, 48.71, 56.61, 61.40, 62.21, 127.26, 129.10, 129.73,
137.91, 171.09, 171.13, 174.43; m/z (EI) 337 (M").

General procedure for the synthesis of benzyl protected
bis(isophthalamides)

5-Benzyloxy-/V-bis(aspartic acid dimethyl ester) isophthalamide.
To a stirred solution of 5-benzyloxyisophthalic acid (prepared
as described previously') (0.40 g, 1.47 mmol), DMAP (0.45 g,
3.67 mmol) and aspartic acid dimethyl ester hydrochloride (0.64 g,
3.23 mmol) in dimethyl formamide (25 mL) was added EDCI
(0.70 g, 3.67 mmol). The reaction mixture was stirred overnight
then partitioned between water (150 mL) and ethyl acetate (3 x
50 mL). The organic layer was washed successively with HCI (1
N, 50 mL), saturated bicarbonate (50 mL) and saturated sodium
chloride (50 mL) then dried over magnesium sulfate, filtered and

concentrated. The resultant crude product was passed through a
short pad of silica (1% methanol in dichloromethane) to yield the
product (0.54 g, 70%) as a white solid, mp 101.5-103.5 °C (Found:
C, 57.3; H, 5.3; N, 4.9. C,;H;0,,N,-CH;0H requires C, 56.9; H,
5.8; N, 4.7%); oy (400 MHz, DMSO-d¢) 2.85 (2H, dd, J 16.4 and
8.0), 2.96 (2H, dd, J 16.4 and 6.0), 3.62 (6H, s), 3.65 (6H, s), 4.84
(2H, dt, J = 8.0, 6.3 Hz), 5.22 (2H, s), 7.36 (1H, d, J = 8.3 Hz),
7.42 2H, t, J = 7.0), 7.49 (3H, d, J = 7.0), 7.66 (2H, s), 7.95
(1H, s), 9.09 (2H, d, J = 7.8 Hz); dy (100 MHz, CDCl;) 36.40,
49.51,52.54,53.36, 117.45, 118.27, 128.14, 128.71, 129.11, 135.88,
136.36, 159.47, 166.35, 171.48, 171.89; m/z (EI) 558.1860 (M™).
C,,H; 0, N, requires 558.1850).

5-Benzyloxy-/N-bis(glycine ethyl ester) isophthalamide. 5-Ben-
zyloxyisophthalic acid' (0.40 g, 1.47 mmol), DMAP (0.45 g,
3.67 mmol), glycine ethyl ester hydrochloride and EDCI
(3.67 mmol, 0.7 g). Crude product was purified by silica gel
chromatography (1% methanol in dichloromethane) to yield the
product (0.46 g, 72%) as a clear viscous oil; d; (400 MHz, CDCl;)
1.28 (6H, t, J 7.0), 4.15 (4H, d, J 5.6), 4.21 (4H, q, J 7.0), 4.98
(2H, s), 7.32 (SH, m), 7.45 (2H, s), 7.57 (2H, t, J 5.6), 7.68 (1H, s);
dc (100 MHz, CDCl;) 14.55, 42.34, 53.83, 62.09, 117.40, 117.71,
128.07, 128.58,129.03, 135.72, 136.55, 159.43, 167.13, 170.74; m/ z
(EI) 442.1741 (M*). C;3H,O, N, requires 442.1740).

5-Benzyloxy-/N-bis(phenylalanine methyl ester) isophthalamide.
5-Benzyloxyisophthalic acid'® (1.00 g, 3.68 mmol), DMAP (1.12 g,
0.919 mmol) phenylalanine methyl ester hydrochloride (1.74 g,
8.09 mmol) and EDCI (1.76 g, 0.919 mmol). The reaction mixture
was purified by silica gel chromatography (30% ethyl acetate
in dichloromethane) to leave the product (1.76 g, 80%) as an
amorphous white solid (Found: C, 70.8; H, 6.0; N, 4.4. C;sH;,0,N,
requires C, 70.7; H, 5.8; N, 4.7%); oy (400 MHz, CDCl;) 3.20
(2H, dd, J 13.9 and 5.8), 3.29 (2H, dd, J 13.9 and 5.8 Hz),
3.77 (6H, s), 5.07 (2H, dt, J 7.6 and 5.8 Hz), 5.11 (2H, s), 6.62
(2H, d, J 7.6), 7.13 (4H, d, J 8.0), 7.33 (11H, m), 7.48 (2H, s),
7.61 (1H, s); o (100 MHz, CDCl;) 38.34, 52.90, 54.13, 70.90,
117.32, 117.86, 127.71, 128.06, 128.72, 129.11, 129.68, 136.11,
136.15, 136.34, 159.53, 166.13, 172.23; m/z (EI) 594.2358 (M").
CysH3,O;N, requires 594.2366.

5-Benzyloxy-/NV-bis(phenylalanylaspartic acid diethyl ester)
isophthalamide. 5-Benzyloxyisophthalic  acid®  (0.69 g,
2.55mmol), DMAP (0.68 g, 5.61 mmol), phenylalanylaspartic acid
diethyl ester (1.88 g, 5.61 mmol) and EDCI (1.07 g, 5.61 mmol).
Crude product was purified by silica gel chromatography (20%
ethyl acetate in dichloromethane) to yield the product (1.45 g,
63%) as a white solid, mp 160-162 °C (Found: C, 64.5; H, 6.2; N,
6.1. CxH;; 03N, requires C, 64.7; H, 6.2; N, 6.2%); d,; (400 MHz,
CDCly) 1.15 (6H, t, J 7.0), 1.20 (6H, t, J 7.0), 2.83 (2H, dd, J 16.4
and 5.8), 2.92 (2H, dd, J 16.2 and 5.8), 3.18 (2H, dd, J 14.1 and
8.6), 3.29 (2H, dd, J 14.1 and 5.0), 4.70 (1H, dd, J 11.3 and 4.3),
4.81 (1H, dd, J 11.3 and 3.0), 4.89 (4H, m), 7.26 (19H, m), 7.54
(1H, s), 7.90 (2H, brs); o (100 MHz, CDCl;) 14.45, 14.47, 36.38,
38.27, 49.40, 55.49, 61.43, 62.21, 70.48, 116.69, 118.54, 127.17,
128.27, 128.48, 128.92, 128.96, 129.61, 135.13, 136.71, 137.58,
158.88, 166.23, 171.01, 171.43, 172.37; m/z (EI) 909.3925 (M").
CyHs;,05N, requires 909.3922.
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General procedure for the debenzylation of bis(isophthalamides)

5-Hydroxy-/N-bis(aspartic acid dimethyl ester) isophthalamide.
A solution of 5-benzyloxy-N-bis(aspartic acid dimethyl ester)
isophthalamide (0.32 g, 0.57 mmol) and palladium on carbon (0.05
g) in tetrahydrofuran (15 mL) was stirred under an atmosphere
of hydrogen for 18 hours. When the reaction was complete, the
solution was filtered through celite and concentrated in vacuo to
yield the product (0.27 g, 98%) as a clear oil, oy, (500 MHz, DMSO-
de) 2.83 (2H, dd, J 16.4 and 8.2), 2.94 (2H, dd, J 16.4 and 6.4),
3.62 (6H, s), 3.64 (6H, s), 4.82 (2H, dt, J 7.6 and 6.0), 7.38 (2H,
s), 7.74 (1H, s), 8.98 (2H, d, J 7.6), 10.06 (1H, s); d (100 MHz,
CDCl;) 36.38, 49.68, 52.63, 53.45, 117.49, 118.40, 135.49, 157.64,
167.00, 171.67, 171.96; m/z (EI) 468.1387. C, H,,O,, N, requires
468.1380.

5-Hydroxy-/N-bis(glycine ethyl ester)isophthalamide. 5-Ben-
zyloxy-N-bis(glycine  ethyl ester)isophthalamide (0.40 g,
0.90 mmol), palladium on carbon (0.05 g). Product isolated
(0.31 g, 97%) as a white solid, mp 126.5-129 °C (Found: C, 54.8;
H, 5.8; N, 7.9. C;¢H,O,N, requires C, 54.5; H, 5.7; N, 7.9%);
&y (400 MHz, DMSO-d,) 1.20 (6H, t, J 7.0) 3.98 (4H, d, J 5.8),
4.12 (4H, q, J 7.0), 7.40 (2H, s), 7.79 (1H, s), 8.94 (2H, t J 5.8),
10.04 (1H, s); é: (100 MHz, CDCl;) 14.01, 41.93, 61.78, 116.80,
117.77, 134.71, 156.94, 167.59, 170.81; m/z (EI) 352.1270 (M*).
C,,H»O;N, requires 352.1270.

5-Hydroxy-/N-bis(phenylalanine methyl ester) isophthalamide.
5-Benzyloxy-N-bis(phenylalanine methyl ester) isophthalamide
(1.74 g, 2.93 mmol) and 10% palladium on carbon (0.17 g). The
product was isolated (1.56 g, 95%) as an amorphous white solid
(Found: C, 66.1; H, 5.6; N, 5.4. C,xH,;O,N, requires C, 66.7; H,
5.6; N, 5.5%); oy (400 MHz, CDCl;) 3.19 (2H, dd, J 13.9 and
6.6), 3.27 (2H, dd, J 13.9 and 5.8), 3.76 (6H, s), 5.02 (2H, dt, J
7.0 and 6.8), 5.30 (2H, s), 6.98 (2H, d, J 7.8), 7.16 (4H, m), 7.25
(6H, m), 7.39 (2H, s), 7.46 (1H, s), 7.94 (1H, brs); o (100 MHz,
CDCl;) 38.23,52.99, 54.50, 117.03, 118.35, 127.68, 129.12, 129.63,
135.69, 136.14, 157.60, 166.78, 172.58; m/z (CI) 505.1959 (M +
H*). CxHxN,O; + H requires 505.1974.

5-Hydroxy-N-bis(phenylalanyl aspartic acid diethyl ester)
isophthalamide. 5-Benzyloxy-/N-bis(phenylalanyl aspartatic acid
dimethyl ester) isophthalamide (0.505 g, 0.556 mmol), 10%
palladium on carbon (0.047 g). Product isolated (0.325 g, 71%)
as an amorphous white foam (Found: C, 61.3; H, 6.2; N, 6.6.
C,H5 03N, requires C, 61.6; H, 6.2; N, 6.8%); oy (400 MHz,
DMSO-d¢) 1.15 (6H, t, J 7.0), 1.16 (6H, t, J 7.0), 2.72 (2H, dd,
J 16.4 and 6.8), 2.82 (2H, dd, J 16.4 and 6.0), 2.98 (2H, dd, J
13.50 and 10.1), 3.10 (2H, dd, J 10.1 and 3.3), 4.08 (8H, m), 4.67
(2H, dt, J 7.6 and 6.8), 4.74 (2H, m), 7.16 (2H, m), 7.25 (8H, m),
7.33 (2H, m), 7.62 (1H, s), 8.55 (2H, d, J 8.6), 8.60 (2H, d, J 7.8),
9.91 (1H, s); oy (100 MHz, DMSO-d¢) 14.26, 14.32, 36.15, 37.45,
37.40, 49.04, 54.89, 60.73, 61.23, 117.35, 117.66, 126.60, 128.42,
129.46, 137.87, 138.55,157.33, 166.21, 170.25, 170.84, 171.78; m/z
(FAB mNBA matrix) 819.3454 (M + H*). C,,H;,0,3N, requires
819.3452.

9,10-Bis-(methyl-5-oxy-/NV-bis(aspartic acid dimethyl ester)
isophthalamide) anthracene. A stirred solution of 5-hydroxy-
N-bis(aspartic acid dimethyl ester) isophthalamide (0.200 g,
0.427 mmol), potassium carbonate (0.062 g, 0.446 mmol), 9,10-

bis(bromomethyl)anthracene (0.071 g, 0.194 mmol) and a few
crystals of sodium iodide in acetone (25 mL) was heated at reflux
for a period of 16 hours (caution, the product has poor solubility
in common organic solvents and can sometimes precipitate from
the reaction mixture). The reaction mixture was then filtered
and the precipitate washed several times with chloroform. The
combined organics were concentrated and dissolved in chloroform
(75 mL). The solution was washed successively with hydrochloric
acid (I N 50 mL), saturated sodium bicarbonate (50 mL) and
saturated sodium chloride (50 mL) and then dried over magnesium
sulfate, filtered and concentrated. The crude material was then
purified by silica gel chromatography (2 : 10 : 100 ethanol-
acetone—chloroform) followed by size exclusion chromatography
(sephadex LH20, 1 : 1 methanol-chloroform) to yield the product
(0.0691 g, 32%) as a yellow glassy solid (Found: C, 58.6; H, 5.3;
N, 4.5. C5xH0,,N,-CH;OH requires C, 58.5; H, 5.3; N, 4.8%); oy
(400 MHz, CDCl;) 2.98 (4H, dd, J 17.2 and 4.8), 3.12 (4H, dd, J
17.2 and 4.5), 3.68 (12H, s), 3.79 (12H, s), 5.08 (4H, dt, J 7.8 and
4.5), 6.03 (4H, s), 7.39 (4H, d, J 7.8), 7.54 (4H, dd, J 6.8 and 3.0),
7.73 (4H,s), 7.87 (2H, s), 8.28 (4H, dd, J 6.8 and 3.2); 5 (100 MHz,
CDCl;) 36.42, 49.48, 52.63, 53.44, 109.98, 117.30, 124.95,
127.05, 131.22, 136.16, 159.88, 166.38, 171.38, 171.95; m/z (FAB
mNBA matrix) 1139.3624 (M + H*). C;,HO,,N, + H requires
1139.3621.

9,10-Bis-(methyl-5-oxy-/V-bis(glycine ethyl ester) isophthala-
mide) anthracene. A stirred solution of 5-hydroxy-N-bis(glycine
ethyl ester) isophthalamide (0.080 g, 0.227 mmol), potassium car-
bonate (0.033 g, 0.237 mmol), 9,10-bis(bromomethyl)anthracene
(0.038 g, 0.103 mmol) and a few crystals of sodium iodide in
acetone (25 mL) was heated at reflux for 48 hours. The reaction
mixture was then filtered, to leave a pale yellow solid. The solid
was rinsed with water then methanol and dried thoroughly to give
the product (0.0654 g, 70%) as a pale yellow amorphous solid,
Jon (400 MHz, DMSO-d,) 1.21 (12H, t, J 7.0), 4.06 (8H, dt, J
7.5 and 6.0), 4.14 (8H, q, J 7.0), 6.24 (4H, s), 7.67 (4H, dd, J
6.8 and 3.0), 7.89 (4H, s), 8.10 (2H, s), 8.50 (4H, dd, J 6.8 and
3.2),9.15 (4H, dt, J 9.8 and 5.5); d. (100 MHz, DMSO-d,) 14.47,
41.77,60.88, 63.15, 116.89, 119.72, 125.27, 126.88, 129.49, 130.67,
135.71, 135.76, 159.10, 166.30, 170.15, 170.65; m/z (FAB mNBA
matrix) 907.3399 (M + H*). CxHs,0,,N, requires 907.3402.

9,10-Bis-(methyl-5-oxy-/N-bis(phenylalanine =~ methyl ester)
isophthalamide)anthracene. A stirred solution of 9,10-bis-
(bromomethyl)anthracene (0.164 g, 0.451 mmol), 5-hydroxy-
N-bis(phenylalanine methyl ester) isophthalamide (0.500 g,
0.992 mmol), potassium carbonate (0.143 g, 1.04 mmol), and
a few crystals of sodium iodide in acetone (50 mL) was heated
under reflux for 16 hours. The reaction mixture was then filtered,
concentrated and dissolved in dichloromethane (75 mL). The
solution was washed successively with hydrochloric acid (I N
50 mL), saturated sodium bicarbonate (50 mL) and saturated
sodium chloride (50 mL) and then dried over magnesium sulfate,
filtered and concentrated. The solution was then passed down
a silica gel column using 10% ethyl acetate in dichloromethane
as the eluent to give the product (0.313 g, 57%) as a pale yellow
solid, mp 198-200 °C, oy (400 MHz, CDCl;) 3.24 (4H, dd, J
13.6 and 6.5), 3.36 (4H, dd, J 13.8 and 5.6), 3.83 (12H, s), 5.17
(4H, dt, J 7.6 and 6.5), 5.97 (4H, q, J 10.0), 7.10 (4H, d, J 7.6),
7.29 (20H, m), 7.58 (4H, dd, J 6.8 and 3.0), 7.67 (4H, s), 7.79
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(2H, s), 8.29 (4H, dd, J 6.8 and 3.0); dc (100 MHz, DMSO-d,)
38.23, 52.93, 54.40, 63.52, 117.13, 118.14, 124.93, 126.88, 127.62,
128.84, 129.08, 129.60, 131.07, 136.26, 136.34, 159.70, 166.55,
172.64.

9,10-Bis-(methyl-5-oxy-/NV-bis(phenylalanylaspartatic acid di-
methyl ester) isophthalamide) anthracene. A stirred solution
of 5-hydroxy-N-bis(phenylalanylaspartic acid dimethyl ester)
isophthalamide (0.1014 g, 0.124 mmol), potassium carbon-
ate (0.0179 g, 0.129 mmol), 9,10-bis(bromomethyl)anthracene
(0.0205 g, 0.056 mmol) and a few crystals of sodium iodide in
acetone (30 mL) was heated at reflux for a period of 16 hours. The
reaction mixture was then filtered, and the resultant precipitate
washed with water (2 x 10 mL) then dried thoroughly to yield
the product (0.1005 g, 97%) as a slightly yellow glassy solid, dy
(400 MHz, DMSO-d,) 1.15 (24H, m), 2.72 (4H, dd, J 16.4 and
6.8), 2.82 (4H, dd, J 16.4 and 6.0), 2.98 (4H, dd, J 12.2 and 11.6),
3.12 (4H, dd, J 14.4 and 3.3), 4.06 (16H, m), 4.67 (4H, dt, J 6.8
and 6.3), 4.80 (4H, m), 6.15 (2H, d, J 12.2), 6.24 (2H, d, J 12.2),
7.16 (4H, m), 7.24 (8H, m), 7.35 (8H, m), 7.67 (4H, dd, J 7.0 and
3.0), 7.75 (4H, s), 7.89 (2H, s), 8.46 (4H, dd, J 6.3 and 3.0 Hz),
8.65 (4H, d, J 7.8), 8.74 (4H, d, J 8.0); . (100 MHz, DMSO-
de) 14.26, 14.30, 36.11, 37.46, 49.07, 54.96, 60.66, 61.22, 63.05,
116.69, 120.05, 125.22, 126.62, 126.91, 128.43, 129.46, 130.65,
135.93, 138.45, 138.54, 158.65, 165.81, 170.26, 170.76, 171.77; m/ z
(FAB mNBA matrix) 1839 (M + H").

9,10-Bis-(methyl-5-oxy-/N-bis(aspartic acid dimethyl ester)
isophthalamide) benzene. A stirred solution of S5-hydroxy-
N-bis(aspartic acid dimethyl ester) isophthalamide (0.200 g,
0.427 mmol), caesium carbonate (0.152 g, 0.460 mmol), p-
xylylenedibromide (0.0513 g, 0.194 mmol) and a few crystals
of sodium iodide in acetone (25 mL) was heated at reflux for
a period of 16 hours. The reaction mixture was then filtered,
concentrated and dissolved in dichlormethane (75 mL). The
solution was washed successively with hydrochloric acid (1 N
50 mL), saturated sodium bicarbonate (50 mL) and saturated
sodium chloride (50 mL) and then dried over magnesium sulfate,
filtered and concentrated. The crude material was then purified
by silica gel chromatography (2 : 10 : 100 ethanol-acetone—
chloroform) followed by size exclusion chromatography (sephadex
LH20, 1 : 1 methanol-chloroform) to yield the product (0.129 g,
64%) as an amorphous white solid (Found: C, 53.3; H, 5.1; N,
5.1. C4Hs,O,N,-2H,0 requires C, 53.6; H, 5.4; N, 5.2%); oy
(500 MHz, CDCl;) 2.97 (4H, dd, J 17.0 and 4.4), 3.12 (4H, dd, J
17.0 and 4.7), 3.70 (12H, s), 3.79 (12H, s), 5.06 (4H, dt, J 7.8 and
4.4),5.12 (4H,s),7.33 (4H,d, J 7.2),7.47 (4H, s), 7.56 (4H, 5), 7.78
(2H, s); dc (100 MHz, CDCl;) 36.41, 49.48, 52.61, 53.42, 117.47,
118.34, 128.48, 135.88, 136.51, 159.41, 166.33, 171.47, 171.98;
m/z (FAB mNBA matrix) 1039.3305 (M + H*). C,xHy,O0,N, +
H requires 1039.3308.

9,10-Bis-(methyl-5-oxy-/NV-bis(aspartic acid) isophthalamide) an-
thracene la. To a stirred solution of 9,10-bis-(methyl-5-oxy-
N-bis(aspartic acid dimethyl ester) isophthalamide) anthracene
(0.0582 g,0.0514mmol)in 1 : 1 ethanolin water (10 mL) was added
sodium hydroxide (1 N, 0.51 mL, 10 eq.). The reaction mixture
was then stirred until deprotection was complete as evidenced by
reverse phase HPLC, then concentrated and acidified with 1 N HCI
to give a cloudy suspension, which was subjected to centrifugation.

The supernatant was decanted and the remaining pellet dissolved
in 40% acetonitrile in water and lyophilized to yield the product
(0.046 g, 87%) as a yellow fluffy solid, ., (5 mM phosphate,
pH 7.4)/nm 300 (¢/dm~3 mol~"' cm™' 5773) 354 (7051) 372 (10946)
393 (10617); oy (400 MHz, DMSO-ds) 2.73 (4H, dd, J 16.7 and
8.0), 2.87 (4H, dd, J 16.7 and 5.8), 4.79 (4H, dt, J 7.8 and 6.0),
6.24 (4H, s), 7.66 (4H, dd, J 5.5 and 3.0), 7.86 (4H, s), 8.06 (2H,
s), 8.49 (4H, dd, J 6.5 and 3.0), 8.96 (4H, d, J 7.8); - (100 MHz,
DMSO-dy) 36.08, 49.75, 63.16, 118.83, 119.86, 125.28, 126.87,
129.47,130.65, 135.82, 158.96, 165.76, 166.14, 172.08, 172.78; m/z
(MALDI-TOF a-hydroxy-4-hydroxycinnamic acid matrix) 1027
(M + H*).

9,10-Bis-(methyl-5-oxy-/V-bis(glycine) isophthalamide) anthra-
cene 1b. To a stirred solution of 9,10-bis-(methyl-5-oxy-N-
bis(glycine ethyl ester) isophthalamide) anthracene (0.020 g,
0.0221 mmol) in 1 : I ethanol in water (10 mL) was added sodium
hydroxide (1 N, 0.13 mL, 6 eq.). The reaction mixture was then
stirred until deprotection was complete as evidenced by reverse
phase HPLC, then concentrated and acidified with 1 N HCI to
give a cloudy suspension, which was filtered and dried thoroughly
to yield the product (0.015 g, 86%) as a yellow solid, A, (5 mM
phosphate, pH 7.4)/nm 300 (¢/dm~ mol~' cm™~' 5928) 353 (7173)
372 (10933) 393 (10582); o, (400 MHz, DMSO-d,) 3.97 (8H, d,
J =5.8Hz), 6.24 (4H, s), 7.66 (4H, dd, J = 7.0, 3.3 Hz), 7.87 (4H,
s), 8.08 (2H, s), 8.49 (4H, dd, J = 7.0, 3.3 Hz), 9.01 (4H, t, J =
5.8 Hz); dc (100 MHz, DMSO-d,) 49.86, 63.16, 117.33, 119.70,
125.08, 126.89, 129.50, 130.66, 135.86, 159.04, 166.51, 171.61;
m/z (FAB mNBA matrix) 795.2149 (M + H*). C,, H,,O,N,, +
H requires 795.2150.

9,10-Bis-(methyl-5-oxy-/V-bis(phenylalanyl) isophthalamide) an-
thracene lc. To a stirred solution of 9,10-bis-(methyl-5-oxy-
N-bis(phenylalanyl methyl ester) isophthalamide) anthracene
(0.244 g, 0.201 mmol) in 1 : 1 water in ethanol (15 mL) was added
sodium hydroxide (1 N, 2.01 mL, 10eq). The reaction mixture
was then stirred until deprotection was complete as evidenced by
reverse phase HPLC, then concentrated and acidified with 1 N HCI
to give a cloudy suspension, which was subjected to centrifugation.
The supernatant was decanted and the remaining oily pellet
dissolved in 30% acetonitrile in water and lyophilized to yield the
product (0.154 g, 66%) as a slightly yellow solid, mp 167-169 °C;
Amax (5 MM phosphate, pH 7.4)/nm 298 (¢/dm~ mol~' cm™"' 4587)
355 (5277) 374 (8228) 394 (7885); oy (400 MHz, DMSO-d¢) 3.12
(4H, dd, J 13.4 and 10.6), 3.20 (4H, dd, J 13.4 and 4.0), 4.66
(4H, m), 6.21 (4H, m), 7.16 (4H, m), 7.27 (8H, m), 7.34 (8H,
m), 7.66 (4H, dd, J 6.7 and 3.0), 7.80 (4H, s), 8.00 (2H, s), 8.49
(4H, dd, J 7.0 and 3.0), 8.96 (4H, d, J 7.8), 12.82 (8H, brs); Jc
(100 MHz, DMSO-dy) 36.54, 54.74, 63.11, 116.79, 119.98, 125.29,
126.71, 126.90, 128.56, 129.43, 129.50, 130.65, 135.83, 138.55,
158.81, 165.93, 166.01, 173.41; m/z (MALDI-TOF a-hydroxy-
4-hydroxycinnamic acid matrix) 1178 (M + Na*).

9,10-Bis-(methyl-5-oxy-/V-bis(phenylalanyl aspartic acid) isoph-
thalamide) anthracene 1d. To a stirred solution of 9,10-
bis-(methyl-5-oxy-N-bis(phenylalanyldiethylaspartate) isophtha-
lamide) anthracene (0.0725 g, 0.0394 mmol) in 1 : 1 ethanol in
water (10 mL) was added sodium hydroxide (I N, 0.39 mL, 10
eq.). The reaction mixture was then stirred until deprotection was
complete as evidenced by reverse phase HPLC, then concentrated
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and acidified with 1 N HCI to give a cloudy suspension, which
was subjected to centrifugation. The supernatant was decanted
and the remaining oily pellet dissolved in 30% acetonitrile in
water and lyophilized to yield the product (0.058 g, 90%) as a
slightly yellow flufty solid, A,.. (5 mM phosphate, pH 7.4)/nm
300 (¢/dm~ mol~' cm™' 5685) 353 (7175) 372 (11183) 393 (10819);
on (400 MHz, DMSO-d¢) 2.62 (4H, m), 2.74 (4H, dd, J = 16.7,
5.8 Hz), 2.96 (4H, m), 3.12 (4H, m), 4.58 (4H, q, J 6.6), 4.82 (4H,
m), 6.18 (4H, p, J 11.6), 7.15 (4H, m), 7.22 (8H, m), 7.34 (§8H, m),
7.67 (4H, d, J 7.6), 7.74 (4H, s), 7.91 (2H, m), 8.49 (8H, m), 8.71
(4H, m), 12.64 (8H, brs); d (100 MHz, DMSO-d,) 36.36, 36.53,
37.57, 39.24, 49.09, 54.96, 116.74, 125.25, 126.59, 126.92, 128.41,
129.50, 130.66, 135.85, 138.64, 158.68, 165.82, 171.44. 171.63,
172.03,172.57; m/z (MALDI-TOF a-hydroxy-4-hydroxycinnamic
acid matrix) 1639 (M + Na*).

9,10-Bis-(methyl-5-oxy-/V-bis(aspartyl) isophthalamide) ben-
zene 2. To a stirred solution of 9,10-bis-(methyl-5-oxy-N-
bis(dimethylaspartate) isophthalamide) benzene (0.0474 g,
0.0457 mmol) in 1 : 1 tetrahydrofuran in water (10 mL) was added
lithium hydroxide (1 N, 0.54 mL, 12 eq.). The reaction mixture
was then stirred until deprotection was complete as evidenced by
reverse phase HPLC, then concentrated and acidified with 1 N HCl
and concentrated. The resulting white solid was dissolved in 1 : 1
chloroform-methanol, filtered and concentrated then redissolved
in 40% acetonitrile in water and lyophilized to yield the product
(0.038 g, 89%) as a white powder, oy (400 MHz, DMSO-d;) 2.72
(4H, dd, J 16.4 and 7.8 Hz), 2.85 (4H, dd, J 16.4 and 6.0), 4.74
(4H, dt, J 8.0 and 6.0), 5.24 (4H, s), 7.53 (4H, s), 7.68 (4H,
s), 8.02 (2H, s), 8.96 (4H, d, J 7.8 Hz); o (100 MHz, DMSO-
de) 36.10, 39.84, 71.72, 116.87, 120.62, 128.28, 135.71, 136.72,
158.53, 165.65, 172.06, 172.76; m/z (MALDI-TOF o-hydroxy-4-
hydroxycinnamic acid matrix) 927 (M + H").
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Tonizing radiation activates a mitochondrial nitric oxide synthase, leading to inhibition of the
respiratory chain, generation of excess superoxide, peroxynitrite production and nitrosative damage.
‘We have measured the radioprotective effects of a nitric oxide synthase antagonist (AMT) versus a free
radical scavenger (4-amino-TEMPO) using electrochemical detection of nitric oxide and peroxynitrite.
To enhance their efficacy, we have conjugated these compounds to peptides and peptide isosteres—
derived from the antibiotic gramicidin S—that target the mitochondria. The targeting ability of these
peptidyl conjugates was measured using quantitative mass spectrometry.

Introduction

Each year a large number of patients undergo radiation therapy
for various pelvic malignancies. It has been reported that as many
as 75% of these patients develop radiation cystitis."

Ionizing radiation activates a variety of cytoplasmic trans-
duction pathways, some of which are believed to be mediated
by reactive nitrogen and oxygen species (RNS and ROS).> We
have evidence that ionizing radiation turns on a mitochondrial
nitric oxide synthase (mtNOS) in the uroepithelial cells that line
the urinary bladder.** As a consequence, nitric oxide (NO) is
produced in large amounts and can inhibit respiration, resulting
in superoxide (O,") production. NO and O,~ can react to form
peroxynitrite (ONO, ") which damages complexes I and III of the
respiratory chain.>® We have demonstrated that the presence of a
NOS inhibitor, N°-nitro-L-arginine methyl ester (L-NAME; 100
uM), in the bladder during irradiation, is radioprotective.*

Protection against irradiation damage using systemic drug
administration can result in unwanted side effects. One approach
to limit or prevent these adverse side effects is to target drug
delivery to the mitochondria. For example, a structural motif
based on alternating aromatic and basic amino acid residues (i.e.,
Dmt-D-Arg-Phe-Lys-NH, and D-Arg-Dmt-Lys-Phe-NH,) can be
employed.” These peptide conjugates are cell-permeable in a
passive manner and concentrate up to 1000 fold in the inner
mitochondrial membrane?® thereby allowing the use of lower
drug concentrations. We have developed an alternative strategy
by taking advantage of the naturally occurring membrane-active
antibiotic, gramicidin S (GS). The bioavailability of a GS fragment
was improved by replacing critical amide bonds with (E)-alkene
peptide isosteres.*® The length of the GS-derived segment can
be varied and the ornithine side chain amines can be acylated
to modulate cell membrane passage vs. mitochondrial targeting.
By accumulating the prodrugs at the inner membrane, the active
drugs are in close proximity to the sites of mitochondrial NO
and O, production when released into the matrix. The targeting
sequences themselves are not toxic to cells even when present at
100 uM concentrations, which is consistent with their lack of effect

“Department of Medicine, University of Pittsburgh, Pittsburgh, PA, USA
*Department of Pathology, University of Pittsburgh, Pittsburgh, PA, USA
‘Department of Chemistry, University of Pittsburgh, Pittsburgh, PA, USA

on A?.” A targeted delivery strategy is essential since some NOS
antagonists and most antioxidants, including nitroxide derivatives,
are poorly cell-permeable and would require therapeutically
effective concentrations >100 uM if used without a conjugate.
A further advantage of targeted delivery is that a prodrug timed-
release function can be incorporated that increases the duration
of action of these radioprotectants.!

Results and discussion

For this study, one of the more potent NOS inhibitors, the non-
arginine analog 2-amino-6-methylthiazine (AMT), was selected
because of its small size and the presence of the terminal amino
group which could readily be acylated. Since we have previously
demonstrated that irradiation results in increased production of
both NO and O, in the uroepithelial cells that line the bladder,
we treated these cells with AMT (10 to 100 uM) or 4-amino-
2,2,6,6-tetramethyl-piperidine-N-oxyl (4-amino-TEMPO; 10 to
100 uM) to determine if inhibition of NO or scavenging of free
radicals is more protective. We found both compounds to be
ineffective (not shown). Therefore, we took the unconjugated
and conjugated AMT (100 uM; not shown) and unconjugated
and conjugated 4-amino-TEMPO (100 uM; Fig. 1a and 1c) and
incubated them for two hours at 37 °C with 32Dcl3 hemopoietic
cells to determine their ability to get into mitochondria. Following
incubation, the cells were lysed and the mitochondria isolated for
mass spectrometry analysis. The compounds isolated from mito-
chondria typically were identified as Na* adducts (+23 Daltons).
The spectra for mitochondria incubated with conjugated-TEMPO
(which is partially converted into the reduced, hydroxylamine
form) show a peak at 999.59 (975.59 + H + Na*; Fig. 1d) while the
unconjugated 4-amino-TEMPO (reduced) does not show a peak
at 173.17 (M + H + H*) (Fig. 1b). This discrepancy demonstrates
that 4-amino-TEMPO only enters the mitochondria by means
of the attached GS-derived targeting sequence. The spectra for
mitochondria incubated with conjugated AMT show a peak at
957.49 (934.49 + Na*) and there is also no peak in the case of
unconjugated AMT at 131.06 (M + H"), indicating that AMT by
itself also does not enter the mitochondria. Thus, the targeting
peptides successfully direct a NOS antagonist and a nitroxide free
radical scavenger to the mitochondria.
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Fig. 1 Unconjugated (a) and conjugated (c) 4-amino-TEMPO
(XJIB-5-125), at 100 uM and spectra for mitochondria incubated with
unconjugated (b) and conjugated (d) 4-amino-TEMPO.

Physiological studies were then conducted to determine the
effects of peptide-targeted AMT and 4-amino-TEMPO on NO
and ONO,™ production in irradiated uroepithelial cells. The cells
were cultured in 8-well slide chambers (250 pl/well) for 3 days
and then microsensor measurements were taken 24 hours after
irradiation. In untreated irradiated cells (not shown) and cells
treated with unconjugated 4-amino-TEMPO (100 uM; Fig. 2b)

(a) (b)
50 nM o—N NH
NO NO/ONO, L NOW :
5sec 100 pM
ONO,, ONO, 4-amino-TEMPO
T capsaicin capsaicin
(non-irr.) (100 uM 4-aminc-TEMPO)
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Fig. 2 Capsaicin evoked NO production and formation of ONO,”
simultaneously measured by microsensors in (a) non-irradiated cells, and
irradiated cells treated with (b) unconjugated 4-amino-TEMPO (100 uM),
(c) high-dose conjugated 4-amino-TEMPO (XJB-5-125; 100 uM) and (d)
conjugated-AMT (XJB-5-127; 10 uM).
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Fig.3 Chemical structures of compounds (a) XJB-5-234, (b) XJB-5-133,
(c) XJB-5-241 and (d) XJB-5-127.

or unconjugated AMT (100 uM; not shown), agonist (capsaicin,
1 uM) evoked NO production resulted in the formation of
comparable amounts of ONO,". In cells treated with high-dose
conjugated 4-amino-TEMPO (100 uM; Fig. 2c), ONO,™ produc-
tion was significantly decreased. However, in non-irradiated cells
(Fig. 2a), or cells treated with conjugated-AMT (10 uM; Fig. 2d),
NO induced ONO,~ formation was almost completely abolished
or not observed (n = 6).

These findings suggest that peptide conjugates drag membrane
impermeant 4-amino-TEMPO and AMT across the mitochon-
drial membrane and that they do not interfere with the free radical
scavenging activity of 4-amino-TEMPO or the NOS inhibitory
activity of AMT.

In addition, quantitative mass spectroscopy was used to com-
pare the effectiveness of different AMT conjugates in penetrating
the mitochondria. For these studies, compounds XJB-5-234, XJB-
5-133, XJB-5-241 and XJB-5-127 (Fig. 3) were used.
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Table 1 Quantification of compound localized in the mitochondrial
fraction (see Fig. 3 for structures)

Compound Fmole/10 pg mitochondrial protein
XJB-5-234 (a) 1.45

XJB-5-133 (b) 89.8

XJB-5-241 (c) 103.3

XJIB-5-127 (d) 50.8

As mentioned above, when unconjugated AMT was adminis-
tered, it was not detected in the mitochondrial fraction (at or below
noise level). The amounts of the other compounds are shown in
Table 1.

As indicated in Table 1, the most efficacious conjugate was
compound XJB-5-241. The trisubstituted (E)-alkene moiety em-
bedded in XJB-5-241 has a much stronger conformational effect
than the less biologically active disubstituted (E)-alkene (XJB-
5-133) or the GS peptidyl fragment XJB-5-127.12* Therefore, we
hypothesize that a defined secondary structure and an appropriate
conformational preorganization is important in accomplishing
efficient mitochondrial delivery. The presence of non-hydrolyzable
alkene isostere functions in place of labile peptide bonds is
also significant for a prolonged mechanism of action. The least
efficacious conjugate was XJB-5-234. This may be due to the lack
of a complete targeting sequence.

In this study, the targeting of a NOS antagonist was more
radioprotective than the targeting of a free radical scavenger.
However, previous studies have demonstrated that when a NOS
antagonist and a free radical scavenger were administered as a
dual-function molecule, therapeutic effects were greater than when
given together but unlinked.'>** We hypothesize that this may
be a consequence of the fact that when mtNOS is undergoing
inhibition, it can produce both NO and O,~ resulting in ONO,~
formation. The dual-action drug may locally inhibit both NO
and O, production, thereby preventing ONO, ™~ formation which
protects the mtNOS enzyme. Accordingly, future plans include the
synthesis and analysis of the radioprotective effects of targeted
dual-action compounds.

Conclusion

While it is easy to deliver NOS antagonists or free radical
scavengers intravesically to the bladder, their systemic admin-
istration can cause adverse side-effects such as hypertension
or altered stomach motility. Mitochondrial targeting of these

compounds, using a peptide dragging strategy, enhances their
radioprotective effects and avoids these adverse complications.
While not evaluated in this study, these novel targeting peptides
can be optimized for prodrug timed-release that can increase their
duration of action when used to treat, rather than protect, against
radiation damage. This feature is dependent upon the structure of
the peptide chain which can change the time-release profile from
minutes to hours to obtain prolonged therapeutic effects.
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By chemically modifying or replacing the backbone of oligonucleotides it is possible to modulate the
DNA and RNA recognition properties and fine-tune the physiochemical properties of oligomers. This
is important because it challenges our understanding of natural nucleic acid structural and recognition
properties and can lead to nucleic acid mimics with a wide range of applications in nucleic acid
targeting, analysis or diagnostics. In this paper we describe the solid phase synthesis of
pyrrolidine-amide oligonucleotide mimics (POMs) using Fmoc-peptide chemistry. This required the

synthesis of adeninyl, cytosinyl, thyminyl and guaninyl pyrrolidine monomers, with Fmoc- and
standard acyl-protecting groups on the exocyclic amino groups and nucleobases respectively. These
monomers were used to synthesise several thyminyl and adeninyl POM pentamers, with modest
coupling efficiency. The pentamers were purified by RP-HPLC, characterised by mass spectrometry and
their DNA and RNA binding properties were investigated using UV thermal denaturation/renaturation
experiments. This revealed that all the pentamers exhibit strong affinity for complementary nucleic
acids. The further evaluation of longer mixed-sequence POMs is described in a second accompanying
paper (R. J. Worthington et al., Org. Biomol. Chem., 2006, DOI: 10.1039/b613386j).

Introduction

By carefully evaluating the conformation and recognition prop-
erties of synthetic nucleic acid mimics, it is possible to gain a
deeper insight into the structure, function and origins of the
natural genetic materials.’? Modified nucleic acids which are able
to recognize and bind with high affinity and sequence selectivity
to RNA or DNA targets can be used to down regulate gene
expression for potential therapeutic applications or probe gene
function in vivo.** For example, morpholino oligonucleotide
mimics 1 (Fig. 1) have been widely used to study embryonic
development in zebrafish.” Oligonucleotide mimics are also being
used as diagnostic agents and as probes for bioanalytical and
other applications.**® Most recently, modified nucleic acids have
been used as versatile building materials for the self-assembly of
nanostructures and devices with defined topologies."* Amongst
the most widely studied and useful nucleic acid mimics are the
peptide nucleic acid (PNA) 2.>6%1517 PNA exhibits high affinity for
native nucleic acids as well as high in vivo stability. However, PNA
suffers from low aqueous solubility and limited cellular uptake’
which has hampered their application in vivo.

Previously we introduced cationic pyrrolidine-amide oligonu-
cleotide mimics (POMs) 3 where the DNA nucleobases are
retained and the ribose-phosphodiester backbone is replaced with
a pyrrolidinyl amide structure 3."* The (2R,4R)-configuration

School of Chemistry and Manchester Interdisciplinary Biocentre, The
University of Manchester, 131 Princess Street, Manchester, UK M1 7DN.
E-mail: jason.micklefield@manchester.ac.uk

T Electronic supplementary information (ESI) available: additional data,
general experimental methods, procedures for the preparation of com-
pounds 5-10 and 23 and characterisation of oligomers 27-29, and
methods employed in thermal denaturation experiments. See DOI:
10.1039/b613384n
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Fig. 1 Structure of morpholino oligonucleotide mimics (morpholinos)
1, peptide nucleic acid (PNA) 2 and pyrrolidine-amide oligonucleotide
mimics (POMs) 3. B = Nucleobase.

across the pyrrolidine ring renders the POM stereochemically
equivalent to the natural nucleic acids and could thus effect the
orientational preference for hybridisation with DNA and RNA. In
addition, molecular modelling and NMR data suggest that POM
adopts a conformation which is similar to the backbone of RNA
in an A-type helical conformation. The tertiary amino group of
the pyrrolidine units in POM can be protonated at physiological
pH which can aid the solubility of the oligomers. Furthermore,
homothyminyl and homoadeninyl POM pentamers were shown
to have high affinity for complementary DNA and RNA, with
interesting kinetic selectivity for RNA over DNA.**2° Although
these preliminary findings are encouraging, the synthesis and eval-
uation of longer mixed-sequence oligomers is necessary to fully
understand their DNA/RNA hybridisation properties and further
explore their potential for hybridisation-based applications.''**!
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rt, 18 h; g) N*-benzoylthymine, PPh;, DIAD, THF, —25°C — rt, 18 h; h) sat. H,S in 60% aq. pyridine, rt, 18 h; i) Fmoc-Cl, DIEA, CH,Cl,,0°C — rt, 18 h;
j) 4 M HCl/dioxane, CH,Cl,, rt, 24 h; k) N°-benzoyladenine, K,CO;, 18-crown-6, DMF, 80 °C, 18 h; 1) Fmoc-succinimide, 1 : 1 dioxane/10% aq. Na,CO;,
rt, 4 h; m) N*-[p-("butyl)benzoyl]cytosine, K,CO;, PhCO,Na, 18-crown-6, DMF, 75 °C, 6.5 h; n) PPh;, H,O, THF, rt, 48 h; 0) 4 M HCl/dioxane, CH;CN, rt,
18 h; p) 2-N-isobutyryl-6-O-[(4-nitrophenyl)ethyl]guanine, K,CO;, 18-crown-6, DMF, 80 °C, 18 h; q) 2-N-isobutyryl-6-O-[(4-nitrophenyl)ethyl]guanine,
PPh;, DIAD, PhCO,Na, THF, rt, 18 h; r) DBU, pyridine, rt, 18 h; s) PPh;, pyridine, rt, 3 h, 25% aq. NH;, 2 h; t) Fmoc-succinimide, DIEA, CH,ClL,,
0 °C, 30 min, rt, 2 h. Abbreviations: 'BuBz = p-(tert-butyl)benzoyl, Bz = benzoyl, Boc = tert-butoxycarbonyl, DIAD = diisopropyl azodicarboxylate,
DIEA = diisopropylethylamine, Fmoc = fluoren-9-ylmethoxycarbonyl, Ts = tosyl.

Results and discussion
Synthesis of the Fmoc-protected POM monomers

In the preliminary solid phase synthesis of thyminyl and adeninyl
POM pentamers we chose the solid phase Fmoc-peptide synthesis
protocols.” Fmoc chemistry was selected because it employs
mild synthetic conditions,?* allows quantification of the coupling
efficiency by UV spectroscopy, following Fmoc deprotection, and
is the preferred method for most modern automated synthesisers.
In order to utilise this method for the synthesis of mixed-
sequence POMs we required a versatile synthetic route to adenine-,
cytosine-, thymine- and guanine-derived Fmoc-POM monomers.

Our synthetic strategy involved the synthesis of the azido
pyrrolidine 8, from trans-4-hydroxy-L-proline, via the known azide
4 (Scheme 1).2 Accordingly, TBDMS and Boc deprotection of 4
with 4 M HCI gave amine 5 as a crystalline hydrochloride salt
in quantitative yield, the structure and absolute stereochemistry
of which was confirmed by X-ray crystallographyi (see ESIY).

i Crystal data for compound 5: C;H,,N,OCl, M = 178.63, monoclinic,
a = 5.1589(2), b = 10.5387(5), ¢ = 7.4162(4) A, f = 93.901(3)°, V =
402.27(3) A’, T = 150(2) K, space group P2,, Z = 2, u = 0.424 mm™',
reflections collected 4211, independent reflections 2173 [R(int) = 0.0366],

Subsequent N-alkylation of the amine with #-butyl bromoacetate
afforded #-butyl ester 6. Inversion of the C4-hydroxyl group of
6 using a Mitsunobu reaction followed by ammonolysis of the
formyl ester 7 gave the trans-alcohol 8 in 80% yield. Introduction
of N3-benzoylthymine® using Mitsunobu conditions afforded
the (2R,4R)-pyrrolidine 10 in 77% yield with none of the O*-
isomer, as confirmed by *C-NMR chemical shifts and comparison
with literature compounds.’**** Azide reduction with hydrogen
sulfide in 60% aqueous pyridine gave the amine 11 in quantitative
yield. Treatment of the resulting amine with 9-fluorenylmethyl
chloroformate (Fmoc-Cl) gave the Fmoc-protected amine 12.
Unexpectedly the N -benzoyl protecting group was lost during
this reaction, or in the subsequent purification step. However,
the N* position of thymine does not require protection during
solid-phase synthesis. Therefore, the #-butyl ester 12 was subject
to acidolysis with 4 M HCI in dioxane to reveal the thyminyl
Fmoc-acid monomer 13.

Attempts to introduce N°-benzoyladenine into the pyrrolidine
ring of the trams-alcohol 8 under Mitsunobu conditions were

R, =0.0372[1 > 20(I)], wR, = 0.0692 (all data), Flack parameter 0.07(5).
CCDC reference number 624263. For crystallographic data in CIF or other
electronic format see DOI: 10.1039/b613384n.

240 | Org. Biomol. Chem., 2007, 5, 239-248

This journal is © The Royal Society of Chemistry 2007





unsuccessful. Therefore, the synthesis of the adeninyl derivative
14 via substitution of the tosylate of 9 with N°-benzoyladenine
was investigated. The trans-tosylate 9 was synthesised either from
trans-alcohol 8 with p-toluenesulfonyl chloride in pyridine or
directly from the cis-alcohol 6 with methyl p-toluenesulfonate
under Mitsunobu conditions.?® Tosylate displacement by N°-
benzoyladenine in the presence of K,CO; and 18-crown-6 resulted
in formation of only the N°-adeninyl derivative 14 in 37% yield
without detection of any N7 derivative.”’?® Azide reduction and
subsequent Fmoc protection of amine 15 gave adeninyl Fmoc
ester 16 with the N°-benzoyl protecting group intact. Cleavage of
the t-butyl ester of 16, as before, afforded the protected adeninyl
Fmoc-acid 17.

In the synthesis of the cytosinyl Fmoc-acid monomer, cytosine
was first protected as the N*-(¢-butyl)benzamide to aid solubility®
and then introduced into the pyrrolidine ring via substitution of
the tosylate from 9 to give the cytosinyl derivative 18 in 46%
yield. The Mitsunobu reaction with trans-alcohol 8, and N*-[p-
(tert-butyl)benzoyl]cytosine, afforded 18 in a superior 71% yield,
which was dependent on the presence of sodium benzoate, an
additive that has previously been shown to dramatically increase
the rates and yields of related reactions.’™*' In both procedures
the N'-isomer is produced exclusively as determined by *C-NMR
chemical shifts and comparison with literature compounds,**
with none of the O’-isomer, which is often detected in related
reactions. Reduction of the azide using the Staudinger reaction®
gave amine 19 which was Fmoc-protected to give Fmoc #-butyl
ester 20 in an overall yield of 31%. The cytosinyl Fmoc-acid 21
was revealed by acidolysis in 92% yield.

We chose to introduce guanine into the pyrrolidine ring as
the N2-isobutyryl-O°-[2-(p-nitrophenyl)ethyl]guanine derivative®®
as this is reported to undergo more regioselective N’-alkylation.*
However, the displacement of the tosylate 9 with this guanine
derivative gave exclusively the N7-adduct 23, missing the O°-
(p-nitrophenyl)ethyl group. The N’-regiochemistry of the prod-
uct 23 was confirmed through the comparison of “C-NMR
chemical shifts with known compounds.?”** Presumably the O°-
protecting group is lost prior to coupling, under the high
temperature, basic conditions of the reaction leaving the N’ the
most accessible nucleophilic site. However, under the mild, neutral
conditions of the Mitsunobu reaction, N*-isobutyryl-O°-[2-(p-
nitrophenyl)ethyl]guanine and the frans-alcohol 8 can be coupled
without loss of the O°-protection. Treatment of the crude adduct
with 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU) removes the O°-
(p-nitrophenyl)ethyl group, revealing the required N°-adduct 22.
Again, the presence of sodium benzoate in the Mitsunobu reaction
was essential in order to attain a reasonable yield of 22 (51%).
Reduction of the azide 22 to the amine 24 followed by Fmoc
protection gave the Fmoc #-butyl ester 25 in 35% yield and
acidolysis as before afforded guaninyl Fmoc-acid 26 in 54% yield.
The structure and relative stereochemistry of the zwitterion of 26
was determined by X-ray crystallography (Fig. 2).§

§ Crystal data for compound 26: C;; H;; N, O, M = 599.64, orthorhoinc,
a = 11.5810(4), b = 14.4762(5), ¢ = 17.7027(7) A, V = 2967.84(19) A3,
T = 150(2) K, space group P2,2,2,, Z = 4, 1 = 0.096 mm™', reflections
collected 20759, independent reflections 2954 [R(int) = 0.12], R, = 0.0450
[I > 20(I)], wR, = 0.0771 (all data). CCDC reference number 624249,
For crystallographic data in CIF or other electronic format see DOI:
10.1039/b613384n.
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Fig.2 X-Ray crystal structure of the zwitterionic form of guaninyl POM
monomer 26 which is shown to exhibit an N1'-endo-type conformation
with a pseudorotational phase angle (P) and backbone torsional angles
(y, 0, and €) which match most closely the corresponding angles of ribose
in typical A-type RNA duplexes, rather than B-type DNA duplexes.*®

Analysis of the crystal structure of the G-monomer 26 reveals
that the pyrrolidine adopts a trans-relative configuration about
the N-atom and possesses an N1'-endo conformation which is
described by a pseudorotation phase angle (P) of 23° with a
maximum torsional angle (vy,,,) of 45.8°.3%% This conformation
matches closely the typical C3'-endo conformation of ribose
in A-type RNA duplexes and agrees very closely with earlier
energy-minimised structures of POM pyrrolidine monomer units
which were derived from semi-empirical quantum mechanical
calculations, along with NMR data.’ Furthermore, the backbone
torsion angles y, & and ¢ more closely match the angles found
in typical A-type RNA duplexes, as opposed to B-type DNA
duplexes (Fig. 2).3 This supports the earlier hypothesis that the
high affinity of POM pentamers for RNA and DNA strands may in
part be due to the pre-organisation of the POM backbone into an
A-type helical conformation, which is favoured for the formation
of more stable heteroduplexes.

Fmoc-solid phase synthesis of POM homopolymers

In order to test the suitability of the Fmoc approach for
the synthesis of POM oligomers we first sought to prepare
the POM pentamer Ac-POM(T);NH, 27 (Fig. 3) on Rink-
amide MBHA resin. Accordingly, POM Fmoc-T amino acid 13
(2 equiv.) was preactivated with 2-(1 H-benzotriazole-1-yl)-1,1,3,3-
tetramethylaminium tetrafluoroborate (TBTU) (1.9 equiv.), 1-
hydroxybenzotriazole (HOBT) (2 equiv.) and DIEA (5 equiv.) and
coupling reactions where left to proceeded for 4 h, followed by
capping of the unreacted amino groups with acetic anhydride.
Each coupling reaction was monitored by the Kaiser test and
by UV determination of the dibenzofulvene-piperidine adduct
formed during Fmoc deprotection. Following cleavage from the
resin with trifluoroacetic acid (TFA) the crude product was
analysed by analytical reversed-phase HPLC which revealed a
major product, which accounted for ca. 80% of the chromatogram
(by integration). This approximates to a coupling efficiency of 96%
per cycle, which is in agreement with UV quantification of the
dibenzofulvene-piperidine adduct. This product was subsequently
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Fig. 3 Structures of POM pentamers Ac-TTTTT-NH, 27, Lys-TTTTT-
LysNH, 28 and Lys-AAAAA-NH, 29.

purified by semi-preparative HPLC and its identity was confirmed
by electrospray ionisation mass spectrometry (ESI-MS).

A pentameric thyminyl POM with N-and C-lysine termini, Lys-
POM(T);Lys 28, was similarly prepared using Fmoc-T amino acid
13. These oligomers were required for DNA/RNA binding stud-
ies, which would allow a direct comparison with the corresponding
Ts-PNA oligomer, which is available commercially. In the case
of Ts-PNA, N- and C-terminal lysine residues are necessary to
increase the aqueous solubility of the PNA and prevent aggrega-
tion. Based on UV quantification of the dibenzofulvene-piperidine
adducts, and integration of the analytical HPLC chromatogram of
the crude product (71% total peak area) following cleavage from
the resin, coupling efficiencies in the synthesis of 28 were estimated
to be a modest 95% (see ESIY).

Finally, an adeninyl POM pentamer, Lys-POM(A);NH, 29,
was prepared from Fmoc-A®-acid 17. The synthesis proceeded
as described above, except that deprotection of the adenine N°-
benzoyl protecting groups was effected using 1 : 1 conc. aq. NH;
and dioxane at 55 °C for 16 h, prior to cleavage from the resin.
The product peak area in this case was only 64%, indicating a low
average coupling efficiency of 93% (see Fig. S4 in ESIt). Coupling
efficiencies less than 95% are considerably below the level typically
obtained for standard peptide chemistry. This indicates that
Fmoc protocols would need considerable optimisation if longer
mixed-sequence oligomers were to be prepared. Nevertheless, the
pentamers prepared in this case (27-29) were purified by reversed-
phase semi-preparative HPLC to greater than 96% purity and the
identities of the products were confirmed by ESI-MS.

Nucleic acid binding properties of POM homopolymers

UV thermal denaturation/renaturation experiments were carried
out in order to investigate the DNA and RNA binding properties
of the POM 5-mers (27-29) compared with the corresponding
PNA 5-mers and DNA 20-mers (Table 1). The Ac-POM(T)sNH,
pentamer (27) showed similar properties as the Phth-Ts-POM
reported earlier'®" with a denaturation melting temperature (7,)
of ca. 8-10 °C per base with poly(rA) which increases slightly at
higher ionic strengths. In contrast, d(T),, with poly(rA) exhibits
a considerably lower T, per base of 2.2 °C. Notably, double

transitions in the melting curves with Ac-POM(T);NH, (27) and
poly(rA) were indicative of probable triplex formation. There
was also evidence for kinetically selective binding of RNA over
DNA. For example, the binding of 27 to r(A), showed little
hysteresis typical of relative fast binding, whereas binding of 27
to d(A),, showed remarkable hysteresis with a >58 °C difference
between the T, extracted from the cooling and heating (melting)
curves.

The DNA and RNA binding properties of the POM thyminyl
pentamer Lys-POM(T);Lys (28) was similarly investigated (Table 1
and Fig. S5 in ESIt). Following hybridisation with poly(rA)
a denaturation T, of 44.8 °C (T, /base 9.0 °C) was observed
upon heating (melting), with a renaturation 7, of 43.6 °C on
cooling. The lack of significant hysteresis between the cool-
ing and heating curves is indicative of relatively fast rates of
association/dissociation in this case. The corresponding PNA,
Lys-PNA(T)sLys, exhibited a slightly higher 7', with poly(rA)
(T,/base 10.8 °C). In both cases the T, values increased with
decreasing ionic strength and pH, which is probably in part due
to the lysine residues at the N- and C-termini. Considerable
hysteresis was observed in the heating/cooling curves of Lys-
POM(T);LysNH, with poly(dA), with denaturation and renatu-
ration T, values of 65.0 and 25.1 °C respectively. This is indicative
of slow rates of association/dissociation and is consistent with
the kinetic selectivity of thyminyl POM for RNA over DNA
observed previously."' UV thermal denaturation/renaturation
experiments with shorter r(A),, and d(A),, demonstrated similar
trends.

The adeninyl POM pentamer, Lys-POM(A);NH, 29, exhibits
considerably higher T',, values for poly(rU) and poly(dT) (7',,/base
10.0 and 14.1 °C respectively) than the corresponding Lys-
PNA(A);NH, (Table 1 and Fig. S6 in ESI{). However, the
hysteresis between the cooling and heating curves for Lys-
POM(A);NH, with poly(dT) (AT, = 14.7 °C) is only slightly
higher than the hysteresis observed with poly(rU) (AT,, = 6.8 °C).
This indicates that the kinetic selectivity for RNA over DNA is
less pronounced for the adeninyl POM pentamer 29 compared
with the thyminyl pentamers 28. With target strands r(U),, and
d(T),, Lys-POM(A);NH, again exhibits considerably higher 7',
values than the corresponding PNA. Finally, Lys-POM(A);NH,
can form a stable complex with r(U)s (T, of 18.3 °C). On the
other hand, neither Lys-PNA(A);NH, nor d(A),, show evidence
of hybridisation with r(U)s. These results are consistent with
our earlier studies'®" and indicate that POMs containing both
thymine and adenine bases possess strong nucleic acid binding
properties; exhibiting similar and in some cases higher 7', values
with DNA/RNA targets than the corresponding PNAs.

Fmoc-solid phase synthesis of mixed-sequence POM

In view of the promising nucleic acid binding properties displayed
by POM homo-oligomers, the synthesis of longer, mixed-sequence
POM oligomers was investigated using Fmoc-solid phase peptide
chemistry. Initially the synthetic effort was focused on the synthesis
of POM 10-mer sequence Lys-TTATCATTTC-NH, using the
Fmoc-monomers 13, 17 and 21. However, attempts to optimise
the Fmoc chemistry for this sequence failed. UV determination
of the dibenzofulvene-piperidine adducts indicated low coupling
efficiencies ranging from 70 to 95%. Similarly, analytical
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Table 1 UV thermal denaturation and renaturation temperatures 7, values for POM and PNA 5-mers vs. complementary nucleic acids

T,./°C* (% hypochromic?/hyperchromic shift¢)

d(T)5? Lys-PNA(T);LysNH, Ac-POM(T);NH, 27 Lys-POM(T);LysNH, 28
Vs. Heating? Cooling Heating Cooling Heating Cooling Heating
Poly(rA) 43.7* (31)° 53.37(31) 54.1% (32)¢ 26.8° (33)° 51.24 (8)¢ 43.6" (28)° 44,8 (32)°
37.0 24y
0.22M,£ pH 7 47.8 (31) 49.7 (30) 51.2 (31) 26.8 (34) 53.8 (5) 40.8 (34) 42.2 (36)
37.4 (30Y
0.62 M.¢ pH7 52.9 (30) 40.8 (29) 45.5(29) 27.5(35) 42.2 (36) 34.0 (32) 36.6 (33)
1.20 M, pH 7 54.7 (30) 33.4(26) 42.2 (26) 26.3 (33) 48.4 (34) 28.5(28) 34.6 (28)
0.12M, pH 6 43.7 (30) 57.3(33) 57.8 (34) 27.2 (36) 56.7 (7)¢ 46.9 (38) 48.6 (39)
35.4 30y
0.12M, pH 8 42.7 (30) 50.7 (29) 51.9 (30) 26.6 (30) 37.3 (31) 39.7 (38) 39.7 (39)
Poly(dA) 48.8 (32) 44.2 (25) 48.6 (29) n.b.nf n.b.i 25.1(17) 54.4 (17)
65.0/ (28y
r(A)y 41.2 (26) 47.2 (27) 47.9 (28) 21.8 (21) 20.5(22) 37.2 (31) 40.2 (31)
d(A), 47.5 (30) 35.3(26) 37.4(27) 22.0 (22) >80 (12) 21.6 (21) 51.6 (24)
r(A)s n.d.f 18.0 (26) 19.5(28) n.d.f n.d.* 13.6 (14) 34.5 (15)
r(AAGAA) n.d.* 52.8(7) 60.6 (8) n.d.* n.d.f 18.2 (14)
d(A),? Lys-PNA(A);NH, Lys-POM(A);NH, 29
Heating? Cooling Heating Cooling Heating
Poly(rU) 35(24) 30.4 (24)° 31.0 (25)¢ 43.4 (35) 50.2 (36)¢
1.20 M,£ pH 7 60.7 (10)° 36.4 (24) 36.8 (24) 41.3 (31) 58.8 (13)°
47.1 (18Y 47.8 (20y
0.12M, pH 6 35.7 (26) 31.7 (25) 32.2(25) 48.4 (42) 53.3 (44)
0.12M, pH 8 33.2(25) 28.0 (23) 29.4(23) 38.8 (42) 47.2 (44)
Poly(dT) 50.1 (31) 47.9 (36) 48.4 (36) 55.6 (28) 70.3 (31)
r(U), 21.3(26) 24.1 (25) 24.8 (25) 38.8 (42) 46.0 (43)
d(T)y 47.5(31) 34.6 (35) 34.8 (34) 53.0 (22)° 53.8(37)
31.8 (16Y
r(U)s n.b.M! n.b.M! n.b"! <10(12) 18.3(11)

“ All melting experiments were carried out with 42 uM (conc. in bases) of each strand in 10 mM K,HPO,, 0.12 M K*, pH 7.0 (total volume 1.0 cm?®). UV
absorbance (4,4 ) was recorded with heating at 5 °C min~' from 23 to 93 °C, cooling at 0.2 °C min~' to 15 °C and heating at 0.2 °C min~' to 93 °C. The
T, was determined from the first derivative of the slow heating and cooling curve. > Hypochromic shifts are indicated in parentheses and were calculated
as follows: [4(93 °C) — A(15 °C)] x 100/ A4(93 °C). < Hyperchromic shifts are indicated in parentheses and were calculated as for the hypochromic
shifts. “ DNA/RNA hybridisation is fast so there is no hysteresis, therefore melting and cooling curves are coincident. ¢ Probable single strand <> duplex
transitions.” Duplex <> triplex transitions. ¢ Total salt concentration [K*]. ” n.b. = no binding (hyperchromicity) was observed.  Melting not evident even
after prolonged incubation, possibly due to very slow binding. / Lys-POM(T);LysNH, was incubated with poly(dA) for 48 h before being subjected to
slow thermal denaturation (0.2 °C min™"). * n.d. = not determined. / Possible transition below 15 °C.

reversed-phase HPLC of the crude oligomer revealed multiple
products, whilst MALDI-MS and ESI-MS indicated the forma-
tion of probable failure sequences. Similar attempts to optimise
the synthesis of shorter test sequences (e.g. Lys-TGC-NH,) also
resulted in the formation of multiple products and low coupling
efficiencies. Several factors could account for this. Firstly, loss
of acyl base protecting groups was evident for some monomers
(e.g 17 and 26) after prolonged storage. This suggests that
base deprotection is facile and could occur during extended
couplings, or during Fmoc deprotection with piperidine, resulting
in the formation of branched products. Additionally, the extended
coupling times of over 4 h could have caused concomitant Fmoc
deprotection, due to the basic coupling conditions, which could
have resulted in multiple couplings leading to mixtures of products.
In addition, we have previously shown that POM oligomers with
N-terminal free amino groups will undergo facile cyclisation onto
the adjacent amide linkage forming bicyclic lactam side products.*
Finally, the strong basic conditions (ammonolysis) used to remove

the acyl nucleobase protecting groups might also cleave POM
amide linkages. Thus, despite the success of Fmoc-solid phase
chemistry in the synthesis of mixed-sequence PNA oligomers,**’
it appears that this chemistry is incompatible with the synthesis of
longer POM mixed sequences.

Conclusion

The synthesis of pyrrolidine monomers with exocyclic Fmoc-
protected amino groups and containing thymine, adenine cyto-
sine or guanine acyl-protected nucleobases has been developed.
Thyminyl and adeninyl POM pentamers were prepared from the
corresponding monomers using typical solid phase Fmoc-peptide
synthesis protocols. Despite modest coupling efficiencies it was
possible to purify the products by HPLC, allowing subsequent
characterisation by mass spectrometry. The pentamers were then
shown to hybridise strongly with both DNA and RNA, whilst
in some cases exhibiting a noticeable kinetic selectivity for
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RNA over DNA. Attempts to optimise the Fmoc-solid phase
chemistry for the synthesis of longer, mixed-sequence POMs
proved problematic. In light of this an alternative, a more robust
strategy utilising Boc-amino backbone and benzyloxycarbonyl
(Z)-nucleobase protecting groups was developed. The Boc-Z
approach has been used in the successful synthesis of mixed-
sequence POMs and will be described in the following paper.*!

Experimental

(2’ R4’ R)-2'-Aminomethyl-4'-(/V3*-benzoylthymin-1-yl)-N1'-
(tert-butoxycarbonylmethyl)-pyrrolidine (11)

A solution of azide 10 (300 mg, 0.64 mmol) in 60% aqueous
pyridine was saturated with H,S and stirred for 18 h. CH;OH
(6 mL) was added and the mixture was filtered through Celite.
Evaporation of eluant under reduced pressure gave the amine 11
in quantitative yield as a pale yellow foam. v, (KBr)/cm™": 3392
(NH), 1686 (CO), 1538 (NH); '"H NMR (300 MHz, CDCl;): 6
1.42 (9H, s, C(CH;),), 1.47 (3H, s, CH3;), 1.57-1.66 (1H, m, H,3'),
2.44-2.55 (1H, m, H,3), 2.71-2.75 (1H, m, H2), 2.78 (1H, dd, J
10.9,7.1 Hz, H,5'), 3.04-3.13 (2H, m, H,5 and H,6'), 3.20 (1H, d,
J 17.3 Hz, H,7), 3.33 (1H, d, J 17.3 Hz, H,7), 3.95 (1H, ddd, J
14.7,8.6, 1.5 Hz, H,6), 4.95-5.01 (1H, m, H4'), 7.33-7.42 (3H, m,
Bz CH), 7.74-7.77 (3H, m, H6 and Bz CH); "C NMR (75.5 MHz,
CDCl;): 0 12.5 (CH;), 28.5 (C(CH,)3), 36.4 (C3'), 39.9 (C6'), 51.7
(C4),54.7(C7),60.0 (C5), 64.0 (C2'), 82.5 (C(CH,)3), 111.8(C5),
127.3 (Bz CH), 129.4 (Bz CH), 132.0 (Bz CH), 136.4 (Bz ipso-C),
137.7(C6), 151.4(C2), 164.1 (C4), 168.0 (Bz CO), 171.4 (CO,'Bu);
m/z (ES): 443 (IM + H]*, 100%); HRMS m/z (ES): 443.2297 (IM +
H*], C;3H; N,Os requires m/z, 443.2294).

(2’R,4' R)-2'-|(Fluoren-9-yl-methoxycarbonyl)aminomethyl]-4'-
(thymin-1-yl)-N1’-(tert-butoxycarbonylmethyl)-pyrrolidine (12)

The amine 11 (700 mg, 1.58 mmol) and DIEA (413 puL, 2.37 mmol)
were added to a solution of 9-fluorenylmethoxycarbonyl chloride
(613 mg, 2.37 mmol) in dry CH,Cl, (8 mL), under N,. The mixture
was stirred for 30 min at 0 °C then at room temperature for 4 h. The
solvent was evaporated under reduced pressure and the mixture
was purified by column chromatography (3 : 1 EtOAc-hexane)
to give the title compound 12 (425 mg, 48%) as a white foam.
[a]y +20.5° (¢ = 4.0, CH,CL); Found: C, 66.6; H, 6.6; N, 9.8;
C3H3N,Oq requires: C, 66.4; H, 6.4; N, 10.0%; vy (KBr)/cm™":
1693 and 1684 (CO); An(CH;OH)/nm: 265 (¢/dm*mol-'cm™
2.2 x 10*); '"H NMR (400 MHz, CDCl;) ¢ 1.40 (9H, s, C(CHj)5),
1.53-1.60 (1H, m, H,3'), 1.82 (3H, s, CH;), 2.39-2.47 (1H, m,
H,3),2.65 (1H, m, H2),2.72 (1H, dd, J 10.5, 7.5 Hz, H,5'), 3.02—
3.07(2H, m,H,6'and H,7'),3.15(1H,d, J 10.5Hz,H,5), 3.35(1H,
d,J 17.0Hz, H,7), 3.43 (1H, dd, J 12.6, 8.6 Hz, H,6'), 4.10 (1H, t,
J 7.0 Hz, Fmoc aliphatic CH), 4.24 (1H, dd, J 10.6, 7.0 Hz, Fmoc
CH,), 4.34 (1H, dd, J 10.6, 7.0 Hz, Fmoc CH,), 4.95-5.01 (1H, m,
H4'), 5.49 (1H, m, carbamate NH), 7.19 (2H, t, J 7.5 Hz, Fmoc
Ar-H), 7.29 (2H, t, J 7.5 Hz, Fmoc Ar-H), 7.49 (2H, t, J 7.0 Hz,
Fmoc Ar-H), 7.65 (2H, d, J 7.5 Hz, Fmoc Ar-H), 7.96 (1H, s, H6),
8.64 (1H, s, H3); *C NMR (100.6 MHz, CDCl;): ¢ 13.1 (CH,;),
28.5 (C(CH;);), 36.4 (C3), 41.4 (C6), 47.6 (Fmoc aliphatic CH),
52.0 (C4), 54.8 (C7'), 59.6 (CY), 63.1 (C2), 67.2 (Fmoc CH,),
82.3 (C(CH;),), 111.8 (C5), 120.4 (Fmoc Ar-CH), 125.4 (Fmoc

Ar-CH), 127.4 (Fmoc Ar-CH), 128.1 (Fmoc Ar-CH), 138.2 (C6),
141.7 (Fmoc Ar-C), 144.2 (Fmoc Ar-C), 151.7 (C2), 157.3 (Fmoc
CO), 164.5(C4),170.7 (CO,'Bu); m/z (FAB): 561 (IM + H]*, 75%);
HRMS m/z (ES): 561.2716 (IM + H]*, C;;H;;N,O, requires m/z,
561.2713).

(2'R,4' R)-2'-|(Fluoren-9-yl-methoxycarbonyl)aminomethyl]-4'-
(thymin-1-yl)-N1’-(carboxymethyl)-pyrrolidine hydrochloride (13)

tert-Butyl ester 12 (200 mg, 0.35 mmol) was dissolved in dry
CH,Cl, (4 mL), under N,, and treated with 4 M HCI in 1,4-
dioxane (6 mL) and allowed to stir at room temperature for 24 h.
Solvent was removed under reduced pressure to give a pale brown
powder. Recrystallisation from CH;OH/CH,Cl, gave product 13
(122 mg, 63%) as a white powder. Mp 184-187 °C (decomp.,
CH,OH/CH,CL,); [a]; —20.0° (¢ = 0.5, CH;0H); Found: C,
60.1; H 5.5; N, 10.2; Cl, 6.2; C,,H,xN,O(Cl requires: C, 59.9; H,
5.3; N, 10.3; Cl, 6.5%; v (KBr)/cm~': 3130-2724 (OH), 2541 br
(R;NH™), 1685 (CO); A, (CH;OH)/nm: 265 (¢/dm® mol~! cm™'
2.5 x 10*) and 300 (5.8 x 10°); '"H NMR (400 MHz, CD;0D):
0 1.89 (3H, s, CH;), 2.36-2.44 (1H, m, H,3'), 2.70-2.78 (1H, m,
H,3), 3.40 (1H, dd, J 16.0, 3.0 Hz, H,5), 3.66 (1H, dd, J 13.0,
9.0 Hz, H,6'), 3.75-3.80 (1H, m, H2'), 3.89 (1H, dd, J 16.0, 3.0 Hz,
H,5), 3.99 (1H, d, J 17.0 Hz, H,7), 4.26 (2H, t, J 7.0 Hz, Fmoc
aliphatic CH), 4.34 (1H, d, J 12.5 Hz, H,6'), 4.44 (2H, d, J 7.0 Hz,
Fmoc CH,), 4.63 (1H,d, J 17.0 Hz, H,7'), 4.75-4.81 (1H, m, H4"),
7.32 (2H, t, J 7.5 Hz, Fmoc Ar-H), 7.42 (2H, d, J 7.5 Hz, Fmoc
Ar-H), 7.43 (1H, s, H6), 7.69 (2H, t, J 7.5 Hz, Fmoc Ar-H), 7.80
(2H, d, J 7.5 Hz, Fmoc Ar-H); "C NMR (75.5 MHz, CD;0D): 6
12.6 (CHj;), 32.7 (C3'), 39.0 (C6'), 48.7 (Fmoc aliphatic CH), 54.4
(C7), 59.8 (C4), 61.0 (C5), 68.8 (Fmoc CH,), 69.9 (C2), 111.9
(C95), 121.3 (Fmoc Ar-CH), 126.5 (Fmoc Ar-CH), 128.5 (Fmoc
Ar-CH), 129.2 (Fmoc Ar-CH), 142.9 (Fmoc Ar-C), 143.6 (C6),
145.5 (Fmoc Ar-C), 153.3 (C2), 160.7 (C4), 166.6 (Fmoc CO),
169.0 (CO,H); m/z (FAB): 505 (IM — CIJ*, 100%]; HRMS m/z
(ES): 505.2080 (M — CIJ*, C,;H;(N,Oq requires m/z, 505.2087).

(2'R.4' R)-2'-Azidomethyl-4'-(N°-benzoyladenin-9-yl)-N1'-
(tert-butoxycarbonylmethyl)-pyrrolidine (14)

A suspension of tosylate 9 (948 mg, 2.31 mmol), N°-
benzoyladenine (1.38 g, 5.77 mmol), anhydrous K,CO; (798 mg,
5.77 mmol) and 18-crown-6 (231 mg, 0.87 mmol) in dry DMF
(12 mL) was stirred under argon at 80 °C. After 18 h, the solvent
was evaporated under reduced pressure and saturated KCI1 (50 mL)
was added to the residue. This was extracted with 2 : 1 CHCl;—
C,H;OH (4 x 50 mL). The organic layers were dried over MgSO,,
filtered and evaporated under reduced pressure. The residue was
purified by column chromatography (5% CH;OH in EtOAc) to
give the N’-adeninyl derivative 14 (408 mg, 37%) as a white foam.
R; 0.34 (5% CH,OH in EtOAc); [a]Z —81.2° (¢ = 0.5, CHCL,);
Vi (KBr)/cm™": 3410 and 3110 (amide NH), 2101 (N3), 1732 and
1708 (CO); A (CH;OH)/nm: 282 (¢/dm’® mol~' cm™' 1.8 x 10%);
"H NMR (300 MHz, CDCL;): 6 1.47 (9H, s, C(CHs);), 1.88 (1H,
dd, J 14.3, 6.8 Hz, H,3), 2.59-2.70 (1H, m, H,3'), 3.00-3.10 (2H,
m, H2 and H,5), 3.16-3.22 (2H, m, H,7 and H,6’), 3.39 (1H, dd,
J 13.1,4.5Hz, H,6'), 3.52-3.61 2H, m, H,7 and H,5), 5.11-5.16
(1H, m, H4'), 7.41 (2H, t, J 7.1 Hz, Bz CH), 7.50 (1H, t, J 7.1 Hz,
BzCH), 7.94 (2H,d, J 7.5Hz, Bz CH), 8.69 (1H, s, H8) 8.70 (1 H, s,
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H2), 9.28 (1H, s, BZNH); *C NMR (75.5 MHz, CDCL): § 28.0
(C(CH,),), 36.7 (C3), 51.8 (C4'), 52.8 (C6)), 53.6 (C7), 58.9 (C5'),
60.6 (C2'), 81.7 (OC(CH,),), 122.8 (C5), 127.8 (Bz CH), 128.7 (Bz
CH), 132.5 (Bz CH), 133.8 (Bz ipso-C), 142.3 (C8), 149.2 (C4),
151.6 (C6), 152.3 (C2), 164.6 (Bz CO), 169.2 (CO,'Bu); m/z (ES):
500 (IM + NaJ*, 10%), 478 (IM + HJ*, 100); HRMS m/z (ES):
478.2324 (IM + HJ*, C»sHysN, O, requires m/z, 478.2315).

(2R .4’ R)-2'-Aminomethyl-4'-(/NV*-benzoyladenin-9-yl)-N1'-
(tert-butoxycarbonylmethyl)-pyrrolidine (15)

To a stirred solution of azide 14 (410 mg, 0.86 mmol) in 60%
aqueous pyridine (11 mL) was bubbled H,S gas until saturation
and the mixture was left stirring for 18 h at room temperature.
Argon was then bubbled through the solution for 30 min and
CH;OH (5.5 mL) was added. Filtration through Celite followed
by evaporation under reduced pressure gave the amine 15 (348 mg,
99%) as a pale yellow foam. [a]Z —5.6° (¢ = 0.25, CHCL);
Vmax (KBr)/cm™": 3325 (NH), 1730 and 1698 (CO), 1613 (NH);
Jmax(CH;OH)/nm: 281(e/dm?® mol™' cm™' 1.8 x 10%); 'TH NMR
(300 MHz, CDCl,): 6 1.41 (9H, s, C(CH;);), 2.11-2.14 (1H, m,
H,3), 2.56-2.66 (1H, m, H,3), 2.79 (1H, d, H,5), 2.93-2.97 (3H,
m, H2" and H,H,6'), 3.12 (1H, d, J 17.3 Hz, H,7'), 3.48-3.54 (2H,
m, H,5 and H,7), 5.14 (1H, br s, H4"), 7.42 (2, t, J 7.1 Hz, Bz
m-H), 7.41 (1H, d, J 7.1 Hz, Bz p-H), 7.95 (2H, d, J 7.1 Hz, Bz
0-H), 8.68 (1H, s, H2), 8.90 (1H, s, H8); "C NMR (75.5 MHz,
CDCl): 6 28.5 (C(CHj;)3), 36.4 (C3'), 42.2 (C6'), 52.3 (C4), 54.4
(C7),59.9(C5),63.0(C2),81.9 (C(CH;),), 123.2(C5), 128.37 (Bz
CH), 129.1 (BzCH), 132.9 (Bz CH), 134.2 (Bz ipso-C), 143.4 (C8),
149.5(C4), 152.2 (C6), 152.4 (C2), 165.4 (PhCO), 170.3 (CO,'Bu);
m/z (ES): 452 (M + H]*, 100%); HRMS m/z (ES): 452.2413 (IM +
H*], C;3Hx N, O; requires m/z, 452.2410).

(2'R,4' R)-2'-|(Fluoren-9-yl-methoxycarbonyl)aminomethyl]-4'-
(N¢-benzoyladenin-9-yl)-N1'~(tert-butoxycarbonylmethyl)-
pyrrolidine (16)

A solution of amine 15 (240 mg, 0.532 mmol) in a mixture of
dioxane (1.5 mL) and 10% aqueous Na,CO; (1.5 mL) was treated
portionwise with N-(9-fluorenylmethoxycarbonyloxy)succinimide
at room temperature. After 4 h, the solution was concentrated
under reduced pressure and brine (15 mL) was added. The aqueous
phase was extracted with EtOAc (4 x 15 mL) and the combined
organic extracts were dried over MgSO,, filtered and evaporated
under reduced pressure. The crude material was purified by
column chromatography (0 — 5% CH;OH in EtOAc) to give
the title product 16 (217 mg, 61%) as a white foam. R; 0.27 (5%
CH;O0H/EtOAc); [a]Z +35.0° (¢ = 0.5, CHCL); vy (KBr)/cm™:
3250 (NH), 1721 (CO); Aymux (CH;OH)/nm: 266 (¢/dm?® mol~' cm™!
3.6 x 10*) and 300 (1.7 x 10*); '"H NMR (300 MHz, CDCl;): ¢
1.44 (9H, s, C(CHs;)5), 1.90-1.98 (1H, m, H,3'), 2.58-2.69 (1H, m,
H,3), 2.91-2.95 (1H, m, H,5), 3.01-3.14 (2H, m, H,6' and H2'),
3.21 (1H, d, J 17.1 Hz, H,7), 3.39-3.52 (3H, m, H,7, H,6' and
H,5), 4.11 (1H, t, J 7.0 Hz, Fmoc aliphatic CH), 4.20 (2H, d, J
7.0 Hz, Fmoc CH,), 5.10-5.17 (1H, m, H4'), 5.47 (1H, m, Fmoc
NH), 7.09 (2H, d, J 7.7 Hz, Fmoc aromatic CH), 7.15-7.30 (4H,
m, Fmoc aromatic CH), 7.35-7.54 (3H, m, Bz CH), 7.63 (2H, d,
J 7.5 Hz, Fmoc aromatic CH), 7.82 (2H, d, J 7.7 Hz, Bz CH),
8.66 (1H, s, H8), 8.72 (1H, s, H2), 8.90 (1H, s, BZNH); *C NMR

(75.5 MHz, CD;CN): 6 27.1 (C(CH;);), 35.6 (C3'), 40.9 (C6'), 46.8
(Fmoc aliphatic CH), 51.9 (C4'), 53.3 (C7'), 58.3 (CY%'), 61.2 (C2)),
65.8 (Fmoc CH,), 80.6 (C(CH,);), 119.6 (Fmoc aromatic CH),
123.6 (C5), 124.9 (Fmoc aromatic CH), 126.7 (Bz CH), 127.3
(Fmoc aromatic CH), 127.7 (Bz CH), 128.2 (Fmoc aromatic CH),
132.0 (Bz CH), 133.8 (Bz ipso-C), 140.7 (Fmoc aromatic C), 142.6
(C8), 143.8 (Fmoc aromatic C), 149.1 (C4), 150.9 (C2), 151.7 (C6),
156.3 (Fmoc CO), 165.1 (PhCO), 170.1 (CO,'Bu); m/z (ES): 696
(IM + NaJ*, 20%), 674 ((M + H]*, 100); HRMS m/z (ES): 674.3087
(IM + H]*, CxsHyN,Os requires m/z, 674.3091).

(2'R .4 R)-2'-|(Fluoren-9-ylmethoxycarbonyl)aminomethyl]-4'-
(NV®-benzoyladenin-9-yl)-/V1'-(carboxymethyl)-pyrrolidine
hydrochloride (17)

To a solution of Fmoc ester 16 (200 mg, 0.29 mmol) in anhydrous
CH,CI, (2.0 mL) was added 4 M HCl/dioxane (3 mL) at 0 °C
under argon. The solution was stirred 24 h at room temperature
and the solvent was removed under reduced pressure to give acid 17
(142 mg, 98%) as a white powder. [a]5 —21.0° (¢ = 0.5, C,H;OH);
Vmax(KBr)/cm™": 3390 (NH), 1697 (CO); '"H NMR (400 MHz,
CDCl,): 6 2.58-2.69 (1H, m, H,3), 3.05-3.15 (1H, m, H,3'), 3.57
(1H,d, J 15Hz,H,5)4.03 (1H, d, J 15 Hz, H,5), 4.06-4.13 (2H,
m, H2" and Fmoc aliphatic CH), 4.22-4.30 (2H, m, Fmoc CH,
and H,7), 4.38-4.44 (1H, m, H,6'), 4.55-4.67 (2H, m, H,6' and
Fmoc CH,),4.86 (1H,d, J 17.0 Hz, H,7'), 5.85-5.87 (1H, m, H4),
7.23-7.42 (4H, m, Fmoc aromatic H), 7.61-7.66 (4H, m, 2 Fmoc
aromatic H and 2 Bz-H), 7.73-7.82 (3H, m, 2 Fmoc aromatic
H and Bz-H), 8.17 (2H, d, J 7.5 Hz, Bz-H), 8.79 (1H, s, HS),
9.40 (1H, s, H2); *C NMR (100.6 MHz, CD;0D): J 34.3 (C3),
39.4 (C6), 48.5 (Fmoc aliphatic CH), 53.3 (C7'), 55.8 (C4), 60.8
(C5), 68.8 (Fmoc CH,), 69.7 (C2'), 119.6 (Fmoc aromatic CH),
123.6 (C5), 124.9 (Fmoc aromatic CH), 126.7 (Bz CH), 127.3
(Fmoc aromatic CH), 127.7 (Bz CH), 128.2 (Fmoc aromatic CH),
132.0 (Bz CH), 133.8 (Bz ipso-C), 140.7 (Fmoc aromatic C), 142.6
(C8), 143.8 (Fmoc aromatic C), 149.1 (C4), 150.9 (C2), 151.7 (C6),
156.3 (Fmoc CO), 165.1 (Bz CO), 170.1 (acid CO); m/z (ES): 640
(IM + Na — HCIJ*, 15%), 618 (IM — CIJ*, 100); HRMS m/z (ES):
618.2467 (IM — CI*, C;,H;,N,Os requires m/z, 618.2465).

(2'R.4 R)-2'-Azidomethyl-4'-(N*-[(4-tert-butylbenzoyl)cytosin-
1-yl])-N1'-(tert-butoxycarbonylmethyl)-pyrrolidine (18)

To a stirred solution of DIAD (3.75 mL, 19.05 mmol) and azide 8
(1.92 g, 7.49 mmol) in anhydrous THF (225 mL) under argon, was
added, 4-N-[p-(tert-butyl)benzoyl]cytosine (4.065 g, 15.0 mmol)
portionwise over 10 min at room temperature. PPh; (4.92 g,
18.76 mmol) was then added portionwise and the reaction mixture
was left to stir for 5 min followed by portionwise addition of
sodium benzoate (2.153 g, 15.0 mmol). After 3 h the solvent
was evaporated under reduced pressure and the yellow residue
was partitioned between H,O (1.10 L) and EtOAc (2.20 L). The
aqueous layer was extracted with EtOAc (10 x 100 mL). The
combined organic extracts were dried over MgSO, and evaporated
under reduced pressure to give a yellow foam which was purified
by column chromatography (1 : 1 hexane-EtOAc) to give the title
product 18 (2.70 g, 71%) as a pale yellow foam. [a]; —193.5 (¢ =
1.0, CH;OH); v, (KBr)/cm™': 2100 (N;), 1734, 1692 and 1663
(CO); A (CH;0H)/nm: 263 (¢/dm® mol™' ecm™' 2.67 x 10*) and
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305 (1.34 x 10*); "H NMR (300 MHz, CDCl;): 6 1.27 (9H, s, Bz-
C(CH;);), 1.42 (9H, s, OC(CH,),), 1.68 (1H, dd, J 14.7, 6.8 Hz,
H,3),2.57-2.67 (1H, m, H,3'),2.82 (1H, dd, J 11.3, 6.4 Hz, H,5'),
2.87-2.92 (1H, m, H2), 3.03 (1H, d, J 17.0 Hz, H,7), 3.15 (1H,
dd, J 12.8, 4.1 Hz, H,6), 3.37-3.42 (2H, m, H,5 and H,6), 3.58
(1H, d, J 17.0 Hz, H,7), 5.10-5.16 (1H, m, H4'), 7.44-7.48 (3H,
m, Bz CH and H5), 7.77 (2H, d, J 8.3 Hz, Bz CH), 8.59 (1H, d, J
7.5Hz, H6); *"CNMR (75.5 MHz, CDCl,): 6 28.5 (ester C(CH,),),
31.4 (Bz C(CH;),), 35.5 (Bz C(CHj;);3), 37.1 (C3'), 53.0 (C6'), 54.5
(C4), 54.6 (C7), 58.9 (CY), 61.8 (C2), 82.2 (OC(CH,);), 97.2
(C5), 126.4 (Bz CH), 127.8 (Bz CH), 130.6 (Bz p-C), 147.5 (C6),
156.2 (Bz ipso-C), 157.3 (C2), 162.1 (C4), 166.7 (Bz CO), 169.6
(CO,'Bu); m/z (ES): 532 (M + NaJ*, 40%), 510 (M + H]*, 100);
HRMS m/z (ES): 510.2829 (IM + H]*, C,xH3xN,O, requires m/z,
510.2829).

(2’'R.4' R)-2-|(Fluoren-9-ylmethoxycarbonyl)aminomethyl]-4'-
(V*-|(4-tert-butylbenzoyl)cytosin-1-yl])-N1'-(tert-
butoxycarbonylmethyl)-pyrrolidine (20)

A solution of azide 18 (53.8 mg, 0.105 mmol), PPh; (69.2 mg,
0.263 mmol) and H,O (9.5 uL, 0.527 mmol) in THF (0.8 mL) was
stirred at room temperature. After 48 h, the solvent was removed
under reduced pressure to give the intermediate amine 19 as a pale
yellow foam. The crude amine 19 was dissolved in a mixture of
dioxane (300 pL) and 10% aqueous Na,CO; (300 pL), treated
with N-(9-fluorenylmethoxycarbonyloxy)succinimide (42.7 mg,
0.126 mmol) portionwise and stirred at room temperature for
4 h. The solution was concentrated under reduced pressure, brine
(5 mL) was added and the product was extracted with EtOAc
(4 x 5mL). The combined organic layers were dried over MgSO,,
filtered and evaporated. The crude product was then purified
by column chromatography (0 — 5% CH;0OH in EtOAc) to
give the title compound 20 (23 mg, 31%) as a white foam. [a]3
—37.2° (¢=0.25, CHCL); v, (KBr)/cm™: 3258 (NH), 1708 (CO);
Jmax(CH;OH)/nm: 264 (¢/dm® mol™' cm™' 4.4 x 10*) and 300
(1.8 x 10%); "H NMR (400 MHz, CD;0D): ¢ 1.35 (9H, s, Bz-
C(CH;);), 1.52 (9H, s, OC(CH,);), 1.73 (1H, dd, J 14.0, 7.0 Hz,
H,3), 2.55-2.63 (1H, m, H,3), 2.80-2.84 (2H, m, H,5 and H2),
3.07 (I1H, d, J 17.0 Hz, H,7), 3.23-3.27 (2H, m, H,H,6'), 3.47
(1H,d, J 11.0 Hz, H,5), 3.75 (1H, d, J 17.0 Hz, H,7), 4.08-4.14
(1H, t, J 7.0 Hz, Fmoc aliphatic CH), 4.22 (1H, dd, J 10.5, 7.0 Hz,
Fmoc CH,), 4.30 (1H, dd, J 10.5, 7.0 Hz, Fmoc CH,), 4.95-4.98
(1H, m, H4'), 7.19-7.33 (4H, m, Fmoc aromatic H), 7.49 (2H, d,
J 8.5Hz, BzCH,), 7.54 (2H, d, J 7.0 Hz, Fmoc aromatic H), 7.62
(1H, d, J 7.5 Hz, HS), 7.70 (2H, dd, J 7.5, 3.0 Hz, Fmoc aromatic
H), 7.77 (2H, d, J 8.5 Hz, Bz CH,), 8.86 (1H, d, J 7.5 Hz, H6);
BC NMR (75.5 MHz, CD;0D): ¢ 28.8 (OC(CH5;);), 31.8 (Bz-
C(CHj;)3), 36.3 (Bz-C(CHj;);), 37.5 (C3), 42.2 (C6'), 48.5 (Fmoc
aliphatic CH), 55.4 (C7), 56.9 (C4), 59.1 (C5'), 63.9 (C2), 68.1
(Fmoc CH,), 83.0 (OC(CH5;);), 99.0 (C5), 121.2 (Fmoc aromatic
CH), 126.4 (Fmoc aromatic CH), 126.6 (Bz CH), 127.0 (Bz CH),
128.4 (Fmoc aromatic CH), 129.0 (Fmoc aromatic CH), 129.4 (Bz
p-C), 142.9 (Fmoc aromatic C), 145.5 (Fmoc aromatic C), 149.2
(C6), 158.2 (Bz ipso-C), 159.0 (C2), 159.4 (C4), 164.5 (Fmoc CO),
169.1 (benzamide CO), 172.5 (CO,'Bu); m/z (ES): 728 (IM + Na]*,
10%), 706 (IM + H]*, 100); HRMS m/z (ES): 706.3611, ((M + H]*,
C, HiNsOq requires m/z, 706.3604).

(2'R,4' R)-2'-|(Fluoren-9-ylmethoxycarbonyl)aminomethyl]-4'-
(NV*-[(4-tert-butylbenzoyl)cytosin-1-yl])- N 1'-carboxylmethyl
pyrrolidine hydrochloride (21)

A solution of 4.0 M HCI in dioxane (4.8 mL, 19.2 mmol) was
added dropwise to a suspension of rerz-butyl ester 20 (182 mg,
0.258 mmol) in CH;CN (5 mL), under N,. The reaction mixture
was stirred at room temperature for 18 h. The solvent was then
removed with a stream of argon and the residue was washed
with EtOAc (20 mL). Further EtOAc (25 mL) was added and
the resulting suspension was subjected to centrifugation (0 °C,
12000 rpm, 20 min). After removal of the supernatant, the pellets
were dried under reduced pressure and the resulting light pink
powder was purified by column chromatography (10% CH;OH in
CH,Cl,) to give the acid 21 (155 mg, 92%) as a white solid. Mp
170-171 °C (recrystallisation from EtOAc/CH;O0H); [a]5 —39.4°
(¢ = 0.5, CH;0H); v,.x (KBr)/cm™": 3411 (NH), 1701 and 1647
(CO); Amax (CH;OH)/nm: 264.0; '"H NMR (400 MHz, CD;0D):
0 1.36 (9H, s, C(CH,),), 2.50-2.53 (1H, m, H,3), 2.76-2.80 (1H,
m, H,3), 3.45 (1H, d, J 16.0 Hz, H,6), 3.71 (1H, d, J 12.0 Hz,
H,5), 3.83 (1H, m, H2'), 3.93 (1H, d, J 16.0 Hz, H,6'), 4.04 (1H,
d, J 17.0 Hz, H,7"), 4.75 (1H, d, J 17.0 Hz, H,7), 497 (1H, m,
H4), 4.26 (1H, t, J 7.0 Hz, Fmoc aliphatic CH), 4.38 (1H, dd, J
10.5, 7.0 Hz, Fmoc O-CH,), 4.43 (1H, d, J 12.0 Hz, H,5), 4.56
(1H, dd, J 10.5, 7.0 Hz, Fmoc O-CH,), 7.26-7.41 (4H, m, Fmoc
aromatic CH), 7.59 (2H, d, J 7.5 Hz, Bz H and 1H, d, J 8.5 Hz,
cytosine HS), 7.68 (1H, t, J 8.5 Hz, Fmoc aromatic CH), 7.79
(1H, d, J 7.5 Hz, Fmoc aromatic CH), 7.92 (2H, d, J 7.5 Hz, Bz
H), 8.09 (1H, d, J 8.5 Hz, cytosine H6); *C NMR (75.4 MHz,
CD;0D): 0 31.9 (C(CH,),), 32.8 (C3'), 36.4 (C(CH,);), 39.6 (C6)),
48.8 (Fmoc aliphatic CH), 55.4 (C7), 61.0 (CY5), 62.6 (C4'), 68.7
(Fmoc CH,0), 70.3 (C2), 99.2 (C5), 121.4 (Fmoc aromatic CH),
126.6 (Fmoc aromatic CH), 126.8 (Bz CH), 127.3 (Bz CH), 128.6
(Fmoc aromatic CH), 129.3 (Fmoc aromatic CH), 129.8 (Bz CH),
131.6 (Bzipso-C), 143.0 (Fmoc aromatic C), 145.4 (Fmoc aromatic
C), 145.8 (Fmoc aromatic C), 153.5 (C6), 159.0 (Bz p-C), 160.3
(C2), 165.1 (C4), 169.2 (Fmoc CO), 169.3 (Bz CO); m/z (ES):
650 (M + HJ*, 100%); HRMS m/z (ES): 650.2995 ((M + HJ*,
Cy;HyN;5Oq requires m/z, 650.2979).

(2'R.4 R)-2'-Azidomethyl-4'-(N*-isobutyrylguanin-9-yl)-N1'-
(tert-butoxycarbonylmethyl)-pyrrolidine (22)

To a stirred solution of DIAD (0.50 mL, 2.54 mmol) and alcohol 8
(256 mg, 1.0 mmol) in anhydrous dioxane (30 mL) was added N?-
isobutyryl-O°®-[2-(p-nitrophenyl)ethyl]guanine (741 mg, 2.0 mmol)
portionwise at room temperature under argon. PPh; (656 mg,
2.5 mmol) was added portionwise and the mixture was stirred
for 5 min, sodium benzoate (287 mg, 2.0 mmol) was then added
portionwise. The reaction mixture was stirred at room temperature
under argon for 18 h and the solvent was evaporated under reduced
pressure. H,O (100 mL) was added and the mixture was extracted
with EtOAc (4 x 100 mL). The combined organic extracts were
then dried over MgSO,. The mixture was then fractionated by
column chromatography (5% CH;OH in EtOAC) and the O°-[2-
(p-nitrophenyl)ethyl]guanine-containing intermediate (R = 0.37,
5% CH;O0H in EtOAC) was dissolved in dry pyridine (5 mL),
treated with 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) (373.9 uL,
2.5 mmol) and stirred at room temperature for 18 h. The solvent
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was then evaporated under reduced pressure and purification
by column chromatography (10% CH;OH in EtOAC) gave the
guanine derivative 22 as a white solid (234 mg, 51% yield). R;
0.45 (10% CH;O0H in EtOAC); mp 176 °C; [a]y —23.5° (¢ = 2.0,
CH;0H); v, (KBr)/cm™": 3112 (NH), 2103 (N3), 1715, 1682 and
1615 (CO); Ay (CH;OH)/nm: 261 (¢/dm® mol™' em™ 1.2 x 10%)
and 280 (8.4 x 10°); "HNMR (300 MHz, CDCl;): 0 1.27 (6H, d, J
6.8 Hz, CH(CH;),); 1.48 (9H, s, C(CH;);), 1.88-1.96 (1H, m, H,3"),
2.52-2.60 (1H, m, H,3') 2.62-2.73 (1H, m, CH(CH,),), 3.07-3.16
(2H, m, H2 and H,5), 3.25 (1H, dd, J 12.8, 4.8 Hz, H,0), 3.27
(1H,d, J 17.0 Hz, H,7'), 3.38 (1H, dd, J 12.8, 5.3 Hz, H,6'), 3.51
(1H, d, J 10.5 Hz, H,5), 3.60 (1H, d, J 17.0 Hz, H,7'), 4.84-4.89
(1H, m, H4'), 8.18 (1H, s, H8), 8.84 (1H, brs, H1), 11.99 (1H, brs,
NH,); "C NMR (75.5 MHz, CDCL): ¢ 19.7 (CH(CHj;),), 28.9
(C(CHs);), 37.2 (CH(CHj;),), 37.7 (C3), 52.7 (C4), 54.0 (C5),
54.3 (C7), 59.3 (C6), 61.3 (C2), 82.6 (C(CHj;),), 121.8 (C9),
138.6 (C8), 147.8 (C2), 148.6 (C4), 156.3 (C6), 170.2 (CO,'Bu),
179.0 (isobutyryl CO); m/z (ES): 460.3 (M + HJ]*, 100%);
HRMS m/z (ES): 460.2424 (IM + H]", C,)H;)N,O, requires
m/z, 460.2421).

(2'R.4' R)-2'-|(Fluoren-9-yl-methoxycarbonyl)aminomethyl]-4'-
(2-N-isobutyrylguanin-9-yl)- N 1'-(tert-butoxycarbonylmethyl)-
pyrrolidine (25)

To a solution of azide 22 (724 mg, 1.58 mmol) in pyridine
(12 mL) was added PPh; (2.0 g, 7.62 mmol) and the mixture
was stirred at room temperature for 3 h. A solution of 25%
aqueous NH,OH (8 mL) was added and the reaction mixture was
stirred at room temperature for 2h. Evaporation of solvents gave
a yellow solid residue that was purified by column chromatog-
raphy over cellulose (6 : 4 hexane-CH,Cl,) to give the amine
24 as a yellow solid (670 mg, ca. 98%). A solution of N-(9-
fluorenylmethoxycarbonyloxy)succinimide (613 mg, 1.82 mmol)
in anhydrous CH,Cl, (8.0 mL) with DIEA (476 pL, 2.73 mmol)
was then added to the amine 24 (503 mg, 1.16 mmol) in anhydrous
CH,Cl, (16 mL) at 0 °C, under N,. The solution was stirred at
0 °C for 30 min and at room temperature for 2 h. H,O (40 mL)
was then added and the mixture was extracted with CH,Cl, (2 x
50 mL). The organic extracts were evaporated and purified by
silica gel column chromatography (9 : 1 EtOAc-hexane) and
then by reversed-phase column chromatography (BondElut® C18,
7 : 3 H,O-CH;CN) to isolate the Fmoc-protected guaninyl
derivative 25 (269 mg, 35%). R; 0.58 (4 : 1 EtOAc-CH;O0H); vy,
(KBr)/cm™": 3421 br (NH), 2975 (CH), 1683 br (CO), 1609 (CO);
Amax(CH;OH)/nm: 263.0; mp 118-119 °C (hexane/EtOAc); 'H
NMR (300 MHz, CD;0OD): ¢ 1.21 (6H d, J 7.0 Hz, CH(CH;),),
1.49 (9H, s, C(CH;);), 1.92 (1H, dd, J 13.5,4.5Hz, H,3),2.55 (1H,
ddd, J 14.0, 8.5, 8.5 Hz, H,3'), 2.68 (1H, m, CH(CHj;),), 2.93-3.01
(2H, m, H,5 and H2), 3.11 (1H, dd, J 14.0, 5.0 Hz, H,6), 3.19
(1H,d,J 17.0Hz, H,7'), 3.26 (1H, m, H,5), 3.58 (1H, d, J 10.5 Hz,
H,6),3.71 (1H, d, J 17.0 Hz, H,7), 4.17 (1H, t, J 6.4 Hz, Fmoc
aliphatic CH), 4.21 (2H, m, Fmoc O-CH,), 4.94 (1H, m, H4'),
7.23-7.38 (4H, m, Fmoc aromatic CH), 7.55 (1H, d, J 7.0 Hz,
Fmoc aromatic CH), 7.60 (1H, d, J 7.5 Hz, Fmoc aromatic CH),
7.76 (2H, d, J 7.5 Hz, Fmoc aromatic CH), 8.48 (1H, br s, H8); °C
NMR (75.4 MHz, CD;0D): 6 19.68 and 19.73 (CH(CH,),), 28.8
(C(CHs);), 37.3 (CH(CH;),), 37.9 (C3), 43.3 (C6'), 48.5 (Fmoc
aliphatic CH), 54.2 (C4), 55.5 (C7'), 60.1 (C5), 63.6 (C2), 68.2

(Fmoc CH,0), 83.0 (C(CHs;);), 121.3 (Fmoc aromatic CH), 126.0
(C95), 126.5 (Fmoc aromatic CH), 128.5 (Fmoc aromatic CH),
129.1 (Fmoc aromatic CH), 140.7 (C8), 142.9 (Fmoc aromatic
C), 145.6 (Fmoc aromatic C), 145.7 (Fmoc aromatic C), 149.7
(C2), 150.8 (C4), 157.9 (C6), 159.4 (Fmoc CO), 172.5 (CO,'Bu),
182.0 (isobutyryl CO); m/z (ES): 656.4 (M + H]*, 100%);
HRMS m/z (ES): 656.3195 (M + HJ*, C;sH,N,O4 requires
m/z, 656.3197).

(2'R.4' R)-2'-|(Fluoren-9-yl-methoxycarbonyl)aminomethyl|-4'-
(2-N-isobutyrylguanin-9-yl)-V1’-carboxylmethyl pyrrolidine
hydrochloride (26)

A solution of 4.0 M HCI in dioxane (4.8 mL, 19.2 mmol) was
added dropwise to a solution of fert-butyl ester 25 (169 mg,
0.258 mg) in CH;CN (5 mL), under N,. The reaction mixture
was stirred at room temperature for 18 h and the solvent was
removed under a stream of argon. The residue was washed with
EtOAc (20 mL), resuspended in EtOAc (20 mL) and subjected
to centrifugation (0 °C, 12000 rpm, 20 min). After removal of
the supernatent the pellets were dried under reduced pressure and
the resulting light pink powder was purified by reversed-phase
column chromatography (BondElut® C18, 1 : 1 H,O-CH;CN) to
give Fmoc-acid 26 (83 mg, 54% yield) as a white powder. Mp 168—
169 °C (recrystallisation from ‘Pr,0-CH;OH); Found: C, 57.9; H,
5.8; N, 15.2; C3|H33N706-§H20 requires: C, 57.8; H, 5.9; N, 15.2%;
[al +61.5° (¢ = 0.5, CH;0H); v, (KBr)/cm™: 3420 (NH), 2974
(CH), 1685 (CO), 1616 (CO); Apox(CH;OH)/nm: 262.0; '"H NMR
(300 MHz, DMF-d,): 6 1.23 (6H, d, J 9.0 Hz, CH(CH),), 2.02
(1H, m, H,3"), 2.67 (1H, ddd, J 13.5, 8.5, 8.5 Hz, H,3'), 2.97 (1H,
m, CH(CHs;),), 3.10-3.15 (2H, m, H,5 and H2)), 3.11 (1H, dd, J
13.5, 5.0 Hz, H,6)), 3.19 (1H, d, J 17.5 Hz, H,7), 3.46 (1H, m,
H,6),3.66 (1H, d, J 10.0 Hz, H,5), 3.92 (1H, d, J 17.5 Hz, H,7),
4.23-4.30 (3H, m, Fmoc aliphatic CH and Fmoc OCH,), 4.98 (1H
m, H4'), 7.33-7.46 (4H, m, Fmoc aromatic CH), 7.70 (1H, d, J
6.0 Hz, Fmoc aromatic CH), 7.72 (1H, d, J 7.0 Hz, Fmoc aromatic
CH), 7.93 (2H, d, J 7.0 Hz, Fmoc aromatic CH), 8.43 (1H s, HS),
11.78 (1H, br's, NH), 12.16 (1H, br s, NH); *C NMR (75.4 MHz,
DMF-d,): 6 18.9 (CH(CH5;),), 35.8 (CH(CH;),), 37.1 (C3), 42.8
(C6'), 47.6 (Fmoc aliphatic CH), 52.4 (C4), 53.4 (C7'), 59.3(CY),
62.6 (C2'), 66.7 (Fmoc CH,0), 120.5 (Fmoc aromatic CH), 120.9
(C5), 125.8 (Fmoc aromatic CH), 127.6 (Fmoc aromatic CH),
128.1 (Fmoc aromatic CH), 138.5 (C8), 141.6 (Fmoc aromatic
C), 144.7 (Fmoc aromatic C), 144.8 (Fmoc aromatic C), 148.6
(C2), 149.0 (C4), 155.7 (C6), 157.3 (Fmoc CO), 172.4 (CO,),
180.9 (isobutyryl CO); m/z (ES): 600.3 (M + H]", 100%);
HRMS m/z (ES): 600.2585 (M + HJ*, C;;HuN;O4 requires
m/z, 600.2571).

Fmoc-solid phase synthesis of POM pentamers Ac-TTTTT-NH,
(27), Lys-TTTTT-LysNH, (28), Lys~-AAAAA-NH, (29)

Rink amide-methylbenzhydrylamine (MBHA) resin, with a
maximum loading of 0.72 mmol g~' (Novabiochem), in a 10 mm
diameter solid-phase synthesis vessel, was swelled in CH,Cl, for
30 min after which the solvent was removed through a Buchner
flask under reduced pressure. Washing of the resin was carried
out three times with DMF and in all cases performed by N,
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agitation for 5 min. Fmoc-protected resin was then treated with
freshly prepared 20% (v/v) piperidine in DMF (1.0 mL/25 pmol
resin loading, 4 x 2 min). After the specified period of time
the reagent was removed and the resin washed exhaustively with
DMEF. In a separate small vial, DIEA (5 equiv.) was added to
Fmoc-POM(T)-OH 13 or Fmoc-POM(A*)-OH 17 (2 equiv.),
2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium tetrafluo-
roborate (TBTU), (1.9 equiv.) and 1-hydroxybenzotriazole
(HOBT) (2 equiv.) in a minimal amount of DMF and the mixture
was allowed to activate for 3 min. In the case of lysine, Fmoc-
Lys(Boc)-OH (5 equiv.), TBTU (4.9 equiv.), HOBt (5 equiv.)
and DIEA (10 equiv.) was used. The resulting mixture was then
added to the resin. Coupling was allowed to proceed with N,
assisted agitation for 4 h. Complete coupling was indicated by
a negative Kaiser test. The coupling reagent was removed and
the resin washed with DMF. Treatment of the resin with freshly
prepared 0.5 M acetic anhydride/0.5 M DIEA in DMF (1 mL per
25 umol) twice for 15 min after the first and subsequent coupling
steps prevents the formation of deletion sequences. The acetylating
reagent was removed by vacuum suction and the resin washed in
sequence with DMF, CH,Cl,, CH;OH and again with CH,ClL,.
Deprotection of the resin-bound Fmoc-protected POM oligomer
for the next coupling step was accomplished with 20% piperidine in
DMF (1 mL per 25 pmol) as described above. The solution from
the deprotection step containing the dibenzofulvene-piperidine
adduct was collected and the UV absorbance at 290 nm measured
to determine the coupling efficiency of each coupling step.
Coupling—capping-deprotection sequences were then repeated
until the desired oligomer was obtained. POM oligomers were
end-capped as an acetamide using 0.5 M acetic anhydride/0.5 M
DIEA in DMF or with a single lysine residue. In the case of
lysine end-capping, the N-terminal Fmoc was deprotected and the
resulting free amine was not acetylated. The resin with the attached
oligomer was washed sequentially with DMF, CH,Cl,, CH;OH
and Et,O and then dried under reduced pressure. In the case
of the Lys-AAAAA-NH, 29, adenine-benzoyl protecting groups
were removed from the resin-bound oligomer upon treatment with
1 : 1 concentrated aqueous ammonia in dioaxane (0.8 mL) at
55 °C for 16 h. Cleavage of the oligomer from the resin was
achieved by treatment with 95% trifluoroacetic acid (TFA)/H,O
for 18 h and the resin was washed several times with fresh 95%
TFA (with 5% H,0O). The cleavage mixtures were combined,
evaporated under a stream of N, and further dried under reduced
pressure. Crude POM pentamers were then extracted onto Varian
C18 SPE cartridges and eluted using a gradient of 0 — 70%
CH;0H/0.1 M aq. HCI. Fractions containing POM pentamers
were evaporated and lyophilised to give a light brown powder. The
pentamer was then purified by reversed-phase HPLC on a C18 or
C8 column (Phenomenex Luna 5p C18 or Kromasil 5p C8; 250 x
10 mm) with a typical increasing gradient of acetonitrile in 0.1%
aqueous formic acid. Fractions collected were evaporated and
lyophilised to give pure product as a white powder. Product purity
was verified by analytical reversed-phase HPLC (Phenomenex
Luna 3u C18 and/or Kromasil 3.5u C8; 250 x 4.6 mm) and
oligomers were characterised by electrospray mass spectrometry
(see ESIT).
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Pyrrolidine-amide oligonucleotide mimics (POMs) exhibit promising properties for potential
applications, including in vivo DNA and RNA targeting, diagnostics and bioanalysis. Before POMs can
be evaluated in these applications it is first necessary to synthesise and establish the properties of fully
modified oligomers, with biologically relevant mixed sequences. Accordingly, Boc-Z-protected
thyminyl, adeninyl and cytosinyl POM monomers were prepared and used in the first successful solid
phase synthesis of a mixed sequence POM, Lys-TCACAACTT-NH,. UV thermal denaturation studies
revealed that the POM oligomer is capable of hybridising with sequence selectivity to both
complementary parallel and antiparallel RNA and DNA strands. Whilst the duplex melting
temperatures (7',,) were higher than the corresponding duplexes formed with isosequential PNA, DNA
and RNA oligomers the rates of association/dissociation of the mixed sequence POM with

DNA/RNA targets were noticeably slower.

Introduction

Pyrrolidine-amide oligonucleotide mimics (POMs) 1 (Fig. 1) are
stereochemical and conformational mimics of natural nucleic
acids."® Owing to protonation of the pyrrolidine ring, POMs
are positively charged, which aids solubility and could increase
affinity for target DNA and RNA. Previously we have shown
that a series of thyminyl and adeninyl POM oligomers can form
stable complexes with complementary DNA and RNA and in
some cases possess a noticeable kinetic selectivity for RNA over
DNA." A number of related pyrrolidine-containing oligonu-
cleotide mimics, or peptide nucleic acid analogues, have similarly
been developed.®¢ Several of these pyrrolidine-containing mimics
also exhibit promising nucleic acid recognition and other phys-
iochemical properties, which might be useful for a wide range
of applications including in vivo DNA and RNA targeting,'"
diagnostics and bioanalysis,** or programmed assembly of nano-
structures.”? Despite this, most of the results compiled so far,'%415
with the exception of a few studies,'*' are based on the properties
of chimeric oligomers containing a mix of PNA and pyrrolidine
monomer units or fully modified pyrrolidinyl-homopolymers
(e.g. poly-T oligomers), which are not useful in real, practical
applications.”? Therefore, in order to realise the potential of
POM and the other pyrrolidine-containing nucleic acid mimics it
is neccessary to systematically evaluate the properties of a variety
of fully modified mixed sequence oligomers, which would be more
relevant for biological and analytical purposes.’™
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section, and methods employed in thermal denaturation experiments. See
DOI: 10.1039/b613386]

Fmoc ;
weaker base—» | Ph/Bu
,,m (piperidine) HN ~_
H s O  Stronger base
(NH3)

F
& I‘lsl ; # kﬂ,NH Rink
¥
5
7 Kfo \ Is) Lweaker acid (TFA)

W
=]
Q

HN
\k i { 7 OCH,Ph
H 2
gl 7 o N
weaker acid o]
(TFA) Stronger acid
N (TFMSA)
POM 1
kﬂ,NH MBHA
o Stronger acid
(TFMSA)

Fig. 1 Structure of pyrrolidine-amide oligonucleotide mimics (POMs) 1.
The Fmoc approach, described in the preceding paper,' used monomers
containing Fmoc-backbone amino protecting groups, which are cleavable
with piperidine and standard acyl-protected bases (C, A and G), which are
cleaved with ammonia. A polystyrene resin functionalised with the Rink
amide linker allows oligomers to be cleaved by trifluoroacetic acid (TFA).
In this paper, the Boc-Z strategy is employed which utilises monomers
with Boc-backbone amino protecting groups, which are cleavable with
TFA, along with benzyloxycarbonyl(Z)-protected bases (C, A and G)
that are stable to TFA, but can be removed with trifluoromethanesulfonic
acid (TFMSA). A polystyrene resin functionalised with methylbenzhydry-
lamine (MBHA) groups is used as the solid support, in this case, allowing
oligomers to be cleaved with TFMSA, but not TFA.

In the preceding paper! we described the synthesis of Fmoc-
protected POM monomers, with standard acyl-protected nucle-
obases (Fig. 1). Using these monomers we were able to prepare
short homopolymers, using standard Fmoc-peptide chemistry.
However, the Fmoc approach failed to deliver longer mixed-
sequence POM oligomers, despite the fact that similar chemistry
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had been used for the efficient synthesis of PNA.*?* Prior to
the development of the Fmoc strategy for PNA synthesis, Boc-
solid phase chemistry, with benzyloxycarbonyl (Z)-nucleobase
protecting groups was most widely used.**? The Boc-Z strategy
has a number of advantages over Fmoc chemistry,” including
the stability of the protecting groups to the coupling conditions,
which reduces the occurrence of multiple couplings. Also, Boc
deprotection with trifluoroacetic acid (TFA) is fast and TFA can
help prevent aggregation of the growing oligomers.”” Additionally,
the resulting N-terminal amino group remains protonated after de-
protection, which can reduce side reactions that involve cyclisation
of terminal free amino groups onto adjacent amide linkages. Such
intramolecular cyclisation reactions can result in six-membered
lactam side products in both PNA?*?” and POM? synthesis, which
are equivalent to diketopiperazine formation occurring during
standard peptide synthesis. In this paper we demonstrate the first
successful synthesis of longer mixed-sequence POMs, using the
Boc-Z strategy, which has enabled the DNA and RNA hybridisa-
tion properties of a more relevant POM sequence to be evaluated.

Results and discussion
Synthesis of the Boc-Z-protected POM monomers

In order to investigate the alternative Boc-Z approach for the
synthesis of POM mixed sequences, the appropriately protected
POM monomers were first prepared (Scheme 1). Accordingly the
amine HCI salt 2, used in the synthesis of the Fmoc-protected
POM monomers,! was alkylated with methyl bromoacetate to
give methyl ester 3. The methyl ester, as opposed to the fert-butyl
ester used previously,! allows for subsequent deprotection by mild
basic hydrolysis to give the required acid functionality without
jeopardising the Boc- and Z-protecting groups. The cis-alcohol
3 was transformed to the trans-formyl ester 4 using Mitsunobu’s
conditions. Cleavage of the formyl ester of 4 to give trans-alcohol
5 was achieved with potassium carbonate in anhydrous methanol.
Introduction of N3-benzoylthymine onto the pyrrolidine ring of 5,
was carried out under Mitsunobu conditions, to give the (2R,4R)
protected thymine derivative 6 in a yield of 75%, which depends
upon the presence of the additive sodium benzoate.®* Azide
reduction and isolation of the resulting amine was not possible
under the conditions used previously in the synthesis of Fmoc
monomers,' due to the facile formation of a bicyclic lactam 7,
resulting from intramolecular attack of the amine on the methyl
ester. It was therefore necessary to carry out azide reduction with
in situ Boc protection. This was achieved, by the hydrogenation of
azide 6 over 10% Pd-C in the presence of di-rert-butyldicarbonate
(Boc-anhydride) to afford protected thyminyl derivative 8, along
with the de-benzoylated thyminyl derivative 9, in a combined yield
of 65%. Alternatively it was subsequently found that the azide 6
could be reduced more efficiently using trimethylphosphine in the
presence of 2-(tert-butoxycarbonyloxyimino)-2-phenylacetonitrile
(Boc-ON)* to give 8 as the major product in 81% yield. Saponifi-
cation of both 8 and 9, followed by neutralization of the reaction
mixture with HCI resulted in Boc thyminyl acid 10 in 73 and 87%
yields from 8 and 9 respectively.

In addition to this route, the possibility of introducing the
nucleobase, after azide reduction and Boc protection, was also
investigated. Accordingly, azide 3 was treated with trimethylphos-

phine and Boc-ON* to afford Boc-protected amine 11 in 51%
yield. The cis-alcohol 11 was then inverted, as before, to give
trans-alcohol 13 via the formyl ester 12. The cis-alcohol 11 was
also inverted with concomitant tosylation to give 14, with methyl
p-toluenesulfonate under Mitsunobu’s conditions.* Introduction
of N?*-benzoylthymine into the pyrrolidine ring of the trans-
alcohol 13 under standard Mitsunobu conditions afforded the N*-
benzoylthymine derivative 8, in 70% yield, which was hydrolysed to
the required thyminyl Boc-acid 10. The advantage of this approach
is that potentially all the nucleobases could be introduced in the
penultimate step, via the trans-alcohol 13 or the tosylate 14 leading
to a more convergent synthesis of the required POM monomers.
With this in mind N°-Z-adenine was used to displace the tosylate
of 14 in the presence of K,CO; and 18-crown-6 resulting in
the adeninyl derivative 15 in 40% yield. The regiochemistry
of the product 15 was established through comparison of *C-
NMR chemical shifts with known N7- and N°-alkylated adeninyl
derivatives from the literature.*** During this transformation the
NS-Z-protecting group was lost, but was subsequently replaced
by treating 15 with freshly prepared 1-(benzyloxycarbonyl)-3-
ethylimidazolium tetrafluoroborate (‘Rapoport’s reagent’)** to
afford 16 in 50% yield. Saponification and neutralization as before
revealed the Boc-Z adeninyl acid 17 in 75% yield.

Initially the synthesis of the required cytosinyl monomer 25
was investigated via the trans-alcohol 5. However, attempts to
introduce N*-Z-cytosine into the pyrrolidine 5 by Mitsunobu
chemistry gave none of the desired N'-adduct and instead gave
the O*-adduct 19 in a very low yield. Displacement of the tosylate
18 with N*-Z-cytosine also gave exclusively the O*-adduct 19 in
67% yield. Conversely, treatment of tosylate 18 with N*-[p-(zert-
butyl)benzoyl]cytosine gave the desired N'-adduct 20 in a modest
32% yield, along with a minor amount of the O’-adduct 21.
As before, the regiochemistry was assigned through comparison
of BC-NMR chemical shifts with known compounds,** and
in the case of the N'-adduct 20 the structure and the relative
stereochemistry was ultimately confirmed by X-ray crystallogra-
phy (Fig. 2).1 The regiochemical outcome of these reactions is
probably a reflection of the different electronic properties of the
N*-protecting groups. For example, the more electron withdrawing
p-(tert-butyl)benzoyl protecting group presumably decreases the
delocalisation of the lone pair of electrons from the N*-amino
group onto the O*-atom of the carbonyl group and, as a result,
predominately N'-alkylation would be favoured. To complete the
synthesis, the azide 20 was reduced to the amine with in situ Boc-
protection, using trimethylphosphine and Boc-ON* to give 22 in
63% yield. Subsequently it was found that 22 could be prepared
more efficiently via substituting the tosylate of 14 with N*-[p-
(tert-butyl)benzoyl]cytosine in 46% yield. Removal of the N*-[p-
(tert-butyl)benzoyl]cytosine protecting group of 22 with sodium
methoxide in methanol resulted in the cytosine derivative 23 which
was treated with freshly prepared ‘Rapoport’s reagent™* to give
the Z-protected cytosinyl monomer 24 in 92% yield over the two

1 Crystal data for compound 20: C,;H,,N,0,, CH,O, H,O, M = 517.59,
orthorhombic, a = 7.7564(9), b = 13.3948(9), ¢ = 25.589(3) A, V =
2658.6(5) A%, T =150(2) K, space group P2,2,2,, Z =4, u = 0.095 mm™',
reflections collected 7393, independent reflections 3846 [R(int) = 0.1129],
R, =0.0956 [I > 2a(1)], wR: = 0.3014 (all data). CCDC reference number
624250. For crystallographic data in CIF or other electronic format see
DOI: 10.1039/b613386;.
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K,CO;, 18-crown-6, DMF, 80 °C, 4 h; k) 1-(benzyloxycarbonyl)-3-ethylimidazolium tetrafluoroborate (‘Rapoport’s reagent’), CH,Cl,, rt, 18 h; 1)
N*-benzyloxycarbonylcytosine, K,COs, 18-crown-6, DMF, 75 °C, 16 h; m) N*-benzyloxycarbonylcytosine, PPh;, DIAD, THF, —25 °C — rt, 18 h;
n) tosyl chloride, pyridine, 0 °C — rt, 18 h; 0) N*-[p-(tert-butyl)benzoyl]cytosine, K,CO;, 18-crown-6, DMF, 75 °C, 16 h; p) NaOCH;, CH;0H,
rt, 6 h. Abbreviations: 'BuBz = p-(tert-butyl)benzoyl, Bz = benzoyl, Boc = tert-butoxycarbonyl, DIAD = diisopropyl azodicarboxylate, DIEA =
diisopropylethylamine, Ts = tosyl.

steps. Saponification of 24 then revealed Boc-Z cytosinyl acid 25

(o] in 90% yield. Despite this, we later found that Boc-Z cytosinyl

H"'N monomer 24 could be prepared directly from the trans-alcohol
13 which was coupled with N*-benzyloxycarbonylcytosine under

<N Mitsunobu’s conditions to give the N'-cytosinyl product 24 in 29%

yield, with the regiochemistry again confirmed by *C NMR 3% It
isinteresting to note that the regioselectivity in this case is opposite
to that observed in the reaction between the azido trans-alcohol
5 and N*-benzyloxycarbonylcytosine, which gave the O*-adduct
19. This may be due to participation of the Boc amino group
of 13, which could potentially form an H-bond with the more
electronegative O*-atom of the cytosinyl carbonyl group, in the
transition state, which may direct nucleophilic attack via the N'-
atom of the ambident nucleophile.

The availability of the X-ray crystal structure of the cytosinyl

CO;Me

Fig.2 X-Ray crystal structure of the cytosinyl POM free amine 20 which
is shown to exhibit a C5'-exo-type conformation with a pseudorotational
phase angle (P = —27°) and backbone torsional angles (y = 63°,0 = 82°
and ¢ = 152°) that correspond more closely with the torsional angles

of ribose in typical A-type RNA duplexes, rather than B-type DNA
duplexes.®

POM monomer 20 (Fig. 2) gave the opportunity to consider the
conformation of the POM pyrrolidine ring as the free amine.
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Owing to nearest neighbour interactions*** it is not anticipated
that every pyrrolidine ring in a POM oligomer will be protonated
simultaneously at physiological pH. It is therefore useful to
consider the conformation of the POM monomer units in both
the protonated and the free amine forms. Analysis of the structure
of 20 reveals an overall C5'-exo conformation which is described by
a pseudorotation phase angle (P) of —27°.%%* This conformation
is equivalent to a nucleotide C2'-exo conformation which most
closely matches the conformation of ribose in A-type RNA
duplexes. The backbone torsion angles (y = 63°, 6 = 82° and
& = 152°) are also close to the corresponding angles found in A-
type RNA duplexes.*® This suggests that the protonation state
of the pyrrolidine ring in the POM oligomers will have little
effect on the conformation of oligomers, and both states possess
the prerequisite conformation for hybridisation with RNA and
DNA. The fact that our earlier studies' reveal that changes in
pH do affect UV thermal denaturation temperature (7,) values
for complexes with DNA and RNA is therefore most likely due to
electrostatic as opposed to conformational effects.

Boc-solid phase synthesis of Lys-POM(T)s-Lys

In order to establish if Boc-solid phase chemistry is more efficient
than the Fmoc approach for the synthesis of POMs, the previously
prepared Lys-POM(T)s-Lys 26" (see ESI{) was re-synthesised
from monomer 10 by the standard Boc-PNA synthetic protocol.?
The pentamer was prepared on methylbenzhydrylamine low
loading (MBHA LL) functionalised resin which was adjusted at
the first coupling of N-0-Boc-N-g-2-chloro-Z-L-lysine to give a
loading of 0.12 mmol g~! (ca. 20% of the maximum loading of the
resin). POM Boc-T amino acid 10 (2 equiv.) was then preactivated
with 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium hexa-
fluorophosphate (HBTU) (1.9 equiv.) and diisopropylethylamine
(DIEA) (2.2 equiv.) prior to subsequent coupling reactions, which
proceeded for 2 h and were monitored by the Kaiser test. Acetyl
capping of any unreacted oligomer was carried out followed by Boc
deprotection and repeated coupling. Cleavage from the resin was
effected by the ‘low-high> TFMSA method® to give Lys-POM(T)s-
Lys 26 in a yield of 95.8% as determined by analytical C18 HPLC
(see ESIF). This equates to an average coupling efficiency of 99.2%

and is superior to the modest average coupling efficiency of ca. 95%
which was obtained for the same synthesis of Lys-POM(T);s-Lys
26 using the Fmoc protocol.

Boc-solid phase synthesis of mixed-sequence POMs

The synthesis of Lys-TCACAACTT-NH, was achieved following
a similar protocol to that used in the synthesis of the thyminyl
pentamer. However, it was necessary to use 5 equiv. of the POM
Boc amino acid for each coupling (along with 4.9 equiv. HBTU,
and 5.5 equiv. DIEA) and a monomer concentration of 0.1 M. In
addition, it was shown to be advantageous to employ double
couplings when extending from N-terminal adeninyl residues.
The POM mixed sequence was synthesised in a yield of 61% as
determined by analytical C18 HPLC (see ESIY), equating to an
average coupling efficiency of 95.2%. These coupling efficiencies
are respectable compared with the efficiencies typically resulting
from peptide or PNA synthesis. The POM-PNA chimera Lys-
TC*AC*AAC*TT-NH, (where C* corresponds to a PNA cy-
tosinyl monomer) was synthesised via the same method. The yield
for the synthesis of the chimera was determined by analytical C18
HPLC as 68.7%, corresponding to an average coupling efficiency
of 96.3%. A number of additional biologically relevant mixed-
sequence POM oligomers have now been successfully synthesised
using this approach, which will be published separately.

Nucleic acid binding properties of POM Lys-TCACAACTT-NH,

In order to investigate the RNA and DNA hybridisation
properties of the mixed-sequence POM, UV thermal denatu-
ration/renaturation experiments were carried out with POM
Lys-TCACAACTT-NH, and complementary RNA and DNA
oligonucleotides. Initial experiments were carried out under close
to physiological conditions using a 10 mM K,HPO, buffer
solution, adjusted to a salt concentration of 0.12 M K* and pH 7.0.
Under these conditions POM Lys-TCACAACTT-NH, hybridises
with complementary antiparallel RNA S-AAGUUGUGA-3¥
exhibiting a melting temperature (7,) of 46 °C with a significant
hyperchromic shift of 24% (Fig. 3 and Table 1). Antiparallel, in this
case, is defined as the N-terminal (Lys-capped) end of the POM

Table 1 T, values for POM Lys-TCACAACTT-NH, vs. complementary nucleic acids

T,./°C* (% hypochromic?/hyperchromic shift¢)

POM Lys-TCACAACTT-NH,

DNA 5-TCACAACTT-3

PNA Lys-TCACAACTT-NH,

Cooling Heating Heating® Heating
Antiparallel RNA 254 (25) 46 (24) 25(9) 38 (15)°
5-AAGUUGUGA-3 474 (30)
Parallel RNA 26 (29) 44 (29) n.t.c 24 (12)°
5-AGUGUUGAA-3% 47 (39)
Antiparallel DNA 23 (10) 43 (15) 32 (14) 354 (8)°
5-AAGTTGTGA-¥ 424 (24)
Parallel DNA 20 (12) 45 (16) n.t. n.t.
5-AGTGTTGAA-3 451 (42)

“ Melting experiments were carried out at a concentration of 42 uM (in bases) of each strand in 10 mM K,HPO,, 0.12 M K*, pH 7.0 (total volume
1.0 cm?). UV absorbance (A4,4) was recorded with heating at 5 °C min~' from 15 to 93 °C, cooling at 0.2 °C min~' to 15 °C and heating at 0.2 °C min™'
to 93 °C. The T,, was determined from the first derivative of the slow heating and cooling curve. * Hypochromic shifts are indicated in parentheses and
were calculated as follows: [4(93 °C) — A(15 °C)] x 100/4(93 °C). < Hyperchromic shifts are indicated in parentheses and were calculated as for the
hypochromic shifts.  POM Lys-TCACAACTT-NH, was incubated with the oligonucleotide for 12 h before being subjected to slow thermal denaturation

(0.2 °C min™"). ¢ n.t. = no transition observed
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Fig. 3 UV thermal denaturation curves and first derivatives for POM
Lys-TCACAACTT-NH, vs. antiparallel RNA. (A) (i) shows the slow
cooling (renaturation) curve (0.2 °C min™"), (if) the slow heating (denat-
uration) curve (0.2 °C min~") and (iii) the slow heating (denaturation)
curve (0.2 °C min™') obtained immediately after the POM and RNA
were incubated at room temperature for 12 h is shown in grey. Control
experiments show that the fluctuations in the slow heating curves (curve ir)
are entirely due to the sample and not the instrumentation and therefore
remain uncorrected. These fluctuations may be due to slow, incomplete
hybridisation given that the same sample gives a very smooth melting
curve following incubation for 12h (curve #ii). (B) (i) The corresponding
first derivatives obtained from slow cooling under standard conditions, (i7)
slow heating under standard conditions and (iii) slow heating following
incubation for 12 h at room temperature shown in grey.

hybridising with the 3'-end of the RNA target. In comparison, the
isosequential DNA:RNA heteroduplex melts with a 7', of 25 °C
whilst the PNA Lys-TCACAACTT-NH,:RNA heteroduplex ex-
hibits a 7', of 38 °C. Noticeable hysteresis was observed between
the cooling and heating curves for these UV melting experiments
with POM Lys-TCACAACTT-NH, and the antiparallel RNA
(Fig. 3). Asa consequence, the T, extracted from the denaturation
(cooling curve) was 25 °C, which is considerably lower than the 7,
extracted from the melting curve (AT,, = —21 °C). This indicates
that the rate of heating/cooling employed (0.2 °C min™") is faster
than the rate of association/dissociation of the POM and RNA,
such that a true equilibrium is not attained. In contrast, the isose-
quential DNA:RNA and PNA:RNA UV thermal denaturation
and renaturation shows little or no hysteresis, under the same
conditions.

To explore this apparently slow hybridisation event, the POM
Lys-TCACAACTT-NH, and antiparallel RNA target were
incubated for 12 h at room temperature, prior to melting at
0.2 °C min~'. Whilst the T, extracted from this melting curve
was similar the hyperchromic shift was noticeably larger (30%)
(Fig. 3), compared with the standard heating/cooling ramps
initially employed. The larger hyperchromic shift is most likely
due to the extended incubation time (12 h), allowing a greater
portion of POM and RNA strands to anneal and is also indicative
of slow hybridisation. In addition to this a series of UV thermal
denaturation and renaturation curves were generated for the POM
and antiparallel RNA at decreasing rates of heating and cooling
from 1.0 t0 0.1 °C min~' (see ESIY). From this it can been seen that
whilst the T, values extracted from the melting curves decrease
from 58 to 43 °C, whilst the 7', extracted from the cooling curves
increase from 20 to 26 °C, as the cooling rate is changed from 1.0 to
0.1 °C min~'. By extrapolation, this suggests that the true thermo-
dynamic 7',, would lie within the range 30-40 °C (Fig. 4). Unex-
pectedly, we also found that POM Lys-TCACAACTT-NH, can
hybridise to complementary parallel RNA 5-AGUGUUGAA-3
with a denaturation T, of 44 °C under the same conditions.
Again, significant hysteresis is evident, indicating slow rates of
association/dissociation (see Table 1 and ESIT for more data).
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Fig. 4 Thermal denaturation (M) and renaturation (@) transition tem-
peratures (7',) for POM Lys-TCACAACTT-NH, vs. antiparallel RNA
as a function of rates of heating (l) and cooling (@), as extracted from
the first derivatives shown in the ESIt (Fig. S6B). As the rates of heating
and cooling are reduced the 7, values extracted from renaturation and
denaturation approach one another, allowing the true thermodynamic 7',
to be extrapolated to be within the range of ca. 30-40 °C.

Preliminary UV thermal denaturation experiments also show
that POM Lys-TCACAACTT-NH, hybridises with complemen-
tary antiparallel DNA 5-AAGTTGTGA-3' with a T, (heating)
of 43 °C (Table 1) under close to physiological conditions (0.12 M
K* and pH 7.0). In comparison the isosequential DNA duplex
has a T, of 32 °C, whereas the PNA Lys-TCACAACTT-NH,
antiparallel DNA duplex exhibits a 7', of 35 °C under the same
conditions. Hysteresis is again evident between the heating and
cooling curves for POM Lys-TCACAACTT-NH, with antiparal-
lel DNA (AT,, = —20 °C); similarly, the denaturation T, values
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decrease, whilst the renaturation 7', values increase as the rate
of cooling is progressively decreased. In addition to this it was
also evident that POM Lys-TCACAACTT-NH, hybridises with
complementary parallel DNA 5-AGUGUUGAA-3' exhibiting a
similar 7, of 45 °C with noticeable hysteresis. Finally we explored
the sequence selectivity of DNA hybridisation with POM Lys-
TCACAACTT-NH, using a number of mismatched antiparallel
DNA oligomers. For example, the UV thermal denaturation curve
for the hybridisation of POM Lys-TCACAACTT-NH, to DNA 5'-
AAGTTCTGA-3' (containing a single CC mismatch underlined)
resulted in a noncooperative (near linear) hyperchromic shift from
which it was not possible to define a transition melting point (7,,)
(Fig. 5). UV thermal denaturation experiments for POM Lys-
TCACAACTT-NH, and a double mismatch antiparallel DNA
sequence, 5-AAGGTATGA-3' again showed a noncooperative
transition, from which a 7', could not be determined.

1.051 POM Lys-TCACAACTT-NH, ve
DNA 3 -AGTGTTGAA-5
14 \
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< \
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Fig. 5 Thermal denaturation curves for POM Lys-TCACAACTT-NH,
vs. antiparallel DNA (5-AAGTTGTGA-3') and antiparallel DNA con-
taining a single CC-mismatch underlined (5-AAGTTCTGA-3'). Strands
were incubated for 12 h at room temperature prior to slow melting
(0.2°Cmin™").

Overall, these preliminary results indicate that the mixed-
sequence POM is able to hybridise sequence-specifically to both
complementary antiparallel and parallel DNA and RNA targets
to form duplexes with roughly equal stability. In all cases there is
hysteresis between heating and cooling curves, which is indicative
of slow rates of association and dissociation. This is in contrast
to our earlier studies,'”* where we found that homopolymers
hybridise slowly with DNA, but faster with RNA. Whilst there
are many possible reasons for the slow rates of hybridisation of
POM, compared with PNA or natural nucleic acids, one possible
cause could be the increased rigidity in the POM backbone.
This may result in the formation of a stable secondary structure
in the single-stranded POMs, which have conformations that
do not facilitate hybridisation. In this case the rate-determining
step in binding to DNA and RNA may be the conformational
reorganisation of the POM backbone into a more linear structure
which enables base pairing to take place. To explore this possibility
we prepared a POM/PNA chimera Lys-TC*AC*AAC*TT-NH,,
which contains three PNA cytosinyl units (C*). It is expected
that the PNA monomers would be more flexible than the POM
monomers and might therefore disrupt the formation of secondary

structures, resulting in a more random coil in the single-stranded
state, which might facilitate faster hybridisation. Despite this, the
POM/PNA chimera did not show any evidence of hybridisation
with complementary parallel and antiparallel RNA or DNA in
UYV thermal denaturation/renaturation experiments. Whilst this is
not informative for rationalising the slow rates of hybridisation of
POM with DNA or RNA, it does demonstrate how the behaviour
of a chimera cannot be used to understand the properties of
uniformly modified oligomers per se. For example, many studies
with PNA analogues, including pyrrolidine-modified PNAs, are
based on the effects of inserting one or more new modified
monomers within a PNA strand resulting in chimeras.” Typically,
if the T, of the chimera is higher than the standard unmodified
PNA the modification is viewed as potentially useful, whilst
modifications that reduce the T, are discarded.” Clearly, the
results presented here show the obvious danger of basing any
conclusions on the chimeric approach. Indeed, in the absence
of any other information about PNA, if we were to follow the
logic described above, we would conclude that PNA is not a
potentially useful nucleic acid mimic, because insertion of PNA
monomers into a POM abolishes its ability to hybridise with DNA
and RNA. Moreover, the results presented here and earlier'™ also
show that whilst studying the DNA and RNA properties of fully
modified homopolymers is better than using chimeras, it too can
lead to conclusions which are not necessarily general. Indeed,
it is well known that DNA homopolymers, for example, behave
differently to random, mixed-sequence nucleic acids.***" Thus if
any nucleic acid mimic is to be considered for potential DNA and
RNA hybridisation-based applications, a variety of fully modified
mixed sequences must necessarily be evaluated. To this end we are
currently investigating the biophysical properties of other mixed-
sequence POMs, which will be the subject of future publications.

Conclusion

Boc-solid phase chemistry, with benzyloxycarbonyl (Z)-
nucleobase protecting groups, has been used in the early synthesis
of PNA oligomers. To investigate whether this approach can be
applied to the synthesis of pyrrolidine-amide oligonucleotide mim-
ics, Boc-Z-protected thyminyl, adeninyl and cytosinyl monomers
have been prepared. Solid phase synthesis of POM oligomers using
the Boc-Z approach proved much more efficient than the Fmoc
approach which had been investigated earlier.' Indeed, the Boc-Z
chemistry enabled the synthesis of the first longer mixed-sequence
POM Lys-TCACAACTT-NH, to be completed, in an overall
yield of 61%, with an average coupling efficiency of 95%. UV
thermal denaturation studies with this more biologically relevant
POM oligomer and complementary DNA and RNA targets were
then performed. This revealed that the POM Lys-TCACAACTT-
NH, is capable of hybridising with sequence specificity to both
complementary parallel and antiparallel RNA and DNA strands.
The hysteresis between the heating (denaturation) and cooling (re-
naturation) curves in these UV melting experiments indicated that
the rates of association/dissociation of the mixed-sequence POM
with DNA/RNA targets are slow compared with hybridisation of
isosequential PNA, DNA and RNA oligomers. Interestingly, the
introduction of PNA monomers into the POM mixed-sequence
strand, to form a chimera, completely abolishes the hybridisation
with DNA and RNA. Currently, several more mixed-sequence
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POMs, including structural variants, which are designed for duplex
and triplex formation, are being evaluated in order to assess the
generality of these findings.

Experimental

(2R ,4R)-2-Azidomethyl-4-hydroxy-/V-(methoxycarbonylmethyl)-
pyrrolidine (3)

To a stirred suspension of pyrrolidine HCI salt 2' (11.5 g,
64.1 mmol) in anhydrous CH,Cl, (80 mL), under N,, was added
diisopropylethylamine (DIEA) (25.7 mL, 147.5 mmol) at 0 °C
until dissolution. Methyl bromoacetate (7.72 mL, 83.3 mmol) was
added dropwise at 0 °C and the reaction mixture stirred for a
further 30 min at this temperature followed by 18 h at room temper-
ature. Solvent was subsequently removed under reduced pressure.
Purification by column chromatography (gradient elution using
3 : 1 hexane—-EtOAc — 1 : 1 hexane-EtOAc,) gave methyl ester 3
(10.9 g, 79%) as a pale yellow oil. R;0.37 (3 : 1 EtOAc-hexane); [a]
+36.5° (¢ = 1.1, CHCL,); vy (KBr)/cm™": 3386 (OH), 2955 and
2858 (CH), 2101 (N3), 1740 and 1204 (CO); '"H NMR (400 MHz,
CDCl): 0 1.67-1.74 (1H, m, H,3), 2.32-2.42 (1H, m, H,3), 2.67
(1H,d, J 8.2 Hz, OH), 2.95 (1H, dd, J 9.7, 3.9 Hz, H,)5), 3.09 (1H,
dd, J 9.7, 0.7 Hz, H,,5), 3.14-3.20 (1H, m, H2), 3.37 (1H, dd, J
12.3,4.3 Hz, H,6), 3.49 (1H, dd, J 12.3,4.3 Hz, H,6), 3.52 (1H, d,
J17.4Hz,H,7),3.60 (1H,d, J 17.4 Hz, H,7), 3.71 (3H, s, OCH,),
4.23-4.30 (1H, m, H4); ®C NMR (75.5 MHz, CDCl;): § 38.6
(C3), 51.5 (CO,CH5;), 52.5 (C7), 54.7 (C6), 59.9 (C2), 62.0 (CYS),
70.6 (C4), 171.3 (CO,CH;); m/z (ES): 215.1 ((M + HJ*, 100%),
237.1 ((M + Na]*, 60%); HRMS m/z (ES): 215.1138 (M + H]*,
CsH, sN,O; requires m/z, 215.1144).

(2R ,4R)-2-|(tert-Butoxycarbonyl)aminomethyl]-4-hydroxy-/V1-
(methoxycarbonylmethyl)-pyrrolidine (11)

To a solution of azide 3 (110.3 mg, 0.52 mmol) in THF (1.5 mL)
was added PMe; (1 M solution in THEF, 0.60 mL, 0.60 mmol) fol-
lowed by 2-(tert-butoxycarbonyloxyimino)-2-phenylacetonitrile
(Boc-ON) (155 mg, 0.63 mmol). The reaction mixture was stirred
at room temperature for 1 h. Solvent was removed under reduced
pressure and the crude product was purified by flash chromatog-
raphy (EtOAc) to afford Boc-protected amine 11 (52.6 mg, 53%)
as a pale yellow oil. R; 0.2 (EtOAc); [a]% + 64.7° (c = 2, CH,;OH);
Vi (KBr)/cm™": 3381 br (OH), 1743 and 1692 (CO); 'H NMR
(400 MHz, CDCl;): 0 1.42 (9H, s, C(CH,);), 1.66 (1H, dd, J 14.1,
5.4 Hz, H,3),2.28 (1H, ddd, J 14.1,9.1, 6.5, Hz, H,3), 2.72 (1H,
dd, J9.6,3.7Hz,H,5),2.89-2.91 (1H, m, H2'), 3.06-3.13 (2H, m,
H,6 and H,5), 3.28-3.33 (1H, m, H,¢), 3.31 (1H, d, J 17.2 Hz,
H,7),3.50 (1H, d, J 17.2 Hz, H,7'), 3.69 (3H, s, OCH}), 4.26 (1H,
br s, H4), 5.44 (1H, br s, NH); *C NMR (100.6 MHz, CDCl;): 6
28.4 (C(CH;);3), 38.0 (C3'), 41.4 (C6'), 51.7 (CO,CH,), 53.0 (C7),
61.1 (C2), 62.5(C5), 70.1 (C4'), 79.1 (C(CH,);), 156.6 (CO,'Bu),
171.6 (CO,CHj;); m/z (ES): 289 (IM + HJ* 100%); HRMS m/z
(ES): 289.1756 (IM + H]*, C,3H,505N, requires m/z, 289.1758).

(2R ,4S5)-2-|(tert-Butoxycarbonyl)aminomethyl]-4-formyloxy-
N-(methoxycarbonylmethyl)-pyrrolidine (12)

To a solution of alcohol 11 (2.11g, 7.32 mmol) in anhydrous THF
(35 mL) was added PPh; (2.49 g, 9.49 mmol) and anhydrous

HCO,H (0.36 mL, 9.54 mmol). The solution was cooled to —20 °C
and DIAD (1.90 mL, 9.65 mmol) was added. The reaction mixture
was allowed to warm to room temperature and stirred under N,
for 16 h. Solvent was removed under reduced pressure and flash
chromatography (2 : 1 hexane-EtOAc) afforded formyl ester 12
(1.71 g, 74%) as a pale yellow oil. R; 0.2 (2 : 1 hexane—EtOAc);
[a]s +63.0° (¢ = 1.0, CH;0H); v,,,(KBr;)/cm™": 3397 (NH), 1719
(CO); "HNMR (400 MHz, CDCl;): 0 1.44 (9H, s, C(CH;);), 1.97—
2.04 (2H, m, H,H,3),2.67 (1H, dd, J 10.8, 3.1 Hz, H,5), 3.03-3.12
(2H, m, H2, H,6), 3.35(1H, d, J 17.2 Hz, H,7), 3.37-3.41 (1H, m,
H,6),3.54(1H,d,J 17.2Hz,H,7),3.67 (1H,dd, J 10.8,6.0 HzH,5),
3.72 (3H, s, OCH;), 5.09, (1H, br s, NH), 5.26 (1H, br s, H4), 8.00
(1H, s, CHO); *C NMR (100.6 MHz, CDCl,): ¢ 28.3 (C(CHjs)5),
34. 9 (C3), 40.5 (Co6), 51.7 (O-CHj;), 53.8 (C7), 59.7 (CS5), 61.0
(C2), 72.5 (C4), 79.2 (C(CH,)3), 156.2 (CO,'Bu), 160.5 (CHO),
171.3 (CO,Me); m/z (ES): 399 (IM + Na]* 100%), 317 ((M + H]*
20%); HRMS m/z (ES): 317.1706 ([M + H]*, C;3H,;05N, requires
m/z, 317.1707).

(2R ,4S5)-2-|(tert-Butoxycarbonyl)aminomethyl]-4-hydroxy-
N1-(methoxycarbonylmethyl)-pyrrolidine (13)

To a solution of formyl ester 12 (750 mg, 2.37 mmol) in anhydrous
CH;OH (5 mL) was added anhydrous sodium methoxide (20 mg,
0.37 mmol). The reaction mixture was stirred under N, at room
temperature for 1.5 h. Solvent was removed under reduced
pressure and column chromatography (EtOAc) afforded alcohol
13 (597 mg, 87%) as a pale yellow oil. R; 0.2 (EtOAc); [a] +49.6°
(¢ = 2.0, CH;0H); v, (KBr)/cm™": 3405br (OH), 1735 and 1688
(CO); 'H NMR (300 MHz, CDCl;): 6 1.43 (9H, s, C(CHj;)s), 1.78
(1H, ddd, J 13.2,9.7, 5.2 Hz H,3), 1.91 (1H, dd, J 13.2, 6.4 Hz,
H,3),2.66 (1H,d, J 11.1 Hz, H,5), 3.01 (1H, ddd, J 13.6, 4.2, 3.6,
Hz, H,6), 3.20-3.36 (2H, m, H2 and H,6), 3.46 (1H, d, J 11.1 Hz,
H,5), 3.49 (1H, d, J 17.9 Hz, H,7), 3.56 (1H, d, J 17.9 Hz, H,7),
3.71 (3H, s, OCH,), 4.27 (1H, br s, H4), 4.96, (1H, br s, OH); “C
NMR (75.5 MHz, CDCl;): 6 28.4 (C(CH;),), 29.7 (C3), 39.0 (C6),
51.8 (CO,CH5;), 52.5 (C7), 60.1 (C2), 62.0 (C5), 70.9 (C4) 79.2
(C(CHs;),), 156.3 (CO,'Bu), 172.9 (CO,CH,;); m/z (ES): 289 (M +
H]* 50%); HRMS m/z (ES): 289.1768 (M + H]*, C;3H,s05N,
required m/z, 289.1763).

(2R ,4S5)-2-|(tert-Butoxycarbonyl)aminomethyl]-4-(toluene-4-
sulfonyloxy)-N1-(methoxycarbonylmethyl)-pyrrolidine (14)

To a solution of alcohol 11 (1.50 g, 5.22 mmol) in anhydrous THF
(50 mL) at —20 °C was added DIAD (1.24 mL, 6.30 mmol) and
methyl p-toluenesulfonate (0.94 mL, 6.23 mmol) followed by PPh;
(1.64 g, 6.25 mmol) portionwise under N,. The reaction mixture
was allowed to warm to room temperature and stirred under N, for
20 h. Solvent was removed under reduced pressure and the crude
product purified by flash chromatography (1 : 1 Et,O0-CH;Ph)
to afford p-toluenesulfonate 14 (1.35 g, 59%) as a pale yellow
oil. R; 0.4 (1 : 1 Et,O-CH;Ph); [a]} +24.4° (¢ = 2.0, CH;OH);
Y (KBr)/cm=": 3400 (NH), 1750 and 1712 (CO), 1361 and 1186
(SO,0); '"H NMR (400 MHz, CDCl;): 6 1.41 (9H, s, C(CH;)s),
1.84 (1H, ddd, J 15.1, 14.7, 7.8 Hz, H,3), 1.97 (1H, dd, J 14.7,
5.1 Hz, H,3'), 2.45 (3H, s, tosyl CH3), 2.75 (1H, dd, J 11.3, 3.7 Hz,
H,5), 2.97 (1H, ddd, J 14.0, 3.6, 3.3 Hz, H,6), 3.01-3.06 (1H,
m, H2), 3.22-3.36 (1H, m, H,¢), 3.29 (1H, d, J 17.0 Hz, H,7),
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3.48 (1H, d, J 17.0 Hz, H,7), 3.51 (1H, dd, J 11.3, 5.7 Hz, H,)S),
3.70 (3H, s, OCHj;), 4.87 (1H, br s, H4), 5.05 (1H, br s, NH),
7.34 (2H, d, J 8.2 Hz, tosyl aromatic), 7.76 (2H, d, J 8.2 Hz, tosyl
aromatic); *C NMR (100.6 MHz, CDCl;): 0 21.7 (tosyl CHj;), 28.3
(C(CHs),), 35.1 (C3), 40.5 (C6'), 51.8 (CO,CHs;), 54.2 (CT'), 59.9
(CY), 61.3(C2)),79.3 (C(CH,);), 79.6 (C4'), 127.7 (tosyl aromatic
CH), 129.9 (tosyl aromatic CH), 133.5 (tosyl p-C), 144.9 (tosyl
ipso-C), 156.2 (CO,'Bu), 171.4 (CO,CH;); m/z (ES): 443 (IM +
H]* 100%); HRMS m/z (ES): 443.1857 (IM + H]*, C,H;,0,N,S
requires m/z, 443.1852).

(2’ R4 R)-2 -|(tert-Butoxycarbonyl)aminomethyl]-4'-(N-benzoyl-
thymin-1-yl)-N1’'-(methoxycarbonylmethyl)-pyrrolidine (8)

To a solution of alcohol 13 (574 mg, 1.99 mmol) in anhydrous THF
(7.5 mL) was added N*-benzoylthymine* (555 mg, 2.41 mmol),
and PPh; (628 mg, 2.39 mmol) under N,. The mixture was cooled
to —20 °C and DIAD (0.54 mL, 2.74 mmol) was added dropwise.
The reaction mixture was allowed to warm to room temperature
and stirred for 18 h. Solvent was removed under reduced pressure
and flash chromatography (1 : 1 hexane-EtOAc, R; 0.3) afforded
thyminyl derivative 8 (681 mg, 68%) as a white foam. Mp 75—
77 °C (hexane/EtOAc); [al; —25.07 (¢ = 0.5, CH;0H); vy
(NaCl)/cm™: 3376 (NH), 2978 (CH), 1745, 1698 and 1653 (CO);
Jmax(CH;OH)/nm 253.0; "H NMR (300 MHz, CDCl;): 6 1.29 (s,
9 H, C(CHj;),), 1.70 (1H, m, H,3'), 1.89 (3H, s, thymine CHj), 2.43
(1H, ddd, J 15.0, 8.0, 8.0 Hz, H,3'), 2.55-2.75 (2H, m, H,5 and
H2),2.99 (1H d, J 14.5 Hz, H,6), 3.08 (1H, d, J 17.5 Hz, H,7"),
3.19 (1H, d, J 11.0 Hz, H,5), 3.33 (1H, dd, J 14.5, 8.5 Hz, H,6)),
3.49 (1H, d, J 17.5 Hz, H,7'), 3.63 (3H, s, OCH,;), 4.93 (1H, m,
H4), 7.34 2H, t, J 7.5 Hz, Bz CH), 7.49 (2H, t, J 7.5 Hz, Bz
CH), 7.76 (1H, d, J 8.0 Hz, Bz CH), 8.02 (1H, s, H6); “C NMR
(75.4 MHz, CDCl,): 6 13.2 (thymine CH,), 28.7 (C(CHs;)s), 36.4
(C3), 40.3 (C6'), 52.3 (OCH,), 52.4 (C4), 53.2 (CT7), 59.5 (CY),
63.2 (C2)), 80.0 (C(CHs;);), 111.5 (C5), 129.5 (Bz CH), 130.8 (Bz
CH), 132.1 (Bz C), 135.3 (Bz CH), 138.2 (C6), 150.4 (C2), 156.7
(CO,'Bu), 163.2 (C4), 169.6 (Bz CO), 171.7 (CO,CH;); m/z (ES):
501.1 (M + HJ*, 80%); HRMS m/z (ES): 501.2344 ((M + HJ",
C,sHi3N,O; requires m/z, 501.2349).

(2'R.4' R)-2'-(tert-Butoxycarbonylaminomethyl)-4'-(thymin-1-yl)-
pyrrolidine-1'-yl-acetic acid (10)

To a solution of benzoyl-protected derivative 8 (650 mg,
1.30 mmol) in THF (5 mL) was added 1 M aqueous NaOH
(3.25 mL, 3.25 mmol). The mixture was stirred at room tempera-
ture for 3 h then a second portion of 1 M aqueous NaOH (3.25mL,
3.25 mmol) was added to the reaction mixture which was stirred
for a further 3 h. THF was removed under a stream of nitrogen
and the pH of the remaining aqueous solution was adjusted to
7 by addition of 0.1 M aqueous HCI. Water was removed under
reduced pressure and the resulting white residue was submitted
to column chromatography (EtOAc-CH;OH 7 : 3) followed by
reversed-phase chromatography (BondElut® C18, H,O-CH;CN
9 : 1) to afford acid 10 (361 mg, 73%) as a white solid. Mp 185-
186 °C (H,0); [a]s +38.9° (¢ = 0.5, CH;0H); vy, (KBr)/cm™:
3406 (NH), 2979 (CH), 1693 (CO); Ay (CH;OH)/nm: 271.0; '"H
NMR (300 MHz, CDCl;): 6 1.36 (9H, s, C(CHs);), 1.53 (1H, m,
H,3), 1.97 (3H, s, thymine CH,), 2.44 (1H, ddd, J 14.0, 9.0, 8.5,

Hz, H,3"),2.51-2.59 (2H, m, H,5and H2'), 2.70 (1H, d, J 14.5 Hz,
H,6), 3.08 (1H, dd, J 14.5, 3.0 Hz, H,7), 3.26 (1H, d, J 11.5 Hz,
H,5), 3.33 (1H, d, J 14.5 Hz, H,6), 3.45 (1H, d, J 14.5 Hz, H,7),
4.83-4.95 (1H, m, H4'), 8.30 (1H, s, H6);*C NMR (75.4 MHz,
CDCl,): 6 13.2 (thymine CHj,), 29.1 (C(CHs),), 37.1 (C3), 40.4
(C6), 54.0 (C4), 59.5(CT7'), 60.5 (C5), 65.3 (C2'), 80.1 (C(CHy,)5),
111.8 (C5), 141.5 (C6), 154.1 (C2), 159.5 (CO,'Bu), 168.0 (C4),
179.5, (CO,H); m/z (ES): 405 (IM + NaJ*, 20%), 383.1 ((M + HJ*,
45), 327.1 (M — 'Bu]*, 100); HRMS m/z (ES): 383.1922 (IM +
H]*, C\;H,;N,O¢ require m/z, 383.1931).

(2'R .4 R)-2'-|(tert-Butoxycarbonyl)aminomethyl]-4'-(adenin-9-yl)-
NT'-(methoxycarbonylmethyl)-pyrrolidine (15)

To a solution of p-toluenesulfonate 14 (270 mg, 0.61 mmol) in an-
hydrous DMF (4.5 mL) was added N°®-benzyloxycarbonyladenine
(280 mg, 1.04 mmol), K,CO; (144 mg, 1.04 mmol) and 18-crown-
6 (81 mg, 0.31 mmol). The reaction mixture was stirred at 80 °C
under N, for 4 h. H,O (250 mL) was added to the reaction mixture
and the mixture was extracted with EtOAc (5 x 250 mL). The
organic fractions were combined and dried over MgSO,, filtered
and then evaporated under reduced pressure. The crude product
was purified by flash chromatography (3% CH;OH in CHCL;) to
afford adeninyl derivative 15 (111 mg, 45%) as a white foam. R;
0.1 (3% CH,;OH in CHCL;); mp 52-54 °C (CHCL); [a]5 +65.9°
(¢ = 2.0, CH;0H); vy (KBr)/cm™': 3327 and 3183 (NH), 1743
and 1696 (CO); ,..(CH;OH)/nm: 261.0; '"H NMR (400 MHz,
CDCly):0 1.31 (9H, s, C(CH;);), 1.92 (1H, ddd, J 14.3, 7.0, 2.5 Hz,
H,3),2.63 (1H, ddd, J 14.3, 8.6, 8.4 Hz, H,3'), 2.94-2.98 (1H, m,
H2), 3.02 (1H, dd, J 10.4, 6.3 Hz, H,5), 3.11 (1H, d, J 14.4 Hz,
H,6), 3.30 (1H, d, J 17.4 Hz, H,7'), 3.36 (1H, dd, J 14.4, 8.3 Hz,
H,6), 3.54 (1H, d, J 10.4 Hz, H,5), 3.67 (1H, d, J 17.4 Hz,
H,7), 3.72 (3H, s, OCH,), 5.06 (1H, br s, H4), 5.34 (1H, br s,
NH), 6.22 (2H, br s, NH,), 8.29 (1H, s, H2), 8.41 (1H, s, HS);
BCNMR (100.6 MHz, CDCl;): 6 28.2 (C(CHj;);), 36.1 (C3), 40.4
(C6), 51.7 (CO,CH,;), 51.8 (C2), 52.8 (CT7'), 59.4 (C5'), 62.0 (C4),
79.3 (C(CH,),), 119.4 (C5), 139.4 (C8), 149.5 (C4), 152.4 (C2),
155.4(C6), 156.2 (CO,'Bu), 171.2 (CO,CHs;); m/z (ES): 406 (M +
H]* 100%); HRMS m/z (ES): 406.2194 (M + H]*, C,sH,xO,N;
requires m/z, 406.2197).

(2'R 4’ R)-2'-(tert-Butoxycarbonylaminomethyl)-4'-(/V¢-benzyloxy-
carbonyladenin-9-yl)-V1'-(methoxycarbonylmethyl)-pyrrolidine (16)

To a freshly prepared solution of 1-(benzyloxycarbonyl)-
3-ethylimidazolium tetrafluoroborate (‘Rapoport’s reagent’)*
(1.49 g, 4.7 mmol) in anhydrous CH,Cl, (6 mL) was added adenine
derivative 15 (200 mg, 0.49 mmol) and the reaction mixture
stirred at room temperature under N, for 18 h. Saturated aqueous
NaHCO; (10 mL) was then added to the reaction mixture and
the aqueous solution was extracted with CH,Cl, (4 x 25 mL).
The combined organic extracts were dried over MgSO,, filtered
and evaporated under reduced pressure. The crude product was
purified by flash chromatography (2% CH;OH in CHCl;) to afford
the benzyloxycarbonyl-protected product 16 (158 mg, 60%) as a
white foam. R; 0.1 (2% CH;OH in CHC;); mp 58-60 °C (CHCl,);
[aly +58.0° (¢ = 1.0, CH;0H); v, (KBr)/cm™': 3373 (NH), 1747
and 1708 (CO), 1610 (aromatic C=C); A,,,,(CH;OH)/nm: 271.0;
'"H NMR (400 MHz, CDCl;): ¢ 1.25 (9H, s, C(CHs),); 1.86 (1H,
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dd,J16.7,7.2Hz,H,3),2.61 (1H,ddd, J 16.7, 14.3, 8.6 Hz, H,3'),
2.87-2.93 (1H, m, H2"), 2.97-3.05 (2H, m, H,5 and H,6'), 3.26
(1H,d, J 17.4 Hz, H,7'), 3.33 (1H, dd, J 15.3, 8.5 Hz, H,6'), 3.47
(1H,d, J 10.5Hz, H,5), 3.60 (1H, d, J 17.4 Hz, H,7'), 3.69 (3H, s,
OCH;),4.94 (1H, brs, H4'), 5.09 (1H, br s, NH), 5.24 (2H, s, benzyl
CH,), 7.28-7.34 (3H, m, benzyl aromatic), 7.39 (2H, d, J 6.6 Hz,
benzyl aromatic), 8.02 (1H, s, H2), 8.68 (1H, s, H8); "C NMR
(100.6 MHz, CDCl,): 6 28.1 (C(CH,);), 36.0 (C3), 40.5 (C7),
41.7 (C2), 51.9 (C6'), 52.7 (CO,CH;), 59.2 (C5'), 61.9 (C4), 67.5
(benzyl CH,), 79.3 (C(CH,;);), 121.9 (C5), 128.4 (benzyl aromatic
CH), 129.1 (benzyl CH), 129.2 (benzyl CH), 135.5 (benzyl ipso-
C), 141.8(CB), 149.3 (C4), 151.1 (C6), 152.4(C2), 156.1 (CO,'Bu),
156.2 (CO,Bn), 171.1 (CO,CHj;); m/z (ES): 540 (IM + HJ* 100%);
HRMS m/z (ES): 540.2567 (M + H]*, C,sH;,O4N; requires m/z,
540.2565).

(2R 4 R)-2 ~(tert-Butoxycarbonylaminomethyl)-4'-(/NV-benzyloxy-
carbonyladenin-9-yl)-pyrrolidine-1-yl-acetic acid (17)

To a solution of methyl ester 16 (30.6 mg, 0.057 mmol) in
THF (360 pL) was added a 1 M aqueous solution of NaOH
(62 pL, 0.062 mmol). The reaction mixture was stirred at room
temperature for 4 h. 1 M aqueous NaOH (28 pL, 0.028 mmol)
was added and the reaction mixture stirred for a further 2 h at
room temperature. THF was then removed under a stream of
N, and the pH of the resulting aqueous solution was adjusted
to 7 by dropwise addition of aqueous HCI (0.02 M). H,O was
then removed under reduced pressure and the crude product
was purified by reversed-phase (C18) column chromatography
(H,O — CH;CN) to afford Boc-protected acid monomer 17
(21.3 mg, 72%) as a white powder. Mp 120-121 °C (H,0); [al;
+58.8° (¢=0.5, CH;0H); v,,,,(KBr)/cm™": 3370 (NH), 1746 (CO);
Jmax(CH;OH)/nm: 269.0; 'H NMR (400MHz, CD;0D): ¢ 1.13
(9H, s, C(CH,);), 1.74 (1H, dd, J 14.1, 6.6 Hz, H,3'), 2.62 (1H,
ddd, J 14.1, 8.8, 8.4 Hz, H,3), 2.71 (1H, dd, J 8.4, 6.6 Hz, H2)),
2.79 (1H, dd, J 10.8, 5.7 Hz, H,5), 2.85 (1H, d, J 14.9 Hz, H,7),
3.06 (1H, dd, J 14.5, 2.6 Hz, H,6), 3.35 (1H, br s, H,6'), 3.51
(1H, d, J 149 Hz, H,7), 3.58 (1H, d, J 10.8 Hz, H,5'), 5.08-5.11
(1H, m, H4'), 5.31 (2H, s, benzyl CH,), 7.31-7.40 (3H, m, benzyl
aromatic), 7.47 (2H, d J 7.1 Hz, benzyl aromatic), 8.57 (1H, s,
H2), 9.06 (1H, s, H8); *C NMR (100.6 MHz, CD;0OD): § 28.5
(C(CHs);), 37.0 (C3), 40.2 (C6'), 53.7 (C2), 58.8 (C7'), 60.5 (C5),
64.5 (C4'), 68.4 (benzyl CH,), 79.6 (C(CH,);), 122.9 (C5), 129.3
(benzyl aromatic CH), 129.4 (benzyl aromatic CH), 129.6 (benzyl
aromatic CH), 137.5 (benzyl ipso-C), 144.9 (C8), 150.6 (C4), 152.4
(C6), 152.8 (C2), 153.5 (CO,'Bu), 158.8 (CO,Bn), 179.1 (CO,H);
m/z (ES): 524 (IM — H]~ 100%); HRMS (ES): 548.2224 (IM +
NaJ*, C,sH;,O¢N,Na requires m/z, 548.2228).

(2'R 4 R)-2'~(tert-Butoxycarbonylaminomethyl)-4'-(/V*-[para-
(tert-butyl)benzoyl]cytosin-1-yl)-V1'-(methoxycarbonylmethyl)-
pyrrolidine (22)

A suspension of tosylate 14 (120 mg, 0.271 mmol), N*-[p-(tert-
butyl)benzoyl]cytosine (186 mg, 0.67 mmol), K,CO; (190 mg,
1.38 mmol) and 18-crown-6 (27 mg, 0.102 mmol) in anhydrous
DMF (1.4 mL) was stirred at 75 °C under N, for 18 h. The
solvent was removed under reduced pressure and brine (5 mL)
was added to the resulting brown paste. The mixture was extracted

with EtOAc (4 x 10 mL) and the combined organic extracts were
dried over MgSO,, and then evaporated under reduced pressure.
Purification by column chromatography (5% CH;OH in EtOAc)
afforded product 22 (68 mg, 46%) as a white foam R; 0.20 (EtOAc);
mp 99-101 °C (from CHCI,;, decomp.); [a]5 —36.2° (¢ = 0.89,
CHCL); vy (KBr)/cm™': 3269 (NH), 1749 and 1699 (CO); Anax
(CHCl;)/nm 266; 'H NMR (400 MHz, CDCl;): ¢ 1.31 (9H, s,
Bz-C(CHj;);), 1.35 and 1.38 (9H, 2 x s, Boc C(CHs);), 2.35-2.48
(1H, m, H,3), 2.48-2.92 (3H, m, H,5, H,3 and H2)), 2.95-3.25
(2H, m, H,7 and H,6), 3.28-3.93 (6H, m, OCH;, H,7, H,6' and
H,5), 4.78 and 5.13 (1H, 2 x br s, H4 rotamers), 7.24-7.53 (3H,
m, H5 and m-Bz H rotamers), 7.61 and 7.72 (1H, 2 x br s, BocNH
rotamers), 7.83-7.97 (2H, m, 0-Bz H rotamers), 8.64 (1H, d, J
6.9 Hz, H6), 11.29 (1H, br s, BzZNH); *C NMR (100.6 MHz,
CDCl;): 6 28.0 and 28.2 (Bz C(CH;); rotamers), 31.0 and 31.1 (Boc
C(CH;); rotamers), 34.8 (Bz C(CHj;);), 35.0 (C3), 40.0 (C6'), 51.6
and 51.9 (CO,CH; rotamers), 53.3 (C7'), 55.3 (C4), 56.5 (CY),
62.3(C2'),79.3 and 79.4 (Boc C(CHj;); rotamers), 96.8 (C5), 124.8
and 125.8 (Bz CH rotamers), 126.9 (Bz CH), 127.3 and 127.7
(Bz CH rotamers), 128.3 and 128.6 (Bz CH rotamers), 130.0 and
131.1 (Bz p-C rotamers), 147.4 (C6), 155.0 (Boc CO), 155.8 and
156.2 (C2 rotamers), 156.8 and 157.0 (Bz ipso-C rotamers), 162.9
(C4), 167.9 (Bz CO), 171.0 (CO,CH;); m/z (ES): 542.3 (M +
HJ*, 100%); HRMS m/z (ES): 542.2977 (IM + HJ*, C,xH,N5Oq
requires m/z, 542.2979).

(2'R 4 R)-2'-(tert-Butoxycarbonylaminomethyl)-4'-cytosin-1-yl-
NT'-(methoxycarbonylmethyl)-pyrrolidine (23)

NaOCH; (35.6 mg, 0.659 mmol) was dissolved in anhydrous
CH;OH under a stream of N, (3.40 mL) with the aid of sonication.
This solution was cooled to 0 °C, before being added to fert-butyl
benzoyl-protected cytosine derivative 22 (340 mg, 0.628 mmol).
The mixture was stirred at room temperature under N, for 10 h
and solvent was removed under reduced pressure. Purification by
column chromatography (gradient elution: 1 : 1 EtOAc-hexane —
EtOAc — 1:4 CH;OH-EtOAc) gave give cytosine derivative 23
(211 mg, 88%) as a white foam. R; 0.13 (5% EtOH in CH,Cl,);
[aly —21.1° (¢ = 0.35, CHCL); vy, (KBr)/cm™: 3334, 3210
(NH), 1747, 1700, 1653 (CO); Ay (CH;OH)/nm 277.0; '"H NMR
(300 MHz, CD;0OD): 6 1.32 (9H, s, C(CHs;);), 1.43-1.56 (1H, m,
H,3), 2.38-2.54 (1H, m, H,3), 2.60-2.73 (2H, m, H2' and H,5),
2.99-3.15 (3H, m, H,7', H,6'and H,6'), 3.25-3.32 (1H, m, H,5),
3.65(3H,s,0OCH;),3.74(1H,d,J 17.4Hz,H,7),4.85-4.93 (1H, m,
H4),5.84 (1H,d, J 7.4 Hz, HS), 6.48 (1H, br t, J 5.5 Hz, BocNH),
8.32 (1H, d, J 7.4 Hz, H6); "C NMR (75 MHz, CD;0D): ¢ 28.8
(C(CH;),), 37.5(C3), 41.2 (C6)), 52.3 (CO,CH,), 53.9 (C7), 54.9
(C4), 59.3 (C5'), 63.8 (C2'), 80.0 (C(CHj;)3), 96.1 (C5), 145.0 (C6),
158.6 (Boc CO), 158.9 (C2), 167.2 (C4), 173.3 (CO,CH;); m/z
(ES): 282.2 (M — CO,'Bu + HJ*, 100%); 382.2 (IM + HJ*, 80%);
402.2 (M + Nal*, 80%); HRMS m/z (ES): 382.2084 (IM + HJ*,
C,;HxxN;O5 requires m/z, 382.2090).

(2'R,4' R)-2'-(tert-Butoxycarbonylaminomethyl)-4'-(/V*-benzyloxy-
carbonylcytosin-1-yl)-N-(methoxycarbonylmethyl)-pyrrolidine (24)

Method A. N-(Benzyloxycarbonyl)imidazole (923 mg,
4.56 mmol) was dissolved in anhydrous CH,Cl, (922 uL) under
a stream of N,. The stirred solution was cooled to 0 °C before
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Et;O-BF, (2.74 mL 1 M solution in anhydrous CH,Cl,, 2.74 mmol)
was added. After 7.5 h stirring under N, the cytosine derivative
23 (174 mg, 456 umol) in CH,Cl, (174 uL) was transferred into
the reaction mixture which was stirred for a further 14.5 h. The
reaction mixture was cooled to 0 °C and saturated NaHCO,
(9.2 mL) was added. The mixture was partitioned between
CH,Cl, (30 mL) and H,O (30 mL) and the organic extracts
were dried over MgSO, and evaporated under reduced pressure.
Purification by column chromatography (gradient elution: 1 :
1 EtOAc-hexane — EtOAc — 1 : 4 CH;OH-EtOAc) gave
Z-protected cytosine derivative 24 (216 mg, 92%) as a white
foam.

Method B. To a solution of alcohol 13 (650 mg, 2.25 mmol)
in anhydrous THF (8.5 mL) under N, was added N*-
benzyloxycarbonylcytosine (670 mg, 2.73 mmol) and PPh;
(715 mg, 2.73 mmol). The reaction mixture was cooled to —20 °C
and DIAD (610 uL, 3.10 mmol) was added dropwise. The reaction
mixture was allowed to warm to room temperature and stirred
under N, for 18 h. Solvent was removed under reduced pressure
and the residue was purified by flash chromatography, as described
above, to give the Z-protected cytosine derivative 24 (340 mg, 29%)
as a white foam. R;0.28 (5% EtOH/EtOAc); [a]y —42.7° (¢ =0.88,
CHCL); vye (KBr)/em™': 3249, 1622 and 1505 (NH), 2984, 2930
and 2844 (CH), 1747 and 1696 (CO), 1225 and 992 (NCOO); Ay,
(CH;0H)/nm 239.0; '"HNMR (300 MHz, CH;0D):¢ 1.28 (9H, s,
C(CH,);), 1.47-1.61 (1H, m, H,3), 2.42-2.59 (1H, m, H,3), 2.63—
2.79 2H, m, H,5 and H2), 3.04-3.15 (3H, m, H,6', H,6' and
H,7),3.36 (1H, brd, J 11.3 Hz, H,5), 3.67 (3H, s, CO,CH,), 3.77
(1H,d, J 17.4 Hz, H,7'), 4.83-4.92 (1H, m, H4'), 5.17 (2H, AB q,
J 12.4 Hz, Bn CH,), 7.18-7.46 (6H, m, Bn aromatic H and HSY),
8.76 (1H, d, J 7.5 Hz, H6); “C NMR (75 MHz, CD;0D): ¢ 28.7
(C(CHs);), 37.1 (C3), 40.8 (C6'), 52.3 (CO,CH5;), 53.6 (C7), 56.1
(C4), 58.8 (C5), 63.6 (C2'), 68.5 (Cbz CH,), 80.0 (C(CH;);), 96.9
(CS), 129.3 (0- and p-Z-CH), 129.6 (m-Z-CH), 137.3 (ipso-Z-C),
148.6 (C6 cytosine), 154.6 (Z-CO), 158.5 (Boc CO), 158.5 (C2),
164.1 (C4), 173.3 (CO,CHs;); m/z (ES): 516.2 (IM + H]*, 100%);
HRMS m/z (ES): 516.2450 (IM + H]*, C,sH3,NsO; requires m/z,
516.2458).

(2’ R4’ R)-2'~(tert-Butoxycarbonylaminomethyl)-4'-(/V*-benzyloxy-
carbonylcytosin-1-yl)-N1’-(methoxycarbonylmethyl)-pyrrolidine-
1-yl-acetic acid (25)

Methyl ester 24 (216 mg, 419 pmol) was dissolved in THF (864 nuL)
and 1 M NaOH agq. (440 pL, 440 umol) was added to the stirred
solution at room temperature. After 6 h, the reaction was cooled
to 0 °C and 0.1 M HCI aq. (4.40 mL) was added to neutralize
the mixture. The solvent was evaporated under reduced pressure
and the resulting white powder was purified by silica gel column
chromatography (gradient elution: CHCl; — 1 : 4 CH;0H-
CHCI,) followed by C18 reversed-phase column chromatography
(Varian BondElut, 10 g cartridge, gradient elution H,O — MeOH)
to give the cytosinyl Boc-acid 25 (190 mg, 90%) as a white powder
powder. R; 0.29 (30% CH;OH in CHCl;); mp 134 °C (from H,O,
decomp.); [a] —146.4° (¢=0.87, CH;OH); 4,,,, (CH;OH)/nm 239
(e/dm’ mol~! em™! 2.67 x 10*); '"H NMR (400 MHz, CD,0D): ¢
1.24 (9H, s, C(CH;);), 1.59-1.66 (1H, m, H,3"), 2.46-2.56 (1H, m,

H,3), 2.71-2.81 (2H, m, H2" and H,5), 2.90 (1H, d, J 15.8 Hz,
H.7),3.06 (1H, d, J 12.3 Hz, H,6), 3.30 (1H, d, J 14.6 Hz, H,6),
346 (1H,d, J 11.4 Hz, H,5), 3.55 (1H, d, J 15.8 Hz, H,7"), 4.75-
4.87 (1H, m, H4'), 5.12 (1H, d, J 12.4 Hz, Cbz CH,), 5.18 (1H. d,
J 12.4 Hz, Cbz CH,), 7.22-7.37 (6H, m, benzyl aromatic CH and
H5),8.62 (1H, d, J 6.4 Hz, H6); *C NMR (100.6 MHz, CD;0D):
0 28.7 (C(CH;)3), 36.4 (C3), 41.1 (C06), 54.9 (CT7), 58.6 (C4),
60.1 (C5'), 65.5 (C2)), 68.6 (Cbz CH,), 80.3 (C(CHs),), 97.4 (C5),
129.4 (Z Ar-CH), 129.5 (Z Ar-CH), 129.6 (m-Z-CH), 137.1 (ipso-
Z-C), 150.2 (C6 cytosine), 154.3 (Z-CO), 158.2 (C2), 158.8 (Boc
CO), 164.3 (C4), 178.5 (CO,H); m/z (ES): 500 (M — H] ", 100%);
HRMS m/z (ES): 524.2118 ((M + Na]*, C,,H3;,N50;Na requires
m/z, 524.2121).

Solid phase synthesis of POM oligomers

Into a 1 mL solid phase synthesis vessel was weighed MBHA
LL resin (100-200 mesh) (5 equiv. relative to the first monomer
loaded). The resin was then washed three times with DMF and
three times with CH,Cl, (all washings use 1 mL per 25 umol resin
loading, with rotation of reaction vessel for 30 s each time unless
stated otherwise). The resin was swelled overnight in CH,Cl,, and
then the solvent was removed by vacuum suction. The resin was
washed three times with DMF, once with 5% piperidine/ DMF
(with 4 min agitation) and three times with DMF-CH,CI, (1 :
1). In a separate small vial, monomers Boc-POM(T)-OH 10, Boc-
POM(A#)-OH 17, Boc-POM(C*)-OH 25, Boc-PNA(C*)-OH or N-
a-Boc-N-g-2-chloro-Z-L-lysine (1 equiv.), HBTU (0.95 equiv.) and
diisopropylethylamine (DIEA) (1.1 equiv.) in DMF—pyridine (3 :
1) (total monomer concentration of 0.1 M) were allowed to activate
for 3 min. The mixture was then added to the resin. Coupling was
allowed to proceed with agitation for 6 h for the first coupling. The
coupling mixture was removed and the resin washed two times
with DMF before a freshly prepared acetic anhydride—collidine—
DMF (1 :1:8,v/v/v) (I mL per 25 pmol) mixture was added
with agitation for 15 min. The acetylating reagent was removed
by vacuum suction and the resin washed with DMF (three times),
complete reaction was indicated by negative Kaiser test. The resin
was then washed with 5% piperidine/DMF (once for 4 min) and
DMF-CH,CI, (1 : 1) (three times).

Deprotection of the resin-bound Boc-protected POM oligomer
was accomplished using TFA-m-cresol (95 : 5, v/v) (1 mL per
25 umol) four times for 4 min each. The resin was washed with
DMF-CH,CI, (1 : 1) (three times) and successful deprotection
was indicated by a positive Kaiser test. The resin was then
washed with pyridine (two times). Subsequent coupling employed
monomers 10, 17, 25 or Boc-PNA(C*)-OH (5 equiv.), HBTU
(2.38 equiv.), DIEA (2.25 equiv.) and coupling times of 2 h. A
second coupling onto adenine residues using monomer 10, 17,
25 or Boc-PNA(C?)-OH (2.5 equiv.), HBTU (2.38 equiv.), DIEA
(2.75 equiv.) and coupling times of 1 h was carried out. In the case
of the terminal lysine residue, N-a-Boc-N-g-2-chloro-Z-L-lysine
(6 equiv.), HBTU (5.7 equiv.), and DIEA (6.6 equiv.) were used.
Capping after subsequent couplings was carried out for 5 min.
The coupling—capping—deprotection sequence was repeated until
the desired oligomer was obtained. Deprotection of Z-protected
nucleobases and cleavage of the oligomer from the resin was
achieved using trifluoromethanesulfonic acid (TFMSA) via the
‘low-high TFMSA’ method.” During ‘low TFMSA’ treatment
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the resin was treated with a solution of (TFA-DMS-m-cresol, 1 :
3:1, v/v/v) and a solution of (TFA-TFMSA, 9 : 1, v/v) (each
1 mL per 20 umol resin loading) each separately cooled to 0 °C
before being added to the resin, followed by agitation for 1 h. The
cleavage mixture was removed by vacuum suction. ‘High TFMSA’
treatment was carried out by addition of a solution of TFMSA—
TFA-m-cresol (1 : 8 : 1 v/v/v) (1 mL per 10 pmol resin loading)
cooled to 0 °C before being added to the resin and agitated for 1 h.
The cleavage mixture was removed by vacuum suction.

The cleavage solutions were separately concentrated under a
stream of nitrogen to a volume of ca. 50 pL and the oligomer
was precipitated from the cleavage mixtures by addition of a
ten-fold excess of anhydrous Et,O. The mixture was subject to
centrifugation (10 min, 12000 rpm at 4 °C) and the resulting
pellet was redissolved in formic acid and diluted again with
anhydrous Et,0. The centrifugation process was repeated a further
three times. After the final time the pellets were dissolved in water
and lyophilised to give crude POM oligomers as off-white powders.
The oligomers were then purified by semi-preparative reversed-
phase HPLC on a C18 column (Phenomenex Gemini 5 p C18,
250 x 10 mm) with a typical gradient of 0-10% acetonitrile with
0.1% HCO,H-0.1% aqueous HCO,H. Fractions collected were
evaporated and lyophilised to give pure product as a white powder.
Product purity was verified by analytical reversed-phase HPLC
(Phenomenex Gemini 5 u C18, 150 x 4.6 mm) and oligomers were
characterised by MALDI-TOF mass spectrometry.

POM Lys-TCACAACTT-NH,

Retention time on analytical HPLC was 26 min, using a Phe-
nomenex Gemini 5 1 C18 150 x 4.6 mm analytical column. Solvent
A was H,O with 0.1% HCO,H and solvent B was acetonitrile with
0.1% HCO,H. The flow rate was 1 mL min~' with 100% A for
9 min followed by a gradient from 100% A changing to 90% A
with 10% B over 52 min. m/z MALDI-TOF MS: 2505 ((M +
H]* 100%, C,,;H,5,N5,0,9 requires m/z, 2505.3), 2527 (M + Na]*
90%, C,;;H,5sN509Na requires m/z, 2527.2); 2543 (M + K]*
70%, C;,H,53N5, 0K requires m/z, 2543.2).

POM-PNA chimera Lys-TC*AC*AAC*TT-NH,

Retention time on analytical HPLC was 24 min, using a Phe-
nomenex Gemini 5 C18 150 x 4.6 mm analytical column. Solvent
A was H,O with 0.1% HCO,H and solvent B was acetonitrile with
0.1% HCO,H. The flow rate was 1 mL min~' with 100% A for
9 min followed by a gradient from 100% A changing to 90% A
with 10% B over 52 min. m/z MALDI-TOF MS: 2512 (IM + H]*
100%, C,0sH,45N5,0,, requires m/z, 2512.2)
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3-Alkenyl and heteroaryl chloroalcohols have been obtained in excellent enantiomeric excess (>99%)
by enzymatic kinetic resolution using the haloalcohol dehalogenase HheC. Yields were close to the
theoretical maximum for all substrates employed. Furthermore, the applicability of this methodology

on multigram scale has been established.

Introduction

Haloalcohol dehalogenases are enzymes that catalyze the inter-
conversion of haloalcohols and epoxides.! HheC is a haloalcohol
dehalogenase produced by Agrobacterium radiobacter AD1, a soil-
dwelling bacterium that is able to use halogen-containing organic
compounds as its sole carbon source. The enzyme was discovered
some years ago.” Recently, its structure, kinetics and catalytic
mechanism have been elucidated.** The substrate binds near
a catalytic triad (Ser132-Tyr145-Argl49), of which the tyrosine
residue activates the hydroxy group of the haloalcohol. Concurrent
Sx2-type attack on the vicinal carbon atom by the hydroxy group
leads to ring closure and expulsion of the halide anion.**

Notably, the biocatalytic potential of HheC has been the
subject of investigation® and its substrate scope was found to
be remarkable.® HheC catalyzes the reversible ring-closure of
haloalcohols to form epoxides, as well as the irreversible ring-
opening of epoxides with a number of non-halide nucleophiles,
such as cyanide, nitrite, and azide.

Here, we report the preparation in enantiomerically pure form
of functionalized vicinal chloroalcohols. These are highly valuable
and frequently used building blocks in synthesis.

A number of strategies have been used to prepare these
compounds in enantiomerically pure form. Chloroalcohols 5-
7 have been prepared by asymmetric transfer hydrogenation of
the corresponding chloroketones.” Furthermore, enantiomerically
pure 6 has been obtained by lipase-catalyzed kinetic resolution
of the racemic chloroalcohol,® and a route to enantiomerically
pure 5 by Red-Al reduction of the enantiomerically pure alkyne is
known.” Enantiomerically pure 1-4 have not been reported before,
and a general, convenient, and highly enantioselective method for
preparing enantiopure 1-7 is lacking.
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Results and discussion

We chose to concentrate on chloroalcohols functionalized with
unsaturated and heteraromatic moieties, since these are especially
versatile synthetic scaffolds. The compounds prepared' and
studied are summarized in Scheme 1.

CICH,l (1.5 eq)

)L n-BuLi (1.5 eq)
H >

OH
N

R

THF, -78°C
OH OH OH
MCI \/\)\/CI \/\/\)\/Cl
1, 73% 2, 66% 3, 56%
OH OH

A

4,79%

X cl
5,64%
OH OH
o} S
mm @/\,m

6, 64% 7,88%

Scheme 1 Synthesis of functionalized chloroalcohols.*

Kinetic resolution on analytical scale

We studied the synthesized chloroalcohols as substrates for
HheC, initially on analytical scale. The results of this screening
are summarized in Table 1. Enzymatic activity towards each
of the substrates is expressed both as initial enzyme activity
(umol-min~'-mg~! of enzyme) and as turnover frequency (s7').!!
In the last column the selectivity factor E is given for each of the
substrates.

For the linear substrates, a clear trend in reactivity can be
observed: the shorter the chain, the faster the enzymatic conver-
sion. This is expected on the basis of previous observations.® We
attribute the observed reactivity pattern to increasing difficulty
of the substrate to fit in the active site of the enzyme in a reactive
conformation as it gets bulkier. Based on such steric arguments, the
reactivity pattern of substrates 1-5 can be rationalized. Differences
in substrate binding, influenced by steric factors, may also partly
explain the marked difference in reactivity between the otherwise
comparable substrates 6 and 7.
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Table 1 HheC-catalyzed kinetic resolutions of substrates 1-7 on analyt-
ical scale®

OH o OH
HheC + :
o e < O

k

R

Init. enz. activ.”/

Entry R = pmol'min~'-mg~' TOF/s ' E¢

1 e 1 48 22.4 >200

2 \/\}{ 29 13.5 177

3 NN 8 3.7 >200

4 NNy 12 5.6 102

5 ©A\}{ 10 4.7 >200

6 (¢} 47 21.9 >200
e

7 S 11 5.1 65
e

“ General conditions: 0.2 mmol scale, 10 mM in Tris-sulfate pH 8.1.* Initial
enzyme activity (pmol of product per min per mg of HheC). ¢ Per enzyme
subunit. ¢ Obtained by fitting measured data points (concentration vs.
time) against the mathematical curves for competitive Michaelis-Menten
kinetics using MicroMath® Scientist®.

The enantioselectivity of these transformations is high in all
cases, and even the lowest £ observed (65, Table 1, entry 7) is
excellent for a kinetic resolution.

All of the HheC-catalyzed ring closure reactions described here,
show competitive Michaelis—-Menten kinetics.'*" Initially, epoxide
formation of the slower reacting enantiomer is inhibited by the
faster reacting enantiomer. When all fast-reacting enantiomer has
been consumed, ring closure of the other enantiomer starts to
take place, sometimes at an appreciable rate. This behaviour is
illustrated in Fig. 1.

In formulae la and 1b, depicted in Fig. 1, R and S represent
the concentrations of both enantiomers, VX, Vi Kn® and
K. are the relevant Michaelis—Menten parameters, and k. is the
first-order rate constant of chemical hydrolysis. After fitting these
equations by numerical integration to the obtained data points,*
the E-value was calculated from formula 2 (Fig. 1).'¢

As is shown in Fig. 1, the reaction rate of the slow-reacting (.S)-
enantiomer can be appreciable. This is the case especially for the
linear substrates 1-4. Naturally, this behavior should be taken into
account when these reactions are to be performed on preparative
scale (vide infra).

Kinetic resolution on preparative scale

Having established that this enzymatic kinetic resolution is highly
efficient, we set out to transform substrates 1 and 3-7 on a
preparative scale. In view of the excellent selectivities, our initial
aim was to isolate both the enantiomerically pure remaining
chloroalcohol and the produced epoxide.

la) 1b)
AR VAR . dS_ TS
a R+{Sq+l “pel a S+{ik+1]*!(f,
J‘ll KN
2y LA
_ ke
-
mm/KF

1-chloro-pent-3-en-2-ol

conc. (mM)
/

0 50 100 150 200
t (min)

Fig.1 Formulae for competitive Michaelis—Menten kinetics displayed by
HheC (la and b), for the enzymatic selectivity E (2), and an example of a
typical progress curve for enzymatic conversion of substrate 1.

Preparative scale reactions were performed on 2.0 mmol scale at
low concentration (10 mM) in Tris-sulfate buffer, i.e., analogous
to the analytical reactions. In this manner it proved possible to
isolate enantiomerically pure chloroalcohols (ee > 99%) in fair
to high yields (Table 2, entries 1-4). Our attempts to isolate also
the produced epoxides failed, since it turned out that they rapidly
hydrolyze in situ to form the corresponding diols.

It was attempted to suppress this hydrolysis by performing the
reaction in a two-phase system (Table 2, entries 5 and 6), but
even in those cases hydrolysis proved inevitable. The role of this
spontaneous hydrolysis will be examined in more detail further
on.

Accordingly, our efforts focused on obtaining the enantiomer-
ically pure halohydrins, which were isolated in good yields and
with excellent enantioselectivities (Table 2).

The absolute configuration of the remaining chloroalcohols was
Sinall cases, in agreement with previous studies which showed that
HheC is R-selective for most substrates.>® A variety of methods
was used to elucidate the absolute configuration of the slow-
reacting enantiomer of the chloroalcohols. For (S)-(E)-1-chloro-
4-phenyl-but-3-en-2-ol ((S)-5) the absolute configuration could be
deduced from a crystal structure (CCDC 605888).'7 (S)-6 and (S)-
7 could be correlated to known compounds by the sign of their
optical rotation.”® Finally, (S)-1, (S)-3, and (S)-4 were converted to
their saturated analogues, for which specific rotations are known.'

This journal is © The Royal Society of Chemistry 2007
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Table 2 Enzymatic kinetic resolutions of unsaturated and heteroaromatic vicinal chloroalcohols on preparative scale

OH o OH
HheC + :
R/E\/C' - R/<J R/\/C'
Entry Substrate R = Chloroalcohol (yield®, ee, conf.) Diol (yield*)
1 1° e 4 40%, >99%, S N.i.c
2 37 NN 31%, >99%, S N.i.c
3 4 \/\/\\X 29%, >99%, S 24%
4 54 ©A\}‘e,/ 47%, >99%, S 19%
5 6¢ o) 42%, 98.5%, S N.i.
e
6 7" @/L‘( 47%', >99%, S 49%"
\

“Isolated yield (based on 50% maximum). * 1.0 mmol scale, 10 mM in Tris-sulfate buffer pH 8.1. ¢ Not isolated. ¢ 2.0 mmol scale, 10 mM in Tris-sulfate
buffer pH 8.1. ¢ 1.5 mmol scale, 10 mM in Tris-sulfate buffer pH 8.1./Mixture of diols. £ 16 mmol scale, 1 : 1 toluene-Tris-sulfate pH 8.1. # 120 mmol

scale, 1 : 10 toluene-Tris-sulfate pH 8.1. ' Crude yield.

We were especially interested in the possibilities of performing
this resolution as a preparative procedure. Interestingly, it was
possible to perform this kinetic resolution on multigram scale
(Table 2, entries 5 and 6). For instance, starting from 20.9 g of
racemic 2-chloro-1-thiophen-2-yl-ethanol (7), there was obtained
9.8 g (94% of the theoretical yield) of (S)-7 with an excellent ee of
>99%. No modifications of the enzyme were needed to achieve
these results. To avoid the use of excessive amounts of buffer
solution, the latter two reactions were performed in a two-phase
system of toluene and Tris-buffer.

Role of spontaneous hydrolysis

The spontaneous hydrolysis of the epoxide products mentioned
earlier was initially perceived as a drawback of the system.
However, comparison of our results with those previously reported
for the related compound 2-chloro-1-phenyl-ethanol, made us
reconsider.

As illustrated in Scheme 2, when a Kkinetic resolution is
performed on 2-chloro-1-(4-nitrophenyl)-ethanol, the affinity of
HheC is larger for the (R)- than for the (S)-enantiomer. Hence,
the (R)-enantiomer is converted first. However, the K., of the
equilibrium between (R)-2-chloro-1-(4-nitrophenyl)-ethanol and
(R)-2-(4-nitrophenyl)-oxirane is 40 mM,® which indicates that a
few percent of the (R)-enantiomer will always remain present.
Therefore the maximum ee of the remaining chloroalcohol will be
about 95%.%¢

Presumably, in our system the spontaneous hydrolysis of the
formed epoxide pulls the equilibrium to the right side, thus
ensuring excellent ee’s of the remaining chloroalcohols.

Interestingly, in the case of substrate 7 (Table 2, entry 6)
hydrolysis proceeds with almost complete racemization, resulting
from equal rates of hydrolysis on the terminal and internal carbon
atom of the (enantiomerically pure) epoxide.”

OH 0

Cl HheC + HCI

O,N
02N 2 max. ee = 95%
[epoxide]-[HCI]

[halohydrin]

Keg = =40 mM

E=73

Scheme 2 Incomplete conversion of (R)-2-chloro-1-(4-nitrophenyl)-

ethanol.

Conclusions

In conclusion, a highly efficient kinetic resolution protocol was
developed for functionalized vicinal chloroalcohols. The majority
of these compounds had not been reported before in their enan-
tiomerically pure form. Various unsaturated and heteroaromatic
chlorohydrins were resolved in high yields and with excellent enan-
tioselectivities. This resolution was shown to be effective on multi-
gram scale, rendering it highly practical as a preparative method.

Experimental
General

Starting materials were purchased from Aldrich or Acros and used
as received unless stated otherwise. All solvents were reagent grade
and dried and distilled prior to use. Demineralized water was used
in the preparation of all aqueous solutions.

Column chromatography was performed on silica gel (Aldrich
60, 230-400 mesh). TLC was performed on silica gel 60/Kiesel-
guhr F,s, or neutral aluminium oxide 60 F,5, where indicated.

'H and *C NMR spectra were recorded on a Varian VXR300
(299.97 MHz for 'H, 75.48 MHz for “C) or a Varian AMX400
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(399.93 MHz for 'H, 100.59 MHz for "C) spectrometer in
CDCl; unless stated otherwise. Chemical shifts are reported in
o0 values (ppm) relative to the residual solvent peak (CHCL;, 'H =
7.24, *C = 77.0). Carbon assignments are based on APT “C
experiments. Splitting patterns are indicated as follows: s (singlet),
d (doublet), t (triplet), q (quartet), m (multiplet), br (broad).

Mass spectra (HRMS) were performed on an Jeol JMS-
600H. GCMS spectra were recorded on a Hewlett Packard
HP6890 equipped with a HP1 column and an HP 5973 Mass
Selective Detector.

GC analysis was performed on a Shimadzu GC-17A or a
Hewlett Packard HP6890 spectrometer equipped with the columns
indicated for each compound separately.

HPLC analysis was performed on a Shimadzu HPLC system
equipped with two LC-10AD vp solvent delivery systems, a DGU-
14A degasser, a SIL-10AD vp auto injector, an SPD-M10A vp
diode array detector, a CTO-10A vp column oven, and an SCL-
10A vp system controller using the columns indicated for each
compound separately.

Optical rotations were measured on a Schmidt + Haensch
Polartronic MHS using a 10 cm cell.

Synthesis of substrates 1-7

Substrates 1-7 were synthesized according to a literature
procedure.'® Spectroscopic data and chromatographic separation
conditions will now follow for each of the substrates.

1-Chloro-pent-3-en-2-0l (1)*. Obtained as a colorless oil
(2.21 g; 18.3 mmol; 73%) after flash chromatography (pentane—
Et,O 4 : 1); '"H NMR (CDCl;) 6 5.76-5.80 (m, 1H), 5.48 (dd,
J=15.4,6.6 Hz, 1H), 4.26 (m, 1H), 3.58 (ddpx, J/ = 11.0, 3.7 Hz,
Avas =45.0Hz, 1H), 3.47 (ddasx, J = 11.0, 7.3 Hz, Avyy = 45.0 Hz,
1H),2.17(d, J =4.0 Hz, 1H), 1.71 (d, J/ = 6.6 Hz, 3H); "C NMR
(CDCl3)6 129.7 (d), 129.2 (d), 72.3 (d), 49.6 (), 17.7 (q); MS (EI+)
m/z = 122 (M"), 120 (M*), 107, 105, 71, 53, 41; chiral GC: Chi-
raldex B-PM, 30 m x 0.25 mm x 0.25 um, He-flow: 1.1 mL min~!,
80 °C isothermic, 7', = 10.2 min (S), 7, = 10.9 min (R).

1-Chloro-hex-3-en-2-0l (2). Obtained as a colorless oil (1.77 g;
13.2 mmol; 66%) after flash chromatography (pentane-Et,O 6: 1,
gradient to 4 : 1); "H NMR (CDCl;) ¢ 5.84 (dtd, J = 15.8, 6.2,
1.1 Hz, 1H), 5.44 (ddt, J = 15.4, 6.6, 1.5 Hz, 1H), 4.28 (br, 1H),
3.59 (ddpx, J = 11.0, 3.7 Hz, Avas = 46.1 Hz, 1H), 3.47 (ddpx,
J =11.0,7.3 Hz, Av,s = 46.1 Hz, 1H), 2.22 (d, J = 3.7 Hz, 1H),
2.06 (qdd, J = 7.3, 6.6, 1.5 Hz, 2H), 0.98 (t, / = 7.3 Hz, 3H); °C
NMR (CDCl;) 6 136.4 (d), 127.0 (d), 72.3 (d), 49.7 (t), 25.2 (1),
13.1(q); MS (EI+) m/z = 134 (M*), 105, 85, 67, 55; HRMS (ET+)
calculated: 134.0498, measured: 134.0491; chiral GC: Chiraldex
B-TA, 30 m x 0.25 mm x 0.25 um, He-flow: 1.0 mL min~!, 85 °C
isothermic, 7', = 16.7 min (S), 7, = 18.0 min (R).

1-Chloro-oct-3-en-2-0l (3)'*?!. Obtained as a colorless oil
(903 mg; 5.55 mmol; 56%) after flash chromatography (pentane—
Et,O 6 : 1, R, = 0.32); "H NMR (CDCl,) § 5.79 (dtd, J = 15.4,
7.0, 1.1 Hz, 1H), 5.44 (ddt, J = 15.4, 6.6, 1.5 Hz, 1H), 4.2-4.35
(m, 1H), 3.58 (ddpx, J = 11.0, 3.7 Hz, Av,s = 45.0 Hz, 1H), 3.47
(dd, J = 11.0, 7.7 Hz, Avsg = 45.0 Hz, 1H), 2.19 (d, J = 4.2 Hz,
1H), 1.99-2.09 (br, 2H), 1.2-1.4 (br, 4H), 0.87 (t, J = 7.3 Hz, 3H);
“C NMR (CDCly) 6 135.2 (d), 127.9 (d), 72.4 (d), 49.9 (1), 31.9
(1), 31.0 (1), 22.1 (t), 13.9 (q); MS (EI+) m/z = 162 (M*), 113, 95,

57; chiral GC: CP Chiralsil Dex CB, 25m x 0.25 mm x 0.25 um,
He-flow: 1.0 mL min~', 120 °C isothermic, 7, = 12.6 min (S), T, =
13.0 min (R).

1-Chloro-octa-3,5-dien-2-0l (4). Obtained as a colorless oil
(1.29 g; 8.0 mmol; 79%) after flash chromatography (pentane—
Et,O 7 : 1, R, = 0.26); '"H NMR (CDCl;) § 6.30 (dd, J = 15.0,
10.3 Hz, 1H), 6.02 (dd, J = 15.0, 10.3 Hz, 1H), 5.79 (dt, J = 15.0,
6.6 Hz, 1H), 5.54 (dd, J = 15.4, 5.9 Hz, 1H), 4.35 (br, 1H), 3.60
(ddagx, J = 11.0, 3.7 Hz, Avsy = 47.5 Hz, 1H), 3.48 (ddagx, J =
11.0, 7.3 Hz, Av,y = 47.5 Hz, 1H), 2.23 (d, J = 3.7 Hz, 1H), 2.09
(dt, J = 13.9, 7.3 Hz, 2H), 0.99 (t, J = 7.3 Hz, 3H); "C NMR
(CDCl;) 0 138.4 (d), 133.4 (d), 128.1 (d), 128.0 (d), 72.1 (d), 49.6
(), 25.6 (1), 13.2 (q); MS (El+) m/z = 162 (M*), 160 (M*), 111,
93, 55; HRMS (EI+) calculated: 160.06549, measured: 160.06621;
chiral GC: CP Chiralsil Dex CB, 25 m x 0.25 mm x 0.25 pm,
He-flow: 1.0 mL min~', 125 °C isothermic, 7, = 14.8 min (.5),
T, =15.6 min (R).

(E)-1-Chloro-4-phenyl-but-3-en-2-ol (5)"**2%22,  Obtained af-
ter flash chromatography (pentane-Et,O 5 : 1, R; = 0.24) as a
colorless oil (2.34 g; 12.8 mmol; 64%), which crystallized upon
standing; '"H NMR (CDCl;) 6 7.20-7.40 (m, SH), 6.71 (dd, J =
16.1, 1.1 Hz, 1H), 6.19 (dd, J = 16.1, 6.0 Hz, 1H), 4.52 (br m, 1H),
3.71 (ddapx, J = 11.0, 3.7 Hz, Avag = 48.9 Hz, 1H), 3.58 (ddgx,
J =11.0,7.3 Hz, Av,s = 48.9 Hz, 1H), 2.38 (d, / = 4.4 Hz, 1H);
BCNMR (CDCl;) 0 136.0 (s), 132.7 (d), 128.6 (d), 128.1 (d), 127.2
(d), 126.6 (d), 72.3 (d), 49.6 (t); MS (EI+) m/z = 184 (M*), 182
(M"), 133, 115, 105; HRMS (EI+) calculated: 182.0498, measured:
182.0507; chiral HPLC: Chiralcel OD, 40 °C, heptane-1PA 92 : 8,
1.0mL min™', 7, = 11.5 min (S), T, = 16.0 min (R).

2-Chloro-1-fur-2-yl-ethanol (6)®*. Obtained as a light yellow
0il (1.87 g; 12.7 mmol; 64%) after flash chromatography (pentane—
Et,04:1, gradientto3:1, R;;., = 0.40); for the resolutionon 2.3 g
scale, different preparations were combined; 'H NMR (CDCl,) 0
7.39 (s, 1H), 6.36 (s, 2H), 4.93 (m, 1H), 3.83 (m, 2H), 2.53 (d, J =
5.5 Hz, 1H); "C NMR (CDCl;) J 152.6 (s), 142.6 (d), 110.4 (d),
107.6 (d), 68.0 (d), 47.7 (t); MS (EI+) m/z = 148 (M*), 146 (M"),
97; chiral GC: Chiraldex G-TA, 30 m x 0.25 mm x 0.25 um, He-
flow: 0.5 mL min~!, 120 °C isothermic, T, = 5.1 min (R), T, =
5.4 min (S).

2-Chloro-1-thiophen-2-yl-ethanol (7)**. Obtained as a color-
less oil (2.86 g; 17.6 mmol; 88%) after flash chromatography
(pentane-Et,0 4 : 1, R; = 0.33); for the 20 g scale resolution, this
compound was prepared analogously (64%); '"H NMR (CDCl;) 6
7.29(dd,J =5.1, 1.1 Hz, 1H), 7.03 (ddd, J = 3.7, 1.1, 0.7 Hz, 1H),
6.99 (dd, J =5.1,3.7Hz, 1H), 5.15(ddd, J = 8.1, 4.0, 0.7 Hz, 1H),
3.80 (ddapx,J =11.4,4.0Hz, Av,s =27.4 Hz, 1H), 3.72 (ddagx, J =
11.4,8.1, Avy,g = 27.4 Hz, 1H), 2.81 (br, IH); *C NMR (CDCl;) 0
143.2(s), 126.9 (d), 125.4 (d), 124.7 (d), 70.2 (d), 50.4 (t); MS (EI+)
m/z = 164 (M), 162 (M*), 113; HRMS (EI+, for C¢H;*’CIOS)
calculated: 163.9877, measured: 163.9881; chiral GC: Chiraldex B-
PM, 30 m x 0.25 mm x 0.25 um, He-flow: 1.1 mL min~', 135 °C
isothermic, 7, = 14.2 min (S), 7, = 14.8 min (R).

Production and purification of the enzyme

Halohydrin dehalogenase was expressed in E. coli MC1061. The
hheC gene was amplified by PCR from pGEFHheC and cloned
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into pBAD/Myc-HisA between Ncol and Pstl sites. Plasmid DNA
was transformed by electroporation to E. coli cells, which were
then plated out on LB plates containing ampicillin and incubated
overnight at 30 °C. A preculture was started by inoculating 100 mL
of TB containing 50 pg mL~" ampicillin with the transformants
from a plate to a starting OD600 of 0.1. After overnight incubation
at 30 °C, the preculture was diluted in 1 L of TB, containing
50 pg mL™' ampicillin, 2.5 mM betaine, 0.5 M sorbitol and
0.02% arabinose, and the culture was incubated for two days
at 37 °C. The cells were centrifuged, washed, and resuspended
in 50 mL of TEMG buffer (10 mM Tris-SO,, 1 mM EDTA,
1 mM B-mercaptoethanol, and 10% glycerol, pH 7.5) containing a
protease inhibitor cocktail (Complete Protease Inhibitor Cocktail
Tablets, Roche). Cells were broken by sonication and the extract
was centrifuged (50 000 rpm, 45 min, 4 °C). The supernatant was
applied on a 50 mL Q-Sepharose anion exchange column and
elution was carried out with a gradient of 0 to 0.45 M ammonium
sulfate in TEMG. The collected fractions that displayed enzymatic
activity were pooled and concentrated. The enzyme was stored at
4°Cor—20°C.

General procedure for enzymatic kinetic resolution on
analytical scale

To 20 mL of Tris-SO, buffer (100 mM, pH 8.1) at room
temperature, 200 pL of a 1 M stock solution of substrate in DMF
were added. Then, 20 uL of a solution of HheC in TEMG?* were
added.” Periodically, 1.0 mL aliquots were taken from the reaction
mixture, which were extracted with 1.0 mL of toluene containing
5.0 mM of dodecane as an internal standard. The resulting organic
solutions were then analyzed by chiral GC.

In the case of substrate 5, another internal standard was used
(cinnamyl alcohol, present in the reaction mixture instead of the
extraction solvent) as well as another extraction solvent, heptane.
Reactions with this substrate were analyzed by chiral HPLC.

General procedure for enzymatic kinetic resolution on
preparative scale

Typically, reactions were performed analogous to the procedure
described for the kinetic resolutions on analytical scale, but on a
scale of 1.0-2.0 mmol. This general procedure is for a reaction
on 2.0 mmol scale. To 200 mL of Tris-sulfate buffer (100 mM,
pH 8.1) at room temperature, 2.0 mL of a 1 M stock solution
of substrate in DMF were added. Then, 50 uL of a solution of
HheC in TEMG were added.” When the reaction had finished, the
mixture was extracted with diethyl ether (or ethyl acetate if the aim
was to isolate the formed diol as well), the combined organic layers
dried on Na,SO,, filtered, and the solvents evaporated. The crude

product(s) obtained were purified by column chromatography,
using the conditions described for the racemic substrates.

Isolated yields and ee’s

Specific conditions for the resolutions of substrates 1 and 3-5
are outlined in Table 3. Substrates 6 and 7 were resolved on a
larger scale, in a two-phase system consisting of toluene in addition
to Tris-sulfate buffer. Although some enzyme deactivation was
observed under these conditions, it remained possible to perform
these transformations using very low catalyst loadings: 1.5-10~*
mol% and 3.0-10~* mol% for 6 and 7, respectively.

Resolution of substrate 6. To a mixture of 50 mL Tris-sulfate
(2M, pH 8.1) and 50 mL toluene was added a 1 : 1 w/w solution
of racemic 6 (2.32 g, 16.1 mmol) in DMF. Then, 225 pg HheC
were added. Since after 8 h the conversion turned out to proceed
slower than expected, another 255 ug HheC were added, followed
by another 176 ug after 32 h (total amount of enzyme: 656
ng). The reaction was stopped after 48 h. Flash chromatography
(Si0,, eluent pentane—Et,O 4 : 1, Rycoroay = 0.33) yielded 989 mg
(6.75 mmol, 42%) of (S)-5 with an ee of 98.5%.

Resolution of substrate 7. A 1 : 1 v/v solution of racemic 7
(20.9 g; 129 mmol) in DMF was added to a mixture of 1 L
Tris-sulfate (1M, pH 8.1) and 100 mL toluene. Subsequently, a
solution containing 2.68 mg of active HheC was added, followed
by another 1.99 mg after 7 h, 0.88 mg after 24.5 h, 1.395 mg after
33.5 h, 1.395 mg after 54 h, 1.53 mg after 76 h, and 0.396 mg
after 79.5 h (total amount of enzyme: 10.266 mg). The reaction
was worked up after 4 d by extraction with toluene, yielding 9.8 g
(60.3 mmol, 47%) of crude (S)-7 with an ee of >99%. To extract
the formed diol from the reaction mixture, the residual aqueous
layer was evaporated, and the resulting salt slurry extracted with
dimethoxypropane and ethyl acetate, yielding 9.1 g (63.1 mmol,
49%) of almost racemic 1-thiophen-2-yl-ethane-1,2-diol.

1-Thiophen-2-yl-ethane-1,2-diol. 2 '"H NMR (CDCL,) 6 7.26—
7.24 (m, 1H), 7.00-6.96 (m, 2H), 5.03 (dd, J = 7.3, 3.7 Hz, 1H),
3.83-3.72 (m, 2H), 3.05 (br, 1H), 2.50 (b, 1H).

Determination of absolute configuration

The absolute configurations of the remaining enantiomers of the
chloroalcohols were determined using several methods.

For (S)-(E)-1-chloro-4-phenyl-but-3-en-2-ol (5), a crystal struc-
ture (Cl used as heavy atom) could be obtained"” (CCDC 605888,
CIF available as supplementary information).

Suitable crystals were obtained by slow diffusion of pentane
into a concentrated solution of (S)-5 in diethyl ether.

(5)-6 and (.5)-7 could be correlated to known compounds by the
sign of their optical rotation.”®

Table 3
Substrate Scale/mmol Enzyme/pg Reaction time/h Isolated yield* (mg, mmol, %)
(S)-1 1.0 200 5 47, 0.40, 40
(5)-3 2.0 250 16 100, 0.62, 31
(S)-4 1.5 300 66 70, 0.44, 29
(S)-5 2.0 740" 3 173, 0.95, 47

“Ee’s were >99% in each case. * A large amount of enzyme was used to shorten the reaction time.
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6: [a]¥ = +29.2 (¢ 0.452, CHCl;) — S (lit. (S)-6 [a]) = +23.0 (c
0.52, CHCL)).”

7: Identified as S-7 using the sign of rotation (+). (Lit. (S)-7
[aly = +28.5 (¢ 0.53, CHCL,)).”

Compounds 1, 3, or 4 had not been described before in their
enantiomerically pure form. Therefore, they were converted by
hydrogenation to their saturated analogues, for which optical
rotations are known.”® Hydrogenation using Pd/C as a catalyst
proved unsatisfactory, therefore Wilkinson’s catalyst was em-
ployed (Reaction 1).

OH
/1\/.\/CI OH
or OH H, 25 bar N\/CI
H Rh(PPh3)5Cl (5 mol%) 8
Ccl —————— >

TN MeOH, RT o OH

or  OH \/\/\/\/CI
NG G 9

4

(M

The unsaturated chloroalcohol (I mmol) was dissolved in
4 mL methanol together with 5 mol% Wilkinson’s catalyst, and
this mixture was stirred until the catalyst had dissolved. After
various vacuum-N, cycles, the reaction mixture was put under
an atmosphere of H, (25 bar) and was allowed to react overnight.
Then it was filtered over a plug of silica, the solvent evaporated and
the residue analyzed. When the product was positively identified
as the saturated chloroalcohol, the crude material was purified by
flash chromatography, and the optical rotation measured.

8 (from 1): [a]? = +1.3 (¢ 4.6, CHCL;) — S (lit. (S)-8 [a]Y
+1.1 (¢ 2.9, CHCL))."®

9 (from 3): [a]¥ = +1.1 (¢ 6.5, CHCLy) — S (lit. (S)-9 [a]¥
+1.4 (¢ 3.1, CHCL,))."®

9 (from 4): Identified as (S)-9 using the sign of rotation (+)."
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The 2-(4-tolylsulfonyl)ethoxymethyl (TEM) as a new 2'-OH protecting group is reported for
solid-supported RNA synthesis using phosphoramidite chemistry. The usefulness of the 2'-O-TEM
group is exemplified by the synthesis of 12 different oligo-RNAs of various sizes (14-38 nucleotides
long). The stepwise coupling yield varied from 97-99% with an optimized coupling time of 120 s. The
synthesis of all four pure phosphoramidite building blocks is also described. Two new reliable
parameters, 0y — dcy and dyy — Jdyy, have been suggested for the characterization of isomeric
2'-O-TEM and 3'-O-TEM as well as other isomeric mono 2'/3'-protected ribonucleoside derivatives.
The most striking feature of this strategy is that the crude RNA prepared using our 2'-O-TEM strategy
is sufficiently pure (>90%) for molecular biology research without any additional purification step,
thereby making oligo-RNAs easily available at a relatively low cost, saving both time and lab resources.

Introduction

Recent development of RNA interference (RNAI),' and evidence
that short interfering RNA (siRNA)? can effectively silence gene
expression, have highlighted the need for dependable methodolo-
gies for the chemical synthesis of oligo-RNA sequences 20-25-
nucleotides long. The most convenient way to obtain oligo-RNA
is solid-supported synthesis using phorsphoramidite building
blocks.? For this, the correct choice of a 2'-OH protecting group is
necessary for the assembly of the desired RNA sequence, because
the nature of this protecting group can influence considerably
the coupling reaction time* and the coupling yield between the
3'-O-phosphoramidite monomer block and the 5-OH terminal
of the ribonucleotide chain on the solid support, as well as the
purity of the final product. With the aim of circumventing this,
the sterically less hindered and more reactive 3'-(2-cyanoethyl-
N-ethyl-N-methylamino phosphoramidite), in conjunction with a
2'-0-tBDMS group, has been tried, but without favorable results.*
Therefore, the design of an ideal 2’-OH protecting group for
improving RNA synthesis has been a key issue during past 30 years
or so.* The currently available 2'-OH protecting groups can be
classified into the following types, depending upon the unblocking
conditions (as shown in Scheme 1): (1) photosensitive groups such
as Nbn® and Nbom,” (2) acid-labile acetal derivatives such as
Mthp,! MDMP,*" Ctmp and Fpmp," (3) base-labile groups such
as Npes,'”? Fnebe and Nebe,'* (4) the reductively removable DTM
group with a labile S-S bond,* (5) fluoride-labile groups such as
tBDMS,">'7 SEM,'® or CEE," which have been found to be useful
in the solid-phase oligo-RNA synthesis.

An ideal 2-OH protecting group should be:* (1) easy to
introduce, (2) achiral, (3) unable to migrate to vicinal 3'-OH, (4)
completely stable under the conditions required for the assembly
of the fully desired RNA sequence (as well as for its subsequent
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Scheme 1 The 2'-OH protecting groups used in oligo-RNA synthesis.

unblocking and release from the solid support), (5) removable
under conditions under which RNA is completely stable (the 3’ — 5
phosphodiester should also not isomerize to a 2’—5 linkage).
Though the 2-OH protecting groups shown in Scheme 1 are
widely used, none of them completely fulfils the above criteria. For
example, tBDMS, the most widely used 2'-OH protecting group,
is unstable* in ammonia solution, giving chain cleavage* and the
product of migration to 3'-OH,? as well as giving a relatively poor
coupling yield after the required coupling time of ca. 10 min.* The
recent appearance of 2'-O-ACE* (Scheme 1) gives considerable
improvements in the synthesis of oligo-RNA compared to the
2'-O-tBDMS group, but this strategy is not compatible with a
conventional automated synthesizer, and also makes it impossible
to monitor the coupling reactions in a standard solid-phase
synthesizer with a UV detector.”

Recently, some new 2'-OH protecting groups with a formalde-
hyde acetal linker such as (triisopropylsilyloxy)methyl (TOM)*
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and 2-cyanoethoxymethyl (CEM)* have been developed for solid-
phase RNA synthesis. Using the 2'-O-TOM or 2'-O-CEM groups,
an average coupling yield of 99% can be obtained after a
coupling time of 60-150 s. Presumably, the formaldehyde acetal
linker has relatively less steric hindrance toward the vicinal 3'-
phosphoramidite, thereby giving a much higher coupling yield in
a relatively short coupling time. As for the 2’-O-CEM, it can be
unblocked through a B-elimination process with fluoride ion as
the base. As expected, it is also cleaved to some extent during
the ammonia treatment, which increases the possibility of chain
cleavage, and may limit its further use for synthesis of larger oligo-
RNAs. Clearly, reducing the acidity of the proton a to the -CN
group in 2'-0-CEM (2'-O-CH,OCH,CH,CN)* will increase its
stability in the ammonia deprotection step.

We report here our efforts to modulate the base-lability of the
a-proton by employing an appropriate substituent (X) in the aro-
matic moiety of 2-arylsulfonylethoxymethyl group as a potential
2'-OH protecting group (Scheme 2). Given the fact that the pK, of
the RCH,SO,Ph proton (pK, = 27.9 in DMSO, R = PhO) is very
similar to that of RCH,CN (pK, = 28.1 in DMSO, R = PhO),*®
introducing a para-methyl substituent (X = p-Me in Scheme 2)
to the phenyl, as in para-tolylsulfonylethoxymethyl (TEM), is
expected to reduce the acidity of the a-proton.?” This electronic
tuning may make TEM a more stable 2-OH protecting group
than CEM. This paper demonstrates the solid-supported chemical
synthesis of RNA using TEM as a new 2'-OH protecting group.
We also report the synthesis of all four native phosphoramidite
building blocks, and their use in automated RNA synthesis, as
well as the deblocking conditions to prepare pure oligo-RNA.

§
lo} Base
o (
H

10 /=
0 +o\/fo\—Hzc—CcH—ﬁ =
§HL) o X

Scheme2 The electronic nature of X dictates the fragmentation reactivity.

Results and discussion
(A) Spynthesis of the phosphoramidite building blocks

The reagent, TEM-CI (5), was synthesized using the strategy
shown in Scheme 3: 2-(4-tolylthio)ethanol (2) was synthesized
from 4-methylbenzenethiol (1).** The thioether 2 was first oxidized
to sulfone 3 in 96% yield by 35% hydrogen peroxide in aqueous
acetic acid (H,O-AcOH, 1 : 1, reflux, 20 min). Then sulfone 3 was
treated with a mixture of DMSO, acetic acid and acetic anhydride
at room temperature for two days, followed by purification by
silica gel column chromatography to give O,S-acetal 4 (74%).
Finally, the reagent 5 was generated immediately before use by
treatment of 4 with SO,Cl, (1 equiv.) in CH,Cl,. This conversion
of 4 — 5 was a quantitative reaction, and no further purification
step was necessary.

Acetyl (Ac), dimethylaminomethylene (Dmf) and phenoxy-
acetyl (Pac) were used to protect N* of cytosine, N* of guanosine
and N° of adenosine, respectively. These exocyclic amino-protected
building blocks and uridine were converted to their respective 5'-
O-DMTr derivatives according to the published procedures.®*
The appropriately protected ribonucleoside was protected at 2'-

0) @SNOH (ii)

2 (97%)

O
1

O = O
1 Il
@) o

3 (96%) 4. (74%)

o
(iv) < > I._o_c

Il

0

5 (100%)

Scheme 3 Reagents and conditions: (i) 2-chloroethanol, 10 M aq. NaOH,
ethanol, reflux, 2 h; (ii) 35% hydrogen peroxide, HOAc, H,O, reflux, 20 min;
(iii) DMSO, HOAc, Ac,0, r.t., 48 h; (iv) SO,Cl,, CH,Cl,, r.t., 1 h.

OH by the TEM group by the procedure optimized by Pitsch
and co-workers®* to give a mixture of two 2'- and 3'-isomeric
ribonucleosides 7 and 8 (Scheme 4) by reacting 6a/b/c¢/d with
Bu,SnCl,/'Pr,NEt in 1,2-dichloroethane at room temperature to
form activated cyclic 2'-0,3-O-dibutylstannylidene intermediate,
followed by treatment with 1.3 equivalents of TEM-CI (5) at
80 °C for 1 h. The two isomeric 2'-O- and 3-O-TEM derivatives
can be isolated by silica gel column chromatography. The first
isomer eluting from the column was the predominant product, 2'-
O-TEM ribonucleoside 7a/b/c/d in 26-38% yield. The second-
eluting isomer, 8a/b/c/d, was isolated in 20-27% yield. These
two isomers have been identified by NMR (see Section B).
Compound 7a/b/c/d was further converted to the correspond-
ing 5-0-DMTr-2'-O-TEM-ribonucleoside 3'-(2-cyanoethyl N,N-
diisopropylphosphoramidite) 9a/b/c/d (in 79/68/60/54% yield
respectively) by using a literature procedure® (see the Experimen-
tal section).

(B) Identification of isomeric 2’-O-TEM and 3'-O-TEM
ribonucleosides by NMR

When ribonucleoside 6a/b/c/d was alkylated with TEM-CI 5,
two monoalkylated 2'/3'-O-TEM isomers were obtained. The
isomer with lower R; was converted to corresponding pimelate
10a/b/c/d, which showed a downfield shift of H-2" in the 'H
NMR spectrum (data listed in Table 1), thereby showing that the
compound with lower R; is the 3'-O-TEM derivative.

The 'H and "C NMR data of isomerically pure 2’- and 3'-O-
TEM derivatives 7a—d and 8a—d, the 2'- and 3'-O-CEM derivatives
11a—c and 12a—c, as well as the 2'- and 3’-O-tBDMS ribonucleoside
derivatives 13a—14c, are listed in Table 1. It can be seen from
Table 1, regardless of alkylation or silylation at the 2-OH or
3'-OH, the Jy;y values do not follow any systematic upfield or
downfield shift, and in fact the difference between the o, values
of the two isomers is negligible. On the other hand, the *J,
values of all alkylated compounds 7a—12¢ follow Reese’s rule,*
in that the J » values of the 2'-isomers are smaller than those
of the 3’-isomers, while this is not the case for the 2',3'-isomeric
silylated compounds 13a-14c. A comparison of dyy and Jduy
showed that for all the mono-2'/3'-0O-alkylated compounds 7a—
12c¢, alkylation causes an upfield shift of the proton attached to
the site of 2'- or 3’-O-alkylation. The value of 0y — dyy for the

334 | Org. Biomol. Chem., 2007, 5, 333-343

This journal is © The Royal Society of Chemistry 2007





DMTrO B DMTrO B
(0] . (e}
0)
OH OH
6a:B=U 7a:B=U (34%)
6b: B = CA° 7b: B = CA® (38%)
6c: B = AP 7¢: B = AP2C (26%)
6d: B = GPmf 7d: B = GP™ (31%)

J (i)

DMTrO B
0}

NC\/\O—P\
NiPr,

9a:B=U (79%)
9b: B = CA° (68%)
9c: B = AP2¢ (50%)
9d: B = GP™f (54%)

Scheme 4 Reagents and conditions: (i) (a) Bu,SnCl,, 'Pr,NEt,

noethyl-N,N-diisopropylchlorophosphoramidite, ‘Pr,NEt, CH,Cl,, r.t., 2 h,

2'-isomer is always smaller than that of the 3'-isomer. In contrast,
a completely opposite rule can be drawn for the isomeric 2'/3'-O-
silylated compounds 13a—14c.

BC NMR signals were also used by Ogilvie er al. to identify
2'-0- and 3'-O-silylated isomers.* They found that silylation at a
sugar hydroxyl leads to a downfield shift of the sugar carbon to
which it is attached. As shown in Table 1, we find that this rule
also applies to all the isomeric 2'/3'-0O-alkylated compounds 7a—
12¢. Alternatively, the value of 6y — dcy can be used as a more
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rt, 1 h, (b) compound 5, 80 °C,
(iii) pimelic acid, EDAC, DMAP, pyridine, r.t., 4 h.

1 h, (i) 2-cya-

convenient identification parameter. The value of d¢y — ¢y for the
2'-isomer is always larger than that of the corresponding 3'-isomer.

(C) Preparation of the solid support

Initially, we anchored the ribonucleoside to LCAA-CPG support
through the succinate linker. Just as described by Pitsch,?® the
coupling yields for the first seven coupling steps were unsatis-
factory. Pitsch and his co-workers have overcome this problem

Table 1 'H and “C NMR chemical shifts of isomeric 2'/3'-protected ribonucleoside derivatives
(;Hl' (SJHI'.HZ') 6H2' 6H3' 6HZ - 5H3' 6C2’ 5(}3' 5(‘2’ - 6C3’

7a 5.90 (1.84) 4.21 4.48 —0.27 80.18 68.72 11.46
8a 5.90 (3.70) 4.34 4.27 0.07 74.53 75.90 —1.37
7b 5.88° 4.18 4.44 —0.26 80.11 67.81 12.3
8b 5.93(2.10) 433 4.18 0.15 75.37 75.61 —0.24
Te 6.21 (3.18) 4.86 4.56 0.30 80.46 70.32 10.14
8c 6.04 (5.52) 4.91 4.44 0.47 74.35 77.25 -2.90
7d 6.05 (4.81) 4.66 4.47 0.19 80.03 70.41 9.62
8d 5.91(5.33) 4.80 4.36 0.44 74.04 76.81 =2.77
11a* 5.98 (2.15) 4.29 4.50 —0.21 79.99 68.87 11.12
12a° 6.03 (3.52) 4.47 4.38 0.09 74.18 75.07 —0.89
11b* 5.95% 4.30 4.47 —0.17 79.73 67.93 11.8
12b* 5.93(2.34) 4.39 4.28 0.11 75.16 75.10 0.06
11c° 6.25(3.90) 4.92 4.58 0.34 80.14 70.38 9.76
12¢° 6.06 (5.71) 4.93 4.50 0.43 74.36 76.90 —2.54
13a° 5.95(2.65) 4.34 4.33 0.01 76.32 74.46 1.86
14a“ 5.96 (4.17) 4.16 4.39 -0.23 71.30 75.29 -3.99
13b* 6.11(5.34) 5.03 437 0.66 75.91 71.76 4.15
14b° 6.07 (4.93) 4.48 4.60 0.28 74.79 72.32 2.47
13¢* 5.74 (7.42) 5.26 4.34 0.92 74.32 71.32 3.00
14¢” 5.71 (5.97) 4.85 4.46 0.39 73.60 71.65 1.95
10a — 5.37 4.43 — 73.97 73.54 —
10b — 5.39 4.40 — 74.31 72.42 —
10¢ — 5.83 4.71 — 74.37 73.96 —
10d — 5.92 4.51 — 74.13 73.51 —

« Compounds 11a-14¢ were synthesized according to the literature procedure;*¥ their structures are shown in Scheme 5. * Broad singlet.
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Scheme 5 Structures of isomeric mono-2'/3'-protected ribonucleosides.

by employing a longer linker. We also adopted this strategy,
but a more convenient synthetic route was developed: pimelic
acid was reacted directly with the protected ribonucleosides 8a—d
in the presence of 2 equivalents of N-(3-dimethylaminopropyl)-
N’-ethylcarbodiimide hydrochloride (EDAC) and DMAP in dry
pyridine. This quick and clean reaction, completed in 4 h, was
worked-up and purified by silica gel column chromatography to
give the corresponding pimelates 10a—d in 65-75% yield. The
pimelates were subsequently immobilized to the LCAA-CPG sup-
port by a modification of the general procedure of Pon and Yu,*
which involved shaking the mixture of pimelates, LCAA-CPG,
benzotriazol-1-yloxy-tris(dimethylamino)phosphonium hexfluo-
rophosphate (BOP), N-hydroxybenzotriazole (HOBt) and diiso-
propylethylamine (DIPEA) in acetonitrile for 2 h to give good
loadings (20-25 pmol g"). Prolonging the reaction time overnight
gave improved loadings (35 umol g™').

(D) Automated RNA synthesis

We first synthesized U, under different conditions to optimize
the synthesis cycle. This oligonucleotide was synthesized on an
Applied Biosystems 392 DNA/RNA synthesizer with common
DNA synthesis reagents. 2'-O-Succinate-8a CPG was used as
the solid support and a 1.0 umol RNA synthesis cycle was
applied but with a modified coupling time. The average stepwise
yield (ASWY), obtained by a detritylation assay, was used to
evaluate the synthesis efficiency. We first tried synthesis with 4,5-
dicarbonitrile-1 H-imidazole (DCI) (pK, = 5.2),* 5-(ethylthio)-
1 H-tetrazole (ETT) (pK, = 4.28) and 5-(benzylthio)-1H-tetrazole

(BTT) (pK., = 4.08)* as the activator with coupling time of 120 s;
ETT gave the best result. Since an activator acts as an acid to
protonate, and thereby activate, the phosphoramidites, the more
acidic the activator is, the faster the coupling reaction should
be.* On the other hand, as the activator becomes increasingly
acidic, it can also lead to some concomitant loss of the 5-O-
DMTr protecting group during coupling, which explains why
ETT, despite being less acidic than BTT, gives a better coupling
yield in the RNA synthesis. Next, with ETT as the activator,
we tried different coupling times (60, 90 and 120 s), and found
that the ASWY improved with longer coupling time. However, a
coupling time of 150 s or 200 s did not improve the yields. We
therefore settled for 120 s as the coupling time for the synthesis.
During the final optimization experiments, we found the first
7 couplings always gave a poor coupling yield, and after that
the ASWY increased steadily. A pimelated CPG (with a chain
three methylenes longer) instead of the conventional succinate
(Scheme 4) improved the coupling yield only slightly.

On the basis of the above experiments, 12 different oligo-RNAs
(sequences shown in Table 2) were synthesized to test the efficacy
of TEM as a 2-OH protecting group. The poly-U synthesis
always gave a perfect coupling yield, whereas the synthesis of
mixed RNA sequences (ON3-12), particularly the one involving
G-phosphoramidite, generally gave poorer yields. The average
stepwise yield for each synthesis is also listed in Table 2.

(E) Post-synthesis deprotection treatment

Prior to deprotection of the oligo-RNAs, we tested the stability
of 2-O-TEM in ammonia. Compound 7a was treated with 3%
Cl,CHCOOH in CH,Cl, to give compound 15 (Scheme 6).
Compound 15 was first treated with 33% MeNH, in EtOH at
room temperature for 24 h. The reaction was monitored by
TLC, and it was found about 10% loss of 2’-O-TEM has taken
place (the TLC is shown in the Supporting information). This
suggests that TEM is not stable under highly alkaline conditions
involving MeNH,/EtOH. Anhydrous methanolic ammonia (25%
NH;/MeOH)* was then tried. The reaction mixture was kept at
55 °C for 21 h, and very small amount of TEM cleavage was
observed. If the reaction was allowed to proceed at room temper-
ature, the amount of 2’-O-TEM cleavage was very low. Therefore
NH,/MeOH was chosen for exocyclic amino deprotection. In view
of the fact that about 5% cleavage of 2'-O-CEM is found to take
place under the same conditions, it is concluded that 2’-O-TEM is
more stable in ammonia solution, just as we expected at the outset.

In order to find an optimal condition to remove 2'-O-TEM,
compound 15 was treated separately with neat Et;N-3HF and
1 M TBAF/THEF. It was found that only 1 M TBAF/THF is an

(MeO _ 2-0-TEM s stable
DMTIO U HO U W
o 2% DCA/DCM T:O:T
75,
ZIS
OH O OH O %
o o Thip
HO u
\ L \ P o

Scheme 6 Stability of 2'-O-TEM upon ammonia and fluoride treatment.
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Table 2 Average stepwise and overall yields and mass of synthesized RNAs using the 2'-O-TEM protecting group

Oligo-RNAs RNA sequence [MH]* (calcd) [MH]* (found) Yield (%)* Crude product® (Overall yield (%))

ONI1° 5'-HO-Uy -3'-OH 6062.42 6064.33 99.1 102 OD (53%)

ON2¢ 5-HO-Usg -3'-OH 11683.37 [M + 5Na]* 11682.17 [M + 5Na]* 98.4 144 OD (40%)

ON3¢ 5-(GACGUAAACGG 6719.16 6720.07 97.8 112 OD (54%)

CCACAAGUUC)
ON4¢ 5-f(ACUUGUGGCCG 6643.00 6643.92 98.0 124 OD (64%)
UUUACGUCGC)

ON5¢ yUG 5779.53 5777.13 97.5 21 OD (65%)
5-CGCGC C
3-GCGCG G

UG A
d 0

ON6 s.caeae Yu 4453.74 4451.56 97.0 17 OD (69%)
3'-GCGCGG C

ON74 s.cgegeS A 4523.84 4521.69 97.0 20 OD (78%)
3-GCGCG AA

ONg“ AG UC 5786.57 5784.14 97.6 18 OD (53%)
5'-CGCGC A
3-GCGCG p UG

ONY? AGU 5481.39 5479.18 97.2 21 OD (64%)
5.CGCGC A
3-GCGCG p .. G

U

ON10* 5152.18 5150.11 97.4 19 OD (63%
s.coege AS U (63%)
3-GCGCG ;G

ONI114 s.caeaeSu 4493.76 4491.68 97.3 17 OD(68%)
3-GCGCG UG

ONI12¢ 5-t((GAAGAAAAAA 4918.14 4915.51 97.0 24 OD(68%)

UGAAG)

“ Average stepwise coupling yield. * Overall crude product yields were measured at 260 nm UV absorption. ¢ Oligonucleotides were synthesized on a 1

umol scale. 4 Oligonucleotides were synthesized on a 0.2 pmol scale.

efficient reagent for the deprotection of the 2’-O-TEM group, in
that the deprotection was found to be complete in 5 min at room
temperature.

Therefore, the oligonucleotide-anchored solid supports were
first treated with 25% NH;/MeOH at room temperature for 20 h,
and then at 40 °C for 4 h to ensure the complete removal of the ex-
ocyclic amino protecting groups. After solvent removal and drying
by co-evaporation with dry THF, the samples were treated with
1 M TBAF/THEF for 20 h at room temperature to make sure that
all the 2’-O-TEM groups were removed. After desalting through
a NAP-10 column and Sep-Pak column, the crude products were
subjected to PAGE or HPLC analysis. The PAGE diagrams (see
Fig. 1) together with HPLC profiles (see Fig. S1.2t) show that the
crude products of U,, and Uy are more than 80% pure.

However, just as in the CEM strategy, deprotection of the mixed
oligo-RNA sequence using the same deprotection procedure did
not produce satisfactory results. This was because of the formation
of the adducts owing to the side-reaction of the purine bases as
nucleophiles (at N7, N3, and N1) with the a,f-unsaturated sulfone
16, generated by fluoride ion treatment (Scheme 7). The formation
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Scheme 7 The mechanism of adduct formation.

of these adducts has been evidenced by denatured PAGE as well
as by MALDI-TOF MS analysis.

In the CEM strategy,” 10% n-propylamine and 1% bis(2-
mercaptoethyl) ether was used as scavenger for the active o[-
unsaturated compound (acrylonitrile), and thereby adduct for-
mation was suppressed efficiently. However, it should be kept in
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Table 3 Conditions used for deblocking ON3 and ON4“treatment

Entry Oligonucleotide Step I: NH; Step II: 2’-Deprotection Isolated yield (%) HPLC profile’
1 ON4 Condition 1 Condition 4 53.7 Fig. S3.1
2 ON4 Condition 1 Condition 5 48.6 Fig. S3.2
3 ON3 Condition 1 Condition 5 57.4 Fig. S3.11
4 ON4 Condition 1 Condition 6 50.4 Fig. S3.3
5 ON3 Condition 1 Condition 7 43.7 Fig. S3.4
6 ON4 Condition 1 Condition 8 27.9 Fig. S3.5
7 ON4 Condition 1 Condition 9 ¢ Fig. S3.6
8 ON4 Condition 1 Condition 10 ¢ Fig. S3.7
9 ON4 Condition 1 Condition 11 ¢ Fig. S3.8

10 ON3 Condition 1 Condition 12 49.1 Fig. S3.9

11 ON4 Condition 2 Condition 6 34.9 Fig. S3.10

12 ON3 Condition 3 Condition 6 52.1 Fig. S3.12

“Condition 1: 25% NH;/MeOH, r.t., 20 h, 40 °C, 4 h; Condition 2: 25% NH;/MeOH (with 1% CH;NO,), r.t., 20 h, 40 °C, 4 h; Condition 3:
25% NH;/MeOH, 55 °C, 3 h; Condition 4: 1 M TBAF/THF (with 10% n-propylamine and 1% bis(2-mecaptoethyl) ether), 24 h; Condition 5: 1 M
TBAF/THF (with 10% n-propylamine and 1% bis(2-mecaptoethyl) ether), 4 h; Condition 6: 1 M TBAF/THF (with 10% n-propylamine and 1%
CH;NO,), 4 h; Condition 7: 1 M TBAF/THF (with 10% DBU and 1% CH;NO,), 4 h; Condition 8: 1 M TBAF/THF (with 10% piperidine and 1%
CH;NO,), 4 h; Condition 9: 1 M TBAF/THF (with 10% CH;NO,), 4 h; Condition 10: 1 M TBAF/THF (with 1% n-propylamine and 10% CH;NO,),
4 h; Condition 11: 1 M TBAF/THF (with 10% n-propylamine and 10% CH;NO,), 4 h; Condition 12: 1 M TBAF/THF (with 10% n-propylamine), 4 h.
® HPLC conditions: RP-column, 0-40 min, buffer C — C/D 8 : 2. All of the HPLC profiles can be found in Supporting information.T ¢ No pure product

obtained.
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Fig. 1 20%-Denatured PAGE diagrams of the crude products directly
after deprotection. a: Xylene cyanol blue. b: Bromophenol blue.

mind that n-propylamine also acts as a moderate base and can
promote chain cleavage. So, in the hope of developing an improved
scavenger, we tested several different deprotecting conditions for
2’-O-TEM with ON3 and ON4 as the substrates. The results are
listed in Table 3. Comparison of these data suggests the following:
(1) Deprotecting 2'-O-TEM with TBAF/THF is a fast process.
Reaction periods of 4 h and 24 h give nearly the same yields.

(2) Amine-promoted chain cleavage is significant. When more
basic amines such as DBU or piperidine were used, considerably
more cleavage was observed.

(3) n-Propylamine itself is an efficient scavenger. In the absence
of bis(2-mercaptoethyl)ether, the deprotecting reaction is cleaner.

(4) CH;NO, was reported as a scavenger for acrylonitrile in the
presence of amines such as NH;/MeCN, MeNH,/H,0-EtOH—-
MeCN,* but this is not the case in the presence of TBAF in
THE. On the contrary, when CH;NO, was used in conjunction
with n-propylamine, it can inhibit the activity of n-propylamine.

(5) The 2-O-TEM group is found to be stable in ammonia.
Treating the oligonucleotide with NH;/MeOH at room tempera-
ture for 20 h, then 40 °C for 4 h (or 55 °C for 3 h) gave similar
results, which again proves the enhanced stability of 2-O-TEM in
NH;/MeOH.

(6) Up until now, 1 M TBAF/THF with 10% n-propylamine
and 1% bis(2-mercaptoethyl) ether has remained the preferred
reagent for deprotecting the 2’-O-TEM group from oligo-RNAs.
However, recent unpublished data from this lab suggests that 1 M
TBAF/THF with 10% morpholine at room temperature seems to
be a better deprotection agent. This will be reported in due course.

We then deprotected all of our oligo-RNAs, ON3-12, in the
following manner: (i) treatment with methanolic ammonia (RT,
20 h followed by 40 °C for 4 h) as described above, and (ii)
treatment with 1 M TBAF/THF containing 10% n-propylamine
and 1% bis(2-mercaptoethyl) ether for 20 h at room temperature
to give full-length oligo-RNAs in good purity. The PAGE pictures
of the crude products (>90% pure, which are acceptable for
enzymological work, see below) are shown in Fig. 1. These oligo-
RNAs were subsequently examined by MALDI-TOF MS, which
confirmed the chemical integrity of all the synthesized RNAs (see
Table 2 and Fig. S1.3-137).

(F) Enzymatic digestion of the crude RNA directly after
deprotection without involving any purification step

RNA synthesis with the TEM strategy described above can indeed
give products with high purity. To see whether the crude product
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is pure enough for biological research, RNA 15 nucleotides long
(ON12 in Table 2) was synthesized and, after deprotecting and
desalting (see Fig. 1 for purity of the crude product), applied
directly in an RNase H digestion study (Fig. S41). It may be
noted that the synthesized crude RNA (compare its relative purity
(~90%) with that of the purified RNA in Fig. S51) has nearly the
same cleavage efficiency as the pure RNA (compare the RNase
H promoted relative degradation rates in Fig. 2). This suggests
that the crude RNA prepared by our TEM strategy is satisfactory
for most biological experiments. To our knowledge, it is the first
approach that can provide crude RNA for biological studies
directly without a laborious, time-consuming purification step.

60

50 4

o
o
'

Cleavage (%)
=S

20 1 /
e time vs cleavage % of pure RNA
191 ; 4  time vs cleavage % of crude RNA
0 [ : r .
0 20 40 60

Time (min)

Fig. 2 RNA cleavage efficiency of pure RNA (Fig. S51) and crude RNA
(ON12in Fig. 1) with RNase H (for the purity of pure RNA see the PAGE
picture in Fig. S5). Conditions of cleavage reactions: pure or crude RNA
(0.1 uM) and complementary DNA (1 uM) in buffer containing 20 mM
Tris-HCl (pH 8.0), 20 mM KCI, 10 mM MgCl, and 0.1 mM DTT at 21 °C;
0.06 U of RNase H in a total reaction volume of 30 pL.

The crude ON12 was also subjected to digestion by phosphodi-
esterase I (from Crotalus adamanteus venom) and shrimp alkaline
phosphatase. The products were analyzed by RP-HPLC, and the
profile is shown in Fig. 3. The crude products are completely
digested to give pure nucleosides, which strongly suggests that the
oligo-RNA is in a biologically active form and that no modified
base is present.

5.79

30 35
Time [min.]

Fig. 3 Reversed-phase HPLC profile of the products obtained by
digestion of crude ON12 (R, = 14.12 min) in Fig 1 with a mixture of
phosphodiesterase I and alkaline phosphatase. The peaks correspond to
uridine (3.83 min), guanosine (4.17 min) and adenosine (5.79 min). HPLC
conditions: C;g RP column, 100 x 4.6 mm, 1 ml min~!, r.t., 0-10 min,
buffer C - C/D9: 1, 10-35 min, buffer C/D9:1— C/D2:8.

Conclusions

The conclusions of our study are as follows:

(1) A new set of NMR trends, involving 0y — dyy and ey — dey,
was identified to characterize monomeric 2'-O- and 3'-O-alkylated
or silylated ribonucleosides. The proposed parameters are more
regular and reliable than earlier reported parameters such as dy,
Jur s Ocy and dcy.

(2) TEM has been developed as a new 2’-OH protecting group
for solid-supported oligo-RNA synthesis. With this methodology,
RNA synthesis can be carried out on a standard solid-support
synthesizer with high average coupling yield and a coupling time
of only 120 s.

(3) The advantages of our 2-O-TEM-based strategy for RNA
synthesis are the stability of the 2'-O-TEM group upon ammonia
treatment, the simpler post-synthesis deprotection procedure and
the higher purity of the crude product than that of RNA prepared
using the 2’-O-cyanoethoxymethyl (2'-O-CEM) group.

(4) Furthermore, the crude RNA obtained by our 2'-O-TEM-
based strategy is of high purity, which, after desalting, can be
directly used in biological research without further purification,
which is an important advantage over other strategies based on
either 2'-O-tBDMS,*7 2/-0-TOM,* 2'-O-CEM,* 2'-O-ACE,* or
2'-0-Fpmp.®®

Experimental

Chromatographic separations were performed on Merck G60
silica gel. Thin layer chromatography (TLC) was performed on
Merck pre-coated silica gel 60 F,s, glass-backed plates. 'H NMR
spectra were recorded at 270.1 MHz and 500 MHz respectively,
using TMS (0.0 ppm) as internal standards. *C NMR spectra were
recorded at 67.9 MHz, 125.7 MHz and 150.9 MHz respectively,
using the central peak of CDCI; (76.9 ppm) as an internal
standard. 3'P NMR spectra were recorded at 109.4 MHz using
85% phosphoric acid as an external standard. Chemical shifts
are reported in ppm (6 scale). MALDI-TOF mass spectra were
recorded in the positive ion mode for oligonucleotides and
for other compounds as indicated. The mass spectrometer was
externally calibrated with a peptide mixture using a-cyano-4-
hydroxycinnamic acid as matrix. Anion exchange (AE) HPLC:
Luna 5 p, NH,, 100 A, 150 x 4.6 mm. Flow 1 ml min~' at room
temperature, UV detector with detecting wavelength of 260 nm.
Buffer A: 20 mM LiClO,, 20 mM NaOAc in H,O-CH;CN (9: 1),
pH 6.5 with AcOH. Buffer B: 600 mM LiCIO,, 20 mM NaOAc
in H,O-CH;CN (9 : 1), pH 6.5 with AcOH. Reversed-phase (RP)
HPLC: Kromasil 100, C18, 5 u, 100 x 4.6 mm. Flow 1 ml min™'
at room temperature, UV detector with detecting wavelength of
260 nm. Buffer C: 0.1 M TEAA in H,O-CH;CN (95 : 5). Buffer
D: 0.1 M TEAA in H,O-CH;CN (50 : 50). Polyacrylamide gel
electrophoresis (PAGE): 20% acrylamide (acrylamide/bis-
acrylamide 29 : 1), 7 M urea, TBE buffer.

2-(4-Tolylthio)ethanol (2)

To a solution of 4-methylbenzenethiol (1, 50 g, 0.394 mol) and
2-chloroethanol (47.6 ml, 0.71 mol) in ethanol (400 ml) was added
dropwise aqueous 10 M NaOH (39.4 ml, 0.394 mol) over 1 h. The
reaction mixture was refluxed for 2 h, cooled and concentrated
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in vacuo. The residue was diluted with AcOEt, washed with H,O
and dried over MgSO,. After filtration, the filtrate was evaporated
in vacuo to give 76.6 g (97%) of 2 as a colorless oil. '"H NMR
(270 MHz, CDCl,): 6 2.32 (s, 3H), 3.06 (t, / = 5.9 Hz, 2H), 3.70 (t,
J=59Hz,2H),7.11(d,J=9.1 Hz,2H), 7.30 (d, J = 8.1 Hz, 2H).

2-(4-Tolylsulfonyl)ethanol (3)

To a solution of 2 (20 g, 0.119 mol) in AcOH (50 ml) and H,O
(50 ml) in an ice bath was added hydrogen peroxide (30%, 36.5 ml)
dropwise over half an hour. The mixture was then refluxed for
20 min and cooled. NaHCO; was added to the reaction mixture to
neutralize this solution, followed by AcOEt. The organic layer was
separated, washed with brine and water, and concentrated in vacuo
to give 22.9 g (96.3%) of 3 as a white solid. 'H NMR (270 MHz,
CDCl;):02.46 (s, 3H), 3.33(t, J = 5.4 Hz, 2H), 3.99 (t, J/ = 5.4 Hz,
2H), 7.39 (d, J = 8.0 Hz, 2H), 7.81 (d, J = 8.3 Hz, 2H). *C NMR
(67.9 MHz, CDCl,): 6 21.7, 56.4, 58.3, 128.0, 130.1, 136.0, 145.2.

4-Tolylsulfonylethyl methylthiomethyl ether (4)

A solution of 3 (2 g, 10 mmol) in dimethyl sulfoxide (28 ml,
40 mmol) was treated with acetic anhydride (11.4 ml, 20 mmol)
and acetic acid (19 ml, 20 mmol). The mixture was stirred at room
temperature for 48 h and then added dropwise to an aqueous
solution of NaHCO;. After stirring for 1 h, the reaction mixture
was extracted with ethyl acetate. The organic layer was separated,
washed with saturated aqueous NaCl solution and dried over
MgSO,. The solvent was removed under reduced pressure and
the residual oil was chromatographed on a short column (ethyl
acetate—cyclohexane, 1 : 5 to 2 : 5) to give 1.935 g (74%) of 4 as
a colorless oil. '"H NMR (270 MHz, CDCl,): 6 2.08 (s, 3H), 2.46
(s, 3H), 3.40 (t, J = 6.3 Hz, 2H), 3.88 (t, J = 6.3 Hz, 2H), 4.54 (s,
3H),7.36 (d, J = 7.9 Hz, 2H), 7.81 (d, J/ = 8.3 Hz, 2H). "C NMR
(67.9 MHz, CDCL): 0 14.1, 21.7, 56.2, 61.4, 75.6, 128.1, 129.9,
136.8, 144.9.

4-Tolylsulfonylethoxymethyl chloride (5)

4-Tolylsulfonylethyl methylthiomethyl ether (4, 1.78 g, 6.8 mmol)
was dissolved in CH,Cl, (20 ml). Keeping the solution in an ice-
bath, SO,Cl, (0.95 g, 6.8 mmol) was added dropwise, and the
reaction was allowed to proceed for 2 h at room temperature. After
evaporation of the solvent under reduced pressure, 1.69 g (99%)
of 5 was obtained as a colorless oil. This was used for next step
of the synthesis without further purification. '"H NMR (270 MHz,
CDCl;):02.46 (s,3H), 3.44 (t,J = 6.2 Hz, 2H), 4.03 (t, / = 6.2 Hz,
2H), 5.35 (s, 3H), 7.36 (d, J = 8.0 Hz, 2H), 7.80 (d, J = 7.5 Hz,
2H). "C NMR (67.9 MHz, CDCl;): 6 21.7, 55.7, 63.7, 82.0, 128.1,
129.9, 136.5, 145.0.

5'-0-(Dimethoxytrityl)-2’'- O-|2-(4-tolylsulfonyl)ethoxymethyl|-
uridine (7a) and 5'-O-(dimethoxytrityl)-3'- O-[2-(4-tolyl-
sulfonyl)ethoxymethyl]uridine (8a)

To a solution of 5-O-DMTr-uridine (3.83 g, 7 mmol) in CH,Cl,
(30 ml) was added diisopropylethylamine (4.2 ml, 24.7 mmol) and
dibutyltin dichloride (2.55 g, 8.4 mmol), and the reaction was
allowed to proceed at room temperature for 1 h. The mixture
was then heated to 80 °C, 4-tolylsulfonylethoxymethyl chloride (5)
(2.5 g,9.1 mmol) added dropwise, and the mixture stirred at 80 °C

for 1 hour. The mixture was allowed to cool down and saturated
NaHCO; was added. After shaking vigourously, the resulting tur-
bid solution was filtered through a Celite pad. CH,Cl, was added
to the filtrate, and the organic layer was separated and dried over
MgSO,. The residue, after evaporation of the solvent, was applied
chromatographed on a short column (CH,Cl, with 1% Et;N, ethyl
acetate from 0 to 40%). The first-eluted isomer was 7a (1.83 g,
34.4%). '"H NMR (270 MHz, CDCI; + DABCO): 6 2.43 (s, 3H),
3.40 (t,J = 5.8 Hz, 2H), 3.54 (t, J = 2.7 Hz, 2H), 3.79 (s, 6H), 3.94
(m, 1H), 4.05-4.16 (m, 2H), 4.21 (dd, J = 1.8, 2.0 Hz, 1H, H-2)),
4.48(dd,J =5.4,5.5Hz, 1H,H-3"),4.80(d,J = 6.8, 1H),4.98 (d, J
=6.8,1H),5.28(d,/=6.3,1H),5.90(d,J = 1.8, I1H,H-1"),6.84 (d,
J=28.9,4H), 7.23-7.40 (m, 11H), 7.78 (d, J = 8.3, 2H), 7.96 (d, J
=8.2, 1H). "{CNMR (67.9 MHz, CDCI; + DABCO): 0 21.6, 55.3,
56.2,61.4,61.8,68.7(C-3'),80.2(C-2'),83.2,87.1,88.1,95.1,102.2,
113.3,127.2,127.9, 128.0, 128.2, 130.0, 130.1, 130.2, 135.1, 135.3,
136.8, 140.0, 144.4, 145.0, 150.1, 158.8, 163.0. MALDI-TOF MS:
[M + Na]l* 781.20, calcd 781.25. The second-eluted isomer was 8a
(1.07 g, 20.2%). '"H NMR (270 MHz, CDCIl; + DABCO): ¢ 2.41
(s, 3H), 3.30-3.39 (m, 3H), 3.57 (dd, J = 2.5, 2.3 Hz, 1H), 3.79 (s,
6H), 3.87 (t,J/ =5.2Hz, 1H), 3.99 (t,J = 6.1 Hz, |H),4.22(t,J =
5.3 Hz, 1H), 4.27 (t, J = 5.0 Hz, 1H, H-3),4.34 (d, J = 3.9, 1H,
H-2),4.72(s,2H), 5.35(d, J =8.1,1H),5.90 (d, / = 3.7, IH, H-1"),
6.84 (d, J = 8.2, 4H), 7.23-7.37 (m, 11H), 7.75 (d, J = 8.3, 2H),
7.83 (d, J = 8.1, IH). *C NMR (67.9 MHz, CDCl; + DABCO):
0 21.6, 55.3, 56.1, 61.9, 62.0, 74.5 (C-2), 75.9 (C-3), 81.7, 87.1,
89.8, 95.6, 102.4, 113.3, 127.2, 127.9, 128.0, 128.2, 129.9, 130.1,
130.2, 135.1, 135.2, 136.7, 140.0, 144.2, 145.0, 150.6, 158.8, 163.0.
MALDI-TOF MS: [M + Na]* 781.21, calcd 781.25.

N°-Acetyl-5'-O-(dimethoxytrityl)-2'- O-[2-(4-tolylsulfonyl)ethoxy-
methyl|cytidine (7b) and N®-acetyl-5'-O-(dimethoxytrityl)-3'-O-[2-
(4-tolylsulfonyl)ethoxymethyl|lcytidine (8b)

N*-Acetyl-5-0O-DMTr-cytidine (3.95 g, 6.7 mmol) was treated as
described for 7a and 8a to give 7b (2.04 g, 38.1%) and 8b (1.08 g,
20.1%). Compound 7b: '"H NMR (270 MHz, CDCI; + DABCO):
0 2.20 (s, 3H), 2.41 (s, 3H), 2.96 (broad, 1H), 3.43 (m, 2H), 3.54
(dd, J = 2.4 Hz, 2.4 Hz, 1H), 3.61 (dd, J = 2.0 Hz, 1.6 Hz, 1H),
3.81 (s, 6H), 3.92 (q, J = 5.8 Hz, 1H), 4.07-4.13 (m, 2H), 4.18 (d,
J=5.1Hz, 1H, H-2'), 4.44 (t, 1H, H-3"), 4.83 (d, / = 6.6 Hz, 1H),
5.13 (d, J = 6.6 Hz, 1H), 5.88 (s, 1H, H-1"), 6.86 (d, J = 8.9 Hz,
4H), 7.09 (d, J = 7.9 Hz, 1H), 7.30-7.44 (m, 11H), 7.78 (d, J =
8.3 Hz, 2H), 8.47 (d, J = 7.5 Hz, 1H), 9.17 (s, 1H). *C NMR
(67.9 MHz, CDCI; + DABCO): 0 21.6,24.9, 55.3, 56.3, 60.9, 61.7,
67.8 (C-3), 80.1 (C-2)), 82.9, 87.1, 89.8, 94.9, 96.5, 113.3, 127.2,
128.0, 128.1, 129.9, 130.1, 135.3, 135.5, 136.8, 144,3, 144.7, 144.9,
155.0, 158.7162.6, 170.2. MALDI-TOF MS: [MH]* 800.21, caled
800.28. Compound 8b:"H NMR (270 MHz, CDCl; + DABCO):
02.21(s,3H),2.42 (s, 3H), 3.35(dd, J = 2.9 Hz, 2.2 Hz, 1H), 3.44
(q,J =3.9Hz,2H), 3.60 (dd, J = 2.0 Hz, 2.3 Hz, 1H), 3.81 (s, 7TH),
4.03(q,J =4.7Hz, 1H),4.18 (dd, J = 5.0, 5.4 Hz, 1H, H-3'), 4.33
(m, 2H, H-2', 4), 4.61 (d, J = 7.0 Hz, 1H), 5.68 (d, / = 7.0 Hz,
1H), 593 (d, J = 2.1 Hz, 1H, H-1"), 6.84 (d, J = 8.8 Hz, 4H),
7.17(d,J =7.5Hz, 1H), 7.23-7.34 (m, 11H), 7.78 (d, / = 8.3 Hz,
2H), 8.35(d, J = 7.5 Hz, 1H), 8.99 (s, IH). *C NMR (67.9 MHz,
CDCl; + DABCO): 0 21.7, 25.0, 55.3, 56.1, 61.6, 61.9, 75.4, 75.6,
82.1,87.1,92.6,95.7,96.7,113.4,127.3, 128.0, 128.1, 128.2, 130.0,
130.2, 135.2,135.3, 136.7, 144,2, 144.7, 144.9, 156.0, 158.8, 162.5,
170.2. MALDI-TOF MS: [MH]* 800.23, calcd 800.28.
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N°-Phenoxyacetyl-5'-O-(dimethoxytrityl)-2'- O-[2-(4-tolyl-
sulfonyl)ethoxymethylladenosine (7¢) and N®-phenoxyacetyl-5'-O-
(dimethoxytrityl)-3'-O-[2-(4-tolylsulfonyl)ethoxymethyl]adenosine
80

N°¢-Phenoxyacetyl-5'-O-DMTr-adenosine (0.9 g, 1.2 mmol) was
treated as described for 7a and 8a to give 7¢ (0.31 g, 26.4%) and
8¢ (0.265 g, 22.8%). Compound 7¢: '"H NMR (270 MHz, CDCl;
+ DABCO): 6 2.41 (s, 3H), 3.28 (t, J = 3.0 Hz, 2H), 3.40-3.54 (m,
2H), 3.76-3.86 (m, 7H), 3.99-4.04 (m, 1H), 4.25 (t, 1H), 4,56 (t,
1H, H-3'), 4.76-4.86 (m, SH, H-2" included), 6.21 (d, J/ = 3.2 Hz,
1H, H-1'), 6.78 (d, J = 8.9 Hz, 4H), 7.07 (m, 3H), 7.23-7.41 (m,
13H), 7.74 (d, J = 8.2 Hz, 2H), 8.23 (s, 1H), 8.69 (s, 1H). “C
NMR (67.9 MHz, CDCl; + DABCO): ¢ 21.6, 55.2, 56.1, 61.9,
63.0, 68.1, 70.3 (C-3), 80.5 (C-2), 84.1, 86.7, 87.3, 96.0, 113.2,
115.0, 122.5,127.0, 127.8, 127.9, 128.2, 129.9, 130.1, 135.6, 136.7,
142.2, 144.5, 145.0, 148.4, 152.6, 157.0, 158.6, 166.6. MALDI-
TOF MS: [MH]* 916.18, calcd 916.01. Compound 8c: '"H NMR
(270 MHz, CDCI; + DABCO): 6 2.42 (s, 3H), 3.27-3.34 (m, 3H),
3.47(dd,J =4.0,4.2Hz, 1H), 3.77 (s, 6H), 3.87-4.03 (m, 2H), 4.32
(t,J =3.7Hz, 1H), 444 (t, J = 4.4 Hz, 1H, H-3), 4,72-4.86 (m,
4H), 491 (t, J = 5.2 Hz, 1H, H-2') 6.04 (d, J = 5.5 Hz, IH, H-1"),
6.78 (d, J = 8.9 Hz, 4H), 7.03-7.37 (m, 16H), 7.75 (d, / = 8.2 Hz,
2H), 8.22 (s, 1H), 8.72 (s, IH). *C NMR (67.9 MHz, CDCIl; +
DABCO): ¢ 21.6, 55.2, 56.1, 61.7, 63.0, 68.1, 74.3 (C-2), 77.2 (C-
3), 83.2, 86.7, 89.5, 95.5, 113.2, 115.0, 122.5, 127.0, 127.9, 128.0,
129.8, 130.0, 135.4, 135.5, 136.7, 142.1, 144.4, 145.0, 148.4, 151.5,
152.4, 157.0, 158.6, 166.6. MALDI-TOF MS: [MH]* 916.30,
calcd 916.01.

N?-(N,N-Dimethylaminomethylene)-5'-O-(dimethoxytrityl)-2'-O-
[2-(4-tolylsulfonyl)ethoxymethyllguanosine (7d) and N*-(/V,N-
dimethylaminomethylene)-5'- O-(dimethoxytrityl)-3'-O-[2-(4-tolyl-
sulfonyl)ethoxymethyl]guanosine (8d)

N*-(N,N-Dimethylaminomethylene)-5-O-DMTr-guanosine (4.5 g,
7 mmol) was treated as described for 7a and 8a to give 7d (1.88 g,
31.4%)and 8d (1.60 g, 26.7%). Compound 7d: 'HNMR (270 MHz,
CDCl; + DABCO): 6 2.38 (s, 3H), 3.03 (s, 3H), 3.07 (s, 3H), 3.27
(t, J = 5.2 Hz, 2H), 3.42 (broad, 2H), 3.71-3.76 (m, 7H), 4.0 (q,
J = 5.1 Hz, 1H), 4.23 (broad, 1H), 4.47 (broad, 1H, H-3'), 4.66
(t, J = 5.0 Hz, 1H, H-2), 4.82 (dd, J = 6.9, 7.0 Hz, 2H), 6.05
(d, J = 4.8 Hz, 1H, H-1"), 6.80 (d, J = 8.6 Hz, 4H), 7.18-7.74
(m, 14H), 8.52 (s, 1H), 9.25 (broad, 1H). *C NMR (67.9 MHz,
CDCI; + DABCO): 6 21.6, 35.1, 41.3, 53.4, 55.2, 61.8, 63.6, 70.4
(C-3),80.0(C-2), 83.7, 85.6,86.7,95.3, 113.3, 120.6, 127.7, 127.8,
127.9,128.1, 129.8, 130.0, 130.1, 135.5, 135.6, 136.0, 136.7, 144.5,
145.0, 150.4, 157.0, 157.9, 158.4, 158.6. MALDI-TOF: [MH]*
853.33, caled 853.32. Compound 8d: '"H NMR (270 MHz, CDCl,
+ DABCO): ¢ 2.38 (s, 3H), 2.99 (s, 3H), 3.03 (s, 3H), 3.28-3.39
(m, 4H), 3.76 (s, 6H), 3.85-4.05 (m, 2H), 4.22 (t, J = 3.9 Hz,
1H), 4.36 (t, J = 4.8 Hz, 1H, H-3"), 4.70-4.82 (m, 3H, H-2,
OCH,0), 591 (d,J = 5.3 Hz, IH, H-1"), 6.78 (d, J/ = 8.7 Hz, 4H),
7.17-7.75 (m, 14H), 8.44 (s, 1H). ®C NMR (67.9 MHz, CDCl;
+ DABCO): J 21.6, 35.1, 41.3, 55.2, 56.2, 61.7, 63.2, 74.0 (C-
2, 76.8 (C-3'), 82.2, 86.5, 88.2, 95.5, 113.2, 120.4, 127.8, 127.9,
128.1, 129.8, 129.9, 130.0, 135.5, 135.6, 136.5, 136.7, 144.5, 144.9,
150.2, 156.7, 157.9, 158.1, 158.6. MALDI-TOF: [MH]* 853.30,
calcd 853.32.

5'-0-(Dimethoxytrityl)-2’'- O-[2-(4-tolylsulfonyl)ethoxymethyl]-
uridine 3'-(2-cyanoethyl-/V,/N-diisopropylphosphoramidite) (9a)

A solution of compound 7a (544 mg, 0.72 mmol) in dichloro-
methane (5 ml) was treated with N,N-diisopropylethylamine
(0.3 ml, 1.79 mmol) and 2-cyanoethyl-N,N-diisopropylchloro-
phosphoramidite (0.24 ml, 1.1 mmol) was added dropwise. The
reaction was allowed to proceed for 2 h at room temperature.
After quenched with MeOH (0.5 ml), the mixture was diluted
with dichloromethane and washed with saturated NaHCO; so-
lution, dried over MgSO,, chromatographed on a short column
(cyclohexane with 1% Et; N, ethyl acetate from 10% to 50%) to give
the phosphoramidite 9a (0.54 g, 78.6%). P NMR (109.4 MHz,
CDCl; + DABCO): 149.90, 151.00. MALDI-TOF: [MH]* 959.16,
caled 959.36.

N¢-Acetyl-5'-O-(dimethoxytrityl)-2'-O-[2-(4-tolylsulfonyl)-
ethoxymethyl]cytidine 3'-(2-cyanoethyl-/V,/V-diisopropyl-
phosphoramidite) (9b)

Compound 7b (1.23 g, 1.54 mmol) was treated as described for
9a. Short column chromatography (cyclohexane with 1% Et;N,
acetone from 20% to 50%) gave 9b (1.08 g, 67.9%). *'P NMR
(109.4 MHz, CDCl; + DABCO): 150.16, 151.69. MALDI-TOF
MS: [MH]* 1000.29, calcd 1000.39.

N°*-Phenoxyacetyl-5'-O-(dimethoxytrityl)-2'-O-[2-(4-tolyl-
sulfonyl)ethoxymethyl]adenosine 3'-(2-cyanoethyl-
N ,N-diisopropylphosphoramidite) (9¢)

Compound 7¢ (0.246 g, 0.26 mmol) was treated as described for
9a. Short column chromatography (petroleum ether with 1% Et;N,
acetone from 20% to 40%) gave 9¢ (0.18 g, 60.0%). *'P NMR
(109.4 MHz, CDCI; + DABCO): 148.66, 148.79. MALDI-TOF:
[MH]* 1115.99, caled 1116.42.

N?-(N,N-Dimethylaminomethylene)-5'-O-(dimethoxytrityl)-2'-O-
[2-(4-tolylsulfonyl)ethoxymethyl|guanosine 3'-(2-cyanoethyl-V,/N-
diisopropylphosphoramidite) (9d)

Compound 7d (0.965 g, 1.13 mmol) was treated as described for
9a. Short column chromatography (CH,Cl, with 1% Et;N, acetone
from 10% to 30%) gave 9d (0.64 g, 53.9%). *'P NMR (109.4 MHz,
CDCl; + DABCO): 148.67, 148.90. MALDI-TOF MS: [MH]*
1053.38, calcd 1054.17.

5'-O-(Dimethoxytrityl)-3'- O-[2-(4-tolylsulfonyl)ethoxymethyl]-
uridine 2’-O-pimelate (10a)

To a solution of 8a (0.5 g, 0.66 mmol) in dry pyridine
(10 ml) was added pimelic acid (258 mg, 1.61 mmol), N-
(3-dimethylaminopropyl)-N'-ethylcarbodiimide ~ hydrochloride
(EDAC, 284 mg, 1.48 mmol) and 4-(dimethylamino)pyridine
(82 mg, 0.67 mmol). The reaction was allowed to proceed at room
temperature for 4 h. After evaporation of solvent, the residue
was diluted with CH,Cl,, washed with H,O twice, saturated
(NH,),CO; once, H,O once, dried over MgSO, and chromato-
graphed on a short column (dichloromethane with 1% Et;N,
methanol from 1% to 5%) to give 10a (448 mg, 75.4%). "H NMR
(270 MHz, CDCI; + DABCO): 6 1.32 (m, 2H), 1.63 (m, 4H), 2.21
(t,J = 6.9 Hz, 2H), 2.36 (t, J/ = 6.6 Hz, 2H), 2.43 (s, 3H), 3.19 (t,
J =3.8 Hz, 2H), 3.37 (dd, J = 1.9 Hz, 1H), 3.58 (dd, / = 1.8 Hz,
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1H), 3.73 (t, J = 4.7 Hz, 2H), 3.79 (s, 6H), 4.14 (t, / = 2.4 Hz, 1H),
443 (t,J = 5.1 Hz, 1H, H¥), 4.54(dd, J = 7.1 Hz, 2H), 5.29 (d, J
—8.1 Hz, 1H), 5.37 (t, J = 4.8 Hz, 1H, H2), 6.11 (d, J = 4.7 Hz,
1H), 6.84 (d, J = 8.0 Hz, 4H), 7.22-7.34 (m, 11H), 7.72 (m, 3H).
3C NMR (67.9 MHz, CDCL, + DABCO): 6 21.7, 24.7,25.7, 28.9,
33.8, 36.8, 55.3, 56.0, 61.6, 62.2, 73.5 (C3'), 74.0 (C2'), 82.3, 86.6,
87.2,94.9, 102.7, 113.3, 127.3, 127.9, 128.0, 128.3, 129.9, 130.1,
130.2, 135.0, 139.5, 144.0, 144.8, 150.3, 158.8, 163.2, 172.6, 179.8.
MALDI-TOF MS: [M + Na]* 1023.16, caled 1023.31.

N-Acetyl-5'-O-(dimethoxytrityl)-3'-O-[2-(4-tolylsulfonyl)ethoxy-
methyl]cytidine 2'-O-pimelate (10b)

Compound 8b (150 mg, 0.19 mmol) was treated as described for
10a to give 10b (123 mg, 70.0%). '"H NMR (270 MHz, CDCl, +
DABCO): ¢ 1.37 (m, 1H), 1.64 (m, 2H), 2.21 (s, 3H), 2.31 (t, J =
6.6 Hz, 1H), 2.37 (t, J/ = 3.4 Hz, 1H), 2.42 (s, 3H), 3.16 (t, J =
3.7 Hz, 2H), 3.39 (dd, J = 2.0 Hz, 1H), 3.67 (m, 3H), 3.81 (s, 6H),
4.19 (t, J = 6.9 Hz, 1H), 4.40 (m, 2H), 4.53 (d, J = 7.1 Hz, 1H),
5.39(t,J =4.3Hz, 1H, H2),6.1(d,J =2.1 Hz, 1H, HI"), 6.85(d,
J=7.4Hz 4H),7.02(d,J =7.5, 1H), 7.71 (d, J = 8.2, 2H), 8.27
(d,J =17.6,1H). *\CNMR (67.9 MHz, CDCl, + DABCO): ¢ 21.7,
24.7,24.8,24.9, 28.6, 33.8, 34.8, 55.3, 56.1, 61.4, 61.7, 72.4 (C3),
74.3 (C2), 81.7, 87.3, 88.8, 94.9, 96.8, 113.4, 123.8, 127.5, 128.0,
128.1, 128.4, 130,0, 130.2, 130.3, 135.1, 136.1, 136.9, 143.9, 144.7,
144.9, 149.8, 158.9, 162.8, 170.6, 172.2, 178.4. MALDI-TOF MS:
[M + NaJ* 964.31, caled 965.04.

N®-Phenoxyacetyl-5'-O-(dimethoxytrityl)-3'-O-[2-(4-tolyl-
sulfonyl)ethoxymethyl]adenosine 2’-O-pimelate (10c)

Compound 8¢ (214 mg, 0.23 mmol) was treated as described for
10a to give 10¢ (160 mg, 64.8%). '"H NMR (270 MHz, CDCl; +
DABCO): 6 1.32 (m, 1H), 1.61 (m, 2H), 2.29-2.39 (m, 2H), 2.42 (s,
3H), 3.22 (t, J/ = 5.8 Hz, 2H), 3.33 (dd, J = 3.8 Hz, 1H), 3.56 (dd,
J =3.1 Hz, 1H), 3.77 (m, 8H), 4.27 (m, 1H), 4.57 (s, 2H), 4.71 (t,
J =5.5Hz, 1H, HY3), 4.86 (s, 2H), 5.83 (t, / = 4.4 Hz, 1H, H2),
6.26 (d, J = 4.1 Hz, 1H, H1"), 6,79 (d, J = 8.8 Hz, 1H), 7.04 (m,
3H), 7.15-7.39 (m, 13H), 7.73 (d, J = 8.3 Hz, 2H), 8.27 (s, 1H),
8.74 (s, IH). "C NMR (67.9 MHz, CDCl; + DABCO): J 21.6,
24.3,24.4,28.2, 33.6, 33.7, 55.4, 56.0, 61.7, 62.5, 68.2, 73.9 (C3),
74.4 (C2), 82.7, 86.6, 86.8,95.2, 113.2, 115.2, 123.0, 127.8, 128.1,
129.8, 130.1, 130.3, 135.4, 135.5, 136.8, 141.8, 144.3, 145.0, 148.5,
151.4,153.0,157.1, 158.7, 166.8, 172.4, 176.6. MALDI-TOF MS:
[M]* 1058.36, caled 1058.38

N?-(N,N-Dimethylaminomethylene)-5-O-(dimethoxytrityl)-3'-O-
|2-(4-tolylsulfonyl)ethoxymethyl]guanosine 2’-O-pimelate (10d)

Compound 8d (165 mg, 0.19 mmol) was treated as described for
10a to give 10d (126 mg, 65.6%). '"H NMR (270 MHz, CDCl; +
DABCO): ¢ 1.35 (m, 1H), 1.61 (m, 2H), 2.20 (t, / = 7.3 Hz, 1H),
2.38 (m, 4H), 3.07 (s, 3H), 3.11 (s, 3H), 3.15 (t, / = 2.4 Hz, 2H),
3.26(dd, J =2.6 Hz, 1H), 3.43 (dd, J = 2.2 Hz, 1H), 3.71-3.77 (m,
8H), 4.21 (m, 1H), 4.51 (m, 3H), 5.92 (t, / = 3.2 Hz, |H, H2'), 5.98
(d, J =2.3 Hz, 1H, HI"), 6.79 (m, 4H), 7.21-7.38 (m, 11 H), 7.71
(m, 3H), 8.58 (s, IH). "*C NMR (67.9 MHz, CDCl; + DABCO): 6
21.6, 24.8, 25.8, 29.0, 33.9, 35.2, 36.9, 41.3, 55.3, 55.9, 61.5, 62.7,
73.5 (C3), 74.1 (C2), 81.7, 86.5, 86.6, 95.0, 113.2, 127.0, 127.8,
127.9,128.1, 129.9, 130.0, 135.5, 136.5, 136.8, 144.3, 145.5, 152.2,

156.9, 157.6, 158.5, 158.6, 172.6, 179.6. MALDI-TOF MS: [M]*
995.37, caled 995.10.

2'-0-|2-(4-Tolylsulfonyl)ethoxymethyl]uridine (15)

Compound 7a (115 mg, 0.15 mmol) was treated with 3%
DCA/DCM (5 ml), and the reaction was allowed to proceed
at room temperature for 5 min. The mixture was then diluted
with ethyl acetate, washed with saturated NaHCO,, and dried
over MgSO,. Short column chromatography (CH,Cl,-MeOH, 9
: 1, v/v), gave compound 15 (23 mg, 33%). '"H NMR (270 MHz,
CD,0D): 0 2.42 (s, 3H), 3.50 (t, J/ = 5.7 Hz, 2H), 3.73 (dd, J =
2.6 Hz, 1H), 3.83-3.97 (m, 4H), 4.09 (t, / = 4.2 Hz, 1H), 4.19
(t, J = 5.4 Hz, 1H), 471 (dd, J = 7.0 Hz, 1H), 5.67 (d, J =
8.1 Hz, 1H), 5.88 (d, J = 3.7 Hz, 1H), 7.40 (d, J = 7.8 Hz, 2H),
7.77 (d, J = 8.0 Hz, 2H), 8.02 (d, J = 8.0 Hz, 1H). "C NMR
(67.9 MHz, CD;0D): ¢ 20.28, 55.76, 60.38, 61.87, 68.85, 79.20,
84.72,88.01,94.72,101.30, 127.90, 129.57, 137.09, 141.11, 144.95,
150.82, 164.83. MALDI-TOF MS: [MH]* 457.22, calcd 457.12.

Preparation of the solid support

To a solution of 10a-d (0.1 mmol) in dry acetoni-
trile (20 ml) was added LCAA-CPG (1 g, Biotech com-
pany), and then diisopropylethylamine (1.74 ml, 10 mmol),
benzotriazol-1-yloxy-tris(dimethylamino)phosphonium hexfluo-
rophosphate (BOP, 84 mg, 0.2 mmol) and N-hydroxybenzotriazole
(27 mg, 0.2 mmol). After shaking at room temperature for 2 h, this
reaction mixture was filtered, washed in turn with acetonitrile,
CH,Cl,, methanol, CH,Cl, and diethyl ether. The solid was then
suspended in dry pyridine (20 ml) with acetic anhydride (2.25 ml)
and 4-(dimethylamino)pyridine (DMAP, 465 mg), and shaken for
2 h at room temperature. After filtration, the solids were washed in
turn with pyridine, toluene, CH,Cl,, methanol, CH,Cl, and diethyl
ether, and dried over P,O; under high vacuum. The loadings,
determined by detritylation assays, were 20-25 umol g~'.

RNA synthesis and purification

All the RNAs were assembled on a Applied Biosystems 392
DNA/RNA synthesizer. All syntheses were carried out in trityl-
off mode; the synthesis cycle and reagents can be found in
the Supplementary informationf. After the assembly, the solid
supports were removed from the cartridges and treated with
25% NH;/MeOH (4 ml) at room temperature for 20 h, and
then at 40 °C for 4 h. The supernatant solutions were then
separated from the solid supports, and evaporated to dryness.
After co-evaporation with dry THF twice, they were treated with
1 M tetrabutylammonium fluoride in THF (this solution was
dried with 4 A molecular sieves overnight before use) containing
10% n-propylamine and 1% bis(2-mercaptoethyl) ether at room
temperature for 20 h. The reactions were quenched by the addition
of an equal volume of doubly distilled water and applied to a
NAP-10 column according to the manufacturer’s instructions,
with doubly distilled water as the eluting buffer. To ensure the
complete removal of fluoride, the products were passed through a
Sep-Pak cartridge.

RNase H digestion assays

Escherichia coli RNase H (5 units pL™', specific activity
420000 units mg~', molecular weight 21000 g mol™'), T4

342 | Org. Biomol. Chem., 2007, 5, 333-343

This journal is © The Royal Society of Chemistry 2007





polynucleotide Kinase (30 units pL~") and [y-?P]JATP were
purchased from Amersham Pharmacia Biotech (Sweden). The
pure 15-mer RNA (ON12) was from IBA BioTAGnology (received
in crude form and purified by PAGE; the purity is shown in
Fig. S57). Synthesis of the complementary DNA was carried out
as previously described.*® ON12 was synthesized, deprotected,
desalted by NAP-10 column and Sep-Pak cartridge as in the
description above, to give the crude ON12, which was used directly
for RNase H digestion. The RNA was 5'-end labeled with *P using
T4 polynucleotide kinase, [y-*P]ATP by standard procedure.

The RNase H digestion of synthesized crude RNA and pure
RNA was carried out according to the following procedure:
target pure RNA (0.1 uM) or crude RNA (0.1 uM) (specific
activity 70000 cpm) and 10-fold excess of complementary DNA
(1 uM) were incubated in a buffer, containing 20 mM Tris-HCl
(pH 8.0), 20 mM KCI, 10 mM MgCl,, 0.1 mM EDTA and
0.1 mM DTT at 21 °C in the presence of 0.06 U E. coli RNase
H. Prior to the addition of the enzyme reaction components
were pre-annealed in the reaction buffer by heating at 80 °C for
4 min followed by 1.5 h equilibration at 21 °C. Total reaction
volume was 30 pL. Aliquots of 3 uL were taken after 2, 5, 10,
15, 25, 40 and 60 min and the reactions were terminated by
mixing with stop solution (7 pL), containing 0.05 M EDTA,
0.05% (w/v) bromophenol blue and 0.05% (w/v) xylene cyanole
in 80% formamide. The samples were subjected to 20% 7 M
urea PAGE and visualized by autoradiography. Quantitation of
cleavage products was performed using a Molecular Dynamics
PhosphorImager.

Phosphodiesterase digestion assays

Shrimp Alkaline Phosphatase and Phosphodiesterase I (Crotalus
adamanteus Venom) are from Amersham Pharmacia Biotech,
Sweden. A reaction mixture containing 20 mM Tris-HCI (pH 8.0),
10 ml MgCl,, Shrimp Alkaline Phosphatase (0.5 unit) and
Phosphodiesterase I (Crotalus adamanteus Venom) (0.4 unit) was
added to crude ON12 (1 OD unit at 260 nm) with a total reaction
volume of 30 puL. The reaction mixture was incubated at 37 °C
for 24 h and subjected to HPLC analysis directly (0.2 OD per
injection).
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We report the formation of a fullerene-peptide conjugate via the incorporation of a fullerene substituted
phenylalanine derivative, “Bucky amino acid” (Baa), to a cationic peptide, which acts as a passport for
intracellular delivery, enabling transport of a range of sequences into HEK-293, HepG2, and
neuroblastoma cells where the peptides in the absence of the fullerene amino acid cannot enter the cell.
Delivery of the fullerene species to either the cytoplasm or nucleus of the cell is demonstrated. Fullerene

peptides based on the nuclear localization sequence (NLS), H-Baa-Lys(FITC)-Lys-Lys-Arg-Lys-Val-
OH, can actively cross over the cell membrane and accumulate significantly around the nucleus of
HEK-293 and neuroblastoma cells, while H-Baa-Lys(FITC)-Lyss-OH accumulates in the cytoplasm.
Cellular studies show that the uptake for the anionic peptide Baa-Lys(FITC)Glu,Gly;Ser-OH is greatly
reduced in comparison with the cationic fullerene peptides of the same concentration. The hydrophobic
nature of the fullerene assisting peptide transport is suggested by the effect of y-cyclodextrin (CD) in
lowering the efficacy of transport. These data suggest that the incorporation of a fullerene-based amino
acid provides a route for the intracellular delivery of peptides and as a consequence the creation of a

new class of cell penetrating peptides.

Introduction

Efficient intracellular delivery of a drug can not only reduce non-
specific effects and toxicity, but also enhance the effectiveness of
drugs incapable of reaching their in vivo therapeutic target. Since
the major limitation in developing peptide- and nucleic acid-based
drugs is their incapability to enter the cell, the conjugation of
therapeutic agents to cell penetrating peptides (CPPs) has become
a strategy to improve their pharmacological properties."* CPPs
are often short peptides derived from the protein transduction
domains of virus proteins, and cannot only be internalized into
cells, but also can deliver conjugated species through the cell
membrane.! Since transport of any species into the nucleus of
an intact cell is limited by at least three major membrane barriers,
namely the cell membrane, the endosomal membrane, and the
nuclear membrane, the delivery of any compound across each
given membrane is a significant challenge.

Despite extensive investigation of the mechanistic aspects of
CPPs* and the increase in the range of CPPs over recent years, there
is still limited range of sequences that are available. A further issue
concerning the use of CPPs is their toxicity. Although the toxicity
of a particular CPP will depend on the amino acid sequence,
secondary structure and net charge, some CPPs disrupt the plasma
membrane during cell entry through a mechanism similar to the
pore forming antimicrobial peptide.® We have been interested in
the possibility that the membrane translocation properties of a
range of peptides could be altered through chemical modification
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Science and Technology, Rice University, Houston, Texas 77005, USA.
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of the peptide such that the resulting conjugate enables the
transport of peptides that ordinarily cannot enter the cell.

After the discovery of fullerenes at Rice University in 1985.°
their potential application in biological and medicinal fields has
attracted tremendous interest: including their utilization as
photodynamic cancer therapy'' and as DNA transfection agents."
With regard the ability of fullerenes to effect membrane translo-
cation, the enhancement of cellular uptake of a CPP through a
counter-anion-mediated activation process by the (non-covalent)
addition of condensed aromatic rings and anionic fullerenes has
been recently reported.’”® This result prompted our investigation
of the cell uptake properties of peptides in which one of the amino
acids is a fullerene-substituted amino acid. In particular we were
interested in the application of the fullerene amino acid derived
from phenylalanine, “Bucky amino acid” (Baa, Fig. 1)," whose
cellular toxicity is demonstrated as low. We have recently reported
that at Baa concentrations less than 0.04 mg mL~", cell viability
of human epidermal keratinocytes is maintained.' Based upon
these results, we have prepared fullerene-derivatized peptides and
investigated how the fullerene alters the cellular uptake of low
molecular peptides.

OH

N—

Fig. 1 Schematic representation of Baa (R = H), Boc-Baa (R = C(O)-
O'Bu).

A poly-lysine derivative (primary sequence H-Pro-Lyss-OH)
was initially chosen because it is known that oligolysines are not
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cell penetrating peptides. Once inside a cell, an oligo-lysine should
show no specific targeting propensity but general uptake in the
cytoplasm. To demonstrate selective uptake, the SV-40 T antigen
nuclear localization sequence (NLS; primary sequence H-Pro-Lys-
Lys-Lys-Arg-Lys-Val-OH) was chosen. This heptapeptide serves
as an “address label” for proteins, and leads to their targeting
of the cell nucleus. To achieve this goal, the NLS peptide itself
has to be inside the cytoplasm, however, it is not ordinarily
incorporated into cells. Even if endosomal uptake could happen,
the peptide or its conjugate may not be able to be released
into cytoplasm and eventually will be excluded from the cells
again. In order to ascertain the effects of peptide charge, the
anionic peptide (primary sequence H-Pro-Glu,Gly;Ser-OH) was
also investigated. For each peptide sequence, the fullerene peptide
derivatives were prepared and compared to their parent non-
fullerene containing sequence. To visualize the fullerene peptide
inside the cells, fluorescein isothiocyanate (FITC) was introduced
as a label.

We report herein a new general approach to the formation of a
cell penetrating peptide in which the combination of a fullerene-
based amino acid as a component of a cationic peptide readily
allows for the synergistic intracellular delivery of both the peptide
and the fullerene component. In this manner, peptides unrelated to
protein transduction domains of virus proteins can be converted
to cell penetrating peptides by the addition of a fullerene-derived
amino acid.

Results
Synthesis and characterization of Baa-peptides

For each of the peptides, the appropriate sequence, including the
Lys(Mtt) amino acid (Mtt = 4-methyl trityl) were first synthe-
sized on an automated peptide synthesizer using standard 9-
fluorenylmethoxycarbonyl (Fmoc) chemistry. The coupling be-
tween Boc-Baa and the appropriate sequence was performed
manually using 1H-benzotriazol-1-yloxytripyrrolidino-phospho-
nium hexafluorophosphate (PyBOP)-N-hydroxybenzotriazole
(HOBt)—diisopropylethylamine (DIPEA) in a three-fold excess.
For all peptide sequences, the fluorescent marker was introduced
by selective removal of the Mtt protecting group followed by
reaction with fluorescein isothiocyanate (FITC). After cleavage
from the resin, the peptide solutions were purified by semi-
preparative Luna C5 and preparative Dynamax C18 columns for
Baa containing and parent peptides, respectively. HPLC analysis,
using a 0.1% TFA in H,O-IPA gradient (see Experimental),
showed one major product for all peptides (e.g., Fig. 2).

For all the fullerene-peptides, the isolation of the desired
sequence is confirmed by the presence of the M* or M* + H ion in
the MALDI-ToF mass spectrometry. For some of the sequences
the observation of the parent ion [M*] is accompanied with peaks
due to the addition of Group 1 metals, e.g., [M* + Na] or [M* +
Na + K] (e.g., Fig. 3). The MALDI-ToF MS for each of the FITC
derivatives also exhibit a peak due to M*-FITC, see Experimental.

The Baa-functionalized peptides are sufficiently soluble in H,O
to provide a UV-visible spectrum. The observed spectra are
consistent with C4, the amide region of the peptide, and where
present the FITC. It is important for cell studies that the FITC
label retains its fluorescence, ie., quenching by the Cg is not
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Fig. 2 Typical HPLC chromatogram of Baa-Lys(FITC)-NLS after
cleavage from the solid support by washing with TFA-TIPS-H,O (98 :
1: 1) and washing with Et,O.
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Fig. 3 Typical MALDI-ToF MS of Baa-Lys(FITC)-NLS showing the

presence of a fragmentation peak due to loss of FITC as well as the
presence of alkali metal ions.

observed. As is seen from Fig. 4, the FITC labeled fullerene
peptides do indeed retain their fluorescence. It should be noted,
that as with other FITC derivatives, the fluorescence spectrum is
dependent on the solvent system employed.

arb
units

excitation fluorescence

200 300 400 500 600 700 800
Wavelength (nm)

Fig. 4 Fluorescence
H,0-2-propanol at pH 4.

spectrum  of  Baa-Lys(FITC)-NLS in

We have previously observed that the parent amino acid, Baa,
aggregates in aqueous solution as a consequence of the presence
of both hydrophobic and hydrophilic groups within the same
molecule.’® In order to understand the intracellular transport
of the FITC functionalized Baa-peptides, Baa-Lys(FITC)-Lys-
OH and Baa-Lys(FITC)-NLS, their particle size in solution was
determined by dynamic light scattering (DLS). Three series of
solutions of each peptide in the range of 0.125-2.0 mg mL~"' was
prepared by a weighing method. The solution aggregation of Baa-
Lys(FITC)-Lyss-OH was compared with its non-FITC containing
analog Baa-Lys,-OH to determine the effects of the FITC. Each
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of the peptides shows aggregation in aqueous solution across the
concentration ranges measured. The poly-lysine peptide, Baa-
Lys,-OH, exhibits a single broad aggregate distribution (50—
350 nm) with an average size of ca. 200 nm. The size of the
aggregate is independent of concentration (0.25-2.0 mg mL™"),
although the distribution narrows with increased concentration.
In contrast, FITC-labeled poly-lysine peptide, Baa-Lys(FITC)-
Lys;-OH, shows two distinct aggregate sizes at concentrations
between 0.125 and 1.0 mg mL~". The most major component (ca.
60%) is comparable in size (ca. 180 nm) to that seen for Baa-Lys,-
OH. The minor component is a smaller aggregate (ca. 10 nm) with
a relatively narrow distribution (5-20 nm). At high concentrations
(2.0 mg mL™"), a third larger aggregate (ca. 1500 nm) is observed
at the expense of the both of the other aggregate sizes, see Fig. 5.
A similar trend is observed for Baa-Lys(FITC)-NLS (Fig. 6). At
0.5 mg mL~! there appears to be two distinct types of aggregate;
the major species (ca. 80%) is ca. 250 nm while the minor content
is again a smaller aggregate (ca. 40 nm). As may be seen from
Fig. 6, above 1.0 mg mL™" a third distinct aggregate is observed
of ca. 800 nm. The average size and distribution of each type of
aggregate does not change significantly with concentration.

0.8
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Fig. 5 Plot of the fraction of aggregates for Baa-Lys(FITC)-Lys;-OH as
a function of solution concentration. Average aggregate size = 10 nm ([J),
180 nm (@), and 1500 nm ().
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Fig. 6 Plot of the fraction of aggregates for Baa-Lys(FITC)-NLS as a
function of solution concentration. Average aggregate size = 40 nm ([J),
250 nm (@), and 800 nm (H).

To further examine the actual aggregate size and morphology,
cryo-TEM experiments were performed for both Baa-Lys(FITC)-
Lyss-OH and Baa-Lys(FITC)-NLS. Both peptides form spherical
and ellipsoidal clusters, with an average aggregate size of 40-80 nm

for Baa-Lys(FITC)-Lysy-OH and 50-150 nm for Baa-Lys(FITC)-
NLS, which are generally smaller than the diameters observed by
DLS. Consistent with the DLS study, Baa-Lys(FITC)-Lyss-OH
is more uniform in size than Baa-Lys(FITC)-NLS. There are two
dominant groups in size for Baa-Lys(FITC)-Lys;-OH (Fig. 7); one
type has a diameter of 40-80 nm with a predominant population
at a size of ca. 50 nm, and the other population has a diameter
less than 20 nm, which may correspond to the size of the fullerene
peptides themselves. In contrast, the size distribution of the large
aggregates of Baa-Lys(FITC)-NLS is very polydisperse, ranging
from 50-150 nm with no obvious dominant population for large
aggregates, while smaller aggregates have a size similar to Baa-
Lys(FITC)-Lyss-OH.

Fig.7 Vitreous ice cryo-TEM micrograph of the small aggregates formed
by Baa-Lys(FITC)-Lyss-OH in PBS buffer (1 mg mL~' @ pH = 7). Scale
bar = 200 nm.

In order to test the stability of the fullerene-peptide linkage,
samples of Baa-Lys(FITC)-Lys;-OH and Baa-Lys(FITC)-NLS
were exposed to bovine plasma for up to 3 days and analyzed by
HPLC. No degradation of the sample was observed suggesting
that both the fullerene amine linkage and the Baa-peptide
linkages are stable under conditions relevant to the present study.
Furthermore, no alteration of fluorescence frequency or intensity
is observed.

Cellular uptake

An immortalized human embryonic kidney epithelial cell line
(HEK-293) was used for our initial cellular uptake studies,
although similar results were obtained with the human liver cancer
cell line (HepG2). After treatment, the cells were washed and
observed by a fluorescent microscope equipped with FITC and
red filters. The concentration of Baa-derived peptides used in this
study is 10>~10°, lower than concentrations where cell viability is
diminished."

Optical microscope images of HEK-293 cells incubated with
Lys(FITC)-Lys;-OH and Baa-Lys(FITC)-Lyss-OH shown in

262 | Org. Biomol. Chem., 2007, 5, 260-266

This journal is © The Royal Society of Chemistry 2007





Fig. 8 Optical micrographs of HEK-293 cells incubated with (a) Lys(FITC)-(Lys);-OH and (b) Baa-Lys(FITC)-(Lys);-OH, and fluorescence images
of HEK-293 cells incubated with (¢) Lys(FITC)-(Lys)s-OH, (d) Baa-Lys(FITC)-(Lys)s-OH, (e) Phe-Lys(FITC)-NLS and (f) Baa-Lys(FITC)-NLS. Scale

bar = 150 pm.

Fig. 8a and b, respectively, are indistinguishable but the fluo-
rescence images show a dramatic difference. While the cationic
peptide Lys(FITC)-Lyss-OH shows no ability to cross over the cell
membrane (by fluorescence, Fig. 8c), the addition of Baa to the
sequence facilitates the intracellular localization of the peptide as
shown by strong green fluorescence within the cytoplasm (Fig. 8d).

The non-fullerene phenylalanine-NLS derivative (Phe-
Lys(FITC)-NLS) shows no uptake into HEK-293 cells (Fig. 8e).
In contrast, Baa-Lys(FITC)-NLS shows a localized intense
fluorescence in the center of the cells (Fig. 8f). Treatment with
DAPI nuclei staining dye showed that while there is a correlation
between the location of the Baa-Lys(FITC)-NLS and the nuclei,
the peptide is not located exclusively within the nuclei. It would
appear therefore that the H-Baa-Lys(FITC)-NLS is located in
the nucleus region of the cell, but transport across the nuclear
membrane is not extensive under the present conditions.

In order to show the generality of our results we have also
studied the uptake of H-Baa-Lys(FITC)-NLS into the neurob-
lastoma cell line (IMR 32). Neuroblastoma is the most common
extracranial solid tumor in children and is responsible for 15%
of pediatric cancer deaths. Neuroblastoma cells are known for
their difficulty in transfection through the cell membrane. H-
Baa-Lys(FITC)-NLS was incubated with IMR 32 cells and after
washing with PBS buffer, treated with DAPI nuclei staining
dye. Fig. 9 shows intense point fluorescence in the cytoplasm,
and homogeneous intense fluorescence around nuclei closely
associated with the blue of the DAPI nuclei staining dye. As was
observed for the HEK-293 cells, there is a correlation between the
localization of H-Baa-Lys(FITC)-NLS and the nucleus.

Cell uptake studies performed at 4 °C showed no cellular
uptake activity for either fullerene peptide. Cellular studies

Fig. 9 Fluorescence micrographs of neuroblastoma cells incubated with
(green) Baa-Lys(FITC)-NLS and (blue) DAPI. Scale bar = 150 pm.

show that the uptake intensity for the anionic peptide Baa-
Lys(FITC)Glu,Gly;Ser was greatly reduced in comparison with
the cationic fullerene peptides of the same concentration. The
cellular uptake is also decreased by the addition of increasing
concentrations of y-cyclodextrin (CD).

Discussion

Several approaches have been previously taken towards the
synthesis of fullerene-based amino acids. The simplest approach
involved the reaction of an amino acid with Cy; however, in

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 260-266 | 263





these derivatives only the carboxylic acid functional group remains
available for reaction, limiting subsequent incorporation into pep-
tides. Prior to our studies, truly bi-functional fullerene substituted
amino acids (those in which both the carboxylic acid and amine
functionalities are available for reaction) have been limited to
those employing ester or amide linkages.'** Fullerene peptides
have shown potential applications in medicinal chemistry,” and
the use of fullerene amino acids in solution® and solid-state*
peptide synthesis has been demonstrated. However, in each case
the fullerene amino acids employed contained either the ester
or amide linkages giving rise to potential instability. Our use of
a hydrolytically stable amine linkage in Baa results in excellent
stability under conditions for solid phase peptide synthesis (SPPS).

The incorporation of fullerene peptides using SPPS has previ-
ously focused on the use of Fmoc (9-fluorenylmethoxycarbonyl
protected) chemistry. We have confirmed that this approach does
not lead to high yields' and these difficulties in purification led us
to develop Boc chemistry for Baa-peptides. The yield of the Baa-
terminated peptides appears to be independent of the length of
the peptide,' but is affected by the charge of the peptide: anionic
peptides are made in lower yields possibly due to problems of
removal from the resin.

A significant fluorescence quenching in many donor-linked
fullerenes can occur; however, in the case of the Baa-Lys(FITC)
derivatives, the fluorescence of the FITC label is unaffected by
the Cy residue. The calculated structure of Baa-Lys(FITC)-NLS
shows that the fullerene and FITC tag are about 2.2 nm apart
(Fig. 10). It is a result of both this intra-peptide C,, ---TITC
distance and possibly the structure of aggregates formed by the
Baa-peptides that results in the retention of the fluorescence of
the FITC label. Irrespective of the rational, the retention of
fluorescence is a useful indication of the lack of degradation of
the peptide.

It has been reported that Lys(FITC)-NLS shows no uptake into
cells in the absence of a conjugate.* Similarly, our phenylalanine
derivative, Phe-Lys(FITC)-NLS, shows no uptake into HEK-

293 cells suggesting that the presence of a simple hydrophobic
amino acid is insufficient to promote intracellular transport.
Furthermore, the cationic peptide Lys(FITC)-Lyss-OH shows
no ability to cross over the cell membrane. However, for both
sequences the addition of Baa to the sequence completely alters
the transport of peptides into cells. Thus, we report herein that the
attachment of a fullerene-derived amino acid enables the transport
into cells of peptides that ordinarily cannot enter the cell.

The uptake into the cells for both Baa-Lys(FITC)-NLS and
Baa-Lys(FITC)-Lyss-OH was found to be temperature dependent,
suggesting that the cellular uptake activity of the fullerene peptides
is an energy dependent process, typically a characteristic of an
endocytosis process. It has been previously suggested that the
endocytic translocation of the cell penetrating peptides (CPPs)
is triggered by the electrostatic interaction of their net positive
charge with the negatively charged phospholipid membrane.”®
If a similar process is occurring for our fullerene-functionalized
peptides then the use of a negatively charged sequence should
reduce or preclude the cellular uptake. Cellular studies show that
the uptake intensity for Baa-Lys-(FITC)-Glu,-Gly;-Ser-OH was
greatly reduced in comparison with the cationic fullerene peptides
of the same concentration. Thus, the charge of the peptide does
limit the efficacy of the Baa to promote intracellular uptake of a
peptide.

Our results strongly suggest that fullerene amino acid actively
assists in the cellular uptake. The discovery, combined with our
knowledge in the cellular uptake of fullerene amino acid,' makes
us believe that the hydrophobic fullerene core is playing an impor-
tant role in assisting the delivery of the fullerene peptide to the
interior of the targeted cells. The importance of the hydrophobic
nature of the fullerene is demonstrated by the decreased uptake
observed by the addition of y-cyclodextrin (CD). It is well known
that CD can change the hydrophobicity of fullerene dramatically
through the formation of a complex. If the hydrophobic nature
of the fullerene in Baa is an important parameter in providing
enhanced transport of the attached peptide, then complexation

Fig. 10 Calculated structure of Baa-Lys(FITC)-NLS showing the special relationship between the Cy, and FITC residues.
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of the fullerene will have a detrimental effect. This is indeed
observed: the higher the CD concentration, the lower the fluores-
cence intensity is observed inside the cytoplasm. The fullerene-
substituted peptides exhibited strong aggregation behavior in
aqueous solution, a similar phenomenon demonstrated by other
water-soluble fullerene derivatives.” CD is also known to break up
fullerene aggregates in solution, and thus the lowering of cellular
uptake may also be a consequence of the destruction of the Baa-
peptide aggregates and it is the aggregate that is the active species
in intracellular transport. While further studies are required to
define the detailed mechanism of the cellular uptake of fullerene
peptides, it is apparent that both the hydrophobic fullerene core
and peptide sequences play important roles in assisting the delivery
of the fullerene peptide to the interior of the targeted cells.

In summary, we have discovered that the addition of a fullerene-
based amino acid (Baa) to cationic peptides facilitates their inter-
cellular translocation into cells where the parent peptides show no
such uptake. In this regard, the fullerene provides a passport for
the peptide sequence for transport across the cell membrane, while
the peptide provides water solubility and reciprocated transport
for the fullerene. The hydrophobic fullerene, in combination with
the hydrophilic peptide sequence, may form an amphipathic cell
penetrating peptide.

Our approach is potentially highly useful because the Baa
residue is relatively small, stable under physiological conditions,
and readily added to any sequence. Within limitations of peptide
charge, it is now possible to prepare an almost inexhaustive range
of cell penetrating peptides through the simple and expedient
addition of Baa to the sequence. We propose that this concept
is a new approach for overcoming the barrier for the effective
delivery of membrane impermeable molecules.

Experimental

Boc-Baa was prepared as previously reported.™ Wang resin was
obtained from Novabiochem, USA. Amino acids were purchased
from Novabiochem and used as received. The synthesis of amino
acid sequences, including a Lys(Mtt) residue, but without Baa
was carried out on an automated APEX 396 Multiple Peptide
Synthesizer using preloaded Fmoc-Lys(Boc)-Wang resin as the
solid phase in a manner similar to that described for the Baa-
peptides (see below). MALDI-TOF mass analysis was performed
on a linear Protein-TOF Bruker instrument using sinapinic acid
as the matrix. UV-Vis spectra were recorded on a Varian Cary
5000 spectrometer. PBS buffer prepared from HPLC grade water
was used as solvent and was filtered through a 0.10 mm cup
filter (Millipore, Express). TEM measurements were performed
on a JEOL 2010 TEM at 200 kV. The images were taken at a
concentration of 1.0 mg mL~' for both peptides. Samples for cryo-
TEM studies were prepared by dipping a copper grid coated with
amorphous carbon-holey film into the sample solution. The TEM
images were mainly taken in the hole region of the TEM grid to
minimize the artificial effect from the samples or ice.

Synthesis of Baa-containing peptides

The coupling of amino acid sequences, including a Lys(Mtt)
residue, but without Baa was carried out on an automated
APEX 396 Multiple Peptide Synthesizer using preloaded Fmoc-

Lys(Boc)-Wang resin (469 mg, 0.30 mmol) as the solid phase.
Fmoc deprotection was performed using 25% piperidine in DMF
solution. A portion of the resin was swollen with DMF. A 3-
fold excess of Boc-Baa (157 mg, 0.15 mM) dissolved in DMF-
DCM (2 : 1, 9 mL) activated with PyBOP-HOBt-DIPEA (1 :
1 :1:3) was mixed with the resin, and shaken for 1 day. After
washing thoroughly with DMF and DCM, the resin was treated
with 1% TFA and 5% TIPS in DCM, and swelled in DMF;
after which the resin was shaken with a solution of FITC (65
mg) in DMF (8 mL) and DIPEA (130 pL). After washing with
DMF, DCM and shrunk with MeOH, the resin was dried in vacuo
overnight. Cleavage of the peptide was achieved with TFA-TIPS-
thiolanisole-H,O (92.5 : 2.5 : 2.5 : 2.5) cocktail. After filtration,
the peptide solution was concentrated and precipitated with cold
Et,0. RP-HPLC purification was carried out on a Phenomenex
Luna C5 column using an isocratic gradient of 0.1% TFA in
water, and 0.1% TFA in isopropanol. Baa-Lys(FITC)-Lyss-OH:
isolated yield, 43.4%; MALDI-MS (m/z), 2496 [M*], 2107, [M*-
FITC]. Baa-Lys(FITC)-Pro-Lys-Lys-Lys-Arg-Lys-Val-OH (Baa-
Lys(FITC)-NLS): isolated yield, 50.6%; MALDI-MS (m/z), 2337
[M* + H], 1948 [M* + H-FITC]. Baa-Lys(FITC)-Glu,-Gly;-Ser-
OH: isolated yield, 7.4%; MALDI-MS (m/z), 2270 [M* + Na].

Cellular uptake studies

Cells were cultured in RMPI 1640 medium supplemented with
10% fetal bovine serum (FBS) in 5% CO, and at 37 °C in
a humidified incubator. The medium was supplemented with
penicillin (100 U cm~?), streptomycin (100 pg cm~?), and glutamine
(2 mM). For experiments and microscopy, cells were seeded at
1 x 10* cells/well on 6-well plates and grown for two days in
RPMI. Cells were incubated with purified fullerene peptides for
up to 1 day in a concentration of 10 uM at 37 °C in a humidified
incubator (5% CO,). After treatment, cells were washed once with
RPMI supplemented with 10% FBS and three times with PBS (10
mM). Cells were visualized with an Olympus 1X70 fluorescence
microscope. For nuclear staining, cells were treated with DAPI for
5 minutes, and washed with PBS before imaging.
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Within the last decade, the advance of miniaturization has opened the window to new systems that
permit digital and molecular science to intersect, suggesting a new role for organic chemistry. Currently,
fusion of molecules and electronic digits, as well as molecular-based digital structures, have expanded
the conventional interpretation of the digit. This emergence has already generated new technological
platforms with unique applications for molecular analysis and computation. We provide a brief
overview of the conventional understanding of digital devices, examine the concept of molecular-based
digits, and suggest new architectures by examining studies conducted on the compact discs. This
analysis presents a perspective for the unique interaction of molecules and digits and the development
of digital-based platforms for molecular analysis.

Introduction

Today organic chemistry lies at a crossroads between basic
discovery and applied science. This unique position enables the

Department of Chemistry and Biochemistry, University of California, San
Diego, 9500 Gilman Drive, La Jolla, CA 92093-0358, USA E-mail:
Jlaclair@ucsd.edu, mburkart@ucsd.edu.; Fax: (+1) 858-822-2182

organic chemist to participate in the development of new fields
through selective leverage of skills and technologies. Here we
discuss an emerging scientific area, the integration of molecules
into computational frameworks, which relies upon creative organic
chemistry for successful development of the field. To date, organic
chemists have only participated tangentially in the digital revolu-
tion of computer and internet development. However, we see this
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trend changing as molecular information becomes increasingly
fused with digital information. Molecular analysis, a scientific
arena both necessary for and dependent upon the practice of
organic chemistry, provides an exciting arena where digits and
molecules are now being integrated.

Molecular analysis involves the recognition of disparate
molecules and screening the interactions between them. Several
analytical methods are commonly used in a variety of scien-
tific and medical fields, including nuclear magnetic resonance
(NMR) spectrometry, electrochemistry, spectrophotometry, and
mass spectrometry (MS). All of these techniques are analog devices
developed with digital platforms. As a result, discrete logic is
playing a significant role in their performance. Here, access to
advanced algorithms and accompanying software applications,
such as in multi-dimensional methods (e.g., 2D NMR spec-
troscopy), provide a superior means to interpret molecular events.
Comparable advances have been observed in the development of
familiar consumer electronic components such as audio/visual
devices, cameras, computers, and television.

Fundamentally, a digital signal can contain more information
and be processed, transmitted or stored more efficiently with less
noise compared to an analog signal.'™ It is within this capacity
that digital processing has become the primary choice in the
development of electronic systems. A simple example can be
derived from digital television. For instance, each digital television
channel has ~19.2 Mbs (megabits per second) capacity to transfer
audio and visual data.>¢ This has provided the capability to
transfer video with a resolution of 1920 x 1080 pixels (207 3600
total pixels) at >60 frames second.” This conduit far surpasses the
427-465 by 242-290 pixels delivered at a rate of 25-30 frames/s
by conventional analog television signals.

For molecular science, digital structures have evolved signifi-
cantly. Currently, digital architectures are not limited to electronic
machines that operate and process analytical devices, rather
through molecular design, organic chemistry has developed a
means to depict digits within molecular systems. It is the intention
of this discussion to provide an overview of existing digital
structures with respect to molecular analytics and computational
applications, including our own program to integrate molecules
with digital information for molecular analytical applications. For
this purpose, we have classified digital structures in molecular sys-
tems into three major groups consisting of: (a) silicon-based digits;
(b) molecular-based digits; and (c) hybrid systems. Specifications
as well as advantages of each composite will be examined, and the
perspective for integration of digits and molecules is investigated.
The discussion begins historically with silicon-based digits.

Silicon-based digits

In the context of electronics, there are two major architectures
for processing, transmitting, and storage of signals: digital and
analog. A digital signal is a non-continuous signal that changes
between a unique set of states. It consists of pulses or digits with
discrete levels of intensity. An analog signal is one with continuous
diversity that varies in time. Schematic representations of digital
and analog signals have been demonstrated in the source boxes of
Fig. 1 and 2, respectively. Basically, information can be conveyed
through either analog or digital architectures; however, there are
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Fig.1 Generating, transmitting and processing of a digital signal and the
effect of noise on the quality of the signal. Triangle denotes the appearance
of noise.
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Fig. 2 Sensing, transmitting and processing of an analog signal and the
effect of noise on the quality of the signal. Triangle denotes the appearance
of noise.

significant advantages in the use of digits (discrete numbers) over
continuous signals.

Discrete numbers in digital systems are mostly binary systems
(base 2), where numeric values are represented by two symbols,
typically 0 and 1, referred to as bits. In contrast, an analog
signal could be any variable signal continuous in both time and
amplitude. The value of any analog signal can be represented in
binary format by the combination of Os and 1s. This combination
can be used to convert an analog to a digital signal.

Noise, or random variations in a signal, can appear during
reading, copying, processing, or transmitting data. If the signal
is continuous, as in analog systems, noise can directly distort the
original signal.*® The effect of noise on the quality of an analog
signal originating from measurement or recognition of an analyte
is shown in Fig. 2. As shown in this figure, noise changes the am-
plitude of an analog signal that cannot be eliminated completely.
This is the primary disadvantage of analog systems. Electrically,
these distortions can be reduced to some extent through electronic
techniques, such as the use of cut-off frequency filters (i.e., low pass
filters) in analog audio systems. However, it is almost impossible
to recover the complete original signal. On the other hand, noise
in digital signals cannot distort the quality of the information, as
any signal close to a particular value (0 or 1 in binary systems) will
be interpreted as that value®® (Fig. 1). Moreover, error correction
algorithms can be implemented by computer processing in digital
format to correct a distorted signal through comparison with
known or predicted data.’® Additionally, binary systems can be
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easily implemented on large-scale electronic circuitry through well-
established integrated circuit (IC) fabrication technology.''> This
technology has dramatically boosted the development of digital
computing devices.

The Atanasoft-Berry Computer (ABC) launched the develop-
ment of digital computing in 1937."*** In this computer, binary
digits were used to represent all numbers, electronics were imple-
mented to perform calculations rather than mechanical wheels
and switches that had been used in analog computing systems,
and separate memory and computing modules were incorporated
into the hardware architecture. This development was advanced
in 1941 by the invention of Konrad Zuse’s programmable digital
Z3 computer,” and further improvement came in 1944 with
IBM’s programmable large-scale automatic digital computer,
ASCC (Automatic Sequence Controlled Calculator).'® These early
versions of digital computing consisted of thousands of relays,
switches, rotating shafts, and hundreds of miles of wire. Within
a ten year period of their conception, significant improvements
were made, such as substitution of all electromechanical devices
with electronic components (transistors, diodes, capacitors) and
the use of magnetic memory.

A major improvement in computational devices arose through
the advancement in fabrication of ICs. Integrated systems were
miniaturized in electronic circuits consisting of millions of semi-
conductor devices that were manufactured on a thin substrate
(e.g., 0.75 mm think) of a semiconductor material, principally
silicon."™” TInterestingly, the semiconductor devices that are
extensively used in electronic circuitry (analog and digital) to
perform required operations such as logic functions, amplification,
switching, and signal modulation exploit electronic properties of
semiconductor materials that depend on the atomic and molecular
structure of these materials. The conductivity behaviour of a
semiconductor (e.g., silicon and germanium) can be altered by
doping with impurity atoms (e.g., phosphorous or boron).”®
This principle has been employed for production of numerous
semiconductor devices, such as diodes and transistors.''* These
examples indicate that even advanced electronic circuitry with pri-
marily computational or electronic applications are fundamentally
influenced by molecular and atomic structures of their constituent
materials, which indicates an early level of convergence between
molecules and electronic digits.

Photolithography and other related methods also facilitated
the mass fabrication of millions of semiconductor devices on a
silicon wafer constituting the IC, which has steadily reduced the
size of computing devices and allowed faster and less expensive
assembly."* Within this domain, a trend (Moore’s law) has been
observed stating that the complexity of ICs (i.e., the number of
components on an IC or computing processing power) doubles
every 24 months.? Currently, high performance digital processing
chips, such as central processing units (CPUs) or in general CMOS
microcontroller chips, are the central components of computing
devices.

Computers are not the only systems that have benefited from a
digital architecture. Another tangible recent example is television.
For instance, a digital television signal with 6 Mhz bandwidth
can carry five times more information than an analog one at the
same bandwidth.** This is because of the capability to compact
digital signals through data compression algorithms. Additionally,
in digital format, television is not merely used to deliver video but

also offers an interactive environment for programming. This is
derived from the ability for a digital stream of bits (0s and 1s)
to contain other data in addition to video/audio information. In
other words, a convergence between computation and television
media in digital format can occur.

The conventional definition for digits as elaborated above is
referred in this paper as silicon-based digits, as silicon is the
predominant material used in IC manufacturing. With respect
to molecular analysis, the performance (reliability, precision, and
speed) of most analytical technologies has been improved through
the use of digital systems in conjunction with existing analytical
devices. This improvement is derived from the integration of digital
computing devices and software to process the data arising from
analytical measurements.

Most contemporary molecular analytical devices (e.g. microar-
rays, mass spectrometers, and NMR) are fundamentally analog in
nature, yet the readout from these machines is digitally controlled.
Digital processing and computing techniques have been used to
measure, process, and transfer data pertaining to the existence
of specific molecules or the occurrence of chemical reactions.
A molecular analytical system is conceptually an integration of
three separate modules (Fig. 3). The modules are: (a) a digital
component for controlling the instrument and processing of
extracted data (right, Fig. 3); (b) an analytical device (left, Fig. 3);
and (c) adaptor modules used to convert between analog and
digital components (A/D and D/A modules, Fig. 3). Normally,
molecules or reactions are identified through an intermediary
physical phenomenon (i.e., absorption of light, fluorescent emis-
sion, or the behavior of particles in an electric or magnetic field).
It is noteworthy that although these physical phenomena are
measured in an analog manner and processed on digital computing
systems, there is no direct interaction between molecules and their
corresponding digital data.
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Fig. 3 System level architecture of conventional molecular analytical
systems (A/D: analog to digital adaptor; D/A: digital to analog adaptor).
Triangles denote regions in which noise can appear.

Molecule-based digits

In direct contrast with the electronic devices described in the
prior section, computation can be also performed with molecules.
While the role of the organic chemist has only been modest in the
development of IC devices, molecular-based computation replaces
electronic signals with complex chemical reactions. Here the role
of the chemist is critical to the establishment of chemical functions
that delivers discreet logic and also permits complex levels of entry
and calculation.
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There are two major formats of molecular computation. The
first develops its signals over an assembly of molecules (intramolec-
ular systems) and the later arises through events that can be
conducted within a molecule (intermolecular systems).

Intramolecular systems predominantly develop computation
based on reaction-diffusion using a physical phenomenon called
the Belousov—Zhabotinskii (BZ) reaction (Fig. 4a).?’*? Data are
represented by varying the concentration of molecules in a BZ
medium, and computations are performed by the diffusion pro-
cess. These studies developed a binary system through monitoring
the cycling of a chemical reaction between yellow and colorless
solutions. Here a colorimetric response was used to denote this
binary system.

()

=
=
=
(d) —

Fig. 4 Schematic representation of some examples of intramolecular
systems, (a) fusion of chemical waves in a BZ medium; (b) progression
of chemical reactions in a light-sensitive BZ medium; (c) calculation of
Voronoi diagram using BZ reaction, as one moves from left to right the bars
grow in size and diffuse from the center of the object; (d) implementation
of logic gates using BZ media, the reactants diffuse along the chamber and
interact with each other.

The first computational application of the BZ reaction was
published in 1989 by Kuhnert,? in which light-sensitive chemical
reactions (waves) in a BZ medium were used for the purpose
of image processing (Fig. 4b). Before this investigation, image-
processing functions were performed using computer analysis to
process a digital image. However, Kuhnert showed that various
functions, such as segmenting a picture or smoothing a degraded
picture, can be performed through the BZ reaction. This work was
a breakthrough in the field of chemical computing. The simplicity
of the method in comparison with conventional techniques, based
on the use of complicated digital microprocessors, exists as the
main argument for molecular systems presenting competition to
silicon-based digits.

Kuhnert’s concept has progressed significantly since 1989. It has
been shown that BZ media are capable of solving complex image
processes, calculating Voronoi diagrams (Fig. 4¢),>?” conducting
pattern recognition,®? and planning paths.’**' Furthermore,
production of logical gates with BZ media has also been studied.
Logical gates are basic operations required for all computational
purposes. Traditionally, a logical gate has a two bit input (0 or
1) and one output subjective to the type of the logical operation
(e.g., AND, OR, NAND). For example, Blittersdorf built Boolean
logic gates from a network of three chemical reactors in which

the binary state was represented by the level of acidity.*> In
2002, Adamatzky demonstrated that simple logic gates can be
implemented using concentration waves as they constructively or
destructively interfere within a given T-shape structure cut from a
BZ media gel (Fig. 4d).*

It should be noted that the concept of reaction-diffusion com-
putation is actually a type of analog computation, as the element
of analysis arises through a dynamic physical phenomenon rather
than a single logic gate. Furthermore, detection requires peripheral
instrumentation, primarily optical capture systems that involve
analog to digital conversions. Nevertheless, the manipulation
of chemical diffusion within a BZ computer is equivalent to
the data processing structure used by digital processors. In
comparison with modern microprocessors, a chemical can be
simple, stable, small, and inexpensive to produce. The concept
of chemical computation is still in its infancy; however, it can
become a more effective device for some specific processes.
In conventional microprocessors, processing of bits of data is
performed sequentially, and data transfer/interaction should be
performed through specific communication channels. Chemical
waves representing bits of information can move in all dimensions
and simultaneously interact with each other, thereby permitting a
multitude of simultaneous operations. This property provides the
capability of handling significantly higher levels of data flux than
silicon-based systems.

Currently, there are two primary types of intermolecular
computation (Fig. 5). The first type develops a logic gate based on
the manipulation of a small molecule. In the first example (Fig. 5a),
the fluorescence of a solvatochromic dye is manipulated by its
atmosphere. Here switching between Ar and CO, atmospheres can
be used to regulate the fluorescence derived from a dye, thereby
delivering a two stage process.** These events can be examined
at the single molecule level, wherein fluorescent molecules are
observed in one state (with Ar) and not in another (with CO,).
A panel of more sophisticated events has been developed with
switches that can be regulated by light, current, ion strength,
temperature or chemical reactivity.**>! In a second example, the
absorbance properties of a chromaphore can be used for switching.
Conversion between an N,QO-acetal and its corresponding ring-
opened tautomer (breakage about the line in Fig. 5b) provides
a distinct colorimetric change. This change can be regulated by
the wavelength of light or by pH.**5*%* Alternatively, polychromic
materials can deliver a multi-state device through photoisomeriza-
tion. An example of this process is provided in Fig. 5c. Here, a two
staged device is developed by the conversion of a dihydroindolizine
to its corresponding betaine with UV light and return by exposure
to visible light or heat.>*

A second type of intermolecular device is based on examining
the reactivity of a molecule. The first example of this class
arises through the regulation of multiple states in supramolecular
complexes. As shown in Fig. 5d, this regulatory behaviour can
be used to generate a distinct colorimetric or electrochemical
response (Fig. 5d).>**7 Enzyme reactions also provide a further
medium to display logic functions (Fig. 5¢).***! In this type of
experiment, multiple inputs are given by the addition of substrates
(or inhibitors), and logic is developed over the progression
of an enzymatic process. Again, these methods are typically
monitored by examining reactivity within a bulk medium rather
than examined one molecule at a time. 36>
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Fig. 5 Examples of intermolecular systems for logic gates development. Based on small molecule manipulation: (a) regulating the fluorescence of
solvatochromic dye by changing the atmosphere between Ar and CO,; (b) switching using absorbance property of a chromaphore; (¢) a multi-state
bilateral phenomenon by exposing dihydroindolizine to UV light. Based on the reactivity of a molecule: (d) regulation of multiple states in supramolecular
complexes; (e) logical gate development using enzyme reactions; (f) oligonucleotides hybridization for performing logical operations. Dark lines in (b)
and (c) denote bonds broken during the two-state process. Yellow boxes denote regions of input or output.

To date, DNA computing is the most developed type of in-
termolecular computation, wherein the binary nature of oligonu-
cleotides is adapted to represent digits.®" This field was proposed
by Adleman in 1994.” He showed the feasibility of using DNA
molecules as a form of computation to solve the mathematically
complicated problem of a seven-point Hamiltonian path.” In
Adleman’s approach (Fig. 5f), DNA fragments were produced
and encoded corresponding to different variables of a problem,
and DNA hybridization was used to reach to the solution.
DNA computing is fundamentally very similar to parallel com-
puting, whereby highly complex mixtures of DNA molecules
simultaneously evaluate many different possibilities. For certain
specialized problems, DNA computing could provide a faster
and smaller computational element than that required by parallel
networks of silicon-based processors. Assuming that hybridization

of two DNA molecules is considered a single operation, the
readily accessible operation in a DNA computer at e.g., 10
or more calculations/second” can easily exceed the speed of
the fastest digital computer at ~280.6 TFlop/s (“teraflops” or
trillions of calculations/second). In the case of the seven-point
Hamiltonian problem attempted by Adleman, a random 20-mer
oligonucleotide was generated representing each vertex and edge
in the problem. Aliquots containing 50 pmol of these 20-mers were
mixed together, allowing each combination of the nucleobases to
hybridize, representing a comprehensive operation.”

The major challenge in molecular computation lies in its
generality. For each problem, one must design a new set of
experiments, each requiring a new, yet refined, set or class of
molecules. This problem is further complicated by the need
for a diverse set of analytical methods to collect the data
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(i.e., spectrophotometer or CCD camera) and convert it to the
respective digital output. Moreover, the demand for molecular
quantity grows exponentially with the size of the problem, and
the amount of molecules required for complex computation is
often too large to be practical at the single molecule level (e.g., it
would take 960 years to complete a calculation that evaluates 10%
molecules at 3.3 molecules/nanosecond). Additionally, molecular
computation requires the specification of chemical reactions,
which often requires complex transfer of liquids, solids, or gasses.
Most of these transformations cannot be conducted within a time
frame comparable to that of electrical circuits.

Major advances have been made in the field of DNA com-
putation since its discovery. The research in this domain has
focused on two major aspects: (a) application of biomolecular
computers for computational problems;”” and (b) molecular
scale programmable computers for logical control of biological
systems.”* As an example of the latter in 2004, Benenson
demonstrated a molecular-scale logical control of gene expression
in a DNA computer with molecular input and output modules
capable of diagnosing cancerous activity within a cell and releasing
an anti-cancer drug upon diagnosis.

While complications exist, the advance of the small molecule,
enzymatic, and DNA computation suggests a merge between
molecular and computational sciences through which both aspects
gain in function. In the next section, hybrid systems are introduced
in which digital streams are directly affected by molecules.

Hybrid systems

Recently, the concept of molecular analysis through direct in-
teraction between molecules and digits, or hybrid systems, has
become an active research topic. In these systems, molecular
analysis is conducted through the ability of molecules to alter the
transmission of a digital stream. Hybrid systems include silicon-
based digits, such as conventional analytical molecular systems,
however molecular recognition is not based on detection of an
intermediary physical phenomenon. Rather, a molecular event is
detected by its ability to manipulate a digital sequence, thus a
true interaction between digits and molecules is achieved in these
analytical systems.

The compact disc (CD) has been greatly studied recently for
molecular analysis in the context of hybrid systems.” In 2000,
Hammock suggested that a CD format for the fabrication of
microarrays could be implemented for molecular detection in a
method analogous to data reading off a conventional compact
disc.®® The reading of a CD employs a process called destructive
interference in order to deliver binary information.*" Briefly, a
CD laser beam focuses on a track of pits and land (the data track)
below a layer of polycarbonate. The laser reflects off the aluminium
data track and is read by an opto-electronic device that detects
changes in light. The land regions reflect the light differently than
the pits, and the optical sensor detects the change in reflectivity as
a digital signal (such as on/off or 1/0). The depth of the pits is
chosen as one quarter of the laser beam wavelength (780 nm). As
a result, the reflected laser beam from a land region is out of phase
as much as 7 with the light reflected from a land.®

Effectively, each pit acts as a micro-interfrometer through which
data can be digitally perceived. Hammock suggested a similar
approach for molecular detection, assuming that the distance

between the top of a molecule on a reflective surface resulted from
conducting an immunobead-based assay using reflective beads,
with the surface being one quarter of the laser beam wavelength
in distance. In this scenario, the same destructive interference can
be observed using a system similar to conventional CD players. In
other words, molecules generate a digital stream of data that can be
used for molecular detection (Type IA, Fig. 6). Recently, a similar
method for detection of molecules labeled with reflective particles
has been reported in which molecules produce a digital stream of
data resulting from the reflection of a laser beam from metallised
labeled molecules (Type TA, Fig. 6).#* This method has been used
for the quantitative measurement of biomolecular binding.® For
readability with conventional CD players, bioactive receptor sites
(e.g., CPR antibodies) were stamped according to a pit structure
for conventional CDs (0.6 um wide and 1.5-6 um long), and the
screening assay was performed on the surface of the CD.*

Another hybrid approach for molecular screening was suggested
in 2004 by Nolte and Yu.® It is based on fabrication of
microstructures that can act as microscopic interfrometers in
a platform similar to a CD (Type IB, Fig. 6). Here a laser
beam with a wavelength of 633 nm was used to detect the
binding between target analytes with antibodies, antigens, or DNA
molecules immobilized on a micro-interferometric element. This
was performed with gold lines arranged as radial spokes on a disc-
shaped platform. Binding interactions introduce an additional
phase change in the reflected laser beam that can be detected in the
far-field diffraction intensity. In other words, molecular detection
is made by processing a string of created digits. In this approach,
the thickness of gold spokes (79.1 nm) was chosen in such a way
that they operate in quadrature with the laser read-out, resulting
in maximum linear detection sensitivity.®

In 2003, we proposed a new CD-based molecular screening
platform in which molecules were used to alter the digital stream
of data asitis read from a conventional compact disc by a standard
computer CD player.* In this approach, molecules do not create a
digital signal but alter an existing digital stream. Positive molecular
interaction events on the surface of the CD create interference
within the digital steam as the CD is read by the player (Type
I, Fig. 6). In this method, ligand molecules are deposited on
a chemically modified CD surface, which creates an additional
ligand layer on a conventional compact disc.** A specific data
pattern is first written onto the internal digital layer of a CD, and
ligands are subsequently deposited on the activated CD surface.
Molecular screening is performed by reading the data off the CD
before and after addition of a biomolecule and evaluating the error
created by positive binding events.?#

The unique characteristic of hybrid systems for molecular
detection is the direct interactivity between a digital stream and
a molecule. One of the major advantages that can be achieved
through this interaction is the capability of providing a generic
molecular analysis platform that is not subjective to the assay
type and does not require expensive calibration procedures as
with conventional molecular systems. In Type II hybrid molecular
analytical systems, the analytical device and the computing
device are not two separate entities as they are in conventional
techniques. The analytical system is an integral part of the
digital communication, and Type II hybrid systems can benefit
from sophisticated logic and networking structures found in
contemporary computing. However, it should be emphasized that
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Fig. 6 Hybrid systems molecular detection architectures. Type IA: a digital signal is generated by the reflectivity of molecules labeled with reflective
beads against a laser beam; Type IB: recognition of molecules based on processing of the phase of the reflected laser beam; Type II: molecular recognition
based on their interferences with a pre-sorted digital signal. PC: polycarbonate layer, R: reflective layer, P: protective lacquer layer.

of the three hybrid computing systems, only Type II systems fit
within this definition.

In Type IA and IB, a new set of digital information is generated
for the creation of analytical data. In Type IA, the affinity event
creates the digital signal, as given by its geometric positioning
into byte structures. In Type IB, alteration of light reflection
is employed to generate a digital signature. In other words,
data are produced in an analog manner, but it is perceived and
processed digitally. This is similar to conventional molecular
analytical systems, but with platforms more suitable for digital
architecture. Alternatively, the Type II creation of analytical
information is based on the alteration of existing digital code
(Fig. 7). This is an emergence between molecular analysis and
contemporary digital machines in an advanced level. As a result,
sophisticated molecular-based data manipulation and information
flow is anticipated through this fusion.

DATA
FLOW

STRING 1 [l]= =g ju/spis o) onmE nmEE HEEEE—
| I | I HEE N .
STRING 2 o | | | HE N HE N HN EE NN N

Fig.7 Schematic representation of modulating a string of digits in Type I1
hybrid systems. The triangle denotes the appearance of data reading error.

Fig. 7 illustrates this concept in Type II systems. String 1
is the existing (pre-stored) digital data within a CD platform.

White and grey boxes represent 0 and 1 bits, respectively. The
middle data string is the statistical error signal that arises from
the interference of molecules with the background digital stream
(string 1). Statistically, this interference can produce two types
of errors depicted as cyan and magenta boxes. Cyan represents a
change in the value of the original bit (from 1 to 0 or 0 to 1) and
magenta represents no change in the statistical data reading error
creation. As a result, string 2 is an altered data set in comparison
with string 1, and the difference between these two strings can be
calculated. Thus, the alteration of data is directly responsible for
molecular detection in Type II hybrid systems.

Conclusions and perspectives

The emergence of digital devices through computing has signif-
icantly impacted the human experience within a short period
of time. With the advent of direct interaction between digital
information and molecules, a parallel growth could be predicted
for digital molecular analysis. In the short term, we believe that
the true integration of digital streams with analytical instruments
or direct interaction between molecules and digits (hybrid sys-
tems) could provide generic and inexpensive molecular analysis
platforms (Fig. 8). The combination of new digital structures
and their fusion with molecular systems provides an exciting area
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Fig. 8 System level structure of hybrid approach in the development of
molecular detection platforms.

for discovery. Though it remains difficult to predict the optimal
conduits between the molecule and the digit, competitive new
technologies suggest new devices and media that can integrate
with aspects of commercial electronics.
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The design and synthesis of two novel fluorescent sensors based on the photoinduced electron transfer
(PET) concept, 1 and 2, for the detection of zinc under competitive media is described. These sensors
are based on the 4-amino-1,8-naphthalimide fluorophore, which has an absorption band centred at

450 nm and emits in the green with 4,,,, ~550 nm. By functionalizing the chromophore with a simple
benzyl or ethyl-aryl based iminodiacetate receptor at the 4-position, both high selectivity and sensitivity
were achieved for the sensing of Zn(11) over other competitive transition and Group I and II metal ions.
These sensors were also shown to be pH independent, with a pK, of 2.3 being determined for 1, which

allows these to be used in highly competitive pH media. Upon sensing of Zn(11) the fluorescence
emission spectrum is ‘switched on’ demonstrating the suppression of PET from the receptor to the
fluorophore. For 1, the sensing of Zn(11) was achieved with Ky = 4 nM when measured in pH 7.4

buffered solution, in the presence of 1.1 mM of EGTA.

Introduction

The design and development of small molecules for sensing appli-
cations is of great current interest in supramolecular chemistry.'?
In particular, luminescence sensing of ions and molecules has
become evermore important in medical diagnostics as such sensing
can give fast and reliable analysis of human wellbeing.** Such
sensing has recently been demonstrated for analysis of blood or
serum samples for critical care analysis; where the concentration
of vital electrolytes can be determined instantly after sample
gathering.’ Using synthetically designed sensors, or chemosensors,
where a receptor moiety is conjugated directly or via a short
spacer into a luminescent moiety, such as a fluorescence tag or
metal based emitter, it is now possible to detect the presence
and concentration of most biologically relevant ions.*” In the
last few years, researchers have become particularly interested in
the physiological role of Zn(11).%* Zinc plays a vital role in both
physiological and metabolic pathways in the body. Biologically
relevant concentrations of Zn(11) in its mobile form, are thought
tobeintherange of 1 fMin E. colito almost 0.5 mM in mammalian
cells. Tt is an essential nutrient and strongly influences cell division
and differentiation and hence is very important for the growth
and development of all forms of life." It plays a key role in the
synthesis of insulin and the pathological state of diabetes.” It has
been reported that hyperglycaemia from either type I or type II
diabetes causes physiologically important losses of Zn(11) from the
body. It is known that Zn(11) serves as a mediator for cell-cell
signalling in the central nervous system (CNS), where the brain
tissue contains a high concentration of Zn(1)."* In addition to
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affecting neuron activity, it has also been observed that cortical
neurons undergo cell death if exposed to intense Zn(11) levels and
Zn(11) is now regarded as one of the most important co-factors
in the regulation of apoptosis.** Hence, the ability to selectively
detect Zn(11) at pH 7.4 in competitive media such as Ca(1r), Mg(1r)
and other transition metal ions, can allow a further understanding
of its physiological role in nature and disease.®*!>1¢

For some years we have been interested in the luminescence
sensing of both cations and anions using fluorescence and delayed
lanthanide luminescence sensing.'”" Our interest in the sensing
of Zn(1u1) sprang from the fact that many of the examples in
the literature had significant drawbacks which included: being
synthetically challenging, possessing poor water solubility, pH
sensitivity within the physiological pH region, possessing low
quantum yield, or small luminescent enhancement between the
‘free’ and the complexed’ sensor, sensitive to group II ions and
as such, lacking in Zn(11) selectivity. With this in mind we set out
to design a new family of Zn(11) selective sensors which would
overcome all of these drawbacks.?

Our Zn(11) sensors discussed herein, are synthetically simple
and based on the photoinduced electron transfer (PET) principles
where a fluorophore is connected to a receptor by a short spacer.
Here, 4-amino-1,8,-naphthalimide was chosen as the fluorophore,
which has a strong absorption band in the visible region, emits
at long wavelengths with large Stokes shifts and possesses high
fluorescence quantum yield in aqueous media.?* Unlike the Zn(11)
sensors developed to date, many of which consist of the two
bis(2-pyridylmethyl)amine units as the Zn(11) receptor, our sensor
employs a phenyl iminodiacetate receptor.? This ensures pH
independence in the physiological pH range at the same time as
providing high selectivity and excellent affinity for Zn(11) over
other biologically competitive metal ions. Employing the PET
principle is advantageous as, if correctly designed, the sensors
do not give rise to any fluorescence except upon coordination to
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Zn(1), which ‘switches the emission on’.*® The PET Zn(11) sensors
presented herein, 1 and 2, are the results of our investigation.

d

(©) N (0]

CO Na

\‘\4/©/ \/CO Na

Results and discussion
Design and synthesis of 1-4

The design of 1 and 2 is based on the classical PET principle,
developed by de Silva.?*?** In our design we used a methylene
spacer for 1 and an ethylene spacer for 2. The rate of electron
transfer, from the electron rich receptor to the electron deficient
fluorophore is highly distance dependent. We would thus expect
1 to be a more efficient PET sensor than 2. Nevertheless, the
rationale behind 2 was that the ethylene spacer would impart
more photo-stability, as well as being more stable to metabolite
breakdown in vivo, which overall would lengthen its usability
for practical application.” The synthesis of 1 and 2 is shown
in Scheme 1. For both sensors, the starting point was the N-
ethyl-4-amino-1,8-naphthalimide, 3, which was synthesized by
refluxing 6-bromo-1,8-naphthalic anhydride in 1,4-dioxane and
70% aqueous ethylamine (w/v), and obtained as an off-white solid
in 85% yield after precipitation from water. The next step was the
introduction of the spacer moieties in 1 and 2. The synthesis of the
benzyl derivative 4 was first attempted from 4-aminobenzylamine,
which would incorporate the spacer as well as the aniline part
of the receptor moiety in one step. However, the synthesis of
this molecule turned out to be problematic and several reactions

OEt

(0]
_—
OO K3003
DMF

HN HN
5 7
NH

Scheme 1

such as refluxing 3 with 4-aminobenzylamine in DMF, dioxane
or ethanol all failed. Nevertheless, 4 was successfully synthesized
by heating 3 to near melting temperature (130 °C) followed by
subsequent addition of neat 4-aminobenzylamine. This resulted
in the formation of the desired product 4 within 30 minutes in
85% yield, after precipitation from water and a recrystallization
from ethanol. The synthesis of 5, the ethyl analogue of 4, was
accomplished using a similar protocol whereby 4-aminophenyl-
N-ethylamine was heated at 130 °C followed by precipitation and
recrystallization from 2-propanol, giving the desired product in
80% yield. Different methods were attempted for the alkylation
of 4 using ethyl bromoacetate, such as using K,HPO, in refluxing
CH;CN, or DMF, but these resulted in the formation of mixture of
products that were difficult to separate. Similarly, using K,COj; in
CH;CN gave a mixture of products. However, the desired product
was successfully formed by using K,CO; in DMF and the target
molecule 6 was formed in high purity and in 90% yield after
recrystallization from 2-propanol. Similarly, 7 was formed using
the same N-alkylation method in a 90% yield. Finally the two PET
sensors 1 and 2 were formed, in a quantitative yield, by alkaline
hydrolysis of 6 and 7, respectively, using 3 M NaOH in CH;OH :
H,O (10 : 1, v/v). All the compounds were fully characterized
using conventional spectroscopic techniques. The aromatic region
of the '"H NMR (400 MHz, D,O) of 1 is shown in Fig. 1,

ki

|||rlv|ll||

T T T T T T T

6.5 (ppm)

Fig. 1 Partial '"H NMR (400 MHz) of 2 in D,O. Protons a, b, ¢, e and g
are assigned to the naphthalimide fluorophore while d and f are those of
the aniline receptor.
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Synthesis of PET sensors 1 and 2.
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showing doublets centred at 6 6.47 and ¢ 7.22 ppm for the phenyl
protons and a doublet, a triplet and three doublets resonating at
7.81,7.69, 5.58, 7.11 and 6.24 ppm for the naphthalimide protons.
A similar '"H NMR was observed for 2.

Spectroscopic pH evaluation 1 and 2

The luminescent properties of both sensors were first investigated
as a function of pH in water in the presence of 135 mM KCI
(to maintain constant ionic strength). Both sensors were fully
water soluble. The absorption spectrum of 1, when recorded in
alkaline solution, showed two main spectral regions between 258—
293 nm, assigned to the n—7n* transition, and a second region
centred at 440 nm (¢ = 18.92 x 10° M~' cm™') assigned to
the internal charge transfer (ICT) character of the fluorophore,
arising due to the push—pull nature of the donating amine and
the withdrawing diimide. Upon titration with acid, the 450 nm
band was hypsochromically shifted to shorter wavelengths, with
the formation of an isosbestic point at 422 nm, Fig. 2. This was
assigned to the protonation of the amino moiety of the receptor
and not that of the 4-amino moiety, which usually occurs at much
lower pH. For ideal PET sensors, such shifts do not usually occur,
due to the presence of the spacer between the fluorophore and
the receptor. However, the observed hypsochromic shift can be
explained by the ICT excited state of the naphthalimide, which
places a partial positive charge on the 4-amino moiety. This creates
a repulsive interaction with the protonated N-acetate moiety thus
shifting the absorption spectra to lower wavelengths.?® The plot of
absorbance at 450 nm against pH showed that only minor changes
occurred above pH 6.5, while the most significant changes were
observed between pH 3-5. From these latter changesa pK, of 3.2 £
0.1 was determined, using non-linear regression analysis. In the
same way the absorption spectra of 2 were monitored as function
of pH. In alkaline solution the main absorption band was observed
at 453 nm (¢ = 20.1 x 10° M~' em™"), with a lower intensity band
at 306 nm. Upon acidification, a ca. 20% decrease was observed
in the intensity of both bands, but no hypsochromic shift was
observed, possibly the presence of the longer ethylene spacer,
reduces the aforementioned repulsive interactions. Unfortunately,
these changes were too small for accurate pK, determination.

250 300 350 400 450 S00 550 800
Wavelength (nm)

Absorbance

0.08 7

0.04 7

250 300 350 400 450 500 550 600
Wavelength {(nmj)

Fig. 2 Changes in the absorption spectra of 1 (1 uM) upon changes in
pH. Insert: The changes at alkaline and acidic pH.

The changes in the fluorescence emission spectra of both 1 and
2 were also monitored as a function of pH. Upon excitation of the

ICT band at the isosbestic point at 422 nm, the ICT emission was
observed at a long wavelength between 500—-700 nm, with A, mex =
550 nm. The changes in the emission spectra of 1 are shown
in Fig. 3, and clearly demonstrate that the observed emission
is highly pH dependent; being ‘switched on’ upon acidification,
with large fluorescent enhancements. These changes were found
to be fully reversible, demonstrating the suppression of any PET
quenching from the electron rich receptor to the naphthalimide
fluorophore upon protonation of the aniline nitrogen, which
increases the oxidation potential of the receptors and hence makes
PET thermodynamically unfavorable.”** From the changes at
550 nm (insert in Fig. 3), a pK, of 3.20 £ 0.1 was determined for 1.
This is in good agreement with the ground state pK, measurement,
and clearly demonstrates the pH independence of this sensor
within the physiological pH range. Hence, as the emission can
be considered to be ‘switched off” at pH 7.5, any change in the
emission intensity as a function of added metal ions, e.g. Zn(1),
can be considered a direct measure of the binding of the ions to the
receptor at this pH. In a similar manner, the fluorescence emission
was monitored for 2 as a function of pH upon excitation at 453 nm.
As above, the emission was found to be highly pH dependent,
being ‘switched off” in alkaline solution and gradually ‘switched
on’ in acid solution below pH 5. From the changes at 554 nm
(Amax) @ pK, = 2.10 £ 0.1, was determined. This is considerably
less than that observed for 1. This may be due to the electronic or
conformational effects of the ethylene spacer. Nevertheless, these
results show that the emission from 2 is also pH independent in
the physiological pH range. These are highly desirable features for
any metal ion chemosensors for sensing in vivo.
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Fig. 3 Changes in the fluorescence emission spectra of 1 (1 pM) upon
changes in pH. Insert: The changes at 550 nm as a function of pH.

Spectroscopic evaluation 1 and 2 in the presence of various Group
II and transition metal ions

Having established the pH dependence of both sensors, we
evaluated the fluorescence and absorption dependence for both
1 and 2 (1 uM) towards Group II and transition metal ions such
as Zn(1r), Cd(11), Hg(1r), Cu(1r), Co(1r), Ni(11) and Fe(m), at pH 7.4
(20 mM HEPES) in the presence of 135 mM KCI. No fluorescence
emission changes were observed with Ca(ir) or Mg(l1), even at
1072 M concentrations. Among the transition metal ions, Cu(1r),
Fe(11) and Fe(ir) did not modulate the fluorescence intensity,
and the emission remained ‘switched off’. Minor fluorescence
enhancements were however, observed at higher concentrations
(>107* M) for Co(1r), Ni(11), Hg(i1) and Cd(11) (see later Fig. 5).
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However, in the presence of Zn(11) dramatic changes were observed
in fluorescence emission, which was ‘switched on’ as can be seen in
Fig. 4.
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Fig. 4 Changes in the fluorescence emission spectra of 1 (I pM)
upon addition of Zn(11) upon excitation at 422 nm, at pH 7.4. [Zn(1)]:
1.2 nM-1.5 mM. Insert: The changes at 550 nm as a function of
—log[Zn(1)], pZn.
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Fig. 5 Absorption spectra response of 1 in the presence of increasing
concentration of Zn(11) (¢f. Fig. 4) in HEPES buffer at pH 7.4.

No measurable changes were observed in the emission wave-
length, which indicates a PET mechanism. These changes rep-
resent the binding of the ion to the Zn(i1) receptor, via the
carboxylates of the iminodiacetate and the nitrogen moiety, and
the concomitant suppression of any PET activities from the
receptor to the fluorophore. This is due to the increase in the
oxidation potential of the receptor upon Zn(i) binding, in a
similar manner to that observed for H*. From these measurements
the binding constant log f = 3.9 (£0.1) was determine using the
least squares regression analysis program Sigma Plot. The changes
in the emission intensity suggest a simple equilibrium and 1 : 1
binding. The 1 : 1 binding was also determined using both Job
plot and Hill plot analysis. For the latter a Hill coefficient of 1.05
was calculated, which indicates the correct 1 : 1 stoichiometry.
For the free sensor 1 the fluorescence quantum yield (@) under
these conditions was measured to be ca. 0.004, increased to 0.21
in the presence of 5 uM Zn(11), (@Pyeuma). This is a fluorescence
enhancement of 56 fold upon Zn(i1) binding, which shows that
the sensor can be considered as a luminescent light-switch for

Zn(11). Using the value for ¢ (determined above), the brightness
of the Zn(11) bound sensor can be determined (¢ x @) as 1.01 x
10° Int M~ cm™".

Sensor 1 also functions as an ideal PET sensor as the ground
state was not modulated upon Zn(11) binding to the receptor, Fig. 5.
Some minor changes were observed at lower wavelengths that
can be assigned to the coordination of Zn(11) to the aniline unit.
However, these are too small for accurate binding constant deter-
mination. Similarly, no changes were observed in the absorption
spectra in the presence of other competitive metal ions.

The fluorescence response of 2 to Zn(i) was similar to that
observed for 1, Fig. 6. A broad emission band with a maximum at
554 nm was observed upon excitation at 453 nm. In the unbound
form, the sensor 2 was determined to have a quantum yield of
~0.007 which increased to 0.14 in the presence of a saturating
amount of Zn(1) (5 uM), hence a fluorescence quantum yield
enhancement (@ youe/ @) Of 20-fold was observed upon Zn(1r)
binding. This is a good enhancement, given the longer spacer
length and shows that 2 can also function as a luminescent light-
switch for Zn(11). As in the case of 1, no shifts were observed in the
emission wavelength. From these changes a log f = 4.0 0.1 was
calculated for the 1 : 1 binding, which indicates that 2 has the same
affinity for Zn(11) as observed for 1. The extinction coefficient (&)
of the sensor was calculated to be 20.1 x 10° M~! cm™, with a
brightness of 4.02 x 10° Int M~! cm™! for the Zn(11) bound sensor.
These results clearly indicated that the two sensors fulfil the criteria
set out above for the development of highly selective Zn(11) sensing
in competitive media.

Intensity (a.u.)

Wavelength (nm

Fig. 6 Changes in the fluorescence emission spectra of 2 (1 x 10~ M)
upon addition of Zn(11) upon excitation at 455 nm, at pH 7.4. [Zn(11)] are
the same as in Fig. 4. Insert: The changes at 554 nm as a function of pZn

(= —log[Zn(m)).

Selectivity of 1 and 2 for Zn(i1) over other competitive ions

As briefly discussed above, the selectivity of both sensors towards
Zn(11) was found to be excellent. The fluorescence and absorption
responses of 1 and 2 to Ca** and Mg** were first investigated as
these are highly competitive ions in vivo. The addition of these
ions, even at high concentrations (>10"2 M), did not result in any
changes in the absorption and the fluorescence emission spectra.
Of the transition metal ions, only Cd(i1) and Hg(i1) gave rise
to any significant changes. Addition of Cd(1) to 1 resulted in
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no spectral shifts in the ground state spectrum. However, the
fluorescence titration of 1 with Cd(1) lead to a 10-fold increase in
fluorescence. The changes in emission were fitted to a 1 : 1 binding,
and a log f = 2.0 £ 0.1 was determined from these changes. For
2, even higher concentrations of Cd(i1) were required to achieve
any significant increase in the fluorescence emission, and a log
S = 1.8+ 0.1 was determined from these changes. Hence, it can be
concluded that both these sensors show minor changes with Cd(11).
Nevertheless, these concentrations are much higher than the level
of Cd(m1) present in the body, and as such, will not interfere in
the measurement of the Zn(I1) ions in important organs such as
the pancreas and brain. The responses towards to Hg(i1) were
negligible and mirrored the Cd(11) response, with an overall 4-fold
enhancements being observed on titrations of 1 with Hg(1r), while
Ni(11) gave even smaller enhancements. This clearly demonstrates
that the receptor has excellent affinity for Zn(11) over these ions.
To further evaluate the selectivity of 1 towards Zn(11) we carried
out competitive measurements. The results of these titrations are
shown in Fig. 7, where a 1 uM solution of 1 at pH 7.4 (20 mM
HEPES, 135 mM KCl) was measured after the addition of 5 uM
of each of the metal ions shown. These results clearly demonstrate
the selectivity for Zn(1) for 1 over the other metal ions, as on
all occasions emission intensity (recorded at 550 nm) increased
significantly upon addition of Zn(11). To the best of our knowledge,
1 is the first example of a Zn chemosensor to uphold such strict

Zn(11) selectivity.
i Hg2+ NiZ+ E

Ca2+ Mg2+

120 4

8o
40
a

Zn2+ Cd2+

Metal ion

Fig. 7 Relative fluorescence intensity responses of 1 to various metal
ions. Dark grey bars represent emission without Zn(11) for a particular
metal ion. Light grey bars represent the emissions upon addition of Zn(1r)
to respective metal ion. The first bar shows the response to Zn(11) in the
absence of any competitive ions.

Spectroscopic evaluations of 1 and 2 towards free Zn(11) ions

Having established the high selectivity of both sensors towards
Zn(1), the ability of 1 to determine free Zn(i1) concentration
was evaluated. Free Zn(11), or chelatable Zn(11), is found in high
concentrations in the brain, the nervous system and the pancreas.
To determine the affinity of 1 towards free Zn(i1), a buffered
solution of 1 (1 uM) containing 135 mM KCl, 20 mM HEPES
and 1.1 mM ethylene glycol tetraacetic acid EGTA was prepared
and to this was added varying volumes of 1 mM ZnCl, solution
giving free Zn(11) concentrations of 1, 3, 5, 9, 12, 20, 30, 45, 80, 90,
100, 120, 140, 160, 200, 220, 240 and 280 nM, and the absorption
and the fluorescence emission spectra recorded (Fig. 8).7
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Fig.8 Changes in the fluorescence emission spectra of 1 upon addition of
Zn(11) upon excitation at 455 nm, at pH 7.4 (20 mM HEPES) and 135 mM
KCland 1.1 mM EGTA.

As seen above, no significant changes were observed in the
absorption spectra. However, the fluorescence emission response
was significantly affected, being ‘switched on’ with fluorescence en-
hancements of almost 28-fold. From these changes a dissociation
equilibrium constant, K,, was obtained by plotting the log[(/; —
Tinin)/ (Tpmee — Iy)], where I is the measured fluorescence after
each addition; /Iy, is the initial emission and /I, is the saturated
emission, versus the log of free Zn(11). A Hill plot was obtained,
with a log Ky = 8.3 £ 0.1 and therefore a K; = 4 nM, Fig. 9.
These results clearly demonstrate the affinity of 1 for free Zn(1r)
concentrations and the versatility of our design.
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Fig. 9 Changes in the fluorescence emission of 1 (1 uM) at 550 nm as a
function of free Zn(11) at pH 7.4 (20 mM HEPES) and in the presence of
135 mM KCl and 1.1 mM EGTA. Insert: The fitting of the corresponding
Hill plot.

Conclusion

The synthesis of two fluorescent water soluble PET sensors for
the sensing of Zn(11) has been achieved in a few steps and in high
yields. We have demonstrated that both sensors show ideal PET
behavior for Zn(1r), where the absorption spectra do not change
to any significant degree upon binding to the ion. In contrast,
the emission spectra change dramatically; being enhanced, or
‘switched on’, significantly for both sensors. Importantly, both 1
and 2 show high selectivity for Zn(11) ions, even in the presence
of other competitive ions. All the ion titrations described herein,
were conducted at pH 7.4, where the emission for both sensors
was ‘switched off”. Hence, these sensors are pH independent in the
physiological pH range. To the best of our knowledge these are the
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first examples of such PET sensors for Zn(11) that give rise to high
selectivity for Zn(11) within the physiological pH range. We are
currently evaluating the biological application of these sensors in
greater detail, the outcome of this investigation will be published
in due course.f

Experimental
General

All solutions were prepared in deionized water. ZnCl,, CdCl,,
and HgCl, (99%) were used for preparing stock solutions (1 M)
of Zn(1r), Cd(i1) and Hg(1r). Zn(11), Cd(ir) and Hg(1r) solutions
of varying concentrations were prepared by the dilution of
appropriate amounts of 1 M stock solution with deionized water.
Absorption spectra were recorded on a Shimadzu diode array
spectrophotometer under the control of a Pentium IV-based
PC utilizing the manufacturer supplied software package. Flu-
orescence spectra were recorded on a Varian spectrofluorimeter
interfaced to the PC via an IEEE-488 (GPIB) card using Cary
Eclipse software. Excitation was provided by a 150 W Xe lamp
operating at a current of 5 A. Spectra were acquiredina 1 x 1 cm
quartz cuvette (3 mL) using a slit width of 5 nm and a scan rate
of 400 nm min~'. Both absorption and fluorescence spectra were
acquired at room temperature. Data were analyzed with either
Microsoft Excel or Sigma Plot. pH values of the solutions were
recorded with a calibrated glass electrode.

Synthesis

N-Ethyl-4-bromo-1,8-naphthalimide (3). 4-Bromo-1,8-naph-
thalic anhydride (1.5 g, 5.42 mmol) was dissolved in 1,4-dioxane
(50 mL) and ethylamine (0.35 g, 6.49 mmol) was added. The
resulting solution was refluxed for 2 hours after which the solution
was poured into ice-water. The product 3 was collected by suction
filtration and washed with water and dried over P,Os. This gave
3in 85% (1.66 g), mp = 162-164 °C (lit. 160-161 °C). '"H-NMR
(400 MHz, CDCl;): 0, 1.35 (t, 3H, J = 7.0 Hz, NCH,CH;), 4.23—
4.29 (q, 2H, J = 7.0 Hz, NCH,CH,), 7.85 (t, 1H, J = 7.5 Hz,
Ar-H), 8.05(d, IH, J = 7.5 Hz, Ar-H), 8.42 (d, 1H, J = 7.5 Hz,
Ar-H), 8.58 (d, IH, J = 7.5 Hz, Ar-H), 8.61 (d, 1H, J = 7.5 Hz,
Ar-H). "C-NMR (100 MHz, CDCl,): 6, 162.97, 132.77, 131.51,
130.72, 130.62, 130.15, 129.75, 128.52, 127.61, 122.70, 121.85,
35.20, 12.80.

N-Ethyl-4-(4-aminobenzylamino)-1,8-naphthalimide (4). Com-
pound 3 (1.5 g, 4.93 mmol) was heated with stirring at 130 °C

T To evaluate the ability of these sensors to detect Zn(1) in biological
samples, preliminary histological staining of human pancreas tissue using
1 has been carried out. A standard staining protocol was followed, after
which glass slides containing pancreas tissue sections were immersed for
10 minutes in a bath containing 5 uM buffered solution of 1 at pH 7.4. The
glass slide viewed under a green 546 nm epifluorescence microscope and
the image collected. The control tissue section, without staining with 1,
was also recorded. In both cases, the dull green colour observed is due to
autofluorescence from proteins and light scattering. However, the sample
stained with 1, showed areas within the tissue that were highly luminescent
clearly demonstrating the ability of 1 to detect Zn(11). These preliminarily
studies clearly show promising results as 1 labels the area within the tissue
which is most likely to contain granular chelatable zinc. We are currently
evaluating the ability of these sensors to monitor Zn(11) in other biological
media such as cells.

under argon. After 10 minutes an excess of 4-aminobenzylamine
(3.01 g, 24.65 mmol) was added in a single portion. After 30 min
water (20 ml) was added to the reaction mixture, which resulted
in the formation of a yellow precipitate which was isolated by
filtration and recrystallized from ethanol to give 4 as light yellow
needles in 85% yield (1.48 g), mp = 198-200 °C. MS (ES*) m/z =
346 (M + H)*. Anal. calculated for C, H,,N;O,: C, 73.03; H, 5.54;
N, 12.17. Found: C, 72.76; H, 5.63; N, 12.06. "H-NMR (400 MHz,
DMSO-dq): 0, 1.17 (t, 3H, J = 7.0 Hz, NCH,CH,), 4.04 (q, 2H,
J =7.0Hz, NCH,CH,), 4.54 (d, 2H, J = 5.2 Hz, CH,) 4.95 (brs,
2H,NH,), 6.54(d,2H, J =8.0 Hz, Ar-H), 6.70 (d, 1H, J = 8.5 Hz,
Ar-H), 7.07 (d, 2H, J = 8.0 Hz, Ar-H), 7.68 (t, 1H, J = 7.5 Hz,
Ar-H), 8.18 (d, 1H, J = 8.5, Ar-H), 8.42 (brs, |H, NH), 8.43 (d,
1H,J=8.5Hz, Ar-H),8.74 (d, 1H, J = 8.5 Hz, Ar-H). "*C-NMR
(100 MHz, DMSO-d;): 9, 163.53, 162.673, 150.54, 147.70, 133.92,
130.54, 129.37, 128.52, 127.93, 124.93, 124.27, 121.95, 120.26,
107.81, 104.51, 45.86, 34.21, 13.29. IR (v,., KBr, cm™): 3358,
2974, 2931, 2108, 1679, 1639, 1579, 1536, 1390, 1346, 1248, 1181,
1101, 1066, 910, 876, 773, 757, 694, 581.

N -Ethyl-4-{4-[bis(ethoxycarbonylmethyl)amino]benzylamino } -
1,8-naphthalimide (6). To a solution of 4 (1.5 g, 4.34 mmol) in
dry DMF (50 mL) was added K,CO; (1.67 g, 9.46 mmol) and
KI (1.57 g, 9.46 mmol). The resulting solution was stirred at room
temperature under argon. After 10 min ethyl bromoacetate (1.57 g,
9.46 mmol) was slowly added via a syringe, and the resulting
mixture was heated at 90 °C overnight. The solvent was then
evaporated under reduced pressure and the resulting residue was
taken into chloroform (30 mL) and washed with | M HCI (30 mL)
water (30 mL) and finally brine (30 mL). The organic layer was
then dried over Na,SO,, and evaporated to dryness under reduced
pressure. The resulting solid was recrystallized from ethanol to
give 6 in 90% yield (2.02 g) as a light yellow solid, mp = 180—
182 °C. MS (ES*) m/z = 518 (M + H)*. Anal. calculated for
C,yHy N;Oq: C, 67.30; H, 6.04; N, 8.12. Found: C, 67.03; H,
6.02; N, 7.91. '"H-NMR (400 MHz, DMSO-d): 6, 1.16 (m, 9H,
NCH,CH,;, NCH,CO,CH,CH;), 4.01-4.11 (m, 6H, NCH,CHj,,
NCH,CO,CH,CH;),4.15 (s, 4H, NCH,CO,CH,CH,), 6.5 (d, 2H,
J = 8.0 Hz, Ar-H), 6.67 (d, 1H, J = 8.5 Hz, Ar-H), 7.21 (d,
2H, J = 8.0 Hz, Ar-H), 7.69 (t, 1H, J = 8.0 Hz, Ar-H), 8.17
(d, 1H, J = 8.0 Hz, Ar-H), 8.37 (brs, |H, NH), 8.44 (d, 1H,
J = 7.0 Hz, Ar-H), 8.73 (d, 1H J = 8.0 Hz, Ar-H). "C-NMR
(100 MHz, DMSO-d;): 6, 170.54, 163.55, 162.69, 150.44, 146.84,
133.98, 130.65, 129.32, 128.52, 127.94, 126.53, 124.42, 121.89,
120.89, 111.86, 107.84, 104.56, 60.40, 52.66, 45.35, 34.26, 14.08,
13.30. TR (Vinux, KBr, cm™"): 3386, 2974, 2929, 1747, 1727, 1685,
1616, 1590, 1573, 1541, 1523, 1450, 1397, 1367, 1251, 1183, 1102,
1027, 819, 801, 771, 760, 605, 585.

Disodium N-Ethyl-4-{4-[bis(carboxylatomethyl)amino]benzyl-
amino }-1,8-naphthalimide (1). To a solution of 6 (1.43 g,
2.76 mmol) in dry ethanol (50 mL) was added NaOH (0.300 g,
7.5mmol) in 1 mL of water. The resulting mixture was refluxed for
2 hours. Upon cooling to room temperature the desired product
was obtained as a yellow solid in 80% (1.33 g), mp = 310 °C
(decomp.). MS (ES*) m/z = 506 (M + H)*. Anal. caled for
C,sH, N;Na,04-2H,0: C, 55.46, H, 4.65; N, 7.76. Found: C, 55.29;
H, 4.23; N, 7.72. '"H-NMR (400 MHz, D,0): 9, 1.09 (t, 3H, J =
7.0 Hz), 3.75-3.79 (m, 6H), 4.28 (d, 2H), 6.24 (d, 2H, J = 8.8 Hz),
6.47 (d, 2H, J = 8.8 Hz), 7.11 (t, IH, J = 7.6 Hz), 7.22 (d, 2H,
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J =82 Hz),7.58 (d, 1H, J = 8.8 Hz), 7.69 (d, 1H, J = 8.2 Hz),
7.81 (d, 1H, J = 7.6 Hz). "C-NMR (400 MHz, D,0): 8, 179.06,
164.31, 163.28, 158.55, 149.69, 147.69, 133.50, 129.84, 128.70,
124.20, 122.93, 118.79, 117.80, 111.13, 105.52, 55.21, 45.69, 34.94,
11.99. IR (v,.., KBr, em™): 3525, 3382, 2875, 1685, 1634, 1547,
1560, 1435, 1394, 1368, 1350, 1314, 1249, 1179, 1130, 1106, 1063,
979,911, 877, 821, 769, 756, 705, 587.

N-Ethyl<4-|2<(4-aminophenyl)ethylamino]-1,8-naphthalimide (5).
Compound 3 was heated with stirring at 130 °C under argon
for 10 minutes, after which 4-ethylaminobenzylamine (3.01 g,
24.65 mmol) was added via a syringe. The reaction mixture was
kept stirring for 30 minutes, followed by the addition of water
(20 mL which resulted in the formation of a yellow precipitate
which was isolated by filtration and recrystallized from 2-propanol
to give 4 as light yellow needles in 85% yield (1.45 g), mp = 200-
202 °C. MS (ES*) m/z = 360 (M + H)*. Anal. calculated for
C,H,N;0,: C, 73.52; H, 5.89; N, 11.69; Found: C, 72.76; H, 5.63;
N, 12.06. "H-NMR (400 MHz, DMSO-dy): ¢, 1.17 (t, 3H, J =
7.0 Hz, NCH,CH,;), 2.81-2.84 (t, 2H, J = 8.2 Hz, CH,), 3.45-
3.54 (m, 2H, CH,), 4.04 (q, 2H, J = 7.0 Hz, NCH,CH,), 4.89 (d,
2H,J =5.2Hz),6.51(d,2H, J =8.2 Hz, Ar-H), 6.83 (d, 1H, J =
8.8 Hz, Ar-H), 7.13 (d, 2H, J = 8.2 Hz, Ar-H), 7.68 (t, 1H, J =
8.2 Hz, Ar-H), 7.84 (brs, NH), 8.28 (d, 1H, J = 8.2, Ar-H), 8.44
(d, 1H, J = 7.5 Hz, Ar-H), 8.66 (d, 1H, J = 8.2 Hz, Ar-H). “C-
NMR (100 MHz, DMSO-d,): , 163.53, 162.69, 150.42, 146.94,
134.24, 130.58, 129.38, 129.16, 125.94, 124.22, 121.87, 121.88,
120.09, 114.01, 107.59, 103.87, 45.01, 34.25, 33.35, 13.32; IR (V,pays
KBr, cm™"): 3424, 3348, 2981, 2934, 2889, 2679, 1904, 1850, 1680,
1639, 1579, 1537, 1465, 1450, 1432, 1396, 1365, 1347, 1302, 1276,
1178, 1150, 1108, 1070, 1011, 913, 878, 769, 756, 654, 596.

N-Ethyl-4-(2-{4-|bis(ethoxycarbonylmethyl)amino]phenyl } ethyl-
amino)-1,8-naphthalimide (7). To a solution of 5 (1.5 g,
4.2 mmol) in dry DMF (50 ml) was added K,CO; (1.30 g,
9.24 mmol) and KI (1.52 g, 9.24). The resulting solution was
stirred at room temperature under argon. After 10 min, ethyl
bromoacetate (1.56 g, 9.24 mmol) was slowly added via a syringe.
The resulting mixture was heated at 90 °C overnight. The same
isolation procedure was used as for 6, which gave the desired
product in 90% yield (2.01 g) as a light yellow solid, mp =
195-197 °C. MS (ES*) m/z: 532 (MH)*. Anal. calculated for
C;)H;3N;Oq: C, 67.30; H, 6.04; N, 8.12. Found: C, 66.42; H,
5.98; N, 7.74. '"H-NMR (400 MHz, DMSO-d;): J, 1.16-1.20
(m, 9H, NCH,CH;, NCH,CO,CH,CH), 2.87-2.89 (m, 2H,
CH,), 3.52-3.54 (m, 2H, CH,), 4.04-4.13 (m, 6H, NCH,CH,,
NCH,CO,CH,CH,), 4.17 (s, 4H, NCH,CO,CH,CHy;), 6.49 (d,
2H, J = 8.5 Hz, Ar-H), 6.84 (d, IH, J = 9.0 Hz, Ar-H), 7.13
(d, 2H, J = 8.5 Hz, Ar-H), 7.67 (t, IH, J = 8.0 Hz), 7.85 (brs,
IH, NH), 8.27 (d, 1H, J = 8.5 Hz), 8.44 (d, 1H J = 7.0 Hz),
8.66 (d, IH J = 8.5 Hz). "C-NMR (100 MHz, DMSO-d,): J,
170.61, 163.54, 162.71, 150.41, 146.26, 134.25, 130.60, 129.40,
129.34, 128.52, 127.58, 124.26, 121.89, 120.13, 111.90, 107.69,
103.94, 60.35, 52.75, 44.84, 34.25, 32.89, 14.12, 13.32. IR (Vs
KBr, cm™): 3378, 2974, 2929, 1753, 1731, 1686, 1581, 1543, 1524,
1430, 1395, 1367, 1296, 1181, 1103, 1062, 972, 911, 808, 770, 758,
655, 587.

N -Ethyl-4-(2-{4-[bis(carboxylatomethyl)amino]phenyl } ethyl-
amino)-1,8-naphthalimide (2). To a solution of 7 (143 g,

2.76 mmol) in dry ethanol (50 mL) was added NaOH (0.30 g,
7.5mmol) in 1 mL of water. The resulting solution was refluxed for
2 hours. Upon cooling, the desired product was obtained as a yel-
low solid in 95% yield (1.33 g), mp = 320 °C (decomp.). MS (ES*)
m/z =520 (M + H)*. Anal. calculated for C,sH,;N;Na,O4-2H,0:
C, 55.46, H, 4.65; N, 7.76. Found: C, 55.29; H, 4.23; N, 7.72. 'H-
NMR (400 MHz, D,0): ¢, 1.09 (t, 3H, J = 7.3 Hz, NCH,CH,),
2.76-2.79 (m, 2H, CH,), 3.29-3.33 (m, 2H, CH,), 3.71-3.79 (m,
6H, NCH,CH;, NCH,CO,Na), 6.16 (d, 2H, J = 8.8 Hz, Ar-H),
6.44(d,2H,J =8.0Hz, Ar-H),6.98 (t, IH,J =8.1 Hz, Ar-H), 7.08
(d, 2H, J = 8.0 Hz, Ar-H), 7.47-7.53 (m, 2H, Ar-H), 7.70 (d, 1H,
J =8.2Hz, Ar-H). "C-NMR (100 MHz, D,0): 9, 179.24, 164.23,
163.20, 149.68, 149.87, 133.49, 129.85, 129.07, 126.98, 125.94,
122.83, 118.78, 117.68, 111.29, 105.22, 102.94, 55.24, 43.79, 34.86,
32.68, 32.37, 11.96. IR (v, KBr, cm™"): 3374, 2933, 1906, 1854,
1680, 1638, 1546, 1519.51, 1524, 1435, 1399, 1351, 1311, 1253,
1188, 1110, 1066, 978, 919, 879, 811 772, 759, 700, 580.
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A facile and selective synthesis of N-substituted 2-aminopyridines is accomplished via
microwave-assisted multi-component reactions controlled by the basicity of amine and the nature of
solvent. In addition, a possible mechanism accounting for the reaction was proposed.

Introduction

The pyridine ring is one of the most well-known systems among
the naturally occurring heterocycles.! Pyridine and fused pyridine
moieties present in numerous natural products such as quinoline
and isoquinoline alkaloids,> and nicotine and its analogues.® 2-
Aminopyridines are promising substituted pyridines which have
been shown to be biologically active molecules.* Additionally, be-
cause of their chelating abilities, 2-aminopyridines are commonly
used as ligands in inorganic and organometallic chemistry.® If
substituted with optically active groups, they could potentially
serve as chiral auxiliaries or chiral ligands in asymmetric reactions.
For these reasons, 2-aminopyridines are valuable synthetic targets.
The synthesis of 2-aminopyridine derivatives has been extensively
reviewed.*

N-Substituted 2-aminopyridines were previously mostly synthe-
sized through: (i) reaction of aliphatic amines with 2-halopyridines
or with imidol silyl ethers derived from the corresponding
pyridin-2-ones,' (ii) aminolysis of 2-alkoxypyridines,* (iii) using
o,B-unsaturated ketones to react with cyano derivatives and
amines,” and (iv) reaction of 2-alkoxypyridines with amines in
the presence of Et,AICL." Of these methods, pathway (i) requires
high temperature and high pressure while pathway (ii) involves
alkoxypyridines containing activating groups in the pyridine ring
under strong basic conditions, high temperatures, and a long
reaction time. Method (iii) worked reasonably well with simple
secondary amines while it was unable to isolate any of the desired
2-aminopyridine products when anilines or primary amines were
used as nucleophiles. Method (iv) demands Et,AlCl as a catalyst,
which needs protection by a nitrogen environment and exclusion
of water. Recently, Raghukumar ez al.™* have reported the synthesis
of N-substituted 2-aminopyridines from a,B-unsaturated ketones,
malononitrile and amines under mild conditions. However, the
major drawback of this method is not only the poor to moderate
yields, particularly with long reaction times, but also that it is
limited to electron-donating substituents on the phenyl rings in
the 3-position of a,B-unsaturated ketones and the stronger basicity
of amines such as pyrrolidine, and morpholine. Hence, there is an
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urgent demand to develop a facile and versatile method for the
synthesis of N-substituted 2-aminopyridines.

As part of an ongoing development of efficient protocols for
the preparation of poly-substituted heterocycles from common
intermediates,® we recently discovered that N-substituted 2-
aminopyridines were efficiently synthesized via microwave-assisted
(MW) chemoselective reactions controlled by the basicity of amine
and the nature of solvent (Scheme 1).

CH2(CN)2
CN DMF i + RiNH, DMF/HOAc Nij\
R{HN Ar
3 4

Ry = (S)-CeHscHCHs, (R)-CeH5CHCHS, cyclohexyl

Scheme 1

Results and discussion

Choosing an appropriate solvent is of crucial importance not
only for successful microwave-promoted synthesis but also for
the effective control of chemoselective reactions. For example,
chalcone 1a (1 mmol) reacted with equimolar malononitrile 2
and (S)-1-phenylethanamine 3a in a mixed solvent of DMF and
HOACc (volume ratio: 1 : 1), gave two different products (4a and 5a)
at 100 °C under microwave irradiation (initial power 100 W and
maximum power 200 W) after 4 minutes (Scheme 2). Increasing the
HOAC volume ratio of the mixed solvent to 1 : 2 and 1 : 3 resulted
in higher yields of products 4a to 59% and 73%, respectively. When
the volume ratio of the mixed solvent was increased to 1 : 4, the
compound 4a was obtained as the main product and only a trace
amount of 5a was formed. Further increase of the volume ratio
of the mixed solvent to 1 : 5 and 1 : 6 failed to improve the yield
of product 4a. Only compound 5a was given if this reaction was
carried out in pure DMF (Table 1, entry 8).

Under these optimized chemoselectivity conditions, a series
of N-substituted 2-aminopyridines were synthesized via three-
component reactions of chalcones 1, malononitrile 2 and aliphatic
amines 3a—c in the mixed solvent of DMF and HOAc¢ (volume
ratio at 1 : 4) under microwave irradiation. The results are
summarized in Table 2. In order to examine the applicability of this
three-component cyclocondensation reaction to amines with weak
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Table 1 Optimization of chemoselectivity conditions in the synthesis of
compounds 4a and 5a

Yield? (%)

Entry Solvent Volume ratio 4a 5a

1 Mixed solvent® 1:1 45 32

2 Mixed solvent® 1:2 59 21

3 Mixed solvent® 1:3 73 10

4 Mixed solvent® 1:4 86 Trace

5 Mixed solvent® 1:5 82 Trace

6 Mixed solvent” 1:6 79 Trace

7 HOAc — 40 Trace

8 DMF — 0 45¢
89y

“ The mixed solvent of DMF and HOAc. ® Isolated yields. © The mole ratio
of 1and 2is 1: 1.9 The mole ratio of 1 and 21is 1 : 2.

basicity, we employed aromatic amines instead of aliphatic amines
to react with the corresponding chalcones and malononitrile in
different solvents such as HOAc, DMF and their mixed solvents.
The reaction proceeded smoothly. To our delight, only products 4
were observed with the best results in DMF (Scheme 3).

Thus, the question is, why does the selective formation of
products 4 occur in the mixed solvent of DMF and HOAc¢ (volume
ratio: 1 : 4) when aliphatic amines are employed as nucleophiles,
whereas only products 4 are given using HOAc, DMF and their
mixture as reaction solvents, when aromatic amines are used
as nucleophiles? The chemoselectivity of the reaction should be
attributed to the basicity of the reaction solution.

CHZ(CN)Z
+ HoN ’Y‘S >
HsCO C' 2a
MW DMF/HOAc DMF MW
OCH3 OCH3
Scheme 2
R  CHa(CN),
2 NC
AN X
+  RyNH, _DMF _ | B
07 Ar MW RHNT N SAr
1 3 4

Rq = CgHs, 4-CHyCaHy

Scheme 3

The addition of a certain amount of HOAc to the reaction
mixture made the basicity too low to deprotonate the malononi-
trile, so the Knoevenagel condensation reaction of malononitrile
and 6 could not occur. The free aliphatic amine could undergo
nucleophilic attack of 6 to give 7, which yielded the final product

Table 2 Synthesis of compounds 4 and 5 under microwave irradiation conditions

Entry Product R Ar 3 R, Time/min Yield* (%0) Mp/°C
1 4a 4-CIC¢H, 4-CH;0C,H, 3a (S)-C¢H;CHCH; 4 86 176-178
2 4b 4-BrC4H, 4-CH;0CH, 3a (S)-CqH;CHCH; 4 87 158-159
3 4c 4-CH;0OC¢H, 4-CH;0CH, 3a (S)-C¢H;CHCH; 6 82 148-150
4 4d 4-CH;0OCH, 4-CIC,H, 3a (S)-CsHs;CHCH;, 4 85 165-167
5 4e 4-CH,0C¢H, 4-CIC¢H, 3b (R)-C4H;CHCH; 4 83 172-174
6 4f 4-CIC¢H, 4-CH;0C,H, 3b (R)-C4H;CHCH; 4 84 186-187
7 4g 4-CIC4H, 4-CH,0OC¢H, 3¢ Cyclohexyl 5 79 201-203
8 4h 4-BrC4H, 4-FC¢H, 3¢ Cyclohexyl 3 84 187-188
9 4i 4-CH;0OCH, 4-CIC,H, 3¢ Cyclohexyl 4 82 156-158

10 4j 4-BrC¢H, 4-CH;0C,H, 3d C.H; 6 89 237-238

11 4k 4-CH;0C¢H, 4-CH;0CH, 3d C¢H; 8 84 188-189

12 41 4-CH;0OCH, 4-CIC,H, 3d C.H; 5 86 226-228

13 4m 4-CIC¢H, 2,4-Cl,C,H, 3d C.H; 4 84 238-240

14 4n 4-CH;0OCH, 2-Pyridyl 3d CH; 7 81 216-217

15 40 4-CIC¢H, 2-Pyridyl 3d C,H; 5 85 258-259

16 4p 4-CIC¢H, 4-CH;0CH, 3e 4-CH;C,H, 6 88 235-237

17 4q 4-BrCqH, 4-CH;0CH, 3e 4-CH;C,H, 5 87 230-231

18 4r 4-CH;0OCH, 4-CH;0C,H, 3e 4-CH,C,H, 9 82 211-213

19 4s 4-CH;0C¢H, 4-CIC¢H, 3e 4-CH;C,H, 6 85 239-241

20 4t 2-Thiophenyl 4-CH;0C,H, 3e 4-CH;C,H, 8 76 182-184

21 4x 4-CH;0OCH, 2-Pyridyl 3e 4-CH,C,H, 7 82 244-245

22 4y 4-CIC¢H, 2-Pyridyl 3e 4-CH;C,H, 4 88 255-256

23 5a 4-CIC¢H, 4-CH;0C,H, 3a (S)-C¢H;CHCH; 4 86 263-265

24 5b 4-BrC¢H, 4-CH,0C,H, 3a (S)-CsHs;CHCH; 4 89 267-269

25 5¢ 4-BrC4H, 4-FC¢H, 3a (S)-C4H;CHCH; 4 90 252-253

26 5d 4-CH;0OCH, 4-CIC,H, 3b (R)-C4H;CHCH; 6 87 253-254

27 Se 4-CIC¢H, C¢H; 3b (R)-C4H;CHCH; 8 84 269-270

28 5f 2,4-Cl,C4H; 4-CH;0CH, 3¢ Cyclohexyl 7 85 217-218

29 5¢g 3-NO,C,H, 4-CH,0OC¢H, 3¢ Cyclohexyl 4 83 234-235

“ Isolated yields.
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4 via cyclization and aromatization (Scheme 4). A similar case
happened to the aryl amine, thus gave similar products. However,
in the absence of HOAc, the aliphatic amine acted as a basic
catalyst rather than a reactant in the synthesis of compounds 5.

To further investigate this process, reactions of chalcones 1b,
malononitrile 2, and amines 3a were carried out in formic acid
(pK. = 3.77)"" whose pK, value was lower than that of acetic
acid (pK, = 4.76)."" Surprisingly, we could not get the expected
product 4, instead 6b was obtained by reaction of chalcones 1b and
malononitrile 2. The results indicated that amine 3a might have
formed an ammonium salt by reacting with formic acid, losing the
nucleophilicity.

In addition, an attempted reaction of 1 and 2 in a 1 : 2 mole
ratio with a few drops of aliphatic amines 3a—¢ in DMF under
microwave irradiation was carried out to give 2,6-dicyanoanilines
5 in good yields (Scheme 5, and Table 2, entries 23-29).

R R
NC
aliphatic amines
i b 2CHy(CN), PRI aminey
07 Ar DMF HoN Ar
CN
1 2 5
Scheme 5

As shown in Table 2, a study of the electronic effect with various
substituents on the phenyl rings of chalcones was conducted.
Under our reaction conditions, electron-donating substituents
readily provided N-substituted 2-aminopyridines 4 in high yields
(Table 2, entries 3, 12 and 17). Moreover, electron-withdrawing N-
substituted 2-aminopyridine derivatives 4 were obtained in high
yields as well, as highlighted by halide-containing compounds,
which were obtained in 87 and 89% yields, respectively. It is worth
noting that this result is significant since there is no literature
precedent for the synthesis of 2-arylamino-4-aryl-6-(pyridin-2-
yl)pyridine-3-carbonitriles (Table 2, entries 14-15 and 21-22).
Furthermore, the reaction is not only suitable for amines but also
can be used with chiral amines such as (S)-1-phenylethanamine
(Table 2, entries 1-4) and (R)-1-phenylethanamine (Table 2, entries
5-6).

The structures of all of the synthesized compounds were
established on the basis of their spectroscopic data. The IR
spectrum of compound 4a showed strong absorptions at 3342 cm™'

R

Ar

due to the NH group, and at 2207 cm™' due to the CN group. The
'"H NMR spectrum of 4a showed a doublet at ¢ 1.59 due to ~CH;
and a singlet at 0 3.82 due to OCH; and a triplet at 6 7.20 due
to the NH proton (exchanged with D,O) and a singlet at 0 7.23
due to the CH proton in the pyridine ring. In the IR spectrum
of compound 5a, the appearance of bands at 3466, 3363, 3241
and 2216 cm™' due to the NH, and CN triple bond, respectively,
and the disappearance of the band at 1685-1710 cm™' due to the
C=0 group of chalcone confirmed the formation of product. The
appearance of a broad singlet at 0 6.84 due to the NH, protons
(exchanged with D,0) and a singlet at 6 6.79 due to H-C, in the
"H NMR spectrum further confirmed the formation of product.

Proposed reaction mechanism

A mechanism for the formation of the products 4 is outlined in
Scheme 4. The reaction occurs via an initial formation of the
compounds 6 formed by Michael addition reaction of chalcones
and malononitrile as shown in Scheme 4, which suffers nucle-
ophilic attack to give the intermediate 7. The intermediate 7 then
cyclizes and subsequently loses a hydrogen molecule to afford the
fully aromatized compound 4. This type of hydrogen loss is well
precedented.’® In order to support the proposed mechanism of 4,
the compound 6b" was prepared independently from chalcones
1b and malononitrile 2 and then employed in a two-component
reaction with (S)-1-phenylethanamine 3a to afford 4b in 87%
yield, while 2,6-dicyanoaniline Sb was not observed at all. This
stimulated us to use the compound 6b as a substrate to react
with (S)-1-phenylethanamine 3a and malononitrile 2 for further
study. Impressively, both 4b and 5b were formed. Therefore, the
formation of 5 is expected to proceed via an initial Michael addi-
tion reaction of chalcones and malononitrile to afford compound
6, which further undergoes an in situ Knoevenagel condensation
reaction with malononitrile 2 to yield the intermediate 9. The
intermediate 9 suffers nucleophilic attack to give intermediate 10,
which eliminates HCN molecular and subsequently aromatizes to
afford the product 5 (Scheme 6). This type of HCN loss has been
reported.?

Conclusion

In summary, we have demonstrated an efficient and practical
method for the synthesis of a wide range of N-substituted

i . CN pasg \(j\ he ji;\ -HCN NCﬁ;\ base j@\
5 -HZO c A, HN

Scheme 6
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2-aminopyridines under mild conditions and have shown the
effect of the basicity of amine and the nature of solvent on
chemoselectivity. In light of its operational simplicity, simple
purification procedure and good yields, this protocol is superior
to the existing methods.

Experimental
General

Microwave irradiation was carried out with a microwave oven
Emrys™ Creator from Personal Chemistry, Uppsala, Sweden.
Melting points were determined in open capillaries and were
uncorrected. IR spectra were taken on a FT-IR-Tensor 27
spectrometer in KBr pellets and reported in cm™'. '"H NMR
spectra were measured on a Bruker DPX 400 MHz spectrometer
in DMSO-d, with chemical shift (6) given in ppm relative to TMS
as internal standard. Elemental analysis was determined by using
a Perkin-Elmer 240c elemental analysis instrument.

General procedure for the synthesis of compounds 4 and 5

Preparation of compounds 4a—i. Ina 10 mL Emrys™ reaction
vial, chalcone (1, 1 mmol), malononitrile (2, I mmol), amine (3a—
¢, 1 mmol), DMF (0.2 mL) and HOAc (0.8 mL) were mixed and
then capped. The mixture was irradiated for a given min at 100 °C
under microwave irradiation (initial power 100 W and maximum
power 200 W). Upon completion, monitored by TLC, the reaction
mixture was cooled to room temperature and then poured into
cold water. The solid product was collected by Biichner filtration
and washed with EtOH (95%), and subsequently dried and
recrystallized from EtOH (95%) to give the pure product.

Preparation of compounds 4j-s. In a 10 mL Emrys™ reaction
vial, chalcone (1, 1 mmol), malononitrile (2, 1 mmol), aromatic
amine (3d—e, 1 mmol) and DMF (1.0 mL) were mixed and then
capped. The mixture was irradiated for a given min at 100 °C
under microwave irradiation (initial power 100 W and maximum
power 200 W). When the reaction was completed (monitored by
TLC), the subsequent work-up procedure was the same as that of
the above.

Preparation of compounds 5. In a 10 mL Emrys™ reaction
vial, chalcone (1, 1 mmol), malononitrile (2, 2 mmol), amine (3a—
¢, 0.1 mmol) and DMF (1.0 mL) were mixed and then capped.
The mixture was irradiated for a given min at 100 °C under
microwave irradiation (initial power 100 W and maximum power
200 W). When the reaction was completed (monitored by TLC),
the subsequent work-up procedure was the same as that of the
above.

2-((S)-1-Phenylethylamino)-4-(4-chlorophenyl)-6-(4-methoxy-
phenyl)pyridine-3-carbonitrile (4a). IR (KBr, v, cm™'): 3342,
3026, 2973, 2207, 1597, 1488, 1368, 1238, 1093, 1015, 821, 698;
'H NMR (DMSO-d;) (0, ppm): 8.04 (d, J = 8.8 Hz, 2H, ArH),
7.68 (d,J =8.8 Hz, 2H, ArH), 7.63 (d, J = 8.8 Hz, 2H, ArH), 7.53
(d, J = 7.6 Hz, 2H, ArH), 7.40 (d, J = 7.2 Hz, 1H, ArH), 7.33
(t, J = 7.6 Hz, 2H, ArH), 7.23 (s, 1H, ArH), 7.20 (t, / = 7.2 Hz,
1H, NH), 7.01 (d, J = 8.8 Hz, 2H, ArH), 5.47-5.43 (m, 1H, CH),
3.82 (s, 3H, OCH,), 1.59 (d, J = 6.8 Hz, 3H, CH;); Anal. calcd.

for C,,H,,CIN;O; C, 73.71; H, 5.04; N, 9.55; found C, 73.54; H,
5.18; N, 9.69%.

4-(4-Chlorophenyl)-2-(cyclohexylamino)-6-(4-methoxyphenyl)-
pyridine-3-carbonitrile (4g). IR (KBr, v, cm™): 3378, 2932, 2853,
2209, 1578, 1511, 1486, 1366, 1243, 1089, 823, 778, 668; '"H NMR
(DMSO-d;) (6, ppm): 8.14 (d, J = 8.8 Hz, 2H, ArH), 7.69 (d, J =
8.4 Hz, 2H, ArH), 7.63 (d, J = 8.4 Hz, 2H, ArH), 7.23 (s, 1H,
ArH), 7.06 (d, J = 8.8 Hz, 2H, ArH), 6.62 (d, J = 7.6 Hz, 1H,
NH), 4.19-4.12 (m, 1H, CH), 3.83 (s, 3H, OCH;), 1.95, J =
10.4 Hz, 2H, CH,), 1.78 (d, J = 12.4 Hz, 2H, CH,), 1.63-1.20
(m, 6H, CH,); Anal. calcd. for C,sH,,CIN;O, C, 71.85; H, 5.79; N,
10.05; found C, 71.99; H, 5.53; N, 10.21%.

4-(4-Bromophenyl)-6-(4-methoxyphenyl)-2-(phenylamino)pyri-
dine-3-carbonitrile (4j). IR (KBr, v, cm™'): 3324, 2936, 2215,
1607, 1579, 1540, 1496, 1238, 1009, 821; '"H NMR (DMSO-d,)
(0, ppm): 9.17 (s, 1H, NH), 8.11 (d, J = 8.8 Hz, 2H, ArH), 7.81 (d,
J=28.8 Hz, 2H, ArH), 7.69-7.66 (m, 4H, ArH), 7.53 (s, 1H, ArH),
7.38 (t, J = 7.6 Hz, 2H, ArH), 7.07-7.04 (m, 3H, ArH), 3.83 (s,
3H, OCH;); Anal. calced. for C,sH sBrN;O, C, 65.80; H, 3.98; N,
9.21; found C, 65.57; H, 4.12; N, 9.35%.

2-(p-Tolylamino)-4,6-bis(4-methoxyphenyl)pyridine-3-carbonit-
rile (4r). IR (KBr, v, cm™): 3321, 3001, 2932, 2836, 2215, 1606,
1540, 1370, 1251, 1170, 825; '"H NMR (DMSO-d,) (J, ppm): 8.96
(s, IH, NH), 8.10 (d, J = 8.8 Hz, 2H, ArH), 7.70 (d, J = 8.8 Hz,
2H, ArH), 7.56 (d, J = 8.4 Hz, 2H, ArH), 7.45 (s, 1H, ArH), 7.17
(d, J =8.4Hz, 2H, ArH), 7.14 (d, J = 8.8 Hz, 2H, ArH), 7.04 (d,
J = 8.4 Hz, 2H, ArH), 3.86 (s, 3H, OCH,), 3.82 (s, 3H, OCH,;),
2.31 (s, 3H, CHj;); Anal. calcd. for C,;H;3N;0,, C, 76.94; H, 5.50;
N, 9.97; found C, 77.12; H, 5.67; N, 9.79%.

3-(4-Chlorophenyl)-5-(4-methoxyphenyl) - 2,6 - dicyanoanilines
(5a). IR (KBr,v,cm™): 3466, 3363, 3241, 2986, 2216, 1645, 1578,
1562, 1464, 1297, 1180, 1093, 1030, 822; "H NMR (DMSO-d;) (0,
ppm): 7.68 (d, J = 8.4 Hz, 2H, ArH), 7.62-7.60 (m, 4H, ArH), 7.09
(d, J = 8.4 Hz, 2H, ArH), 6.84 (s, 2H, NH,), 6.79 (s, I|H, ArH),
3.83 (s, 3H, OCH,); Anal. calcd. for C,;H,,CIN;O, C, 70.10; H,
3.92; N, 11.68; found C, 70.34; H, 3.71; N, 11.61%.

2-(1-(4-Bromophenyl)-3-(4-methoxyphenyl)-3-oxopropyl)malo-
nonitrile (6b). Mp: 123-124 °C; IR (KBr, v, cm™'): 3014, 2967,
2905, 2250, 1671, 1602, 1574, 1488, 1369, 1223, 1075, 836, 810;
'H NMR (DMSO-dy) (6, ppm): 7.96 (d, J = 8.8 Hz, 2H, ArH),
7.59 (d, J = 8.8 Hz, 2H, ArH), 7.36 (d, / = 8.8 Hz, 2H, ArH),
6.98 (d, J = 8.8 Hz, 2H, ArH), 4.69 (d, / = 5.2 Hz, 1H, CH),
3.93-3.96 (m, 1H, ArH), 3.88 (s, 3H, OCH,), 3.53-3.73 (m, 2H,
CH,); Anal. calcd. for C,yH,sBrN,0O,, C, 59.55; H, 3.95; N, 7.31;
found C, 59.68; H, 3.79; N, 7.46%.
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A pyrene-terpyridine-Zn conjugate has been synthesized
and characterized, where Zn?" acts as an electron acceptor
to enhance molecular ICT with a large emission red-shift
(>100 nm). It showed a ratiometric fluorescence change upon
addition of phosphate anions in buffered aqueous solution.
The selective response to phosphates or pyrophosphates
involved ICT and ligand competition processes.

When a fluorophore contains an electron-donating group (often
an amino group) conjugated to an electron-withdrawing group, it
undergoes intramolecular charge transfer (ICT) from the donor
to the acceptor upon excitation by light. The consequence of the
ICT is a red shifted emission. Many fluoroionophores have been
designed by employing the interaction of cations with the electron-
donating group.! After being bound to a cation, the electron-
donating group loses its donating ability, so the ICT ceases and
a blue shift appears, which is often used for the fluorescent
ratiometric determination of the cations.*® In contrast to the
systems described above, there are only few systems™ in which the
binding ions interact with the acceptor part of the charge-transfer
sensors. This may result from the limitations of the ion-binding
effects on the change of ICT and on the shift of the emission
wavelength. Recently Williams has made significant progress and
obtained a large red-shifted emission (> 110 nm) by binding Zn**to
the acceptor of aniline-terpyridine ICT systems.'! However, amino
groups as the electron-donating groups in ICT systems are subject
to interference by protonation when they are used as sensors.*

Herein we report a pyrene—terpyridine—Zn system (1-Zn,
Scheme 1) where pyrene, a large m-electron-rich aromatic group
(not the traditional amino group), donates the electron, and ICT
is enhanced by zinc binding at terpyridine. This new system is
not affected by protonation any more. Moreover, the ICT can be
modulated by phosphates or pyrophosphates and consequently
can be used as an effective ratiometric fluorescent phosphate
sensor.

Phosphates and pyrophosphates (P,O,*", PPi) are involved in
many important biological processes. For example, phosphate an-
ions are present in extracellular fluids at 1-3 mM concentrations,
and they play important roles in the formation of extracellular

State Key Laboratory of Fine Chemicals, Dalian University of Technology,
158 Zhongshan Road, Dalian, 116012, PR China. E-mail: pengxj@
dlut.edu.cn; Fax: +86-411-88993699; Tel: +86-411-88993899

T Electronic supplementary information (ESI) available: Synthesis, experi-
mental details and characterization for 1 and 1-Zn. Fluorescence change
for different solvent and pH for 1 and fluorescence titration of HPO,*~ for
1-Zn. See DOI: 10.1039/b614786k

# All measurements were carried out in aqueous acetonitrile solu-
tion of HEPES buffer (HEPES = 2-[4-(2-hydroxyethyl)-1-piperazinyl]-
ethanesulfonic acid).

Scheme 1

matrix."® PPi also plays a role in energy transduction in organisms
and could control metabolic processes by participation in enzy-
matic reactions.” As a convenient tool to study biological phos-
phates and pyrophosphates, fluorescence sensing is particularly
attractive due to its simplicity and high sensitivity."”* Recently,
Hamachi*** and Akkaya* have developed zinc—complex sensors
(dpa—Zn** and bpy—Zn** respectively, where dpa is dipiconylamine
and bpy is 2,2-bipyridine), which can bind phosphates or py-
rophosphates and emit enhanced fluorescence by suppression of
PET (photo-induced electron transfer) quenching; Hong et al.
have obtained a Zn**—phenolate—dpa sensor which displays 40 nm
red-shifted emission when it interacts with pyrophosphates;*-
and similarly Yoon’s sensor showed a small red fluorescence
shift (12 nm) in the binding of pyrophosphate to Zinpyr-1-Zn?*
complex.”” However, up to now, there has been no report of
an effective ratiometric fluorescent chemosensor for phosphates
or pyrophosphates. Ratiometric fluorescence measurements can
increase the selectivity and the sensitivity of detection, because
the ratio of the fluorescent intensities at two wavelengths is
independent of the concentration of the sensor, the fluctuation
of source-light intensity, and the sensitivity of the instrument.

In contrast to the reported sensors, 1-Zn described herein is
based on the suppression of zinc-enhanced ICT, and offers a large
blue-shifted emission (>100 nm) in the presence of phosphates
or pyrophosphates, which is the first phosphate sensor to be used
in the fluorescence ratiometric determinations of the anions in
aqueous conditions.

1-Zn was synthesized by treatment of 1 with ZnCl, in ethanol—
CHC,, and recrystallization from nitrobenzene as a yellow pow-
der. Pyrene is known to show a high fluorescence quantum yield
and rich electron density. Tpy (2,2":6',2"-terpyridine) containing
three nitrogen atoms similar to dpa, acts as a receptor for Zn**.

Compared with the amino-containing ICT systems, the flu-
orescence of 1 is pH insensitive (Fig. S37).2® The fluorescence
maxima of 1 undergo slight red shifts (ca. 20 nm) with increasing
solvent polarity (Fig. S21). Such behavior is indicative of the
intramolecular charge transfer (ICT) character upon excitation.!
However, after coordination with Zn?*, the fluorescence maximum
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shifts to ca. 550 from 442 nm in CH;CN-HEPES (9: 1, v/v; pH =
7.4) (Fig. 1) and at the same time the UV-Vis absorption maxima
undergoes 50 nm of red-shift. These phenomena are similar to
the results described by Williams."* Terpyridines are well-known
to show good affinity for Zn**. The binding of Zn*" to 1 leads
to the red-shifts of the spectra due to the complexation-induced
ICT process from pyrene to terpyridine.? It is unusual that the
metal-ion-binding demonstrates such a high capability to act as
an acceptor in the charge transfer process that it forces pyrene to
donate electrons, as an amino-type electron-donating group does
in general ICT systems. It offers a red emission shift up to 100 nm.
We define this kind of ICT as “Zn**-enhanced ICT”.

1
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Fig.1 The fluorescence spectra of ligand 1 (10 uM) and 1-Zn (10 pM) in
CH;CN-HEPES (9 : 1, v/v; pH = 7.4). The spectra were measured with
an excitation at 346 nm.

Upon the addition of PPi to the solution of 1-Zn in CH;CN-
H,O (9:1v/v)at pH 7.4 (HEPES 20 mM), the fluorescence band
maximum at 542 nm weakens and at the same time, a new fluore-
scence band with a maximum at 442 nm develops (Fig. 2). The
fluorescence changes from bright yellow to bright blue (Fig. S17).
A similar effective response was observed upon addition of
HPO,>~ (Fig. S47). However, 1-Zn did not show any obvious
spectral change upon addition of other anions such as CH,CO,",
NO,, F~, Cl-, Br-, I, HSO, , SCN-, ezc. (Fig. 3, Fig. S5%).
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Fig. 2 Change of fluorescence spectra for sensor 1-Zn (100 pM) upon
addition of 0-3.2 equivalents of PPi. The spectra were measured with an
excitation at 346 nm in CH;CN-HEPES (9 : 1, v/v; pH = 7.4).

As shown in Fig. 2, the ratio of short-wavelength emission
at 442 nm to long-wavelength at 542 nm (/,4,/Is;,) increases

3.0
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1442/1542

1.5+

All other anions

/

1.04

0.5

T
0.0 0.5 1.0 1.5 2.0
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Fig. 3 Plot of the relative fluorescence intensity of 1,,,/7sy, with equiva-
lents of anions for sensor 1-Zn (100 uM) upon addition of PPi, HPO,*",
Cl~,Br,I", CH;COO~, HSO, , SCN~, NO; . The spectra were measured
at an excitation wavelength of 346 nm in CH;CN-HEPES (9 : 1, v/v;
pH = 7.4).

with increasing PPi concentration. When the PPi concentration is
1 equiv., 1,4,/ 15y, is up to 3 (Fig. 3). A similar emission change is
also detected upon addition of HPO,*~. The blue-shifts make the
ratiometric measurements possible. The ratio of the fluorescence
intensities at two appropriate emission wavelengths provides a
more reliable measurement of the concentration.

The dissociation constant (K ) was calculated to be 7.0 x 107> M
according to fit plot (Fig. S67).

Several mechanisms have been proposed to explain the selec-
tivity of Zn** complexes for phosphates over other anions,*2¢
mostly on the basis of binding or coordination of phosphates
to the coordinated Zn**. Hamachi**** obtained the X-ray crystal
structure of the phenyl phosphate-zinc-DPA complex and the
fluorescence enhancement induced by the phosphate derivatives
was mainly ascribed to the phosphate-assisted coordination of a
second Zn** with a second electron-donating group (DPA) in the
PET sensor. Hong et al. have obtained the X-ray structure of Zn* —
PPi-dpa-sensor complex* and their mechanism was proposed to
be that the binding of PPi or ATP weakened the bond between
the phenolate oxygen atom and Zn** and induced a more negative
charge characteristic on the phenolate oxygen atom.? Akkaya
attributed the enhancement of emission of BODIPY-bpy-Zn>**
phosphate-sensor to the modulation of oxidative PET.**

In the 1-Zn?** system, however, we found that the fluorescence
enhancement and the blue-shift are just the fluorescence recovery
of 1 by a comparison of Fig. 1 and Fig. 2. The UV-Vis spectra of 1—
Zn** undergoes a 50 nm blue shift upon addition of PPi and also
displays the return of 1. Separating the blue-shifted fluorescent
compound by column chromatography, pure 1 was unexpectedly
obtained and identified with TLC, ESI-MS and NMR. It is not
surprising when we note the K, of Zn;(PO,),is 9.0 x 107*(pK,, =
32.04).** This means that Zn** has a great affinity for phosphate
ions and a great tendency to deposit insoluble zinc phosphates.
Unfortunately, no such K, of zinc-PPi compounds has been re-
ported, but the strong interaction between Zn>* and PPi or HPO, >~
might be deduced from the above results. As the fluorescence
recovery is from the ligands exchange, we call the mechanism
“Zn** ligand competition”.
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To clarify the mechanism, the fluorescence spectra change of
1-Zn upon addition of EDTA (metal chelator) and TPEN (N,N,
N',N'-tetrakis(2-pyridylmethyl)ethylenediamine (Zn** chelator)
were tested. A similar phenomena to the cases of phosphates and
PPi were observed (Fig. S71).

The ligand competition must compose kinetic steps including
the binding of the phosphates on coordinated Zn?*, then the
weakening of original coordination and finally the dissociation
of new complexes (or insoluble salts) from the big conjugates,
accompanied by stereo rigidity adjustments.®-** The insoluble zinc
salts of phosphates and pyrophosphates may form in mixtures
depending on the different pH. Zn;(PO,),, Zn,P,0,, ZnH,P,0,
and their hydrates are the possible products. As shown in Fig. 3, the
molar ratios of 1-Zn to anions are on average 1 : 0.8 ~ 1 to reach
the plateaus. This indicates the formation of on averagea 1: 0.8 ~
1 stoichiometric complex. As multiple steps and multi-products
are involved in the ligand competition, no isosbestic points in the
fluorescence spectra are observed in Fig. 2 and Fig. S47.

Small wavelength shift recovery?”” and fluorescence intensity
recovery?* also exist in previous reported Zn>*—phosphate/PPi sen-
sors. Besides the reported biding mechanisms, there might be “Zn>*
ligand competition” mechanism in these cases to some extent. The
difference between the affinities of Zn?* to fluorescence ligands
and to phosphate or PPi should be a decisive factor to control
the process. The affinities are generally expressed by dissociation
constants, K, of Zn**-fluorescence receptor complexes and K, of
zincsalts. The K of tpy—Zn?** ismuch larger than that of dpa (e.g. in
Zinpyr-1** and BDA), so the “ligand competition” mechanism
dominates the fluorescence recovery of the present case.

This ligand competition mechanism is very similar to the
“chemosensing ensemble” developed by Fabrrizzi.®®* In that
mechanism, the fluorescent indicator is bound to the receptor
through non-covalent interactions (such as coordination), and the
fluorescence of the indicator is either quenched or enhanced by the
receptor. When the analyte displaces the indicator, the fluorescence
recovers. The basis of the chemosensing ensemble method is also
on the affinity difference between indicator-receptor and analyte—
receptor. Herein Zn** and 1 are similar to the receptor and the
indicator, respectively. But the fluorescence change is the large
blue shift via Zn**-induced ICT, and the receptor, Zn** is much
simpler than those polycyclic receptors.’®-** Therefore, the “Zn**
ligand competition” should be a special type of “chemosensing
resemble” mechanism.

In summary, we have developed a Zn** enhanced ICT system,
pyrene—tpy—Zn conjugate, as the first ratiometric fluorescent
sensor to selectively detect phosphates and pyrophosphates in
aqueous conditions. In the recognition process, Zn?* is dissociated
from the sensor by the action of phosphates or pyrophosphates. A
ligand competition mechanism has been proposed.

This work was financially supported by the National Natural
Science Foundation of China (20376010 and 20472012) and the
Natural Science Foundation of Liaoning Province (20062186).
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The first convergent synthesis of the tricyclic skeleton of huperzine A is described and includes, as the

key step, an efficient regioselective intramolecular Heck reaction of

2-(tert-butyldimethylsilyloxymethyl)-6-(2-methoxy-5-bromopyridin-6-yl)methylcyclohex-2-enol.

Introduction

There is considerable interest in the natural product huperzine A 1
(Fig. 1) from the club moss Huperzia serrata, since this has proven
activity as an inhibitor of the enzyme acetylcholine esterase, and is
currently undergoing clinical evaluation in the USA as a potential
treatment for Alzheimer’s disease. In China it has already been
approved for this condition. To date the best synthesis of the
natural product is the route published by Kozikowski in 1993.!
which has been used by his group and by others to prepare a large
number of analogues. Comprehensive reviews of structure—activity
data for these analogues have been provided by Kozikowski* and
by Bai.® The basic Kozikowski route is shown in Scheme 1 and
is essentially linear in nature, thus making access to the widest
range of analogues more difficult. In 2003, we described a new
convergent approach to the basic skeleton of huperzine,* but
this earlier approach did not allow access to the (apparently)
essential bridgehead amino functionality. In this paper we report a
modified approach that allows access to the full tricyclic skeleton
of huperzine A by a concise and convergent route to the key keto-
ester 2 used by Kozikowski in his ground-breaking synthesis.

Fig.1 (—)-Huperzine A: structure and numbering.

Results and discussion

Our overall synthesis is shown in Scheme 2 and includes,
as its key step, a regioselective intramolecular Heck re-
action of 2-(fert-butyldimethylsilyloxymethyl)-6-(2-methoxy-5-
bromopyridin-6-yl)methylcyclohex-2-enol 7. The alicyclic portion
of this molecule was prepared from cyclohex-2-enone 3 using a
Baylis—Hillman reaction® to insert the requisite hydroxymethyl
group, followed by protection of the hydroxyl as its rerz-
butyldimethylsilyl ether, thus providing the 2-substituted cyclo-

School of Chemistry, Queen’s University Belfast, Stranmillis Road, Belfast,
BT9 5AG, UK. E-mail: jmann@qub.ac.uk; Fax: +44 (0)28 9097 4890,
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Scheme 1 Summary of Kozikowski’s synthesis.

hexenone 4. The synthesis of the substituted picoline derivative 5
was previously described in our 2003 paper.* Alkylation of the
cyclohexenone 4 with the iodide 5 to yield the adduct 6 was
accomplished using sodium hexamethyldisilazide as base in THF
at —50 °C, although the best yield was only 65%. Attempted alky-
lations with LDA and with potassium fert-butoxide gave complex
reaction mixtures where proton removal had also occurred y to
the ketone group.

In our earlier studies with unsubstituted cycloehexenone and
also in the present work, attempts to carry out the intramolecular
Heck reaction resulted in a variety of products resulting from
bond formation both a and B to the carbonyl. In consequence,
we chose to reduce the ketone under Luche conditions,® and this
provided a 92 : 8 ratio of the syn- and anti-alcohols 7a,b in good
yield. (These assignments were confirmed by NOE experiments
carried out on the Heck products 8 and 9). The intramolecular
Heck reaction now proceeded in good yield to produce exclusively
the desired huperzine A skeleton in the form of the two epimeric
alcohols 8 and 9, depending on the Heck substrate used (i.e. anti-
or syn-). Interestingly, when a microwave reactor was employed
the reaction times could be reduced from 24 hours to around 20
minutes with little diminution in the isolated yield, and Tables 1
and 2 provide a comparison of the various reaction conditions
employed.

The predominant epimer 9 was first converted into the bis-
TBS ether 10 and thence into the ketone 11. This oxidation was
most efficiently achieved via a one-pot process involving borane—
dimethylsulfide in THF followed by the N-methylmorpholine ox-
ide/tetrabutylammonium perruthenate combination introduced
by Yates” (60% overall yield on a 3.5 g scale). Several other methods
were also explored including Wacker oxidation, formation of

This journal is © The Royal Society of Chemistry 2007
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Formal convergent synthesis of huperzine A. Reagents and conditions: (i) 37% aq. HCHO, DMAP, THF, r.t., 15 h, 63%; (ii) TBS-CI, imidazole,

DMEF, r.t., 18 h, 74%; (iii) NaHMDS, THF, —78 °C to —50 °C, 2 h; then 5, —50 °C, 3 h, 64%; (iv) NaBH,, CeCl;-7H,0, MeOH-DCM, r.t., 89%; (v)
Pd(OAc), (10 mol%), PPh;, Et;N, DMA, 167 °C, 24 h, 72% 9 or 57% 8; (vi) TBS-OTf, DMAP, Et;N, DCM, 0 °C to r.t., 18 h, 93%; (vii) BH;-DMS, Et,0,
37°C, 1 h; then NMO, crushed 4 A mol. sieves, DCM, r.t., 1 h; then TPAP (5 mol%), r.t., 15 h, 60%; (vii)) MeMgl, Et,0, r.t. to reflux, 24 h, 55% 12 and
36% recovered 11; (ix) SOCl,, pyridine, 0 °C, 3 h, 11% 13, 63% 14; (x) TBAF, THF, r.t., 15 h, 90%; (xi) PDC, DMF, r.t., 20 h, 53%; (xii) CH,N,, Et,0,

0°C, 1h, 80%.

the epoxide and Lewis-acid-catalysed rearrangement, but none
of these proved successful. The ketone 11 was now reacted with
excess methyl magnesium iodide to produce the alcohol 12 (55%
yield with 36% recovery of starting material), which was efficiently
dehydrated using thionyl chloride and pyridine to provide the
alkenes 13 and 14 (11% and 63%), the latter alkene possessing

Table 1 Study of intramolecular Heck cyclisation under standard heating
conditions

Yield (%)

Entry Precursor” Ligand (equiv.)? 8 9

1 (syn) Ta PPh, (0.2) — 22
2 (syn) Ta PPh; (0.4) — 56
3 (syn) Ta PPh; (0.6) — 72
4 (syn) 7a PPh, (0.8) — 63
5 (syn) Ta POT (0.2) — 30
6 (anti) Th PPh; (0.4) 57 —
7 (anti) Tb PPh; (0.6) 53 —

“ Precursor, ligand, Pd(OAc), (10 mol%) and Et;N (12 equiv.) were refluxed
in DMA for 24 h under standard heating conditions. * POT = tri(o-
tolyl)phosphine.

the complete tricyclic skeleton of huperzine A. Completion of the
formal total synthesis was achieved by removal of the silyl ether
protecting groups using TBAF and oxidation of the resultant diol
15 with PDC in DMF to yield keto acid 16 (53% unoptimised
yield). Esterification of this with diazomethane then provided the
keto ester 2 used by Kozikowski in his 1993 synthesis of huperzine
A, which employed a Curtius rearrangement to insert the requisite
bridgehead amino functionality and a Wittig reaction to provide
the required ethylidene group. Comparison of the NMR data for

Table2 Study of intramolecular Heck cyclisation under microwave
heating conditions

Yield (%)
Entry Precursor® Ligand (equiv.)® 8 9
1 (syn) Ta PPh; (0.6) — 54
2 (syn) Ta POT (0.2) — 30
3 (anti) Tb PPh; (0.4) 55 —

“Precursor, ligand, Pd(OAc), (10 mol%), Et;N (12 equiv.) and DMA were
subjected to microwave radiation (200 W, 167 °C) for 20 mins; * POT =
tri(o-tolyl)phosphine.
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our product 2 and those reported by Kozikowski are shown in
Fig. 2.

Our convergent route yields not only the complete huperzine
A skeleton but also provides the key tricycle 9, which should
allow access to a wide range of analogues not hitherto available,
including a range of novel tricycles with one or more integral
nitrogen atoms produced vie Beckmann rearrangements. Our
initial investigations in this area are shown in Scheme 3.

Finally, resolution of our key intermediate 9 was achieved
through formation of the camphanate esters 20 (Scheme 3)
which after separation by chromatography, were hydrolysed to

produce the discrete enantiomers of 9. (We have not yet been
able to obtain crystals of (+)- and (—)-20 good enough for X-ray
characterisation.) This now opens up the possibility of preparing
stereochemically defined analogues of huperzine A.

Experimental

Where possible, dry solvents were obtained from MBraun MB-
SPS dry solvent machines. Where this was not possible, solvents
were pre-dried according to procedures described in Purification
of Laboratory Chemicals (D. D. Perrin and W. L. F. Armarego, 3rd

2

Mann et al.:

8y (ppm) Signal

1.62 3H singlet, H-15

251 1H doublet, J= 17.5 Hz, H-12

312 2H multiplet, H-8 and H-9

3.36 2H multiplet, H-8 and H-12

3.76 3H singlet, OMe

392 3H singlet, CO,Me

5.42 IH multiplet, H-10

6.61 1H doublet, /= 8.5 Hz, H-4

7.10 1H doublet, /= 8.5 Hz, H-3

8c(ppm)  Signal

227 CHs;, C-15

40.9 CH,, C-8

46.5 CH, C-9

473 CH,, C-12

53.0 CH;, OCH;

53.9 CHs, COCH;

60.6 C, C-1

110.1 CH, C-4

124.2 CH, C-10

126.9 C,C-2

134.0 C,C-11

138.1 CH, C-3

151.2 C,C-7

163.7 C,C-5

171.8 COMe, C-14

207.9 C=0,C-13

Kozikoski et al.:

Bu (ppm) Signal
1.60 3H singlet, H-15
2.53 1H doublet, /= 17.5 Hz, H-12
3.15 IH multiplet, H-9
3.18 1H doublet, /= 18.2 Hz, H-8
3.36 2H multiplet, H-8 and H-12
3.76 3H singlet. OMe
392 3H singlet, CO;Me
5.42 1H multiplet, H-10
6.62 1H doublet, /= 8.6 Hz, H-4
7.11 1H doublet, /= 8.6 Hz, H-3

8¢ (ppm) Signal

223 CH;. C-15

40.4 CH,, C-8

46.0 CH. C-9

46.9 CH,, C-12

527 CH;, OCH;

53.4 CHjs, CO, CH;

60.1 C,C-1

109.6 CH, C-4

123.8 CH, C-10

126.4 C,C-2

133.6 C,C-11

137.7 CH, C-3

150.7 C,C-7

163.2 C,C-5

171.4 COMe, C-14

207.5 C=0,C-13

Fig.2 Comparison of '"H and “C NMR data for 2 via the Mann synthesis and via the Kozikowski synthesis.
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OMe

Scheme 3 Resolution of key intermediate 9 and initial analogue investigation. Reagents and conditions: (1) NH,OH-HCI, pyridine, EtOH-H,O (1 : 1),
reflux, 3 h, 91%; (ii) MeSO,Cl, pyridine, DCM, —10 °C to r.t., 18 h, 94% 17a or 72% 17b; (iii) aq. KH,PO, (pH 7.4), THF, 76 °C, 20 h, 83% 18 or 84% 19;
(iv) (1S)-(—)-camphanic chloride, DMAP, DCM, 0 °C to r.t., 18 h, 34% (+)-20 and 37% (—)-20; (v) K,CO;, MeOH, r.t., 24 h, 49% (+)-9 or 41% (—)-9.

edition, 1988). Anhydrous N,N-dimethylformamide (DMF) and
N,N-dimethylacetamide (DMA) were purchased from Aldrich
Chemical company and were supplied under argon in Sure-
Seal bottles. Thin layer chromatography was used to monitor
reactions using Polygram® SIL G/UV,s, precoated plastic sheets
with a 0.2 mm layer of silica gel containing fluorescent indicator
UV,s,. Plates were visualised using a 254 nm UV lamp and a
potassium permanganate stain. Flash column chromatography
was carried out using Sorbisil® C60 silica gel (40-60 pm mesh).
Petroleum ether 40-60 °C (pet. ether), diethyl ether, ethyl acetate,
dichloromethane and methanol were used as eluents. NMR
spectra were recorded on a Bruker DPX 300 or a Bruker DRX 500
spectrometer. Samples were dissolved in deuterated chloroform
with tetramethylsilane as a reference. Chemical shift values (0) are
given in ppm. IR spectra were recorded using a Perkin Elmer RX
1 FT-IR spectrophotometer. Melting points were recorded on a
Mettler Toledo FF62 melting point apparatus. EI-MS and CI-MS
experiments were carried out on a VG Autospec spectrometer.
Elemental analyses were carried out by ASEP (Queen’s University
Belfast) with a precision of 0.3%. Optical rotations were measured
on a Perkin Elmer polarimeter (Na lamp (589 nm) at 20 °C).

Intramolecular Heck cyclisation

The experimental procedures described below for the Heck
reaction, using either standard heating conditions or microwave
radiation, are general and can be applied to different Heck
substrates, catalysts, ligands, bases and solvents (for more details
see Results and discussion).

(13R)*-1-|(tert-Butyldimethylsilyloxy)methyl]-5-methoxy-6-aza-
tricyclo[7.3.1.0*"]trideca-2(7),3,5,11-tetraen-13-0l (9). Standard
heating: Freshly distilled triethylamine (14.55 ml, 104 mmol,
12 eq.) was added via syringe to a stirred solution of syn-6-
[(3-bromo-6-methoxypyridin-2-yl)methyl]-2-[(zerz-butyldimethyl-
silyloxy)methyl]cyclohex-2-en-1-0l 7a (3.85 g, 8.70 mmol, 1 eq.),
triphenylphosphine (1.37 g, 5.22 mmol, 0.6 eq.) and palladium(ir)
acetate (0.20 g, 0.87 mmol, 10 mol%) in anhydrous DMA

(250 ml) under argon. The reaction mixture was heated to reflux
and stirred at this temperature for 24 h. After cooling to room
temperature, the reaction was quenched with saturated aqueous
sodium bicarbonate solution (200 ml). The organic layer was
taken up with diethyl ether, washed with water and brine, dried
over MgSO, and concentrated under reduced pressure to give
a crude brown oil. Purification by flash chromatography (40%
Et,O—pet. ether) yielded the pure Heck product 9 as a white solid
(2.31 g, 73% yield), mp 96.5 °C.

Microwave Heck reaction: Syn-6-[(3-bromo-6-methoxypyridin-
2-yl)methyl]-2-[(tert-butyldimethylsilyloxy)methyl]cyclohex-2-en-
1-ol 7a (0.10 g, 0.23 mmol, 1 eq.) in anhydrous DMA (2 ml),
followed by freshly distilled triethylamine (0.38 ml, 2.72 mmol, 12
eq.) were added via syringe to a mixture of palladium(1) acetate
(0.005 g, 0.02 mmol, 10 mol%) and triphenylphosphine (0.04 g,
0.14 mmol, 0.6 eq.) in a sealed, inert microwave tube, which also
contained a magnetic stirring bar. The reaction mixture was then
heated rapidly to 167 °C under microwave radiation (200 W) and
maintained at this temperature for 20 min. On cooling to room
temperature, the reaction mixture was diluted with Et,O (3 ml),
washed successively with sodium bicarbonate, water and brine,
dried over MgSO, and concentrated under reduced pressure.
Purification by flash chromatography (40% Et,O—pet. ether) gave
the Heck product 9 (0.04 g, 54% yield).

Vma /M2 3480, 3054, 2956, 2930, 2859, 2305, 1594, 1447, 1427,
1307, 1265, 1102, 1069, 1044, 837, 738; 6, (CDCl;, 500 MHz): 0.00
(3H, s, (CH;)Si), 0.02 (3H, s, (CH;)Si), 0.72 (9H, s, (CH;),CSi),
1.99 (1H, dd, J = 18.0, 4.5 Hz, H-10), 2.37-2.45 (2H, m, H-9 and
H-10), 2.42 (1H, d, J = 19.0 Hz, H-8), 3.24 (1H, dd, J = 19.0,
8.0 Hz, H-8), 3.75 (3H, s, OCH5;), 3.78 (1H, d, J/ = 10.5 Hz, H-14),
4.05(1H, d, J = 3.5 Hz, H-13),4.17 (1H, d, J = 10.5 Hz, H-14),
5.06-5.09 (1H, m, H-12), 5.47-5.50 (1H, m, H-11), 6.34 (1H, d,
J =8.5Hz, H-4), 7.23 (1H, d, J = 8.5 Hz, H-3); 6 (CDCl,, 125
MHz): —5.66 (2CH;, (CH5;),Si), 18.05 (C, (CH;),C), 25.75 (3CH;,
(CH;);CSi), 31.71 (CH, C-9), 35.03 (CH,, C-10), 36.94 (CH,, C-
8), 43.74 (C, C-1), 53.26 (CH;, OCH,), 68.38 (CH,, C-14), 74.65
(CH, C-13),106.75(CH, C-4), 125.32 (C, C-2), 126.51 (CH, C-11),
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130.78 (CH, C-12), 135.49 (CH, C-3), 156.78 (C, C-7), 161.50 (C,
C-5); m/z (EI): 362 (M*, 74%)), 361 (43), 347 (25), 346 (100), 328
(41), 316 (17), 305 (16), 304 (69), 274 (29), 212 (57), 200 (41), 105
(56), 75 (100); CHN Analysis required C 66.44, H 8.64, N 3.87%,
found C 66.22, H 8.57, N 3.79%.

(13R)*-1-|(tert-Butyldimethylsilyloxy)methyl]-5-methoxy-6-aza-
13 - (tert - butyldimethylsilyloxy)tricyclo[7.3.1.0*"|trideca - 2(7),3,5-
trien-11-one (11). Borane-dimethyl sulfide (3.64 ml of a 2 M
solution, 7.276 mmol, 1 eq.) was added slowly via syringe to
a stirred solution of 10 (3.46 g, 7.28 mmol, 1 eq.) in dry Et,O
(70 ml) at room temperature and under argon. The reaction
mixture was heated to a gentle reflux and refluxed for 1 h.
After cooling to room temperature, dry DCM (70 ml) was
added followed by crushed 4 A molecular sieves (ca. 0.5 g) and
N-methylmorpholine N-oxide (8.52 g, 72.76 mmol, 10 eq.). The
reaction mixture was stirred under argon at room temperature for
1 h. Tetra-n-butylammonium perruthenate (0.13 g, 0.364 mmol, 5
mol%) was then added and the reaction mixture stirred overnight.
The following morning, activated charcoal was added and the
reaction mixture filtered through Celite. The Celite was then
rinsed with ethyl acetate and the reaction mixture concentrated
under reduced pressure. The crude product was purified by flash
chromatography (35% Et,O-pet. ether) to give the pure ketone 11
as a white solid (2.13 g, 60% yield), mp 128.4 °C.

Vma/CM ' 2953, 2928, 2856, 1720, 1598, 1577, 1478, 1428, 1313,
1257, 1096, 1028, 872, 834, 776; 5, (CDCl;, 500 MHz): 0.11 (3H, s,
(CH;)Si), 0.12 (3H, s, (CH;)Si), 0.14 (3H, s, (CH;)Si), 0.15 (3H, s,
(CH,)Si), 0.81 (9H, s, (CH;),CSi), 0.96 (9H, s, (CH;),CSi), 2.20
(1H,dd, J =14.5,3.0 Hz, H-12),2.38 (1H, dd, / = 13.5, 3.0 Hz, H-
10),2.58 (1H, d, J = 18.0 Hz, H-8), 2.65-2.70 (2H, m, H-9 and H-
10),2.58 (1H,d, J =14.5Hz, H-12),3.33 (1H, dd, J = 18.0, 6.5 Hz,
H-8), 3.80 (1H, d, / = 10.0 Hz, H-14), 3.87 (3H, s, OCH,), 3.89
(1H, d, J = 10.0 Hz, H-14), 4.49 (1H, d, J = 3.5 Hz, H-13), 6.50
(1H,d, J =8.5Hz,H-4),7.41 (1H, d, J = 8.5 Hz, H-3); 6 (CDCl;,
125 MHz): —5.05 (CH;, (CH;)Si), —4.68 (CH;, (CH;)Si), —4.50
(CH;, (CH;)Si), —3.80 (CHs;, (CHj)Si), 18.52 (C, (CH;);C), 18.87
(C, (CH;);C), 26.18 (3CH;, (CH;),CSi), 26.52 (3CHj;, (CH;),CSi),
35.32 (CH,, C-8), 36.46 (CH, C-9), 46.14 (C, C-1), 47.31 (CH,,
C-10), 50.73 (CH,, C-12), 53.64 (CH;, OCH,), 66.44 (CH,, C-
14), 70.82 (CH, C-13), 109.15 (CH, C-4), 125.77 (C, C-2), 136.60
(CH, C-3), 152.10 (C, C-7), 162.42 (C, C-5), 210.04 (C=0, C-11);
m/z (EI): 492 (56%, M*), 435 (42), 434 (100), 302 (15), 228 (24),
200 (22), 186 (28), 160 (26), 147 (66), 74 (59); C,sH,s0,Si,N [M*]
required 491.2887, found 491.2882.

(13R)*-1-{(tert-Butyldimethylsilyloxy)methyl]-5-methoxy-6-aza-
11-methyl-13-(tert-butyldimethylsilyloxy)tricyclo[7.3.1.0*"|trideca-
2(7),3,5-trien-11-0l (12). Freshly prepared methylmagnesium
iodide in Et,0 (0.16 ml of 1.47 M solution, 0.24 mmol, 1.2 eq.) was
added dropwise to a solution of ketone 11 (0.097 g, 0.20 mmol)
in dry Et,O at room temperature under argon. The reaction
mixture was stirred at room temperature for 3 h. A further 1
eq. of methylmagnesium iodide (0.13 ml of 1.47 M solution,
0.20 mmol) was then added and the reaction mixture stirred at
room temperature overnight. In the morning, a further 2 eq. of the
Grignard reagent was added. The reaction mixture was heated to
gentle reflux and stirred at this temperature for 24 h. The reaction
was quenched with a saturated aqueous solution of ammonium
chloride. The two phases were separated and the aqueous phase

washed with Et,O. The combined organic phases were washed
with water and brine, dried over MgSO, and concentrated under
reduced pressure. Purification by flash chromatography (40%
Et,O-—pet. ether) gave the pure tertiary alcohol 12 as a colourless
oil (0.06 g, 55% yield), and also recovered starting ketone 11
(0.03 g, 36%).

Alcohol 12: v, /cm™': 3445 (br.), 2955, 2929, 2857, 1596, 1477,
1426, 1306, 1256, 1094, 1037, 836, 775; 5,; (CDCl;, 500 MHz): 0.05
(3H, s, (CH;)Si), 0.08 (3H, s, (CH;)Si), 0.10 (3H, s, (CH;)Si), 0.12
(3H, s, (CH;)Si), 0.75 (9H, s, (CH;),CSi), 0.95 (9H, s, (CH;),CS1i),
1.11 (3H, s, CH;), 1.69 (1H, dd, J = 14.4,3.2 Hz, H-12), 1.83 (1H,
dd, J = 14.7, 4.8 Hz, H-10), 1.90 (1H, d, J = 14.4 Hz, H-12),
1.92-1.96 (1H, m, H-10), 2.29-2.33 (1H, m, H-9), 2.77 (1H, d, J =
18.1 Hz, H-8), 3.24 (1H, dd, J = 18.1, 7.9 Hz, H-8), 3.73 (1H, d,
J =9.5 Hz, H-14), 3.84 (1H, d, J = 9.5 Hz, H-14), 3.87 (3H, s,
OCH,), 3.89 (1H, d, J/ = 3.9 Hz, H-13), 6.48 (1H, d, J/ = 8.5 Hz,
H-4),7.57 (1H, d, J = 8.5 Hz, H-3); 6. (CDCl;, 125 MHz): —5.06
(CH;, (CH;)Si), —4.74 (CH,, (CH;)Si), —4.56 (CH,;, (CH;)Si),
—3.81 (CHs;, (CH;)Si), 18.47 (C, (CH;);C), 18.88 (C, (CH;);C),
26.15 (3CHs;, (CHj;);CSi), 26.52 (3CH;, (CH;);CSi), 33.14 (CH;,
C-15), 34.66 (CH, C-9), 35.03 (CH,, C-8), 42.98 (C, C-1), 45.02
(CH,, C-10), 47.90 (CH,, C-12), 53.70 (CH;, OCH,), 68.31 (CH,,
C-14),70.10 (C, C-11),72.94 (CH, C-13), 107.73 (CH, C-4), 128.00
(C, C-2), 136.58 (CH, C-3), 155.52 (C, C-7), 162.04 (C, C-5); m/z
(ED): 507 (11%, M*), 490 (12),475 (13),474 (31), 452 (14), 451 (34),
450 (100),432(61), 244 (16), 226 (100), 212 (19), 160 (12), 147 (55),
73 (68); C,;H,40,Si,N [M*] required 507.3200, found 507.3206.

(13R)*-1-|(tert-Butyldimethylsilyloxy)methyl}-5-methoxy-6-aza-
11-methyl-13-(tert-butyldimethylsilyloxy)tricyclo[7.3.1.0*"]trideca-
2(7),3,5,10-tetraene (14). Thionyl chloride (0.27 ml, 3.72 mmol,
6 eq.) was added dropwise via syringe to a solution of 12 (0.32 g,
0.62 mmol, 1 eq.) in dry pyridine (0.6 ml) at 0 °C under argon. The
reaction mixture was stirred at 0 °C for 3 h. It was then poured
onto ice and the organic layer taken up with Et,0. Combined
organic extracts were washed with brine, dried over MgSO,
and concentrated under reduced pressure. Purification by flash
chromatography (5% Et,O-pet. ether) gave the pure desired
alkene 14 (0.09 g, 28% yield) as a colourless oil, and also a 3 : 1
mixture of 14 and its isomer 13 as a colourless oil (0.14 g, 46%
yield).

Olefin 13: v,,,/cm™': 2929, 2857, 1597, 1477, 1307, 1253, 1097,
1033, 835, 775; oy (CDCl;, 500 MHz): 0.07 (3H, s, (CH;)Si), 0.10
(3H, s, (CH;)Si), 0.11 (3H, s, (CH;)Si), 0.13 (3H, s, (CH;)Si), 0.82
(9H, s, (CH;),CSi), 0.97 (9H, s, (CH;),CSi), 1.53 (3H, s, CH;), 1.83
(IH,d, J =17.4 Hz, H-12), 2.50 (1H, d, J = 17.0 Hz, H-8), 2.53~
2.56 (2H, m, H-9 and H-12), 3.21 (1H, dd, J = 17.0, 5.2 Hz, H-8),
3.78 (1H, d, J = 9.6 Hz, H-14), 3.87 (4H, m, OCH; and H-14),
4.04 (1H, d,J = 4.6 Hz, H-13), 5.35-5.37 (1H, m, H-10), 6.50 (1H,
d, J = 8.5 Hz, H-4), 7.73 (1H, d, J = 8.5 Hz, H-3); d. (CDCl;,
125 MHz): —4.99 (CH,;, (CH;)Si), —4.78 (CH;, (CH;)Si), —4.52
(CHj;, (CH;)Si), —3.68 (CH;, (CH,)Si), 18.56 (C, (CH;);C), 18.95
(C, (CH;);0), 23.49 (CH;, C-15), 26.29 (3CH;, (CH,),CSi), 26.57
(3CH;, (CH5;);CSi), 34.28 (CH,, C-8), 36.72 (CH, C-9), 42.86 (C,
C-1), 42.98 (CH,, C-12), 53.60 (CH;, OCH,), 68.36 (CH,, C-14),
71.35(CH, C-13),108.02 (CH, C-4), 124.57 (CH, C-10), 129.57 (C,
C-2), 133.40 (C, C-11), 137.71 (CH, C-3), 153.88 (C, C-7), 162.09
(C, C-5); m/z (EI): 489 (51%, M*), 488 (26), 476 (15), 475 (37), 474
(100), 466 (12), 432 (37), 227 (20), 226 (100), 212 (13), 147 (44),
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73 (55); C,;H4;O5S1,N [M*] required 489.3095, found 489.3108;
CHN Analysis required C 66.20, H 9.67, N 2.86%, found C 65.90,
H9.75, N 2.49%.

(13R)*-1-Hydroxymethyl-5-methoxy-6-aza-11-methyltricyclo-
[7.3.1.0*"]trideca-2(7),3,5,10-tetraen-13-0l (15). A 1 M solution
of TBAF (0.7 ml, 0.7 mmol, 2.3 eq.) was added dropwise via
syringe to a solution of 13 (0.15 g, 0.3 mmol, 1 eq.) in dry THF
(2 ml) at room temperature. The reaction mixture was stirred at
room temperature for 15 h before being quenched with a saturated
aqueous solution of ammonium chloride. The organic layer was
taken up with ethyl acetate. The combined organic layers were then
washed with water and brine, dried over MgSO, and concentrated
under reduced pressure. Purification by flash chromatography
(80% ethyl acetate—pet. ether) gave the pure diol 15 as a white
solid (0.07 g, 90% yield), mp 160.1 °C.

Vm /M2 3367 (br.), 2915, 1596, 1476, 1423, 1310, 1031; dy
(CDCl,, 500 MHz): 1.52 (3H, s, CH;), 1.69 (1H, d, J = 17.2 Hz,
H-12),2.13 (1H, d, J = 17.2 Hz, H-12), 2.61 (1H, d, / = 17.4 Hz,
H-8),2.64-2.66 (1H, m, H-9), 3.24 (1H, dd, J = 17.4, 5.5 Hz, H-8),
3.90 (3H, s, OCH,), 3.98 (1H, d, J = 11.5 Hz, H-14), 4.00 (1H,
d,J =11.5Hz, H-14),4.17 (1H, d, J = 4.6 Hz, H-13), 5.43 (1H,
d, J = 5.5 Hz, H-10), 6.60 (1H, d, J = 8.5 Hz, H-4), 7.47 (1H,
d, J = 8.5 Hz, H-3); 6. (CDCl;, 125 MHz): 23.12 (CH,, C-15),
33.76 (CH,, C-8), 36.43 (CH, C-9), 42.22 (C, C-1), 43.33 (CH,,
C-12), 53.77 (CH;, OCH;), 69.35 (CH,, C-14), 74.64 (CH, C-13),
109.11 (CH, C-4), 124.94 (CH, C-10), 125.50 (C, C-2), 132.13 (C,
C-11), 137.64 (CH, C-3), 154.62 (C, C-7), 162.65 (C, C-5); m/z
(ED): 261 (M*, 41%)), 260 (15), 242 (18), 224 (22), 213 (18), 212
(100); C;sH,yO;N [M*] required 261.1365, found 261.1361.

5-Methoxy-6-aza-11-methyl-13-Kketotricyclo[7.3.1.0*"|trideca-
2(7),3,5,10-tetraen-14-oic acid (16). To a solution of 15 (0.04 g,
0.17 mmol, 1 eq.) in DMF was added 0.62 g of pyridinium
dichromate (1.65 mmol, 10 eq.). The reaction mixture was stirred
at room temperature for 20 h. 10 ml of water was added followed
by extraction of the product several times with ethyl acetate. The
combined organic phases were then washed with brine, dried over
M¢gSO, and concentrated under reduced pressure. Purification by
flash chromatography (40% ethyl acetate—pet. ether) gave the acid
16 as a colourless oil (0.03 g, 53% yield).

Vma /€M~ 3600-3100 (br), 2919, 2850, 1738 (br), 1601, 1478,
1424, 1326, 1268, 1032; 6,; (CDCl;, 500 MHz): 1.55 (3H, s, CHj;),
2.50 (1H,d, J =17.5Hz, H-12),3.12-3.16 (1H, m, H-9), 3.12 (1H,
d, J =17.5Hz, H-8), 3.27 (1H, d, J = 17.5 Hz, H-12), 3.32 (1H,
dd, J =17.5, 5.3 Hz, H-8), 3.85 (3H, s, OCH,), 5.36-5.38 (1H, m,
H-10), 6.58 (1H, d, J = 8.7 Hz, H-4), 7.27 (1H, d, J = 8.7 Hz,
H-3); 0 (CDCl;, 125 MHz): 19.81 (CH;, C-15), 39.73 (CH,, C-8),
44.99 (CH, C-9), 45.88 (CH,, C-12), 52.59 (CH;, OCHs;), 58.46
(C, C-1), 108.71 (CH, C-4), 122.65 (CH, C-10), 124.83 (C, C-2),
132.48 (C, C-11), 137.08 (CH, C-3), 149.74 (C, C-7), 162.44 (C,
C-5), 173.42 (CO,H, C-14), 207.32 (C=0, C-13); m/z (EI): 273

(M*, 30%), 230 (25), 229 (100), 214 (40), 212 (53), 200 (62), 184
(20), 170 (13), 149 (14), 128 (14), 115 (16), 85 (24), 77 (15), 69 (43),
63 (13), 58 (22): C,;H,,O,N (ES) [MH] required 274.1074, found
274.1074.

5-Methoxy-6-aza-11-methyl-13-ketotricyclo[7.3.1.0*"|trideca-
2(7),3,5,10-tetraen-14-oic acid methyl ester (2). A solution of 16
(0.02 g, 0.07 mmol) in 1 ml of a Et,0O-DCM mixture (1 : 1)
was cooled to 0 °C and stirred at this temperature for 20 min
before the dropwise addition of a dilute ethereal solution of
diazomethane, which had been previously prepared and stored
at 0-4 °C until use. The reaction mixture was stirred at 0 °C for
1 h. Three to four drops of acetic acid were then carefully added.
Ethyl acetate (3 ml) was added followed by water (1 ml). The two
phases were separated, and the organic phase dried over MgSO,
and concentrated under reduced pressure. Purification by flash
chromatography (30% Et,O-pet. ether) yielded keto ester 2 as a
colourless oil (0.017 g, 80% yield).

Vma/CM ™' 2917, 2849, 1745, 1731, 1602, 1576, 1478, 1424, 1326,
1262, 1025, 831;04 (CDCl;, 500 MHz): 1.62 (3H, s, CH;), 2.51 (1H,
d,J =17.5Hz, H-12), 3.12-3.20 (2H, m, H-8 and H-9), 3.36-3.43
(2H, m, H-8 and H-12), 3.76 (3H, s, OCH;, CO,Me), 3.92 (3H, s,
OCH,), 5.42-5.44 (1H, m, H-10), 6.61 (1H, d, J = 8.5 Hz, H-4),
7.10 (1H, d, J = 8.5 Hz, H-3); d. (CDCl;, 125 MHz): 22.74 (CH;,
C-15), 40.87 (CH,, C-8), 46.46 (CH, C-9), 47.34 (CH,, C-12),
53.01 (CH;, OCH;, CO,Me), 53.90 (CH;, OCH,), 60.60 (C, C-1),
110.08 (CH, C-4), 124.24 (CH, C-10), 126.85 (C, C-2), 134.01 (C,
C-11), 138.13 (CH, C-3), 151.15 (C, C-7), 163.68 (C, C-5), 171.84
(CO,Me, C-14), 207.88 (C=0, C-13); m/z (EI): 287 (M*, 83%),
255 (86), 244 (16), 228 (65), 226 (16), 212 (15), 200 (100), 184 (43),
170 (25), 156 (18), 128 (20), 91 (12), 77 (16), 65 (15); C,sH,;O,N
[M*] required 287.1158, found 287.1139.
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Dehydropiperidinones stereoselectively obtained from N-arabinosyl imines were iodinated at the
enaminone structure. Knochel iodine-magnesium exchange afforded Grignard compounds of these
piperidinone derivatives which reacted, either directly or after transmetalation to zinc or copper
intermediates, with alkyl-, aryl- or acylhalides to give correspondingly substituted piperidinones.
Stereoselective conjugate allyl cuprate addition to a thus obtained 5-allyl dehydropiperidinone and
ring-closing metathesis of the product gave a hydroquinolinone containing three stereogenic centers.

Introduction

Numerous natural products feature the piperidine ring as an
essential pharmacophoric motif. Due to various substitution
patterns of piperidine compounds they exhibit a wide variety
of pharmacological properties. Therefore, efficient stereoselective
syntheses of highly functionalized piperidine derivatives are of
major interest to medicinal chemistry.

Recently, we reported the stereoselective synthesis of 2-
substituted N-arabinosyl dehydropiperidinones and their appli-
cation in the construction of chiral 2,3-, 2,5- and 2,6-substituted
piperidinones.! We here describe the extension of this chemistry
to the preparation of 2,5-disubstituted piperidinones via iodine—
magnesium exchange and its use for the introduction of a range
of functionalities.

Results and discussions

The halogen—magnesium exchange? provides mild conditions for
the synthesis of aryl,® alkenyl* and heterocyclic® magnesium
species bearing sensitive reactive groups.

These organomagnesium derivatives on the one hand react
with various electrophiles, and on the other hand, easily undergo
metal-metal exchange reactions. During studies on the synthesis
of functionalized piperidines we observed that 2-substituted N-
arabinosyl-5-iodo-5,6-dehydropiperidin-4-ones 1 readily undergo
iodine-magnesium exchange at —30 °C within one hour when
treated with isopropyl magnesium bromide in THF. The cor-
responding Knochel-Grignard compounds 2 react with various
electrophiles leading to 2,5-disubstituted piperidine derivatives of
type 3 (Scheme 1).

The required halogenated dehydropiperidinones 1a—c are acces-
sible from dehydropiperidinones 4a—¢' by electrophilic iodination
with N-iodosuccinimide exploiting the enamine moiety of 4
(Scheme 2).

Transformation of 5-iododehydropiperidinones 1a and 1b to
S-allyl dehydropiperidinone derivatives Sa and Sb was achieved
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Duesbergweg  10-14, 55128, Mainz, Germany. E-mail: hokunz@
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Scheme 1 Todine magnesium exchange.
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Scheme 2 Todination.

via an iodine-magnesium exchange, subsequent transmetalation
by treating the Grignard reagents with the THF-soluble copper
salt CuCN-2LiCL*¢ and reaction of the formed cuprate with
allylbromide (Scheme 3).

.) iPrMgBr
THF, .
P"’Oopw -30°c, 1h PVopiv 0
Q) N
CuCN 2LiCl R
30 °C— rt

1a/1b 5a: R =pCI-Ph 71 %

5b: R =isopropyl 79 %
Scheme 3 Copper mediated allylation.

Benzoylation of dehydropiperidinone was carried out in a sim-
ilar manner. After iodine-magnesium exchange and subsequent
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transmetalation with CuCN-2LiCl, the intermediate copper com-
pound was treated with benzoyl chloride affording 5-benzoyl
derivative 6 (Scheme 4).

.) iPrMgBr Ph. O
THF, .
P"’Oopw -30°C, 1h "VQopiy PN
0 N

) PhCOCI :
CuCN-2LiCl PN
30 °C— 1t

1b 6 63%

Scheme 4 Copper mediated benzoylation.

In contrast, formylation was achieved directly without pre-
ceding transmetalation of the formed Grignard reagent.” Thus,
1b was first treated with iPrMgBr at —30 °C for 1 h followed
by addition of N,N-dimethyl formamide leading to 5-formyl
dehydropiperidinone 7 (Scheme 5).

H (0]
) iPrMgBr ;
P|vOOPIV THF 930 c Plvoopiv p o
oxom \Coxoew
Y 2) \ Y
1c H 7 48% ﬁ
THF, -30 °C

Scheme 5 Formylation of the organomagnesium species.

Furthermore, Grignard reagents of type 2 also undergo
magnesium-zinc transmetalation leading to organozinc deriva-
tives which are suitable for the application in Negishi cross-
coupling® reactions.

Thus, conversion of the iododehydropiperidinone 1a into the
corresponding Grignard reagent and transmetalation using ZnBr,
provided organozinc species 8 which was subjected to a palladium
catalyzed coupling reaction with 4-iodobenzoic acid methyl ester
furnishing 2,5-aryl dehydropiperidinone 9 (Scheme 6).

I ; ZnBr
. 1) iPrMgBr .
P|vOOPiV _ 0 THF. -30 °C PNOOPiv _ 0
oxen Coxon
: 2) ZnBr, :

© 30 °C—r.t. ©
1a 8

Cl Cl

O«_OCHs

i come oo, Lo

e — OPiv
¢} N
Pd(dba),, AsPhg
THF, 60 °C 9 51%
Cl

Scheme 6 Negishi coupling.

The further elaboration of 2,5-disubstituted dehydropiperidi-
nones to provide 2,5,6-trisubstituted piperidinones is illustrated

in Scheme 7. Treatment of Sb with an activated allylcuprate
(Yamamoto type cuprate)’ led to N-glycosyl-2,3-diallyl-6-
isopropypiperidinone 10 (Scheme 7).

PivO A
OPiv - Z 0 AllylCu-BF3
OPiv
0 N
H THF, -78 °C
PN
5b
ol PCys 11
o
Ph i
PCys PVOoPiv o
- . OPiv
CH,Cl,, 1t °© -
12 quant. PO

Scheme 7 Cuprate addition and ring closing metathesis.

The relative stereochemistry of the major diastereomer of 10
was determined unequivocally by X-ray analysis. Knowing the
absolute stereochemistry of the arabinosyl fragment, this then
allowed the absolute configuration of the compound 10 to be
deduced (Fig. 1). Interestingly, in this case a 2,6-trans configura-
tion was observed, whereas cuprate addition to 2-substituted N-
arabinosyl dehydropiperidinones, such as 4, preferentially yielded
2,6-cis-configured piperidinones.! Probably, sterical hindrance by
the 2-isopropyl and the 5-allyl substituents prevents the C1-N-
rotamer shown in formula 5b to convert to the more reactive
rotamer exposing the (Re)-side at C-6 for nucleophilic attack.' The
latter rotamer, however, is the one by which compounds like 4 react
to preferentially give the 2,6-cis-disubstituted piperidinones."!

Fig. 1 X-Ray-analysis of piperidinone 10.

The crystal structure of 10 (Fig. 1) shows that the nitrogen
heterocycle adopts a chair conformation with a pyramidally
configured nitrogen due to the exoanomeric effect. The allyl
substituents are in axial positions. The planes of the carbohydrate
and the nitrogen heterocyles are almost perpendicular to each
other, enabling overlap of the nitrogen’s nonbonding orbital and
the o* orbital of the carbohydrate’s C1-O bond.
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In the presence of Grubb’s catalyst 11, diallyl piperidinone 10
underwent ring closing metathesis yielding octahydrochinolinone
12 in quantitative yield (Scheme 7). This methodology offers an
alternative route to the synthesis of trans-hydroquinolines usually
achieved by intramolecular aldol condensation.!

Conclusions

In conclusion, enantiomerically pure di- and trisubstituted
piperidine derivatives are accessible from N-glycosyl dehy-
dropiperidinones 4 by regioselective iodination of their enaminone
structure, subsequent Knochel iodine-magnesium exchange and
organometallic C—C-coupling reactions at the enamine structure
of the chiral aliphatic nitrogen heterocycles. Attractive structural
elements such as B-arylethylamine (9) or hydroquinoline deriva-
tives (12) have been synthesized on the basis of this chemistry.

In this reaction N-glycosyl dehydropiperidinones proved versa-
tile precursors of highly substituted nitrogen heterocycles which
are valuable compounds for medicinal chemistry.

Experimental

All moisture/air sensitive reactions were carried out under a pos-
itive pressure of argon in oven dried glassware. Dry THF was dis-
tilled from potassium benzophenone ketyl. Dry dichloromethane
was distilled from calcium hydride.

Optical rotation values were measured on a Perkin Elmer 241
polarimeter at /4 546 nm and 578 nm and extrapolated to 4
589 nm. The values are quoted in 107" deg cm? g' and the
concentrations are given in g per 100 ml. Nuclear magnetic
resonance spectra were recorded on a Bruker AC-200, AC-300
or AM-400 NMR spectrometer. ESI mass spectra were recorded
on a Navigator 1 instrument from ThermoQuest or a Finnigan
MAT 95 spectrometer.

General procedure for the preparation of 1

To a solution of N-arabinosyl dehydropiperidinone 4 (1 mmol)
in dry THF (20 mL) were added several equivalents (see details
for each compound below) of solid N-iodosuccinimide at —78 °C
and stirred until the starting material was completely consumed.
The solution was diluted with diethyl ether (100 mL), washed with
10% aq. Na,S,0; (3 x 20 mL), and the resulting aqueous layers
were extracted with diethyl ether (3 x 20 mL). The combined
organic phases were washed with brine, dried over MgSO, and
concentrated in vacuo. The crude product was purified by flash
chromatography.

(2R)-N-(2,3 4 - Tri- O-pivaloyl-a-D-arabinopyranosyl)-2-(p-
chlorophenyl)-5-iodo-5,6-dehydropiperidin-4-one (1a). Iododehy-
dropiperidinone 1a was synthesized according to the general pro-
cedure using 4a’ (1.18 g, 2 mmol) and N-iodosuccinimide (1.35 g,
6 mmol). Purification was carried out by flash chromatography
(petroleum ether—ethyl acetate =6: 1) toyield 1a (1.33 g, 1.9 mmol,
93%) as a colourless solid. R; = 0.65 (petroleum ether—ethyl
acetate = 2 : 1); mp: 205 °C under decomposition; [a]Z +3.77
(¢ 1 in CHCL,). dy (400 MHz, CDCl;) 7.70 (s, 1H, H-6), 7.27 (d,
1H, J = 4.3 Hz, aryl), 7.17 (d, 1H, J = 8.6 Hz, aryl), 5.56 (t,
IH, Jy, = 9.6 Hz, Jyy = 9.6 Hz, H-2), 5.18-5.13 (br s, 1H,
H-4), 5.05 (dd, 1H, Jy, = 10.0 Hz, Jy, = 3.3 Hz, H-3), 491

(t, 1H, Jox, = 6.3 Hz, Jo,, = 6.3 Hz, H-2), 4.37 (d, 1H, Jy» =
9.0 Hz, H-1"), 3.85 (dd, 1H, Jy,s, = 13.3 Hz, Jy,y = 2.0 Hz,
H-5'2), 3.49 (d, 1H, Jyye. = 12.9 Hz, H-5'b), 3.05 (dd, 1H, Jy,4 =
16.4 Hz, J., = 6.2 Hz, H-3a), 2.83 (dd, 1H, Jy,, = 16.4 Hz,
Ju, = 6.3 Hz, H-3b), 1.23, 1.16, 1.10 (3s, 9H each, C(CH,),); dc
(75.4 MHz, CDCl,) 184.9 (C-4), 177.2, 177.1, 177.0 (pivC=0),
154.7 (C-6), 136.8 (ipso-aryl), 134.2 (ipso-aryl), 129.1, 128.0 (aryl),
89.8 (C-1), 70.8, 67.7, 66.0 (C-2, C-3, C-4), 66.1 (C-5), 57.9
(C-2), 42.1 (C-3), 39.0, 38.9, 38.8 (PiVeur), 27.2, 27.1, 27.0 (piv-
CH,). m/z (ESI) 718.2 (M(*Cl)+H), 720.2 (M(”Cl)+H), 740.2
(M(PCl)+Na), 742.2 (M(*’Cl)+Na); HRMS (ESI, m/z) caled for
C, H,,CIINO; (M + H) 718.1638, found 718.1634.

(2R)-N-(2',3' , 4 -Tri-O-pivaloyl-a-D-arabinopyranosyl)-5-iodo-2-
isopropyl-5,6-dehydropiperidin-4-one (1b). Iododehydropiperidi-
none 1b was synthesized according to the general procedure using
4b' (4.0 g, 7.6 mmol) and N-iodosuccinimide (5.4 g, 24 mmol).
Purification was accomplished by flash chromatography to yield
1b (4.31 g, 6.6 mmol, 87%) as colourless amorphous solid. R; =
0.49 (cyclohexane—ethyl acetate = 2 : 1); [a]Z +122.00 (¢ 1 in
CHCly); oy (300 MHz, CDCl;) 7.45 (s, 1H, H-6), 5.53 (t, 1H,
Jyy =9.6 Hz, Jyy = 9.6 Hz, H-2'), 5.26-5.21 (m, 1H, H-4),
5.12 (dd, 1H, Jy» = 9.9 Hz, Jy,+ = 3.3 Hz, H-3), 4.51 (d, 1H,
Jvy = 9.2 Hz, H-1), 4.03 (dd, 1H, Jy,5, = 13.2 Hz, Jy,y =
2.2 Hz, H-5'a), 3.68 (d, 1H, Jyy5, = 13.2 Hz, H-5'b), 3.68-3.60
(m, 1H, H-2), 2.77-2.70 (m, 2H, H-3a, H-3b), 2.34-2.17 (m,
1H, CH(CHs;),), 1.26, 1.12, 1.11 (3s, 9H each, piv-CH;), 0.88
(d, 3H, J = 7.0 Hz, CH,), 0.87 (d, 3H, J = 6.6 Hz, CH;); Jc
(75.4 MHz, CDCl;) 186.2 (C-4), 177.2, 177.0, 177.0 (pivC=0),
154.8 (C-6), 91.6 (C-1"), 71.1, 67.8, 66.2 (C-2', C-3, C-4), 66.2
(C-5), 64.2 (C-5), 58.8 (C-2), 39.0, 39.0, 38.8 (piVqun), 34.7 (C-3),
32.3 (CH(CH,),), 27.2, 27.1, 27.0 (piv-CH,), 19.6, 17.6 (CHs);
m/z (ESI) 650.3 (M + H), 672.2 (M + Na), 688.2 (M + K);
HRMS (ESI, m/z) caled for CxHy;INOg (M + H) 650.2185,
found 650.2186.

(25)-N-(2',3 4 -Tri-O-pivaloyl-a-p-arabinopyranosyl)-5-iodo-2-
n-propyl-5,6-dehydropiperidin-4-one (1c). Iododehydropiperidi-
none ¢ was synthesized according to the general procedure using
4¢' (524 mg, 1 mmol) and N-iodosuccinimide (900 mg, 4 mmol).
Purification was carried out by flash chromatography (petroleum
ether—ethyl acetate = 8 : 1) to yield 1¢ (450 mg, 0.7 mmol, 69%) as
a colourless amorphous solid. R; = 0.57 (petroleum ether—ethyl
acetate = 2 : 1); [a]® 123.19 (¢ 1, CHCL,); oy (400 MHz, CDCl;)
7.37 (s, IH, H-6), 5.50 (t, J» = 9.6 Hz, J»y = 9.6 Hz, H-2)),
5.27-5.23 (m, 1H, H-4), 5.12 (dd, 1H, Jyy = 10.0 Hz, Jy 4 =
3.3 Hz, H-3), 447 (d, 1H, J,» = 9.0 Hz, H-1"), 4.03 (dd, 1H,
Jyoso = 13.3 Hz, Jy,» = 2.3 Hz, H-5a), 3.85-3.76 (m, 1H,
H-2), 3.69 (d, 1H, Jy,5, = 13.3 Hz, H-5'b), 2.72 (dd, 1H, J3,5 =
16.6 Hz, J;,, = 5.7 Hz, H-3a), 2.67 (dd, 1H, J3,;, = 16.64 Hz,
J, = 2.6 Hz, H-3b), 1.90-1.78 (m, 1H, CH,), 1.67-1.55 (m, 2H,
CH.,), 1.40-1.28 (m, 1H, CH,), 1.25 (s, 9H, piv-CHs), 1.11 (s, 18H,
piv-CHs), 0.86 (t, 3H, J = 7.2 Hz, CH5;); d. (100.6 MHz, CDCl;)
185.8 (C-4), 177.2, 177.2, 177.0 (pivC=0), 154.4 (C-6), 91.7
(C-1), 70.8, 67.8, 66.3 (C-2/, C-3, C-4), 66.4 (C-5), 63.1 (C-5),
53.5 (C-2), 38.9, 38.9, 38.8 (pivyun), 37.9, 32.8 (C-3, CH,), 27.1,
27.1, 27.0 (piv-CHj;), 18.8 (CH,), 13.7 (CH;); m/z (ESI) 446.04
(M-2 x pivOH + H), 650.21 (M + H), 672.19 (M + Na), 713.08
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(M + Na + CH;CN); HRMS (ESI, m/z) calcd for C,sH, INOgNa
(M + Na) 672.2004, found 672.1999.

(2R)-N-(2',3 4 -Tri-O-pivaloyl-a-D-arabinopyranosyl)-5-allyl-2-
(p-chlorophenyl)-5,6-dehydropiperidin-4-one (5a). Isopropyl-
magnesium bromide (4.2 mL, 2.1 mmol, 0.5 M in THF) was
added dropwise to a cold (—40 °C) solution of 1a (3.0 g, 4.2 mmol)
in THF (10 mL). The reaction mixture was stirred at —30 °C
until complete consumption of the starting material was detected
by TLC (1 h). Subsequently, a solution of CuCN-2LiCl in THF
(1 M, 4.2 mL, 4.2 mmol) was added, and the reaction mixture
was stirred for 30 min at —30 °C. After addition of allylbromide
(0.7 mL, 8.4 mmol), the mixture was warmed up to rt, stirred for
5 h and quenched with sat. NH,CI-NH,OH (20 mL, 9 : 1, v/v).
The mixture was poured into water (50 mL) and extracted with
diethylether (3 x 100 mL). The combined organic layers were
dried over MgSO, and concentrated in vacuo. The product was
purified by flash chromatography (silica gel, cyclohexane—ethyl
acetate = 6 : 1) yielding 5a (1.9 g, 3.0 mmol, 71%) as a colourless
amorphous solid. R; = 0.47 (cyclohexane—ethyl acetate = 2 : 1);
[a]Z —20.41 (¢ 1 in CHCL,); 64 (400 MHz, CDCl;) 7.30 (d, 2H,
J =28.6 Hz, aryl), 7.21 (d, 2H, J = 8.6 Hz, aryl), 7.14 (s, |H, H-6),
5.85-5.72 (m, 1H, -CH,-~CH=CH,), 5.60 (t, 1H, J, » = 9.6 Hz,
Jyy = 9.6 Hz, H-2'), 5.14-5.10 (m, 1H, H-4), 5.07-5.03 (m
1H, CH=CH,), 5.02-5.00 (m, 1H, =CH,), 4.96 (dd, IH, Jy y =
9.8 Hz, Jy 4 = 3.1 Hz, H-3'),4.75 (dd, 1H, J, 3, = 9.8 Hz, J, 3, =
5.5 Hz, H-2), 4.18 (d, 1H, J,» = 9.4 Hz, H-1"), 3.82 (dd, 1H,
Jsasw = 13.3 Hz, Jy, v = 2.0 Hz, H-5'a), 3.38 (d, 1H, Jyy, v, =
12.5 Hz, H-5'b), 2.98-2.83 (m, 2H, -CH,-CH=CH,), 2.73 (dd,
1H, J;, 3 = 16.4 Hz, J5, , = 5.5 Hz, H-3a), 2.64 (dd, 1H, J;, 5, =
16.4 Hz, J;,, = 9.8 Hz, H-3b), 1.22, 1.14, 1.09 (3s, 9H each,
Piv-CHj;); o (50.3 MHz, CDCl;) 190.4 (C-4), 177.2, 177.1, 176.9
(PivC=0), 147.8 (C-6), 137.1 (ipso-aryl), 136.1 (CH,CH=CH,),
134.3 (ipso-aryl), 129.1, 128.7 (aryl), 116.2 (CH,CH=CH,),
113.0 (C-5), 88.7 (C-1"), 71.3, 68.0, 65.5 (C-2, C-3, C-4), 65.9
(C-5), 59.7 (C-2), 43.8 (C-3), 39.0, 38.9, 38.8 (Pivgun), 30.7
(CH,CH=CH,), 27.2, 27.2, 27.0 (Piv-CH;); HRMS (ESI, m/z)
caled for C3,H,sCINOg (M*) 632.2985, found 632.2986.

(2R)-N-(2',3 4 -Tri-O-pivaloyl-a-D-arabinopyranosyl)-5-allyl-2-
isopropyl-5,6-dehydropiperidin-4-one (5b). Compound 5b was
prepared according to the above procedure for the synthesis of
5a using 1b (1.04 g, 1.6 mmol), dry THF (10 mL), isopropyl
magnesium bromide (4.2 mL, 2.1 mmol, 0.5 M in THF),
CuCN-2LiClI solution (1.6 mL, 1.6 mmol, 1 M in THF) and
allylbromide (0.3 mL, 3.2 mmol). Purification was achieved by
flash chromatography on silica gel to afford 5b (0.71 g, 1.30 mmol,
79%) as a colourless amorphous solid. R; = 0.40 (cyclohexane—
ethyl acetate = 2 : 1); [a]¥ +72.65 (¢ 1, CHCL); dy (400 MHz,
CDCl,) 6.88 (s, 1H, H-6), 5.80-5.67 (m, |H, —CH,~-CH=CH,),
5.60 (t, 1H, Jy.v = 9.6 Hz, Jyy = 9.6 Hz, H-2'), 5.25-5.20
(m, 1H, H-4), 5.11 (dd, 1H, Jyy = 9.8 Hz, Jy 4 = 3.1 Hz,
H-3'), 5.03-4.92 (m, 2H, =CH,), 448 (d, 1H, J» = 9.4 Hz,
H-1'), 3.98 (dd, 1H, Jy, s, = 13.3 Hz, Jy,» = 2.0 Hz, H-5a),
3.65 (d, 1H, Jyy 5, = 13.3 Hz, H-5'b), 3.54-3.47 (m, 1H, H-2),
2.90 (dd, 1H, Jym = 154 Hz, J,,. = 6.4 Hz, -CH,-CH=CH,),
2.73 (dd, 1H, J., = 15.6 Hz, J,,, = 7.0 Hz, —CH,-CH=CH,),
2.58 (dd, 1H, Js, 5 = 16.8 Hz, J;, = 7.4 Hz, H-3a), 2.43 (dd,
1H, J;, 3 = 16.8 Hz, J;, = 3.5 Hz, H-3), 2.26-2.16 (m, 1H,
—CH—(CH,),), 1.25, 111, 1.09 (3s, 9H each, Piv-CH,), 0.88 (t, 6H,

J = 7.2 Hz, CH,); 6. (75.4 MHz, CDCL,) 191.3 (C=0), 177.3,
177.1, 176.9 (PivC=0), 148.2 (C-6), 136.7 (-CH,CH=CH,),
115.5 ((CH,CH=CH,), 109.6 (C-5), 91.3 (C-1'), 71.5, 68.1, 65.8
(C-2, C-4', C-3), 66.0 (C-5'), 59.2 (C-2), 38.9, 38.9, 38.7 (PiVuun).
35.7 (C-3), 31.7 (.CH(CHL,),), 30.7 (-CH,CH=CH,), 27.1, 27.0
(PivCH,), 19.6 (CH,), 17.6 (CH,); m/z (ESI) 258.2 (M-3x PivOH
+ H), 360.4 (M-2 x PivOH + H), 385.4 (arabinosyl), 462.4
(M-PivOH + H), 484.4 (M-PivOH + Na), 564.4 (M + H), 586.4
(M + Na), 602.4 (M + K), 627.5 (M + Na + MeCN), 643.6 (M
+ K + MeCN); HRMS (ESL, m/z) caled for Cs, HyyNO; (M + H)
564.3531, found 564.3532.

(2R)-N-(2',3' ,4-Tri-O-pivaloyl-o-D-arabinopyranosyl)-5-benzoyl-
2-isopropyl-5,6-dehydropiperidin-4-one (6). Isopropylmagne-
sium bromide (0.52 mL, 0.26 mmol, 0.5 M in THF) was added
dropwise to a cold (—40 °C) solution of 1b (130 mg, 0.2 mmol) in
THF (2 mL) and stirred at —30 °C until the starting material was
completely consumed. Subsequently, a solution of CuCN-2LiCl
in THF (1 M, 0.26 mL, 0.26 mmol) was added, and the mixture
was stirred for 30 min at —30 °C. After addition of benzoyl
chloride (0.05 mL, 0.40 mmol) the reaction mixture was allowed
to warm to rt, stirred for 1 h and then quenched by the addition
of sat. NH,Cl solution (1 mL). The mixture was poured into
water (10 mL) and extracted with diethylether (3 x 10 mL).
The combined organic layers were washed with brine, dried over
MgSO, and concentrated in vacuum. The residue was purified by
flash chromatography (silica gel, cyclohexane—ethyl acetate = 4 :
1) to give 6 (79 mg, 0.13 mmol, 63%) as a light yellow solid. R; =
0.26 (cyclohexane—cthyl acetate = 2 : 1); [a]Z +1.85 (¢ 1 in CHCL,);
Jn (300 MHz, CDCl;) 8.03 (s, 1H, H-6), 7.56-7.28 (m, SH, aryl),
5.57 (t, 1H, Jy, = 9.6 Hz, Jy v = 9.6 Hz, H-2'), 5.31-5.24 (m,
1H, H-4), 5.17 (dd, 1H, Jy» = 9.9 Hz, Jy, = 3.3 Hz, H-3),
4.76 (d, 1H, J» = 8.8 Hz, H-1"), 4.08 (dd, 1H, Jy,s, = 13.2 Hz,
Jy.w = 2.2 Hz, H-5a), 3.83-3.73 (m, 1H, H-2), 3.74 (d, 1H,
Jsvsa = 13.6 Hz, H-5'b), 2.72 (dd, 1H, J3,5 = 16.9 Hz, J;,, =
8.1 Hz, H-3a), 2.51 (d, 1H, J3; = 16.9 Hz, H-3b), 2.50-2.36
(m, 1H, CH(CH,),), 1.26, 1.12, 1.10 (3s, 9H each, C(CH;),),
0.95 (d, 3H, J = 7.0 Hz, CH(CH,;),), 0.92 (d, 3H, J = 7.4 Hz,
CH(CH,),); dc (75.4 MHz, CDCl;) 191.8 (C-4), 188.2 (Ph—C=0),
177.2, 177.1, 176.9 (PivC=0), 158.0 (C-6), 139.7 (ipso-aryl),
131.4, 128.8, 127.6 (phenyl), 111.4 (C-5), 93.5 (C-1"), 70.8, 67.7,
66.0 (C-2, C-3, C-4), 66.5 (C-5), 58.9 (C-2), 39.0, 38.8 (PiVquun),
35.8 (C-3), 33.2 (CH(CH,;),), 27.2, 27.1, 27.0 (PivCH;), 19.4, 17.3
(CHs); m/z (ESI) 266.1 (dehydropiperidinone™ + H + Na), 307.1
(dehydropiperidinone™ + H + Na + MeCN), 385.2 (arabinosyl),
628.3 (M + H), 650.3 (M + Na), 666.2 (M + K), 691.3 (M + Na
+ MeCN).

(28)-N-(2',3 4 -Tri-O-pivaloyl-a-p-arabinopyranosyl)-5-formyl-
2-n-propyl-5,6-dehydropiperidin-4-one (7). Isopropylmagnesium
bromide (0.65 mL, 0.33 mmol, 0.5 M in THF) was added dropwise
to a solution of 1c¢ (162 mg, 0.25 mmol) in dry THF (5§ mL)
at —35 °C. The solution was stirred at —30 °C until complete
consumption of the starting material was detected by TLC (1 h).
After addition of N,N-dimethylformamide (0.04 mL, 0.50 mmol),
the solution was slowly warmed up to rt overnight and the
reaction was quenched by the addition of sat. NH,C1 (5 mL). The
mixture was extracted with diethyl ether (3 x 10 mL), and the
combined organic phases were dried over MgSO,. The solvent
was evaporated in vacuo and the product was purified by flash
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chromatography on silica gel (cyclohexane—ethyl acetate = 4 : 1)
to afford 7 (66 mg, 0.12 mmol, 48%) as colourless amorphous
solid. R; = 0.22 (cyclohexane—ethyl acetate = 2 : 1); [a]5 +21.02 (¢
1in CHCl,); 04 (300 MHz, CDCl;) 9.80 (s, 1H, CHO), 7.87 (s, 1H,
H-6), 5.52 (t, 1H, Jy, = 9.4 Hz, Jyy = 9.4 Hz, H-2), 5.32-5.26
(m, 1H, H-4), 5.16 (dd, 1H, Jy» = 9.9 Hz, Jy,» = 3.3 Hz, H-3),
4.66 (d, 1H, J,» = 8.8 Hz, H-1"), 4.10 (dd, 1H, Jy,5, = 13.2 Hz,
Js.o = 1.8 Hz, H-5a), 3.94-3.82 (m, 1H, H-2), 3.76 (d, 1H,
Jsvsa = 13.2 Hz, H-5'b), 2.67 (dd, 1H, Js,5 = 16.5 Hz, J,, =
5.9 Hz, H-3a), 2.43 (d, 1H, J3,3, = 16.5 Hz, H-3b), 1.86-1.58 (m,
2H, CH,), 1.45-1.15 (m, 2H, CH,), 1.26, 1.11, 1.05 (3s, je 9H,
C(CH,);), 0.87 (t, 3H, J = 7.4 Hz, CH;); d (75.4 MHz, CDCl;)
190.0 (C-4), 186.1 (CHO), 177.2, 177.0, 176.9 (PivC=0), 153.8
(C-6), 110.5 (C-5), 93.3 (C-1"), 70.4, 67.5, 66.0 (C-2, C-3, C-4),
66.7 (C-5), 53.8 (C-2), 38.9, 38.9, 38.8 (Pivun), 38.2 (C-3), 33.5
(CH,), 27.1, 27.1, 27.0 (PivCH;), 18.8 (CH,), 13.6 (CH;); m/z
(ESI) 552.3 (M + H), 574.3 (M + Na), 590.3 (M + K), 1103.6
(2M + H), 1125.6 2M + Na), 1141.6 2M + K); HRMS (ESI,
m/z) caled for C,oHy NOy (M + H) 552.3167, found 552.3165.

(2R)-N-(2',3 4 -Tri- O-pivaloyl-a-D-arabinopyranosyl)-2-(p-
chlorphenyl)-5-p-(methoxycarbonyl)phenyl-5,6-dehydropiperidin-
4-one (9). To a solution of 1a (180 mg, 0.25 mmol) in dry
THF (5 mL) was added dropwise isopropylmagnesium bromide
(0.6 mL, 0.3 mmol, 0.5 M in THF) at —30 °C. After complete con-
version of the starting material (2 h), ZnBr, (0.5 mL, 0.5 mmol, 1 M
in THF) was added and the mixture was warmed up to room tem-
perature. In a second flask, bis(dibenzylidenacetone)palladium
(14.4 mg, 0.025 mmol) and triphenylarsine (31 mg, 0.10 mmol)
in dry THF (2 mL) were stirred for 5 min for the formation
of the active catalyst. 4-lodobenzoic acid methylester (131 mg,
0.5 mmol) in dry THF (1 mL), and subsequently the solution
prepared from 1a were added stirred at 40 °C. The reaction was
terminated by the addition of sat. NH,CI (2 mL). The mixture
was diluted with water (10 mL) and extracted with diethyl ether
(3 x 15 mL). The combined organic phases were washed with
brine and dried over MgSO,. The product was purified by flash
chromatography on silica gel (cyclohexane-ethyl acetate = 5 : 1)
to afford 9 (93 mg, 0.13 mmol, 51%) as pale yellow amorphous
solid. R; = 0.35 (cyclohexane—ethyl acetate = 2 : 1); [a]* —7.41
(¢ = 1, CHCL); 6y (300 MHz, CDCl,) 7.97 (d, 2H, J = 8.4 Hz,
C.H,~COOMe), 7.57 (s, 1H, H-6), 7.47 (d, 2H, J = 8.5 Hz, C.H,—
COOMe), 7.31 (d, 2H, J = 8.5 Hz, C.H,—Cl), 7.24 (d, 2H, J =
8.4 Hz, C4Hs—Cl), 5.68 (t, Jy = 9.6 Hz, Jyy = 9.6 Hz, H-2)),
5.20-5.14 (m, 1H, H-4),5.04(dd, |H, Jy » =9.9Hz,Jy, =3.3Hz,
H-3'), 4.94-4.85 (m, 1H, H-2), 4.41 (d, 1H, J,» = 9.2 Hz, H-1"),
3.59 (s, 3H, OCH,), 3.92-3.83 (m, 1H, Jy,» = 2.2 Hz, H-5'a), 3.49
(d, 1H, Jyyy, = 13.2 Hz, H-5'b), 2.98 (dd, 1H, J3,3 = 16.2 Hz,
J3.o = 5.9 Hz, H-3a), 2.76 (dd, 1H, J3,;, = 16.2 Hz, J4,, = 7.7 Hz,
H-3b), 1.21, 1.12, 1.11 (3s, 9H each, Piv-CH;); J. (75.4 MHz,
CDCl,) 188.4 (C-4), 177.2, 177.1, 177.0 (PivC=0), 167.1 (C-
OCH,), 149.3 (C-6), 139.9, 136.9, 134.4 (ipso-aryl), 129.6, 129.2,
128.3 (aryl), 127.8 (ipso-aryl), 127.3 (aryl), 114.1 (C-5), 89.7 (C-
1), 71.0 (C-3), 67.8 (C-4), 66.1 (C-5), 65.7 (C-2), 58.6, 52.0
(C-2, OCH;), 43.9 (C-3), 38.9, 38.9, 38.8 (Pivyun), 27.2, 27.1,
27.0 (Piv-CH;); m/z (ESI) 726.5 (M(*Cl)+H), 728.5 (M(*’Cl)+H),
748.4 (M(*Cl)+Na), 750.4 (M(*’Cl)+Na), 789.6 (M(*Cl)+Na +
CH;CN), 791.6 (M(*’Cl)+Na + CH;CN); HRMS (ESI, m/z) caled
for C;,yHyiCINO(Na (M + Na) 748.2859, found 748.2858.

(2R,5R,6S)-N-(2',3 4 -Tri- O-pivaloyl-a-D-arabino-pyranosyl)-
5,6-diallyl-2-isopropylpiperidin-4-one (10). A solution of allyl-
magnesium bromide (2 mL, 2 mmol, 1 M in diethyl ether) was
added to a suspension of copper cyanide (179 mg, 2 mmol) in dry
THF (10 mL) at —40 °C and stirred for 30 min. Subsequently, the
mixture was cooled to —78 °C and BF;-OEt, (0.25 mL, 2 mmol)
was added. After 15 min, 5b (225 mg, 0.4 mmol) in dry THF
(10 mL) was added to the cuprate and the mixture was stirred for
3hat —78 °C. The reaction was terminated by the addition of conc.
NH,OH-sat. NH,C1 (1 : 1 v/v, 20 mL). The mixture was allowed
to warm to room temperature, diluted with diethyl ether (50 mL),
and the layers were separated. The organic phase was washed
with conc. NH,OH-sat. NH,CI (1 : 1, v/v). The aqueous layers
were extracted with diethyl ether. The combined organic phases
were washed with brine, dried over MgSO, and concentrated in
vacuo. Purification was achieved by flash chromatography on silica
gel to afford 145 mg (0.24 mmol, 60%) of 10 as colourless solid.
Mp: 129 °C; R; = 0.44 (cyclohexane—ethyl acetate = 5 : 1); [a]
—10.79 (¢ 1 in CHCI,); diastereomeric ratio 90 : 10 (determined
by HPLC); HPLC: gradient: 85% CH;CH, 15% H,O — 95%
CH;CN, 5% H,O0 (20 min); R, (min) = 21.35 (main diasterecomer),
23.52 (second diastereomer); oy (400 MHz, CDCl;) 5.75-5.50 (m,
2H, 2 x -CH,-CH=CH,), 5.68 (t, 1H, Jy.y = 9.2 Hz, J, y =
9.2Hz,H-2'),5.22-5.17 (m, |H, H-4'), 5.09(dd, 1H, Jy y =9.4 Hz,
Jy v = 3.5 Hz, H-3'), 5.06-4.88 (m, 4H, 2 x =CH,), 4.53 (d, 1H,
Jv» = 9.4 Hz, H-1"), 3.85 (dd, 1H, Jy, 5, = 13.1 Hz, Jy, s =
2.2 Hz, H-5a), 3.55-3.43 (m 1H, H-2), 348 (d, 1H, Jyy 5, =
12.9 Hz, H-5'b), 3.39-3.30 (m, 1H, H-6), 2.94-2.83 (m, 1H, H-
3a), 2.54-2.34 (m, 2H, H-5, 1 x -CH,—~CH=CH,), 2.27-2.04 (m,
5H, H-3b, 3 x -CH,~CH=CH,, CH(CH,),), 1.23, 1.14, 1.12 (3s,
9H each, Piv-CH;), 0.93 (d, 3H, J = 6.7 Hz, CHj;), 0.89 (d, 3H,
J = 6.6 Hz); o (100.6 MHz, CDCl;) 212.5 (C-4), 177.5, 177.3,
176.7 (PivC=0), 134.9 (CH,=CHCH,-), 134.6 (CH,=CHCH,-),
117.6 (CH,=CHCH,-), 116.3 (CH,=CHCH,-), 87.9 (C-1), 73.3,
68.2, 65.3 (C-2, C-3, C-4), 65.0 (C-5), 58.0 (C-2), 56.4 (C-6),
53.0 (C-5), 38.9, 38.8, 38.8 (Pivyun), 37.0, 36.5 (CH,=CHCH,-
), 36.1 (C-3), 27.2, 27.1, 27.1 (Piv-CH3;), 26.6 (-CH(CH5;),), 19.8
(CHj;), 14.1 (CH;); m/z (ESI) 300.3 (M-3 x PivOH + H), 402.3
(M-2 x PivOH + H), 504.4 (M-PivOH + H), 526.3 (M-PivOH +
Na), 606.4 (M + H), 628.4 (M + Na), 644.4 (M + K), 669.5 (M +
Na + MeCN); HRMS (ESI, m/z) calcd for C;,H;x,NOg (M + H)
606.4000, found 606.3999.

Crystal data: CyHs;sNOg, M = 605.80, space group: P2,
(monoklin), lattice parameters: a = 9.576(2)(7) A, b = 20.504(5)
A, c=10.143(2) A, VV = 1840.9(8) A%, z =2, F(000) = 660, diffrac-
tometer: CADA4, irridation: Cu Ka graphite monochromator, 6691
reflections measured, 6285 unique (R;,, = 0.0243), wR2 = 0.1696
(R, = 0.0562 for observed reflexes, 0.604 for all reflexes).t

(2R 4a5,8a5)-N-(2',3 ,4-Tri-O-pivaloyl-a-D-arabinopyranosyl)-
2-isopropyl-trans-6,7-dehydrochinolin-4-one (12). A solution
of 10 (48 mg, 0.08 mmol) and Grubb’s catalyst [bis-
(tricyclohexylphosphine)benzylidene ruthenium(1v) dichloride]
(8 mg, 0.01 mmol) in dichloromethane was stirred for 2 h. The sol-
vent was removed in vacuum and the residue was purified by flash
chromatography (silica gel, cyclohexane—ethyl acetate = 20 : 1)

T CCDC reference numbers 624381. For crystallographic data in CIF
format see DOI: 10.1039/b615113b
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to give 12 (46 mg, 0.08 mmol, quant.) as a colourless amorphous
solid. R; = 0.25 (cyclohexane—cthyl acetate = 5: 1); [a]Z —8.99 (¢
1 in CHCl,); 6y (400 MHz, CDCl;) 5.69-5.52 (m, 3H, H-2', H-6,
H-7), 5.24-5.20 (m 1H, H-4), 5.05(dd, 1H, Jy y =9.4Hz, Jy 4 =
2.7 Hz, H-3), 4.38 (m, 1H, H-1"), 3.90 (dd, 1H, Jy, s, = 13.3 Hz,
Hy,» = 1.6 Hz, H-5a), 3.56 (d, 1H, Js, 5, = 12.9 Hz, H-5'D),
3.46-3.18 (m, 1H, H-2), 2.80-1.98 (m, 8H, H-3,, H-3,,, H-4a,
H-5,, H-5,, H-8,, H-8,;, H-8a), 1.72-1.46 (m, 1H, ~-CH(CH5;),),
1.23, 1.13, 1.11 (3s, 9H each, PivCHj;), 0.90 (d, 3H, J = 7.0 Hz,
CHs;), 0.83 (d, 3H, J = 6.6 Hz, CH;). 6. (75.4 MHz, CDCl;) 210.8
(C-4), 177.4,177.4, 177.0 (PivC=0), 125.6, 124.4 (C-6, C-7), 68.5
(C-3), 68.4 (C-4), 65.3 (C-5), 51.3 (C-2), 42.5 (CH,), 38.9, 38.8,
38.7 (Pivgun), 30.7, 29.7 (C-4a, C-8a), 27.3, 27.1, 27.1 (PivCHs),
25.4 (CH,), 20.2 (CH;); m/z (ESI) 194.2 (dehydropiperidinone™
+ H + H), 272.2 (M-3 x PivOH + H), 374.3 (M-2 x PivOH +
H), 476.4 (M-PivOH + H), 498.3 (M-PivOH + Na), 578.5 (M +
H), 600.4 (M + Na), 616.3 (M + K), 641.5 (M + Na + MeCN);
HRMS (ESI, m/z) calcd for C;,H5;NOgNa (M + Na) 600.3507,
found 600.3500.
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A series of protected B?-dehydroamino acids has been prepared in three steps from commercially
available starting materials in good yields. These were used as substrates in rhodium-catalyzed
asymmetric hydrogenation applying a mixed ligand system of monodentate phosphoramidites and
phosphines. Optimization of the catalyst structure was achieved by high throughput experimentation.
High enantioselectivities were obtained (up to 91%) with full conversion for a number of B-amino acids.

Introduction

Since the seminal reports on the use of monodentate ligands
in the highly enantioselective rhodium-catalyzed asymmetric
hydrogenation by the groups of Pringle,'” Feringa, De Vries,
Minnaard!® and Reetz,'* the number of studies on the use of
monodentate ligands increased spectacularly.? Furthermore, the
fact that two monodentate ligands coordinate to the metal-
centre in the catalytically active species, was exploited by Reetz
and coworkers® and our own group* to show that mixtures of
monodentate ligands can be used in the hydrogenation to enhance
selectivities and reactivity.’

In recent years, we have focused on the development of new cat-
alytic systems for asymmetric hydrogenations,® and considerable
effort has been directed towards the exploration of new substrate
classes.”

B-Peptides have attracted considerable interest in the last
decade.® Interesting features of these molecules are that they can
fold in a predictable way to form secondary structures in solution,
they show resistance to cleavage by peptidases and other metabolic
transformations and mimic o-peptides in protein—protein and
peptide—protein interactions. The building blocks for B-peptides
are B-amino acids which can be subdivided in three categories, i.e.
-, p*- and B**-amino acids (Fig. 1).

R
HQNJ\/COQH

R

HZN)\(COQH

R'

HzN/\rCOQH
R

B2-amino acid B-amino acid B?*-amino acid

Fig. 1 B-Amino acids.

A wide variety of methods are available to prepare enan-
tiomerically pure B-amino acids.’ The synthesis of [*-amino
acids has received most attention although a number of studies
have focused on P?-amino acids. Approaches taken include'

“Stratingh Institute, University of Groningen, Nijenborgh 4, 9747 AG,
Groningen, The Netherlands. E-mail: a.jminnaard@rug.nl, b.l feringa@
rug.nl

*DSM Research, Advanced Synthesis, Catalysis and Development, PO Box
18, 6160 M D, Geleen, The Netherlands

stereoselective alkylation of B-homoglycine derivatives," addition
of chiral enolates to acyliminium salts,"? Curtius rearrangement of
enantiomerically pure succinates,'® resolution of racemic f*-amino
acids' and enantioselective organocatalytic aminomethylation of
aldehydes.” Limited effort has been devoted to the synthesis of
B?-amino acids by transition metal catalysis. Examples are Pd-
catalyzed allylic substitution,'® Rh-catalyzed CH activation,'” Cu-
catalyzed conjugate addition' and Rh-catalyzed hydrogenation.”

In contrast to the asymmetric hydrogenation of f*-
dehydroamino acid esters,” the asymmetric hydrogenation of the
corresponding B*-amino acid precursors is still less developed.
Robinson and co-workers" have reported the asymmetric hy-
drogenation of f?-amino acid precursors. Phthalimido nitriles
were hydrogenated, which form B*-amino acids after simultaneous
hydrolysis of the phthalimido and the nitrile functional groups.
Promising enantioselectivities (78%) were obtained with Rh-
DuPHOS or Rh-BPE complexes. The substrates, however, are
prepared by Ni-catalyzed addition of the toxic hydrogen cyanide
to alkynes. The same group recently described an alternative
preparation of B*-amino acids in three steps with modest ee’s
(67%).""

Very recently, Zheng and co-workers reported a short synthesis
of f*-amino acids via rhodium-catalyzed asymmetric hydrogena-
tion of B*-dehydroamino acids using monodentate phosphites
as ligands.”' Excellent enantioselectivities were obtained with
precursors containing 1,1-disubstituted olefinic bonds. For the
trisubstituted analogues good ee’s were accompanied by incom-
plete conversions even after 12 h at 85 atm of hydrogen pressure.

This paper prompted us to report our results on the synthesis of
B*-amino acids via asymmetric rhodium-catalyzed hydrogenation
reactions employing a mixed ligand system consisting of chiral
monodentate phosphoramidites and achiral phosphines.

Results and discussion

The synthesis of the substrates was executed on a multi-gram scale,
in three steps starting from benzaldehydes 1-8 and methyl acrylate
9 (Scheme 1).

The synthesis starts with a Baylis-Hillman reaction that is
well documented® and proceeds smoothly with good yields (77—
87%) for substrates 1 and 5-8. The methyl-substituted products
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// | (23-87%) //
R 9 R 10-17
1,10,18,26:R=H
2,11,19,27: R = 0-Me
3,12, 20, 28: R = m-Me ®)
4,13,21,29: R=p-Me
5,14, 22, 30: R = 0-Br (58-65%)
6,15,23,31: R=m-Br
7,16, 24,32: R =p-Br
8,17,25,33: R = p-Cl
0 o
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> 5
R/ NH (> 85%) R/ NH
6] [6)
26-33 1825

(a) Me;N, or DABCO, MeOH (b) CH3S0;H, 110°C, CH;CN
(c) LiOH, MeOH / H,0

Scheme 1 Synthesis of substrates 26-33.

11-13 were obtained in low yield, due to incomplete conversions,
even after 10 d reaction time. The second step, recently reported
by Basavaiah er al.,”® is a Ritter-type reaction. This reaction
proceeded in good yields with exclusive formation of the E-isomer.
Subsequently, the dehydroamino acids 26-33 could be obtained in
high yield after straightforward hydrolysis of 18-25.

Initially, we attempted the asymmetric hydrogenation of sub-
strate 18, applying the conditions developed previously* for the
hydrogenation of (*-dehydroamino acids using phosphoramidite
ligands L1-L4 (Table 1). Surprisingly, when these reactions were
performed with Rh—Lx in CH,Cl, and 25 bar of hydrogen pressure
no conversion was seen at 25 °C. Reactions performed with
Rh-Lx in i-PrOH gave in some cases low conversions, but the
enantioselectivities obtained were poor. Ee determination was
carried out by RP-HPLC using an acetonitrile-NaH,PO, buffer
(see Experimental section).?

Recently, we described the successful rhodium-catalyzed asym-
metric hydrogenation of o,B-unsaturated carboxylic acids.* In
this study, the combination of an achiral phosphine and a chiral
phosphoramidite increased the rate of the reaction and enantiose-
lectivity dramatically. The presence of a carboxylic acid instead of
the corresponding methyl ester appeared to be important. Since
the structure of 26 bears some relationship to the substrates used
in our previous study, hydrogenations were studied under similar
conditions (Table 2).

Employing a Rh-Lx catalyst, increasing the temperature to
60 °C, adding 20% water* and using carboxylic acid 26 led
to full conversion, although a racemic mixture was obtained
(Table 2). Addition of an equivalent of triphenylphosphine increased
the ee dramatically, however. The largest increase was observed
in combination with L6. The homo-combination of L6 induced
no selectivity, whereas the hetero-combination of L6 with PPh;
led to an ee of 83% (entries 5 and 6). As observed previously,
phosphoramidites substituted with two methyl groups at the 3 and
3’ positions of the BINOL moiety, led to higher enantioselectivities
than the unsubstituted BINOL based phosphoramidites (entries
2 and 6).

Table 1 Screening of L1-L4 on the hydrogenation of 18 in i~-PrOH and
o)

CHZClzn.b.c
o]
©/\|\)‘\O/ ©/\ﬁj\o/
NH NH

18 /&0 34 [¢]

C2oe 8258 00 O
se e il es ooy

Rh(COD},BF,, L1 - L4
Solvent, 25 bar H,, 25°C

Entry Solvent Ligand Conversion Ee®
1 CH,Cl, L1 0 —
2 CH,Cl, L2 0 —
3 CH,Cl, L3 0 —
4 CH,Cl, L4 0 —
5 i-PrOH L1 20 46
6 i-PrOH L2 < 10 ND
7 i-PrOH L3 0 —
8 i-PrOH L4 15 10

“Reaction conditions: 0.2 mmol of substrate in 4 ml of solvent with
0.002 mmol of Rh(COD),BF,, 0.004 mmol of phosphoramidite. * 16 h
at rt and 25 bar H,. ¢ Conditions are reported in ref. 15, 20a and 24. * Ee’s
were determined by chiral RP-HPLC, see Experimental section. ¢ Absolute
configuration of product is unknown.

Table 2 Influence of PPh; on the hydrogenation of 26

0 0
i-PrOH / H,0 (4:1)

NH 25 bar H,, 60°C NH

26 /&o o - CO s 35 /&o
o '

Rh(COD),BF,, L, (PPh;)

T

L6
Entry Ligand Conversion Eec?
1 L3 100 0
2 L3 + PPh; 100 66
3 L5 100 0
4 L5 + PPh; 100 75
5 L6 100 0
6 L6 + PPh, 100 83

“Reaction conditions: 0.2 mmol of substrate in 4 ml of an i-PrOH-
H,O (4 : 1) mixture with 0.002 mmol of Rh(COD),BF,, 0.004 mmol of
phosphoramidites and possibly 0.002 mmol of PPh;. ® 16 h at 60 °C and
25 bar H,. ¢ Ee’s were determined by chiral RP-HPLC after conversion
of product to the corresponding methyl ester (for details see experimental
section). ¢ Absolute configuration of product is unknown.

One of the major advantages of monodentate phosphoramidite
ligands is their straightforward synthesis, which makes structural
variation easy. This has been exploited by the development of an
automated method for the parallel solution phase synthesis of
monodentate phosphoramidite ligands and their corresponding
catalyst libraries.?® This approach allows the screening of a large
number of structurally diverse phosphoramidites over a short
period of time. We have used this method to optimize the catalyst
in terms of conversion and enantioselectivity.
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Fig. 2 Hydrogenation results with first library.

A first library of 48 monodentate ligands, based on 4 phospho-
rochloridites and 12 different amines and alcohols, was used in
the hydrogenation of substrate 26 at 25 bar of H, and 40 °C using
one equivalent of PPh; as the co-ligand (Scheme 2). The results
are depicted in Fig. 2.

Rh(COD),BE, L, PPh;

A OH
MeOH, 25 bar Hy, 40°C
NH

26 /g() 35 /g()
WO OO WO

Al A2 A3 A4 A5 A6

FO T QRO SO e
H2N HO
All Al2
Br
P—Cl
J”
PCI-1 PCI2 PCI-3 PCI4 g,

Scheme 2 Setup of first library of phosphoramidites and phosphites.

Ligands based on a 3,3'-dimethyl BINOL (PCl-3) induced in
most cases full conversion and modest to good ee’s. By contrast,
ligands based on BINOL (PCI-1), 8H BINOL (PCl-2) and 4,4'-
dibromo BINOL (PCl4) led to relatively low active catalysts
with, in general, decreased ee’s. The enantioselectivities induced by
ligands based on primary amines A5-A8 and alcohols A10-A12
were poor. The best results were obtained with ligands based on
combinations of PCI-3 with secondary amines A1, A2 and A4 (full
conversion and 89% ee).

Following on from these results, a second library with 16
different phosphoramidites based on 3,3'-dimethyl BINOL and 16
different secondary amines was designed. Each phosphoramidite
was combined with 6 different achiral phosphines (Scheme 3) to
afford in total 96 Rh-catalysts.

The results of the screening of the hydrogenation of substrate
26 of the second library are depicted in Fig. 3. In general, most
of the ligands performed well. Good to full conversions were

Rh(COD),BF;, L, P oI

X OH > Ly
MeOH, 25 bar H,, 40°C
NH NH

s Ao L s A

P-C1
SO ¥
PCI3
~ — )

HN HI}\_Q HN:> HN 8 N HN/\_Q
Al A2 A13 A14 Al5
O v

HN, HN:> HN HN/\/ HN TSN
N /\\ \

Al6 Al7 A19 A20 A21
N\
Cr '*Qg OO
A22 A23 A4 A25

PPh;  P(4-MeOPh); P(4-CF;Ph); P(o-tolyl); P(2-Furyl);  P(Cy)s

(P1) (P2) P3) (P4) P5) (P6)

Scheme 3  Setup of second library of phosphoramidites and phosphites.

obtained, with some exceptions, mostly phosphoramidites based
on fully aliphatic amines and phosphites. With most ligands,
enantioselectivities of >80% were obtained using PPh; (P1) as
an achiral co-ligand. The use of other phosphines did not show
any improvements. Although modest to good ee’s were obtained
with P5, the conversions were incomplete in all cases. Contrarily
use of P6 resulted in good to excellent conversions, but the
enantioselectivities remained low.

The results of the library screenings showed that L6 (a com-
bination of PCI-3 and A4) in combination with PPh; (P1) or
P(o-tolyl); (P4) led to the best results in terms of conversion and
enantioselectivity (full conversion and 90% ee).

It has been observed previously that small alterations in the
phosphine structure can have large effects on the selectivity and
conversion in the hydrogenation reactions. Table 3 represents
the results obtained from a screening of structural different
phosphines on the hydrogenation of substrate 26 under optimized
conditions, i.e. Rh(COD),BF,, L6 and PR; (2 : 1 ratio of L6 :
PR;), MeOH, 30 °C, 25 bar H,. Although the variation in
enantioselectivity is not as large as for the hydrogenation of

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 267-275 | 269





Enantioselectivity

Conversion

P1 P2 P3 P4 P5 P6

P3 P4

—

[ a0 50

=60 [ >70

=T [ 90

-=100

Fig. 3 Hydrogenation results with first library.

Table 3 Screening of phosphines®®

(0] (0]
©/\E'L0H Rh(COD),BF;, L6, PR3 ©/\E‘\ OH
MeOH, 25 bar Hy, 30°C
NH NH
26 0 35 /go
Entry R Eece
1 Ph (P1) 89
2 o-Tolyl (P4) 91
3 m-Tolyl (P7) 89
4 p-Tolyl (P8) 85
5 Xylyl (P9) 85
6 Mesityl (P10) 33(53)
7 m-CIPh (P11) 89
8 p-CIPh (P12) 88
9 p-FPh (P13) 87
10 1,2,3,4,5-FPh (P14) 0(12)
11 1-Naphthyl (P15) 91
12 p-MeOPh (P2) 66 (88)
13 Cyclohexyl (P6) 62 (86)
14 tert-Butyl (P16) 0(29)

“Reaction conditions: 0.2 mmol of substrate in 4 ml of MeOH with
0.002 mmol of Rh(COD),BF,, 0.004 mmol of phosphoramidite and
0.002 mmol of PRy; ? 16 h, 25 bar H, and 30 °C; © Ee’s were determined by
chiral RP-HPLC after conversion of product to the corresponding methyl
ester (for details see experimental section). ¢ Conversion is depicted in
brackets in case no full conversion is reached; ¢ Absolute configuration of
product is unknown.

a,B-unsaturated carboxylic acids,* substantial effects were also
observed in this case.

Substitution of the phenyl at the ortho position in the tri-
arylphosphine increased the ee slightly (compare entries 1, 2 and
11). Substitution on other positions had no effect. Introduction
of electron withdrawing groups had no influence on the enan-
tioselectivity (entries 7-9). On the other hand, introduction of an
electron donating methoxy group decreased the ee and the rate of
the reaction (entry 12). Sterically crowded phosphines induced low
reactivity and low selectivity (entries 6 and 14). Furthermore, alkyl
phosphines led to poorer results than aryl phosphines (entries 1,
13 and 14). This screening showed that an optimal ligand system

Table 4 Expanding the scope of substrates*®

0 0
| X OH Rh(COD),BF,, L6, PR'; | X OH
P H MeOH, 30°C, 25 bar, 16 h F NH
/&o /go
27-29, 33 36-39
Phosphines-#¢
Entry Substrate P1 P4 P7 P8 P15
1 27 82 90 82 77 (<5
2 28 83 86 84 84 91
3 29 78 89 81 85 91
4 33 85 80(65) 79(90) 78  56(86)

“Reaction conditions: 0.2 mmol of substrate in 4 ml of MeOH with
0.002 mmol of Rh(COD),BF,, 0.004 mmol of phosphoramidites and
0.002 mmol of PR;. % 16 h at 25 bar H, and 30 °C. ¢ Ee’s were determined by
chiral RP-HPLC after conversion of the products to their corresponding
methyl ester (for details see Experimental section). “ Conversion is depicted
in brackets in cases where full conversion is not reached. ¢ Absolute
configuration of products is unknown.

consists of L6 and an ortho-substituted phenylphosphine e.g. P4
and P15.

To broaden the substrate scope, the hydrogenation of a series
of substituted B?-phenyl alanine precursors was performed. L6
was used as ligand in combination with phosphines P1, P4, P7,
P8 and P15. The results are depicted in Table 4. The highest
enantioselectivities in the hydrogenation of substrates 27-29 were
obtained using ortho-substituted phosphines P4 and P15 (up to
91% ee). While for substrates 28 and 29 the best results were
obtained with phosphine P15, substrate 27 with an o-methyl
group, was not converted using this phosphine as co-ligand,
probably due to steric hindrance. The enantioselectivity obtained
with chloro-substituted substrate 33 was in general lower than
for those obtained with the methyl substituted derivatives. In
addition to the lower ee, a drop in reaction rate was observed,
which can be seen from the incomplete conversions obtained
with phosphines P4, P7 and P15. Whereas in the hydrogenation
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of 27-29 use of the ortho-substituted phosphines gave the best
results, with 33 the less hindered phosphine P1 induced the highest
ee (85%).1

Conclusions

B*-Amino acids have been prepared in high enantiomeric excess
employing rhodium-catayzed hydrogenation using a mix-ligand
approach comprising chiral and achiral ligands. The substrates are
synthesized in a 3-step procedure with reasonable yields (up to 50%
over 3 steps), starting from commercially available aryl aldehydes
and methyl acrylate (9). Optimization of the catalytic system was
performed using library screening. The results obtained in the
hydrogenations are the best so far for this class of substrate, and
comparable to the results reported by Zheng and co-workers,*!
with an ee up to 91% obtained for several compounds at full
conversion.

Experimental
General remarks

'H-NMR, “C-NMR and *P-NMR spectra were recorded on
a Varian Gemini-200, Varian VXR-300 or a Varian Mercuri
Plus. Chemical shifts are reported in J units (ppm) relative to
the residual deuterated solvent signals of CHCl; ("H-NMR: ¢
7.26; BC-NMR: ¢ 77.0); DMSO (‘H-NMR: ¢ 2.49; "C-NMR:
0 39.5) or relative to an external standard for 3P (H;PO, at
0.0). The splitting patterns are designated as follows: s (singlet), d
(doublet), t (triplet), q (quartet), b (broad). Optical rotations were
measured with a Schmidt + Haensch Polartronic MH8. Column
chromatography was performed using silica gel (Aldrich 60, 230
400 mesh). Mass spectra (HRMS) were recorded on an AEI
MS-902. Phosphoramidites L1-L6 were commercially available
or made by literature procedures.* (S5)-3,3-Dimethylbinol and
phosphoramidite L5 were donated by DSM. Phosphines P1-P13
were purchased from Aldrich or Strem Chemicals.

2-(Hydroxy-phenyl-methyl)-acrylic acid methyl ester (10)*’. To
4.06 ml (40 mmol) of benzaldehyde (1) and 10 ml of a 33% (w/v)
aqueous solution of Me; N in 40 ml of MeOH was added 120 mmol
of methyl acrylate. The solution was stirred for 48 h and 400 ml
of CHCI; and 100 ml H,O were added. The layers were separated
and the aqueous layer was extracted twice with 100 ml CHCI;. The
organic layers were dried on Na,SO,, filtered and concentrated.
The product was purified by column chromatography (SiO,;
heptane : EtOAc 5 : 1) to yield 5.9 g (30.7 mmol; 77%) of a
colorless oil. '"H-NMR (400 MHz, CDCl;) 0 = 7.30-7.21 (m, SH),
6.26 (d, J = 6.0 Hz, 1H), 5.83 (s, 1H), 5.48 (d, J = 6.0 Hz, 1H),
3.62 (s, 1H), 3.60 (s, 3H); "C-NMR (101.0 MHz, CDCl;) 6 =
166.3 (s), 141.9 (s), 141.2 (s), 128.1 (d), 127.4 (d), 126.4 (d), 125.4
(1), 72.4 (d), 51.6 (q); HRMS calcd. for C;;H;,0; 191.071 found
191.070.

T Attempts to hydrogenate the bromo-substituted substrates 30-32 met
with failure. In all cases incomplete conversion was obtained. In addition
to the desired hydrogenation product, the formation of the dehalogenated
product 35 was observed, in combination with other unidentified side-
products.

General method for Baylis—Hillman preparation of 11-17

A mixture of 100 mmol of aldehyde, 150 mmol of methyl acrylate
and 10 mmol of DABCO in 50 ml of MeOH was stirred at
RT until the reaction was complete (monitored by TLC). The
mixture was diluted with 150 ml of Et,O. The organic layer was
washed with water (2 x 150 ml), brine (150 ml), dried on Na,SO,,
filtered and concentrated. Products 11-17 were purified by column
chromatography. (SiO,; heptane : EtOAc 5 : 1) Products 11-17
were used as obtained.

2-(Hydroxy-o-tolyl-methyl)-acrylic acid methyl ester (11).
4.65 g (22.6 mmol; 23%) of a colorless oil. "H-NMR (400 MHz,
CDCly) 6 = 7.73-7.35 (m, 1H), 7.18-7.10 (m, 3H), 6.27 (s, 1H),
5.76 (s, 1H), 5.57 (s, 1H), 3.71 (s, 3H), 2.85 (bs, 1H), 2.28 (s, 3H);
BC-NMR (101.0 MHz, CDCl;) 6 = 167.1 (s), 141.2 (s), 138.7 (s),
135.6 (s), 130.4 (d), 127.4 (d), 126.2 (d), 126.2 (t), 126.1 (d), 69.2
(d), 52.0 (q), 19.1 (q); HRMS calcd for C;,;H,,0;5 206.094 found
206.095.

2-(Hydroxy-m-tolyl-methyl)-acrylic acid methyl ester (12).
3.17 g (15.4 mmol; 31%) of a colorless oil.*® "H-NMR (400 MHz,
CDCl;) 6 = 7.21-7.09 (m, 3H), 7.04 (d, J = 7.3 Hz, 1H), 6.29 (d,
J = 1.1 Hz, 1H), 5.81 (d, J = 1.1 Hz, 1H), 5.46 (s, 1H), 3.65 (s,
3H), 3.21 (bs, 1H), 2.30 (s, 3H); *C-NMR (101.0 MHz, CDCl;)
0 = 166.6 (s), 141.9 (s), 141.1 (s), 137.9 (s), 128.4 (d), 128.2 (d),
127.2 (d), 125.8 (1), 123.6 (d), 72.9 (d), 51.8 (q), 21.3 (q); HRMS
caled for C,H,,O, 206.094 found 206.095.

2-(Hydroxy-p-tolyl-methyl)-acrylic acid methyl ester (13)”.
3.64 g (17.7 mmol; 35%) of a colorless 0il.® "H-NMR (400 MHz,
CDCly)6 =7.21(d,J = 7.9 Hz, 2H), 7.10(d, J = 7.7 Hz, 2H), 6.28
(d, J = 0.9 Hz, 2H), 5.82 (d, J = 0.9 Hz, 2H), 5.47 (s, 1 H), 3.66 (s,
3H), 3.03 (bs, 1H), 2.29 (s, 3H); *C-NMR (101.0 MHz, CDCl;)
0 = 166.7 (s), 142.0 (s), 138.3 (s), 137.4 (s), 129.0 (d), 126.5 (d),
125.7 (1), 72.9 (d), 51.8 (q), 21.0 (q); HRMS calcd for C,,H,,0s
206.094 found 206.094.

2-[(2-Bromo-phenyl)-hydroxy-methyl]-acrylic acid methyl ester
(14)7. 23.6 g (87 mmol; 87%) of a colorless oil. '"H-NMR
(400 MHz, CDCl;) 0 = 7.44-7.40 (m, 2H), 7.21 (dd, J = 7.7 Hz,
7.0 Hz, 1H), 7.04 (dt, J = 7.7 Hz, 1.5 Hz, 1H), 6.23 (s, 1H), 5.84
(d, J = 4.4 Hz, 1H), 5.51 (s, IH), 3.80 (d, J = 4.4 Hz, 1H), 3.62
(s, 3H); B*C-NMR (101.0 MHz, CDCl;) 6 = 166.5 (s), 140.6 (s),
139.4 (s), 132.4 (d), 129.0 (d), 128.1 (d), 127.3 (d), 126.7 (t), 122.9
(s), 70.8 (d), 51.8 (q); HRMS calcd for C,;H,,BrO; 270.979 found
270.981.

2-[(3-Bromo-phenyl)-hydroxy-methyl]-acrylic acid methyl ester
(15)7. 9.62 g (35.5 mmol; 86%) of a colorless 0il.* "H-NMR
(400 MHz, CDCly)0 =7.44(d, J = 1.5, 1H), 7.32 (dd, J = 7.7 Hz,
1.1 Hz, 1H),7.20 (d, J =8.1 Hz, 1H), 7.12(dt, / = 7.7 Hz, 1.8 Hz,
1H), 6.27 (s, 1H), 5.80 (s, 1H), 5.40 (d, J = 4.4 Hz, 1H), 3.63 (s,
3H), 3.50 (bs, 1H); *C-NMR (101.0 MHz, CDCl;) 6 = 166.3 (s),
143.6 (s), 141.2 (s), 130.7 (d), 129.8 (d), 129.5 (d), 126.4 (1), 125.1
(d), 122.3 (s), 72.2 (d), 51.9 (q); HRMS calcd. for C, H,BrO;
271.987 found 271.987.

2-[(4-Bromo-phenyl)-hydroxy-methyl]-acrylic acid methyl ester
(16). 23.1 g (85 mmol; 85%) of a colorless oil. 'H-NMR
(400 MHz, CDCly) 6 = 7.38 (d, J = 8.4 Hz, 2H), 7.16 (d, J =
8.4 Hz, 2H), 6.26 (s, 1H), 5.78 (s, 1H), 5.41 (s, 1H), 3.63 (s, 1H),
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3.39 (bs, 1H); ®*C-NMR (101.0 MHz, CDCl;) 6§ = 166.4 (s), 141.5
(s), 140.3 (s), 131.3 (d), 128.3 (d), 126.1 (1), 121.6 (s), 72.3 (d), 51.9
(q); HRMS calcd. for C, H,,BrO; 271.987 found 271.987.

2-|(4-Chloro-phenyl)-hydroxy-methyl]-acrylic acid methyl ester
a7*. 19.5 g (86 mmol; 86%) of a colorless oil. "H-NMR
(400 MHz, CDCL,) 6 = 7.24 (s, 4H), 6.27 (s, 1H), 5.78 (s, |H),
5.44 (s, 1H), 3.65 (s, 1H), 3.21 (bs, 1H); "C-NMR (101.0 MHz,
CDCl;) 0 = 166.5(s), 141.5(s), 139.7 (s), 133.4 (s), 128.4 (d), 127.9
(d), 126.2 (t), 72.4 (d), 51.9 (q); HRMS calcd. for C, H,,ClO,
226.040 found 226.041.

General procedure for the synthesis of 18-25

A solution of 80 mmol of Baylis—Hillman adduct in 350 ml of
CH,CN was heated to 60 °C. To this mixture was added 215 ml
of CH;SO;H. The resulting solution was warmed to 110 °C and
stirred for 6 h. After cooling, the mixture was poured into 150 ml
of H,0. The solution was neutralized with K,CO;(s) (pH paper).
The resulting solution was extracted with Et,O (2 x 400 ml).
The combined organic layers were washed with brine, dried over
Na,SO,, filtered and concentrated. To the remaining yellow solid
was added 100 ml of Et,O. The pure product precipitated as a
white solid and was collected (58-65% yield).

(E)-2-(Acetylamino-methyl)-3-phenyl-acrylic acid methyl ester
(18)*. 'H-NMR (400 MHz, CDCl;)0 =7.78 (s, 1H), 7.50 (d, J =
7.3 Hz, 2H), 7.42-7.34 (m, 3H), 6.18 (bs, 1H), 4.32 (d, / = 5.9 Hz,
2H), 3.83 (s, 3H), 1.96 (s, 3H); "C-NMR (101.0 MHz, CDCl;)
0 = 169.6 (s), 168.2 (s), 142.4 (d), 134.0 (s), 129.5 (d), 129.2 (d),
128.6 (d), 127.7 (s), 52.1 (q), 36.7 (t), 23.2 (q); HRMS calcd. for
C,;H,;sNO; 233.105 found 233.106; Anal. Calc. for C;H;sNO;:
C, 66.92%; H, 6.49%; N, 6.01%, found: C, 66.65%; H, 6.44%; N,
5.98%.

(E)-2-(Acetylamino-methyl)-3-o-tolyl-acrylic acid methyl ester
(19). 'H-NMR (400 MHz, CDCl;) § = 7.82 (s, 1H), 7.29-7.14
(m, 4H), 6.05 (bs, 1H), 4.14 (d, J = 5.5 Hz, 2H), 3.81 (s, 3H), 2.23
(s, 3H), 1.89 (s, 3H); *C-NMR (101.0 MHz, CDCl;) 6 = 169.3 (s),
168.1 (s), 141.9 (d), 136.7 (s), 133.5 (s), 130.1 (d), 129.1 (d), 128.8
(d), 128.6 (s), 126.0 (d), 52.2 (q), 36.8 (1), 23.3(q), 19.9 (q); HRMS
caled. for C,H,;NO; 247.121 found 247.122.

(E)-2-(Acetylamino-methyl)-3-m-tolyl-acrylic acid methyl ester
(20). 'H-NMR (400 MHz, CDCl;) 6 = 7.71 (s, 1H), 7.21 (m,
3H), 7.12 (d, J = 5.1 Hz, 1H), 6.01 (bs, 1H), 4.28 (d, J = 5.5 Hz,
2H), 3.78 (s, 3H), 2.32 (s, 3H), 1.92 (s, 3H); "C-NMR (101.0 MHz,
CDCly) 0 =169.5 (s), 168.3 (s), 142.7 (d), 138.3 (s), 134.0 (s), 130.3
(d), 130.1 (d), 128.6 (d), 127.5 (s), 126.6 (d), 52.2 (q), 36.8 (1), 23.3
(q), 21.3 (q); HRMS calcd. for C,H,;NO; 247.121 found 247.122.

(E)-2-(Acetylamino-methyl)-3-p-tolyl-acrylic acid methyl ester
(21)®. 'H-NMR (400 MHz, CDCly) 6 = 7.74 (s, 1H), 7.37 (d,
J =8.1 Hz, 2H), 7.19 (d, J = 8.1 Hz, 2H), 6.27 (bs, 1H), 4.31 (d,
J =5.5Hz, 2H), 3.80 (s, 3H), 2.33 (s, 3H), 1.95 (s, 3H); "C-NMR
(101.0 MHz, CDCl;) 6 = 169.7 (s), 168.3 (s), 142.6 (d), 139.6 (s),
131.1 (s), 129.6 (d), 129.3 (d), 126.6 (s), 52.1 (q), 36.7 (1), 23.1 (q),
21.3 (q); HRMS calcd. for C,H;;NO; 247.121 found 247.121.

(E)-2-(Acetylamino-methyl)-3-(2-bromo-phenyl)-acrylic acid
methyl ester (22). 'H-NMR (400 MHz, CDCl;) 6 = 7.78 (s,
1H), 7.59 (t, J = 7.7 Hz, 2H), 7.35 (t, J = 7.7 Hz, 1H), 7.19 (t,

J = 7.7 Hz, 1H), 6.22 (bs, 1H), 4.16 (d, J = 5.5 Hz, 2H), 3.83
(s, 3H), 1.91 (s, 3H); *C-NMR (101.0 MHz, CDCl;) 6 = 169.3
(s), 167.6 (s), 141.2 (d), 134.6 (s), 132.5 (d), 130.6 (d), 130.3 (d),
129.5 (s), 127.5 (d), 123.8 (s), 52.3 (q), 36.7 (1), 23.2 (q); HRMS
caled. for C;;H,,BrNO, 313.014 found 313.013; Anal. Calc. for
C;H,BrNO;: C, 50.16%; H, 4.54%; N, 4.50%, found: C, 50.25%;
H, 4.52%; N, 4.45%.

(E)-2-(Acetylamino-methyl)-3-(3-bromo-phenyl)-acrylic acid
methyl ester (23). 'H-NMR (400 MHz, CDCl;) 6 = 7.58 (s,
2H); 7.39 (dd, J = 7.3 Hz, 7.0 Hz, 2H), 7.18 (t, J = 8.1 Hz, 1H),
6.22 (bs, 1H), 4.19 (d, J = 5.9 Hz, 2H), 3.74 (s, 3H), 1.87 (s, 3H);
BC-NMR (101.0 MHz, CDCl;) 0 = 169.6 (s), 167.8 (s), 140.4 (d),
136.1 (s), 132.3 (d), 132.0 (d), 130.1 (d), 129.2 (s), 127.9 (d), 122.6
(s), 52.2 (q), 36.6 (1), 23.1 (q); HRMS calcd. for C;;H,BrNO;
313.014 found 313.014; Anal. Calc. for C,;H,,BrNO;: C, 50.16%;
H, 4.54%; N, 4.50%, found: C, 50.30%; H, 4.53%; N, 4.48%.

(E)-2-(Acetylamino-methyl)-3-(4-bromo-phenyl)-acrylic  acid
methyl ester (24). 'H-NMR (400 MHz, CDCl;) 6 = 7.64 (s, 1H),
7.48 (d, J = 8.4, 2H), 7.36 (d, J = 8.4 Hz, 2H), 6.30 (bs, 1H),
4.23 (d, J = 5.5 Hz, 2H), 3.79 (s, 3H), 1.92 (s, 3H); “C-NMR
(101.0 MHz, CDCl;) 6 = 169.6 (s), 167.8 (s), 140.8 (d), 132.8 (s),
131.7 (d), 131.0 (d), 128.4 (s), 123.5 (s), 52.1 (q), 36.5 (1), 23.1 (q);
HRMS calced. for C;H;,BrNO; 313.014 found 313.013; Anal.
Calc. for C,;H,BrNO;: C, 50.16%; H, 4.54%; N, 4.50%, found:
C, 50.15%; H, 4.51%; N, 4.48%.

(E)-2-(Acetylamino-methyl)-3-(4-chloro-phenyl)-acrylic acid
methyl ester (25). "H-NMR (400 MHz, CDCl;) 6 = 7.72 (s, 1H),
7.51 (d, J = 8.4 Hz, 2H), 7.39 (d, J = 8.4 Hz, 2H), 6.12 (bs, 1H),
431 (d, J = 5.9 Hz, 2H), 3.85 (s, 3H), 1.99 (s, 3H); *C-NMR
(101.0 MHz, CDCl;) 6 = 169.6 (s), 168.0 (s), 140.9 (d), 135.3 (s),
132.5 (s), 130.9 (d), 128.9 (d), 128.3 (s), 52.2 (q), 36.6 (1), 23.2
(q); HRMS caled. for C,;H,,CINO; 267.066 found 267.066; Anal.
Calc. for C;H,CINO;: C, 58.41%; H, 5.28%; N, 5.24%, found:
C, 58.45%; H, 5.22%; N, 5.21%.

General procedure for the synthesis of 26-33

The ester (25.8 mmol) and LiOH (250 mmol) in 160 ml of a 1 :
1 mixture of H,O and MeOH were stirred overnight at RT. The
mixture was diluted with 100 ml of H,O, washed with CH,Cl, and
acidified with 2 M HCl (aq) to pH = 1. The white precipitate was
collected and dried in vacuo. The products were obtained as white
solids in >85% yield.

(E)-2-(Acetylamino-methyl)-3-phenyl-acrylic acid (26). 'H-
NMR (400 MHz, CDCL;) 6 = 12.68 (bs, 1H), 7.98 (bs, 1H), 7.72
(s, 1H), 7.48-7.38 (m, 5H), 4.01 (d, J = 4.2 Hz, 2H), 1.82 (s, 3H);
BC-NMR (101.0 MHz, CDCl;)d = 169.1 (s), 168.3 (s), 141.0 (d),
134.5(s), 129.5 (d), 129.2 (s), 129.1 (d), 128.6 (d), 36.3 (1), 22.3 (q);
HRMS calcd. for C;H;;NO; 219.090 found 219.089; Anal. Calc.
for C;,H;NO;: C, 65.74%; H, 5.98%; N, 6.39%, found: C, 65.35%;
H, 5.95%; N, 6.40%.

(E)-2-(Acetylamino-methyl)-3-o-tolyl-acrylic acid (27). 'H-
NMR (400 MHz, CDCl,) 6 = 7.90 (bs, 1H), 7.76 (s, 1H), 7.29-7.20
(m, 4H), 3.85 (d, J = 4.4 Hz, 2H), 2.23 (s, 3H), 1.78 (s, 3H); *C-
NMR (101.0 MHz, CDCl,) 6 = 168.8 (s), 168.1 (s), 140.1 (d), 136.6
(s), 134.0 (s), 130.1 (s), 129.9 (d), 128.7 (d), 128.5 (d), 125.7 (d),
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36.4 (t), 22.4 (q), 19.6 (q); HRMS caled. for CH,sNO, 233.105
found 233.106.

(E)-2-(Acetylamino-methyl)-3-m-tolyl-acrylic acid (28). 'H-
NMR (400 MHz, CDCl;) 6 = 7.97 (bs, 1H), 7.68 (s, 1H), 7.33-7.26
(m, 3H), 7.20 (d, J = 6.2 Hz, 1H), 4.01 (d, J = 4.0 Hz, 2H), 2.30
(s, 3H), 1.83 (s, 3H); *C-NMR (101.0 MHz, CDCl;) 6 = 169.0 (s),
168.5 (s), 141.2 (d), 137.8 (s), 134.4 (s), 130.2 (d), 129.8 (d), 129.0
(s), 128.5 (d), 126.6 (d), 36.3 (1), 22.4 (q), 21.0 (q); HRMS calcd.
for C;3H,;5sNO; 233.105 found 233.106; Anal. Calc. for C;H;sNO;:
C, 66.92%; H, 6.49%; N, 6.01%, found: C, 67.00%; H, 6.56%; N,
5.84%.

(E)-2-(Acetylamino-methyl)-3-p-tolyl-acrylic acid (29). 'H-
NMR (400 MHz, CDCl;) § = 7.96 (bs, 1H), 7.68 (s, 1H), 7.38
(d, J =8.1Hz, 2H), 7.23 (d, J = 8.1 Hz, 2H), 4.01 (d, / = 4.4 Hz,
2H), 2.32 (s, 3H), 1.82 (s, 3H); "*C-NMR (101.0 MHz, CDCl;) 6 =
169.1 (s), 168.5 (s), 141.2 (d), 138.9 (s), 131.6 (s), 129.6 (d), 129.3
(d), 128.3 (s), 126.0 (d), 36.4 (1), 22.4 (q), 20.9 (q); HRMS calcd.
for C;;H,sNO, 233.105 found 233.106; Anal. Calc. for C;;H;sNO;:
C, 66.92%; H, 6.49%; N, 6.01%, found: C, 66.75%; H, 6.49%; N,
5.84%.

(E)-2-(Acetylamino-methyl)-3-(2-bromo-phenyl)-acrylic acid
(30). 'H-NMR (400 MHz, CDCl;) 6 = 7.95 (bs, 1H), 7.70 (d,
J =8.1 Hz, 1H), 7.65 (s, 1H), 7.53 (d, J = 5.9 Hz, 1H), 7.43 (dd,
J =17.7Hz, 7.3 Hz, 1H), 7.32 (dd, J = 7.7 Hz, 7.3 Hz, 1H), 3.87
(d, J =4.0 Hz, 2H), 1.78 (s, 3H); *C-NMR (101.0 MHz, CDCl;)
0 = 169.0 (s), 167.8 (s), 139.4 (d), 134.7 (s), 132.6 (d), 131.3 (s),
130.7 (d), 130.6 (d), 127.8 (d), 123.6 (s), 36.2 (1), 22.4 (q); HRMS
caled. for C,,H,;,BrNO, 297.000 found 296.999; Anal. Calc. for
C,H;,BrNO;: C, 48.34%; H, 4.06%; N, 4.70%, found: C, 48.40%;
H, 4.03%; N, 4.67%.

(E)-2-(Acetylamino-methyl)-3-(3-bromo-phenyl)-acrylic acid
(31). 'H-NMR (400 MHz, CDCl;) 6 = 7.99 (bs, 1H), 7.72 (s,
2H); 7.65 (s, 1H), 7.57 (d, J = 8.1 Hz, 1H), 7.49 (d, J = 7.7 Hz,
1H), 7.38 (t, J = 7.7 Hz, 1H), 3.97 (d, J = 4.4 Hz, 2H), 1.81
(s, 3H); *C-NMR (101.0 MHz, CDCl;) 6 = 169.1 (s), 168.1 (s),
139.2 (d), 137.0 (s), 131.9 (d), 131.6 (d), 130.9 (s), 130.6 (d), 128.4
(d), 121.9 (s), 36.2 (1), 22.4 (q); HRMS calcd. for C,,H,,BrNO;
297.000 found 296.998; Anal. Calc. for C,,H,BrNO;: C, 48.34%;
H, 4.06%; N, 4.70%, found: C, 48.35%; H, 4.00%; N, 4.65%.

(E)-2-(Acetylamino-methyl)-3-(4-bromo-phenyl)-acrylic acid
(32). 'H-NMR (400 MHz, CDCl;) 6 = 8.00 (bs, 1H), 7.64 (s,
1H), 7.61 (d, J = 8.4 Hz, 2H), 7.44 (d, J = 8.4 Hz, 2H), 3.97 (d,
J = 4.0 Hz, 2H), 1.81 (s, 3H); "C-NMR (101.0 MHz, CDCl,)
0 =169.2 (s), 168.2 (s), 139.7 (d), 133.8 (s), 131.6 (d) (4x), 130.1
(s), 122.5 (s), 36.2 (1), 22.4 (q); HRMS calcd. for C,,H,,BrNO;
297.000 found 296.999.

(E)-2-(Acetylamino-methyl)-3-(4-chloro-phenyl)-acrylic acid
(33). 'H-NMR (400 MHz, DMSO-d,) 6 = 8.00 (bs, 1H), 7.67 (s,
1H), 7.52 (d, J = 8.8 Hz, 2H), 7.48 (d, J = 8.8 Hz, 2H), 3.98 (d,
J =4.4Hz, 2H), 1.81 (s, 3H); *C-NMR (101.0 MHz, CDCl;) 6 =
169.1 (s), 168.2 (s), 139.6 (d), 133.7 (s), 133.4 (s), 131.3 (d), 131.0
(s), 128.6 (d), 36.2 (1), 22.4 (q); HRMS calcd. for C,H;,CINO;
253.051 found 253.050; Anal. Calc. for C,,H,,CINO;: C, 56.82%;
H, 4.77%; N, 5.52%, found: C, 56.50%; H, 4.74%; N, 5.50%.

General procedure for the synthesis of solution phase
phosphoramidite ligand libraries*

Stock solutions were prepared by dissolving the proper amounts
of every reagent necessary for the library synthesis in anhydrous
toluene (all by weight). For the phosphorochloridites a concen-
tration of 0.150 M was used, for the amines 0.158 M, and for
the triethylamine 0.538 M. Using the liquid handling robot in a
glovebox 0.333 ml (1.00 eq.) of each of the phosphorochloridites
was transferred into one of the 3 corresponding 32 wells of the
Whatman PKP filter plate. The triethylamine solution, 0.100 ml
(1.00 eq.) was added to each of the 96 wells. Next 0.333 ml (1.05eq.)
of each of the amines was added to one of the 3 corresponding 32
wells of one of the 3 plates. The microplate was placed on an orbital
shaker and vortexed for 2 h at room temperature. The microplate
was then placed onto the vacuum manifold and filtration was
performed upon application of vacuum. The filtrates, ie. the
solutions of different phosphoramidites in dry toluene (0.766 ml,
0.065 M) were collected and stored into a 96-well polypropylene
microplate.

General procedure for the screening of solution phase
phosphoramidite ligand libraries in rhodium-catalyzed
hydrogenation of 26>

Using the liquid handling robot 0.100 ml (2.0 eq.) of the
ligand solution was transferred from the microplate into 96
vials, equipped with stirring bars. Then 0.1 ml (1.0 eq.) of a
0.0329 M PPh; stock solution in DCM, 0.25 ml (0.1 eq.) of a
0.0131 M Rh(COD),BF, stock solution in DCM and 2.25 ml
of a 0.073 M (50 eq.) substrate stock solution in MeOH was
added. The mixtures were capped under inert atmosphere and
transferred to a parallel hydrogenation reactor. The vials were
purged with nitrogen and then with hydrogen (25 bar) and heated
to 40 °C. The reaction mixtures were left stirring for 16 h. Samples
of the mixtures were analyzed by chiral HPLC to determine the
conversion and the ee (see Table 5).

Table 5 Ee determination of 35-39¢:

Retention times®

Entry Product Enantiomer1 Enantiomer2 Starting material

1 35 19.5 21.7 33.0
2 36 26.8 31.5 39.9
3 37 31.5 35.1 64.1
4 38 35.4 40.3 75.5
5 39 52.7 59.3 96.6

“ Products were analyzed as their corresponding Me-esters. ® All products
were analyzed by the same method: RP-HPLC, AD-RH Chiralpak;
acetonitrile-NaH,PO, buffer (pH 2.7) 20 : 80 (flow 0.5 ml min™").
¢ Retention times in min.

General procedure for hydrogenation reactions in Endeavor™?°

In a glass tube, 0.81 mg (2 pmol) of Rh(COD),BF,, 4 umol of
ligand, 0.2 pmol of phosphine, 0.2 mmol of the substrate and
4 ml of solvent, was added. The small glass tube was placed in
a semi-automated autoclave with eight reactors (Endeavor™)
that was purged 4 times with nitrogen and once with hydrogen
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and heated if necessary. Then, the autoclave was pressurized with
hydrogen. The reaction was stirred for 16 h. A sample of the
resulting mixture was converted into the corresponding methyl
ester by 2 M solution of trimethylsilyl diazomethane in ether until
the yellow color persisted. MeOH was added to the sample in those
cases where the reaction was performed in another solvent than
MeOH. This sample was filtered over a silica plug and subjected
to conversion ("H NMR) and ee determination (HPLC).

2-(Acetylamino-methyl)-3-phenyl-propionic acid (35). 'H-
NMR (400 MHz, CDCL;) 6 = 9.12 (bs, 1H), 7.25-7.07 (m, SH),
6.56 (s, 1H), 3.58-3.42 (m, 1H), 3.32-3.22 (m, 1H), 2.98-2.84
(m, 2H), 2.77-2.67 (m, 1H), 1.85 (s, 3H); *C-NMR (101.0 MHz,
CDCly) 0 = 177.4 (s), 171.7 (s), 138.0 (s), 128.8 (d), 128.5 (d),
126.6 (d), 46.5 (d), 40.4 (t), 35.7 (1), 22.7 (q); HRMS calcd. for
C,,H;5sNO; 221.105 found 221.106.

2-(Acetylamino-methyl)-3-o-tolyl-propionic acid (36). 'H-
NMR (400 MHz, CDCL;) 6 = 9.21 (bs, 1H), 7.15-7.08 (m, 4H),
6.38 (bs, 1H), 3.51-3.38 (m, 2H), 3.06-3.01 (m, 1H), 2.93-2.88
(m, 1H), 2.77-2.72 (m, 1H), 2.31 (s, 3H), 1.92 (s, 3H); *C-NMR
(101.0 MHz, CDCly) 6 = 178.1 (s), 171.5 (s), 136.3 (s), 136.2 (s),
130.5 (d), 129.4 (d), 126.8 (d), 126.1 (d), 45.4 (d), 40.7 (t), 33.1
(1), 22.9 (q), 19.4 (q); HRMS calcd. for C;;H,;sNO; 235.121 found
235.122.

2-(Acetylamino-methyl)-3-m-tolyl-propionic acid (37). 'H-
NMR (400 MHz, CDCl;) 0 = 9.19 (bs, 1H), 7.16 (t, J = 7.4 Hz,
1H), 7.03-6.97 (m, 3H), 6.33 (bs, 1H), 3.54-3.49 (m, 1H), 3.36-
3.32 (m, 1H), 3.01-2.90 (m, 2H), 2.78-2.73 (m, 1H), 2.30 (s, 3H),
1.92 (s, 3H); *C-NMR (101.0 MHz, CDCl;) 6 = 177.9 (s), 171.4
(s), 138.1 (s), 137.9 (s), 129.6 (d), 128.4 (d), 127.4 (d), 125.8 (d),
46.6 (d), 40.5 (1), 35.7 (t), 22.9 (q), 21.3 (q); HRMS calcd. for
C;HsNO; 235.121 found 235.122.

2-(Acetylamino-methyl)-3-p-tolyl-propionic acid (38). 'H-
NMR (400 MHz, CDCL,) 6 = 9.12 (bs, 1H), 7.07 (s, 4H), 6.32
(bs, 1H), 3.53-3.48 (m, 1H), 3.36-3.30 (m, 1H), 3.00-2.89 (m,
2H), 2.79-2.72 (m, 1H), 2.30 (s, 3H), 1.92 (s, 3H); "C-NMR
(101.0 MHz, CDCl;) 6 = 178.0 (s), 171.4 (s), 136.2 (s), 134.8 (s),
129.2 (d), 128.7 (d), 46.7 (d), 40.4 (1), 35.3 (1), 22.9 (q), 21.0 (q):
HRMS calcd. for C;H;sNO; 235.121 found 235.122.

2-(Acetylamino-methyl)-3-(4-chloro-phenyl)-propionic acid (39).
'"H-NMR (400 MHz, CDCl;) =9.22 (bs, 1H), 7.23 (d, J = 8.4 Hz,
2H), 7.12 (d, J = 8.4 Hz, 2H), 6.43 (bs, 1H), 3.52-3.47 (m, 1H),
3.37-3.30 (m, 1H), 2.99-2.88 (m, 2H), 2.78-2.74 (m, 1H), 1.93 (s,
3H); "C-NMR (101.0 MHz, CDCl;) 0 = 177.4 (s), 171.6 (s), 136.5
(s), 132.5 (s), 130.2 (d), 128.7 (d), 46.6 (d), 40.5 (t), 35.0 (t), 22.9
(q); HRMS calced. for Cj,H,,CINO; 255.066 found 255.066.
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Circular DNA is used as a template for the amplified detection
of M 13 phage ssDNA by a rolling circle amplification (RCA)
process that synthesizes DNAzyme chains, thus enabling the
colorimetric or chemiluminescent detection of the analyte.

The amplified detection of DNA continues to attract interest
directed to the sensitive detection of DNA.!? Different methods
have been employed to amplify the sensing of DNA by the
application of enzymes,** nanoparticles and magnetic particles,’
and electrical,®® optical'™" and piezoelectric'? signals have been
used to probe the nucleic acid recognition events. The RCA process
has been employed in various sensing schemes,” and has been
used to generate templates for nanoparticle aggregation." In the
present study, we developed a DNA-based machine that activates
a rolling circle amplification (RCA) process upon recognition of
the target DNA, yielding chains composed of DNAzyme units.
The DNAzyme units amplify the recognition events and allow the
colorimetric or chemiluminescent readout of the sensing process.
Using this technique, we detect the M13 phage DNA with a
sensitivity limit of 1 x 107 M.

Recently, the assembly of DNA-based machines has attracted
substantial research activities,”® and DNA-based “tweezers”,'
“walkers”,"” and “motors”'® have been reported. The use of a
DNA/protein-based cutter system was recently reported as an
autonomous machine for the replication of DNA and for the
amplified optical analysis of DNA.* Circular DNA is often used
as a template for rolling circle amplification (RCA), which yields
single-stranded chains of repeated units of the circular template.?
The DNAzyme used in our study is a G-quadruplex nucleic acid
sequence that, upon binding of hemin, mimics the functions of
peroxidase.?! This DNAzyme was previously used by us as a bio-
catalytic label for different sensing processes.”>** The DNAzyme
catalyzes the oxidation of 2,2'-azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid), ABTS*, by H,0, to the green-colored oxidized
ABTS,? or stimulates (in the presence of H,O, and luminol) the
generation of chemiluminescence.® The concept of activating a
DNAzyme-synthesizing machine by the RCA process is depicted
in Fig. 1A. The circular DNA was constructed from 75 bases
that included one segment, A, complementary to the primer 1,
and three segments B, C, and D, each complementary to the
DNAzyme, where the segments are separated one from another
by a sequence of 4 bases.

The cyclic DNA was prepared by the hybridization of the ends
of linear 2 with the nucleic acid 1 followed by phosphorylation of
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the nucleic acid with kinase, and ligation of the two ends with ligase
to form the circular DNA 2. Fig. 1B depicts the rate of ABTS*
oxidation by the DNAzymes synthesized by the RCA process,
using a fixed concentration of the primer, 1, and variable time-
intervals for the RCA reaction. The longer the RCA process, the
more DNAzyme units are generated, leading to an enhancement
of the oxidation of ABTS?~. Control experiments reveal that the
interaction of a non-ligated circular ssDNA with the primer 1
does not lead, in the presence of dNTPs/polymerase, to any
replication of the DNAzyme chain (Fig. 1B, curve e). Other control
experiments that were performed revealed that no oxidation of
ABTS> was observed upon performing the RCA of the nucleic
acid chains in the presence of 1 and dNTPs/polymerase and in
the absence of hemin. Also, no oxidation of ABTS?>” was observed
when 1 was allowed to interact with the circular DNA 2 in the
absence of either the dNTPs or polymerase. These results imply
that only 1 triggers the RCA reaction and the synthesis of the
DNAzyme units (hemin intercalated in the G-quadruplex units),
that catalyze the oxidation of ABTS*".

The synthesis of the DNAzyme chains by the RCA process
was also followed by chemiluminescence. Fig. 1C shows the
light intensities generated by the DNAzyme chains synthesized
by the RCA process, using a fixed concentration of the primer
1, and H,O,/luminol as the substrates that stimulate the light
emission. The longer the RCA reaction, the greater the content
of synthesized DNAzymes, leading to an enhancement in the
resulting chemiluminescence.

The synthesis of the DNAzyme chains through the RCA
process was further supported by electrophoresis and atomic force
microscopy (AFM) studies. Fig. 2A depicts the electrophoretic
results corresponding to the products formed by the RCA system
at various reaction time-intervals. It is evident that as the RCA pro-
cess is allowed to continue, products of higher molecular weights
are generated, and nucleic acid products containing ca. 1500 bp
are formed. Fig. 2B,C show the AFM images of the resulting
DNA products. Numerous nucleic acids exhibiting lengths of
20 to 30 nm (60 to 100 bp, respectively) are observed, together
with substantially longer DNA chains (Fig. 2B). Some very long
(micrometre length) DNA chains were detected (Fig. 2C).

The RCA reaction for the synthesis of DNAzymes may be
used as a versatile catalytic process for the amplified analysis
of any DNA. Fig. 3A presents the method used to trigger the
RCA process for analyzing the ssDNA MI13 phage, 3, which
includes 7229 bases. A hairpin nucleic acid, 4, consisting of a
single-stranded loop complementary to the M 13 phage ssDNA, is
designed. The hairpin nucleic acid 4 opens upon hybridization
with M13 phage DNA, and the opening of the hairpin stem
yields a single-stranded tether acting as a primer that binds to a
segment of the circular DNA 2. The hybridization of the resulting
tethered primer to the circular DNA 2 triggers, in the presence
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Fig. 1 A) Detection of DNA hybridization by RCA, leading to the
synthesis of DNAzyme chains. B) Time-dependent absorbance changes
of ABTS?" upon analyzing the nucleic acid 1 (2 x 10=* M) by the RCA
process that synthesizes the DNAzyme units, for different time-intervals:
(a) 0 min, (b) 10 min, (c) 30 min, and (d) 60 min, (e) analysis of 1 with
the open DNA 2 (not treated with kinase and ligase to form the closed
circular DNA). In experiments (a) to (d) the circular DNA 2 (2 x 10-* M)
was present. C) Chemiluminescence intensities observed upon the light
emission by luminol/H,0, by the RCA process depicted in Fig. 1A, at
different time-intervals and at the fixed concentrations of 1, 2 x 107 M
and 2,2 x 107 M : (a) 0 min, (b) 10 min, (¢) 30 min, and (d) 60 min.

of dNTPs/polymerase, the RCA process, and the synthesis of the
DNAzyme units. It should be noted that the hairpin structure 4
was designed in such a way that its stem hybridization affinities
are stronger than the hybridization affinity with the circular DNA
2. Consequently, 4 cannot be opened by 2, yet the hybridization
of 3 with the loop opens the stem structure. Fig. 3B shows the rate
of ABTS* oxidation by the DNAzyme synthesized by the RCA
upon analyzing different concentrations of M 13 phage ssDNA. As
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Fig. 2 A) Agarose-gel electrophoretic image corresponding to the
time-dependent synthesis of the DNAzyme chains by the RCA process.
Lane (a) 1 kb DNA ladder; (b) 0 min; (¢) 10 min; (d) 30 min; (¢) 60 min;
(f) 90 min. B and C) AFM images of the DNA chains synthesized by the
RCA process using 1 (2 x 10-* M) as primer.

the concentration of M13 phage DNA increases, more of the
primer units4/2 are generated, and more RCA cycles are activated,
leading to an increased content of the DNAzyme. A control
experiment, where the foreign calf thymus DNA (1 x 10-% M)
is analyzed in the presence of the circular DNA 2, according to
the method shown in Fig. 3A, is shown in Fig. 3B, curve b. A
minute rate of ABTS?™ oxidation by the free hemin in the system
is observed. This rate of ABTS* oxidation may be considered
as the background noise level of the system. Fig. 3C shows the
light intensities observed upon analyzing different concentrations
of M 13 phage ssDNA according to the method shown in Fig. 3A,
using chemiluminescence as the readout signal. As before, as the
concentration of the M 13 phage DNA rises, more DNAzyme units
are synthesized, and the resulting light emission intensifies.

In conclusion, the present study has introduced the use of
the RCA process for the synthesis of DNAzyme units that act
as the catalytic units for the amplified analysis of DNA.** One
amplification step involves the RCA synthesis of numerous
DNAzyme units, as a result of a single recognition (hybridization)
event. The second amplification step originates from the catalytic
activities of the synthesized labels that lead to the colorimetric
or chemiluminescent detection of DNA. In a recent study, the
peroxidase-mimicking DNAzyme that was used in the present
report was employed as a catalyst for the analysis of DNA
in a PCR amplification process.”® The sensitivity of the PCR
amplification path that involves repeated thermal cycles is ca.
10°-fold higher than the present RCA/DNAzyme process. This is
mainly due to the exponential amplification features of the PCR
process as compared to the RCA reaction. The fact, however, that
the RCA/DNAzyme reaction process is isothermal, represents an
important advantage of the system. The present study has used
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Fig.3 A) Detection of M13 phage DNA by RCA, leading to the synthesis
of DNAzyme chains. B) Absorbance changes upon the oxidation of
ABTS*" by H,0, in the DNA-based RCA process, and C) chemilumi-
nescence intensities of light emission by luminol/H,O, in the DNA-based
RCA process. The following concentrations of M 13 phage ssDNA 3 were
used: () 1 x 107 M, (e) 1 x 107" M, (d) 1 x 1072 M, (¢) 1 x 107" M; and
as controls: (b) 1 x 10~ M foreign calf thymus ssDNA, and (a) absence of
M13 phage DNA. In all systems fixed concentrations of the hairpin 4 (2 x
1077 M) and the circular DNA 2 (2 x 10-* M) were employed. Polymerase
Klenow exo— (0.4 units pul~') and dNTPs (0.2 mM) were included in all of
the systems. The RCA process was run for 60 minutes in all experiments.

the analysis of DNA as an example, but one might extend the
concept to analyze other biorecognition events, such as immuno-
complexes. In this case, primer-functionalized antibodies may act
as triggers of the RCA synthesis of DNAzyme units that read out
the immunocomplex formation.
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New routes to organofluorine derivatives based mostly on the powerful xanthate radical transfer
technology are described. A special emphasis is placed on the synthesis of trifluoromethyl-substituted
structures, including trifluromethyl ketones and fluorinated aromatic and heteroaromatic substances of

interest to the pharmaceutical and agrochemical industries.

The enormous importance of organofluorine derivatives for the
pharmaceutical and agrochemical industries and for materials
sciences has generated a steep demand for cheap, efficient, and
flexible methods for the introduction of fluorine or fluorinated
groups into various families of compounds.! Countless, and in
many cases ingenious, approaches have been devised to cover
the needs of academic and industrial chemists interested in
organofluorine derivatives."* Nevertheless, there is still a niche
for new reactions allowing the direct introduction of fluorinated
groups into the substrate or the synthesis of fluorinated building
blocks that can then be incorporated in a given synthetic scheme.

As part of our continuing quest for new chemical reactions,
we have occasionally modified our synthetic methods or exploited
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some aspects of the mechanism to extend the scope of the process
to encompass fluorinated structures. For example, as an ancillary
study in a broader project on steroids, we described some years
ago a simple, efficient route to trifluoromethyl ketones, based
on the reaction of a carboxylic acid chloride with trifluoroacetic
anhydride and pyridine, as pictured in Scheme 1.* Elimination of
HCI from the acid chloride leads to the corresponding ketene 1,
which can react reversibly with pyridine to give betaine 2. Both the
ketene and the betaine can be captured by the strongly electrophilic
anhydride to give intermediate 3. This is also a reactive species that
combines rapidly with various nucleophiles. Thus, addition of an
alcohol provides a trifluoromethyl ketoester 4. Water reacts to fur-
nish the corresponding trifluoromethyl ketoacid, which undergoes
spontaneous decarboxylation to produce trifluoromethyl ketone
5. Finally, the use of suitable nucleophiles gives rise to a broad
range of trifluoromethylated cyclic and heterocyclic structures of
interest to medicinal and agrochemical chemists (see below).

o) 0
i — N
X X=Clor OH
OCOCF.
3 HETEROCYCLES
ridine
(- HCI or CF;CO,H)
R (CF53C0),0 0 00 Q
>:C:O _— = 2 R CF
X (coy s

Pyridine

H 1 l
(CF5C0),0 X=Cl, OCOCF3 \
o] or pyridinium
NENCIN
@ O
=
2

Scheme 1 Synthesis of trifluoromethyl ketones and derivatives from
carboxylic acids.

The acid chloride may be replaced by the corresponding
carboxylate salt, as long as an extra equivalent of trifluoroacetic
anhydride is employed.? In this variant, the source of the ketene is
the mixed anhydride formed by reaction of the carboxylate with
trifluoroacetic anhydride. The use of pyridine is important since
it prevents the undesired dimerisation of the ketene, presumably
through the formation of adduct 2 which also has, as an added
bonus, an enhanced nucleophilicity in comparison with the ketene
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itself. Thus, pyridine acts both as a base and as a promoter and
controlling agent for the transformation. The examples displayed
in Scheme 2 are representative of the process. Primary carboxylic
acids are the preferred substrates, since with secondary analogues
the reaction of the intermediate ketene is reversible and cannot be
exploited efficiently.

Os_R
R § O
Os N HN

AcO™" NH HN” X0

R=Cl
(2 CF; 67%
—CgH4OMe-p

C R=OLi
R=CF; 40%
Conditions :
(CF3C0),0 / pyridine
C R=ONa then H,O
R=CF;
Scheme 2 Examples of trifluoromethyl ketones.

This procedure has been applied by several groups for the
synthesis of trifluoromethyl ketones, since these often act as
powerful but reversible inhibitors of hydrolytic enzymes such as
esterases, lipases, and phosphatases.* The readily formed hydrate
of the ketone mimics the tetrahedral intermediate involved in
the hydrolysis step. Perhaps the most spectacular application
is the synthesis by chemists at Merck-Frosst of the trifluo-
romethyl ketone derived from arachidonic acid (bottom example
in Scheme 2).* This compound was found to be a slow, tight-
binding inhibitor of human cytosolic phospholipase A, and all
previous synthetic routes to it had failed.

The possibility of capturing the reactive intermediate 3 with
various nucleophilic species is illustrated by the examples depicted
in Scheme 3 starting with palmitoyl chloride.* Many other varia-
tions can be conceived and numerous trifluoromethyl-substituted

o}
(CF5C0),0 0]
CH3(0H2>13\)LC, e OHaOHa I
07 "CF; X=ql,

OCOCF;
or pyridinium

o OFt N“)

57%

Me,NCN

0 H@ ?

CH3(CHz)13 o
[ ]

CFy 0 OMe/ CH3(CHy)q3 N
16% Q | J\
N CFy” "0

o

|
CH3(CH2),3m PhH 78%
| |
CFy Y0 o OOMe
crCHas

o~

NMe,

55%
Ph 54%

Scheme 3  Synthesis of trifluoromethylated heterocycles.

heterocyclic structures could in principle be constructed in this
manner.

This first access to trifluoromethyl ketones relies on an ionic
mechanism and is sufficiently mild to be applicable to relatively
sensitive substrates. A vastly more powerful and general route
to fluorinated synthons emerged from another project dealing
with the radical chemistry of xanthates and related derivatives
of general formula Z-C(=S)S-R. We found that xanthates are
capable of undergoing additions to various olefins by way of the
radical chain mechanism outlined in Scheme 4.> The overall result
is the addition of the elements of xanthate 6 across the olefinic
bond in 8 to give adduct 11.

S G
R\ JJ\ / R/\('D/
6
A 12
‘ Initiation Peroxide E
R\ :
S G 1
R 6 .
S/ A . 8 NG
(Rghg Bt ™= R~ ——F—&"
S™*0 C D
/ A 9
7 H
B : . S
: _Et
' \s)l\o
R 6

R
- )\
o ¥ G R s G
R. L R
~ - S O—Et R_V *
s7s
1" ‘\J\s)m\o—Et

Scheme 4 Degenerative xanthate transfer.

The subtleties of the mechanistic manifold will not be discussed
in detail, but three general properties are especially important:

(a) The reaction of radical R* with its xanthate precursor via
path A is degenerate and does not consume the radical, since
fragmentation through path B is difficult and scission through
path C returns the starting radical and xanthate. This effective
absence of competition provides radical R* with enough lifetime
to react with the olefinic trap either in an intra- or intermolecular
mode (path D). This translates into a unique ability to accomplish
intermolecular additions to un-activated olefins and sets this
method apart from essentially all other radical processes.

(b) The adduct 11 is itself a xanthate. Another radical sequence
can therefore be implemented, which could, in turn, lead to yet
another xanthate, or the xanthate group can be used as an entry
into the extremely rich “ionic” chemistry of sulfur. Hence, a large
array of synthetic transformations can now be used to introduce
further diversity and complexity into the structure.

(c) For the chain process to be efficient, it is important to select
the reacting partners in such a way that the adduct radical 9
is less stable than the initial radical R*, in order to favour the
fragmentation of intermediate 10 in the desired direction. This
consideration is crucial, especially when intermolecular additions
are concerned, as it provides a handle for stopping at the mono-
adduct in preference to telomerisation. Thermodynamic stability
of the radical is implied for simplicity, but polar factors can
be important in some cases. It is nevertheless possible, when
the adduct radical 9 has a low oxidation potential (i.e. G is an
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electron-releasing group) and is therefore easily oxidised into the
corresponding cation 12, to use the peroxide both as an initiator
and an oxidant. Oxidising the radical throws open a bridge from
a radical to a polar reaction manifold and considerably expands
the synthetic scope. This aspect will have its importance in the
context of a tin-free reductive removal of the xanthate group and
in cyclisations involving aromatic rings (vide infra).

The utility of this process is that it allows the inter- or
intramolecular creation of C-C bonds, even in the case of non-
activated alkenes. As far as fluorinated groups are concerned, they
can be present in the olefin, in the xanthate, or in both. The
convergent synthesis of a difluoro nucleoside analogue 15 detailed
in Scheme 5 illustrates the case where the fluorine atoms are located
on the olefinic partner 13.¢ The efficient radical addition is followed
by aminolysis of the xanthate, ring-closure to the thiolactone, and
mild reduction to give a thiolactol intermediate, which is finally
acetylated to provide a substrate, 14, capable of undergoing a
Vorbriiggen type introduction of the thymine base.

OEt
C|>H20Me3 PO(OEt), o
S\n/o =/ ¢ F13 (EO)0P
S Lauroyl peroxide (0.2eq.) " s o0
auroyl peroxide (0.2eq.
s © cyclohexane, A S
EtO OneoPn
1) NaBH,, ethanol, Et0-p=0 1H,NCH,CH,NH,
—18°C, 10 days ethanol, 20°C
F 2) CF;CO,H, 60°C
2) Ac,0, EGN, DMAP, F S _o
CH,Cl,, 50°C
86%
OSiMe, " o
Me A\ e
Vi | )N\ EF l /'ﬂ—'
RN g 9AC N"SosiMe;  Q N0
/P \\ S
Et0” } H R
OEt SnCl, SO H
14,68% CH;CN, A 15. 80%

Scheme 5 Synthesis of a difluorinated thymidine analogue.

Alternatively, the fluorinated group can be attached to the
xanthate, as in 16. This variant is again illustrated by a synthesis of
a fluorinated nucleoside analogue 17 recently reported by Lequeux
and co-workers and displayed in Scheme 6.7

BnO
BnO SCSOEt
CHFCO,Et 4
/ (Lauroy! ‘SCSOEt
peroxide) BnO  CHFCO,Et

OTMS

N~
Ny

DCE, reflux

O
>—NH
0o

57%

TMSO
AgOTf
toluene, 0°C

CHFCO,Et 17,61%

Scheme 6 Synthesis of a fluorinated nucleoside.

Numerous fluorinated building blocks can be constructed
using the xanthate transfer technology. Trifluoromethyl ketones
for instance can now be simply made by addition of xanthate

18 to various olefins as exemplified by the transformations in
Scheme 7.2 Reagent 18 is easily made by reacting a xanthate
salt with commercially available 1-bromo-3,3,3-trifluoropropan-
2-one. The use of the more hydrophobic O-neopentyl instead
of the ubiquitous O-ethyl xanthate in this case is to limit the
(reversible) formation of the hydrate of the trifluoromethyl ketone
in 18. Unlike the ketone itself, the hydrate does not allow
stabilisation of the intermediate radical and can be a source
of complications. The efficient addition to native, unprotected
pleuromutilin, an antibacterial terpenoid, is quite remarkable and
worth underlining. Most of these trifluoroketones would otherwise
be very tedious to obtain by traditional routes, yet can now be
made in one step.

neoPnOCSS CO,Et
FsCM COgEt 62%
o NHAc
EtO,C_ ,COEt
NHAc neoPnOCSS
J %CMNPhth
_/—NPhth 0 85%
— 0
0 S
F3C)H CFs OneoPn
S S _— o
18
neoPnO MeO o
80%
HO 0)( 5.9
oy -
.
~ O SCSOneoPn
HO™ (0] OH
F30 .
Me \[(\/% Y_
O How
Me
o 70%

Pleuromutilin

Conditions: (Lauroyl peroxide), cyclohexane, reflux

Scheme 7 Synthesis of trifluoromethyl ketones (Phth = phthalimido).

Xanthate 19 is crystalline and can be prepared on a multigram
scale starting from the hemiacetal of trifluoroacetaldehyde.’

Its addition to variously substituted olefins also proceeds
efficiently and cleanly to afford a multitude of structures con-
taining a geminally disposed trifluoromethyl and amido groups.
The examples provided in Scheme 8 again highlight the unique
compatibility of this synthetic method with a broad diversity of
functional groups present on the olefinic partner.’

The xanthate group in the addition products can be exploited
in many ways. In some cases, another radical addition can be
accomplished, allowing the swift assembly of complex and densely
functionalised fluorinated structures. This is illustrated by the
further conversion of adduct 20 into derivative 21 (Scheme 9).°

Addition to vinyl acetate provides an adduct 22 with a masked
aldehyde function, since the xanthate is now geminal to the acetoxy
group. Heating this adduct with methanol and acid gives acetal
23, a compound containing an acetylated amine and a protected
aldehyde; it thus constitutes a very interesting synthon for the
synthesis of trifluoromethyl-substituted heterocycles. The third
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Scheme 8 Synthesis of geminal trifluoromethyl amides.

example in Scheme 9 concerns the addition to N-vinyl pyrrolidone,
which gives a product, 24, that can be thermolysed into enamide
25 in essentially quantitative yield. Enamides such as 25 are useful
precursors for the synthesis of trifluoroalanine, trifluoroanalinal,
and trifluoroalaninol, through ozonolysis of the olefinic bond
followed by an appropriate oxidative or reductive work up of the
ozonolysis medium.'® One synthetic application is depicted at the
bottom of Scheme 9, where in situ condensation of aldehyde 26
with acetylacetone or 1-phenyl-4,4,4,-trifluoro-1,3-butanedione
leads respectively to trifluoromethyl pyrroles 27 and 28 through the
classical Knorr reaction. In contrast, reaction with benzamidine
produces the expected imidazole 29 in moderate yield.*

Xanthate 19 can also be used to construct trifluoromethyl-
substituted piperidines. One example is displayed in Scheme 10
and relies on the initial radical addition to homoallylic acetate
30." The adduct, 31, obtained in high yield, is then subjected
to the action of a stoichiometric amount of lauroyl peroxide in
refluxing isopropanol to give the reduced derivative 32. This step
is an example of a tin-free reductive de-xanthylation procedure,
where the solvent is the hydrogen atom source." In this process,
the peroxide acts as both the initiator and oxidant for the ketyl
radical generated by removal of the tertiary hydrogen from the
isopropanol. Saponification with barium hydroxide in methanol
and oxidation followed by acid hydrolysis of the amide gives
tetrahydropyridine 33, which can be reduced to the diastereoiso-
meric mixture of piperidines 34.
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MeOH /H SiMe,
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Me38i
SCSOEt

25,100% 23,72%
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Scheme 9 Some further transformations.
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Scheme 10  Synthesis of a trifluoromethyl piperidine.

Aryl pyrrolidines are also important derivatives. A rather
unusual, yet powerful approach to trifluoromethyl-substituted
aryl pyrrolidines is depicted in Scheme 11."* Radical addition of
xanthate 19 to the readily prepared olefin 35 results in a sequence
whereby the initial addition is followed by a 1,2-shift of the
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Scheme 11 Synthesis of a trifluoromethyl arylpyrrolidine.

pyridine ring via spirocyclopropyl intermediate 36 and elimination
of a methanesulfonyl radical to finally furnish unsaturated ester
37. The elimination of the sulfonyl radical ensures that the
otherwise reversible neophyl shift is driven in the desired direction.
Furthermore, the methanesulfonyl radical expels sulfur dioxide to
give a reactive methyl radical that can propagate the chain by
reacting with the starting xanthate. Treatment of compound 37
with base causes ring closure by an internal Michael addition to
form pyrrolidine 38, an open chain analogue of epibatidine, one
of the most potent analgesic natural products isolated from the
skin of the South American “poison-dart” frog.

The comparatively long effective lifetime of radicals generated
using xanthates can be exploited to perform intermolecular
additions to various heterocyclic systems. The ensuing adduct
radical cannot propagate the chain but its oxidation to the cation
by electron transfer to the peroxide allows restoration of the
initial aromaticity of the heterocyclic ring. As with the reductive
dexanthylation in isopropanol discussed above, the peroxide again
acts as initiator and stoichiometric oxidant. Two examples of such
intermolecular additions of xanthate 19 are pictured in the upper
half of Scheme 12. The first takes place on 2-trifluoroacetyl pyrrole
to give selectively the 2,5-substituted pyrrole 39.'“" The second
involves 3-indolecarboxaldehyde and furnishes, in good yield, an
adduct, 40, that undergoes ring closure into tricyclic derivative 41
upon heating with hydrochloric acid.*

These two examples of intermolecular additions to heteroaro-
matic rings represent only a tiny sample of the very numerous pos-
sible combinations that can provide a remarkably concise access
to novel fluorinated and non-fluorinated heterocyclic compounds
of potential interest to medicinal and agrochemical chemists.
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Scheme 12 Synthesis of aromatic derivatives.

Similar, intermolecular additions to benzene derivatives are not
generally as efficient or regioselective; nevertheless, important
aromatic structures can be made by exploiting a combination of an
intermolecular addition to an olefin, followed by an intramolecular
closure onto the aromatic ring. This is illustrated by the last
sequence in Scheme 12, where addition of xanthate 19 to olefin
42 and cyclisation of adduct 43 using a stoichiometric amount of
peroxide gives indoline 44 in good overall yield.®

It is interesting to note that in the absence of a trap, xanthate
19 reacts with a stoichiometric quantity of lauroyl peroxide to
give homodimer 45, as 1 : 1 mixture of the meso and (+),(—)-
diastereoisomers (Scheme 13).° The formation of such dimers is
not surprising when dealing with radical intermediates; what is
astonishing is the high yield, since one would have expected a
complex mixture arising from anarchic and statistical recombi-
nations of the various radicals in the medium. The mechanistic
implications are exceedingly important and reveal some subtle
aspects of the process but these will not be discussed here.> Suffice
it to say that this approach represents a unique, practical route
to protected 2,3-diamino-1,1,1,4,4,4-hexafluorobutane, a hitherto
unknown family of fluorinated vicinal diamines of potential use
for the synthesis of unusual ligands for transition metal chemistry
or for the construction of fluorinated nitrogen heterocycles.

Lauroyl peroxide NHCOCH
CFs._NHCOCH, (stoichiometric) CFS}i °
SCSOEt Chlorr:fll)lel;lzene CF4 NHCOCHS
19 45,79%

Scheme 13 Synthesis of a vicinal ditrifluoromethyl diamine.
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Other useful xanthates can be obtained from the hemiacetal of
trifluoroacetaldehyde in a similar manner. Their radical reactions
closely mirror those of amide 19. A few examples of additions
of the acetoxy and chloro derivatives 46 and 47 are collected in

Scheme 14."
L
OFt CF3._OCOCH

CF5. _OCOCHs O
SCSOEt (Lauroyl peroxide ) SCSOEt
4% DCE, reflux
Et0” "OEt
Me CF5_ _OCOCH;
(Lauroyl peroxide )
DCE, reflux ) SCSOEt
Me 88%
CE.. 0l _\—OAc CFy_ _Cl
3
(Lauroyl peroxide ) SCSOEt
SCSOEt DCE, reflux \EE
47
OAc
PhthN
CFy_ _Cl
(Lauroyl peroxide )
DCE, reflux SCSOEt
PhthN 65%

Scheme 14 Synthesis of geminal trifluoromethyl acetates and chlorides.

The generation and capture of a simple trifluoromethyl radical
using the xanthate transfer technology is also possible; however,
the synthesis of the precursor is less obvious. Direct substitution on
trifluoromethyl iodide or bromide by a xanthate is not feasible and
an indirect route is needed. The approach outlined in Scheme 15 re-
lies on the in situ formation and decomposition of S-trifluoroacetyl
xanthate 49." The yellow acyl xanthate 49 produces, through the
initiating action of peroxide (or visible light), trifluoroacyl radicals
which readily extrude carbon monoxide to give trifluoromethyl
radicals. These rapidly react with 49 by the usual reversible
addition—fragmentation to give xanthate 50 and trifluoroacetyl
radicals that propagate the chain. The use of the O-phenethyl
xanthate salt 48 instead of the more familiar O-ethyl xanthate was
dictated by the desire to avoid handling of a potentially volatile S-
trifluoromethyl xanthate. The two examples of addition displayed
in Scheme 15 demonstrate the efficiency of xanthate 50 as a reagent
for the direct introduction of the trifluoromethyl group.

The preceding transformations give a glimpse of the variety
of fluorinated building blocks that thus become accessible, start-
ing from cheap, readily available starting materials. Synthetic
possibilities arising from the subsequent transformations of the
highly functionalised adducts represent additional interesting
features. One further illustrative example is provided by the
sequence in Scheme 16, where the addition of xanthate 18 to
N-allyl-N-methanesulfonyl-p-anisidine is followed by a radical
ring-closure to give indoline 54 and then by an intramolecular
Friedel-Crafts reaction to produce the trifluoromethyl-containing
tricyclic indoline 55, a structure not unrelated to that of the ergot
alkaloids."®

S
Ph Via
NasJ\o/\/ Q

48
(CF;C0),0, CH;CN

0] S
)J\S)]\O/\/ Ph \ -0
Cl

(Lauroyl peroxide) -
CH;CN Ph

reflux S J/
J

j " N one s~ "o
CF. CF.
s (Lauroyl peroxide) 8 \)\t’g\OAc
50, 40% DCE, reflux
51, 84%
\©\ /
(Lauroyl peroxide)
DCE, reflux
CF3
Lauroyl peroxide F
\@\ /Z< (stoichiometric)
ClCHZCH2Cl
reflux |
Ms
52, 64% 53,60%
Ph
Scheme 15 Addition of trifluoromethyl radicals.
OCHsneoPn
)J\/ MeO
\©\ j CF3
(Lauroyl peroxide)
DCE, reflux Ms S

l
neoPn

Lauroyl peroxide
(stoichiometric)

DCE, reflux
3
MeO H2504, 0°C

55,83% 54,65%
Scheme 16 Synthesis of a fluorinated tricyclic indoline.

An alternative use of this chemistry is to take advantage of
its unique tolerance of functional groups to modify existing
fluorinated derivatives in ways not open to other approaches.
The synthesis of aromatic compounds constitutes one aspect. The
presence of one or more trifluoromethyl groups on an aromatic
ring all but completely deactivates it towards electrophilic aromatic
substitutions such as the Friedel-Crafts reaction used above in
the synthesis of 55. In contrast, the presence of trifluoromethyl
groups does not have a detrimental effect on the corresponding
radical cyclisation. For example, the synthesis of trifluoromethyl-
substituted homophthalimide 57 is possible by direct cyclisation
of xanthate 56 (Scheme 17)."” The product in this case crystallises
upon cooling of the reaction mixture and is simply collected by
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0 0
R
- H
N -BuOO#-Bu N~
CFg 0 U_PECIZ CF; o
reflux
56 SCSOEt 57.409%
SCSOEt
CF, | L CF, SCSOEt CMes
MesC 6] 6}
—_—
(Lauroyl
FsC 'T‘ 0 peroxide) FsC 'Tj o
DCE, refl
H - e Ho 58,809
O .
CF, Lauroyl peroxide
1,2-dichloroethane
CMe, reflux
F3C N O 59,47%
|
H

Scheme 17  Synthesis of homophthalimides and dihydroquinolones.

filtration. The second example in the same scheme concerns a suc-
cessful cyclisation on a bis-trifluoromethyl-substituted aromatic
ring to give tetrahydroquinolone 59."* Precusor 58 is itself the
product of an efficient intermolecular addition of a xanthate.
Most remarkably, both of these cyclisations not only lead to
six-membered rings, but also take place starting from secondary
amides or imides, which are known to be exceedingly difficult
to cyclise by other radical processes due to the predominance of
unfavourable rotamers."

The ease and flexibility with which fluorinated aromatic deriva-
tives can be accessed is further showcased by the synthesis
of variously substituted naphthalenes pictured in Scheme 18.%°

@*

OEt OP|v Q
D ————

(peroxide) OPj
DCE, reflux F v

Lauroyl peroxide SCSOEt
(stoich.)
DCE, reflux 61,90%
p-TSA
-
toluene, reflux
F 62, 54%

63, 84%

PyHBr3 PivO
AcOH
COQMe
Br ,Tsa OEI
-~ NaH
F toluene toluene

reflux
64, 69% 82% PivO
COsMe CO,Me
p-TSA
toluene
F reflux
65.67% o1e VO

Scheme 18 A divergent approach to naphthalenes.

Radical addition of S-p-fluorophenacyl xanthate 60 to vinyl
pivalate gives the expected adduct 61, which undergoes ring closure
to tetralone 62 upon treatment with stoichiometric quantities
of peroxide. Exposure to acid causes elimination of pivalic acid
and aromatisation into 6-fluoro-1-naphthol 63. If a bromination
is performed before the aromatisation step, then the sequence
leads regioselectively to 2-bromo-6-fluoro-1-naphthol 64. Finally,
a Horner-Wadsworth-Emmons reaction on the ketone and
treatment with acid leads to the ethyl (6-fluoronaphthalen-1-yl)-
acetate 65. Thus, from the same tetralone 61, a host of fluorinated
naphthalenes can be obtained rapidly and efficiently.

In many of the above reactions, the effect of the fluorine on the
reactivity does not manifest itself. In the transformation outlined
in Scheme 19, the presence of the fluorine has a dramatic influence.
When an equimolar mixture of xanthates 67 and 69, derived re-
spectively by addition of 66 to decene and heptadecafluorodecene,
was dissolved in cyclohexane and treated with a small amount of
lauroyl peroxide, only the fluorinated analogue 69 was converted
into 70.*' Reductive dexanthylation to give 68 does not take place
under these conditions. The powerful electron-withdrawing effect
exerted by the fluorine atoms on radical 71 enormously increases
the rate of hydrogen abstraction from cyclohexane and an efficient
chain can be sustained. Such potent polar effects do not operate
with the corresponding non-fluorinated derivative 67. Such subtle
polar factors can therefore be exploited to accomplish a highly
effective dexanthylation of adducts to fluorine-containing olefins.
It is also interesting to note that a similar situation obtains with
carbohydrate xanthates where the hydroxy groups are protected
as esters. The electron-attracting ester groups lower the SOMO
of the radical without stabilising it, and therefore also accelerate
hydrogen abstraction from cyclohexane. Deoxy sugars can thus be
prepared in a similar, straightforward manner.*!

CN S CN
CSH17 S—{
OEt +»
(eroxlde)
p CsH17 CSH17
67, 88% cyclohexane, 68
reflux
OEt (lauroyl peroxide)
CN 46 CN S CN
Loerosice) ~
(peroxide OEt - .
o CgFy7 Caf17 Cofrr
69, 82%
70, 76%
Via:
CsF17 .
L
NC— \/

Scheme 19 Reduction by hydrogen abstraction from cyclohexane.

The fact that it is possible to go back to the intermediate radical
9 from the product xanthate 11, as implicit in Scheme 4, opens
up many synthetic opportunities. The preceding examples have
illustrated how this property may be exploited to effect successive
additions to different olefins, to follow up an intermolecular
addition by a ring closure onto an aromatic ring, or to reduc-
tively remove the xanthate using isopropanol, or in some cases
cyclohexane, as the hydrogen atom donor. There are numerous
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other interesting transformations that have not been discussed here
simply because they were not performed on fluorinated substrates
and for lack of space. One example is the replacement of a
xanthate with bromine.”> Another, perhaps even more important
application, is using controlled successive additions on various
monomers to obtain block-polymers. Indeed, the mechanistic
manifold in Scheme 4 constitutes the basis of the increasingly
popular and tremendously powerful RAFT/MADIX controlled
polymerisation technology, which, incidentally, can be used to
prepare fluorine containing polymers.®

It would be appropriate to close this short review, which started
with an ionic route to trifluoromethyl ketones from carboxylic
acids, with a radical method to replace a xanthate with a trifluo-
romethyl ketone. The process hinges on the ability of an aliphatic
sulfonyl radical to extrude sulfur dioxide and give a reactive alkyl
radical to propagate the chain.** Thus, taking xanthate 72 as an
example, it is possible to capture the corresponding radical 73 with
vinyl sulfone 74 to produce, by an addition elimination sequence,
enol carbonate 75 and an ethylsulfonyl radical (Scheme 20). The
latter fragments into a molecule of sulfur dioxide and an ethyl
radical, which propagates the chain by reacting with the starting
xanthate. Compound 75 is a masked form of trifluoromethyl
ketone 76.

EtSO,

Py TN %(ooooa

S
S OEt
L]
CF; 74
Peroxide
——
N
I

N
72 |
Ts 73TS
CFy O CFj
= O)J\OEt EtS(/)—g\ ® "OCOOEt
/
-
l;l 75, 70% ’}l
Ts Ts
E Hydrolysis . —S0, .
; EtSO, — Et
CF3
Ts—N
76

Scheme 20 A radical approach to enol carbonates of trifluoromethyl
ketones.

Conclusions

The transformations discussed in the preceding paragraphs give
an overview of the new opportunities now available to chemists
interested in organofluorine compounds. The powerful radical
exchange of xanthates, in particular, provides an entry into
numerous novel fluorinated structures and building blocks. The
experimental procedure is quite simple and the reagents are
cheap and readily available. Interestingly, the process is essentially
self-regulating and the reactions, which often work best in very
concentrated media, are easily scaled up.
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A method for the practical construction of poly-functionalized bicyclo[3.3.1]lnonenones by successive
Michael reactions of cyclohexenones 1 with acrylates 2 using K,CO; and TBAB (n-Bu,N*Br~) was
developed. The construction could be carried out in both stepwise and one-pot reactions with similar
tendencies in regioselectivity. The a-regioselectivity in the intramolecular Michael reaction agreed with
that stereoelectronically expected in intermolecular reactions based upon consideration of the HOMO
orbital profile of the enolate I, the precursor to ring-closure, although the reaction site was trisubstituted
and prone to steric hindrance in most of the examples presented. For the acetoxymethylacrylates
substituted at either the o or y position, steric hindrance of the substituents (R, and R;) served as a
controlling factor to induce high regiocontrol. Facial selection in the protonation of enolate II, formed
upon ring-closure, was also affected by these substituents. In both the intramolecular Michael reaction
and the protonation of enolate II, the ammonium counter cation played an important role.

Introduction

Many natural products bearing the bicyclo[3.3.1]Jnonane skeleton,
such as garsubellin A, huperzine A,* plukenetione A,* lycopodine*
and so forth, have been shown to exhibit promising biologically
activity and also have unique complex structures. Therefore, they
have attracted attention as targets for organic synthesis. The key
step towards the synthetic goals would be the construction of the
bicyclo[3.3.1]nonane core and many types of synthetic methods
for this purpose have been reported.* Bicyclo[3.3.1]Jnonanes have
also found use as synthetic intermediates for other ring systems.”
In relation to research on bicyclic natural product synthesis carried
out in our group,® we also have been interested in this ring system.

To preparation of a densely functionalized bicyclo[3.3.1]nonane
core, such as that seen in garsubellin A, we envisioned that the
[3 + 3] annulation reaction between a-acetoxymethylacrylates
(which could function as double Michael acceptors) and cyclo-
hexenones with substituents o to the carbonyl group would meet
our objective. As presented in a preliminary report, we have found
that this could be realized in either a two-step or one-pot procedure
using K,COj; in conjunction with tetrabutylammonium bromide
(TBAB) as a phase transfer catalyst to furnish the desired bicyclic
compounds with high regioselectivity.” Quite a while ago, two
groups independently and ingeniously utilized bromomethyl acry-
lates as double Michael acceptors in conjunction with enamines
derived from cyclohexanones as double Michael donors; Lawton
in preparing bicyclo[3.3.1]nonanes’ and Stetter in providing
adamantane derivatives in a cascade of reactions, including two
initial Michael reactions."* Despite the high potential of this group

Department of Chemistry, Graduate School of Science, Hiroshima Uni-
versity, 1-3-1 Kagamiyama, Higashi-Hiroshima, 739-8526, Japan. E-mail:
rtakagi@hiroshima-u.ac.jp; Fax: +81 (0)824240724; Tel: +81
(0)82424 7434

T Electronic supplementary information (ESI) available: Data for deter-
mination of relative stereochemistry and detail of theoretical calculations.
See DOI: 10.1039/b615702¢

of double Michael acceptors for the construction of various ring
systems, as far as we are aware, they have been overlooked over
the years, and have not been exploited for bicyclic systems by oth-
ers. We have found that cyclohexenones could be applied directly,
not necessitating enamines, and that a regioselectivity issue which
is unique to our system and has not been exploited in this type of
[3 + 3] reaction previously, could be controlled for the amphiphilic
Michael donors. In this paper, in addition to providing details
of these previous results, we report on the extended scope of the
reaction by utilizing additionally-functionalized double Michael
acceptors en route to more advanced and complex synthetic
intermediates, and on the stereocontrol in the annulation step (the
second step) for the newly examined substrates. Also provided
is a rationale on the regio- and stereo-selectivity based upon
theoretical calculations.

Results and discussion

The stepwise Michael reactions of 2 or 6-mono- or 2,6-
disubstituted-cyclohexenones 1 with acrylate 2a'? were examined
first.”” Annulation precursor 3a was obtained by the intermolec-
ular Michael reaction of la with acrylates 2a, by the use of
LDA where deprotonation o to the keto-carbonyl group of the
thermodynamically less acidic site was required (Scheme 1). Upon
treating the annulation precursor 3a with K,CO; and TBAB,
the intramolecular Michael reaction proceeded to give a-endo-4a,
which was a kinetically protonated product, (90%) and o-exo-4a
(3%).1"* The relative stereochemistry of a-endo-4a was confirmed
by X-ray structural analysis (Fig. 1)."°}

Furthermore, treatment of the annulation precursor 3a in the
presence of acrylate 2a (2.0 eq) with K,CO; and TBAB gave the
annulation product 5 in 51% yield (Scheme 2)."* Thus, not only

1 CCDC reference numbers 600955-600957. For crystallographic data in
CIF format see DOI: 10.1039/b615702¢
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LDA, THF, -78° C COyt-Bu

then COgl‘ Bu 83%
OAc 3a

2a
Ko,CO; (3.0 eq)
TBAB (1.0 eq)
— > tBuO,Ci t-BuO,Ch»
toluene

90°C o-endo-4a y-endo-4a
15.5h 90% 3%
Scheme 1

Fig. 1 ORTEP drawing of o-endo-4a showing the thermal ellipsoids at
the 30% probability level.

0 K2CO;3 (3.0 q)
CO,t-Bu  TBAB (1.0 eq)
toluene
90°C, 28 h
3a CO,t-Bu 5
OAc 51%
2a

Scheme 2 Intramolecular Michael reaction of 3a in the presence of
acrylate 2a.

protonation, but also alkylation of the intermediate enolate was
preferred from the exo-side.

The stepwise Michael reactions of 2-cyclohexenone la with
acrylates 2b and ¢,'* bearing a stereocenter that would serve
as a stereogenic center for the second Michael reaction, were also
investigated, in order to construct more densely-functionalized
bicyclic compounds (Table 1)."* Regardless of the fact that the
Michael donor was greatly hindered and led to the formation
of the quaternary center  from the enolate double bond, the
stereoelectronically favored E-3b was formed as the exclusive
isomer in the intermolecular Michael reaction of cyclohexenone
la with acrylate 2b (Table 1, entry 1)."*® The major product
from the intramolecular reaction of £-3b was the a,0/ annulation
product with an exo methyl group and an endo t-Bu ester group,
and it was accompanied by a small amount of the y-7-endo,8-exo
product. The stereochemistry of a-7-endo,8-exo-4b was confirmed
by X-ray structural analysis (Fig. 2)."*} Despite the formation of
regioisomers, the stereoselectivity regarding the newly generated
stereocenters was completely controlled. In the intermolecular

Fig. 2 ORTEP drawing of o-7-endo,8-exo-4b showing the thermal
ellipsoids at the 30% probability level.

Michael reaction of acrylate 2¢, Z-3¢ was obtained as a minor
product along with E-3c¢ (Table 1, entry 2). The isomers could be
separated by preparative TLC and only E-3c was used for the in-
tramolecular Michael reaction. Treatment of annulation precursor
E-3c¢ with K,CO; and TBAB gave the bicyclo[3.3.1]nonenones o-
and y-4c¢ along with the bicyclo[3.2.1]octane 6, generated by bond
formation between the y-carbon of the enolate and the C2'-carbon
of the tether. The stereochemistry of the annulation products
a- and y-4c was characteristically and specifically “exo,exo” in
contrast to results involving the #-Bu ester.

Table 2 summarizes the results of the stepwise Michael reactions
of cyclohexenones 1a—¢ with 1-substituted acrylates 2d and e,
which have a stereogenic carbon center for the first Michael
reaction.”® The annulation precursors 3d-g were obtained as
mixtures of diastereomers by the intermolecular Michael reactions
of cyclohexenones la—c with acrylates 2d and e, respectively (dr =
1.2-4.5 : 1.0), and were used for the sequential intramolecular
Michael reaction without separation. The intramolecular Michael
reaction of 3d, generated from cyclohexenone la with acrylate
2d, gave a-6-exo,7-endo-4d as the major product, along with a
small amount of y-6-exo0,7-endo-4d, both of which have the methyl
group on the convex face of the compounds and are products
of exo-face protonation (Table 2, entry 1). Judging from the
relative stereochemistry of the first junction in the products, the
major product can be looked upon as that exclusively from the
major R* R* isomer of 3d, whereas the minor product can be
viewed as that from the minor R*,S* isomer of 3d. Thus, it
is suggested that the annulation reaction of each isomer of 3d
was completely stereospecific, with one diastereomer giving the
o-annulation product and the other giving the y-product. Under
likewise conditions, annulation precursors 3e-g gave mixtures of
products with a- and y-6-exo,7-exo-4e-g as the main products
(Table 2, entries 2-4)."

In order to investigate the stereochemical outcome of the
annulation process in more detail, the diastereomeric mixture of 3f
was separated with high-performance liquid chromatography and
the two diastereomers were subjected separately to the annulation
conditions (Scheme 3). The annulation product o-6-¢xo,7-exo-4f
was obtained as the exclusive product in the reaction of one of the
diastereomers, and this indicated that the relative stereochemistry
of the reactant was “anti” in regards with the first juncture.®
Thus, as for the reaction of anti-3f, annulation can be regarded as
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Table 1

Stepwise Michael reactions of 2-cyclohexenone 1a with acrylates 2b,c

o]

Q
\
7
R1020§>/:>
K,COj3 (3.0 eq)

o
LDA, THF, -78 °C COR; TBAB (1.0 eq) Rz a-4
then CO,R; R | toluene %
2 7,
1a OAc 3b,c R,0,C 8
R, 2b,c
Ry v-4
Entry Acrylate 3« Conditions Products*-*
1 CO,t-Bu o} 90°C, 67h Q
)\(OAc CO,t-Bu
2 | +BUO,CII
3b: 78%
only E a-7-endo,8-exo-4b: 53%
[¢]
r-mopww
y-7-endo,8-exo-4b: 4%
2 CO,Et (0] 110 OC’ o]
/\rOAc COLEt 27h
2c COEt | EtO.C
EtO,C
i 20 EtO,C
. a-7-6x0,8-ex0-46: 24%
(E:Z=10: 1)

0
Etozc—w

EtO,C
y-7-ex0,8-exo0-4c¢: 32%

o
Etozw

EtO,C
6:27%

“Tsolated yield. ® The numbering is based on the bicyclo[3.3.1]non-2-ene core. ¢ A mixture of E-and Z-3¢ was obtained in the intermolecular Michael
reaction of 1a and 2¢ (E : Z = 10 : 1). The mixture was separated into E-and Z-3c¢ by preparative TLC. Only E-3c was used for the intramolecular Michael

reaction.

stereospecific and protonation as stereoselective. The reaction of
the other diastereomer, logically syn-3f, was not as clean giving rise
to two v and three o annulation products, among which the major
product was y-6-exo,7-exo-4f. The reaction of syn-3f was not as
selective as that of anti-3f. Thus, as a whole, for the reaction of 2e
as the double Michael acceptor, the anti-series of diastereomers
underwent stereospecific reaction to give the a-annulation product,
whereas the syn-series gave rise to both the o and y-products.
Since the stepwise Michael reactions of cyclohexenones 1 with
acrylates 2 proceeded sufficiently, one-pot Michael reactions were
subsequently examined (Table 3).”* The reaction of 1a with 2a in
the two operation method® gave annulation products with a higher
ratio of the thermodynamically more stable a-exo-4a compared
with the stepwise protocol (Table 3, entry 1). In the case of entry
2, the ratios were similar to those of the stepwise reactions. The
one-pot Michael reactions of cyclohexenones l¢ and d bearing
the active methylene could be performed by the one-operation
method (Table 3, entries 3 and 4). The one-pot Michael reaction

of 1d afforded y-endo-4h as the major product (Table 3, entry 4).
The relative stereochemistry of y-endo-4h was confirmed by X-ray
structural analysis (Fig. 3)."1

In order to examine the effect of the counter cation in the
intramolecular Michael reaction, --BuOK was used as the base
instead of the combination of TBAB and K,CO; (Scheme 4).
Treatment of the annulation precursor 3a with ~-BuOK (3.0 eq)
(toluene, rt, 7 h then 90 °C, 24 h) gave y-exo-4a in 40% yield.
On the other hand, the reaction of 3a with +-BuOK (3.0 eq)
in the presence of 18-crown-6 (3.0 eq) (toluene, rt, 2 h) gave
carboxylic acids 7, generated from hydrolysis of the annulation
products a-exo-4a and y-exo-d4a (o-exo-7: 8%, y-exo-7: 16%).
Since the regioselectivity changed dramatically with the obvious
intervention of the potassium ion, favoring the y product, it
was suggested that under phase transfer conditions, not the free
potassium ion but the ammonium ion was what interacted with the
enolate. Since the region of charge in the ammonium is sterically
shielded by the alkyl groups, its interaction with the enolate oxygen
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O  CO,Et
A_-CO,Et

anti-3f

O  CO,Et
CO,Et

syn-3f

EtO
EtO,C

K,CO3; (3.0 eq)
_TBAB(1.0eq)

toluene
90°C, 54 h

K,CO; (3.0 eq)

_TBAB(10eq)

toluene
90°C, 28 h

o]

0]

EtO,C

EtO,C

Scheme 3

v-4f: 7%

X-

y-6-ex0,7-ex0-4f: 29%

2L

Et02C
Et0,C

o-6-ex0,7-exo0-4f: 23%

Et0,C.,
EtO,Ch-

a-6-endo,7-endo-4f: 5%

EtOZC//
Et0,C

o-6-endo,7-exo-4f: 2%

EtOZC
Et0,C

a-6-ex0,7-ex0-4f: 4%

Intramolecular Michael reaction of anti- and syn-3f.

atom must be weaker than that of metals in metal enolates, and
this difference in interaction could be the reason for the observed
difference in regioselectivity, according to the base used.

To elucidate the factors controlling the observed selectivity,
ab initio calculations on the intramolecular Michael reactions

Fig. 3 ORTEP drawing of y-endo-4h showing the thermal ellipsoids at
the 30% probability level.

were performed at the HF/6-31G* level with compounds 3’ as
models of the annulation precursors.?! Since the counter cation
experiments suggested the presence of loose interaction of the
ammonium ion with the enolate oxygen, and not by metals, we
decided to ignore the counter cation as an approximation to
simplify the theoretical calculations. Both chair-like and boat-like
transition states leading to both a.and y products were calculated.
The relative energies of the transition states for 3a'—¢ and h’ are
summarized in Table 4. For transition states leading to both the
o~ and y-products, the chair forms were more stable than the boat
forms, and the chair form (leading to the a-product) was the most

Table 3 One-pot Michael reactions of 2-cyclohexenones 1a, ¢ and d with acrylates 2a, b and e

? 1) LDA or 2) K,CO3 (3.0 e R
.0 eq) R R R R
Reﬁm KCOs TBAB  TBAB (1.0 eq) s 4 A
R,0,C R,0,C R
R then COR; il TN e
s X Ry Re R
1 ~ a-4 2 y4
Ry R, 2
Entry 1 Acrylate  Conditions Products®
1 o cotdu (i) LDA, —78 °C, THF, Q Q o
OAc 6 h; (ii) 90 °C, 18 h
; (i) > . +BUO,CI
2a t-BuO,C t-BuO,C
1a v-endo-4a: 4%
a-endo-4a: 34% a-exo-4a: 32%
20 o CO,t-Bu (1) LDA, —78 °C, THF, O\ o
OAc 3 h;(ii) 110°C, 18 h Ol
-BUO,CIt
. t-BuO,Clt* 2
1a
a-T-endo,8-exo-4b: 54% 1-7-endo,8-exo-4b: 16%
3be ¢ CO,Et K,CO;, TBAB, toluene Q Q EtO.C 0
3 > &} Eto C
CO,Et B rt, 24 h: then 110 °C, 8 h EtOzC CO,Et EtO,C,, \ CO-Et Et0,C,, \ CO-Et oo ZF[ f
CO,Et EtO,C EtO,Cit EtO,C 2
fe 2e 0-6-6x0,7-ex0-4g: 14%  a-6-endo 7-endo-4g; 4%  a-6-endo,7-exo-dg; 18%  1-B-6X0.7-ex0-4g: 4%
4¢ o CO,t-Bu K,CO;, TBAB, toluene, O, EtQ,C O
COEt OAc 40 °C, 18 h; then 80 °C, \ GO:Et POE o
£ 2a 25h t-BuO,Cir- t-BuO,C 2
OEt
1d OEt

a-endo-4h: 25%

OEt

w-exo-4h: 6% y-endo-4h: 35%

“Tsolated yield. ®* The numbering is based on the bicyclo[3.3.1]non-2-ene core. < K,CO; (3.0 eq) and TBAB (1.0 eq) were used.
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Q 0
Co,t-Bu _tBUOK
toluene t-BuO,C
rt, 7 h then
3a 90°C, 24 h v-exo-4a: 40%
O,
N\
HO,C!
[0}
CO,t-Bu +-BuOK, 18-crown-6 a-ex0-7: 8%
+
toluene (e}

3a rt,2h
HO,C

v-ex0-7: 16%

Scheme 4 Effect of the counter cation in the intramolecular Michael
reaction.

stable of the four. The TS, .., transition state was ca. 4 kcal mol™!
more stable than the TS, transition state,”® except for 3¢’ and
3h' where the differences were much smaller. These calculations
nicely correspond with the experimental data from a relative point
of view. As a general trend, the experimental ratio of the y product
was higher than expected from calculation, thus it can be said that
our approximations in not considering the ammonium ion in the
calculations slightly underestimated the stability of the transition
state leading to the y product. In light of this good correlation
between experiment and calculation, it could be assumed that, in
the reaction involving -BuOK, the potassium ion stabilizes the
TS, i transition state by electrostatic interaction with the ester
moiety of the acceptor. Similar interaction is not possible for the

Table 4 Relative energies of the transition state in the intramolecular
Michael reactions of 3a’—¢’ and h’ at the HF/6-31G* level

SF e OF SF
\ MeO.C. v/ 0
Rz\ \ MeO,C. ‘\/ /R\z R4 \\\/‘J,,
- *7 X H) A»E ) —(Rs ;ﬁ/< R4
Mo M Re e Ré h MeOC Rs
TS,-chair TSy -boat TS chair TS -boat
o
e come .
| Relative energy/kcal mol™!
Re 7 Rs
Entry ’ TS TSunw TS TSpbou
1 o 0 +8.80  +4.77  +9.72
\@/\n/cogm
3a'
2 Q coMe 0 +7.54  +0.06  +6.20
ﬁ/\"/cowe
MeO
3h"
3 o 0 +8.91 +4.06  +8.98
\mcowe
3t
4 Q 0 +9.63  +1.76  +10.19
\mcosze
|
MeO,C

sterically favored TS, transition state, since the two oxygen
functions are in an anti relationship, although it could be in force
for TSpoa-

Tables 5 and 6 indicate relative transition state energies in the
intramolecular Michael reaction for anti- and syn-3d'—g' at the
HF/6-31G* level, respectively.?? For the intramolecular Michael
reaction of anti-3d'—g’, the TS, 4. transition state was more
stable than the transition state, leading to the y-product by 5.9-
10.3 kcal mol™" (Table 5), which is larger than the differences in
Table 4. Experimentally, these diastereomers could be regarded as
species giving rise to only the a-product. Thus, it can be considered
that the TS, transition states in the intramolecular Michael
reaction of anti-3d'—g were destabilized by the R; substituents.
The relative difference in energy between the o and y-series for
syn-3d'—g’ was rather small and in good accordance with the
higher proportion of the y-product compared with the anti-series
(Table 6). In the syn-series, whichever the product (o or vy), the
chair-like transition state was much more stable.

The HOMOs and HOMO potential maps of the enolates
generated from 3a’ and h' are illustrated in Fig. 4.** The HOMO
potential maps showed higher electron density at the C2-carbon
than at the C4-carbon, as would be expected from precedence
in similar conjugated systems. The 3-OMe substituent did not
affect the relative electron density. Thus, although we are dealing
with an intramolecular reaction and a-annulation gives rise to the
sterically hindered quaternary carbon in most of the examples, the
primary factor controlling regioselectivity here could be said to be
the profile of the HOMO.

COsMe

HOMO Potential Map

-
M
GOMe (- o.me

MeO
3h'

HOMO Potential Map

Fig. 4 HOMOs and HOMO potential maps of the enolates of 3a’ and b’
by B3LYP/6-31G* calculations.

The significant difference in regioselectivity observed between
diastereomers of the anti series and the syn series can be attributed
to steric effects in the transition state (Fig. 5). For the anti series,
there is an A'? strain between the 2'-carboxylate of the tether and
the 1’-R; group in the TS, transition state. This strain should
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Table 5 Relative energies of the transition state in the intramolecular Michael reactions of anti-3d'—g’ at the HF/6-31G* level
ﬁ’ 6 :
R3R4 \ MeO.C. R R4 / & [meooC. Vi ©
J z\w ST
MeOzC/ Rs
MeOzC
TS y-chair TS y-boat TS, chair TS pboat
5N cOoMe .
Relative energy/kcal mol™!
Entry o TS TSemw TS TS o
1 \@;\Wco " 0 (—765.695) +9.97 +5.91 (—765.686)* +7.75
oMe
anti-3d'
2 MMSO " 0(—=914.326)" +9.41 +10.53 (—914.309)" +7.29
»Me
anti-3e'
3 o QOzM;O y 0(—953.295) +10.07 +9.42 (—953.280)° +7.29
Me
anti-3f'
4 O R4z 0 (—1140.889)" +10.00 +7.19 (—1140.876)" +8.54

co,Me

&

=COMe
antl-:!g

“The absolute energy (au) calculaated at the HF/6-31G* level in parentheses.

Table 6 Relative energies of the transition state in the intramolecular Michael reactions of syn-3d'~g’ at the HF/6-31G* level

HR4

Ox

OF:

MeOZC
TS y-chair Tsu-boa( TS, chair TS poat
EEN COMe
Relative energy/kcal mol™!
Entry o TS cnar TSuma TS TS o
1 \@/‘\W 0 (—765.692)° +8.27 +1.48 (—765.689)° +8.83
COMe
syn-3d'
2 \&/C‘\“);Mceo " 0(—914.626)" +11.03 +3.93 (—914.321)° +9.23
»Me
syn-3e'
3 \I&/C‘\(‘)‘z/“ﬂgo " 0(—953.295)" +9.57 +1.85(—953.292)¢ +14.13
»Me
syn-3f'
Re 0 (—1140.896)" +13.71 +2.53 (—1140.892)° +19.28

COoyMe

~
<;)io
(J
x

=CO,Me
syn-.

“The absolute energy (au) calculated at the HF/6-31G* level in parentheses.
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electrostatic repulsion

0
H IRs

electrostatic repulsion
A" strain
0
i

Tsv-chair
transition state for anti-3d-g

TSu{h air

CO2R
A2 strain
TS,-chair

TS-;-cha‘wr
transition state for syn-3d-g

Fig. 5 Newman projection of the transition state in the intramolecular
Michael reaction of anti- and syn-3d-g.

disfavour the TS, transition state, and increase the energy
difference between the TS, 4. and TS, . transition states, with
the difference calculated between the two chair-type transition
states for the corresponding 1'-unsubstituted substrates (Table 5).
In some cases, this steric hindrance seemed to be so significant,
that the TS, 4. transition state was calculated to be higher in
energy (Table 5, entries 2 and 3). Conversely, for the syn series,
the absolute energy of the TS, transition state was uniformly
lower than that of the corresponding anti TS, transition state,
most likely due to release of the A'? strain. As for the syn TS, cpir
transition state, the A'? strain becomes operative and serves as an
destabilizing factor. However, there is also stabilization gained by
relief of the repulsive electrostatic interaction present in the anti
TS,.air transition state between the R; or R, ester and the keto-
carbonyl groups. Thus, the relative stability between the anti and
syn TS, .. transition states seems to depend upon which of these
offsetting factors contributes more. Nonetheless, the overall effect
is a narrowing down in the energy gap between the TS, ..: and the
TS, i transition states (Table 6).

Schemes 5 and 6 summarize the major pathways for the
reactions of 3a-h. The observed selectivity in the protonation of
enolate II for 3a, b and d can be rationalized to be due to reaction
from the less crowded convex side, i.e., the exo side, giving the endo
products as the exclusive or the major products (R, or R; = H, Me).
As for the opposite propensity observed when R, or R; is CO,Et
(3¢ and e-g), the reason is less obvious and we can only make a
guess. It could be that since these Et esters are less prone to steric
hindrance than their ~-Bu counterparts, electrostatic interaction
between the R, or R; ester and the ammonium ion, which can
be assumed to preside near the enolate oxygen on the convex
side of the molecule in enolate II, is at play, thereby making the
convex face more hindered than the concave face. This would direct
protonation to occur upon the endo face.

Conclusions

In summary, we have developed a practical method for the
construction of poly-functionalized bicyclo[3.3.1]nonenones by
successive Michael reactions of cyclohexenones 1 with acrylates

(0] o@

R K,COs
mCOZR1 TBAB
R

2

3a-c enolate |
t
©
R0,cC H
(@]
N\ R .
R{0,Chr
_ (e} 12
(R = H. Me) | R, = H, Me
H' gRe Ry
\ - a-7-endo(,8-ex0)-4a,b
(o]
R1Omg/ = \
o) R2 = COZEt
© W (R, = COEY EtO,C
late Il
enolate E0,¢

o-7-ex0,8-ex0-4¢

Scheme 5 Stereoselectivity in the intramolecular Michael reactions of
3a—c.

2 which function as double Michael acceptors. The construction
could be carried out in both a stepwise and a one-pot reaction
with similar tendencies in regioselectivity. The generally high o-
regioselectivity in the intramolecular Michael reaction was in good
correlation with the profile of the HOMO orbital of enolate I, as
usually observed for similar conjugated enolates in intermolecular
reactions. However, the regioselectivity was somewhat dependent
on the substitution pattern of the reactants (R, or R;). Consequent
protonation was also selective, but the preferred face differed
with the substitution pattern. In both the intramolecular Michael
reaction and the protonation of enolate II, the ammonium counter
cation played an important role. Synthetic studies towards natural
products using the developed methodology are now in progress.

Experimental

All reactions involving air- and moisture-sensitive reagent were
carried out under N,. Tetrahydrofuran (THF) was distilled after
refluxing over Na-benzophenone before use. Merck silica gel
60F,5, TLC aluminum sheets was used for routine monitoring
of reaction. Column chromatography was performed on Merck
silica gel 60 (70-230 mesh, ASTM). Merck silica gel 60F,s, was
used for preparative thin-layer chromatography.

Melting points were taken on a Yanagimoto melting-point
apparatus. NMR spectra were recorded on JEOL JNM-LA500
instruments. Internal references for "H NMR spectra were Me,Si
(TMS; 0.0 ppm) for CDCl;, CD;OD (3.30 ppm), CsD;N (7.55
ppm), and C,DsCD; (2.09 ppm). Chemical shifts for *C NMR
spectra were referenced to CDCI; (77.0 ppm), CD;OD (49.0 ppm),
C;D;sN (135.5 ppm), and C,D;CD; (20.4 ppm). MS were recorded
on a JEOL JMS-SX102A instrument under electron ionization
(EI) conditions (70 eV). Elemental analyses were carried out on a
Perkin-Elmer 240011 analyzer.
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Scheme 6 Stereoselectivity in the intramolecular Michael reactions of anti- and syn-3d-h.

Typical procedure for preparation of the annulation
precursor using LDA

To a stirred solution of LDA, prepared from i-Pr,NH (0.30 mL,
2.32 mmol) and n-BuLi (1.56 M in THF, 1.20 mL, 1.93 mmol),
was added a solution of cyclohexenone 1a (201.1 mg, 1.62 mmol)
in THF (0.5 mL) at —78 °C. After 0.5 h, a solution of acrylate 2a
(322.4mg, 1.61 mmol) in THF (0.5 mL) was added and the mixture
was stirred at —78 °C for 6.5 h. The mixture was quenched with sat.
NH,CI and extracted with Et,O. The combined organic layer was
washed with water, brine, dried over Na,SO,, and evaporated. The
resulting residue was purified by column chromatography (silica
gel, hexane-EtOAc 10 : 1) to give 3a (355.3 mg, 83%).

Typical procedure for the intramolecular Michael reaction

To a solution of 3a (203.3 mg, 0.77 mmol) in toluene (1.0 mL)
were added K,CO; (319.3 mg, 2.31 mmol) and TBAB (248.3 mg,
0.77 mmol). The mixture was stirred at 90 °C for 15.5 h. After
complete consumption of 3a by GC monitoring, the mixture
was cooled to rt and quenched with sat. NH,Cl. The resulting
mixture was extracted with ether. The combined organic layer
was washed with H,O, brine, dried over MgSQO,, filtered and
evaporated. The resulting residue was purified by preparative TLC
(silica gel, hexane-EtOAc 10 : 1) to give annulation products o-
endo-4a (183.0 mg, 90%) and y-endo-4a (6.7 mg, 3%).

Typical procedure for the one-pot Michael reactions
by two operations

To a solution of LDA, prepared from i-Pr,NH (0.080 mL,
0.58 mmol) and n-BuLi (1.56 M in THF, 0.31 mL, 0.48 mmol),

was added a solution of cyclohexenone 1a (50.2 mg, 0.40 mmol)
in THF (0.5 mL) at —78 °C. The reaction mixture was stirred at
—78 °C for 30 min. Then, a solution of acrylate 2a (81.2 mg,
0.48 mmol) in THF (0.5 mL) was added to the mixture at
—78 °C. After the reaction mixture was allowed to warm to rt
over 6 h, to the reaction mixture was added K,CO; (167.7 mg,
1.21 mmol) and TBAB (130.9 mg, 0.41 mmol). The mixture was
stirred at 90 °C for 18 h. After complete consumption of 3a, by
GC monitoring, the mixture was cooled to rt and quenched with
sat. NH,Cl. The resulting mixture was extracted with Et,O. The
combined organic layer was washed with H,O and brine, dried
over MgSQO,, filtered and evaporated. The resulting residue was
purified by preparative TLC (silica gel, hexane-EtOAc 10 : 1)
to give a-endo-4a (36.1 mg, 34%), a-exo-4a (33.5 mg, 32%), and
v-endo-4a (4.0 mg, 4%).

Typical procedure for the one-pot Michael reactions
by one operation

To a solution of cyclohexenone 1d (100.7 mg, 0.48 mmol) in THF
(1.5 mL) were added acrylate 2a (94.5 mg, 0.48 mmol), K,CO;
(203.6 mg, 1.47 mmol) and TBAB (152.6 mg, 0.47 mmol). The
resulting mixture was warmed to 45 °C and stirred for 18 h.
After complete consumption of 1d by GC monitoring, the reaction
mixture was heated to 80 °C and stirred. After 25 h, the mixture
was quenched with sat. NH,Cl and extracted with Et,O. The
combined organic layer was washed with H,O and brine, dried
over MgSQO,, filtered and evaporated. The resulting residue was
purified by preparative TLC (silica gel, EtOAc-hexane 1 : 10) to
give a-endo-4h (35.5 mg, 25%), a-exo-4h (8.5 mg, 6%), and y-endo-
4h (49.1 mg, 35%).
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6-Ethoxycarbonyl-2-methyl-2-cyclohexenone (1c¢). Yellow oil;
'H NMR (500 MHz, CDCl;) 6 6.76-6.72 (m, 1 H), 4.24 (dq,
J=10.7,7.0 Hz, 1 H), 4.19 (dq, J = 10.7, 7.0 Hz, 1 H), 3.37-3.41
(m, 1 H), 2.48-2.32 (m, 3 H), 2.22-2.16 (m, 1 H), 1.80 (dt, J =
1.8, 1.5 Hz, 3 H), 1.28 (t, / = 7.0 Hz, 3 H); *C NMR (125 MHz,
CDCly) 0 194.5, 170.3, 145.3, 135.2, 61.0, 53.6, 26.1, 24.4, 15.9,
14.1; anal. calcd for C,(H,,O5: C, 65.91; H, 7.74. Found: C, 65.71;
H, 7.61.

3-Acetoxy-2-methylenebutylic acid zert-butyl ester (2a).  Yellow
oil; "H NMR (500 MHz, CDCl;) ¢ 6.26 (q, / = 1.2 Hz, 1 H), 5.74
(q, J =12Hz, 1 H),4.77 (t, J = 1.2 Hz, 2 H), 2.10 (s, 3 H), 1.50
(s, 9 H); "CNMR (125 MHz, CDCl;) 0 170.4, 164.4, 136.9, 126.1,
81.3, 62.6, 28.0 (x3), 20.8; anal. caled for C,(H,;;O,: C, 59,98; H,
8.05. Found: C, 59.81; H, 7.90.

3-Acetoxy-2-methylenebutylic acid tert-butyl ester (2b)*%“.  Col-
orless oil; '"H NMR (500 MHz, CDCl;)6 6.19 (t,J = 1.2 Hz, 1 H),
571 (t,J =1.2Hz, 1 H), 5.68 (qt, J = 6.7, 1.2 Hz, 1 H), 2.07 (s,
3H),1.50(s,9H),1.39(d, J =6.7Hz, 3 H); "C NMR (125 MHz,
CDCl;) 0 169.7, 164.5, 142.6, 123.4, 81.2, 68.2, 28.0 (x3), 21.1,
20.0; EI-HRMS: m/z calcd for C,;H 30, [M*]: 214.1205. Found:
214.1202. Anal. caled for C,;;H,50,: C, 61.66; H, 8.47. Found: C,
61.63; H, 8.56.

3-Acetoxy-3-ethoxycarbonyl-2-methylenepropionic acid ethyl es-
ter (2¢)'**. Colorless oil; "H NMR (500 MHz, CDCl;) 6 6.49 (s,
1 H),5.98(s, 1 H),598(s, 1 H),4.26 (q, J = 7.0 Hz, 2 H), 4.22 (q,
J=7.0Hz 2 H),2.17 (s, 3 H), 1.31 (t, J = 7.0 Hz, 3 H), 1.26 (t,
J=7.0Hz, 3 H).

6-(2'-tert-Butoxycarbonyl-2'-propenyl)-2,6-dimethyl-2-cyclohexe-
none (3a). Yellow oil; '"H NMR (500 MHz, CDCl;) ¢ 6.64-6.61
(m, 1 H), 6.12 (d, J = 1.8 Hz, 1 H), 5.44 (dt, J = 1.8, 0.9 Hz,
1 H),2.70 (dd, J = 13.4,0.9 Hz, 1 H), 2.47 (dd, J = 13.4, 0.9 Hz,
1 H), 2.46-2.38 (m, 1 H), 2.32-2.24 (m, 1 H), 1.87-1.77 (m, 2 H),
1.76 (q, / = 1.8 Hz, 3 H), 1.48 (s, 9 H), 1.04 (s, 3 H); “C NMR
(125 MHz, CDCl;) ¢ 203.1, 166.9, 143.1, 138.6, 134.2, 127.3,
80.4, 44.9, 37.2, 33.9, 27.9 (x3), 22.7, 22.0, 16.5; HR-EIMS:
m/z calcd for C,(H,,O; [M*]: 264.1725. Found: 264.1736; anal.
caled for C,H,,O,: C, 72.69; H, 9.15. Found: C, 72.66; H,
9.08.

6-(2'-tert-Butoxycarbonyl-2'- Z -butenyl)-2,6-dimethyl-2-cyclo-
hexenone (3b). Yellow oil; '"H NMR (500 MHz, CDCl;) ¢ 6.82
(q, J = 7.3 Hz, 1 H), 6.65-6.61 (m, 1 H), 2.85 (d, J = 13.7 Hz,
1 H), 2.54-2.45 (m, 1 H), 243 (d, J = 13.7 Hz, 1 H), 2.29-
2.20 (m, 1 H), 1.90-1.79 (m, 2 H), 1.76 (g, J = 1.7 Hz, 3 H),
1.74 (d, J = 7.3 Hz, 3 H), 1.46 (s, 9 H), 1.01 (s, 3 H); “C
NMR (125 MHz, CDCl;) ¢ 203.3, 167.9, 143.0, 138.4, 134.2,
131.5, 80.0, 45.7, 35.3, 31.8, 28.1 (x3), 22.8, 21.9, 16.6, 15.2; HR-
EIMS: m/z calcd for C;H,O; [M*] 278.1882. Found: 278.1893;
anal. calcd for C;H,O5: C, 73.34; H, 9.41. Found: C, 73.06; H,
9.50.

6-(2' E-2'-Ethoxylcarbonyl-3'-ethoxylcarbonyl-2'-propenyl)-2,6-
dimethyl-2-cyclohexenone (E-3c). Yellow oil; 'H NMR
(500 MHz, CDClL;) ¢ 6.74 (s, 1 H), 6.65-6.61 (m, 1 H),
4.26-4.14 (m, 4 H), 3.30 (d, J = 125 Hz, 1 H), 3.17 (d, J =
12.5 Hz, 1 H), 2.54-2.44 (m, 1 H), 2.30-2.20 (m, 1 H), 1.94 (dt,
J=134,52Hz,1H),1.87(ddd, J =13.4,8.5,5.5Hz, 1 H), 1.74
(q,/ =18Hz 3H),1.31(t,J=7.3Hz,3H), 1.30(t,/ =7.3 Hz,

3 H), 1.03 (s, 3 H); ®C NMR (125 MHz, CDCl;) 6 202.4, 167.4,
165.7, 145.3, 142.8, 134.2, 128.0, 61.5, 60.5, 45.5, 36.0, 32.6, 22.7,
21.5, 16.5, 14.1, 14.0; HR-EIMS: m/z calcd for C,;H,,0O5 [M*]:
308.1624. Found: 308.1630; anal. calcd for C,,H,,O5: C, 66.21; H,
7.84. Found: C, 66.13; H, 8.10.

6-(2'Z-2'-Ethoxylcarbonyl-3'-ethoxylcarbonyl-2’'-propenyl)-2,6-
dimethyl-2-cyclohexenone (Z-3c). Yellow oil; 'H NMR
(500 MHz, CDCl;) 6 6.66-6.62 (m, 1 H), 5.83 (t, J/ = 1.0 Hz,
1 H), 4.24 (dq, J = 10.7, 7.0 Hz, 1 H), 4.19 (dq, J = 10.7, 7.0 Hz,
1 H), 4.16 (q, J = 7.0 Hz, 2 H), 2.95 (dd, J = 13.7, 1.2 Hz, 1 H),
2.42-2.30 (m, 2 H), 2.37 (dd, J/ = 13.7, 0.9 Hz, 1 H), 2.08 (ddd,
J=13.4,94,55Hz,1H),1.76 (q,J =1.6 Hz,3H), 1.71 (dt, J =
134,49 Hz, 1 H), 1.31 (t, J = 7.0 Hz, 3 H), 1.26 (t, / = 7.0 Hz,
3 H), 1.12 (s, 3 H); "C NMR (125 MHz, CDCl;) ¢ 201.9, 168.6,
164.5, 146.5, 143.5, 133.9, 123.9, 61.3, 60.7, 45.0, 42.0, 32.8, 22.7,
22.5, 16.4, 14.0, 13.8; HR-EIMS: m/z calcd for C;H,,05 [M*]:
308.1624. Found: 308.1631; anal. calcd for C,;H,,Os: C, 66.21; H,
7.84. Found: C, 66.49; H, 7.84.

6-(2'-tert-Butoxycarbonyl-1’'-methyl-2’'-propenyl)-2,6-dimethyl-
2-cyclohexenone (3d). A mixture of diastereomers: dr 3.6 : 1.0;
yellow oil; major-3d: '"H NMR (500 MHz, CDCl;) ¢ 6.65-6.62
(m, 1 H), 6.25(d, J = 1.2 Hz, 1 H), 545 (bs, 1 H), 3.55(d, J =
7.3Hz,1H),2.45-2.36 (m, 1 H), 2.28-2.19 (m, 1 H), 2.03-1.95 (m,
1 H), 1.79-1.70 (m, 4 H), 1.54 (s, 9 H), 1.06 (d, J = 7.3 Hz, 3 H),
0.93 (s, 3 H). "C NMR (125 MHz, CDCl;) ¢ 203.3, 166.8, 142.4,
134.8, 125.0, 124.6, 80.3, 47.0, 34.6, 31.4, 28.0 (x3), 22.3, 18.6,
16.6, 15.3; minor-3d: '"H NMR (500 MHz, CDCl;) ¢ 6.62-6.59 (m,
1H),6.13(d,J=1.2Hz, 1 H),5.50 (bs, 1 H), 3.33(d, / =7.3 Hz,
1 H), 2.73-2.55 (m, 1 H), 2.17-2.10 (m, 1 H), 2.03-1.95 (m, 1 H),
1.79-1.70 (m, 4 H), 1.50 (s, 9 H), 1.00 (d, J = 7.3 Hz, 3 H), 0.98 (s,
3 H); HR-EIMS m/z calcd for C;H,,O; [M*]: 278.1882. Found:
278.1876; anal. calcd for C,;H,,O5: C, 73.34; H, 9.41. Found: C,
73.46; H, 9.63.

6-(1',2’-Diethoxycarbonyl-2’-propenyl)-2-methyl-2-cyclohexen-
one (3e). amixture of diastereomers: dr 2.1 : 1; yellow oil; major-
3e:'"HNMR (500 MHz, CDCl;) 6 6.72-6.68 (m, 1 H), 6.41 (s, 1 H),
5.69 (s, 1 H),4.32(d, J = 6.1 Hz, 1 H), 4.26-4.11 (m, 4 H), 2.83
(ddd, J = 12.8, 6.1, 4.6 Hz, 1 H), 2.45-2.27 (m, 2 H), 2.20-2.10
(m, 1 H), 1.99-1.91 (m, 1 H), 1.77 (s, 3 H), 1.31 (t, J = 7.0 Hz,
3 H), 1.23 (t, J = 7.0 Hz, 3 H); "C NMR (125 MHz, CDCl,)
0 199.0, 172.0, 166.1, 144.5, 137.2, 135.4, 127.2, 61.1, 60.7, 48.8,
45.5,26.4, 254, 16.0, 14.1, 14.0; minor-3e: '"H NMR (500 MHz,
CDCl;) 0 6.69-6.66 (m, 1 H), 6.41 (s, 1 H), 5.89 (s, 1 H), 4.26-4.11
(m, 4 H), 395 (d, J = 9.1 Hz, 1 H), 3.09 (ddd, J = 14.3, 9.1,
4.3Hz, 1 H),2.45-2.27 (m, 2 H), 1.99-1.91 (m, 1 H), 1.76 (s, 3 H),
1.72-1.61 (m, 1 H), 1.30 (t, J = 7.0 Hz, 3 H), 1.26 (t, / = 7.0 Hz,
3 H); ®C NMR (125 MHz, CDCl;) 6 199.9, 172.8, 166.1, 144.4,
137.2, 135.2, 128.1, 61.1, 60.9, 49.8, 45.6, 26.1, 25.7, 15.9, 14.1,
14.0; HR-EIMS: m/z calcd for C;;H,Os [M*]: 294.1467. Found:
294.1475; anal. calcd for C,;H,,05: C, 65.29; H, 7.53. Found: C,
65.06; H, 7.53.

6+(1",2-Diethoxycarbonyl-2'-propenyl)-2,6-dimethyl-2-cyclohexen-
one (3f). A mixture of diastereomers: dr 1 : 1.2; yellow oil;
major-3f: '"H NMR (500 MHz, CDCl;) 6 6.64-6.60 (m, 1 H),
6.49 (s, 1 H), 6.10 (s, 1 H), 423 (q, J = 7.1 Hz, 2 H), 4.15 (dq,
J =10.8,7.1 Hz, 1 H), 4.12 (s, 1 H), 4.10 (dq, J = 10.8, 7.1 Hz,
1 H), 2.40-2.30 (m, 2 H), 1.96 (ddd, J = 13.5, 8.5, 6.4 Hz, 1 H),
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1.77 (q, J = 1.6 Hz, 3 H), 1.71 (dt, J = 13.5, 4.8 Hz, 1 H), 1.31
(t,J =7.1Hz, 3 H), 1.30 (s, 3 H), 1.25 (t, / = 7.1 Hz, 3 H); °C
NMR (125 MHz, CDCl;) ¢ 201.8, 171.5, 166.8, 143.1, 135.2,
133.7, 129.6, 61.1, 60.4, 48.4, 47.7, 32.5, 22.4, 17.6, 16.3, 14.0,
13.9; minor-3f: '"H NMR (500 MHz, CDCl;) é 6.67-6.63 (m,
1H), 6.48 (s, 1 H), 5.74 (s, l H),4.37 (s, 1 H), 4.20(q, J/ = 7.1 Hz,
2H),4.08(q,/J =7.1 Hz,2 H), 2.55(ddd, J = 13.3, 10.1, 6.1 Hz,
1 H), 2.40-2.25 (m, 2 H), 1.79 (q, J = 1.6 Hz, 3 H), 1.56 (dt, J =
13.3,3.9Hz, 1 H), 1.30 (t, J = 7.1 Hz, 3 H), 1.19 (t, / = 7.1 Hz,
3 H), 1.05 (s, 3 H); *C NMR (125 MHz, CDCl;) ¢ 201.9, 171.9,
166.2, 142.8, 135.6, 133.9, 129.9, 61.0, 60.4, 51.1, 46.1, 29.8, 22.3,
20.4, 16.4, 13.9, 13.8; HR-EIMS: m/z caled for C,;H,,O5 [M*]:
308.1624. Found: 308.1630; anal. calcd for C,;H,,Os: C, 66.21; H,
7.84. Found: C, 66.08; H, 7.72.

6«(1',2"-Diethoxycarbonyl-2'propenyl)-6-ethoxycarbonyl-2-methy}-
2-cyclohexenone (3g). A mixture of diastereomers: dr 4.5 : 1;
yellow oil; major-3g: '"H NMR (500 MHz, CDCl;) 6 6.63-6.60
(m, 1 H), 6.48 (s, 1 H), 5.73 (s, 1 H), 4.69 (s, 1 H), 4.25-4.05 (m,
6 H), 2.66 (ddd, J = 13.1, 11.3, 5.5 Hz, 1 H), 2.46-2.35 (m, 1 H),
2.35-2.25 (m, 1 H), 2.30-2.25 (m, 1 H), 1.82-1.80 (m, 3 H), 1.30
(t,J =7.0Hz 3H), 1.22(t,J =7.0Hz 3 H), 1.21 (t,J = 7.0 Hz,
3 H). "C NMR (125 MHz, CDCl;) 6 194.7, 171.1, 169.6, 166.0,
144.0, 135.3, 135.1, 129.7, 61.6, 61.3, 60.9, 59.1, 47.6, 27.1, 23.5,
16.4, 14.1, 13.9, 13.8; minor-3g: '"H NMR (500 MHz, CDCl;)
0 6.63-6.60 (m, 1 H), 6.52 (s, 1 H), 5.97 (s, 1 H), 4.39 (s, 1 H),
4.25-4.05 (m, 6 H), 2.46-2.35 (m, 1 H), 2.35-2.23 (m, 2 H),
2.22-2.14 (m, 1 H), 1.82-1.80 (m, 3 H), 1.31 (t, J = 7.0 Hz, 3 H),
1.24 (t, J = 7.0 Hz, 3 H), 1.21 (t, J = 7.0 Hz, 3 H); *C NMR
(125 MHz, CDCl,) ¢ 195.5, 171.3, 170.2, 166.7, 143.7, 135.2,
134.7, 129.0, 61.5, 61.2, 61.0, 59.1, 48.9, 30.5, 23.6, 16.4, 14.1,
13.9, 13.8; HR-EIMS: m/z caled for C,yH,O, [M*]: 366.1679.
Found: 366.1662; anal. calcd for C,\H,,O,: C, 62.28; H, 7.15.
Found: C, 61.98; H, 7.45.

7-endo-tert-Butoxycarbonyl-1,5-dimethylbicyclo[3.3.1]non-2-en-
9-one (0-endo-4a). yellow solid; mp 75 °C; "H NMR (500 MHz,
CDCly) 6 5.55(ddd, J =9.7,4.3,2.4Hz, 1 H), 5.30 (ddd, J =9.7,
2.7,1.2Hz, 1 H), 2.81 (ddd, J = 18.3,4.3,0.9 Hz, 1 H), 2.73 (ddd,
J=14.3,3.4,1.8 Hz, 1 H), 2.59 (ddd, J = 14.0, 3.7, 1.8 Hz, 1 H),
2.43(ddt,J =7.3,6.4,1.8 Hz, 1 H), 2.31-2.25 (m, 1 H), 1.80 (dd,
J=14.0,64Hz 1 H), 1.72(ddd, J =14.3,7.3,1.8 Hz, 1 H), 1.47
(s, 9 H), 1.09 (s, 3 H), 1.07 (s, 3 H); “C NMR (500 MHz, CDCl;)
0216.5,172.9, 133.4, 128.3, 80.5, 46.5, 45.5,43.7,42.5, 41 .4, 38.1,
27.9 (x3), 24.0, 21.6; HR-EIMS: m/z caled for C,sH,,0; [M*]:
264.1725. Found: 264.1734; anal. calcd for C,,H,,O5: C, 72.69; H,
9.15. Found: C, 72.79; H, 9.23.

7-endo-tert-Butoxycarbonyl-1,3-dimethylbicyclo[3.3.1]non-3-en-
2-one (y-endo-4a). Yellow oil; '"H NMR (500 MHz, CDCl;)
0: 6.60-6.56 (m, 1 H), 2.59-2.54 (m, 1 H), 2.57-2.53 (m, 1 H),
2.40-2.35 (m, 1 H), 2.37-2.32 (m, 1 H), 2.14-2.09 (m, 1 H), 1.80
(ddd, J = 14.0, 7.3, 4.0 Hz, 1 H), 1.66 (bs, 3 H), 1.57-1.53 (m,
1 H), 1.40 (dd, J = 14.0, 7.6 Hz, 1 H), 1.37 (s, 9 H), 1.09 (s, 3 H).

7-endo-tert-Butoxycarbonyl-1,5,8-exo-trimethylbicyclo|3.3.1]-
non-2-en-9-one (a-7-endo,8-exo-4b). Yellow solid; mp 77 °C; 'H
NMR (500 MHz, CDCl;) ¢ 5.50 (ddd, J = 9.4, 4.3, 2.4 Hz, 1 H),
5.31(ddd,J=9.4,2.7,09Hz, 1 H),2.84 (qt,J =7.3, .5Hz, 1 H),
2.78 (ddd, J = 17.7,4.3,0.9 Hz, 1 H), 2.66 (dt, J = 14.6, 1.5 Hz,

1 H),2.27(dddd, J =17.7,2.7,2.4, 1.8 Hz, 1 H), 2.21 (dt, J = 7.6,
1.5Hz, 1 H), 1.86 (ddd, J = 14.6, 7.6, 1.8 Hz, 1 H), 1.48 (s, 9 H),
1.06 (s, 3 H), 1.06 (s, 3 H), 0.93 (d, / = 7.3 Hz, 3 H); "C NMR
(125 MHz, CDCl;) 6 216.4, 172.9, 134.9, 127.6, 80.5, 50.2, 46.2,
45.3,44.3,43.7, 38.2, 28.0 (x3), 23.9, 19.4, 16.3; HR-EIMS: m/z
calcd for C;;H,O5 [M*]: 278.1882. Found: 278.1881; anal. calcd
for C;H,,O;: C, 73.34; H, 9.41. Found: C, 73.10; H, 9.37.

T-endo-tert-Butoxycarbonyl-1,2,6-exo-trimethylbicyclo[3.3.1]non-
3-en-2-one (y-7-¢ndo,8-exo-4b).  Yellow oil; "H NMR (500 MHz,
CDCl;) 6 6.63-6.60 (m, 1 H), 2.64-2.57 (m, 1 H), 2.28-2.23 (m,
2H),2.22-2.17 (m, 1 H), 1.90-1.85 (m, 1 H), 1.80 (ddd, J = 12.8,
2.7,2.1 Hz, 1 H), 1.65 (bs, 3 H), 1.54 (dd, J = 14.0, 7.3 Hz, | H),
1.37 (s, 9 H), 1.24 (d, J/ = 7.3 Hz, 3 H), 1.09 (s, 3 H); "C NMR
(125 MHz, CDCl;) ¢ 203.3, 173.3, 147.7, 136.1, 80.2, 43.9, 41.2,
37.1, 35.4, 31.6, 28.9, 28.1 (x3), 25.5, 20.1, 16.4; HR-EIMS: m/z
calcd for C;;H,O5 [M*]: 278.1882. Found: 278.1891; anal. calcd
for C,;H,O;: C, 73.34; H, 9.41. Found: C, 73.57; H, 9.45.

7-ex0,8-exo-Diethoxycarbonyl-1,5-dimethylbicyclo[3.3.1]non-2-
en-9-one (0-7-¢x0,8-exo-4¢). Yellow oil; "H NMR (500 MHz,
CDCl;) 6 5.88 (ddd, J = 9.4, 4.0, 3.1 Hz, 1 H), 5.34 (ddd, J =
9.4,2.4,1.2 Hz, | H), 4.18-4.06 (m, 2 H), 4.18-4.06 (m, 2 H), 3.51
(dt, J =13.7,5.2 Hz, 1 H), 3.01 (dd, J = 5.2, 1.8 Hz, 1 H), 2.59
(ddd, J = 18.6,4.0, 1.2 Hz, 1 H), 2.52 (td, J = 13.7, 1.8 Hz, 1 H),
2.45(dddd, J = 18.6, 3.1, 2.4, 1.8 Hz, 1 H), 2.03 (ddd, J = 13.7,
52,1.8 Hz, 1 H), 1.24 (t, J/ = 7.0 Hz, 3 H), 1.24 (t, J = 7.0 Hz,
3 H), 1.14 (s, 3 H), 1.12 (s, 3 H).

6-exo0,7exo-Diethoxycarbonyl-1,3-dimethylbicyclo[3.3.1]non-3-
en-2-one (y-7-exo,8-exo-4c). Yellow oil; '"H NMR (500 MHz,
C¢DsN) 6 6.70-6.64 (m, 1 H), 4.22-4.08 (m, 4 H), 3.30-3.27 (m,
1 H), 3.08-3.04 (m, 1 H), 2.83 (dt, J = 13.4, 5.2 Hz, 1 H), 2.20
(t, J = 13.4 Hz, 1 H), 2.14 (ddd, J = 13.4, 5.2, 1.8 Hz, 1 H),
1.92-1.86 (m, 1 H), 1.82 (bs, 3 H), 1.64 (ddd, J =13.1,2.1,2.1 Hz,
1H), 1.15(t,J =7.0Hz, 3 H), 1.14 (s, 3 H), 1.11 (t, J = 7.0 Hz,
3 H); "C NMR (125 MHz, C,D;N) ¢ 202.7, 173.5, 172.7, 145.8,
138.8, 61.0, 60.6, 42.6, 41.8, 37.4, 36.7, 35.0, 34.4, 25.1, 16.0, 14.2,
14.2; HR-EIMS: m/z calcd for C,;H,,05 [M*]: 308.1624. Found:
308.1633.

T-endo-tert-Butoxycarbonyl-1,5,6-exo-trimethylbicyclo[3.3.1]non-
2-en-9-one (0-6-¢xo0,7-endo-4d). Yellow oil; "H NMR (500 MHz,
CDCl;) 6 5.52 (ddd, J =9.4,4.0,2.7 Hz, | H), 5.30 (ddd, J = 9.4,
2.7,0.9 Hz, 1 H), 2.99 (ddd, J = 18.3, 4.0, 0.9 Hz, 1 H), 2.92 (qt,
J=73,2.1Hz, 1 H), 248 (dt, J = 14.0, 2.1 Hz, 1 H), 2.27 (dt,
J=18.3,2.7Hz, 1 H),2.22 (dt, J = 6.4, 2.1 Hz, 1 H), 1.87 (dd,
J =140, 6.4 Hz, 1 H), 1.47 (s, 9 H), 1.08 (s, 3 H), 1.05 (s, 3 H),
0.92 (d, J = 7.3 Hz, 3 H). "C NMR (125 MHz, CDCl;) ¢ 216.0,
172.9, 133.6, 128.2, 80.5, 48.7, 46.3, 45.9, 45.2, 44.1, 37.8, 27.9
(x3), 21.7, 21.6, 18.7; HR-EIMS: m/z calcd for C;H,,O; [M*]:
278.1882. Found: 278.1871; anal. calcd for C,;H,,O5: C, 73.34; H,
9.41. Found: C, 73.64; H, 9.19.

7T-endo-tert-Butoxycarbonyl-1,3,8-exo-trimethylbicyclo[3.3.1]non-
3-en-2-one (y-6-exo,7-endo-4d). Yellow solid; mp 59 °C; 'H
NMR (500 MHz, CDClL;) ¢ 6.60-6.57 (m, 1 H), 2.52-2.47 (m,
1 H), 2.45(q, J = 7.3 Hz, 1 H), 2.29-2.23 (m, 2 H), 1.92 (ddd,
J =14.0, 6.7, 4.0 Hz, 1 H), 1.80-1.78 (m, 2 H), 1.66 (bs, 3 H),
1.37 (s, 9 H), 1.08 (d, J = 7.3 Hz, 3 H), 1.02 (s, 3 H); "C NMR
(125 MHz, CDCl;) 6 204.3, 173.2, 146.7, 136.6, 80.0, 45.3, 43.9,
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36.1, 33.7, 31.0, 28.1 (x3), 23.5, 23.4, 16.6, 15.9; HR-EIMS: m/z
caled for C;H,O5 [M*]: 278.1882. Found: 278.1887; anal. calcd
for C,;H,O5: C, 73.34; H, 9.41. Found: C, 73.14; H, 9.58.

6-exo0,7exo-Diethoxycarbonyl-1-methylbicyclo|3.3.1]non-2-en-9-
one (0-6-exo0,7-exo-4¢). Yellow oil; "H NMR (500 MHz, CDCl;)
0 5.88-5.83 (m, 1 H), 5.42-5.38 (m, 1 H), 4.19-4.07 (m, 4 H),
3.35-3.31 (m, 1 H), 3.29 (dt, J = 13.0, 4.9 Hz, 1 H), 2.92-2.89 (m,
1 H), 2.93-2.85 (m, 1 H), 2.60-2.52 (m, 1 H), 2.41 (t, J = 13.0 Hz,
1 H), 2.07 (ddd, J = 13.0, 4.9, 2.1 Hz, 1 H), 1.24 (t, J = 7.0 Hz,
3H), 1.23(t,J =7.0Hz, 3H), 1.13 (s, 3 H); *C NMR (125 MHz,
CDCly) 0 212.8, 172.9, 171.9, 134.3, 127.7, 61.0, 60.9, 52.6, 46.6,
459, 38.8, 37.9, 37.1, 21.1, 14.1, 14.0; HR-EIMS: m/z calcd for
C,H»O5 [M*]: 294.1467. Found: 294.1471.

6-exo0,7-endo-Diethoxycarbonyl-1-methylbicyclo[3.3.1]non-2-en-
9-one (a-6-¢xo,7-endo-4e). Yellow oil; '"H NMR (500 MHz,
CDCl;) 6 5.56 (ddd, J = 9.5, 4.0, 2.5 Hz, 1 H), 5.30 (ddd, J =9.5,
2.5,0.8 Hz, 1 H), 4.21-4.12 (m, 4 H), 3.90 (dd, J = 4.0, 2.2 Hz,
1 H), 3.04-3.00 (m, 2 H), 2.84-2.79 (m, 1 H), 2.72 (ddt, J = 18.3,
6.7, 2.5 Hz, 1 H), 2.58 (dt, J = 14.1, 2.2 Hz, 1 H), 2.09 (dd, J =
14.1,6.6 Hz, 1 H), 1.30 (t, / = 7.0 Hz, 3 H), 1.26 (t, J/ = 7.0 Hz,
3 H), 1.09 (s, 3 H).

6-endo,7-exo-Diethoxycarbonyl-1-methylbicyclo[3.3.1]non-2-en-
9-one (0-6-¢ndo,7-exo-4e). Yellow oil; 'H NMR (500 MHz,
CDCl;) 0 5.87(ddd, J =9.4,4.0,3.4Hz, 1 H), 5.39 (ddd, J = 9.4,
24,12 Hz, 1 H), 421-4.11 (m, 4 H), 3.36 (td, J = 13.0, 4.9 Hz,
1 H), 3.19 (dd, J = 13.0, 4.3 Hz, 1 H), 3.03 (dd, J = 7.0, 4.3 Hz,
1 H), 2.62-2.53 (m, 1 H), 2.43 (dd, J = 18.9, 4.0 Hz, 1 H), 2.10
(dd,J =13.0,49Hz, 1 H),1.65(t,J=13.0Hz, 1 H), 1.25(t, J =
7.0 Hz, 3 H), 1.24 (t, J/ = 7.0 Hz, 3 H), 1.12 (s, 3 H). "C NMR
(125 MHz, CDCl;) 6 212.4, 174.1, 171.5, 132.9, 128.9, 61.1, 60.9,
50.7, 46.0, 45.7, 42.2, 38.6, 32.3, 20.7, 14.1 (x2); HR-EIMS: m/z
caled for C,¢H,,05 [M*]: 294.1467. Found: 294.1459.

7-ex0,8-exo-Diethoxycarbonyl-3-methylbicyclo[3.3.1]non-3-en-
2-one (y-6-exo,7-exo-de). Yellow oil; '"H NMR (500 MHz,
CDCl;) 0 6.83-6.78 (m, 1 H), 4.16 (q, J = 7.0 Hz, 2 H), 4.12
(q,J =7.0Hz,2 H), 3.28-3.24 (m, 1 H), 3.01-2.97 (m, 1 H), 2.77-
2.71 (m, 1 H), 2.56 (dt, J = 12.8, 4.9 Hz, 1 H), 2.29 (td, J = 12.8,
4.3 Hz, 1 H), 2.11-2.05 (m, 1 H), 1.96-1.90 (m, 1 H), 1.83 (s, 3 H),
1.77 (ddd, J = 12.8, 4.9, 2.3 Hz, 1 H), 1.26 (t, / = 7.0 Hz, 3 H),
1.20 (t, J = 7.0 Hz, 3 H); "C NMR (125 MHz, CDCl;) ¢ 199.9,
173.4, 172.1, 148.3, 137.5, 60.9, 60.6, 44.7, 43.4, 36.0, 30.3, 29.8,
24.5, 15.6, 14.1, 14.0; HR-EIMS: m/z caled for C,sH,,O5 [M*]:
294.1467. Found: 294.1455.

6-ex0,7-exo-Diethoxycarbonyl-1,5-dimethylbicyclo|3.3.1]non-2-
en-9-one (0-6-¢xo,7-exo-4f). Yellow oil; "H NMR (500 MHz,
CDCly) 6 5.79 (dt, J = 9.4, 3.4, 3.4 Hz, 1 H), 542 (ddd, J =
94,24, 1.5 Hz, 1 H), 4.18-4.04 (m, 4 H), 3.44 (dt, J = 13.0,
49 Hz, 1H),3.09(dd, J =4.9, 1.8 Hz, 1 H), 2.66 (ddd, J = 18.9,
3.4,1.5Hz, 1 H),2.52(t,J =13.0 Hz, 1 H), 2.45 (ddd, J = 18.9,
34,24 Hz, 1 H), 1.92 (ddd, J = 13.0, 4.9, 1.8 Hz, 1 H), 1.25 (t,
J=7.0Hz, 3H), 1.23(t,J =7.0Hz, 3 H), 1.18 (s, 3 H), 1.09 (s,
3 H); "C NMR (125 MHz, CDCl,;) 6 212.6, 172.8, 171.7, 134.9,
127.7, 60.9, 60.6, 58.4, 46.2, 46.0, 45.9, 39.4, 38.5, 21.7, 21.3, 14.1,
14.0; HR-EIMS: m/z caled for C;;H,,O5 [M*]: 308.1624. Found:
308.1639; anal. calcd for C;H,,Os: C, 66.21; H, 7.84. Found: C,
66.01; H, 7.92.

6-endo,7-exo-Diethoxycarbonyl-1,5-dimethylbicyclo[3.3.1]non-
2-en-9-one (0-6-endo,7-exo-4f). Yellow oil; '"H NMR (500 MHz,
CDCl;) 0 5.85(ddd, J =9.4,4.0,3.1 Hz, 1 H), 5.39 (ddd, J = 9.4,
2.4,1.2Hz, 1 H), 422-4.07 (m, 4 H), 3.56 (td, J = 12.7, 4.6 Hz,
1 H), 3.03 (ddd, J = 18.9,4.0, 1.2 Hz, 1 H), 2.77 (d, J = 12.7 Hz,
1 H), 2.14 (dd, J = 12.7, 4.6 Hz, 1 H), 2.08 (ddd, J = 18.9, 3.1,
2.4Hz, 1H),1.67(t,J=12.7Hz, 1 H), 1.28 (t,J = 7.0 Hz, 3 H),
1.23 (t, J = 7.0 Hz, 3 H), 1.14 (s, 3 H), 1.13 (s, 3 H); "C NMR
(125 MHz, CDCl;) 0 213.3, 173.8, 171.5, 132.6, 128.9, 61.0, 60.8,
56.0,46.4,46.1,42.5,40.1, 38.8,22.2,21.4, 14.2, 14.1; HR-EIMS:
m/z calcd for C;H,,O5 [M*]: 308.1624. Found: 308.1635; anal.
caled for C;H,,Os: C, 66.21; H, 7.84. Found: C, 66.01; H, 7.92.

7-ex0,8-exo-Diethoxycarbonyl-1,3-dimethylbicyclo[3.3.1]non-3-
en-2-one (y-6-¢xo,7-exo-4f). Yellow oil; "H NMR (500 MHz,
CDCl;) 0 6.82-6.78 (m, 1 H), 4.21-4.04 (m, 4 H), 2.88 (d, J =
5.2 Hz, 1 H), 2.79-2.74 (m, 1 H), 2.65 (dt, J = 13.0, 5.2 Hz, 1 H),
249 (td, J = 13.0, 4.6 Hz, 1 H), 2.21-2.15 (m, 1 H), 1.87-1.83
(m, 1 H), 1.84-1.80 (m, 1 H), 1.81 (s, 3 H), 1.28 (t, J/ = 7.0 Hz,
3H),1.20(t,J =7.0Hz, 3 H), 1.10 (s, 3 H); "C NMR (125 MHz,
CDCl;) 0 202.0, 173.4, 172.2, 148.2, 137.4, 60.7, 60.2, 47.3, 44.2,
37.8,35.4,30.5,23.8,23.0, 15.8, 14.1, 14.0; HR-EIMS: m/ z calcd
for C,;H,,0; [M*]: 308.1624. Found: 308.1634; anal. calcd for
C;H,,0s: C, 66.21; H, 7.84. Found: C, 66.38; H, 7.86.

1-Methyl-5,6-exo0,7-exo-triethoxycarbonylbicyclo[3.3.1]non-2-
en-9-one (0-6-¢xo0,7-ex0-4g). Yellow oil; "H NMR (500 MHz,
C;D;CD;) 5 5.25(dt,J =9.4,3.4Hz, | H),4.98 (ddd, J =9.4,2.4,
1.5 Hz, 1 H), 4.10-3.88 (m, 6 H), 3.40 (dd, J = 4.5, 1.8 Hz, 1 H),
3.24 (dt, J = 13.1,4.5 Hz, 1 H), 3.20 (ddd, J = 19.2, 3.4, 2.4 Hz,
1 H), 2.54 (t, J = 13.1 Hz, 1 H), 2.02 (ddd, J = 19.2, 3.4, 1.5 Hz,
1 H), 1.57 (ddd, J = 13.1, 4.5, 1.8 Hz, 1 H), 1.11 (s, 3 H), 1.08 (t,
J=70Hz 3H), 1.05(t J=7.0Hz 3H),098(t,J=7.0Hz,
3 H); *CNMR (125 MHz, C,D;CD;) ¢ 203.8, 171.6, 170.5, 170.5,
135.2, 127.1, 61.6, 60.8, 60.7, 59.1, 55.2, 45.6, 40.4, 39.5, 37.9,
21.6, 14.2, 14.1, 14.0; HR-EIMS: m/z calcd for C,iH,O; [M*]:
366.1679. Found: 366.1676; anal. calcd for C,,H,,O,: C, 62.28; H,
7.15. Found: C, 62.15; H, 7.19.

1-Methyl-5,6-¢ndo,7-endo-triethoxycarbonylbicyclo[3.3.1]non-2-
en-9-one (0-6-endo,7-endo-4g). Yellow oil; "H NMR (500 MHz,
CDCl;) 0 5.62 (ddd, J =9.4,4.6,2.4Hz, 1 H), 5.48 (dd, J = 9.4,
2.4 Hz, 1 H), 4.28-4.12 (m, 4 H), 4.10 (q, J = 7.0 Hz, 2 H), 3.91
(d,J=82Hz, 1H),3.18(dt,J =18.3,2.4Hz, 1 H), 3.03(dd, J =
18.3,4.6 Hz, 1 H), 2.84 (td, J = 8.2, 7.3 Hz, 1 H), 2.28 (dd, J =
13.4,8.2 Hz, 1 H), 2.10 (dd, J = 13.4,7.3 Hz, 1 H), 1.29 (t, J =
7.0 Hz, 3 H), 1.27 (t, J = 7.0 Hz, 3 H), 1.22 (t, J/ = 7.0 Hz, 3 H),
1.14 (s, 3 H); *C NMR (125 MHz, CDCl;) ¢ 208.2, 173.6, 171.9,
170.2, 136.2, 124.6, 61.6, 61.1 (x2), 59.4, 51.0, 45.1, 40.0, 39.6,
39.5, 21.6, 14.1, 14.0, 13.9; HR-EIMS: m/z calcd for C,iH,0;
[M*]: 366.1679. Found: 366.1694; anal. calcd for C,,H,O,: C,
62.28; H, 7.15. Found: C, 62.07; H, 7.31.

1-Methyl-5,6-endo,7-exo-triethoxycarbonylbicyclo[3.3.1]non-2-
en-9-one (0-6-endo,7-exo-4g). Yellow oil; '"H NMR (500 MHz,
CDCl;) 6 5.87 (ddd, J =9.4,4.3,2.7 Hz, | H), 5.35(ddd, J =94,
2.7, 1.2 Hz, 1 H), 4.31 (dq, J = 10.7, 7.0 Hz, 1 H), 4.27 (dq, J =
10.7,7.0 Hz, 1 H), 4.17 (q, J = 7.0 Hz, 2 H), 4.14 (dq, J = 10.7,
7.0 Hz, 1 H), 4.09 (dq, J = 10.7, 7.0 Hz, 1 H), 4.03 (dd, J = 13.1,
1.2Hz, 1 H), 3.43 (td, J = 13.1, 4.6 Hz, 1 H), 3.39-3.32 (m, 1 H),
2.53(ddd, J =19.5,4.3, 1.2 Hz, | H), 2.09 (dd, J = 13.1, 4.6 Hz,
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1 H), 1.79 (t, J = 13.1 Hz, 1 H), 1.34 (t, J = 7.0 Hz, 3 H), 1.27
(t,J =7.0Hz, 3 H), 1.20 (t, J = 7.0 Hz, 3 H), 1.14 (s, 3 H); °C
NMR (125 MHz, CDCl;)6 207.9,173.9, 170.6, 170.1, 132.0, 128.0,
61.7, 61.5, 61.1, 59.0, 51.8, 46.4, 40.6, 39.3, 35.4, 20.7, 14.1, 14.0,
13.9; HR-EIMS: m/z calcd for C,,H,0O, [M*]: 366.1679. Found:
366.1668; anal. calcd for C,,H,O;: C, 62.28; H, 7.15. Found: C,
62.01; H, 7.43.

3-Methyl-1,7-ex0,8-exo-triethoxycarbonylbicyclo|3.3.1]non-3-en-
2-one (y-6-exo,7-exo-4g). Yellow oil; '"H NMR (500 MHz,
CDCl;) 0 6.86-6.83 (m, 1 H), 4.27-4.04 (m, 6 H), 3.50 (d, J =
5.4 Hz, 1 H), 2.87-2.83 (m, 1 H), 2.76 (ddd, J = 13.2, 3.5, 1.8 Hz,
1 H), 2.73 (ddd, J = 13.2, 5.4, 3.5 Hz, 1 H), 2.58-2.53 (m, 1 H),
2.03(td,J =13.2,4.0Hz, 1 H), 1.84 (bs, 3 H), 1.70-1.64 (m, 1 H),
1.26 (t, J = 7.0 Hz, 3 H), 1.25 (t, J = 7.0 Hz, 3 H), 1.23 (t, J =
7.0 Hz, 3 H).

7-endo-tert-Butoxycarbonyl-2-ethoxy-5-ethoxycarbonylbicyclo-
[3.3.1]non-2-en-9-one  (v-endo-4h). Yellow oil; 'H NMR
(500 MHz, CDCl;) ¢ 4.56 (dd, J = 4.6, 2.7 Hz, 1 H), 4.27-4.20
(m, 2 H), 3.74-3.68 (m, 2 H), 3.11 (dd, J = 16.8, 2.7 Hz, 1 H),
2.84 (tt, J = 5.3, 2.4 Hz, 1 H), 2.82-2.76 (m, 1 H), 2.72-2.57 (m,
4 H), 2.17 (dt, J = 13.7, 5.3 Hz, 1 H), 1.46 (s, 9 H), 1.31 (t, J =
7.0 Hz, 3 H), 1.30 (t, J/ = 7.0 Hz, 3 H); *C NMR (500 MHz,
CDClL,) 0 207.6, 172.2, 171.7, 151.6, 93.2, 80.7, 62.8, 61.4, 56.9,
49.1, 37.1, 36.8, 32.8, 32.2, 28.0 (x3), 14.5, 14.1; HR-EIMS: m/z
calcd for CyH,sO4 [M*]: 352.1886. Found: 352.1879; anal calcd
for C,yHyO4: C, 64.75; H, 8.01. Found: C, 64.61; H, 8.05.

7-exo-tert-Butoxycarbonyl-2-ethoxy-5-ethoxycarbonylbicyclo-
[3.3.1]non-2-en-9-one  (w-exo-4h). Yellow oil; 'H NMR
(500 MHz, CDCl;) 6 4.81 (t, J = 3.7 Hz, 1 H), 4.27-4.20
(m, 2 H), 3.78-3.72 (m, 2 H), 3.30 (dd, / = 17.4, 1.2 Hz, 1 H),
3.01 (tt, J =12.8,4.3 Hz, 1 H),2.91 (t,/ =3.4 Hz, | H), 2.52 (td,
J=128,1.2Hz, 1H),2.44(dd, J =17.4,4.0 Hz, | H), 2.33 (ddt,
J=128,4.3,3.4Hz 1 H),2.21 (dt, J = 12.8, 4.3, 3.4 Hz, | H),
2.02(td, J =12.8,3.4 Hz, 1 H), 1.45 (s, 9 H), 1.32-1.27 (m, 6 H);
BC NMR (500 MHz, CDCl;) ¢ 206.4, 173.1, 171.3, 150.5, 94.2,
81.0, 63.0, 61.6, 56.9, 50.1, 40.6, 37.0, 34.0, 33.4, 28.0 (x3), 14.4,
14.1; HR-EIMS: m/z calcd for C,,H,5O; [M*]: 352.1886. Found:
352.1888.

7-endo-tert-Butoxycarbonyl-4-ethoxy-1-methylbicyclo[3.3.1]non-
3-en-2-one (y-endo-4h). Yellow oil; "H NMR (500 MHz, CDCl;)
0 5.22 (s, 1 H), 4.24-4.15 (m, 2 H), 3.90 (dq, J = 9.4, 7.0 Hz,
1 H), 3.80 (dq, / = 9.4, 7.0 Hz, 1 H), 2.84 (dd, J = 14.6, 1.5 Hz,
1 H), 2.70-2.65 (m, 2 H), 2.65-2.59 (m, 2 H), 1.92 (dd, J = 14.6,
7.6 Hz, 1 H), 1.72(dd, J = 12.5, 2.4 Hz, 1 H), 1.70-1.64 (m, 1 H),
1.40 (t, J/ = 7.0 Hz, 3 H), 1.38 (s, 9 H), 1.24 (t, / = 7.3 Hz, 3 H);
BC NMR (125 MHz, CDCl;) 6 196.0, 179.3, 172.8, 172.5, 103.6,
80.9, 64.6, 60.8, 52.3, 36.5, 36.1, 34.2,29.2, 27.5 (x3), 25.8, 14.2,
14.0; HR-EIMS: m/z calcd for C,,H,5sO, [M*]: 352.1886. Found:
352.1884; anal calcd for C,yH5O4: C, 64.75; H, 8.01. Found: C,
64.58; H, 7.95.

7-endo-tert-Butoxycarbonyl-7-exo-(2'-tert-butoxycarbonyl-2'-pro-
penyl)-2-ethoxy-1,5-dimethylbicyclo[3.3.1]non-2-en-9-one ®).
Yellow oil; "H NMR (500 MHz, C(DsN) ¢ 6.16 (bs, 1 H), 5.53
(ddd, J =9.4,4.3,2.4 Hz, | H), 5.47 (bs, 1H), 5.37-5.33 (m, 1 H),
2.88(dd, J = 18.0,4.3 Hz, | H), 2.78 (dd, J = 13.9, 3.7 Hz, 1 H),
2.71(dd, J =13.9,3.7Hz, 1 H), 2.59 (d, J = 13.1 Hz, 1 H), 2.55

(d, J =13.1 Hz, 1 H), 2.23-2.16 (m, 1 H), 1.68 (d, J = 13.9 Hz,
1H), 1.66(d,J=13.9Hz, 1 H), 1.48 (s, 9 H), 1.47 (s, 9 H), 1.16 (s,
3 H), 1.12 (s, 3 H); "C NMR (125 MHz, C,D;N) ¢ 215.9, 173.7,
166.8, 138.5, 134.2, 128.7, 128.1, 81.0, 80.7, 48.8, 48.3, 47.1, 46.3,
45.4,43.9, 43.7, 28.1 (x3), 27.9 (x3), 24.9, 22.2; HR-EIMS: m/z
calcd for C,,H;,O5 [M*]: 404.2563. Found: 404.2577; anal. calcd
for C,,H;,O5: C, 71.26; H, 8.97. Found: C, 71.09; H, 8.88.

6-Ethoxycarbonyl-6-ethoxycarbonylmethyl-1,3-dimethylbicyclo-
[3.2.1]oct-3-en-2-one (6). Major : minor ca. 3 : 2; major-6: yellow
oil; "H NMR (500 MHz, CDCl;) 6 6.79-6.76 (m, 1 H), 4.15-4.06
(m, 4 H), 3.14 (d, J = 15.5 Hz, 1 H), 2.80 (dd, J = 7.0, 4.3 Hz,
1 H), 2.66 (d, J = 15.5 Hz, 1 H), 2.57 (d, J = 14.6 Hz, 1 H),
1.96-1.92 (m, 1 H), 1.86 (ddd, J =11.9,4.3, 1.8 Hz, 1 H), 1.72 (d,
J=15Hz 3H),1.58(d,J=14.6Hz, 1 H), 1.26 (s, 3 H), 1.23 (1,
J=70Hz,3H),1.22(t,J = 7.0 Hz, 3 H); *C NMR (125 MHz,
CDCl;) 0 203.1, 173.6, 170.7, 146.2, 135.8, 60.9, 60.8, 56.5, 53.7,
47.1,45.7,45.3,41.4,20.7, 15.1, 14.1, 14.1; HR-EIMS: m/z caled
for C,;H,,0; [M*]: 308.1624. Found: 308.1612; anal. calcd for
C;H,,Os: C, 66.21; H, 7.84. Found: C, 66.49; H, 7.76; minor-6:
yellow oil; '"H NMR (500 MHz, CDCl;) 6 6.92-6.88 (m, 1 H),
4.25-4.14 (m, 2 H), 4.10 (q, / = 7.0 Hz, 2 H), 3.08 (dd, J = 7.3,
4.0 Hz, 1 H), 2.82 (d, J = 16.1 Hz, 1 H), 2.59 (d, J = 14.6 Hz,
1 H),2.53(d,J =16.1 Hz, 1 H), 1.95 (ddd, J = 11.6, 4.0, 1.5 Hz,
1 H),1.85(d,J =11.6 Hz, 1 H), 1.80 (d, / = 1.5 Hz, 3 H), 1.46
(dd,J =14.6,1.5Hz, 1 H), 1.28 (t,/ = 7.0 Hz, 3 H), 1.27 (s, 3 H),
1.23 (t, J = 7.0 Hz, 3 H); *C NMR (125 MHz, CDCl;) ¢ 204.1,
175.6, 171.1, 147.0, 136.0, 61.4, 60.7, 56.0, 52.7 (x2), 45.7, 42.5,
42.0, 19.9, 15.3, 14.1, 14.1; HR-EIMS: m/z calced for C,;H,,O5
[M*]: 308.1624. Found: 308.1610.

1,5-Dimethyl-7-endo-hydroxycarbonylbicyclo[3.3.1]non-2-en-9-
one (0-endo-7). Yellow oil; "TH NMR (500 MHz, CDCl;) é 5.66
(dt,J =9.5,3.9Hz, 1 H),5.21 (ddd, J =9.5,2.4,1.5Hz, 1 H), 3.15
(tt, J = 12.8, 4.4 Hz, 1 H), 2.37 (ddd, J = 18.7, 3.9, 1.3 Hz, 1H),
2.18(ddd, J =18.7,3.9,2.4 Hz, 1 H), 2.10-1.99 (m, 2 H), 1.79 (dt,
J=128,1.3Hz, 1 H), 1.76 (t, J = 12.8 Hz, 1 H), 1.11 (s, 3 H),
1.04 (s, 3 H); "C NMR (125 MHz, CDCl;) ¢ 215.0, 176.6, 133.1,
128.6,46.5,46.2,45.0,44.3,43.5,37.7,23.8,21.6; EI-HRMS: m/z
calcd for C,,H,,0; [M*]: 208.1099. Found: 208.1101.

1,3-Dimethyl-7-endo-hydroxycarbonylbicyclo[3.3.1]non-3-en-2-
one (y-exo-7). Yellow oil; '"H NMR (500 MHz, CDCl;) 6 6.74—
6.71 (m, 1 H), 2.76-2.71 (m, 1 H), 2.56 (tt, J = 13.0, 4.4 Hz, 1 H),
2.12-2.06 (m, 1 H), 1.93-1.87 (m, 2 H), 1.81 (s, 3 H), 1.69 (td, J =
13.0,3.9 Hz, 1 H), 1.56 (ddd, J = 12.7, 2.5, 1.9 Hz, 1 H), 1.42 (t,
J=13.0Hz, 1 H), 1.12 (s, 3 H).

X-Ray structure determinationZ

A crystal suitable for X-ray structure determination was mount
on a Mac science DIP2030 imaging plate equipped with graphite-
monochromated Mo Ka radiation (A = 0.71073 A). Unit-cell
parameters were determined by autoindexing several images in
each data set separately with the DENZO program.* For each
data set, rotation images were collected in 3° increments with a
total rotation of 180° about ¢ (60 frames). Data were processed by
using the SCALEPACK program.? The structure were solved by
a direct method and refined by full-matrix least-squares methods
with the TeXsan (Rigaku) program.?
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A new archetype of steroid—amino acid hybrids containing a nine membered D-ring with hetero atoms
has been synthesized for the first time from estrone and amino acids by using Yamaguchi coupling

reactions.

Introduction

Nature remains the unending source for biologically important
natural products of molecular diversity and complexity. These
naturally occurring molecules, which are essentially derived from
particular or combined biosynthetic pathways, possess novel
physical, chemical and biological properties.! The human quest to
acquire novel molecules with interesting properties has generated
anidea of architecting an inexhaustible reservoir of novel synthetic
endeavours by rationally combining two or more different classes
of natural products.> During the past two decades, the design
and synthesis of such molecular structures have received much
attention and these have been referred to as ‘hybrid molecules’.

Hybrids or conjugates between hydrophobic steroids and hy-
drophilic amino acids or peptides, i.e. peptidyl steroids, have been
reported to play important roles to enhance oral antiarrhythmic
activity, to promote delivering prodrugs to specific target tissues
and to achieve ‘permissive action’.** Several peptidyl steroids such
as polymastiamide A, a tyrosine conjugated steroid analog iso-
lated from the Norwegian marine sponge Polymastia boletiformis
exhibiting antimicrobial activity and bufetoxin, a 3-arginyl derived
steroid product isolated from the Chinese hoptoad have been
reported.® Moreover, cholyl glycine or cholyl taurine which exists
in the bile of animals and contains a glycyl or a taurinyl group at
the 17-position of the steroid, has led to the development of several
steroid—amino acid conjugates for estrogen dependent biological
activity,” “C-cholyl-glycine breath test,® and as antidepressant
agents.” To date, it is mainly peptidyl steroids of the androstane
and estrone series comprising amino acids or peptides attached
with the unchanged nucleus of steroids through an amide or
ester bond, that have been synthesized and examined. There is
no reported example of a chiral amino acid incorporated D-ring
modified peptidyl steroid.

Results and discussion

Here we describe the design and synthesis of a new archetype
of ‘steroid—amino acid hybrid’ 1 with amino acids incorporated
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stitute, Chattar Manzil Palace, Lucknow 226001, UP, India. E-mail:
gautam.panda@gmail.com

+ CDRI Communication number 6739.

1 Electronic supplementary information (ESI) available: '"H and *C NMR
spectra of compounds 3-17 and "H-"H COSY, HSQC and HMBC spectra
of 3b. See DOI: 10.1039/b616155¢

onto the D-ring of steroid 2 (Fig. 1). The projected molecule 1,
having a constrained nine membered D-ring with hetero atoms
on the steroidal framework, provides a highly efficient access to
novel molecular hybrids. To the best of our knowledge, only one
example of a nine membered D-ring on a steroid using Heck
coupling is reported. Intramolecular macrolactonization on a
steroidal framework to furnish a nine membered D-ring has not
been reported so far.

Fig. 1 Structures of projected molecule 1 and estrone 2.

Retrosynthetic analysis revealed that projected molecule 1 could
be accessed from 3 which could be obtained from building blocks
seco-estrone aldehyde 4 and amino acid 5 through utilization of
reductive amination and macrolactonization (Scheme 1).

Reductive Amination

\.Rz R
g1 CHO
. A -
1= \o = I\ NG OR' "1 N“coH
RO Macrolactonization RO Z 4 5
3

Scheme 1 Retrosynthetic analysis of target molecule.

The synthesis of seco-estrone aldehyde 4 was accomplished
from readily available estrone 2 (Scheme 2). Alkylation of estrone
2 with benzyl bromide-K,CO; followed by base and an iodine
mediated haloform reaction gave marrianolic acid benzyl ether
6 (75%)." LAH reduction of 6 led to diol 7 (35%). The overall
yield of 7 from 2 was very poor (26%). It was therefore decided to
develop an alternative strategy for large scale access to 7. Towards
this objective, estriol 8 was initially synthesized from 2 following
literature procedures.’ The phenolic hydroxy of 8 was benzylated
to give 9 (95%). The vicinal hydroxyl groups of estriol 3-benzyl
ether 9 were subjected to periodate cleavage (NalQ,) to deliver the
dialdehyde 10 which was subjected to LAH reduction to furnish
7 with 62% overall yield. Further, the C;s hydroxyl group of
diol 7 was selectively protected as TBDMS derivative 11 (67%)
by treatment of alcohol 7 with 1 : 1 equivalents of TBDMSCI
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Scheme 2 Synthesis of key intermediate D-seco estrone aldehyde 4.
Reagents and conditions: a) LAH, THF, 0-5 °C, 1 h, 35%; b) benzyl
bromide, K,CO;, acetone, reflux, 8 h, 95%; c¢) NalO,, methanol-H,O (4 :
1),0°C, 24 h; d) LAH, THF, 0-5 °C, 1 h, 81% (two steps); ¢€) TBDMSCI,
imidazole, DCM, 0 °C-rt, 6 h, 67%; f) TPAP, NMO, MS 4 A, DCM, rt,
1 h, 82%.

and imidazole. TPAP mediated oxidation of the primary hydroxyl
group in 11 led to the key aldehyde 4 in 82% yield. The aldehyde
4 was prepared on a large scale for the execution of reductive
amination with chiral amino acid ester.

Reductive amination of 4 with amino acid methyl ester
hydrochloride®® 12a—¢ in the presence of NaBH;CN and acetic
acid was performed to afford amine 14a (30%), 14b (34%) and 14¢
(31%). Yield of the amine 14a—c was improved (80%, 78% and 73%
respectively) by performing the reaction in two steps through initial
formation of imine 13a—c followed by reduction with NaBH,. It
was decided to convert the secondary amine to a tertiary one to
avoid unnecessary reactions in the next steps. Treatment of amine
14a—c with Mel-K,CO; in acetone furnished the fully protected
product 15a (97%), 15b (95%) and 15¢ (93%). Upon exposure to
AcOH-H,0-THF (3:1:1)at 50-60 °C, deprotection of TBDMS
ether occurred to afford the alcohol 16a (66%), 16b (63%) and 16¢
(70%).

Finally the methyl ester of 16a—c¢ was hydrolyzed in the presence
of 1 N NaOH-dioxane to furnish the hydroxy acid 17a (70%),
17b (67%) and 17¢ (72%). The hydroxy acid was then subjected to
macrolactonization using the Yamaguchi method™ to furnish the
corresponding lactone 3a (53%), 3b (63%) and 3¢ (42%) which can
afford the target molecule 1 on deprotection of a benzyl group,
Scheme 3. The structure of steroid-amino acid hybrid 3a—c was
secured from incisive analysis of 'H, *C NMR, 'H-'"H COSY,
HSQC and HMBC spectra.

In conclusion, we have demonstrated a new prototype of
steroid—amino acid hybrid 1 from easily available estrone 2 and
amino acids i.e. alanine, phenyl alanine and isoleucine through
a series of simple and efficient steps involving NalO, cleavage of
estriol, reductive amination and Yamaguchi coupling reactions.
A simple and convenient approach to access chiral amino acid
incorporated D-ring modified steroid—amino acid hybrids (pep-
tidyl steroids) is described. In the process, we have synthesized
several important molecules such as diol, D-seco estrone aldehyde
and and D-seco estrone amino acid conjugates which can be used
as advanced intermediates for accessing new steroid derivatives.

Ry

a
4 + HCLHNT “CO,CHy —

12a, 13a, 14a,15a, | CH;
16a, 17a ,3a.

12b, 13b, 14b, 15b, [ CH,Ph
16b, 17b, 3b.

12c, 13c, 14c, 15¢,

160, 17¢. 3¢ CH (CH3) CH,CH,4 BnO

Scheme 3 Synthesis of 3a—c. Reagents and conditions: a) TEA,
methanol-THF (4 : 1), reflux-rt, 12 h; b) NaBH,, methanol, 0-5 °C,
1 h, 14a = 80%, 14b = 78% and 14c = 73% for two steps; ¢) Mel,
K,CO;, acetone, rt, 24 h, 15a = 97%, 15b = 95% and 15¢ = 93%; d)
AcOH-H,O-THF (3:1:1),60°C, 2 h, 16a = 66%, 16b = 63% and 16¢c =
70%; ¢) 1 N NaOH, dioxane, 60 °C, 1 h, 17a = 70%, 17b = 67% and 17¢ =
72%; 1) 2,4,6-C1;C,H,COCI, Et;N, THF, rt, then DMAP, PhMe, reflux,
3a = 53%, 3b = 63% and 3¢ = 42%.

Additionally, the acid functionality of 17a—c can be further
coupled with other amino acids to elaborate macrocyclic steroid—
amino acid hybrids for interesting biological functions. Efforts in
this direction are in progress.

Experimental
General

All the reactions were monitored by thin layer chromatography
oversilica gel coated TLC plates. The spots on TLC were visualized
by warming ceric sulfate (2% CeSO, in 2 N H,SO,) sprayed plates
on a hot plate or in an oven at about 100 °C. Silica gel 60-120
mesh was used for column chromatography. Melting points were
recorded on an electrically heated apparatus and are uncorrected.
IR spectra were recorded on a Perkin Elmer 881 or FT IR 820/PC
instrument and values are expressed in cm™!. Electron impact mass
spectra were recorded on a JEOL (Japan)/D-300 instrument and
FAM mass spectra were recorded on a JEOL SX 102/DA-6000
mass spectrometer using Argon/Xenon (6 KV, 10 MA) as the FAB
gas. "H and "C NMR spectra were recorded on a Bruker Avance
DPX 200 MHz instrument using TMS as an internal reference.
Chemical shift values are expressed in ¢ ppm. Specific rotation
was determined with a Rudolph Autopol III" polarimeter at
28 °C. Elementary analysis was carried out on a Carlo ERBA-1108
analyzer. Commercially available grades of organic solvents of
adequate purity were used in many reactions. Acetone was refluxed
with KMnO, for 4 h, after that it was distilled and stored in a
bottle containing dried K,CO;. Benzene was refluxed with freshly
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cut and dried sodium metal pieces pressed in 3 A sieves for 4-6 h.
It was distilled and stored in a dry bottle. Tetrahydrofuran was
dried initially over calcium sulfate and then refluxed over lithium
aluminium hydride. Peroxide was removed by passage through a
column of alumina and distilled and stored over molecular sieves
3A.

Experimental procedure

Diol 7. To a stirred solution of estriol 3-benzyl ether 9 (2.62 g,
6.93 mmol) in methanol (40 ml) at 0 °C was added a solution of
NalO, (2.22 g, 10.40 mmol) in water (10 ml). After stirring at 0 °C
for 24 h, the methanol was evaporated in vacuo at low temperature.
The aqueous solution was extracted with CH,Cl, twice. The
combined organic layer was washed with water, brine, dried over
Na,S0O, and concentrated under vacuum to yield dialdehyde 10
(3.0 g) as a yellow viscous oil which was used as such for the next
step.

Dialdehyde 10 (3.0 g) in THF (5 ml) was added dropwise to a
stirred solution of LAH (0.45 g, 11.97 mmol) in 40 ml of THF
at 0 °C. The resulting solution was stirred at rt for 1 h. After
completion (monitored by TLC), the reaction was quenched with
ethyl acetate followed by water at 0 °C. The aqueous layer was
extracted twice with ethyl acetate. The combined organic layer was
washed with brine, dried over anhydrous Na,SO, and concentrated
under vacuum. The residue was chromatographed over silica gel
and elution with 40% ethyl acetate in hexane (R; = 0.5) furnished
diol 7 (2.12 g, 81%) as white solid, mp 135 °C. IR (KBr): 3336,
2920, 1606, 1255, 1035, 740 cm™'. '"H NMR (200 MHz, CDCl;):
0 7.44-7.20 (m, 6H, -O-CH,-C,H; and C-1-H), 6.78 (dd, 1H,
J; =28.6,J,=24,C-2-H), 6.70 (d, 1H, J = 2.4, C-4-H), 5.02
(s, 2H, -O-CH,~CHs), 4.00-3.85 (m, 1H, C-16-H), 3.67 (d, 1H,
J =117, C-17-H), 3.61-3.46 (m, 1H, C-16-H), 3.09 (d, IH, J =
11.7, C-17-H), 2.85-2.83 (m, 2H, C-6-H,), 2.33-2.26 (m, 2H),
2.01-1.95 (m, 2H), 1.75-1.28 (m, 7H), 0.69 (s, 3H, C-18-H,). *C
NMR (50 MHz, CDCl,): ¢ 157.1 (C-3), 138.2 (C-5), 137.7, 133.4
(C-10), 128.9, 128.2, 127.9, 127.0 (C-1), 114.8 (C-4), 112.9 (C-2),
70.5 (C-17), 70.4 (-O-CH,—C¢Hs), 64.3 (C-16), 43.9, 42.2, 41.2,
38.9 (C-13), 35.7, 31.0, 30.3 (C-6), 27.8 (C-12), 27.0 (C-11), 16.4
(C-18). MASS (FAB): m/z (%0): 380 (100, [M*]), 363 (40, [M*—
OH)]). Anal. Calcd for (C,sH3,0;5): C, 78.91; H, 8.48%. Found: C,
79.17; H, 8.60%.

TBDMS derivative 11. To a solution of diol 7 (2 g, 5.26 mmol)
in CH,Cl, (20 ml) at 0 °C was added imidazole (0.36 g, 5.26 mmol)
followed by TBDMSCI (0.79 g, 5.26 mmol). The mixture was
stirred at rt overnight. The reaction was quenched with H,O and
diluted with CH,Cl,. The aqueous layer was extracted with CH,Cl,
twice. The combined organic layers were dried over Na,SO, and
concentrated under vacuum. The residue was chromatographed
over silica gel and elution with 10% ethyl acetate in hexane (R; =
0.5) furnished 11 (1.75 g, 67%) as a white solid, mp 77 °C with
recovery of starting material 7 (0.592 g, 30%). IR (KBr): 3473,
2927, 1500, 1463, 1253, 1046, 836 cm™'. '"H NMR (200 MHz,
CDCl): 6 7.28-7.22 (m, 5H, -O-CH,-C¢H5), 7.12 (d, I1H, J =
8.6,C-1-H), 6.69 (dd, 1H, J, = 8.6, J, =2.4,C-2-H), 6.59 (d, 1H,
J=2.4,C-4-H),4.97 (s,2H,-O-CH,-C¢H;), 3.85-3.69 (m, 1 H, C-
16-H), 3.55(d, 1H, J = 12, C-17-H), 3.43-3.32 (m, 1H, C-16-H),
295(d, IH, J = 12, C-17-H), 2.73-2.72 (m, 2H, C-6-H,), 2.32—

2.09 (m, 2H), 1.95-1.91 (m, 9H), 0.81 {s, 9H, -C(CH,);}, 0.56
(s, 3H, C-18-H), 0.04 {s, 6H, —-Si(CH;),—}. "C NMR (50 MHz,
CDCly): 6 157.1 (C-3), 138.1 (C-5), 137.7, 133.4 (C-10), 128.9,
128.2, 127.8, 127.1 (C-1), 114.9 (C-4), 112.9 (C-2), 70.9 (C-17),
70.3 (-O-CH,-CHj;), 65.8 (C-16), 44.0, 42.3, 41.0, 38.9 (C-13),
35.8, 31.0, 30.8 (C-06), 27.8 (C-12), 27.1(C-11), 26.5 {~C(CH;):},
19.1{-C(CH;);}, 16.3 (C-18), —4.9 {Si(CH;),-}. MASS (FAB):
m/z (%): 495 (40, [M* + H]), 363 (70, [M*-OH,-TBDMS]). Anal.
Calcd for (C;,H,05S1): C, 75.25; H, 9.37%. Found: C, 75.42; H,
9.64%.

Aldehyde 4. To a solution of 11 (1 g, 2.02 mmol) in CH,Cl,
(25 ml) were added molecular sieves (4 A) followed by NMMO
(0.41 g, 3.04 mmol). After stirring the mixture for 10 min, TPAP
(0.07 g, 0.20 mmol) was added and it was stirred at rt for 2 h. After
completion (monitored by TLC), the reaction mixture was diluted
with CH,Cl, and was washed with sodium sulfite, brine, saturated
CuSO, solution, dried over Na,SO, and concentrated in vacuo.
The residue was chromatographed over silica gel and elution with
10% ethyl acetate in hexane (R; = 0.6) furnished 4 (0.82 g, 82%)
as white solid, mp 80 °C. IR (KBr): 3417, 2945, 1724, 1598, 1359,
1093, 837, 771 cm™'. "H NMR (200 MHz, CDCl;): 6 9.37 (s, 1H,
C-17-H), 7.36-7.29 (m, SH, -O-CH,-CH5), 7.16 (d, IH, J = 8.6,
C-1-H), 6.71 (dd, 1H, J, = 8.6, J, = 2.4, C-2-H), 6.67 (d, 1H,
J =24,C-4-H), 498 (s, 2H, -O-CH,—C¢Hjs), 3.61-3.39 (m, 2H,
C-16-H,), 2.72-2.88 (m, 2H, C-6-H,), 2.35-2.22 (m, 2H), 2.15~
2.02 (m, 1H), 1.71-1.15 (m, 8H), 1.00 (s, 3H, C-18-H;), 0.85 {s,
9H, -C(CH;);}, 0.00 {s, 6H, -Si(CH;),~}. "C NMR (50 MHz,
CDCly): ¢ 207.0 (C-17), 157.3 (C-3), 138.2 (C-5), 137.6, 132.5
(C-10), 128.9, 128.3, 127.8, 126.8 (C-1), 114.9 (C-4), 113.0 (C-2),
70.3 (-O-CH,—C¢Hj), 63.4 (C-16), 51.1 (C-13), 43.6, 41.0, 40.6,
34.1, 33.0, 30.7 (C-6), 27.4 (C-12), 26.4 {-C(CH,);}, 25.8 (C-11),
18.7{-C(CH;);}, 13.4 (C-18), —4.8 {Si(CH;),-}. MASS (FAB):
m/z (%): 492 (60, [M*]), 491 (80, [M*-H]). Anal. Caled for
(C5H4,05S0): C, 75.56; H, 9.00%. Found: C, 75.76; H, 9.29%.

Amine 14a. To asolution of alanine methyl ester hydrochloride
12a (0.16 g, 1.13 mmol) in methanol (12 ml) was added triethyl
amine (0.21 ml, 1.50 mmol). After stirring the mixture for 5 min, a
solution of aldehyde 4 (0.37 g, 0.75 mmol) in THF (3 ml) was added
and the reaction mixture was refluxed for 2 h. After stirring at rt
overnight, the solvent was removed and the residue was dissolved
in ethyl acetate. The undissolved material was filtered off and the
filtrate was concentrated to afford the crude imine 13a (0.4 g).

To a solution of crude imine 13a (0.4 g) in methanol (15 ml),
NaBH, (0.04 gm, 1.04 mmol) was added in a small portion at
0 °C. After 15 min, the solvent was removed under vacuum and
the residue was passed through silica gel and elution with 10%
ethyl acetate in hexane (R; = 0.4) furnished 14a (0.35 g, 80%) as a
white solid, mp 72°C, [a]¥ +17 (¢ 2, MeOH). IR (KBr): 3570, 2935,
1737, 1598, 1463, 1251, 1093, 840, 775 cm~'. "H NMR (200 MHz,
CDCl;):6 7.39-7.02 (m, 6H,-O-CH,-C4Hs and C-1-H), 6.61 (dd,
1H,J,=8.6,J,=2.4,C-2-H),6.58 (d, 1H, J = 2.4, C-4-H), 4.94
(s, 2H, -O-CH,—C¢Hjs), 3.65 (s, 3H, -CO,CH), 3.63-3.39 (m,
2H, C-16-H,), 3.26-3.06 (m, 1H, -CH-CHj;), 2.80-2.62 (m, 2H,
C-6-H,), 2.29 (s, 2H, C-17-H,), 2.28-2.01 (m, 3H), 1.65-1.47 (m,
4H), 1.40-1.09 (m, 4H), 1.22 (d, 3H, J = 7, -CH-CH,), 0.84 {s,
9H, -C(CH,;);}, 0.72 (s, 3H, C-18-H;), 0.00 {s, 6H, -Si(CH;),~}.
BC NMR (50 MHz, CDCL): 6 177.1 (-CO,CHjy), 157.1 (C-3),
138.4 (C-5), 137.9, 133.5 (C-10), 128.9, 128.2, 127.8, 126.9 (C-
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1), 114.8 (C-4), 112.8 (C-2), 70.3 (-O-CH,-C¢H;), 64.8 (C-16),
58.4 (C-17), 57.8 (-CH-CH,), 52.0 (-CO,CH,), 43.9, 42.4, 42.1,
37.9 (C-13), 36.9, 32.8, 31.0 (C-6), 28.0 (C-12), 26.9 (C-11), 26.5
{-C(CH,),}, 19.4 {~C(CH,);}, 18.9 (-CH-CH,), 18.1 (C-18),
—4.7 {Si(CH;),~}. MASS (FAB): m/z (%): 580 (100, M*). Anal.
Calcd for (C3sHs;NO,Si): C, 72.49; H, 9.21; N, 2.42%. Found: C,
72.71; H, 9.39; N, 2.51%.

Amine 14b. As described for 14a, phenylalanine methyl ester
hydrochloride 12b (0.20 g, 0.91 mmol) in methanol (15 ml), triethyl
amine (0.17 ml, 1.22 mmol), aldehyde 4 (0.3 g, 0.61 mmol) in THF
(3 ml) furnished imine 13b (0.33 g).

13b (0.33 g, 0.505 mmol) in methanol (15 ml), NaBH, (0.03 g,
0.76 mmol) furnished 14b (0.31 g, 78%) as a viscous oil, R; =
0.45 (10% ethyl acetate in hexane), [a]¥ +27 (¢ 2, MeOH). IR
(Neat): 3427, 2931, 1737, 1598, 1355, 1091, 839, 773 cm™'. 'H
NMR (200 MHz, CDCl;): 6 7.33-7.11 (m, 11H, -O-CH,-CH,
—CH-CH,-C4Hs and C-1-H), 6.58 (dd, 1H, J, = 8.6, J, = 2.4, C-
2-H), 6.65 (d, 1H, J = 2.4, C-4-H), 4.94 (s, 2H, -O-CH,-C4H;),
3.56 (s, 3H, -CO,CH,), 3.46-3.34 (m, 3H, C-16-H, and -CH-
CH,-C,Hs), 2.85(d, 2H, J = 6.8, -CH-CH,—C,Hs), 2.83-2.77 (m,
2H, C-6-H,),2.44-2.34 (m, 2H, C-17-H,), 2.26-2.09 (m, 3H), 2.02
(bs, IH,-NH-), 1.59-1.19 (m, 8H), 0.84 {s, 9H, -C—(CH;) }, 0.68
(s, 3H, C-18-H3), 0.00 {s, 6H, —-Si(CH;),~}. *C NMR (50 MHz,
CDCl;):0 175.8 (-CO,CH5;), 157.1(C-3), 138.4(C-5), 138.0, 137.7,
133.5 (C-10), 129.7, 128.9, 128.7, 128.2, 127.8, 127.0 (C-1), 114.8
(C-4),112.8 (C-2),70.3 (-O-CH,-CHj;), 64.7 (C-16), 64.5 (—CH-
CH,-C,Hs), 58.5 (C-17), 51.9 (-CO,CH,), 44.0, 42.4, 42.2, 40.4
(-CH-CH,—C¢Hjs), 38.2 (C-13), 36.8, 32.9, 31.0 (C-6), 28.0 (C-12),
26.9 (C-11),26.4 {~C(CH,);}, 18.8 {~C(CHs;),}, 18.1 (C-18), —4.6
{Si(CH;),~}. MASS (FAB): m/z (%): 656 (100, M* + H). Anal.
Calcd for (C, Hs;NO,Si): C, 75.07; H, 8.76; N, 2.14%. Found: C,
75.18; H, 8.88; N, 2.05%.

Amine 14c. As described for 14a, isoleucine methyl ester
hydrochloride 12¢ (0.17 g, 0.91 mmol) in methanol (15 ml), triethyl
amine (0.17 ml, 1.22 mmol), aldehyde 4 (0.3 g, 0.61 mmol) in THF
(3 ml) furnished imine 13¢ (0.35 g).

13c¢ (0.35 g, 0.57 mmol) in methanol (15 ml), NaBH, (0.03 g,
0.85 mmol) furnished 14¢ (0.28 g, 73%) as a viscous oil, R; =
0.5 (10% ethyl acetate in hexane), [a]?¥ +19.5 (¢ 2, MeOH). IR
(Neat): 3447, 2930, 1733, 1609, 1500, 1463, 1382, 1252, 1091,
837,759 cm™'. "H NMR (200 MHz, CDCl;): ¢ 7.36-7.21 (m, 5H,
-O-CH,-C4H5), 7.19-7.03 (d, I1H, J = 8.6, C-1-H), 6.65 (dd, 1H,
J; =8.6,J,=24,C-2-H), 6.62 (d, |H, J = 2.4, C-4-H), 4.92 (s,
2H, -O-CH,-CH;), 3.63 (s, 3H, -CO,CH;), 3.52-3.35 (m, 2H,
C-16-H,), 3.52-3.35 {m, 1H, -CH-CH—(CH;)-CH,~CH, }, 2.80-
2.68 (m, 2H, C-6-H,), 2.35-1.89 (m, 5H), 1.62-1.14 (m, 15H),
0.83 {bs, 12H, -C(CH);}, 0.69 (s, 3H, C-18-H;), 0.00 {s, 6H,
-Si(CH;),~}. "C NMR (50 MHz, CDCl;): 6 176.5 (-CO,CHs),
157.1 (C-3), 139.2 (C-5), 138.4, 133.6 (C-10), 128.9, 128.2, 127.8,
126.9 (C-1), 1149 (C-4), 112.8 (C-2), 70.3 (-O-CH,-C¢Hjy),
67.9 {~CH-CH—(CH;)-CH,-CH;}, 64.8 (C-16), 59.0 (C-17), 51.6
(-CO,CH;), 44.0,42.4,42.2, 39.0 {-CH-CH—(CH,)-CH,~CH, },
38.2 (C-13), 37.0, 33.0, 31.1 (C-6), 28.1 (C-12), 26.9 (C-11),
26.5 {-C(CH,);}, 26.2 {-CH-CH—(CH,;)-CH,-CH,}, 18.8
{-C(CH;),}, 18.3 (C-18), 16.2 {-CH-CH-(CH;)-CH,-CH.},
12.0 {-CH-CH-(CH,)-CH,-CH;}, —4.6 {Si(CH,),~}. MASS
(FAB): m/z (%): 621 (100, M*). Anal. Caled for (Ci3HyNO,Si):
C, 73.38; H, 9.56; N, 2.25%. Found: C, 73.45; H, 9.25; N, 2.12%.

N-Methyl amine derivative 15a. A mixture of 14a (0.2 g,
0.35 mmol), anhydrous K,CO; (0.24 g, 1.72 mmol), methyl iodide
(0.04 ml, 0.69 mmol) and dry acetone (15 ml) was stirred at room
temperature for 24 h. K,CO; was filtered off and the acetone was
removed in vacuo. The residue was diluted with water and extracted
with ethyl acetate. The organic layer was washed with water, brine,
dried over anhydrous Na,SO, and concentrated under vacuum.
The residue was chromatographed over silica gel and elution with
5% ethyl acetate in hexane (R; = 0.45) furnished 15a (0.20 g, 97%)
as a white semi solid, [a]¥ +39.5 (¢ 2, MeOH). IR (KBr): 3460,
2932, 1735, 1609, 1500, 1461, 1248, 1091, 772 cm™'. '"H NMR
(200 MHz, CDCl;): 6 7.30-7.17 (m, 5H, -O-CH,-C,H), 7.05 (d,
1H, J = 8.6, C-1-H), 6.69 (dd, 1H, J, = 8.6, J, = 2.4, C-2-H),
6.57 (d, 1H, J = 2.4, C-4-H), 4.93 (s, 2H, -O-CH,-C¢Hjs), 3.60
(s, 3H, -CO,CH;), 3.59-3.18 (m, 3H, C-16-H, and -CH-CH,),
2.81-2.67 (m, 2H, C-6-H,),2.55(d, IH,J =11.8,C-17-H), 2.31 (s,
3H,-N-CH;),2.29(d, 1H, J =11.8, C-17-H), 2.29-1.99 (m, 3H),
1.81-1.26 (m, 8H), 1.21 (d, 3H, J = 7.1, -CH-CH,), 0.84 {s, 9H,
-C(CH;);}, 0.77 (s, 3H, C-18-H,), 0.01 {s, 6H, —Si(CH;),~}. “C
NMR (50 MHz, CDCl,): 6 174.7 (-CO,CHj;), 157.1 (C-3), 138.3
(C-5), 137.7, 133.5 (C-10), 128.9, 128.2, 127.8, 127.0 (C-1), 114.8
(C-4), 112.8(C-2), 70.3 (-O-CH,—C¢Hjs), 67.8 (C-17), 64.8 (C-16),
64.0 (-CH-CH,;), 51.4 (-CO,CH;), 44.6, 44.1, 42.2, 40.7 (-N-
CH,), 40.2 (C-13), 37.9, 33.2, 31.0 (C-6), 28.0 (C-12), 26.9 (C-11),
26.5 {-C(CHs;);}, 18.9 {~C(CHy;);}, 16.7 (-CH-CH,), 16.0 (C-18),
—4.6 {Si(CH;),~}. MASS (FAB): m/z (%): 594 (100, M*). Anal.
Calcd for (C5sHssNO,SI): C, 72.80; H, 9.33; N, 2.36%. Found: C,
72.96; H, 9.49; N, 2.45%.

N-Methyl amine derivative 15b. As described for 15a, amine
14b (0.22 g, 0.34 mmol), K,CO; (0.23 g, 1.68 mmol), methyl iodide
(0.04 ml, 0.67 mmol) in acetone (15 ml) furnished 15b (0.21 g, 95%)
as a white semi-solid, R; = 0.5 (5% ethyl acetate in hexane), [a]?
+12.5 (¢ 2, MeOH). IR (KBr): 3375, 2935, 1738, 1598, 1352, 1245,
1089,771 cm~'. "HNMR (200 MHz, CDCl;): 6 7.32-7.08 (m, 1 1 H,
-O-CH,-C¢H;, -CH-CH,~-C,H; and C-1-H), 6.68 (dd, 1H, J, =
8.6,J,=2.4,C-2-H),6.61(d, 1H,J=2.4,C-4-H),4.93 (s,2H,-O-
CH,—C¢Hjy), 3.58 (s, 3H, -CO,CH,), 3.48-3.23 (m, 3H, C-16-H,
and -CH-CH,-C¢H;),2.97-2.71 (m, 2H,-CH-CH,-C(Hj;), 2.69—
2.52 (m, 2H, C-6-H,), 2.38-2.24 (m, 5H, C-17-H, and -N-CH,),
2.09-1.14 (m, 11H), 0.83 {s, 9H, -C—(CH;)s}, 0.63 (s, 3H, C-18-
H;),0.00 {s,6H,-Si(CH;),~}. "CNMR (50 MHz, CDCl;):6 173.3
(-CO,CHj;), 157.1 (C-3), 139.3 (C-5), 138.3, 137.8, 133.6 (C-10),
129.9, 128.9, 128.6, 128.2, 127.8, 127.0 (C-1), 126.7, 114.7 (C-4),
112.8 (C-2), 71.0 (-CH-CH,-C¢Hjs), 70.3 (-O-CH,-C¢Hjs), 68.2
(C-17), 64.7 (C-16), 51.4 (-CO,CH,;), 43.7, 43.5, 42.3, 40.5 (-N—
CH,), 40.4 (C-13), 37.4, 36.5 (-CH-CH,-C,Hj5), 33.2, 31.0 (C-6),
27.9 (C-12),26.9 (C-11), 26.5 {—-C(CHy;);}, 18.9 {~C(CH,);}, 17.0
(C-18), —4.6 {Si(CH;),~}. MASS (FAB): m/z (%): 670 (100, M*
+ H). Anal. Calcd for (C,H5,NO,Si): C, 75.29; H, 8.88; N, 2.09%.
Found: C, 75.45; H, 9.15; N, 2.19%.

N-Methyl amine derivative 15c. As described for 15a, amine
14¢ (0.2 g, 0.32 mmol), K,CO; (0.22 g, 1.61 mmol), methyl iodide
(0.04 ml, 0.64 mmol) in acetone (15 ml) furnished 15¢ (0.19 g,
93%) as a viscous oil, R; = 0.55 (5% ethyl acetate in hexane), [a]?
+12 (¢ 2, MeOH). IR (Neat): 3438, 2931, 2361, 1731, 1461, 1378,
1249, 1093, 772 cm™'. '"H NMR (300 MHz, CDCl;): 6 7.36-7.23
(m, 5H, -O-CH,-C¢H5), 7.13 (d, IH, J = 8.7, C-1-H), 6.70 (dd,
IH,J,=8.7,J,=2.5,C-2-H), 6.62 (d, I1H, J =2.4, C-4-H), 4.95
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(s,2H,-O-CH,-C¢Hj;), 3.62 (s, 3H, -CO,CH,;), 3.55-3.42 (m, 2H,
C-16-H,), 2.81-2.75 {m, 3H, -CH-CH—(CH;)-CH,-CH; and C-
6-H,}, 2.36-2.34 (m, 2H, C-17-H,), 2.27 (s, 3H, -N-CH,;), 2.26—
2.14 (m, 2H), 1.97-1.10 (m, 3H), 1.84-1.60 (m, 3H), 1.34-1.22
(m, 4H), 0.97-0.90 (m, 1H), 0.84 (bs, 12H, -C(CH5)5), 0.77-0.73
(m, 6H, C-18-H;), 0.72-0.66 (m, 1H), 0.00 {s, 6H, —Si(CH;),—}.
BC NMR (75 MHz, CDCl,): 6 172.8 (-CO,CH,;), 156.7 (C-3),
137.9 (C-5), 137.6, 133.1 (C-10), 128.5, 127.8, 127.4, 126.5 (C-1),
114.4 (C-4), 112.8 (C-2), 74.0 {~-CH-CH—(CH;)-CH,-CH,}, 69.9
(-O-CH,—C4Hs), 67.4 (C-17), 64.4 (C-16), 50.5 (-CO,CH,), 44.1,
43.6,41.8,40.240.2(C-13),39.0 (-N-CH,), 37.7, 34.5 {-CH-CH-
(CH;)-CH,-CH,}, 32.8, 30.6 (C-6), 29.6, 27.6 (C-12), 26.5 (C-11),
26.0 {-C(CH,);}, 25.1 {-CH-CH-(CH,)-CH,-CH,}, 184
{-C(CH;);}, 164 {-CH-CH-(CH;)-CH,~CH,}, 16.1 (C-18),
11.3 {-CH-CH-(CH,)-CH,-CH;}, —5.1 {Si(CH,),~}. MASS
(FAB): m/z (%): 636 (100, M* + H). Anal. Calcd for
(CH NO,Si): C, 73.65; H, 9.67; N, 2.20%. Found: C, 73.99;
H, 9.79; N, 2.30%.

Alcohol 16a. Compound 15a (0.15 g, 0.25 mmol) was heated
at 60 °C in acetic acid (3 ml), water (1 ml), THF (1 ml) 3 : 1 :
1) for 2 h. The solvent was removed under vacuum. The residue
was chromatographed over silica gel and elution with 30% ethyl
acetate in hexane (R; = 0.45) furnished 16a (0.08 g, 66%) as a
white semi-solid, [a]? +36.5 (¢ 2, MeOH). IR (KBr): 3400, 2927,
1732, 1598, 1353, 1236, 1037, 744 cm~'. '"H NMR (200 MHz,
CDCly): 6 7.40-7.26 (m, 5H, -O-CH,-C¢H5), 7.14 (d, I1H, J =
8.6, C-1-H), 6.72 (dd, 1H, J, = 8.6, J, = 2.4, C-2-H), 6.64 (d,
IH, J = 2.4, C-4-H), 5.00 (s, 2H, -O-CH,—C¢H;), 3.70 (s, 3H,
-CO,CH,), 3.69-3.35(m, 3H, C-16-H, and -CH-CHj;), 2.90-2.71
(m, 2H, C-6-H,), 2.31 (s, 3H, -N-CH), 2.30-2.11 (m, 2H, C-17-
H,), 2.07-2.03 (m, 2H), 1.75-1.62 (m, 4H), 1.49-1.21 (m, 5H),
1.21(d, 3H,J =7.1,-CH-CH,), 0.82 (s, 3H, C-18-H,. *C NMR
(50 MHz, CDCl;): 6 174.3 (-CO,CH;), 157.1 (C-3), 138.2 (C-5),
137.7, 133.2 (C-10), 128.9, 128.2, 127.8, 127.0 (C-1), 114.7 (C-4),
112.9 (C-2), 70.3 (-O-CH,-C¢Hjy), 67.3 (C-17), 64.1 (C-16), 63.7
(-CH-CH,), 51.6 (-CO,CH,;), 43.9, 43.5, 42.7, 39.7 (-N-CH,),
39.3 (C-13), 38.3, 33.0, 31.0 (C-6), 27.8 (C-12), 27.4 (C-11), 18.3
(-CH-CH,), 15.4 (C-18). MASS (FAB): m/z (%): 480 (100, M*).
Anal. Calcd for (C;H, NO,): C, 75.12; H, 8.62; N, 2.92%. Found:
C, 75.38; H, 8.76; N, 3.15%.

Alcohol 16b.  As described for 16a, 15b (0.17 g, 0.25 mmol) in
AcOH-H,O-THF (3:1:1) furnished 16b (0.09 g, 63%) as a white
semi-solid, R; = 0.5 (30% ethyl acetate in hexane), [a]2) +16.5 (¢ 2,
MeOH). IR (KBr): 3980, 2925, 1730, 1606, 1498, 1454, 1222, 1029,
763 cm~'. "H NMR (200 MHz, CDCl;): 6 7.44-7.14 (m, 11H, -O—
CH,-C,Hs,—-CH-CH,-C¢H; and C-1-H), 6.78 (dd, 1H, J, = 8.6,
J,=24,C-2-H), 6.64 (d, IH, J = 2.4, C-4-H), 5.01 (s, 2H, -O-
CH,-C¢Hjy), 3.65 (s, 3H, -CO,CH,;), 3.57-3.44 (m, 3H, C-16-H,
and -CH-CH,-C¢Hj), 3.05-2.85 (m, 2H,-CH-CH,—C¢Hj;), 2.8 1—
2.65 (m, 2H, C-6-H,), 2.55-2.25 (m, 5H, C-17-H, and -N-CH),
2.19-1.12 (m, 11H), 0.72 (s, 3H, C-18-H;). *C NMR (50 MHz,
CDCl;):6 173.2(-CO,CH;), 157.1(C-3),139.0 (C-5), 138.2,137.7,
133.4 (C-10), 129.9, 128.9, 128.6, 128.2, 127.8, 127.0 (C-1), 126.7,
114.7 (C-4), 112.9 (C-2), 70.9 (-CH-CH,-C4Hs), 70.3 (-O-CH,—
C¢Hs), 67.9 (C-17), 64.1 (C-16), 51.5 (-CO,CHj;), 43.6, 43.2, 42.5,
40.2 (-N-CH,), 40.0 (C-13), 37.6, 36.4 (-CH-CH,-CH;), 33.1,
31.0 (C-6), 27.8 (C-12), 27.1 (C-11), 17.9 (C-18). MASS (FAB):

m/z (%): 556 (100, M* + H). Anal. Calcd for (C;sH,;sNO,): C,
77.80; H, 8.16; N, 2.52%. Found: C, 77.99; H, 8.37; N, 2.77%.

Alcohol 16¢c.  As described for 16a, 15¢ (0.15 g, 0.24 mmol)
in AcOH-H,O-THF (3 : 1 : 1) furnished 16¢ (0.1 g, 70%) as
a transparent viscous liquid, R; = 0.55 (30% ethyl acetate in
hexane), [a]¥ +35 (¢ 0.8, MeOH). IR (Neat): 3989, 2927, 1734,
1611, 1490, 1459, 1228, 1021, 768 cm™'. '"H NMR (300 MHz,
CDCl;):6 7.43-7.19 (m, 6H,-O-CH,-C4Hs and C-1-H), 6.79 (dd,
1H,J,=8.7,J,=2.5,C-2-H),6.71 (d, 1H, J = 2.5, C-4-H), 5.03
(s, 2H, -O-CH,—-C¢Hjs), 3.70 (s, 3H, -CO,CH,), 3.45-3.39 (m,
2H, C-16-H,), 2.91-2.83 {m, 3H, {~-CH-CH-(CH;)-CH,-CH;
and C-6-H,}, 2.48-2.39 (m, 2H, C-17-H,), 2.35 (s, 3H, -N-CH,;),
2.71-2.27 (m, 2H), 2.03-1.67 (m, 9H), 1.45-1.32 (m, 2H),
0.95-0.8 (m, 11H, C-18-H;). *"C NMR (50 MHz, CDCl;): § 172.7
(-CO,CH;), 156.2 (C-3), 138.1 (C-5), 137.2, 133.5 (C-10), 128.4,
127.6, 127.5, 126.4 (C-1), 114.7 (C-4), 112.2 (C-2), 74.2 {~CH-
CH-(CH;)-CH,-CH,}, 70.0 (-O-CH,-C¢Hjy), 67.0 (C-17), 64.2
(C-16), 50.2 (-CO,CH5;), 44.5, 43.2, 41.7, 40.5 (C-13), 39.5 (-N-
CH,), 37.5, 34.5 {-CH-CH—(CH;)-CH,—CH,}, 32.2, 30.5 (C-6),
27.5 (C-12), 26.2 (C-11), 25.5 {-CH-CH—(CH;)-CH,-CH,},
16.5 {~-CH-CH-(CH;)-CH,CH,}, 16.2 (C-18), 11.2 {~-CH-CH-
(CH;)-CH,—CH;}. MASS (FAB): m/z (%): 507 (100, M*).

Hydroxy acid 17a. To a solution of 16a (0.1 g, 0.21 mmol) in
dioxane (5 ml) was added 1 N NaOH (0.1 ml) and the resulting
solution was heated at 70 °C for 2 h. The reaction mixture
was cooled and acidified with 1 N HCI. The resulting solution
was extracted with ethyl acetate and dried over Na,SO, and
concentrated in vacuo. The residue was chromatographed over
silica gel and elution with 10% methanol in chloroform (R; = 0.5)
furnished 17a (0.07 g, 70%) as a light yellow foam, [a]¥ +52 (c
2, MeOH). IR (KBr): 3442, 2925, 1707, 1596, 1500, 1352, 1028,
800, 582 cm™'. "H NMR (200 MHz, CDCl;): ¢ 7.42-7.29 (m, 5H,
-O-CH,-C¢H5),7.13(d, 1H, J = 8.6, C-1-H), 6.75(dd, 1H, J, =
8.6,J,=24,C-2-H), 6.67 (d, 1H, J = 2.4, C-4-H), 4.99 (s, 2H,
-O-CH,—C4Hs), 3.91-3.84 (m, 2H, C-16-H,), 3.63-3.53 (m, 1H,
~CH-CH,;), 3.03-2.95 (m, 2H, C-6-H.,), 2.86 (s, 3H, -N-CH,;),
2.82-2.69 (m, 2H, C-17-H,), 2.30-2.25 (m, 2H), 2.04-1.73 (m,
4H), 1.49 (d, 3H, J = 7, -CH-CH,;), 1.48-1.25 (m, 5H), 0.94 (s,
3H, C-18-H;). "C NMR (50 MHz, CDCL): ¢ 171.5 (-CO,H),
157.2 (C-3), 138.0 (C-5), 137.6, 132.3 (C-10), 128.9, 128.2, 127.8,
126.9 (C-1), 114.8 (C-4), 113.0 (C-2), 70.3 (-O-CH,-CHj;), 66.5
(C-17), 65.3 (C-16), 62.9 (-CH-CH;), 43.3, 42.9, 41.1 (-N-CH,),
38.6 (C-13), 37.8, 32.5, 30.8 (C-6), 27.5 (C-12), 27.0 (C-11), 18.8
(-CH-CH,), 12.1 (C-18). MASS (FAB): m/z (%): 466 (100, M*).
Anal. Calcd for (C,yH3NO,): C, 74.81; H, 8.44; N, 3.01%. Found:
C,74.99; H, 8.72; N, 3.11%.

Hydroxy acid 17b. As described for 17a, 16b (0.10 g,
0.18 mmol) in dioxane (5 ml), 1 N NaOH (0.1 ml) furnished 17b
(0.07 g, 67%) as a light yellow foam, R; = 0.55 (10% methanol
in chloroform), [a]? +49 (¢ 2, MeOH). IR (KBr): 3445, 2923,
1709, 1593, 1506, 1354, 1026, 801, 584 cm~'. "H NMR (200 MHz,
CDCly): 6 7.41-7.12 (m, 10H, -O-CH,-C,Hs, -CH-CH,-C,H5)
7.03 (d, 1H, J = 8.6, C-1-H), 6.67 (dd, 1H, J, = 8.6, J, = 2.4,
C-2-H),6.57(d, 1H,J =2.4,C-4-H), 5.01 (s, 2H,-O-CH ,—C4Hy),
3.95-3.42 (m, 1H,-CH-CH,-C¢Hj;), 3.75-3.61 (m, 2H, C-16-H,),
3.43-2.29 (m, 2H, -CH-CH,~C¢Hjy), 2.98-3.18 (m, 2H, C-6-H,),
291 (s, 3H,-N-CH;), 2.74-2.67 (m, 2H, C-17-H,), 2.18-1.13 (m,

364 | Org. Biomol. Chem., 2007, 5, 360-366

This journal is © The Royal Society of Chemistry 2007





11H), 0.75 (s, 3H, C-18-H,). ®C NMR (75 MHz, CDCl,):6 171.4
(-CO,H), 156.8 (C-3), 137.9 (C-5), 137.6, 137.0, 132.2 (C-10),
129.5, 128.7, 128.5, 127.8, 127.4, 126.8 (C-1), 126.5, 114.4 (C-4),
112.6 (C-2), 71.9 (-CH-CH,-C¢H;), 69.9 (-O-CH,-C¢Hs), 66.2
(C-17), 62.7 (C-16), 42.9, 42.7, 42.3, 41.3 (N-CH,;), 38.8 (C-13),
374, 33.6 (-CH-CH,-C,Hj), 32.1, 30.4 (C-6), 27.1 (C-12), 26.5
(C-11), 17.8 (C-18). MASS (FAB): m/z (%): 542 (100, M* + H).
Anal. Calcd for (C;sH,3NO,): C, 77.60; H, 8.00; N, 2.59%. Found:
C, 77.86; H, 8.26; N, 2.78%.

Hydroxy acid 17c.  As described for 17a, 16¢ (0.1 g, 0.19 mmol)
in dioxane (5ml), 1 N NaOH (0.1 ml) furnished 17¢ (0.07 g, 72%) as
a light yellow viscous oil, R; = 0.6 (10% methanol in chloroform),
[a]? +28 (¢ 2, MeOH). IR (Neat): 3438, 2929, 1708, 1587, 1509,
1358, 1029, 805, 589 cm~'. "H NMR (200 MHz, CDCl;): 6 7.38—
7.11 (m, 6H, -O-CH,~CH;, and C-1-H), 6.77-6.69 (m, 2H, C-
2-H and C-4-H), 4.99 (s, 2H, -O-CH,-CH5), 3.77-3.73 (m, 2H,
C-16-H,), 2.80-2.73 {m, 3H, -CH-CH—(CH;)-CH,~CH; and C-
6-H,}, 2.38-2.26 (m, 2H, C-17-H,), 2.23 (s, 3H, -N-CH,;), 2.16—
1.39 (m, 13H), 1.00-0.89 (m, 8H), 0.59 (s, 3H, C-18-H;). “"C NMR
(50 MHz, CDCl,): 6 171.5 (-CO,H), 157.2 (C-3), 138.1 (C-5),
137.9, 132.5 (C-10), 128.9, 128.2, 127.8, 126.9 (C-1), 114.9 (C-4),
112.9 (C-2), 73.5 {-CH-CH—(CH;)-CH,-CH,}, 70.2 (-O-CH,—
C¢Hs), 66.9 (C-17), 62.4 (C-16), 44.6,43.3, 42.4,42.0 (C-13), 38.4
(-N-CH,), 36.4, 34.9 {-CH-CH—(CH,)-CH,-CH.}, 32.6, 30.7
(C-6), 27.5 (C-12), 26.6 (C-11), 25.9 {-CH-CH-(CH;)-CH,-
CH,}, 169 {-CH-CH-(CH,)-CH,-CH;}, 14.6 (C-18), 124
{-CH-CH-(CH,)-CH,—-CH;}. MASS (FAB): m/z (%): 507
(100, M*).

Lactone 3a. A stirred solution of hydroxy acid 17a (20 mg,
0.04 mmol) in THF (1 ml) at RT under N, was treated with triethyl
amine (0.06 ml, 0.43 mmol) followed by 2,4,6-trichlorobenzoyl
chloride (0.04 ml, 0.26 mmol) and it was stirred overnight. The
solution was diluted with toluene (5 ml) and added dropwise over
4 h to a refluxing solution of DMAP (60 mg, 0.51 mmol) in toluene
(30 ml) under N,. The reaction was further stirred for 2 h at reflux,
and allowed to cool to room temperature. It was diluted with
ethyl acetate and washed with a saturated solution of NaHCOs;.
The layers were separated and the water layer was extracted with
ethyl acetate. The combined organic extracts were washed with
0.1 M aq. HCI, brine, dried over Na,SO, and concentrated under
vacuum. The residue was chromatographed over silica gel and
elution with 10% ethyl acetate in hexane (R; = 0.4) furnished 3a
(10 mg, 53%) as a light yellow oil. '"H NMR (300 MHz, CDCl;): ¢
7.43-7.31 (m, 5H, -O-CH,-C,H,), 7.21 (d, 1H, J = 8.6, C-1-H),
6.78 (dd, 1H, J, = 8.6, J, = 2.4, C-2-H), 6.71 (d, 1H, J = 2.4,
C-4-H), 5.03 (s, 2H, -O-CH,—C¢Hj;), 4.79-4.71 (m, 1H, C-16-H),
3.98-3.81 (m, 1H, C-16-H), 3.62-3.60 (m, 1H, -CH-CH,), 2.88—
2.78 (m, 2H, C-6-H,), 2.55 (s, 3H, -N-CH,;), 2.48-2.20 (m, 2H,
C-17-H,), 2.00-1.97 (m, 2H), 1.84-1.73 (m, 3H), 1.43-1.30 (m,
3H), 1.16 (d, 3H, J = 6.6, -CH-CH), 0.88-0.81 (m, 3H), 0.61
(s, 3H, C-18-H;). MASS (FAB): m/z (%): 448 (100, M* + H).
Exact Mass (ESI-MS) calculated for C,0H3;,NO; [M]* : 447.27735,
found: 447.27740.

Lactone 3b. As described for 3a, 17b (20 mg, 0.04 mmol)
in THF (1 ml), triethyl amine (0.05 ml, 0.37 mmol), 2,4,6-
trichlorobenzoyl chloride (0.03 ml, 0.22 mmol), DMAP (50 mg,
0.44 mmol) in toluene (30 ml) furnished 3b (12 mg, 63%) as a light

yellow oil, R; = 0.5 (10% ethyl acetate in hexane), [a]y +15.5 (¢
2, MeOH). '"H NMR (300 MHz, CDCl;): 6 7.45-7.20 (m, 11H,
-O-CH,-C¢Hs,-CH-CH,-C,Hs and C-1-H), 6.79 (dd, 1H, J, =
8.6,J,=24,C-2-H), 6.72 (d, 1H, J = 2.4, C-4-H), 5.04 (s, 2H,
-0O-CH,-C¢Hjy), 4.53-4.50 (m, 1H, C-16-H), 4.19-4.05 (m, 1H,
C-16-H), 3.66-3.64 (m, 1H, -CH-CH,-C,H;), 3.07-2.91 (m, 2H,
~-CH-CH,-CHs), 2.87-2.86 (m, 2H, C-6-H,), 2.66 (s, 3H, -N-
CH;), 2.39-2.27 (m, 2H, C-17-H,), 2.05-1.81 (m, 4H), 1.68-1.27
(m, 7H), 0.68 (s, 3H, C-18-H;). *C NMR (50 MHz, CDCl,): 6
173.9 (-CO-), 156.8 (C-3), 138.9 (C-5), 137.9, 137.3, 133.2 (C-10),
129.3, 128.5, 128.4, 127.8, 127.4, 126.2(C-1), 126.1, 114.4 (C-4),
112.4 (C-2), 71.8(-CH-CH,-C¢Hj;), 69.9 (-O-CH,-C:Hj;), 67.1
(C-16), 61.1 (C-17), 46.2 (-N-CH,), 43.1,42.4, 41.1, 40.4 (C-13),
37.3, 30.4 (C-6), 29.7, 28.6 (-CH-CH,-C¢Hjs), 27.6 (C-12), 26.0
(C-11), 17.9 (C-18). MASS (FAB): m/z (%): 524 (100, M* + H).
Anal. Calcd for (C;sH, NOs): C, 80.27; H, 7.89; N, 2.67%. Found:
C, 80.48; H, 7.99; N, 2.86%.

Lactone 3c. As described for 3a, 17¢ (20 mg, 0.04 mmol)
in THF (1 ml), triethyl amine (0.05 ml, 0.39 mmol), 2,4,6-
trichlorobenzoyl chloride (0.04 ml, 0.24 mmol), DMAP (60 mg,
0.47 mmol) in toluene (30 ml) furnished 3¢ (8 mg, 42%) as a light
yellow oil, R, = 0.45 (10% ethyl acetate in hexane). '"H NMR
(300 MHz, CDCl;): 6 7.43-7.30 (m, 5H, -O-CH,-C,H), 7.19 (d,
1H,J=8.7,C-1-H),6.77(dd, 1H, J, =8.7,J,=2.7,C-2-H), 6.71
(d,1H,J=2.7,C-4-H),5.02 (s,2H,-O-CH,—C¢Hj;), 4.40-4.21 (m,
1H, C-16-H),4.21-4.16 (m, 1H, C-16-H), 3.15-3.19 (m, |H,-CH—
CH-(CH;)-CH,-CH,}, 2.86-2.85 (m, 2H, C-6-H,), 2.80-2.75 (m,
1H), 2.31-2.23 (m, 4H, -N-CH), 1.95-1.75 (m, 5H), 1.73-1.07
(m, 7H), 0.94-0.68 (m, 8H), 0.68 (s, 3H, C-18-H;). MASS (FAB):
m/z (%): 490 (100, M* + H).
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The photoactivation of 6,6'-bis-CH,X-[2,2'|bipyridinyl-5,5'-
diol ligands as mono and bis-alkylating agents has been in-
vestigated, detecting transient heterocyclic quinone methides.

In the recent past, a wide variety of photochemically activated
DNA reactive agents have been discovered and investigated.
Although a great deal of attention has been devoted to those acting
as cleavers involving radical reactive intermediates,' fairly limited
examples of photochemically activated DNA alkylating agents
have been reported.? In fact, to date, the psoralens are the only
commercial class of drugs known to induce DNA or RNA cross-
linking upon photolysis.* Among reactive electrophilic intermedi-
ates generated by photochemical activation starting from stable
precursors, quinone methides (QMs) have attracted considerable
attention. QMs, particularly those with an ortho geometry (o-
QMs), have been successfully used to accomplish amino acid,
oligopeptide, and nucleoside alkylations (Scheme 1).* These reac-
tive intermediates have been trapped by nucleophiles and detected
by nanosecond laser flash photolysis (LFP).*-*¢ More recently,
Saito, Zhou and our group’ exploited the photogeneration of
bifunctional QMs, starting from bifunctional Mannich bases of
biaryls (1) and binaphthyls (2) and their quaternary ammonium
salts (3 and 4, respectively) in water, to achieve DNA-crosslinking
with promising potency (Scheme 2). Among the mild activation
protocols recently exploited for selective DNA-alkylation, metal
cation complexation plays a key role.® Photoactivation and tunable
reactivity of the resulting alkylating species by metal binding
could be achieved by the heterocyclic analogues of the biaryls 1
and 3, such as 6,6'-bis-CH,X-[2,2]bipyridinyl-5,5-diols, bearing
additional ligand sites on the 6,6'-bis-CH,X arms.” Bipyridyl
functionality should also allow a more tunable reactivity not only
by metal coordination but also by pH.

(0] OH 0] OH
HNu HNu
Nu
-QM
P Nu

o-QM
HNu = amino acids, oligopeptides, nucleosides

Scheme 1 Alkylation reactions by quinone methides (QMs).

The present study is a preliminary investigation on the
phototriggerable mono- and bis-alkylating properties of these

“Dipartimento di Chimica Organica, Universita di Pavia, V.le Taramelli 10,
27100 Pavia, Italy. E-mail: mauro.freccero@unipv.it

*Dipartimento di Scienze Farmaceutiche, Universita di Padova, Via Marzolo
5, 35131 Padova, Italy. E-mail: sara.richter@unipd.it

T Electronic supplementary information (ESI) available: Synthesis and
characterization of the phototriggerable alkylating agent 5 and the
alkylated adducts 6-12. See DOI: 10.1039/b616292d

X= NMe, 1
NMe,*I 3
hv
OH -HX OH
H —_—
OH | oA OH
X DNA
X=NMe, 2 _
NMe;*I" 4 Cross-linked DNA

Scheme 2 Biaryls (1,3) and binaphthyls (2,4) as phototriggerable DNA
cross-linking agents.

bipyridyl ligands, through the transient generation of heterocyclic
QMs.

We will address general mechanistic aspects concerning the
photogeneration, LFP detection and reactivity of the transient
heterocyclic QMs toward amines and amino acids, in potential
competition with water in aqueous solution.

In more detail, here we report (i) the synthesis of a new bi-
pyridyl, the 6,6-bis-dimethylaminomethyl-[2,2']bipyridinyl-5,5'-
diol (5, Scheme 3), (ii) the investigation of its photoreactivity as a
mono- and bis-alkylating agent towards amines, amino acids and
deoxycytidine (dC) in aqueous solution, and (iii) its DNA cross-
linking ability. The bifunctional amine 5 has been synthesized
starting from [2,2']bipyridinyl-5,5'-diol* by Mannich reactions us-
ing N,N-dimethylmethyleneiminium chloride in anhydrous CHCI,
at r.t. for 12 hrs. To test the possibility of using 5 and a few of
its derivatives as water soluble precursors of bis-alkylating QMs,
we explored their photoreactivity in the presence of nucleophiles.
Photolysis of 5 (10 M, in a photoreactor with 4 lamps 15 W,

- +2HNu -2HNMe -
HO—_ Y )—OH 2Ho—_ Y )—oH
=N\ NS =N N
Me,N 5 Nu Nu

NMe, 3 =310nm

\NS
dc 2
HO. N7 ~0 /\
O -N O 7
A=310nm —
OH . ©
-HNMe, — N" ~COO 8
&
/\
/N N

4
|
HO Nﬁ i}
o N oH N R=Me 9

P4

c
1
5
=
)

o

Me,N 12 o)
OH OR H 1

Scheme 3 Photoreactivity of the 5,5-dihydroxy-2,2-bipyridyl 5, as a
mono- and bis-alkylating agent in water.
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310 nm; ca. 25 °C, 60 min.) in MeOH in the absence and in
the presence of L-proline-OMe and -OrBu esters (at 5 x 107> M
concentration) gave the corresponding bis-alkylated adducts 6
9 and 10 (Scheme 3), in quantitative yields. Photolysis of 5 in
a water solution containing morpholine, glycine, and L-proline
([HNu] =5 x 10> M, pH 8, phosphate buffered) similarly afforded
adducts 7, 8 and 11, in 70% yields, accompanied by a not well
characterized oligomeric adduct, together with unreacted starting
material (20%). Photolysis of the water soluble adducts 8 and
11 in the presence of morpholine gave the corresponding bis-
alkylated adduct 7, suggesting that the photoreactivity is a general
feature of these alkylation adducts. Noteworthy, the hydration
adduct (Nu = OH, Scheme 3) and monoalkylated adducts were
not detected by HPLC under the conditions described above (i.e.
large excess of nucleophile), and therefore, if they formed at all,
their yields were very low (i.e. <5%). Unlike the photoalkylation
experiments with small nucleophiles, the photolysis of 5 in the
presence of a much bulkier and less nucleophilic substrate such
as deoxycytidine (under pH 7.5) afforded only the monoalkylated
adduct 12 with lower yield (11%). '"HNMR analysis of adduct 12
suggested that N3 rather than N4 or O2 (Scheme 3 for numbering)
reacts with the quinone methide. The N3-alkylation was indicated
by the chemical shift of CH, (5.4 ppm), which is more deshielded
than in reagent 5 (4.6 ppm), or in the other N-alkylated adducts
7-11 (4.6-4.9 ppm). Formation of 12 is also consistent with N3-
alkylation of deoxycytidine by a prototype 0-QM (CH, chemical
shift: 5.0 ppm), as proposed by Rokita.*

Wan, 3 Kresge> and our group*-® had shown that LFP provides
an effective method for direct detection of QMs, using benzylic
alcohols and Mannich bases as precursors. Therefore we decided
to use LFP to detect any transient species photochemically
generated from 5. Indeed, LFP of § at both 266 (4 mJ/pulse) and
354 nm (8 mJ/pulse, Nd: YAG laser), in aqueous solutions (pH 7.0,
buffered conditions) yielded a transient absorbance centered at
Amax 460 nm (Fig. 1, 50 nm red shifted compared to the prototype
0-QM), quite similar to that obtained flashing a solution of a
pyridoxine derivative which was assigned to a neutral heterocyclic
QM by Wan.* The profile of such a transient absorbance follows
a single second order decay (Fig. 1, inset a), with an observed
second order constant k, = 4.5 x 10 M~! s~ 1, and it is not fitted
by a double exponential decay. Therefore the transient spectrum
shown in Fig. 1 has to be assigned to a single transient species.
The quenching of such a reactive intermediate is probably due to
a dimerization process, in the absence of added nucleophiles, in
agreement with the product distribution analysis which displays
no formation of the hydration adduct.

The decay trace becomes a single exponential upon addition
of 2-mercaptoethanol, a well known QM trap (Fig. 1, insets b—
d). This transient was assigned to the bipyridyl-quinone methide
BiPy-QM on the basis of (a) the similarity of the spectroscopic
properties with the structurally related QM, photo-generated from
a pyridoxine derivative,® and (b) trapping experiment results. In
fact, after 40-50 laser shots at 354 nm, 12 was detected by HPLC
in flashed aqueous solutions of 5 in the presence of deoxycytidine.

The DNA cross-linking (XL) ability of compounds 5 and 11
was investigated using a negatively supercoiled plasmid DNA
(pBR322) in an alkaline agarose gel assay (Fig. 2). DNA XL
experiments were carried out in 50 mM phosphate bufferat pH 7.5.
Samples were irradiated at 310 nm for 5 min at 120 W. Irradiated

HO—¥ %~ "»0H LFP,. HO—~ %~ 0
_)-N N - =N N + HX
X X 266, 354nm X N

X=-NMe; 5, -N ] 11

HOOC

0,12+
AOD
0,10 4

0,08 -

0,06 -

0,04 -

0,02 -

0,00
250 300 350

Fig. 1 Transient absorptions upon flashing 5 (and 11) in water. Inset:
decay of the absorption at 460 nm for BiPy-QM, in the absence (a) and in
the presence of 2-mercaptoethanol [(b) 0.024, (c) 0.048 and (d) 0.12 M].

DNA without substrates (lane b) or with psoralen (PS, lane a) were
used as controls. XL concentration dependence for compounds 5
and 11 are depicted in Fig. 2. The non-reacted plasmid presents
three bands corresponding to the circular (C), linear (L) and
open-circular (OC) forms. The diamine 5 induces detectable cross-
links of all three plasmid forms (XL-C, XL-L, and XL-OC) at
concentrations as low as 5 uM. The L-prolino derivative 11 is at
least 16-fold less potent than 5 since no detectable XL was recorded
up to an 80 uM concentration (Fig. 2, lanes i-n).

-liiiii[iub---

Fig.2 DNA cross-linking (XL) activity: concentration dependent activity
(2.5, 5, 10, 20, 40, 80 pM) of compounds 5 (lanes c-h) and 11 (lanes i-n).

In conclusion, we have shown the formation of a new bis-
alkylating heterocyclic 0-QM (BiPy-QM) which is a reactive
electrophile toward amines and amino acids, but unlike the pro-
totype 0-QM, does not react with water. Moreover, the potential
metal-ligand binding properties and the general photoreactivity
of the bipyridyl precursors 5-12 may allow preconcentration of
the precursor on the target and tunable reactivity by cationic
coordination.’
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This paper describes an expedient and straightforward total synthesis of the two pyrrothine natural
products holomycin 1a (7 steps, 11% overall) and xenorhabdin I 1¢ (7 steps, 11% overall) and analogs
thereof via a common late-stage intermediate. The pathway proceeds via the pyrrothine hydrochloride
intermediate 10 (6 steps, 17% overall) which also gave access to very fast synthesis of analogs as
demonstrated by the synthesis of 1f, 1g and 1h (7 steps, 11-12% overall).

Introduction

The pyrrothines are a class of natural products that possess
the unusual 4H-[1,2]dithiolo[4,3-b]pyrrol-5-one skeleton. Some
structurally simple members of this group of compounds can be
isolated from certain Streptomyces and Xenorhabdus strains and
a selection of naturally occurring simple pyrrothines is shown in
Fig. 1.

S 1a: R = Me, holomycin
s_ | 1b: R=H, VD846
o] | N-H 1¢: R = n-pentyl, xenorhabdin |
R)X\ N 1d: R = 4-methylpentyl, xenorhabdin Il
H o) 1e: R = n-heptyl, xenorhabdin 111
A 2a: R = Me, thiolutin
s | 2b: R = Et, aureothricin
Q | N—CH,4 2c: R = /Pr, isobutyropyrrothin
R)\\N 2d: R = n-pentyl, xenorhabdin IV
H e] 2e: R = 4-methylpentyl, xenorhabdin V

Fig. 1 Selected overview of some of the naturally occurring simple
pyrrothines.

The first reported pyrrothines, thiolutin (2a) and aureothricin
(2b), were originally isolated in the late 1940’ and early 1950’
and their structures were established during the following years.?
Isolation and characterization of holomycin (1a) then followed
in 1959, and since then the more complex thiomarinols A-G
have also been reported.* These were isolated from the marine
bacterium Alteromonas rava sp. and an example (3, thiomarinol
A) is shown in Fig. 2.

3, Thiomarinol A

Fig. 2 Structure of one of the complex pyrrothine containing natural
products, thiomarinol A (3).
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sity of Denmark, DK-2800 Kgs. Lyngby, Denmark

In general, the pyrrothine natural products possess a wide
range of biological activities against a variety of Gram-positive
and Gram-negative bacteria, amoeboid parasites and fungi."*"*
Furthermore, properties such as anticancer activity,® membrane
stabilization activity and inhibition of platelet aggregation’ of
this group of compounds have been reported. Accordingly,
in connection to our ongoing efforts within design, synthesis
and screening of compounds that are void of cytotoxicity and
specifically inhibit the communication system of certain Gram-
negative bacteria,® we became interested in the pyrrothine class of
natural products. Thus, through the development of an efficient
synthetic pathway, we wish to explore both the synthesis of
these challenging natural products as well as their biological
activity including their ability to inhibit small-molecule mediated
interbacterial communication. These communication systems are
termed quorum sensing?® and allow bacteria to coordinate behavior
and expression of virulence via signaling molecules (4, Fig. 3, is
an example thereof) in a concentration dependent manner. Some
of the best understood quorum sensing controlled processes are
bioluminescence in the symbiont Vibrio fischeri and biofilm resis-
tance to antimicrobial measures in the opportunistic pathogenic
bacteria Pseudomonas aeruginosa.”® The latter phenomenon plays
a major role in a number of infectious diseases including cystic
fibrosis and inhibition of the quorum sensing system therefore
represents a novel therapeutic strategy. We speculate that such
therapeutic agents that solely target and jam the interbacterial
communication systems but do not kill the bacteria are less prone
to development of resistance than the traditional bacteriocidal
agents. A range of brominated furanones (5, Fig. 3, is an example
thereof) isolated from the macro alga Delisea pulchra have emerged
as potent quorum sensing inhibitors and these compounds as
well as the naturally occurring signaling molecules bear structural

resemblances to the pyrrothines.
Br
Br- !
| ©
(0]

o /QO

/\/\/\)L N

H o

4 5
Fig. 3 Example of a naturally occurring signaling molecule (auto
inducer) of the bioluminescence system in Vibrio fischeri (4,
N-octanoyl-L-homoserine lactone) and a quorum sensing inhibitor (5,
4-bromo-5-[1-bromo-meth-(Z)-ylidene]-3-butyl-5 H-furan-2-one) isolated
from the macro alga Delisea pulchra.
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A number of synthetic pathways towards the simple pyrrothine
natural products (both with or without a methyl group at the
ring nitrogen) have been disclosed in the literature."*>*!'" However,
in our opinion only one of these really combines a sensibly short
pathway with good overall yield and potential for reasonably facile
analog synthesis. Nonetheless, this methodology suffers from the
fact that rert-butyl mercaptan was used to introduce the sulfur
functionalities. Deprotection and cyclization to form the dithio
moiety then had to be performed on every analog using toxic
and environmentally hazardous Hg(OAc), followed by reaction
with H,S.%%< We speculated that use of p-methoxybenzyl (PMB)
groups instead of #-butyl groups as protecting groups would avoid
these problems. Furthermore, we hoped that this methodology
would also give fast access to an intermediate pyrrothine with a
free amino group, which would ease analog synthesis considerably.

Results and discussion
Pyrrothine synthesis

We decided initially to focus on the synthesis of simple pyrrothines
that carry no methyl groups at the ring nitrogen (e.g. holomycin
1a, Fig. 1) since these might act as bioisosters of the natural signal
molecule (4) and inhibitor (5). Moreover, the pyrrothine moiety
in the thiomarinols (Fig. 2) likewise do not carry a methyl group
at the nitrogen. Thus, if desired, we could carry out a synthesis of
these more complex pyrrothines too at a later point.

The synthesis started with reaction of the sodium salt of p-
methoxybenzylthiol (PMBSH) with 1,3-dichloroacetone in reflux-
ing EtOH to give the desired product 6 in quantitative yield after
simple aqueous work up (Scheme 1).

SPMB
cl SPMB PMBS
i» M, | N—PMB
(o) o)
cl SPMB HO
6 7
d)j
S SPMB
s | o PMBS
| N-H | N-PMB
TFAHN H,N
9 g ©

Scheme 1 Synthesis of pyrrothine intermediate 9. Key: (a) PMBSH,
NaOMe, EtOH, reflux, 100%; (b) PMBNH,, Et;N, TiCl,, THF, 0 °C
to reflux; (c) (COCI),, Et;N, THF, —10 °C to rt, two steps, 45% (56 : 44);
(d) NH,OAc, 150 °C, 87% (60 : 40); (e) m-cresol, TFA, air, reflux, 45%.

Reaction of 6 with p-methoxybenzylamine (PMBNH,) in the
presence of TiCl, to form an intermediate imine followed by
reaction with oxalyl chloride and Et;N in a one-pot procedure
then furnished 7.% The product was isolated as a 56 : 44 mixture
of the two possible isomers (as judged by NMR) in 45% overall
yield for the two steps. Separation of the two isomers by column
chromatography could be achieved if desired. This is, however
not necessary. Attempts to simplify this reaction by obtaining the
intermediate imine by reacting 6 with PMBNH, in the presence
of 4 A MS in THF or CH,Cl, unfortunately failed in our hands.

Likewise, attempts to perform this reaction in toluene using a
Dean-Stark apparatus in the presence of catalytic amounts of
ZnCl, also proved unsuccessful. With a useful protocol for the
synthesis of alcohol 7 at hand, though, the amine functionality
was next introduced by reaction of 7 with ammonium acetate
at 150 °C,% to give 8 in 87% yield (60 : 40 mixture of isomers
as judged by NMR). Removal of the PMP protecting groups
was then performed by refluxing 8 in TFA in the presence of
m-cresol.” We were satisfied to find that this procedure also
resulted in concomitant disulfide formation to form the pyrrothine
skeleton as well as protection of the amine functionality as a TFA
amide. Thus, the reaction overall afforded TFA-pyrrothine 9 in
45% yield as a compound that could be purified easily by column
chromatography.

Hydrolysis of the TFA amide moiety of 9 to afford pyrroth-
ine hydrochloride 10 (99%) was then achieved by reflux of
9 in methanol in the presence of concentrated aqueous HCI
(Scheme 2).% The product was isolated simply by concentration of
the reaction mixture and was used in the ensuing reaction without
further purification. The syntheses of holomycin 1a, xenorhabdin I
1c and the analogs 1f, 1g and 1h were then completed by acylation
with the appropriate acid chloride in the presence of Et;N in 65—
70% yield.

o)

1a: R = Me, Holomycin

1c: R = n-pentyl, Xenorhabdin |
1f: R = n-propyl

1g:R=Ph

1h: R=2-Furyl

Scheme 2 Synthesis of pyrrothine natural products and analogs from 9.
Key: (a) HCI (aq.), MeOH, reflux, 99%; (b) RCOCI, Et;N, THF, rt, 1a:
65%, 1c: 66%, 1f: 65%, 1g: 70%, 1h: 68%.

Biological assays

A selection of the produced pyrrothines (1a, 1c, 1f and 9) were
tested for their quorum sensing inhibitory abilities in a hybrid
screen based on the bioluminescence system of Vibrio fischeri.
However, in this preliminary assay all four compounds showed a
pronounced toxic effect against the chosen bacteria and as such no
information regarding quorum sensing activities could be attained.

Conclusion

In conclusion, we have demonstrated a short, efficient and user-
friendly pathway to the pyrrothine natural products holomycin 1a
(7 steps, 11% overall) and xenorhabdin I 1¢ (7 steps, 11% overall).
The pathway proceeds via the pyrrothine analog 9 (5 steps, 18%
overall) and the interesting pyrrothine hydrochloride intermediate
10 (6 steps, 17% overall) the latter of which also gave access to
very fast analog synthesis demonstrated by the synthesis of 1f,
1g and 1h (7 steps, 11-12% overall). Pyrrothine hydrochloride
intermediate 10 may also give access to synthesis of the more
complex thiomarinols. Importantly, the present methodology
avoids the use of toxic mercury salts and only makes use of
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commercially available reagents. All intermediates are furthermore
crystalline and easy to handle.

Unfortunately, no information regarding quorum sensing activ-
ities was obtainable. Nonetheless, with a useful protocol for the
synthesis of pyrrothines available, we will now engage in further
analog synthesis and broader biological testing to explore the full
potential of these 4H-[1,2]dithiolo[4,3-b]pyrrol-5-ones.

Experimental

General experimental methods

CH,Cl,, Et;N, EtOH, heptane, p-methoxybenzyl amine, THF and
toluene were dried over 4 A MS. All other solvents and chemicals
obtained from commercial sources were, unless otherwise stated,
used without further purification.

Melting points were measured on a Gallenkamp melting point
apparatus and are referenced to the melting points of benzanilide
(mp = 163 °C) and saccharin (mp = 228 °C). NMR spectra
were recorded on a Bruker Ultrashield 300 MHz spectrometer.
Chemical shifts are referenced to the residual solvent peak and
J values are given in Hz. Where applicable, assignments were
based on COSY-, DEPT- and HSQC-experiments. TLC was
performed on Merck TLC aluminium sheets, silica gel 60, F,s,.
Progression of reactions was, when applicable, followed by NMR
and/or TLC. Visualizing of spots was effected with UV-light
and/or ninhydrin in BuOH-AcOH. Flash chromatography was
performed with Merck silica gel 60, 0.040-0.063 mm. Unless
otherwise stated, flash chromatography was performed in the
eluent system, for which the R;-values are given.

HRMS were recorded on a Micromass LCT apparatus equipped
with an AP-ESI probe calibrated with Leu-Enkephalin (556.2711 g
mol™).

1,3-Bis-(4-methoxy-benzylsulfanyl)-propan-2-one (6). To a so-
lution of NaOMe (3.30 g, 61.1 mmol) in EtOH (100 cm?®) at rt
under N, was added p-methoxybenzyl thiol (8.80 cm?, 63.2 mmol)
and stirring was continued for 10 min. 1,3-Dichloroacetone
(3.86 g, 30.4 mmol) was then added and the mixture was refluxed
for 1.5 h. The mixture was allowed to cool to rt and most of
the solvents were removed in vacuo. The residue was dissolved
in water (50 cm®) and CH,CI, (50 cm?®). The organic phase was
isolated and the aqueous phase was extracted with CH,Cl, (2 x
50 cm®). The combined organic phases were dried over Na,SO,,
filtered (filter cake washed thoroughly with CH,Cl, to retrieve all
the product), concentrated and dried in vacuo, yielding essentially
pure 6 (11.1 g, 100%) as a pale tan solid which was used in the
following step without further purification: R; (heptane-EtOAc 1 :
1) =0.67, mp = 75.5-77.5 °C; m/z HRMS (TOF MS ES*) Found
[M + H]* 363.1104. C,yH,;0,S,* requires 363.1083; d,; (300 MHz;
CDCl;) 3.24 (4H, s), 3.64 (4H, s), 3.79 (6H, s), 6.85 (4H, br d, J =
8.7), 7.23 (4H, br d, J = 8.7); d¢ (75.4 MHz; CDCl;) 35.5 (2C,
CH,), 37.5 (2C, CH,), 55.3 (2C, CH,), 113.9 (4C, CH), 129.0 (2C,
C), 130.3, (4C, CH), 158.8 (2C, C), 200.0 (C).

3-Hydroxy-4-(4-methoxy-benzylsulfanyl)-5-|1-(4-methoxy-benzyl-
sulfanyl)-meth-(Z)-ylidene]-1,5-dihydro-pyrrol-2-one and 3-hydroxy-
4-(4-methoxy-benzylsulfanyl)-5-[1 - (4-methoxy -benzylsulfanyl)-
meth-(E)-ylidene]-1,5-dihydro-pyrrol-2-one (7, iso A and iso B).
To a solution of 6 (5.08 g, 14.0 mmol), p-methoxybenzyl amine

(2.05 cm?®, 14.0 mmol) and Et;N (3.90 cm?, 28.0 mmol) in THF
(140 cm?) at 0 °C under N, was added a solution of TiCl,
(0.84 cm?, 7.66 mmol) in heptane (20 cm®) dropwise over 25 min.
The mixture was then refluxed for 2 h, cooled to —10 °C and
oxalyl chloride (1.19 cm®, 14.1 mmol) was added. A solution of
Et;N (3.90 cm?®, 28.0 mmol) in THF (100 cm?) was then added
over 30 min, and the resulting mixture was stirred for 17 h at rt.
Et,O (250 cm?) was added and the mixture was filtered, washing
off the filter cake with Et,O (150 cm®). The filtrate was washed
with water (2 x 250 cm?) and the combined aqueous phases were
extracted with Et,O (250 cm?®). The combined organic phases
were dried over Na,SO,, filtered, concentrated and dried in vacuo.
Flash chromatography of the residue yielded a mixture of the two
isomers of 7 (3.34 g, 45%, iso A—iso B 56 : 44 (as judged by NMR))
as a pale tan solid: R; (heptane-EtOAc 1:1)=0.36 and 0.29; m/z
HRMS (TOF MS ES*) Found [M + HJ* 536.1547. C,,H;,NO5S,*
requires 536.1560; 64 (300 MHz; CDCl,) 3.74-3.79 (11H, m),
3.84(0.56 x 2H, s, SCH,, iso A), 4.00 (0.44 x 2H, s, SCH,, iso B),
4.64 (0.44 x 2H, s, SCH,, iso B), 5.02 (0.56 x 2H, s, SCH,, iso A),
5.78 (0.44 x 1H, s, C=CH, iso B), 5.92 (0.56 x 1H, s, C=CH, iso
A), 6.69-7.16 (12H, m); o (75.4 MHz; CDCl,) 37.7 (CH,), 37.9
(CH,), 39.0 (CH,), 39.3 (CH,), 42.4 (CH,), 44.4 (CH,), 55.0-55.1
(6C, CH;), 107.6 (C), 110.1 (C, CH), 112.4 (C, CH), 113.5-114.0
(12C, CH), 127.8 (2C, CH), 127.9 (2C, CH), 128.4 (C), 128.5 (O),
128.8 (C), 129.1 (C), 129.2 (C), 129.6 (C), 129.9 (2C, CH), 129.9
(2C, CH), 130.0 (2C, CH), 130.2 (2C, CH), 131.7 (C), 133.4 (O),
147.2 (C), 150.3 (C), 158.5-158.9 (7C, C), 162.7 (C), 165.3 (C).

3-Amino-4-(4-methoxy-benzylsulfanyl)-5-[1-(4-methoxy-benzyl-
sulfanyl)-meth-(Z)-ylidene]-1,5-dihydro-pyrrol-2-one and 3-amino-
4-(4-methoxy-benzylsulfanyl) - 5-[1 - (4-methoxy - benzylsulfanyl) -
meth-(E)-ylidene]-1,5-dihydro-pyrrol-2-one (8, iso A and iso B).
Ammonium acetate (70 g) was melted in a 250 cm® three-necked
flask under stirring at 150 °C under N,. 7 (3.10 g, 5.79 mmol)
was then added and the mixture was stirred vigorously for 1 h
at 150 °C under a gentle N,-flush. The mixture was allowed to
cool to rt and was then dissolved in water (140 cm?®). The aqueous
phase was extracted with CH,Cl, (2 x 140 cm?®) and the combined
organic phases were dried over Na,SO,, filtered, concentrated
and dried in vacuo. Flash chromatography of the residue yielded a
mixture of the two isomers of 8 (2.68 g, 87%, iso A—iso B 60 : 40 (as
judged by NMR)) as a yellow-orange solid: R; (heptane—-EtOAc
1:1)=0.54 and 0.46; m/z HRMS (TOF MS ES*) Found [M +
H]* 535.1744. C,H; N,O,S,* requires 535.1720; dy (300 MHz;
CDCly) 3.72, 3.75, 3.77, 3.78, 3.79, 3.80 and 3.81 (11H, 7 x s),
3.81 (0.60 x 3H, s, OCH;, iso A), 4.02-4.09 (0.40 x 2H, br s,
NH,, iso B),4.15-4.23 (0.60 x 2H, br s, NH,, iso A), 4.69 (0.60 x
2H, s, SCH,, iso A), 5.09 (0.40 x 2H, s, SCH,, iso B), 5.57 (0.60 x
1H, s, C=CH, iso A), 5.74 (0.40 x 1H, s, C=CH, iso B), 6.68-7.20
(12H, m); o¢ (75.4 MHz; CDCl;) 38.8 (CH,), 39.0 (CH,), 39.3
(CH,), 39.6 (CH,), 42.3 (CH,), 44.2 (CH,), 55.0 (6C, CH,), 98.4
(C), 102.3 (C), 103.6 (CH), 105.8 (CH), 113.6 (2C, CH), 113.6
(2C, CH), 113.6 (2C, CH), 113.9 (2C, CH), 113.9 (2C, CH), 113.9
(2C, CH), 128.0 (C), 128.0 (2C, CH), 128.9 (C), 129.0 (C), 129.3
(C), 129.7 (C), 129.8 (2C, CH), 129.9 (4C, CH), 129.9 (2C, CH),
130.0 (2C, CH), 130.2 (C), 134.2 (C), 135.5 (C), 140.1 (C), 144.0
(C), 158.5 (C), 158.6 (C), 158.7 (C), 158.7 (C), 158.8 (C), 162.7
(C), 165.4 (C).
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2,2,2-Trifluoro- N-(5-ox0-4,5-dihydro-[1,2]dithiolo[4,3-b]pyrrol-
6-yl)-acetamide (9). 8(2.50 g, 4.68 mmol) and m-cresol (4.90 cm?,
46.9 mmol) were dissolved in TFA (75 cm?) at rt under N,. The
mixture was then refluxed for 16 h. The mixture was allowed to
cool to rt and was then concentrated and dried in vacuo. Flash
chromatography of the residue yielded 9 (561 mg, 45%) as a
yellow-orange solid: R; (heptane—EtOAc 1 :2) = 0.33; mp = 232—
235 °C; m/z HRMS (TOF MS ES*) Found [M + H]" 268.9672.
C,H,F;N,0,S,* requires 268.9661; oy (300 MHz; DMSO-d,)
7.32 (1H, s), 10.87-10.94 (1H, br s), 11.53-11.60 (1H, br s); J¢
(75.4 MHz; DMSO-d,) 112.2 (C), 113.1 (CH), 1155 (C, q, J =
287), 133.5(C), 140.3 (C), 153.8 (C, q, J = 37.7), 167.5 (C).

6-Amino-4H-[1,2]dithiolo[4,3-b]pyrrol-5-one; hydrochloride (10).
To a solution of 9 (242 mg, 0.902 mmol) in MeOH (35 cm?) at rt
under N, was added conc. HCI(1.15 cm?®) and the resulting mixture
was refluxed for 2.5 h. After having been allowed to cool to rt, the
mixture was then concentrated and dried in vacuo, yielding crude
10 (187 mg, 99%) as a brown-orange solid which was used in the
following step without further purification: R; (heptane-EtOAc 1 :
2) = 0; mp >320 °C; oy (300 MHz; DMSO-d¢) 7.36 (1H, s), 8.18—
10.10 (3H, br s), 10.95-11.04 (1H, br s). Due to the instability
of this compound in DMSO-d, and insolubility in other NMR
solvents, further characterization was not possible. Synthesis of
10 has been reported in the literature.?

General procedure for reaction of pyrrothine ammonium salt 10
with acid chlorides

To a suspension of 10 (69 mg, 0.331 mmol) in THF (30.0 cm?®) at
rt under N, was added the acid chloride (ca. 0.41 mmol) and then
dropwise Et;N (0.739 mmol). The mixture was stirred for 30 min
at rt and was then concentrated under reduced pressure.

N-(5-Ox0-4,5-dihydro-[1,2]dithiolo[4,3-b]pyrrol-6-yl)-acetamide
(1a, holomycin). Reaction of 10 (69 mg, 0.331 mmol) with
acetyl chloride (0.029 cm?®, 0.408 mmol) and Et;N (0.103 cm?,
0.739 mmol) following the general procedure followed by flash
chromatography of the residue yielded 1a (46 mg, 65%) as an
orange solid: R; (EtOAc-MeOH 9 : 1) = 0.68; mp = 269-271 °C
(lit.,> mp = 264-271 °C; lit.,"* mp = 268-270 °C; lit.,'* mp =
264-272 °C; lit.,'** mp = 265-271 °C; lit.,"Y mp = 270-275 °C;
lit.,"* mp = 271-274 °C); oy (300 MHz; DMSO-d;) 2.02 (3H,
s), 7.05 (1H, s), 9.83-9.92 (1H, br s), 10.65-10.74 (1H, br s); o¢
(75.4 MHz; DMSO-d;) 22.3 (CH;), 110.5 (CH), 115.4 (C), 133.7
(C), 133.9 (C), 167.9 (C), 168.8 (C). NMR spectra were in full
accordance with those reported in the literature.

Hexanoic acid (5-oxo0-4,5-dihydro-[1,2]dithiolo[4,3-b]pyrrol-6-
yD)-amide (lc, xenorhabdin I). Reaction of 10 (69 mg,
0.331 mmol) with hexanoyl chloride (0.056 cm?, 0.406 mmol) and
Et;N (0.103 cm?, 0.739 mmol) following the general procedure
followed by flash chromatography of the residue yielded 1¢ (58 mg,
65%) as an orange solid: R; (EtOAc) = 0.72; mp = 201-203 °C
(lit.,”* mp = 192-193 °C); dy (300 MHz; DMSO-d,) 0.86 (3H, t,
J =16.9), 1.17-1.35 (4H, m), 1.46-1.57 (2H, m), 2.33 2H, t, J =
7.4), 7.04 (1H, s), 9.76-9.84 (1H, br s), 10.65-10.73 (1H, br s); ¢
(75.4 MHz; DMSO-d;) 13.8 (CH;), 21.8 (CH,), 24.7 (CH,), 30.8
(CH,), 34.6 (CH,), 110.5 (CH), 115.4 (C), 133.7 (C), 133.9 (O),
167.9 (C), 171.8 (C). NMR spectra were in full accordance with
those reported in the literature.'

N-(5-Oxo0-4,5-dihydro-[1,2]dithiolo[4,3-b]pyrrol-6-yl)-butyramide
(1f). Reaction of 10 (69 mg, 0.331 mmol) with butyryl chloride
(0.043 cm®, 0.411 mmol) and Et;N (0.103 cm?®, 0.739 mmol)
following the general procedure followed by flash chromatography
of the residue yielded 1f (53 mg, 66%) as an orange solid: Ry
(EtOAc) = 0.56; mp = 211.5-213.5 °C (lit.,> mp = 215-218 °C);
m/z HRMS (TOF MS ES*) Found [M + H]* 243.0270.
CyH,1N,0,S,* requires 243.0256; 6y (300 MHz; DMSO-d;) 0.87
(3H, t, J =74), 1.54 2H, tq, J = 7.4), 2.32 2H, t, J = 7.4),
7.05 (1H, s), 9.78-9.86 (1H, br s), 10.66-10.74 (1H, br s); J¢
(75.4 MHz; DMSO-d) 13.5 (CH;), 18.5 (CH,), 36.5 (CH,),
110.5 (CH), 115.3 (C), 133.7 (C), 134.0 (C), 167.9 (C), 171.7 (C).
Synthesis of 1f has been reported in the literature.’

N-(5-Oxo0-4,5-dihydro-[1,2]dithiolo[4,3-b]pyrrol-6-yl)-benzamide
(1g). Reaction of 10 (69 mg, 0.331 mmol) with benzoyl chloride
(0.047 cm?®, 0.405 mmol) and Et;N (0.103 cm®, 0.739 mmol)
following the general procedure followed by flash chromatography
of the residue yielded 1g (64 mg, 70%) as an orange solid: R;
(EtOAc) = 0.65; mp = 268-270 °C; m/z HRMS (TOF MS ES*)
Found [M + H]* 277.0116. C,;H,N,O,S,* requires 277.0100; o4
(300 MHz; DMSO-d;) 7.16 (1H, s), 7.45-7.53 (2H, m), 7.55-7.62
(1H, m), 7.96-8.01 (2H, m), 9.99-10.08 (1H, br s), 10.78-10.86
(1H, brs); dc (75.4 MHz; DMSO-d,) 111.1 (CH), 115.3 (C), 127.9
(2C, CH), 128.3 (2C, CH), 132.0 (CH), 132.7 (C), 133.7 (C), 136.5
(C), 164.9 (C), 168.1 (C).

Furan-2-carboxylic acid (5-oxo-4,5-dihydro-[1,2]dithiolo[4,3-
blpyrrol-6-yl)-amide (1h). Reaction of 10 (69 mg, 0.331 mmol)
with 2-furoyl chloride (0.044 cm?®, 0.409 mmol) and Et;N
(0.103 cm?, 0.739 mmol) following the general procedure followed
by flash chromatography of the residue yielded 1h (60 mg, 68%) as
a yellow-orange solid: R; (EtOAc) = 0.57, mp = 247-250 °C; m/z
HRMS (TOF MS ES*) Found [M + H]* 266.9897. C,,H,N,O,S,*
requires 266.9893; o, (300 MHz; DMSO-d;) 6.68 (1H, dd, J = 1.7
and 3.5),7.17 (1H, s), 7.49 (1H, dd, J = 0.7 and 3.5), 7.93 (1H, dd,
J =0.7and 1.7), 9.62-9.70 (1H, br s), 10.81-10.87 (1H, br s); d¢
(75.4 MHz; DMSO-d) 111.4 (CH), 112.2 (CH), 114.3 (C), 115.5
(CH), 133.7(C), 135.9 (C), 146.0 (C), 146.3 (CH), 155.4 (C), 167.9
(©).
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Conditions are reported for the facile, one-pot synthesis of
o,B-unsaturated ketones via the palladium-catalysed cross-
coupling of acyl chlorides with hydrozirconated acetylenes,
and its use in the 2-step synthesis of D-5-O-benzyl deoxy-
xylulose.

The oxidative addition of palladium(0) complexes and acyl chlo-
rides leads to the formation of acyl palladium chloride species.!
These have been crystallised for X-ray structure elucidation,?
but have found limited use in catalytic cross-coupling reactions.
However, we,> and others,*” have recently shown that acyl
palladium complexes can be useful synthetic tools. For example,
we have recently shown that acyl chlorides can be coupled with
terminal acetylenes, in a palladium-dependent reaction, to form
acetylenic ketones in a single step.®

Cross-coupling reactions using acyl chlorides provide useful
products which are difficult to form by more traditional methods.
For example, addition of classical nucleophiles such as Grig-
nard or Reformatsky reagents to acyl chlorides usually leads
to multiple additions. Cross-coupling reactions involving acyl
chlorides, however, can be difficult to perform because of their
incompatibility with base. This is especially relevant where the
nucleophilic component is generated in a base-dependent reaction.
We have encountered this drawback in modified Sonogashira
reactions using acyl chloride substrates, and have previously
reported conditions for improving yields through reducing the
equivalents of triethylamine to a stoichiometric level.?

Compatibility of cross-coupling reactions toward acyl chloride
electrophiles would be significantly improved if the nucleophilic
component was generated by a base-free technique. Reductive
hydrometallation is one such technique, and when applied to
acetylenes generates nucleophilic vinyl-metal complexes. Of the
hydrometallation techniques available, hydrozirconation using
Schwartz reagent 1 (zirconocene chloride hydride) is reported to
be the most chemo-, stereo- and regio-selective (Scheme 1).2

Vinyl zirconocene species have previously been reported as
nucleophiles in cross-coupling reactions. For example, Negishi
has demonstrated that vinyl zirconocene reagents react with
aryl and vinyl halide electrophiles under palladium or nickel
catalysis.”!® Direct cross-coupling is possible when using relatively
less hindered vinyl groups. However, more hindered substrates
react in low yield. Negishi showed that low yields can be overcome

School of Chemistry, University of Bristol, Cantock’s Close, Bristol, BS8
ITS, UK. E-mail: r.j.cox@bris.ac.uk, Fax: +44 (0)117 9298611
T Electronic supplementary information (ESI) available: Experimental

procedures, data for all synthetic compounds, and crystal structure data
for compound 22. See DOI: 10.1039/b616582f
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Scheme 1 Regio- and stereo-selectivity observed in hydrozirconation.

through transmetallation of the hindered vinyl zirconocene to zinc.
The reaction then proceeds in high yield."

The use of acyl halides in reactions with zirconium reagents
has received less attention. It is known that catalysis is not
required for the reaction of alkyl zirconocene complexes with
acyl chlorides as long as steric bulk is minimal. Vinyl zirconocene
complexes, however, fail to react under these conditions.”> Wipf
has shown that Cul-SMe, catalysis can improve the yield of
products formed by the reaction of alkyl zirconium species with
acyl chlorides. Wipf, and more recently Huang, have also reported
the application of this catalyst to the reaction of vinyl zirconocenes
with acyl chlorides, however few examples have been explored.'®
Both Negishi' and Lipshutz'* have reported the transmetallation
of vinyl zirconium species to aluminium, prior to coupling to acyl
chlorides, but the reaction of vinyl zirconium reagents with acyl
palladium reagents has not been reported.

We investigated the possibility of reacting vinyl zirconium
species with acyl palladium species under catalytic conditions.
An initial reaction was conducted by first generating the vinyl
zirconocene complex 2.° and then adding p-nitrobenzoyl chloride
and 5 mol% Pd(PPh;),Cl, (Scheme 2). The reaction yielded the
desired product 3, which was isolated as a single isomer in 79%
yield. A control reaction lacking Pd(PPh;),Cl, yielded no product,
supporting our hypothesis that acyl palladium species are key
intermediates.

Two byproducts were observed (Scheme 2). The first of these,
diene 4, presumably occurs as a byproduct of activation of
the Pd(PPh;),Cl, precatalyst. The palladium chloride ligands
probably transmetallate with two equivalents of the vinyl zir-
conocene, and reductive elimination would then yield 4 and the
active catalyst, Pd°(PPh,), (Scheme 3). An additional 10 mol% of
acetylene and Schwartz reagent were used in further reactions to
compensate for this loss. The second byproduct 5 is the result of
addition of vinyl zirconocene to the target enone. Formation of 5
reduced the overall reaction yield but not by a significant amount.
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Scheme 3 Proposed activation of the precatalyst and catalytic cycle.

Yields of the bis-addition product were reduced further in cases
where the substrate lacked a p-nitro substituent.

The observation that no reaction occurs between the vinyl zir-
conium species and the acyl chlorides in the absence of palladium
suggests that the reaction proceeds by the generally accepted
catalytic mechanism of oxidative addition, transmetallation, and
reductive elimination (Scheme 3). The stereochemistry achieved in
the initial hydrozirconation of the acetylene appears to be carried
through the catalytic cycle.

The reaction conditions were then applied to a wider range
of starting materials (Table 1 and Table 2). Typical reaction
conditions employed were addition of Schwartz reagent (1.12 eq.)
to the acetylene (1.10 eq.) in anhydrous toluene, under nitrogen
and protected from light. The mixture was warmed to 40 °C with
stirring for 1 h. The reaction was cooled to room temperature, and
then acyl chloride (1.0 eq.) and Pd(PPh;),Cl, (5 mol%) were added.

Table 1 Coupling reactions of phenylacetylene

o) ¢l 0 H
CpoZra =
)J\ [ PEINZ >y, } %
R Cl R Ph
Pd(PPhy),Cl, H

Entry R’ Product Conditions* Yield (%)*
1 p-NO,Ph 3 a 79
2 Ph 6 a 79
3 p-BrPh 7 a 75
4 »-MeOPh 8 a 73
5 Cyclohexyl 9 a 91
6 ‘Bu 10 b 90
7 "Pr 11 a 88
8 Me 12 a 67

“ Reagents and conditions: (a) i. phenylacetylene, zirconocene hydride
chloride, toluene, 1 h, 40 °C;ii. 5 mol% Pd(PPh;),Cl,, acyl chloride, 3 h, r.t.;
(b) same as (a), but with stage ii being conducted for 24 h at r.t. * Isolated
purified yield.

Table 2 Coupling reactions of p-nitrobenzoyl chloride

0] H

R I i e
/ 1 CpZZr\%\R' — R
Entry R R’ Product  Conditions*  Yield (%)°
1 H (CH,);Me 13 a 89
2 H Cyclohexyl 14 a 71
3 H ‘Bu 15 a 14
4 H ‘Bu 15 b 63
5 H SiMe; 16 a 43
6 H Bn 17 a 79
7 H CH,OBn 18 a 65
8 H CH,0Ac 19 a 27
9 H Ac 20 a 0
10 H CH,N(Me), 21 a 0
11 Et Et 22 a 73
12 Me "Pr 23 a 40
13 Me  "Pr 23 c 88
14 Me Ph 24 [ 16

“ Reagents and conditions: (a) i. acetylene, zirconocene hydride chloride,
toluene, 1 h, 40 °C; ii. 5 mol% Pd(PPh;),Cl,, p-nitrobenzoyl chloride, 3 h,
r.t.; (b) same as (a), but using 15 mol% Pd(PPh;),Cl,; (c) same as (a), but
with stage ii being conducted for 24 h at 40 °C. * Isolated purified yield.

Completion of the reaction was often achieved within 3 h (TLC,
"H NMR). The use of more hindered reagents required heating or
extended reaction times. The completion of reaction was often, but
not always, marked by the precipitation of zirconocene dichloride.

Substituted benzoyl chlorides (Table 1, entries 2-4), and alka-
noyl chlorides (Table 1, entries 5-8) were successfully used as
the electrophilic component. p-Bromobenzoyl chloride (Table 1,
entry 3) reacted in good yield without any evidence of the aryl
bromide taking part in cross-coupling. No significant difference
was observed between strongly electron-donating (Table 1, entry 4)
or electron-withdrawing (Table 1, entry 1) substituents on the
benzoyl chloride in terms of yield or required reaction conditions.

The range of acetylenes tested included both terminal (Table 2,
entries 1-10) and internal examples (Table 2, entries 11-14).
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The linear aliphatic acetylene (Table 2, entry 1) and cyclohexyl
acetylene (Table 2, entry 2) reacted in high yield under standard
reaction conditions; however, the branched rert-butyl acetylene
(Table 2, entry 3) reacted in low yield unless the catalyst loading
was increased to 15 mol%. TMS acetylene (Table 2, entry 5) also
reacted in lower yield.

The reaction of the benzyl ether (Table 2, entry 7) proceeded in
high yield, but alternative oxygen functionalities reacted in lower
yields. For example, reaction of the ester (Table 2, entry 8) gave
a low yield, and reaction of the ketone (Table 2, entry 9) failed
entirely. Reaction of the tertiary amine (Table 2, entry 10) also
failed, which may indicate an incompatibility with base.

The reaction of 3-hexyne (Table 2, entry 11) gave the expected
target material in high yield. However, the reaction of 2-hexyne
proceeded in low yield, but allowing the second stage of the
reaction to stir for a period of 24 h at 40 °C improved the
yield significantly (Table 2, entry 13). Unfortunately, extended
reaction times did not improve the yield of the phenyl methyl
acetylene reaction (Table 2, entry 14).

Negishi observed that although hindered vinyl zirconocenes
could be formed by the reaction of Schwartz reagent with substi-
tuted acetylenes, they appeared not to undergo transmetallation
to the palladium(1r) intermediates derived from aryl halides.” For
example, the reaction of the vinyl zirconocene derived from 3-
hexyne, in a palladium-catalysed cross-coupling reaction with
phenyl iodide, did not proceed until a stoichiometric zinc species
was introduced. This contrasts with our results, where the reaction
of the vinyl zirconocene derived from 3-hexyne with the p-
nitrobenzoyl chloride (Table 2, entry 11) proceeds in high yield
without the requirement for a zinc mediator.

Analysis of the enone products from all reactions described in
Tables 1 and 2 showed that only single isomers were obtained. 'H-
NMR confirmed the expected regiochemistry, and NOE studies
suggested the correct stereochemistry. The stereochemistry of
enone 22 was confirmed by X-ray crystallography (Fig. 1).

Fig. 1 X-Ray structure of enone 22 (ORTEP probability 50%)."

The ability to couple simple commercially available precursors,
to form useful synthetic intermediates that are difficult to syn-
thesise by other methods, is a key advantage of the reaction.
We applied the reaction to the 2-step synthesis of protected
deoxyxylulose 25. Deoxyxylulose (DX), and its 5-O-phosphate
(DXP), have formed the target for several syntheses because of
the central position of DXP in the non-mevalonate biosynthetic

pathway to terpenes and because of DXP’s role as a biological
precursor of pyridoxal phosphate and thiamine pyrophosphate.'®
For example, Welzel and co-workers have described a 5-step
synthesis of 25 from ethyl bromoacetate,'”” while Fechter and
co-workers have described an alternative 5-step synthesis from
acrolein.” We recently described a 4-step sequence to the related
protected DXP.* An important feature of all these routes is their
ability to incorporate isotopic labels at strategic positions.

We reacted propargyl benzyl ether 26 with Schwartz reagent,
and the reaction mixture was then treated with acetyl chloride
and Pd(PPh;),Cl, to yield the expected unsaturated ketone 27 in
72% yield. The olefin 27 was treated with stoichiometric OsO,
in the presence of (DHQD),PHAL to afford the syn-diol 25 in
59% yield and 93% ee (Scheme 4). These reactions are eminently
suitable for the incorporation of isotopic labels. For example,
acetyl chloride can be synthesised from acetic acid, which is
available with all combinations of *C and *H labels. Propargyl
benzyl ether can be simply deuterated at the acetylenic position
by base treatment followed by D,O quench, and deuterium could
also be incorporated stereospecifically at C-4 of 25 by the use
of deuterated Schwartz reagent. These reactions are currently
underway in our laboratories, and the use of isotopically labelled
deoxyxylulose as a probe to investigate the mechanism of non-
mevalonate pathway enzymes will be reported in due course.

)CJ)\ N \\\/O\/Ph

Cl

o]

0 OH )
)J\_/’\/ovph -~
oH 25

Scheme 4 Synthesis of D-5-O-benzyl deoxyxylulose. Reagents and con-
ditions: 1) Schwartz reagent, toluene, then acetyl chloride, Pd(PPh;),Cl,;
ii) OsO,, CH,Cl,, (DHQD),PHAL, then MeOH, HCI.
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The water soluble capsule formed by a deep cavity cavitand
with eight carboxylic acid groups controls product distribu-
tion during photo-Fries rearrangement of naphthyl esters in
water by restricting the mobility of primary singlet radical
pair.

The multitude of products from photoreactions in general,
preclude their use in routine and commercial synthesis of organic
compounds. With the aim of devising strategies to control product
distributions in photochemical reactions, particularly those that
function in aqueous media, we have been exploring the use of water
soluble confined assemblies. In the current study we have used
the host deep-cavity cavitand 1, a molecule with eight carboxylic
acid groups located at the periphery that engender water-solubility
under basic conditions. Previously, 1 has been shown to form a
capsule in the presence of hydrophobic guest molecules (Fig. 1).!

(a)

(b)

2 x + | Guest(s) | — H,

Fig. 1 a) Deep-cavity cavitand 1. b) Schematic of the templated dimer-
ization of 1.

More recently we have established that on the microsecond
time-scale 1, can restrict the translational—but not rotational—
freedom of the triplet radical pair derived from dibenzylketones.?
To explore the efficacy of the capsule in restricting (templating)
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T Electronic supplementary information (ESI) available: Experimental
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sub-microsecond time-scale processes, we report here on photo-
Fries rearrangement reactions,* excited state processes that occur
via singlet radical pairs. Specifically, we focus on naphthyl esters
2a—c¢, molecules that in solution form a bewildering array of
products in hydrocarbon solvents (Scheme 1).

As summarized in Table 1, upon excitation in hexane, (-
cleavage (with respect to the naphthyl ring) of 2a yields ortho
and para rearranged naphthol ketones 3a and 4a as well as a small
amount of naphthol (5) (Table 1). Esters 2b and 2¢ form virtually
every compound depicted in Scheme 1 in hexane. Reactions were
conducted in aqueous basic (pH ~ 8.9) conditions to serve as
a control in the host 1. Under these conditions naphthyl esters
2a—c are thermally hydrolyzed to naphthol and the corresponding
acids within a few hours at room temperature (2¢ being least prone
to hydrolysis). Although irradiation in basic aqueous solution
gave less photoproducts, a side reaction namely thermal hydrolysis
complicated the photoprocess. Although in hexane hydrolysis was
not a problem, multiple product formation made the photo-Fries
reaction of 2a—c less useful. As described below cavitand 1 was
able to prevent thermal hydrolysis in basic aqueous solution and
encourage formation of a single photoproduct. Thus the results
described below are novel both with respect to hexane as well as
aqueous solution.

However, in the presence of two equivalents of 1, no hydrolysis of
these esters 2a—c occurred suggesting encapsulation and protection
from the basic aqueous solution. Confirmation of encapsulation
within 1, came from "H NMR analysis of 2¢ and its 2¢@1, complex
(Fig. 2). Integration identified the stoichiometry as 2 : 1, while
peak shifts of the guest and signal splitting of the host confirmed
encapsulation. Thus, characteristic of encapsulation is the 0.5 ppm
difference between the methyl signals of the free and bound guest
(Fig. 2a and 2c¢); a phenomenon induced by the magnetic shielding
by the aromatic walls of 1,. Furthermore, the signals of the free
host 1 (Fig. 2b) are split in the complex (Fig. 2¢) because the
C, symmetric guest spins rapidly (on the 500 MHz timescale)
around the C, axis of the cavity, but tumbles slowly around the
pseudo C, rotation axis of the capsule. In other words at any
given moment, one hemisphere of the cavitand binds the guest’s
naphthalene ring while the other binds the phenyl ring, hence
presenting magnetically unique areas (inset).

All photoreactions were conducted in the presence of four
equivalents of host 1 per guest molecule to ensure the absence
of any free ester in solution. Results of the photolyses presented in
Table 1 reveal that in contrast to the multiple products produced
in hexane, all three encapsulated guests gave the corresponding
ortho rearranged naphthol (3a, b or ¢) as the exclusive product.
To rule out the possibility of selective destruction of the para
products 4 during the irradiation, the progress of the photolysis
of 2a@]1, was monitored with '"H NMR. In this experiment, only
one significant guest was observed at each sampling time, and
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Table 1 Relative % product distribution for the photolysis of esters 2a—c encapsulated within 1,

Medium 3a— 4a— 5 6b, ¢ 7b, ¢ 8b, ¢ 9b, ¢ 10b, ¢ 11b, ¢
2a-hexane® 61 30 9

2a@1, 99 — — — — — — —
2a-buffer’ 40 60

2b-hexane 59 6 9 2 5 2 7 11 1
2b@]1, 99 — — — — — — —
2b-buffer? 30 — 70 — — — — —
2c¢-hexane 28 15 13 15 6 15 9 14

2c@l, 99 — — — — — — —
2¢-buffer’ 85 — 15 — — — — —

“ For substrate 2a, only photoproducts 3a—5 are expected to form upon irradiation in hexane. * Product 5 is from a dark reaction and products 3a—c are

from photoreactions of 2a—c.

OH OH R
OH O o
0 A0 Ay A
O O
OJJ\R o) R
“ 3a-c 4a-c 5 6b, ¢ b, ¢
0
—
2 OH OR
R

om0 Q0

bR = CH,Ph 1

¢ R = C(CHj3),Ph 8b, ¢ 9b, ¢ 10b, ¢ 11b, ¢

Scheme 1
a) Me guest -
b)
4_,’_,‘\_;,'__, __J'w J L_,L

c)

H |

| exo Me goest
N N |

8 7 6 5 4 3 2 g o

Fig. 2

'"H NMR spectra of: a) Naphthyl ester 2¢ in D,O (compound added as a concentrated DMSO solution; residual DMSO peak at ca. 2.5 ppm).

b) Free host 1 in buffered (sodium tetraborate) aqueous solution. ¢) 2 : 1 complex of the host 1 and guest 2¢ (H,,, proton is indicated in Fig. 1a).

comparison to a sample of 3a@1, formed from the independently
synthesized ketone confirmed that the irradiated and encapsulated
product was 3a (Fig. S1t). The selectivity of this encapsulation
photochemistry can be understood with the aid of Scheme 2.
Photo-Fries reaction has been established to occur via the singlet

excited state through a B-cleavage process.*™ Selective formation
of 3a—c, combined with the absence of 4a—c, suggest meagre
rotational or translational freedom of the singlet radical pair
within the capsule. Furthermore, the absence of the corresponding
decarboxylation products 9 and 10 suggests a much faster radical
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recombination than decarbonylation of the acyl radical; a process
occurring in solution with a rate constant of ~10% s7'.° The
primary radical pair recombination must therefore occur within
the nanosecond time scale. As expected, no products from the
combination of identical radicals, e.g. 6 or 8, were observed.

The degree of selectivity observed with 1, is comparable only to
that in zeolites where cation—7 interaction plays a key role."*" In
water, the relatively rigid structure of the host 1 and the tenacity

of the hydrophobic effect holding the reaction capsule together
enforce restrictions similar to those in zeolites. Further studies
exploring the potential of host 1 as a nano-scale reaction chamber
are currently under way.
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