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The application of a palladium-catalyzed Cu(1)-mediated Liebeskind—Srogl protocol for the decoration
of the 2(1 H)-pyrazinone scaffold resulted in significantly improved yields and rates when performed

under microwave irradiation with simultaneous cooling.

Introduction

In the pursuit of lead compounds that bind to therapeutically
relevant targets, several classes of pyrazinones have been in-
vestigated. Much attention has been devoted to C3-arylated
pyrazinones. Some of them have been described as potent sodium
channel blockers.! and others act as cell-adhesion inhibitors for
the treatment or prevention of inflammatory diseases (Fig. 1).
Moreover, C3-arylated 2(1 H)-pyrazinones are suitable precursors
for the synthesis of functionalizable external B-turn mimics® and
substance P antagonist analogues.* We have previously described
an efficient procedure for the C3-arylation of the 3-chloro-2(1H)-
pyrazinone scaffold applying a microwave-assisted Suzuki cross-
coupling reaction of the reactive imidoyl chloride moiety.® In the
context of generating small libraries of C3-arylated compounds,
we started to investigate solid phase organic synthesis (SPOS)
applying a thiophenyl linker, which could simultaneously be
cleaved and substituted (traceless linking) resulting in C3-arylation
of the pyrazinone scaffold, applying Liebeskind-Srogl cross-
coupling conditions with suitable aryl boronic acids (Scheme 1).°
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Fig. 1 Some biologically-active C3-arylated 2(1 H)-pyrazinones.

As a proof of concept we examined this reaction in solution
phase, mimicking the sulfur linker with a thiophenol substituent.
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Scheme 1 Traceless linking concept using the Liebeskind—-Srogl protocol.

However, we found that these reactions were rather sluggish at
room temperature, affording the arylated compounds in rather
moderate yields. During our investigations we discovered that both
the rate as well as the yield of these cross-coupling reactions could
be greatly improved when performed under microwave irradiation
in combination with simultaneous cooling. Here, we would like to
disclose the results of our investigations.

Results and discussion

The cross-coupling reaction according to Liebeskind-Srogl is
a typical palladium-catalyzed, copper (1)-mediated, base-free
coupling of a boronic acid with a n-deficient heteroaromatic
thioether.® Normally, copper (1) thiophene-2-carboxylate (CuTC)
is used in a slight excess. To evaluate the decoration of the
C3-position of the 2(1H)-pyrazinone scaffold, we examined the
cross-coupling of pyrazinone 1{1} with various commercially-
available boronic acids 2{1-5}, applying this protocol. The p-
methoxybenzyl (PMB) group in 1{1} serves as a protective
group for the N1-position of the pyrazinone scaffold.” We first
investigated the reaction under conventional conditions (Table 1).

In a typical run, a mixture of pyrazinone 1{1} (0.21 mmol),
boronic acid 2{1-5} (3 equiv.), Pd(PPh;), (5 mol%) and CuTC
(2.0 equiv.) in THF was stirred at room temperature (rt). How-
ever, the reaction required several days, delivering the desired
compounds 3{1-5} in rather moderate yields ranging from 63 to
77%, along with unidentified side compounds (Table 1). Although
the reaction could be sped up upon conventional heating at
65 °C, reducing the reaction time to almost one day, this did
not result in any improvement of the yield (Table 1). Therefore,
we decided to investigate the reaction under microwave irradiation
conditions.? A ceiling temperature of 65 °C was used, together with
a maximum power input of 200 W, keeping other conditions the
same as previous experiments. Although the reaction time could
be reduced tremendously, to a mere 30 min, a severe drop of the
yield was observed to 51-63%, as a noticeable array of unidentified
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Table 1

Arylation of pyrazinone 1{1} using Liebeskind—Srogl conditions*

f L/ Pd(PPh3)4 cuTC /[ f
<:|/k /\ B(OH); o

11} 2{1-5}

3{1-5} x

2,3{1} R = 3-OFt; 2,3(2} = 3-CF3; 2,3{3} R = 4-OPh; 2,3{4} R = 4-OMe; 2,3{5} R = H

Product Rt yield (%); AT (65 °C) yield MW? (65 °C, MW + cooling®
Boronic acid formed time/h (%); time/h 30 min) yield (%) (35°C, 1 h) yield (%)
2{1} 3{1} 77; 96 79; 22 62 88
2{2} 3{2} 70; 104 69; 27 54 83
2{3} 3(3} 63; 101 63;25 51 80
2{4} 3{4} 74; 98 73; 26 63 90
2{5} 3{5} 74; 99 76;27 61 90

“Reactions were run on a 0.21 mmol scale of pyrazinone 1{1} with 3 equiv. of boronic acid 2{1-5}, Pd(PPh;), (5 mol%) and CuTC (2.0 equiv.) in 3 mL
of THF. ® MW-Irradiation conditions at a maximum power level of 200 W. ¢ Coolmate, MW-irradiation continuously at the maximum power of 300 W;
the temperature was measured with a fiber-optic device inserted into the reaction vessel.

side compounds (TLC monitoring) was formed (Table 1). We have
previously demonstrated that the analogous problems of copper
(1) mediated cross-coupling reactions according to Chan and
Lam’® could be solved upon application of microwave irradiation
with simultaneous cooling,'® keeping the bulk of the material at a
relatively low temperature by cooling the vial with a microwave-
transparent cooling liquid. This should also allow the maintenance
of the maximum power input of 300 W during the full run of the
irradiation. We, therefore, decided to investigate the reaction upon
microwave irradiation at a lower temperature with simultaneous
cooling. To ensure a correct temperature measurement, a fiber
optic sensor was used. However, when the reactions were run at
0, 10, 20 or 30 °C, they did not reach completion, even after
irradiation for 3 x 1 h continuously at 300 W."" Interestingly,
no side-product formation could be detected in the reaction
mixture, as indicated by CI-MS. Increasing the amount of boronic
acid to 8 equiv. did not alter the outcome of these reactions.
Satisfactorily, we found that when the temperature was raised to
35 °C, the reaction was completed in 1 h, resulting in increased
yields ranging from 80 to 90% (Table 1). Clearly, keeping the bulk
of the material at a relatively low temperature of 35 °C (compared
to 65 °C under microwave irradiation without simultaneous
cooling), has a beneficial influence on the yield of the reaction.
The reaction could not reach completion when performed under
microwave irradiation at 35 °C, without simultaneous cooling.
Clearly a continuous power input of 300 W is necessary to reach
full conversion (see the temperature—power profile shown in the
Experimental section).

Thus, having an efficient protocol at hand, we decided to
investigate the scope and limitations of this microwave-assisted
coupling procedure by varying the boronic acids (Table 2). The
reactions proceeded well with halide-substituted boronic acids
(entries 1-4, 6, 7, 9 and 11), although when a relatively large
substituent is in the ortho position, the coupling seems to be
inhibited (entries 5, 8 and 10). Analogous observations were
made with a methyl substituent (entries 12-15) as well as with
the electron-withdrawing ethoxycarbonyl group (entries 23-24).
However, with an ortho fluoro substituent the reaction worked well
(entries 1 and 3). Heterocyclic boronic acids, with the exception

Table 2 Evaluation of the scope and limitations of the optimized
procedure applying different boronic acids 2{6-29}“

Pd(PPhs)s, CuTC, THF,

PMB
| R
N 0 \ BN
Ji I + @\ MW + simultaneous /[
0,
o W Neen N eion),  cooling, 35 °C,

300W, 1 h
1{1} 2{6-29} 3{6-29} /
Entry 3{6-29} R Yield® (%)
1 3{6} 2-F 75
2 3{7} 3-F 76
3 3{8} 2,4-F 80
4 3{9} 34-F 75
5 3{10} 2-Cl 31ede
6 3{11} 3-Cl 81
7 3{12} 4-Cl 73
8 3{13} 2,4-Cl Traces®**
9 3{14} 3.4-Cl 89
10 3{15} 2-Br Traces***
11 3{16} 3-Br 84
12 3{17} 2-Me 28ede
13 3{18} 3-Me 81
14 3{19} 4-Me 85
15 3{20} 3,4-Me 80
16 3{21} 4-tert.-Butyl 96
17 3{22} 4-CN Traces®*¢
18 3{23} 5-Methylthiophene-2- 64
19 3{24} 4-Pyridyl Traces®**
20 3{25} 2-Benzofuryl Traces***
21 3{26} 1-Naphthyl 90
2 3027} 2-Naphthyl 88
23 3{28} 2-COOEt 264
24 3{29} 4-COOEt 90

“ Reactions were run on a 0.21 mmol scale of pyrazinone 1{1} with 3 equiv.
of boronic acid, Pd(PPh;), (5 mol%) and CuTC (2.0 equiv.) in 3mL of THF
at 35 °C under MW-irradiation with simultaneous cooling, continuously
at the maximum power of 300 W for 1 h; the temperature was measured
with a fiber-optic device inserted into the reaction vessel. * Isolated yields.
¢ Starting material was recovered. ¢ Detected by CI-MS. ¢ Reaction did not
work under conventional heating conditions.

of 5-methylthiophene-2-boronic acid, did not work (entries 18—
20). Good results were also obtained with 1- and 2-naphthalene
boronic acid (entries 21 and 22).
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Table 3 Evaluation of the scope and limitations of the optimized
procedure applying different 2(1 H)-pyrazinones 1{2-6}"

I'Ih OEt Fla,
Rs N o Pd(PPhgz)s, CuTC, THF, Rs N 0
I I * MW + simultaneous I >
Cl N SPh N

B(OH)2  cooling, 35 °C, c

1{2-6} 2{1} 3{30-34}

OEt
300W, 1h

Entry R, R, 3{30-34}  Yield® (%)

1 CH, H 3{30} 90

2 CH,C:H,, H 3{31} 89

3 (CH.),Ph H 3{32} 92

4 CH,Ph Me 3{33} 91

5 Me Me 3{34} 94

“Reactions were run on a 0.21 mmol scale of pyrazinone 1{2-6} with
3 equiv. of boronic acid, Pd(PPh;), (5 mol%) and CuTC (2.0 equiv.) in
3 mL of THF at 35 °C under MW-irradiation with simultaneous cooling,
continuously at the maximum power of 300 W for 1 h; the temperature
was measured with a fiber optic device inserted into the reaction vessel.
b Isolated yields.

Finally, we investigated the applicability of the procedure for
differently substituted 2(1H)-pyrazinones at the N1- and C6-
position (Table 3). Applying the same procedure of microwave
irradiation with simultaneous cooling at 35 °C, excellent yields for
all different substrates were obtained (entries 1-5).

Conclusions

In conclusion, an optimized protocol was developed for the
C3-arylation of 2(1H)-pyrazinones, applying Liebeskind—Srogl
conditions under microwave irradiation with simultaneous cooling
at 35 °C. The procedure works well for boronic acids bearing
no relatively large ortho substituent. When the reactions were
performed under microwave irradiation at elevated temperature
(65 °C), only moderate yields were observed. Although the
couplings could be performed under conventional conditions, this
required rather long reaction times and resulted in noticeably
lower yields. We can conclude that the reactions clearly benefit
from simultaneous cooling during microwave irradiation, most
probably due to the high and sustained power input next to cooling
the bulk of the material after reaction.

Experimental
General remarks

"H NMR spectra were recorded on Bruker Avance 300 MHz and
400 MHz instruments, using CDCIl;. The 'H and "“C chemical
shifts are reported in ppm relative to tetramethylsilane, using
the residual solvent signal as an internal reference. Mass spectra
were recorded by using a Kratos MS50TC and a Kratos Mach
IIT data system. The ion source temperature was 150-250 °C as
required. High-resolution EI-mass spectra were performed with
a resolution of 10000. The low-resolution spectra were obtained
with a HPS989A MS instrument. For thin-layer chromatography,
analytical TLC plates (Alugram SIL G/UV,;, and 70-230 mesh
silica gel (E.M. Merck)) were used. The Pd(PPh;),, CuTC and
boronic acids were purchased from Acros Organics (Janssen

Pharmaceutical, Geel) and were used without further purification.
All starting pyrazinones were prepared according to a known
literature procedure.'”? All compounds were fully characterised by
comparison of their spectral data and melting points. Melting
points of the compounds are uncorrected.

Microwave irradiation experiments

The reactions were carried out in an open 10-mL double-walled
glass vial which was cooled to 35 °C using a microwave-transparent
cooling liquid."® The temperature of the cooling liquid was
between 10 and 15 °C. Irradiation and cooling were started
simultaneously, starting with the reaction mixture at rt. The
temperature was measured with a fiber optic device inserted into
the reaction vessel (a schematic representation of the set-up can
be found at http://cemsynthesis.com/).

General procedure of Liebeskind cross-couping of pyrazinone 1
with boronic acids

Liebeskind conditions. To a suspension of pyrazinone {1}
(0.076 g, 0.21 mmol) in THF (3 mL) were added boronic acid
(0.63 mmol, 3 equiv.), Pd(PPh;), (5 mol%) and CuTC (2.0 equiv.).
The reaction mixture was heated at 65 °C for the time indicated
(Table 1). After completion of the reaction, the solvent was
removed under reduced pressure and the residue was purified by
column chromatography [silica gel, n-hexane—CH,Cl, (95 : 5)] to
furnish the products 3{1-5}.

Upon microwave irradiation with simultaneous cooling'' at 35 °C.
To a suspension of pyrazinone 1{1-6} (0.076 g,0.21 mmol) in THF
(3 mL) were added boronic acid (0.63 mmol, 3 equiv.), Pd(PPh;),
(5 mol%) and CuTC (2.0 equiv.). The mixture was irradiated
continuously at 35 °C at the maximum power of 300 W for 1 h.
After completion of the reaction, the solvent was removed under
reduced pressure. The crude product was then absorbed on silica
gel and the residue was purified by column chromatography over
silica gel using n-hexane-CH,Cl, (95 : 5) as the eluent, to give the
C-3-arylated pyrazinones 3{1-34}.
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Temperature—power profile: microwave irradiation with

simultaneous cooling at 35 °C for the formation of 3{1}

5-Chloro-3-(3-ethoxyphenyl)-1-(4-methoxybenzyl)-2(1 H)-pyra-
zinone (3{1}). It was obtained as a yellow oil in 88% yield. 'H
NMR (400 MHz, CDCl,): 8 7.99-7.95 (m, 2H), 7.34-7.25 (m, 3H),
7.14 (s, 1H), 7.00-6.98 (m, 1H), 6.89-6.87 (d, 2H, J = 8.36 Hz),
5.03 (s, 2H), 4.11-4.06 (q, 2H, J = 6.9 Hz), 3.76 (s, 3H), 1.42-139
(t,3H,J = 6.9 Hz). "C NMR (100 MHz, CDCl,): 160.13, 158.78,
154.50, 151.9, 136.19, 130.46, 129.18, 126.41, 125.32, 121.93,
117.70, 114.81, 114.72, 63.66, 55.44, 52.45, 14.92. HRMS (EI):
caled for C,0H,,O,N,Cl: 370.1084, found: 370.1071.
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5-Chloro-3-(3-trifluoromethylphenyl)-1-(4-methoxybenzyl)-2(1 H)-
pyrazinone (3{2}). It was obtained as a yellow solid m.p.
107-108 °C in 83% yield. '"H NMR (300 MHz, CDCl;): ¢ 8.72
(s, 1H), 8.63-8.60 (m, 1H), 7.71-7.68 (m, 1H), 7.58-7.53 (m,
1H), 7.32-7.30 (d, 2H, J = 8.2 Hz), 7.23 (s, 1H), 6.93-6.90 (d,
2H, J = 9.1 Hz), 5.08 (s, 2H), 3.8 (s, 3H). *C NMR (75 MHz,
CDCl;): 160.18, 154.25, 150.18, 135.50, 132.40, 121.97, 130.35,
129.03, 128.55, 126.98, 126.46, 126.08, 114.72, 114.23, 55.31,
52.49. HRMS (EI): calcd for C,y,H,,O,N, F;Cl: 394.0696, found:
394.0684.

5-Chloro-3-(4-phenoxyphenyl)-1-(4-methoxybenzyl)-2(1 H)-pyra-
zinone (3{3}). It was obtained as a yellow oil in 80% yield. 'H
NMR (300 MHz, CDCl;): 6 8.43-8.40 (s, 1H), 7.39-7.25 (m, 4H),
7.17-7.01 (m, 6H), 6.92-6.89 (d, 2H, J = 9.12 Hz), 5.06 (s, 2H),
3.81 (s, 3H). "C NMR (75 MHz, CDCl;): 160.19, 159.86, 156.45,
154.59, 151.60, 131.41, 130.49, 129.88, 129.21, 126.66, 126.50,
124.61, 124.07, 119.74, 117.88, 114.78, 55.50, 52.51. HRMS (EI):
caled for C,,H,,O;N,Cl: 418.1084, found: 418.1081.

5-Chloro-3-(4-methoxyphenyl)-1-(4-methoxybenzyl)-2(1 H)-pyra-
zinone (3{4}). It was obtained as a yellow solid m.p. 96-97 °C in
90% yield. '"H NMR (300 MHz, CDCl;): 6 8.44-8.41 (d, 2H, J =
9.1 Hz), 7.30-7.27 (d, 2H, J = 8.2 Hz), 7.1 (s, 1H), 6.95-6.88 (m,
4H), 5.03 (s, 2H), 3.84 (s, 3H), 3.79 (s, 3H). "C NMR (75 MHz,
CDCl;): 161.78, 160.01, 154.53, 151.60, 131.26, 130.37, 127.75,
126.53, 124.07, 114.62, 113.56, 55.41, 52.36. HRMS (EI): calcd
for C,yH,;0;N,Cl: 356.0928, found: 356.0938.

5-Chloro-3-phenyl-1{(4-methoxybenzyl)-2(1 H)-pyrazinone (3{5}).
It was obtained as a yellow solid m.p. 113-114 °C in 90% yield.
"H NMR (300 MHz, CDCl;): J 8.36-8.33 (m, 2H), 7.44-7.42 (m,
3H), 7.31-7.28 (d, 2H, J = 8.2 Hz), 7.16 (s, 1H), 6.91-6.88 (d,
2H, J = 9.12 Hz), 5.04 (s, 2H), 3.79 (s, 3H). C NMR (75 MHz,
CDCl,): 160.10, 154.50, 152.24, 134.94, 130.74, 130.46, 129.37,
128.21, 126.56, 126.35, 125.22, 114.68, 55.41, 52.48. HRMS (EI):
caled for CsH,sO,N,Cl: 326.0822, found: 326.0817.
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Controlling molecular conformation is a significantly important issue in a wide variety of organic
reactions because the ground state structure is significantly responsible for the transition one. As
observed in enzymes and proteins, the cation—r interaction plays a key role in the formation of the
tertiary structure and the biochemical processes. Therefore, the cation—n interaction would be a
promising conformation-controlling tool not only in large molecules, but also in small molecules due to
its stronger interaction force. This article describes the utility of the intramolecular cation—7 interaction
in various organic syntheses with evidence for the existence of the cation—r interactions.

1. Introduction

It has been well documented that a cation-r interaction' plays
a crucial role in the recognition of ligands in biochemical
processes,>® and in the formation of the tertiary structure of
proteins.* Moreover, this interaction is one of the key forces
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for the construction of various host-guest complexes™® and
supramolecules.® Considerable attention has continued to attract
researchers due to its stronger interactive force than those of the
other non-bonding aromatic interactions such as the m—n’ and
CH-n?® interactions.

The metal cation is the most important element of the cationic
part in a cation—7 interaction due to strong interaction with the
aromatic part (Fig. 1a). For example, the stabilization energy for
the complex of Na* with benzene is reported to be 23 kcal mol™".?
On the other hand, organic cations, in particular aromatic cations
containing nitrogen, also serve as the cationic parts of the cation—
n systems. Although the interaction energy with benzene is lower
than that of a metal cation, it is still much higher than the other
attractive interactions. The interaction energies for pyridinium-—
7 systems were experimentally estimated to be —0.5 to —2.6 kcal
mol~" ' in solution. Recent ab initio molecular orbital calculations
estimated about —7.9 to —9.4 kcal mol™' for stabilization energy
between the N-methylpyridinium cation and benzene with a
parallel orientation (Fig. 1b)." The origin of this interactive force
is evidenced to be electrostatic and inductive forces, which suggests
that this interaction is categorized as a cation—7 interaction. As
the m-component, the aromatic n-system is the most significant
part of the cation—r interaction. On the other hand, the other nt-
systems, such as alkenes' and alkynes'® also act as T-components.
In addition, the thiocarbonyl and carbonyl groups also serve as
effective n-systems™ (Fig. 1¢).

(a)©m@ (M@I@ (C)}i‘”@

2N

R

Fig. 1 Cation—= interactions.

In spite of the significant role of the cation—m interactions
in the broad fields of chemistry, little application in organic
synthesis had been known until recently. From a synthetic point
of view, controlling the molecular conformation is a significantly
important issue to attain regio- and stereoselectivities in the
reactions because the ground state structure is closely related to
the transition one. While the n—n interaction has been employed
for this purpose,”® we focused on the intramolecular cation—n
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Table 1

AG®/kcal mol™ K. A-B (%)
1.0 5.35 16: 84

2.0 28.6 3.4:96.6
3.0 153 0.6:99.4

interaction as a conformation-controlling tool due to its stronger
interactive force.

AG = —RTIn K (1)

In general, an organic molecule is in equilibrium with several
conformers in solution. In order to simplify the system, let us
consider a model system in which two conformers, A and B, are
in equilibrium as shown in Scheme 1. The ratio of the conformers
is governed by the equilibrium constant K., which is correlated
to AG® by eqn (1). Table 1 shows the relationship between AG®
and the conformer ratio. It is obvious that 2-3 kcal mol~' of AG®
is enough to shift the equilibrium to conformer B. This strongly
suggests that the intramolecular cation—r interaction serves as a
promising conformation-controlling tool. This review describes
the utility of an intramolecular cation—7 interaction in organic
synthesis with evidence for the existence of the cation—m interaction
in each system.

Scheme 1 Equilibrium of conformers A and B.

2. Intra- vs. intermolecular pyridinium—r interactions

In general, intra- and intermolecular interactions compete with
each other in solution. For example, molecule C, that has both
aromatic and pyridinium rings, is in equilibrium between the
dimeric complex D and intramolecular complex E (Scheme 2).
In order for complex E to predominate, the entropy term must
decrease so that the two rings are close to each other. To this end,
the use of an amide linkage is often effective due to its double
bond character.

z%

R™ SN e
o O
-
D R C E

Scheme 2 Competition of intra- and intermolecular interactions.

We clarified that the cis and trans geometrical differences in
the amide linkage significantly affect the interaction modes.'® A
comparison of the Adla with Ad2a values, which are the differences
in the "H NMR chemical shifts between 1a and 3, and 2a and 4,
respectively, suggests that the shielding and deshielding effects of
the phenyl ring in 1a and 2a are very different from each other

(Fig. 2).

-o 85
-0.03 -0. 25
-0.20 Hy /\Q
Hs /|
NS
Heg '}‘+ Hy 009 Br Me -1.05
029 Br pe 0.67 -0.17
0.00

Fig. 2 A Values for 1a (left) and 2a (right).

/\/© H4 i
H Me
fﬁ Ty
|
X R
He 7[}1+ Hy
X Me X Me
1a:R=H, X=Br 3:R=H
1b:R=H, X=1 4:R=1tBu
2a: R = -Bu, X =Br
2b: R=tBu, X=1

The ORTEP diagrams of 1b and 2b are shown in Fig. 3a and
3b, respectively. The pyridinium and the phenyl rings of 1b are
separated from each other as expected from the "H NMR studies,
and every two molecules of 1b make a dimeric complex in a face-
to-face and head-to-tail manner. The distance of 3.504 A between
C6 and the centroid of the phenyl group is close to the sum of
the van der Waals radii of the aromatic carbons. In contrast, the
pyridinium ring and the phenyl ring of 2b lie parallel to each
other, the two rings of which are arranged face-to-face (Fig. 3b).
The 3.556 A of the C3 and C14 distance is short enough for the
intramolecular pyridinium-= interaction, strongly suggesting the
existence of an intramolecular cation—7 interaction. This stacking
structure can reasonably explain the higher upfield shifts of H2 and
H4 observed in the '"H NMR studies. Therefore, it is concluded
that inter- and intramolecular cation—7 interactions govern the
geometries of 1 and 2, respectively.

(a)

Fig. 3 X-Ray structures of (a) 1b and (b) 2b.'¢

The chain length is also an important factor in the equilibrium
between the intra- and intermolecular interactions. In the case
of amide 5 having a shorter chain length than 1a, it does
not exhibit an intramolecular interaction due to the geometri-
cal restriction.”” Remarkable is the fact that two significantly
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different conformers were observed in the crystal, which form
an unsymmetrical molecular dimer with perpendicularly twisted
orientation governed by the pyridinium-n interactions (Fig. 4).
The origin of these unusual structural features might be the
stabilization of the crystal packing by the formation of a three
dimensional pyridinium-r interaction network. The substituent
effect at the pyridinium ring on the molecular conformation is
also reported; in the bis(pyridiniopropyl)benzene derivatives, a
bulky substituent disturbes the intermolecular interaction, and
as a result, the intramolecular complex is preferentially formed.™
Interestingly, the pyridinium-7 interaction can control not only
the conformation of the small molecules but also that of oligomers.
N-Methylation of the oligomers having dimethylaminopyridine
and aromatic moieties causes folding to form a helical motif.!**

Fig. 4 Two significantly different conformers in the X-ray structure
of 5.7

3. Synthesis of chiral dihydropyridines

Chiral 1,4-dihydropyridines® have been employed as synthetic
intermediates for a wide variety of compounds such as natural
products,® calcium channel blockers,”? and NADH models.?
Moreover, they have the potential utility for obtaining various
nitrogen-containing chiral 6-membered heterocycles.”

Scheme 3 outlines a strategy for the stereoselective synthesis of
1,4-dihydropyridines via a cation—m interaction: (a) conversion of
compound F containing both a pyridine and a phenyl moiety into
a pyridinium salt gives rise to an attractive force between the two
entities to form a cation—n complex G; (b) the selective shielding
of one side of the pyridinium face by the phenyl ring enables
nucleophiles to attack the complex only from the non-shielded
side, which would stereoselectively give 1,4-dihydropyridine H.
The addition of a ketene silyl acetal to 6a and 6b in the presence of
methyl chloroformate in CH,Cl, gave 1,4-adducts 7a and 7b as a
major product with a small amount of 1,6-adducts, respectively
(Scheme 4).* Remarkable is the significant difference in the
stereoselectivities depending on the chiral auxiliaries; the addition
to 6b produced an excellent selectivity, whereas the selectivity in
the case of 6a was very low. This would be attributable to the
geometrical differences between the intermediary pyridinium salts;
the benzyl group much more effectively shields one side of the
pyridinium face than the phenyl group.

‘ Nu-
RO.C,

CICOsR

W

|
CO,R H

F G

Scheme 3  Face-selective addition to a pyridinium complex.

M602C\E< o ><

1) CICO.Me
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e
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6a: R=Ph 7a: R = Ph, 60%, 12% de

6b: R=Bn 7b: R = Bn, 80%, >99% de
Scheme 4 Addition of ketene silyl acetal to 6.

Intramolecular interaction was also observed in the model
compound 8b having a similar framework structure to 2b. The ex-
istence of the intramolecular cation—r interaction in solution was
evidenced by CD spectroscopy as well as "H NMR spectroscopy.
Interesting is the significant difference in the CD curves between
8a and 8b in spite of a small structural difference between them
(Fig. 5).% The CD spectrum of 8b exhibits an exciton couplet
in the 200-260 nm region with the first strong positive exciton
Cotton effect at around 236 nm and the second strong negative
exciton Cotton effect at around 214 nm. This suggests that the
conformational flexibility of 8b is significantly diminished by an
intramolecular cation—r interaction.

200 250 300 350
8b wavelength / nm

Fig.5 CD spectra for 8a and 8b.

X-Ray analyses clarified significant geometrical differences
between 6b and 8b (Fig. 6). The remarkable feature in 8b is that
the pyridinium and the phenyl rings lie parallel to each other
and the two rings are arranged face-to-face, the distance between
them being about 3.4 A. On the other hand, the pyridine and
the phenyl moieties of 8a are far apart from each other. The fact
that the geometry significantly depends on whether the pyridine
nucleus has a cationic charge or not is unambiguous evidence that a
cation—T interaction governs the conformation of 6b. Although in

o1

€Y

Fig. 6 ORTEP drawings for (a) 6b and (b) 8b.*® The bromo anion of 8b
was omitted for clarity.
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several pyridinium-7 systems a major attractive force is considered
to be charge transfer energy,” no charge transfer absorption was
observed in the present complex 8b.

A working model was proposed as shown in Scheme 5 based
on the structural optimization of the intermediary pyridinium
cation by ab initio calculations at the RHF/3-21G* level, where
conformer II is 2.1 kcal mol™' more stable than conformer 1.
Therefore, the equilibrium between conformers I and II favors
II; as a result, a nucleophile will attack conformer II from
the non-shielded side to give a chiral dihydropyridine with
good stereoselectivity. A similar stereoselective addition was also
performed for a related nicotinic amide system.?

A-side O

LA

MeO,C’ B-side Lo —
S

Scheme 5 Working model for nucleophilic addition to a cation-n
complex.

Allylmetal reagents also serve as nucleophiles for pyridinium
and quinolinium salts. The addition of allyltributyltin and
prenylindium reagents resulted in good stereoselectivities. The
addition of allyltributyltin reagent to the quinolinium salt of 9
gave 10 as a major product in 78% de.? On the other hand, the
reaction with prenylindium reagent gave a 1,4-adduct 11 in 78%
de (Scheme 6).? X-Ray analysis of N-methylquinolinium salt 12
clearly showed the effective blocking of the quinolinium plane by
the benzyl group through an intramolecular cation—r interaction
(Fig. 7). The quinolinium and the phenyl rings lie parallel to each
other and the two rings are arranged face-to-face, the distance
between them being about 3.4 A.

*,

COr
N l"’//\

|
COgMe

10 52%
\_/ CICOzMe
)\/\ 7
|
>0

|
62%  CO:Me

CICO,Me
Bussn/\/

78% de

11 78%de

Scheme 6 Face-selective addition of allylmetal reagents to 9.

Face-selective addition reactions toward pyridine,®* j-
carboline® and isoquinoline*? systems have also been performed,
in which a pyridinium-n interaction with chiral auxiliaries at the
N-acyl moieties, was postulated. Interesting is that the interaction
plays a key role in the catalytic enantioselective reaction. In
the intramolecular annulation of 2-(5-oxopentyl)isoquinolinium
iodide using a chiral amine, a favorable interaction between

Fig.7 ORTEP drawing of 12.%

the isoquinolinium moiety and a phenyl ring of the catalyst is
anticipated in the transition state.®

4. Enantioselective cyclopropanation

The previous section dealt with nucleophilic addition to the
pyridinium ring. In this section, the electrophilic addition reaction
to the pyridinium ylide is described, in which the pyridinium
ylide serves as a nucleophile. Scheme 7 shows our strategy;
a conformationally fixed pyridinium ylide J arising from a
pyridinium-rn interaction would attack an electron deficient
olefin at the less-hindered side to give a cyclopropane K with
recovery of the framework pyridine I. Although diastereoselective
cyclopropanation of the pyridinium ylide has been reported,*
an enantioselective cyclopropanation was performed according
to this concept for the first time.

R® RS
O BrCH,COR! :
base Y
N + > R2 COR!

1
I J R'OC 1 K

et
Scheme 7 Reaction of a conformationally fixed pyridinium ylide with an
alkene.

The cyclopropanation reaction of benzylidene malononitrile
with a pyridinium salt 13 was carried out in the presence of Et;N
at rt to yield the trans-cyclopropane 14 in a good enantiomer
ratio with recovery of the chiral auxiliary.** The reaction of
tert-butylmalononitrile resulted in the highest enantioselectivity
(Scheme 8).

An X-ray structural analysis of pyridinium 15 as a model com-
pound elucidated the existence of the pyridinium-n interaction.
Fig. 8 clearly shows that the pyridinium and the phenyl rings of
15 are very close to each other with a face-to-face arrangement.
The phenyl ring blocks the N1 atom, and the distances between
the centroid of the phenyl group and N1 and C7 are 3.678 and
3.677 A, respectively.®

A working model for the stereoselective formation of the
cyclopropanes is outlined in Scheme 9. An electron-deficient
olefin will approach the cation—n complex, which is predicted
by structural optimization, from the less-hindered A-side. Two
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R' = OMe, R2 = Ph, 78% yield ( e.r. 83:17)
R' = Ph, R2 = £-Bu, 82% yield ( e.r. 91:9)

Scheme 8 Cyclopropanation reaction of electron deficient alkenes using
a pyridinium ylide.
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Scheme 9  Plausible reaction pathway toward (15,3R)-14.

intermediates I and II can be produced depending on whether
the ylide attacks the Re or Si face of the olefin. The equilibrium
between I and II would shift to I so as to avoid a severe steric
repulsion between the CO,Et and the R groups in II; consequently,
(1S,3R)-14 was produced as the major product.

5. Cation—n interaction between a thiocarbonyl
group and a pyridinium ring

While most of the reported cation—m interactions are observed
between a cationic moiety and an aromatic t-component, only
a few examples are known for a non-aromatic m-system, such

as the ethylene-ammonium cation'* and acetylene-Ca* systems."®
Therefore, disclosure of a new type of cation—r interaction would
be of significant interest.

During our studies on the face-selective addition of nucleophiles
to pyridinium salts bearing a 1,3-thiazolidine-2-thione moiety,*
we presumed that the resulting face-selectivities are caused by
a conformational rigidity arising from an intramolecular inter-
action between the pyridinium ring and the thiocarbonyl group
(Fig. 9).1%7 The existence of attractive intra- and intermolecular
(C=S)---Py* interactions of 17 was elucidated by 'H and "*C
NMR spectroscopies, and X-ray crystallographic analyses. The
superimposed X-ray structures are shown in Fig. 10 in an effort
to better understand the geometrical differences between pyridine
and pyridinium derivatives. Fig. 10 clearly shows that the S1 atoms
of 16 and 17 occupy positions significantly different from each
other; while the S1 atom of 16 is on the side of the pyridine ring,
the S1 atom of 17 is located on the pyridinium plane. These results
strongly suggest the existence of attractive interactions between
the C=S group and the pyridinium ring.

X }—S X »—S
N I +N g

Br CH,Ph

16 17

The X-ray structures of 16 and 17 were compared to those
optimized at the HF/6-311G** level. The optimized geometries
shown in Fig. 11 are very close to the corresponding X-ray
structures. The S1---C3 distance of the optimized 17 (3.20 A)
is shorter than that of 16 (3.35 A). This trend is comparable with

(a) (b)

Fig. 11

Structural optimization of (a) 16 and (b) 17.
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their X-ray geometries, supporting the attractive interaction of the
C=S group with the pyridinium ring.

The interaction energies of the model system were calcu-
lated to elucidate the origin of the (C=S)---Py* interaction
(Fig. 12)."* The model system is composed of two essential
parts, N-methylpyridinium and thioformamide. Fig. 12 shows the
calculated interaction energy profiles of the model systems. R is
the distance between the C4 and the S atom. The total interaction
energy (Eyp,) was calculated at the MP2/6-311G** level. E, and
E,,, are the electrostatic and induction energies, respectively. E.,.
(= Ewp, — Eyr) is the contribution of the electron correlation to
the calculated interaction energy, which is mainly the dispersion
energy. E,, (= Eur — E., — E,,4) 1s mainly the exchange-repulsion
energy, but it also includes other terms. The Ey;p, values of the two
model systems (HCHS - - - CsH;NMe*) at the potential minima are
—2.60 kcal mol™! (R = 4.0 A), respectively. The potential energy
curve of E\p, indicates that a substantial attraction still exists even
when the molecules are well separated (R > 5.0 A), which shows
that the major source of the attraction in these systems are long-
range interactions, such as induction and electrostatic interactions.

H>—<H
5
R
3
2

—— MP2
—O0— e@s
—4— ind
—&— rep
—®— corr

E (kcal/mal)
o

,o—o~§'
"

-4 /
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26 30 3.4 38 42 46 50 54 58 6.2
Distance (A)

Fig. 12 Interaction energy of the complex between CH,S and
CsH;NMe*.

Indeed, the major contributors for the attraction are £, and Ej,q.
It has been reported that the electrostatic interaction is the major
source of the attraction in the cation-rn interaction. Therefore,
the present (C=S) - - - Py* interactions are grouped with a cation—
7 interaction, though the interactive energies are much smaller
than the aromatic-n and the metal cation interactions. A similar
interaction was observed between the carbonyl group and the
pyridinium ring.**

6. Asymmetric synthesis of dihydropyridines and
piperidines through (C=S) - . - Py* interaction

A regioselective nucleophilic 1,4-addition to the intermediary pyri-
dinium ring has been established using a variety of nucleophiles

such as ketene silyl acetal, organocuprate and trimethylbenzyltin.
Using the intramolecular (C=S)---Py* interaction described in
the previous section would achieve stereoselective addition to
a pyridinium salt as outlined in Scheme 10. When a pyridine
compound L having a thiocarbonyl group is converted to the cor-
responding pyridinium salt M, face-selective addition of various
nucleophiles toward the pyridinium salt M was performed to give
the corresponding dihydropyridines N.

‘ Nu

s W (T
O CICOR_ Ro,c 2 No )
N SE_ 'Tl
CO.R
L M N
Scheme 10

The addition of the ketene silyl acetal to the intermediary
pyridinium salts formed from 18 possessing a chiral thiazolidine-
2-thione with benzoyl chloride gave 1,4-adduct 19 as the major
product with good stereoselectivities (Scheme 11).**%® In the
case of the quinolinic amide, the addition of the ketene silyl
acetal produced the corresponding 1,4-dihydroquinolines in good
regio- and stereoselectivities.* The selectivity can be explained
by a working model outlined in Scheme 12; the intramolecular
interaction restricts the molecular motion and hinders one of the
pyridinium faces. Nucleophiles attack from the less hindered side
to give the 1,4-dihydropyridines. It is interesting to note that the
stereochemistry of the products is opposite to that obtained in the
reaction of the oxazolidine derivatives having the same chirality
like the thiazolidine-2-thione derivatives described in section 3.

NN s 1) CICOPh @)LN s

7 \—/ 2) nucleophile \—/

N" PR NopR
18 COPh 19

Ph,Culi, 85% yield, d.r. = 91:9
BnSnMes, 72% yield, d.r. = 80:20

Scheme 11 Competition of intra- and intermolecular interaction.

ROC_+ B R N s
N=S s — LI
A N S
R
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N =

Scheme 12 Plausible reaction pathway through cation-m complex
formation.
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This methodology can be applied to the synthesis of 3-
substituted-4-arylpiperidines,® such as (—)-paroxetine*’ and
(+)-femoxetine (Fig. 13).*> Since they are a significantly important
class of serotonin reuptake inhibitors, extensive efforts have
been made for the efficient synthesis of (—)-paroxetine and
(+)-femoxetine. Although various methods for the construction
of the piperidine ring system have been developed, little has
been reported for an approach using pyridine derivatives as the
substrates, despite their easy availability.

Iz

(-)-paroxetine (+)-femoxetine

Fig. 13 Representative serotonin reuptake inhibitors.

The face-selective addition of a 4-fluorophenylcuprate toward
nicotinic amide 18 according to our methodology*® gave 1,4-
adduct 20b in 78% yield with 99% de. Removal of the chiral
auxiliary with NaOMe-MeOH and hydrogenation of the dihy-
dropyridine 21 in the presence of Pd/C gave tetrahydropyridine
22. The isomerization of cis-piperidine 22 into trans-piperidine
23 and reduction of the ester moiety of 23 provided piperidine
alcohol 24, which is the reported precursor of (—)-paroxetine
(Scheme 13).* A similar reduction of the cis-piperidine 22 afforded
the corresponding cis-alcohol.

F
NaOMe
18 CICOR MeOH (6}
(CgH4F)oCuLisLiBr 3 CHyCl, OMe
oG |
N
H 29

H2, 0% Pd/C

20a:R= OMe, 69%, 95% de

20b: R = Ph, 78%, >99% de EtOH AcOH
F
LiAIH, NaOMe
..\\‘\ Elgo Me MeOH
N
H
24 23 22 cis: trans=9: 1

Scheme 13 Formal synthesis of (—)-paroxetine.

7. Asymmetric acylation of sec-alcohols with a
DMAP catalyst having a conformation switch system

4-Dimethylaminopyridine (DMAP) and 4-pyrrolidinopyridine
(PPY) derivatives are some of the most important organocatalysts

for the acyl transfer reaction of various types of alcohols.** The
chiral versions of the DMAP and PPY derivatives have been
extensively developed over the last decade due to the significant
importance of the asymmetric acylation of alcohols for the
production of chiral alcohols. The key feature of these DMAP
catalysts is selective blocking of the pyridinium face with an
aromatic moiety in order to generate the planar chirality required
for discrimination of the enantiomeric alcohols.*

We designed a new type of catalyst 25 possessing a thiocarbonyl
group because the (C=S)---Py* interaction described earlier
would be effective for blocking one side of the pyridinium face.
The characteristic feature of this catalyst is that the conformation
is changed according to the acylation and deacylation steps
as outlined in Scheme 14. Acylation of catalyst O gives the
conformationally fixed N-acylpyridinium salt P through the
(C=S)-.-Py* interaction,™ which provides a chiral environment
around the N-acyl moiety. The reaction of racemic sec-alcohols
with this intermediate P would allow the enantio discrimination to
give the corresponding chiral esters with recovery of the catalyst.
The recovered catalyst with restored conformational freedom is
smoothly available for the next cycle. We anticipated that this
conformational switch process would satisfy both the selectivity
and reactivity.

=~ N
S
N N
Buf
25

N, N—
N §S
R1OC/";I-
N sS—
o R'CO,R? RZ?0OH P

Scheme 14 Conformation switch system triggered by acylation and
deacylation steps.

Kinetic resolution of 1-(2-naphthyl)ethanol (26) with isobutyric
anhydride was performed in a high selectivity in the presence
of 5 mol% of catalyst 25 in --BuOMe at 0 °C (Scheme 15).4"#
Decreasing the catalyst amount to 0.05 mol% gave a similar selec-
tivity. This method can be applicable to a variety of sec-alcohols.

OH OCOPr’
(-PrC0),0
OO cataIYSt
+BuOMe/EtgN
26 3n, 0°C 27 57% S)-26 43%
95%ee (s = 24)
OH OH
(-PrC0),0 s
catalyst R
tBuOMe/EtsN
OH 2h,0°C OCOPY
28 29 87% yield

97% ee

Scheme 15 Kinetic resolution of 26 and desymmetrization of meso-
diol 28.
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Fig. 14

Asymmetric desymmetrization of meso-diols was also achieved
using the same catalyst.*® Acylation of 1,4-diol 28 afforded a
monoester 29 in good yield with a higher enantiomeric excess.
The product monoesters are valuable synthetic intermediates due
to possessing two different functional groups.

Dynamic NMR experiments showed the conformational
change process during the catalysis. Comparison of the behavior
of 25 and the corresponding N-methylpyridinium 30 as a model
compound in CDCl; showed significant differences between them.
Fig. 14 depicts the '"H NMR spectra of them. The spectrum of 25
at 253 K clearly shows two rotamers with respect to the C—-(C=0)
bond, the ratio of which is about 1 : 1. The equilibrium between
the two rotamers was supported by the fact that the 'H NMR
spectrum at 293 K shows coalescence of the two rotamers. On the
other hand, only one rotamer appears in the spectra of 30 in the
range of 193 K to 323 K, strongly suggesting that the equilibrium
shifts toward one of the two rotamers.

Fig. 15 outlines a plausible catalytic cycle. One of the enan-
tiomers of the racemic sec-alcohols preferentially attacks the
intermediate I from the B-side to give the corresponding ester
with recovery of the catalyst. The catalyst with the restored
conformational freedom is smoothly available for N-acylation of
the next cycle.
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Fig. 15 Plausible catalytic cycle for asymmetric acylation of sec-alcohols.

"H NMR spectra for (a) 25 at 253 K and 293 K and (b) 30 at 193 K and 323 K and their schematic equilibrium equations.

The R-selectivity in the kinetic resolution and desymmetrization
could be explained by comparing the two plausible transition state
models, TS-I and TS-II, for the acylation of the (R)- and (S)-2-
phenylethyl alcohols, respectively (Fig. 16). Each hydroxy group
would approach the B-side of the pyridinium in a face-to-face
manner due to the intermolecular cation—n interaction between
the pyridinium and the phenyl rings.’®!” While the (R)-alcohol
can effectively attack the N-acyl group, the (S)-alcohol receives
considerable steric repulsion with the chiral auxiliary; therefore,
the acylation would preferentially proceed through TS-I to give
the (R)-ester. There are a few catalysts in which an intramolecular
Py* - -- Ar interaction is postulated to play a key role in blocking
the pyridinium face.*** The intermolecular cation—r interaction of
the aromatic ring with the pyridinium ring of the acylated catalyst
was also postulated for the enantiomer selective acylation with
2,3-dihydroimidazo[1,2-a]pyridine catalyst.*
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Fig. 16 Comparison of TS-I and TS-II.

8. Regioselective rearrangement via
conformation-control of cyclic compounds

The conformation of a cyclic compound can also be controlled by
the cation—= interaction. In the six-membered ring system shown
in Scheme 16, 1,3-diaxial conformer R generally receives severe
steric repulsion, and as a result, Q is the major contributor in this
type of system. If an attractive interaction exists between the two
moieties and it mainly contributes to govern the conformation, the
equilibrium position may shift to conformer R. Hydrogen bonding
often allows this type of equilibrium shift.*
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Scheme 16 Equilibrium of the conformation of a cyclic compound.

Aube and Katz have shown that the product ratio in the Schmidt
reaction of 31 significantly underwent a substituent effect.”* The
rearrangement of 31a produced 32a as the major product, whereas
the reaction of 31b yielded 32b and 33b in a ratio of 43 : 57,
suggesting a preference for conformer II rather than conformer I
due to stabilization by the intramolecular N,* - - - Ar interaction
despite steric repulsion (Scheme 17).

+ Bu!
Ns/\»/\OH OTE .
— >~ R
R SN o
o . (0]
BF5 Ot , N
N +
Bu aR=H N R
But

b:R=Ph

3141

| |

OH OH
0 V 0o
N ; N
R R
B t i t
Bu 32 33 Bu

32a:33a=88:12
32b:33b=43:57

Scheme 17  Schmidt reaction via the equilibrium between 31-I and 31-I1.

A similar interaction was used for the regioselective formation
of bridged bicyclic lactams.* The successive cyclization and
rearrangement reaction of compound 34a gave 35a and 36a in
57% and 17% yields, respectively, depending on the orientation
of the N,* moiety as shown in Scheme 18. On the other hand,
the reaction of 34b provided 36b as the major product through
conformer II, suggesting the cation—r interaction between the N,*
moiety and the aryl group.

Bu\ O.LA Bu\ O{A
/" MeAlCh R R
B -
t
8y N I I
34
aR=H
b: R = p-(MeO)CsHq
o fo)
N N R
Buf R ¢
35 3 BY

35a:36a=57:17
35b:36b =10:65

Scheme 18 Substituent effect on the product ratio in the Schmidt
reaction.

9. Concluding remarks

This perspective review article described the utility of the in-
tramolecular cation—7 interaction in organic synthesis with evi-
dence for the participation of the cation—= interaction. Although
the importance of the cation-m interaction in various fields
of chemistry has been recognized in this decade, its synthetic
applications have only recently started. The key feature of the
stereo-controlled syntheses described in this article is controlling
the molecular conformation by the intramolecular cation—7 in-
teraction. The high interaction energy of the cation—= interaction
enables control of the substrate conformation, not only in the
ground state but also in the transition one, which leads to the
stereoselectivities. This article mainly focuses on the pyridinium-—
m interaction due to its having several merits in organic synthesis
as follows: (1) the planarity allows one to have a stacked
orientation against a m-component. (2) The pyridinium cation
serves as an electrophile, whereas the pyridinium ylide serves
as a nucleophile. (3) The pyridinium is readily available from
pyridines. (4) The pyridinium cation is very stable compared to
other cations. These features allowed a variety of stereoselective
reactions. The conformation of a cyclic six-membered ring system
was also controlled by the N,*-- -1 interaction, which allowed
selective Schmidt reactions. This conformation-controlling con-
cept is also applicable to catalytic reactions. The fact that non-
bonding interactions play an essential role in enzyme structure and
function suggests the effectiveness of this concept in the design of
organocatalysts.

Although this article did not deal with the utility of an
intermolecular cation—r interaction in organic synthesis, it is also
a promising tool for stereoselective synthesis. In the field of
photochemistry, the intermolecular interaction between a metal
cation with an aromatic ring has recently been employed for
stereo-controlled photoisomerization.® There might be a number
of unnoticed examples involving the participation of a cation—
7 interaction in a variety of synthetic processes. Therefore,
determining such hidden features would provide an insight into
the design of new systems effective for stereo-controlled synthesis.
Further developments of new types of conformation-controlling
systems based on the cation—r interaction and their application to
organic synthesis will be expected.
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Two different hybrid cavitand-resorcin[4]arenes are shown to be effective and selective receptors for the
molecular inclusion of positively charged organometallic sandwich complexes of appropriate size. The
binding constants of the 1 : 1 complexes formed with a series of neutral and positively charged
metallocenes have been calculated using different titration techniques. The motion of the included
metallocene and the kinetics of the complexation process are investigated. The voltammetric behaviour
of the inclusion complexes formed with cobaltocenium is also studied.

Introduction

The confinement of guests within molecular vessels modifies
their chemical behaviour. On the one hand, included guests
can undergo reactions with significant rate enhancement and
improved product selectivity.! On the other hand, the inclusion
of redox-active guests, generally, tends to slow down the kinetics
of heterogeneous electron transfer reactions and shifts the half-
wave redox potential.> Several inclusion complexes containing
electroactive metallocenes as guests have been reported.® Cy-
clodextrins tend to include preferentially neutral organometallic
sandwich complexes in their internal hydrophobic cavities due to
hydrophobic interactions.* Cucurbit[7]uril forms 1 : 1 inclusion
complexes with cobaltocenium la* and ferrocenium 1b* by a
combination of hydrophobic and ion-dipole interactions.® In non
aqueous solvents, however, and to the best of our knowledge the
inclusion of cobaltocenium cation la* has only been achieved
using supramolecular dimeric® and hexameric’ capsules mainly
through cation—m interactions. Nevertheless, hexameric and even
dimeric capsules are harder to characterize or manipulate in
solution than individual host molecules.

Recently, we described that hybrid cavitand-resorcin[4]arene
2a formed a thermodynamically and kinetically stable 1 : 1
complex with tetraethylammonium cation 3" (Fig. 1).f The 3*@2a
complex is stabilized by cation—t and CH-r interactions with an
association constant value of 1.4 + 0.4 x 10° M~' in methanol.?
We also found examples in the literature describing the similarity
in the binding affinity of the cobaltocenium cation 1a* with that of
the tetraethylammnonium cation 3* towards the inner cavity of a
dimeric capsule formed by tetraurea calix[4]arene® or the tetrahe-
dral cluster cavity of the supramolecular coordination assemblies

“Institute of Chemical Research of Catalonia (ICIQ), Avda. Paisos Catalans
16, 43007 Tarragona, Spain. E-mail: pballester@iciq.es; Fax: +34 977
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T Electronic supplementary information (ESI) available: Curve fitting of
the titrations and additional electrochemical and spectroscopic data. See
DOI: 10.1039/b707442¢

I We refer to receptor 2 as a hybrid cavitand-resorcin[4]arene since only six
of the eight hydroxyl groups of the native resorcin[4]arene skeleton have
been used to elaborate its intrinsic cavity.

®
R2HN NHR?
‘Mf)
®

H; N\/
M = Co; 1a* ~~ \\
M = Fe; 1b* 3+
H,
RZHN NHR?
RZHN NHR?
Hs

R'= CH,CH,; R, = H; 2a
R' = CH,CH,; R, = COCH,CHs; 2b

Fig. 1 Molecular structures of receptors 2a and 2b, cationic sandwich
complexes 1a*, 1b* and tetraecthylammonium cation 3*.

of M,L; stoichiometry.® In fact, the calculated volume inside the
van der Waals surface of cobaltocenium 1a* (135 A%) and its overall
dimensions closely resemble those of the tetraecthylammonium
cation 3* (156 A%)." In addition, both species are monocationic
and prone to be engaged in cation—n and CH-= interactions. We
decided to undertake this work to evaluate the efficiency of the
neutral hybrid cavitand-resorcin[4]arene hosts 2 in the molecular
inclusion of organometallic sandwich complexes.

The three diaminobenzene groups of 2 constitute the cavitand
portion of the receptor. These groups can adopt an axial or
an equatorial conformation. When the three groups are axial,
the receptor contains an enforced scoop-shaped cavity having a
wider open-end than that encountered in the native cavitands
derived of resorcin[4]arenes.”* Accordingly, we believe that these
hosts may be more suitable molecular receptors for the pursuit of
organometallic chemistry capable of proceeding with an included
metal center.

Binding of organometallic sandwich complexes

The complexation of 2a with cobaltocenium 1a*-PF,~ was first
probed using 'H NMR titration techniques. The 'H NMR
spectrum of 2a in MeOH-d, shows broad signals for all the
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aromatic protons as well as for the methine protons H, and H,,
(Fig. 2). Thisis probably due to dynamic effects involving exchange
equilibration between different conformations of 2a. The addition
of 0.3 equivalents of 1a*-PF¢~ to a 5.09 mM solution of 2a in
MeOH-d, modifies the aromatic and methine signals. Particularly,
the signal assigned to the methine protons Hy broadens. Also,
a new singlet assigned to the protons of complexed 1a* can be
observed at = 3.75 ppm. When one equivalent of 1a* is present
in solution, all signals of 2a are sharp and well resolved while the
signal at & = 3.75 ppm is significantly broader.

He H: H, N
H 1a
HyH, b

H, \ H,
H1U HE

—“ . A 170

1a'@2a
\ equiv 1a’/2a

A A 112
___»/’k_/«l\__/»_ .___L_ 0.32
__A-)L___A — A0

| I T
7.0 6.0 4.0 ppm

Fig. 2 Changes in two regions of the "H NMR spectra acquired at 298 K
during the titration of 2a with 1a*-PF¢~ in MeOH-d,. [2a] = 5.09 mM. See
Fig. 1 for proton assignments of 2a.

The addition of an excess of metallocene 1a* has a negligible
effect on the proton signals of 2a. At 1.7 equivalents of la* a
new broad signal centered at 6 = 5.65 ppm becomes evident. This
is the chemical shift for the signal of the protons of free la*.
Taken together, these observations indicate that hexaamine 2a
and metallocene 1a* form, in MeOH-d,, a complex with 1 : 1
stoichiometry having a stability constant too high to be measured
accurately using this technique. Furthermore, the complexation
process restricts the conformation flexibility of free 2a to the vase
conformer.

The aromatic cavity of the vase conformer of 2a is electronically
rich and capable of including cobaltocenium la* (Fig. 3) by
offering complementary cation—nt, CH-n and n—7 interactions.
The magnetic microenvironment within the seven aromatic rings
of 2a cause a large upfield shift of the protons of la* (Ad =
—1.9 ppm). The observation of two different but broad proton
signals for free and bound 1a* indicates that the complex la@2a
has a moderate kinetic stability on the "H NMR timescale. The fact
that the incremental addition of 1a* induces a rapid broadening
of the signal for included cobaltocenium hints to a second order
process for the guest exchange.

Fig. 3 CAChe minimized structures of cobaltocenium la* (left) and
tetraethylammonium cation 3* (right) included in the scoop shaped cavity
of 2a. 1a* and 3* are shown with van der Waals radii to highlight the
similarity of dimensions.

The binding affinity of receptor 2a for cobaltocenium la*
in methanol was first established by means of a competitive
displacement assay, using pyrene modified N-methylpyridinium
cation 6" as fluorescent indicator (Fig. 4).!* The addition of 2a to a
MeOH solution of 6" results in an efficient fluorescence quenching
(up to 96%, Ay = 430 nm, A,, = 580 nm). The association
constant for the 6*@2a complex was calculated as K, = 1 +
0.2 x 10* M! from the observed linear relationship dependence
of I,/ on [6*]." Successive addition of cobaltocenium 1a* to the
complex formed in the presence of 2a (1.5 x 10~* M) and 6* (4.2 x
10* M) led to the fluorescence recovery of 6 reaching a plateau at
high concentrations of cobaltocenium. The binding constant for
la*@2a was calculated as K, = 2.20 £ 0.7 x 10° M~".

@®

RZ
R'= Et; R%= H; M = Co; 4* M O M=Fe; 92
R'=R?=Me; M = Co; 5* M = Co; 9b

Fig. 4 Molecular structures of some guests used in this study.

Isothermal titration calorimetry (ITC) is an alternative tech-
nique to spectroscopic titration and recently has attracted
considerable attention for the study of binding processes in
solution." ITC measurements allow the direct determination of
the association constant, K,, and the binding enthalpy, AH®,
providing a complete thermodynamic picture of the interaction
under investigation. Calorimetric titrations were performed by
the sequential injection of a methanol solution of cobaltocenium
la* ([1a*] = 2.44 mM) to a methanol solution containing the
hexaamine receptor 2a ([2a] = 0.20 mM). The top graph in
Fig. 5 shows raw data of the ITC experiment in terms of ucal
per second plotted against time in minutes, after the integration
baseline has been subtracted. The bottom graph shows normalized
integration data of the heat (exothermic) evolved per injection in
terms of kcal mol™" of injectant (1a*) plotted against the molar
ratio la*—2a. The binding isotherm is sigmoidal and shows an
inflection point at a molar ratio of approximately 0.83, indicating
a 1 : 1 stoichiometry for the complex being formed (la*@2a).
The heat of the binding was fitted using the Microcal ITC Data
Analysis module to a 1 : 1 binding algorithm (red line) to give
a binding constant of K, = 141 £ 10 x 10° M~'. Formation
of the la*@2a complex is strongly enthalpy driven (AH =
—10.5 £ 0.1 kcal mol™"). The observed negative enthalpy change
occurs from the formation of several favourable cation-t and
CH-r interactions. The small adverse negative entropy (TAS =
—3.5 kcal mol™") probably arises from the difference in the loss of
translational and conformational entropy on complex formation
and the gain in entropy experienced by solvent molecules released
to the bulk during the complexation process. The two association
constant values determined for the la*@2a complex using two
different techniques are in good agreement within experimental
error. The high stability constant of the complex in MeOH
(>10° M) indicates good complementarity between the receptor
2a and sandwich metallocene 1a*.

This journal is © The Royal Society of Chemistry 2007
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Fig.5 ITC titration experiment of the formation of the la*@2a complex.
Top: raw data. Bottom: normalized integration data of the evolved heat per
injection in terms of kcal mol™! of injectant (1a*) plotted against the molar
ratio 1a*-2a. To determine the values of the thermodynamic variables
(AH, AG and AS) the ITC data have been fitted to a 1 : 1 binding model
(red line).

The monosubstitution at both cyclopentadienyl rings with
one ethyl group, as in derivative 4%, reduces considerably the
binding affinity with 2a. The stability constant of the 4*@2a
complex was also measured using two different techniques
and the calculated values (Table 1) indicate a drop of two
orders of magnitude compared to that of the la*@2a com-
plex. Bis(pentamethylcyclopentadienyl)cobalt(1i1) 5* and neutral
bis(cyclopentadienyl)iron(i1) 9a are not bound by 2a. The lack of
affinity of 2a for metallocene 5 is probably caused by a mismatch
in size. However, the affinity loss in the case of 9a, which is
roughly the same size as la* but differs in its positive charge,
is due to the absence of cation—m interactions that only operate
between la* and the aromatic rings of the hexaamine receptor
2a. Therefore, we conclude that receptor 2a features a remarkable
size and charge selectivity in the molecular inclusion of stable
organometallic sandwich complexes.

We wanted to explore the binding properties of 2a with
ruthenium sandwich complexes 7* and 8*, however, the unexpected
low stability of these complexes in the presence of 2a forced
us to consider the hexaamide derivative 2b as an alternative
receptor.§ Receptor 2b is not soluble in MeOH so the study of
its binding properties with organometallic sandwich complexes
was performed in acetone.

Fig. 6 shows the '"H NMR titration of 2b with metallocene 1a*.
The proton signals of 2b in acetone-d, are sharp and well resolved.
The presence of two well defined triplets at 6 = 5.63 and 5.74 ppm

§ The polyamine character of 2a may induce competitive complexation
with the metal center.

Table 1 Binding constants of cationic metallocene sandwich complexes
with receptors 2

Receptor 2a Receptor 2b
Metallocene K,/10° M~'« K,/10° M~!®
la*-PF,~ 220 £ 70°/141 £ 20¢ 4.0+ 0.4774.0 £ 0.6°
4*.PF,~ 244+0.5/3.4+£0.3° 0.17 £ 0.02°
5".PF¢~ <0.01 <0.01
6*-1- 10+£2
7" 0.23 £0.07°
8" 0.14 +0.02¢
9a <0.01 <0.1
9b 0.020¢ 0.106°

“Determined in MeOH. ? Determined in acetone. ¢ Fluorescence compet-
itive assay. ¢ ITC titration. ¢ '"H NMR titration.”CV data.

equiv 1a"/2b (T, K)
J L m i JLA " 423 (254)
/ /

1a‘@2b

4
| JU J aj\LL L\ 423 (298)

_LLJ‘LL_A N

A~ 111 (298)

NH Hy H“H
ZAN H, ﬁa,H,lH« H, o H,
— A L 0.0 (298)
—_———T7
90 80 70 60 50 40 ppm

Fig. 6 Changes in one region of the "H NMR spectra acquired at 298 K
during the titration of 2b with 1a*-PF,~ in acetone-d;. Top spectrum:
low temperature (254 K) '"H NMR spectrum of solution of 2b containing
4.23 equiv. of 1a*. [2b] = 3.94 mM. See Fig 1 for proton assignments of 2b.

for the methine protons Hy and H,, are indicative that 2b exists in
a vase-like conformation in acetone-d,, probably stabilized by the
intramolecular hydrogen bonds that stitch the upper rim of the
receptor when the aromatic walls adopt the “axial” orientation.
The incomplete head-to-tail seam of intramolecular hydrogen
bonds formed by the six secondary amides of 2b results in two
cycloenantiomers, with clockwise or counterclockwise orientation
(Fig. 7).

Fig. 7 Side view and top view of a CAChe minimized structure for
the 1a*@2b complex having counterclockwise arrangement of the intra-
molecular hydrogen bonds of the amides.

The 'H NMR spectra of 2b in acetone-d, showed only three
different downfield shifted NH singlet and seven aromatic proton
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signals indicating that the interconversion between two enan-
tiomers is fast on the NMR timescale (Fig. 6, bottom spectrum).

Addition of incremental amounts of 1a* to a 3.94 mM solution
of 2b produces broadening and chemical shift changes of the
aromatic signals, as well as the methine triplets. A broad signal
corresponding to included la* emerges at 0 = 3.78 ppm, an
identical value to that observed in the case of 2a (6 = 3.75 ppm)
demonstrating that 1a* experiences a similar shielding microenvi-
ronment in both receptors. After the addition of more than one
equivalent of 1a* the proton signals for 2b sharpen again and a
broad signal for free 1a* can be observed at & = 5.93 pm. All the
association constants for receptor 2b with the series of sandwich
complexes were calculated using '"H NMR titrations. Consistently,
the NH signal of the free receptor 2b at 6 = 9.57 pm shifted
upfield upon addition of the metallocene while the H, aromatic
signal at 0 = 6.67 pm experienced a downfield shift. The titration
data obtained for the chemical shift change of the proton signals
resonating at 0 = 5.63 and 6.67 ppm for free 2b were fitted to
a 1 : 1 binding model, and the calculated association constants
shown in Table 1 are averaged values. The binding affinities are
at least one order of magnitude smaller than those observed for
2a in MeOH, but the size and charge selectivity observed in the
inclusion of the metallocenes is completely retained by 2b. The
ruthenium complexes 7* and 8" are included with similar affinities,
which are also comparable to that of 4*. Most likely, the gain in
size produced by the substitution of one CsHjs ligand by C¢Hg is
responsible for the observed reduction in binding affinity for 7+.
The loss of affinity of 2b for 8* can be attributed to a modifi-
cation of some of the intermolecular interactions stabilizing the
complex.

The thermodynamic analysis of the binding of cobaltocenium
la* with receptor 2b in acetone was also undertaken using
ITC. The ITC results show that the binding is moderately enthalpy-
driven (AH = —2.4 £ 0.02 kcal mol™") with a strong favorable
entropy term (TAS = 2.5 kcal mol™). The entropic benefit is
due to the release of ordered acetone molecules from the surface
of the free species upon formation of the complex that causes
a net increase in disorder for the overall process (desolvation +
binding). The weak enthalpic gain of binding is probably due
to the fact that the relatively electron-rich aromatic walls of the
receptor are comparable matches for the bound cationic guest in
terms of cation—m interactions that the acetone molecules solvating
the free guest and establishing cation—dipole interactions with it.

The inclusion complexes formed with receptors 2 and the
cationic cobalt(111) metallocenes 1a* and 4* can be easily detected
by mass spectrometry. When solutions of receptors 2 containing
an excess of the cation are ionized with an electrospray ionization
source, intense signals corresponding to singly charged [1@2]* and
[4@2]* complexes can be observed. This result confirms the 1 : 1
stoichiometry assigned to these complexes.

The relative binding affinity of 2 toward the two metallocenes
was also established by ESI-MS competitive binding experiments.
In these experiments, the receptor 2 at fixed concentration was
mixed with equimolecular amounts of the two metallocenes 1a*
and 4% and the corresponding positive ESI-MS spectra were
measured (Fig. 8). These experiments allow the easy determination
of which of the two metallocenes in the mixture is preferentially
bound by the receptor 2. In both cases, intense signals for both 1 :
1 complexes are observed with apparent preference for 1a* @2 over
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Fig. 8 ESI-MS spectra of the competitive experiments of 2a (above) and
2b (below) with cations 1a* and 4*.

4* @2, aresultin complete agreement with the binding experiments
performed in solution.

Motion of the metallocene inside the cavity and kinetics of guest
exchange

Several favourable binding geometries for the 1la*@2b complex
can be modelled when the binding characteristics of the aromatic
cavity of 2b are combined with the geometric requirements of the
binding forces involved in the complexation of cobaltocenium 1a*,
mainly cation—n, CH-n and m—r interactions. In order to explore
the experimental observation of different complex geometries
during the inclusion of 1a* by 2b, we carried out a variable
temperature '"H NMR study on the titration sample containing
4.23 equivalents of cobaltocenium la*.

On cooling the above solution to 254 K, the guest exchange of
(excess) free and included 1a* becomes very slow with respect
to the NMR timescale as evidenced by the sharpening of the
proton signal of free 1a* (Fig. 6, top spectrum). Furthermore,
the simultaneous observation of a unique and very sharp singlet
(0 = 3.75 ppm) for the included 1a* indicates that all hydrogen
resonances of included 1a* are chemically equivalent. On the one
hand, this result demonstrates that the broadening of the proton
signals for free and included 1a* observed at r.t. is just due to
the in—out guest exchange. On the other hand, it also shows that
the included 1a* tumbles and spins freely within 2b and can easily
interconvert between different binding geometries. Lowering the
temperature to 200 K has no further effect on the signals of free
and bound 1a*. At this temperature, however, the guest in—out
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exchange process is too slow to be detected through an EXSY
experiment but the motion of 1a* inside the cavity remains very
fast. The flexibility of the hybrid-cavitand maintained in the vase
conformation by weak hydrogen bonds that can be easily stretched
and its wide open-end facilitates the motion of the included guest.

We also performed a 2D EXSY experiment at 298 K to
determine the rate of self-exchange of the guest.’®* We calculated
an exchange rate constant k,, = 6.02 s™' corresponding to a
chemical exchange barrier, AG72* ¥, for guest exiting the host
of 16.38 kcal mol~'."7 Previous publications have shown that the
barrier to unfolding a deep cavitand without hydrogen bonding
stabilization is 10—11 kcal mol~,'® while the barrier for unfolding a
related native cavitand with eight intramolecular hydrogen bonds
instead of five is 17 kcal mol~'." The barrier of self-exchange
depends not only on the energy required to reorganize the host
to the conformation that can release the guest but also upon
the nature of the guest, which in turn, is responsible for the
thermodynamic stability of the complex. The free energy for the
formation of the 1a*@2b complex is AGy,,qn = —4.9 kcal mol ™.
Accordingly, we can estimate the barrier to reorganize the host
during the dissociation of the hybrid-cavitand complex having
a vase conformation stabilized by five intramolecular hydrogen
bonds as AGTo nuien = AGEE® + AGEEX, = 11.48 keal mol™.
The estimated value for the conformational change is very close
to the barrier for unfolding a deep cavitand. Taken together,
these findings indicate that the exchange of the guest requires
the unfolding of the cavitand and that the five intramolecular
hydrogen bonds present in 2b produce a moderate increase of
the unfolding barrier compared to a deep cavitand deprived from
such type of stabilization. The high barrier for guest exchange
calculated for 2b, in which one of the aromatic walls of the
native cavitand structure is removed, hints to a general exchange
mechanism for cavitands requiring the opening of more than one
“flap” of the cavity. Diederich et al. have recently shown exchange
in cavitands possibly via opening of two opposite walls.?q

The guest exchange for the inclusion of 1,1’-diethyl-
cobaltocenium 4* within the cavity of receptor 2b turns out to
be moderate on the "H NMR timescale at 298 K giving rise to a
broad signal centered at 6 = 5.60 ppm and corresponding to the
average of the cyclopentadienyl proton signals of free and included
4* (Fig. 9). This result comes as no surprise since the stability
constant of the 4*@2b complex, one of the factors controlling
the dissociation barrier, drops more that one order of magnitude
(~2 kcal mol™") compared to 1a*@2b. However, cooling at 203 K
an acetone-d, solution containing 2a ([2a] = 2.79 mM) and 2.4
equivalents of 4% allowed the observation of two sets of proton
signals corresponding to free and included 4*. At this temperature
the cyclopentadienyl protons of the free metallocene 4* appear
as two broad singlets at 6 = 5.86 and 5.84 ppm respectively. The
protons of included 4* are identified by the presence of upfield
'"H NMR resonances due to the anisotropic magnetic shielding
properties of 2b. The cyclopentadienyl protons resonate at 6 =
4.01 and 3.55 ppm and a very broad signal is observed at 0 =
—0.07 ppm corresponding to the methyl group of included 4*
(vide infra).

9 A dissociative exchange process that produces a vacuum in the cavity
should have a prohibitive free energy barrier.
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Fig. 9 Changes in the '"H NMR spectra acquired at 298 K during the
titration of 2b with 4*-PF,~ in acetone-d,. Top spectrum: low temperature
(203 K) "H NMR spectrum of solution of 2b containing 2.41 equiv. of 4*.
[2b] = 2.79 mM.

The kinetic analysis of the complexation process of 4* by 2b
was investigated by means of an EXSY experiment performed at
203 K (Fig. 10). At this temperature, the pseudo first order rate
constant for complexation k;, is 1.23 s~!, whereas the first order
rate constant for decomplexation &, is 3.19 s'. The activation free
enthalpy for the dissociation, AG72” ¥, at 203 K is 11.26 kcal mol™'.
Clearly, decomplexation of included 4* within 2b occurs at a
much faster rate than for la*. Probably, the reduced kinetic
and thermodynamic stability of the 4" @2b complex is due to a
shallower inclusion of the metallocene unit inside the cavity of the
receptor. The two proton signals of the cobaltocenium moiety of
4+ experience a reduced effect of the shielding microenvironment
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Fig. 10 ESXY 'H NMR spectrum of 2b ([2b] = 2.79 mM) containing
2.4 equivalents of 4" in acetone-d, at 203 K (mixing time 0.3 s); b and f
indicate bound and free signals.
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of 2b (A0 = —1.0 and —1.5 ppm) when compared to 1a* (Ad =
—1.9 ppm). Rebek et al. have already pointed out that the cavitands
provide a gradient of magnetic anisotropy that shifts the residues
bound deepest in the cavity the furthest upfield.* For 4, it’s one
of the ethyl groups that is bound deepest in the cavity (AJ(CH,) ~
—1.6 ppm and Ad(CHj;) ~ —1.3 ppm) moving the cobaltocenium
moiety away from the end of the cavity. The number of signals
observed for the included 4%, two signals for the cyclopentadienyl
protons and just one signal for the methylene and the methyl
protons of the ethyl group, can be explained if the guest tumbles
fast on the NMR timescale inside 2b. Consequently, all the
chemical shifts observed for the included protons are a chemical
shift average of at least two different magnetic environments (one
deep in the cavity and another near the open end). The different
broadening observed for the proton signals corresponding to free
and bound 4+, easily noticeable in the signals of the ethyl group,
demonstrate that while at 203 K the in—out exchange of the guest
is slow on the '"H NMR timescale, its motion inside the cavity
occurs in a fast to moderate regime in the same timescale. The
presence of the ethyl group on the metallocene reduces the rate of
tumbling. Whereas 1a* tumbles rapidly even at 200 K, 4* shows
slower tumbling and broad NMR signals at 203 K.

Voltammetric behavior of the inclusion complexes

We also investigated the voltammetric behaviour of complexes
la*@2a and la*@2b in MeOH and acetone, respectively, and
compared them with that of free la*. As shown in Fig. 11
the complexation of cobaltocenium la* with 2a can be easily
detected by the observation of two redox couples during a cyclic
voltammetry (CV) titration experiment.

2.0
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=2 /
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E/mV vs. Ag/Ag Cl

Fig. 11 Voltammetric response on glass carbon (0.071 cm?) of: (a) 1.0 mM
solution of 2a also containing 0.1 M tetraoctylammonium bromide in
the absence of any 1a* (black) and in the presence of 0.5 equiv. (blue),
1.2 equiv. (red) and 3 equiv. (green) of 1a*.

The redox couple with a half-wave potential (E,,,) at =911 mV
comes from free 1a* and the negatively shifted one at —1141 mV
is from the inclusion complex la*@?2a. We also detected a ca.
50% decrease in the peak current of the redox couple assigned
to la*@2a when compared to that of free la* at the same
concentration. The shift of the new redox Co(i1)/Co(111) couple
for the included la* toward cathodic values indicates that the
oxidized, cationic form of Co(1ir), 1a*, is more strongly bound to
the hybrid cavitand 2a than neutral Co(11) 9b. We suggest that the
negative shift is caused by the thin layer of negative density present
in the inner surface of 2a, which generates a microenvironment

that stabilizes included 1a*. The reduction in peak current of
the redox couple assigned to the la*@2a complex is due to the
slower diffusion of 1a* when it is included.|| The voltammetric
behaviour of 1a*@2b is similar to that described above (see ESIT).
The shift values in E,,, for 1a* upon inclusion in 2 (—230 mv for 2a
and —93 mV for 2b) were used to calculate the stability constant
of the inclusion complexes with cobaltocene, 9b. We obtained
Kopara/ Kiat@za = 1.3 x 107* and Kopgan/ Ko+ @ = 2.7 x 1072, which
translates to Kopgz, = 20 M~ and Koyeq2, = 106 M. The reduction
of the guest eliminates the contribution of the cation—= interaction
to the complex stabilities, which accounts for 5.3 kcal mol~" in the
case of 2a and 2.1 kcal mol™! for 2b. This result can be ascribed
to differences in the molecular electrostatic potential surface of
the electron-rich cavities of 2. Overall, we observe a remarkable
selectivity in the binding of the positively charged guest 1a*, even
using a neutral receptor. The CV results also demonstrate that
the 1a*@2 and 9b@2 complexes are kinetically stable enough to
distinguish the included and free form of the redox active guest
in the timescale of CV measurements. This also means that the
electron transfer process proceeds in the included form. Clearly,
the voltammetric data also support the inclusion of 1a* within the
aromatic cavity of receptors 2.

Experimental
Computational procedures

Molecular modelling was performed using CAChe WorkSytem
Pro Version 6.1.12.33. The structures of the complexes correspond
to an energy minimum refined by performing an optimized geom-
etry calculation in mechanics using augmented MM3 parameters
as implemented in the software package.

General procedures

All reagents were obtained from commercial suppliers and
used without further purification. All solvents were of HPLC
grade quality, obtained commercially and used without further
purification. Anhydrous solvents were collected from a solvent
purification system SPS-400-6 from Innovative Technologies, Inc.
Flash column chromatography was performed with Silica gel
Scharlab60. "H and "*C spectra were recorded on either a Bruker
Avance DRX-400 or DRX-500 spectrometer with residual protio
solvent as internal standard. ESI data were recorded on a Waters
LCT Premier Electrospray TOF Mass Spectrometer. All guests,
except 6", 7 and 8', were obtained from Aldrich Chemical
Company and were used as received. Guest 6* was obtained as
described in the literature.”? Guests 7+ and 8* were also prepared
according to literature procedures.?®

Synthesis of receptor 2a

In a flask were placed the hexanitro cavitand precursor’®” (300 mg,
0.27 mmol), SnCl, dihydrate (2.10 g, 9.1 mmol) and a mixture of
EtOH (30 mL) and concentrated HCI (6.5 mL). The mixture was
heated at 70 °C overnight and the colour changed from orange to
pale yellow. The solvent was partially evaporated and a white solid
appeared, which was filtered to isolate the hydrochloride salt of 2a

| Deg(1a*) = 1.43 x 107 cm? s7'. D,(1a*@2a) =4 x 1077 cm’ s7'.
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(70%). This solid was treated for 30 min with a two-layer mixture
containing ethyl acetate and concentrated ammonia. The organic
layer was separated, dried over Na,SO,, filtered and concentrated
in vacuo yielding hexaamine 2a as a pale yellow solid (80% yield).
"HNMR (400 MHz, DMSO-d,) 0 9.51 (brs, 2H), 7.68 (s, 2H), 7.54
(s, 2H), 7.13 (s, 2H), 6.76 (s, 2H), 6.69 (s, 2H), 6.55 (s, 2H), 6.48 (s,
2H), 5.4 (m, 3H), 4.42 (s, 4H), 4.31 (s, 8H), 4.00 (t, / = 7.2 Hz, 1H),
2.39-2.25 (m, 8H), 0.89 (t, J = 7.2 Hz, 3H), 0.83 (t, /] = 7.2 Hz,
3H), 0.77 (t, J = 7.2 Hz, 3H). ®C NMR (100 MHz, DMSO-
dg) 155.93,155.60, 155.32, 152.33, 143.06, 142.95, 136.37, 135.24,
133.28, 133.21, 132.80, 130.09, 128.75, 125.27, 116.71, 109.86,
109.74, 109.43, 109.27, 36.32, 35.63, 35.44, 26.65, 25.97, 25.02,
13.05, 13.01, 12.97. HRMS m/z (MALDI) caled for Cs,Hs;N4Oy
[M + H]* 913.3925 found 913.3881.

Synthesis of receptor 2b

700 mg of the hexanitro cavitand precursor’ (0.63 mmol) and
3.0 g of SnCl, dihydrate (21.23 mmol) were suspended in a 4 : 1
mixture of EtOH and concentrated HCI (50 mL). The resulting
suspension was heated at 70 °C overnight. The solution first turned
orange and by the end of the reaction it was pale yelow. The
EtOH was evaporated until a white residue was formed and only
a couple of mls of liquid remained. A solution made with 8.5 g of
K,CO; in water (40 mL) and ethyl acetate (100 mL) was slowly
added. Propionyl chloride (650 pL) was added and after 30 min
another addition of propionyl chloride (650 nL) was carried out.
The organic layer was separated and the suspension was extracted
with ethyl acetate. The combined organic extracts were washed
with brine, dried over Na,SO,, filtered and concentrated in vacuo
to afford a white solid. This solid was taken up in a 1 : 1 mixture
of toluene—EtOH (30 mL) and hydrazine (300 pL) was added. The
mixture was heated to 70 °C for 1 h. Flash chromatography was
performed on silica gel with the solvent mixture CH,Cl,-MeOH
(100 : 2 — 100 : 3.5 — 100 : 5) to give hexaamide diol cavitand
2b (60%). '"H NMR (400 MHz, acetone-d,) d 9.68 (s, 2H), 9.55 (s,
2H), 9.02 (2H, s), 7.91 (s, 2H), 7.80 (s, 2H), 7.72 (s, 2H), 7.70 (s,
4H),7.53 (s, 2H), 6.78 (s, 2H), 5.74 (t, J = 8.3 Hz, 1H), 5.62 (t, J =
8.3 Hz, 2H), 4.25 (t, J/ = 8.3 Hz, 1H), 2.62-2.43 (m, 12H), 2.43—
2.28 (m, 8H), 1.28-1.22 (m, 12H), 1.12 (t, J = 7.5 Hz, 3H), 1.08 (t,
J="7.5Hz,3H), 1.01 (t,J =7.5Hz, 3H), 0.98 (t, ] = 7.5 Hz, 6H),
0.93 (t, J = 7.5 Hz, 3H). "C NMR (100 MHz, acetone-d,) 173.4
(C=0), 172.4 (C=0), 155.0, 154.6, 152.2, 149.6, 149.4, 148.9,
136.8, 135.9, 130.2, 129.1, 128.6, 127.8, 127.7, 126.8, 125.1, 124.5,
116.1,109.2,36.2,35.8, 35.5,30.3,29.6, 29.5,25.9,25.1,24.8, 12.1,
9.7, 9.6, 9.0. HRMS m/z (MALDI) calcd for C;,H,\NsO,4 [M +
Na]* 1271.5311 found 1271.5324.

Fluorescence titrations

Fluorescence experiments were conducted on an Aminco Bowman
Series 2, at 298 K, in MeOH. The sample volume was 2 mL. The
titration between hexaamine-diol 2a and the ammonium salt
6" in MeOH was carried out by adding small aliquots of a
solution of 2a (3.3 x 10~* M) to a MeOH solution of 6" (8.25 x
10~* M). The concentration of the fluorescent indicator 2a* was
kept constant throughout the titration. A spectrum was recorded
after each addition and the resulting titration data were analysed
using the SPECFIT computer program (1 : 1 binding model),

as well as by means of a simple linear relationship (/,/1 = 1 +
K, [6']) (K, =1 £ 0.2 x 10* M) derived by assuming that
the fluorescence is completely quenched on complex formation.
A similar value of binding constant was obtained using the
two different mathematical treatments. The binding affinity of
cobaltocenium cation 1a* to receptor 2a in MeOH was established
by means of a competitive displacement assay, using the pyrene
modified N-methylpyridinium cation 6" as fluorescent indicator.
The incremental addition of a solution of 1a* (0-0.35 x 10> M)
to the complex formed in the presence of 2a (1.5 x 10~* M) and
6" (4.2 x 10~* M) led to the fluorescence recovery of 6* reaching a
plateau at high concentrations of the cation. The binding constant
for 1a*@2a was calculated as K, = 2.20 & 0.7 x 10° M~ by
SPECFIT* analyses of the I/1, growth of fluorescence as a
function of the added metallocene cation 1a* using a competitive
binding scheme of two 1 : 1 complexes and only one fluorescence
species, free 6*.

"H NMR titrations

All titrations were carried out on a Bruker 500 MHz spectrometer
in MeOH-d, (2a) or acetone-d, (2b). The association constants
were determined using 2.64-5.09 mM solutions of hexaamine-
diol 2a or hexaamide-diol 2b in the appropriate solvent at 298 K,
and adding aliquots of a solution of the corresponding salt,
approximately 10 times more concentrated, in the same solvent.
The receptor 2a—b concentration was kept constant throughout the
titration. The association constants between hexaamine 2a and the
cobaltocenium cations were determined by following the chemical
change of the protons at 6.70 ppm (2a) or 5.63 and 6.67 ppm
(2b) in the NMR spectrum with different amounts of guest. The
reported association constants were calculated using the software
SPECFIT*, which uses a global analysis system with expanded
factor analysis and Marquardt least-squares minimization to
obtain globally optimized parameters. The titration data were
fitted to a simple 1 : 1 binding stoichiometry. The reported errors
for the stability constants calculated by SPECFIT were estimated
as the square root of the sum of the square of the standard
deviation from at least three experimental values of the binding
constants determined in different titration experiments.

EXSY experiments

A 2D NOESY spectrum of a solution containing the receptor
hybrid cavitand 2 with an adequate molar excess of the corre-
sponding guest (1a* or 4*) was recorded with the phase sensitive
NOESY pulse sequence supplied with the Bruker software using a
mixing time of 300 ms and 3 s relaxation delay between pulses. The
temperature of the probe was set to 298 K during the experiment
with 1a* and 203 K for 4*. Each of the 512 F1 increments was
the accumulation of 32 scans. Before Fourier transformation, the
FIDs were multiplied by a 90° sine square function in both the
F2 and F1 domain. 1 K and 1 K real data points were used
in both dimensions. The integral values of the two dimensional
peaks were obtained by calculating from the spectra using the
Bruker processing software. The reaction rate constants k;, and
ko were derived from the exchange intensity matrix based on
the integration of the cyclopentadienyl protons and using the
D2DNMR software."’
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ITC studies

ITC data were obtained on a VP-ITC MicroCalorimeter,
MicroCal, LLC (Northampton, MA). The calorimetric titrations
were performed by the injection of 5 pL aliquots of a solution
of cobaltocenium cation la*, approximately seven times more
concentrated than the cavitand 2a ([2a] = 0.2 mM, MeOH) or
2b ([2b] = 10 mM, acetone) solutions placed in the cell. After
the reference titration was subtracted, the association constants
and the thermodynamic parameters were obtained from the fit of
the revised titration data to a theoretical titration curve using the
one set of sites model of the Microcal ITC Data Analysis module
provided by MicroCal, LLC. The error was taken as twice the
standard error.

Electrochemical analysis

The cyclic voltammetry (CV) experiments were carried out using
a EC egpsilon Electrochemica Analyzer (C3-Cell Stand). A glassy
carbon disk working electrode (0.071 cm?), a platinum wire
counter electrode, and a nonaqueous Ag/AgCl reference electrode
were fitted to a single-compartment cell for the voltammetric
experiments. A 1.0 mM solution of the cavitand (2a or 2b) was
prepared containing tetraoctylammonium bromide (0.1 M) as
supporting electrolyte and placed in the cell. The cobaltocenium
cation 1a* was added as a solid. The solution was deoxygenated by
purging with argon gas and maintained under an inert atmosphere
for the duration of each electrochemical experiment. Stirring
and gas purging are available by remote control with BASI PC-
controlled potentiostat. A cyclic voltammogram was recorded
after each addition.

Calculation of the diffusion coefficients

The diffusion coefficients of free and included cobaltocenium
cation la* within cavitand 2a were calculated by means of a
series of CVs measured at different scan rates (0.025-2 V s7').
We used a 1.0 mM solution of 1a* (Fig. S12}) and an analogous
solution containing 2 equivalents of 2a (Fig. S13). In both cases,
tetraoctylammonium bromide (0.1 M) was used as electrolyte
and MeOH as solvent. Using the Randles—Sevcick equation (I =
(2.68 x 10°) n*3 A Co (D V)"?) (A4 = 0.071 cm?), the diffusion
coefficients were calculated form the slope in the representation
of I vs. v'72.3

Conclusions

In conclusion, we have demonstrated spectroscopically ("H NMR
and ESI-MS) and voltammetrically that simple hybrid cavitand-
resorcin[4]arene receptors like 2 form kinetic and thermodynamic
stable inclusion complexes with cationic organometallic sandwich
complexes of Co(111) complementary in size. The binding constants
for cobaltocenium, l1a*, are higher than 10° M~'. Cobalt(1ir)
organometallic sandwich complexes having bulky ligands (Cp*)
are not included within the cavity of 2. Neutral metallocenes
like ferrocene 9a, or cobaltocene 9b show little affinity for the
electronically rich cavity of 2. The barrier for the self-exchange of
included 1a* within receptor 2b has been calculated as AG72* ¥ =
16.38 kcal mol™' using a 2D EXSY experiment. The presence
of one ethyl group in both Cp rings, as in guest 4*, reduces

considerably the kinetic and thermodynamic stability of the 4*@2b
complex probably due to a shallower inclusion of the guest. How-
ever, the presence of the ethyl group reduces the rate of tumbling of
the guest inside the host’s cavity. In the voltammetric studies, a new
redox Co(11)/Co(111) couple shifted toward cathodic values can be
observed for the included 1a*. The observation of the shifted peak
indicates that the cationic form of Co(1ir), 1a*, is more strongly
bound by the hybrid cavitands 2a and 2b than neutral Co(11) 9b
and that the electron transfer process proceeds in the included
form. The reduction of the guest eliminates the contribution of
the cation—7 interaction to the complex stabilities. Consequently,
we have quantified this type of interaction in the complexes as
5.3 kcal mol™" in the case of 2a and 2.1 kcal mol~' for 2b. We are
currently pursuing the use of these receptors for the modification of
the chemical reactivity and selectivity of included metal centers.”
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A range of seventeen quinoline alkaloids, involving several types of oxidations during their biosynthetic
pathways, have been isolated from leaves of Choisya ternata. In addition to the nine known quinoline
alkaloids, eight new members of the furoquinoline family, derived mainly from prenylation at C-5
(including two novel hydroperoxides), have been identified. The absolute configurations and
enantiopurity values of all chiral quinoline alkaloids have been determined. One of the isolated
alkaloids, 7-isopentenyloxy-y-fagarine, has been used as a precursor for the chemical asymmetric
synthesis of the enantiopure alkaloids: evoxine, anhydroevoxine and evodine. The possible roles of
oxygenase and other oxygen-atom-transfer enzymes, in the biosynthetic pathways of the C. ternata

alkaloids, have been discussed.

Introduction

The common ornamental shrub Choisya ternata (Mexican or-
ange), a member of the Rutaceae family, had earlier been shown
to contain seven quinoline alkaloids: skimmianine 1, kokusagi-
nine 2, 7-isopentenyloxy-y-fagarine 3, evoxine 4, choisyine 5,
platydesminium methosalt 6 and balfourodinium methosalt 7.1
During the course of our continuing study of the synthesis
and metabolism of quinoline alkaloids, and their isolation from
plant sources,*? it became evident that neither the enantiomeric
excess (ee) values nor absolute configurations, of many known
chiral quinoline alkaloids from C. ternata (e.g. evoxine 4 and
choisyine 5) and other Rutaceous plants, had been determined.
Upon completion of our synthesis of chiral quinoline alkaloids in
enantiopure form,*® it was found that a significant proportion of
earlier assignments were incorrect, e.g. platydesminium methosalt
6 and possibly balfourodinium methosalt 7. After the isolation
of eleven chiral quinoline alkaloids from C. ternata (including
compounds 4, 5 and 7) in the current study, the requirement for a
generally applicable, sensitive and reliable method of determina-
tion of both enantiopurity and absolute configuration of quinoline
alkaloids, became essential. In a preliminary communication of
this work,® a generally applicable method, involving a combination
of ozonolysis and chiral stationary phase-GC-MS (CSPGC-MYS),
was reported and has been utilised herein.

The role of bacterial dioxygenase enzymes in cis-
dihydroxylation at the 2,3-, 5,6- and 7,8-bonds of the biosynthetic
precursor and parent furoquinoline alkaloid, dictamnine 8, has
recently been reported from these laboratories.” This study has
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prompted us to investigate the potential involvement of oxygenase
or other oxygen-atom-transfer enzymes in the formation of
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phenol, epoxide, hydroperoxide and other derivatives of quinoline
alkaloids during their biosynthesis in C. ternata.

The major objectives of this chemical investigation of C. ternata
leaves are thus: (i) to establish the presence of known alkaloids
and the structure of new quinoline alkaloids including the first
two hydroperoxide members of the family, (ii) to utilise appro-
priate methods for the determination of ee values and absolute
configurations of the isolated chiral alkaloids, (iii) to suggest
feasible biosynthetic pathways for the formation of quinoline
alkaloids in C. ternata, based upon rigorous structure and absolute
configuration determinations, chemotaxonomy considerations,
biomimetic syntheses and earlier literature reports of labelling
studies.

Results and discussion

(i) Isolation and identification of quinoline alkaloids from
C. ternata

The methods used for the isolation of quinoline alkaloids were
similar to those reported earlier.>® The identification of com-
pounds was facilitated by the availability of authentic samples
and spectroscopic data for quinoline alkaloids obtained both
from chemical synthesis and from earlier studies of C. ternata
and Skimmia japonica*'® A crude mixture of quinoline alkaloids
and coumarins was obtained in the initial step by aqueous
ethanol extraction of dried leaves of C. fernata (2 kg) followed
by concentration. Further purification was achieved by sequential
extraction using solvents of increasing polarity including diethyl
ether (extract A), ethyl acetate (extract B) and water (extract
C). Isolation of alkaloids from extract A (30 g) by conversion
into their hydrochloride salts followed base treatment and flash
chromatography of the mixture on silica gel yielded less polar
components including most of the quinoline alkaloids and a
coumarin. Four of the major quinoline alkaloids, skimmianine
1, 7-isopentenyloxy-y-fagarine 3, evoxine 4, and choisyine 5,
had been reported earlier as metabolites of C. ternata.'? Flash
chromatography and multiple elution PLC yielded, in addition to
the anticipated quinoline alkaloids 1, 3,4 and 5, thirteen additional
alkaloids. The identified components are discussed in order of
increasing polarity as they were eluted from the chromatography
column.

The least polar compound (R; 0.35, CHCl;), a very minor
component (0.010 g), contained an unprecedented hydroperoxide
group as part of quinoline alkaloid structure 9, which was
established with the aid of X-ray crystallography (Fig. 1) and
spectral analysis.f While the X-ray analysis showed the allylic
hydroperoxide group to be attached directly to a stereogenic centre,
it also confirmed that the new alkaloid 9 was racemic. A further
new minor alkaloid of similar polarity (0.015 g, R; 0.35, CHCl;)
was found to be an achiral allylic hydroperoxide isomer of alkaloid
9; its structure 10 was determined by NMR spectral analysis and
MS data.

The next quinoline alkaloids to be eluted from the chromatogra-
phy column were the known achiral compounds 7-isopentenyloxy-
y-fagarine 3 (0.3 g, R 0.8, 80% EtOAc in hexane), skimmianine 1

+ CCDC reference numbers 644683 and 644684. For crystallographic data
in CIF or other electronic format see DOI: 10.1039/b707576f

Fig. 1 X-Ray crystal structure of alkaloid 9.

(1.8 g, R; 0.3, 1% MeOH in CHCI;) and kokusaginine 2 (0.05 g, R;
0.35, 1% MeOH in CHCl;,). The '"H-NMR spectrum of a slightly
more polar quinoline alkaloid (0.015 g, R; 0.2, 2% MeOH in
CHCl;) showed a marked similarity to that of hydroperoxide 9
and was found to be the racemic deoxygenation product having
structure 11.

Quinoline alkaloid 12 (0.25 g, R; 0.15, 2% MeOH in CHCl;) and
choisyine 5 (2.70 g, R; 0.10, 2% MeOH in CHCL;), although of
similar polarity, proved to be separable. Alkaloid 12 and choisyine
5 also showed very similar '"H-NMR spectral characteristics
except for the absence of a methoxy group at C-4 in compound
12. The previously unreported alkaloid 12, now identified as 4-
desmethoxychoisyine, was found to be enantiomerically enriched
([a]lo —43.8, CHCI;). No optical rotation was observed for the
major alkaloid choisyine 5 isolated from C. fernata in this or
earlier studies and on this basis it was assumed to be racemic.

The next two alkaloids (13 and 14) to be eluted showed 'H-
NMR spectra similar to that of the achiral hydroperoxide 10 and
also gave no measurable optical rotations. They were identified as
the corresponding achiral alcohol 14 (0.010 g, R; 0.3, 1% MeOH
in CHCl;) and its methyl ether derivative 13 (0.015 g, R; 0.5, 1%
MeOH in CHCI,).

An inseparable mixture of three quinoline alkaloids (15, 17
and 19) was obtained in a single chromatographic fraction
despite using multiple-elution PLC. However, on treatment of
the mixture with acetic anhydride, separation was achieved when
the monoacetate derivatives 16 and 18 (from alkaloids 15 and 17
respectively) were formed. Alkaloid derivative 16 (0.007 g, R; 0.5,
50% EtOAc in hexane) was optically active ([a], —7.9, CHCI;) and
was identified as evodine acetate 16 indicative of the presence of
evodine 15 as a very minor component of C. ternata. The second
acetate 18 (0.008 g, R; 0.2, 1% MeOH in CHCI;) proved to be
a derivative of the ethyl ether of evoxine 17 and also gave an
optical rotation ([a], —8.8, CHCI;). The third component of the
mixture of quinoline alkaloids was identified as platydesmine 19
(0.010 g, R; 0.15, 1% MeOH in CHCI;) with an excess of one
enantiomer ([a], —42.0, MeOH) whose tertiary alcohol group was
not acetylated.

The next alkaloids to be eluted proved to have similar chiral
structures and were identified as a chlorohydrin 20 (0.210 g, R;
0.20, 80% EtOAc in hexane, [a], +14.2, MeOH) and evoxine 4
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(0.80 g, R; 0.2, EtOAc, [a]p +15.0, EtOH) which had earlier been
reported from C. ternata. The structure and absolute configuration
of the unusual chlorohydrin alkaloid 20 was confirmed by X-ray
crystallography (Fig. 2).1 While the asymmetric unit consisted of
four crystallographically independent molecules, all were shown
unambiguously to have the (R) configuration and differed only in
the conformation of the side-chains.

Fig. 2 X-Ray crystal structure of alkaloid 20.

The most polar alkaloid isolated was identified as isobalfouro-
dine 21 (0.80 g, R; 0.15, EtOAc). Although isobalfourodine 21
is chiral, and had been isolated carlier with an excess of one
enantiomer, in this study it appeared to be racemic.

From extract A, a known coumarin, meranzin hydrate 22
(0.005 g, R: 0.15, 80% EtOAc in hexane, [a], —33.0, CHCl;,),
was also isolated; a similar observation was made earlier where
coumarin 22 was again found among the quinoline alkaloid
fractions in S. japonica.'® The EtOAc extract (extract B) yielded
a further achiral coumarin 23 (0.010 g, R, 0.3, 50% EtOAc in
hexane) which had also been reported earlier from other plants.

The water-soluble quaternary alkaloid fraction in extract C was
precipitated as an insoluble reineckate salt and then converted into
the corresponding perchlorate anion using an ion exchange col-
umn. Thus, a pure sample of O-methylbalfourodinium perchlorate
7 was isolated (2.30 g) but was found to be optically inactive.

(ii) Determination of absolute configurations and enantiopurity
values of alkaloids

From the seventeen quinoline alkaloids isolated from C. ternata,
eleven were found to contain one chiral centre. In this category five
gave no measurable optical rotation and were thus assumed to be
racemic (5,7, 9, 11, 21) while six (4, 12, 15, 17, 19, 20) were found
to have optical rotations. Prior to our preliminary report® of a new
approach, to the determination of the absolute configuration and
enantiopurity for chiral hemiterpenoids involving ozonolysis and
chiral stationary phase GC-MS (O;-CSP-GC-MS), no reliable
and generally applicable method was available. Through this
approach and the use of stereochemical correlation methods, the
absolute configurations of the enantiomerically enriched alkaloids
4,12, 15, 17, 19, 20 were determined, and the racemic nature of
the other alkaloids (5, 7, 9, 11, 21) confirmed.

Using the O;—CSP-GC-MS analysis method, alkaloids 12 and
19 were converted to the corresponding (+)-lactone 24 via sponta-
neous dehydration and cyclisation of the dihydroxycarboxylic acid

Q
Me Me H,O
D LN S WY
(0] Me HO Me

12,19 25 24

HQ Me HQ Me Me Me

RY—OH _ 05 —(-on Me2ClOMe) )(OR OH
Me Me Me” Me

OH

//_\<O 4 27 26

Scheme 1

25 (Scheme 1). The (R) absolute configuration of (+)-3-hydroxy-
4,4-dimethyl-4-butyrolactone 24 was unequivocally determined,
by X-ray crystallographic study of the corresponding camphanate
and CSP-GC-MS analysis.* The (R) lactone 24 eluted earlier
than the corresponding (S) enantiomer from a Sulpelco y-
DEX 120 capillary column and this observation allowed the
absolute configurations of (—)-desmethoxychoisyine 12 (64% ee)
and (—)-platydesmine 19 (90% ee) to be unequivocally assigned
as (R). Ozonolysis of (+)-evoxine 4 gave a triol 27, which was,
in turn, converted to the corresponding (+)-acetonide 26 of
known absolute configuration. CSP-GC-MS analysis showed a
preponderance of the later eluting (R) enantiomer of compound
26 (86% ee) which confirmed the (R) configuration and ee value for
(+)-evoxine 4 (Scheme 1). A similar ee value (91%) was obtained
for (+)-evoxine 4 by 'H-NMR analysis of its acyclic boronate
diastereoisomers, from the vic-diol moiety, using (+)-(R)- and
(—)-(S)-2-(1-methoxyethylbenzene boronic acid) (MEBBA)." On
this basis, an error of +5% should be assumed with these ee
determinations The MEBBA method was also used to estimate
the ee value (95%) for (—)-meranzin hydrate 22.

The O;—CSP-GC-MS method?® was also employed to establish
an (S) configuration, and to confirm the enantiopurity value of
(—)-meranzin hydrate 22 (92% ee). This method also confirmed
that samples of choisyine 5, O-methylbalfourodinium perchlorate
7 and isobalfourodine 21 isolated from the leaves of C. ternata
were indeed racemic.

The absolute configurations of the optically active alkaloids 15
and 20 from C. ternata were obtained by stereochemical correla-
tion (Scheme 2) and X-ray crystallography (Fig. 2) respectively.
The limited quantity of (R)-evoxine 4 (86-91% ee) isolated from
C. ternata was supplemented by asymmetric dihydroxylation of
the dimethylallyl group of 7-isopentenyloxy-y-fagarine 3 using
the B-form of AD-mix as a chiral oxidant (Scheme 2). The
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chemically-derived sample of (R)-evoxine 4 (93% ee) was com-
bined with the plant-derived material and recrystallised to give an
enantiopure sample which was subsequently used as a synthetic
precursor of (R)-anhydroevoxine 29 via bromoacetate 28, and of
(S)-evodine 15, via the evodine acetate 16. This approach provided
a reliable stereochemical correlation route between alkaloids 4, 15,
16 and 29 (Scheme 2).

The absolute configuration of the new chlorohydrin alkaloid
(+)-20 was assigned as (R) by X-ray crystallography using the
Bijvoet method (Fig. 1). It is probable that (R)-evoxine 4, (S)-
evodine 15, (R)-chlorodesoxyevoxine 20 and ethylevoxine 17 were
all obtained by ring opening of the transient intermediate (R)-
anhydroevoxine 29. Using this stereochemical correlation method,
a similar (R) configuration was assumed for ethylevoxine 17 and
its acetate derivative 18.

It is difficult to rationalise the formation of some alkaloids, as
racemates e.g. choisyine 5, as single enantiomers e.g. platydesmine
19, and as enantiomeric mixtures e.g. desmethoxychoisyine 19.
However, as the occurrence of racemates had been reported earlier
for quinoline alkaloids from different members of the Rutaceae
family, it is tempting to speculate about possible reasons for
these observations. Among factors that could be responsible are
the (i) variable stereoselectivity of plant monooxygenase enzymes
catalysing the key epoxidation step where chirality is introduced,
(i1) partial racemisation of the single chiral centre during the acid—
base isolation procedure, (iii) formation of epoxide intermediates
from racemic or achiral oxidants e.g. hydroperoxides 9 and 10.
Based on our earlier experience of examining the stereoselectivity
associated with both monooxygenase and dioxygenase enzymes,
the dominant factor is likely to be number (i).

(iii) Potential biosynthetic pathways for the formation of
alkaloids from C. ternata

Biosynthetic studies of quinoline alkaloids found in C. fernata,
using [3-"*C] and [2,3-°H,:3-"*C]- labelled dictamnine 8, have
shown isotope incorporation into skimmianine 1, evoxine 4 and
choisyine 5 where substitution has occurred at C-5, C-6, C-
7 and C-8 positions.” These studies suggest that dictamnine 8
may also be a key precursor of other furoquinoline alkaloids
found in C. ternata. The dioxygenase-catalysed formation of cis-
dihydrodiol intermediates, e.g. 30 and 31, or monooxygenase-
catalysed formation of transient arene oxides, e.g. 32 and 33,
which could yield hydroxydictamnine isomers, e.g. 34 and 35 from
dictamnine 8 (via dehydration of dihydrodiols or isomerisation of
arene oxides), had been postulated more than thirty years ago®
(Scheme 3).

It is probable that the major enzymes responsible for oxidation
of dictamnine 8 and its derivatives in C. fernata, in common with
other eukaryotic systems (fungi, animals), are monooxygenases
rather than dioxygenases. These enzymes can catalyse the oxida-
tion of arenes to arene oxides or phenols and alkenes to alkene
oxides. By contrast, the ring hydroxylating dioxygenase enzymes
are generally associated with prokaryotic systems (bacteria), and
catalyse the oxidation of arenes to cis-dihydrodiols and phenols
(after spontaneous dehydration) and alkenes to vic-diols. Recent
studies of the enzyme-catalysed oxidation of dictamnine 8, using a
biphenyl dioxygenase, present in whole cells of a mutant strain
(B8/36) of the soil bacterium Sphingomonas yanokuyae, have
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shown that cis-dihydroxylation occurs preferentially at the 7,8-
bond to yield cis-diol 30. Only a very minor proportion of
oxidation occurred at the 5,6- bond to give cis-diol 31 (Scheme 3)
or at the 2,3- bond to yield an unstable furan cis-diol, a precursor
of the isolated acyclic 2-quinolone diol.” The major cis-dihydrodiol
metabolite 30 was then used as a precursor for the four-step
synthesis of dictamnine 7,8-oxide 32. This compound, which had
earlier been proposed as a transient biosynthetic intermediate,?
in practice proved to be a relatively stable arene oxide. Dehydra-
tion of the cis-dihydrodiols 30 and 31, under acidic conditions
(trifluoroacetic acid), gave mainly the corresponding phenols 8-
hydroxydictamnine (robustine) 34 and 6-hydroxydictamnine 35.
Similar treatment of arene oxide 32 resulted in isomerization to
yield robustine 34 again as the major product.’

Phenols, 7-hydroxydictamnine (confusameline), 8-hydroxydi-
ctamnine (robustine) 34, and the corresponding methyl ether
derivatives 7-methoxydictamnine (evolitrine) and 8-methoxy-
dictamnine (y-fagarine) are known alkaloids in other members of
the Rutaceae family. However, neither 5-hydroxydictamnine nor
6-hydroxydictamnine have yet to our knowledge been found as
natural products. Nevertheless, the isolation of the corresponding
methyl ethers, i.e. 5-methoxydictamnine from Ruta chalepensis and
6-methoxydictamnine (pteleine), from more than twelve different
types of Rutaceous plants, supports the view that phenol 35 is
probably a common transient biosynthetic intermediate in the
formation of several furoquinoline alkaloids in C. fernata.

It is noteworthy that: (i) phenolic alkaloids 34 and 35 are the
major products obtained from dehydration of the corresponding
cis-dihydrodiols 30 and 31, (ii) aromatisation of arene oxide 32
also yields mainly phenol 34 and it is expected that arene oxide 33
would rearrange to give phenol 35, (iii) both trans-dihydrodiol
(derived from hydrolysis of arene oxides) and cis-dihydrodiol
metabolites of quinoline, on dehydration, have been shown to give
the same phenolic products.’> On this premise, the biosynthetic
pathways shown in Schemes 4-6 utilize compounds 34 and 35 as
potential precursors for many of the furoquinoline alkaloids found
in C. ternata rather than the alternative 5- or 7-hydroxydictamnine
isomers.
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While the relevant biosynthetic labelling studies remain to be
carried out on the new alkaloid products from C. ternata, based on
the earlier reports and chemotaxonomic support,? it is possible to
speculate on the potential role of the hydroxydictamnine isomers
34 and 35 as intermediates, and of enzyme-catalysed oxidation
steps involved during the biosynthesis of alkaloids 1, 3, 4, 15, 17,
20 (from robustine 34, Scheme 4) and 2, 5, 9, 10, 11, 12, 13, 14
(from 6-hydroxydictamnine 35, Schemes 5 and 6).

Although the biotransformation of dictamnine 8 to skimmi-
amine 1 has been established by labelling studies,? the exact se-
quence of enzyme-catalysed O-methylation and aromatic hydrox-
ylation steps has not. The biosynthetic sequence for skimmiamine
1 from robustine 34 shown in Scheme 4 assumes the involvement
of the known quinoline alkaloids y-fagarine 36 and haplopine 37.
Prenylation of haplopine 37 to form 7-isopentenyloxy-y-fagarine
3, followed by monooxygenase-catalysed asymmetric epoxidation,
provides a logical route to (R)-anhydroevoxine 29. While it was
not isolated from C. ternata during the present study due to
the isolation procedure adopted, (R)-anhydroevoxine 29 has been
obtained directly from furoquinoline 3 by asymmetric epoxidation
in other plants, and indirectly by chemical asymmetric dihydroxy-
lation in this study (Scheme 2). The (R)-enantiomer of epoxide 29
appears to be the obvious precursor of the enantiopure quinoline
alkaloids (R)-evoxine 4, (S)-evodine 15, (R)-ethylevoxine 17 and
(R)-chlorodesoxyevoxine 20. Thus, the absolute configuration at
each of the stereogenic centres in furoquinolines 4(R), 15(S), 17(R)
and 20(R) is consistent with the ring-opening reactions of the (R)
enantiomer of epoxide 29 and retention of configuration.

The non-racemic furoquinolines anhydroevoxine 29, evoxine 4
and evodine 15 had all been identified earlier as plant alkaloids
(of unspecified absolute configuration) while ethylevoxine 17
and chlorodesoxyevoxine 20 appear to be new members of
the quinoline alkaloid family. The isolation of the alkaloids
methylnkolbisine 39 and chlorodesnkolbisine 40 from 7eclea
nobilis,"* having structural similarities to the quinoline alkaloids
17 and 20 from C. ternata is noteworthy. Both contain a tertiary
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X
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alkylether group or tertiary chlorine substituent possibly derived
from opening of a prenyl epoxide, i.e. alkaloids 39 and 40 from
tecleoxine 38 (also isolated from 7. nobilis) and compounds
17 and 20 from anhydroevoxine 29. While the possibility of
chlorodesnkolbisine 40 being formed as an artefact from the
epoxide tecleoxine 38 was considered and excluded during the
latter study,” the formation of furoquinoline products (S)-15,
(R)-17 and (R)-20 as artefacts, derived from (R)-evoxine 4 and
(R)-anhydroevoxine 29 in C. ternata, cannot be ruled out.

On the basis of labelling studies® and absolute stereochemistry
correlation, the enantiomerically enriched (>90% ee) furoquino-
line alkaloids 4, 15, 17 and 20 in C. ternata could all result from
the initial hydroxylation and O-methylation of dictamnine 8 at
C-8 (34 — 36, Scheme 4). This pathway may not, however, be
involved in the biosynthesis of other chiral alkaloids bearing a
methoxyl group at C-8, i.e. the balfourodinium methosalt 7 and
isobalfourodine 21. Based on their shared racemic nature, it is
possible that alkaloids 7 and 19 were derived from a common
racemic epoxide precursor, e.g. 41, which may be formed during
their biosynthesis via aromatic hydroxylation—-methylation at C-8
of a 2-quinolone precursor followed by monooxygenase-catalysed
epoxidation of a dimethylallyl substituent at C-3.

From a survey of the literature, it is evident that extensive
oxygenation can occur at all positions in the carbocyclic aromatic
ring of the parent furoquinoline alkaloid dictamnine 8 but C-
prenylation is rare and generally occurs only at C-5. Among the few
other examples of furoquinoline alkaloids, where C-prenylation
has been found at the C-5 position, are: acronidine 42 (from
Acronychia baueri),"* tecleaverdoornine 43, and tecleaverdine 44
(both from Teclea verdoorniana).”> Tt is thus unusual to find
seven furoquinoline alkaloids (5, 9-14), each resulting from C-
prenylation at the C-5 position, present in a single plant source
(C. ternata).

Without direct evidence from labelling studies, it is not possible
to confirm the biosynthetic sequences for the C-prenylated and
derivatised furoquinoline alkaloids 5, 9-14 in C. ternata. However,
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in view of the isolation of previously unknown hydroperoxide
derivatives 9 and 10 of furoquinoline alkaloids, it is considered
important to address the question of their formation. Potential
biogenetic routes involving epoxidation and hydroperoxidation
steps, that could account for the presence of both racemic and
non-racemic furoquinolines, are shown in Scheme 5 (12-14) and
Scheme 6 (2, 5, 9-11).

The initial step in Scheme 5 (35 — 48) assumes the insertion of
a dimethylallyl group at C-5 adjacent to the phenolic OH group in
6-hydroxydictamnine 35. Monooxygenase-catalysed asymmetric
epoxidation of the resulting furoquinoline 48 would then yield,
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mainly, (S)-epoxide 49 prior to an intramolecular cyclisation with
inversion of configuration (48 — 49 — 12) to yield the new
alkaloid (R)-desmethoxychoisyine 12 (64% ee). The formation of
the allylic alcohol 14, and its methyl ether 13 could, in principle,
be accounted for by methylation of furoquinoline 48 to give alkene
50 followed by the formation of a transient achiral hydroperoxide
51. Deoxygenation of this hydroperoxide (51 — 14) could also
account for the presence of the tertiary alcohol 14 among the
range of plant alkaloids from C. fernata. The intermediacy of
hydroperoxide 51 has been postulated in view of the isolation of
the furoquinoline hydroperoxide 10 having a very similar structure
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Scheme 5
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from the same plant source (Scheme 6). While the lipoxygenase-
catalysed formation of hydroperoxides during the oxidation of
allylic carbon atoms in non-conjugated dienes has been widely
observed in vivo, some hydroperoxides isolated from natural
sources have been considered to be artefacts.’® A small number
of earlier examples of hemiterpene hydroperoxide derivatives have
been reported, e.g. coumarins 45-47.

Enzymes appear to have been involved in the formation of
enantiomerically enriched hydroperoxides from oxidation of a
dimethylallyl group in coumarins, including peroxyauraptenol 45
(from Melicope stipitata)’ and peroxytamarin 47 (from Citrus
sulcata).”® The allylic hydroperoxide peroxymurraol 46, an achiral
isomer of hydroperoxide 45, was isolated from Murraya exotica.”
The postulated hydroperoxide intermediate 51, the isolated hy-
droperoxides 9 and 10 (Scheme 5), and racemic coumarins 46
and 47 could thus all be genuine new alkaloids resulting from
enzyme-catalysed oxidation or artefacts formed through a non-
enzymatic reaction of oxygen with a dimethylallyl group due to
aerial autoxidation reactions.

Further evidence of the possible involvement of different types
of oxidation reactions, occurring in C. fernata, is shown in
Scheme 6. Aromatic hydroxylation (35 — 52 and 35 — —
54), epoxidation (55 — 56) and hydroperoxidation (57 — 9
and 57 — 10) steps are all postulated to account for the
formation of the furoquinoline alkaloids 2, 5, 9, 10 and 11 from
6-hydroxydictamnine 35. Although the postulated biosynthetic
intermediates 6-methoxydictamnine, delbine 53, heliparvifoline

54, and kokusaginine 2, are known alkaloids, furoquinolines 35,
52, 55 and 57, to our knowledge, have not yet been reported as
plant alkaloids.

On account of the novel hydroperoxide group present in alkaloid
9, unequivocal identification by spectroscopic methods proved
difficult until X-ray crystallographic analysis firmly established
both its structure and racemic nature. As shown earlier, while
hydroperoxide derivatives from other hemiterpenoids have been
isolated as plant products, furoquinolines 9 and 10 are, to
our knowledge, the first examples of hydroperoxide derivatives
to be reported from the quinoline alkaloid family. It should
thus be reemphasised that the formation of the hemiterpenoid
hydroperoxides 9 and 10 could occur through either enzyme-
catalysed oxidation or non-enzymatic aerial autoxidation and at
present it is not possible to distinguish between these alternative
oxidation mechanisms. The possibility that other hydroperoxide
intermediates may be involved during the biosynthesis of furo-
quinoline alkaloids e.g. compound 51 (Scheme 5), or in further
oxygen-atom-transfer processes, cannot be excluded at present.

Conclusion

A series of new quinoline alkaloids (9-14, 17 and 20), isolated
from the leaves of C. ternata, have been characterized. Among the
novel features associated with these alkaloids are: C-prenylation,
hydroperoxidation and chlorohydrin formation. The absolute
configurations and ee values for the chiral alkaloids 4, 5, 6,
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7,9, 11, 12, 15, 17, 19, 20 and 21 have been established by
stereochemical correlation, X-ray crystallography, 'H-NMR anal-
ysis and chiral stationary phase GC-MS methods. Biosynthetic
pathways involving multiple oxidation steps that could account
for the formation of the quinoline alkaloids present in C. ternata,
have been presented.

Experimental

'"H-NMR spectra were recorded at 300 MHz (Bruker Avance
DPX-500) and at 500 MHz (Bruker Avance DRX-500) in CDCl,
solvent, unless stated otherwise. Chemical shifts (6) are reported
in ppm relative to SiMe, and coupling constants (J) are given in
Hz. Accurate mass measurements were recorded at 70 eV on a VG
Autospec, using a heated inlet system. Accurate molecular weights
were determined by the peak matching method with perfluoro-
kerosene used for standard reference. The GC-MS instrument
used was an Agilent 6890 gas chromatograph directly attached to a
5971 Mass Selective Detector. CSP-GC separation of enantiomers
23 and 25 was carried out using a Supelco y-DEX 120 capillary
column (30 m x 0.25 mm x 0.25 pm film thickness) using helium as
carrier gas at a flow rate of 2.3 mL min~'. The GC injector port and
transfer line were maintained at 250 °C and 230 °C respectively.
The oven temperature was initially held at 80 °C for 1 min and
then ramped at 2 °C per min to 200 °C. The mass detector was
operated in the EI full scan mode measuring ion currents between
m/z 30 and 550 amu. The ee values were calculated using the
integrated total ion current for each isomer. Optical rotation ([a]p)
measurements were performed on a Perkin-Elmer polarimeter at
ambient temperature (ca. 20 °C) and are expressed in units of 107!
deg cm? g in the specified solvent.

Extraction of leaves

The dried and powdered leaves of Choisya ternata (2.0 kg) were
extracted, three times at room temperature, with 95% EtOH in
water (3 x 5 L), over a period of two weeks. The combined
ethanolic extract was concentrated to give a viscous dirty green
coloured gum (ca. 250 g). The gummy mass was extracted with
Et,0 (5 x 200 mL) to give extract A. The residual gum was
extracted with EtOAc (2 x 125 mL) to give extract B. The gummy
mass left after EtOAc extraction, was extracted with warm water
(200 mL), filtered and the aq. solution was labelled as extract C.

Isolation of compounds

From extract A. Extract A was evaporated to half its volume
and the concentrated solution extracted with aq. HCI solution
(2M, 2 x 250 mL). The combined aq. extract was cooled in an ice
bath and the solution made alkaline with the drop-wise addition
of 2 M aq. NaOH. The mixture was extracted with EtOAc (3 x
200 mL), the combined extract washed with water, dried (Na,SO,)
and concentrated under reduced pressure to give a mixture of
crude products (ca. 30 g). Partial separation of the mixture was
carried out by flash chromatography (20% EtOAc in hexane —
10% MeOH in EtOAc) followed by multi-elution preparative
layer chromatography (PLC) of the separated fractions containing
mixtures of compounds. Alkaloids 9, 10, 3, 1, 2, 11, 12, 5, 13 and
14 from early fractions (30% EtOAc in hexane), alkaloid 20 from
middle fractions (50% EtOAc in hexane), alkaloid 4 and coumarin

22 from late fractions (80% EtOAc in hexane), and alkaloid 21
from the last fractions (10% MeOH in EtOAc) were isolated. A
mixture of three alkaloids, present in early column fractions, could
only be separated by PLC (2% MeOH in CHCI,) after acetylation
(Ac,O-pyridine). Thus, alkaloids 16 and 18 (acetyl derivatives)
along with alkaloid 19 were also isolated.

From extract B. Purification of extract B (0.250 g) by PLC
(50% EtOAc in hexane) gave coumarin 23.

From extract C. The aq. extract C was treated, drop-
wise, with a saturated solution of ammonium reineckate (tetra-
isothiocyanatodiammine chromate) until no further precipitation
occurred. After allowing the precipitates to stand overnight, the
mixture was centrifuged, and the precipitates were collected as
a pellet. The pellet was dissolved in a minimum amount of
MeOH (ca. 20 mL) and the solution loaded onto an ion exchange
column [Amberlite IRA-420(Cl1") resin washed thoroughly with
2 M perchloric acid followed by MeOH]; the column was eluted
with MeOH. The methanolic fractions, on concentration, yielded
the perchlorate salt of 7.

(£)-2-Methyl-1-[(4,6,7-trimethoxyfuro|2,3-b]quinolin-5-
yl)methyl]allyl hydroperoxide 9

White crystalline solid (0.011 g); mp 169-170 °C (from CH,Cl,);
R;0.35(CHCL,); [a], 0.0 (¢ 0.5, CHCL); (Found: M* + 1, 360.1446.
CyH,,NO; requires 360.1447); oy (500 MHz, CDCl;) 1.97 (3 H, s,
Me), 3.66 (1 H, dd, J,,,5 13.8, J1.,' 9.6, H-1"a), 3.79 (1 H, dd, J 4,1,
13.8, J1s1' 3.1, H-1b), 3.93 (3 H, s, OMe), 4.00 (3 H, s, OMe), 4.29
(3H,s,OMe), 4.55(1 H,dd, J,",,9.7, J 1, 3.1, H-1"), 5.11 (2 H, s,
CH.,), 7.02 (1 H, d, J5, 2.8, H-3), 7.30 (1 H, s, H-8), 7.55 (1 H, d,
J,5 2.8, H-2),9.20 (1 H, br s, OOH); d (125 MHz, CDCl;) 19.4,
29.0, 55.7, 59.3, 61.2, 78 .4, 88.6, 103.6, 105.2, 107.1, 112.7, 113.1,
127.1, 142.5, 145.3, 146.1, 146.5, 154.4, 158.7; m/z (FAB) 360.2
(M* + 1, 32%), 272.1 (37), 147.1 (100).

(E)-1,1-Dimethyl-3'-(4,6,7-trimethoxyfuro|2,3-b]quinolin-5-yl)-2-
propenyl hydroperoxide 10

Colourless crystalline solid (0.215 g); mp 138-139 °C (from
EtOAc-hexane); R; 0.30 (CHCl;); [a]p 0.0 (¢ 0.7, CHCI,);
(Found: M*, 359.1353. C,H, NO; requires 359.1369); Jy
(500 MHz, CDCl;) 1.54 (3 H, s, Me), 2.17 (3 H, s, Me), 3.77
(3 H, s, OMe), 4.01 (3 H, s, OMe), 4.26 (3 H, s, OMe), 5.83 (1 H,
d, J 16.4, trans ArCH=CH), 6.99 (1 H, d, J;, 2.7, H-3), 7.10
(1 H,d, J 16.4, trans ArCH=CH), 7.33 (1 H, s, H-8), 7.57 (1 H,
d, J,; 2.7, H-2) 8.02 (1 H, s, OOH); d. (125 MHz, CDCl;) 24.4,
30.9, 55.8, 59.5, 60.8, 82.5, 104.4, 104.8, 107.3, 112.9, 127.1, 135.1,
142.8, 145.1, 145.4, 155.1, 158.4, 163.5; m/z 359 (M*, 50%), 343
(20), 272 (50), 43 (100).

(£)-3'-Methyl-1-(4,6,7-trimethoxyfuro|2,3-b]quinolin-5-yl)-3'-
buten-2"-0l 11

White crystalline solid (0.015 g); mp 95 °C (from CHCL,); R;
0.20 (2% MeOH in CHCl,); [a] 0.0 (¢ 0.5, CHCl,); (Found: M*,
343.1430. CyH, NOs requires 343.1420); o (500 MHz, CDCl;)
1.93 (3 H, s, Me), 3.42 (1 H, dd, J,',./» 13.4, J/.,' 9.9, H-1'a),
3.73 (1 H, dd, J/,'. 13.4, J/',, 3.1, H-1'b), 3.92 (3 H, s, OMe),
3.99-4.12(3H,s,OMeand 1 H, m, H-2'),4.37 (3 H, s, OMe), 4.90
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and 5.04 (1 H each, s, C=CH,), 7.04 (1 H, d, J», 2.8, H-2), 7.34
(1 H,'s, H-8) and 7.56 (1 H, d, J,, 2.8, H-3); m/z 343 (M*, 15%),
272 (100).

(—)-(R)-Desmethoxychoisyine 12

Colourless crystals (0.250 g); mp 184-186 °C (from acetone); R;
0.15 (2% MeOH in CHCL,); [a]p —43.8 (¢ 0.6, CHC],); (Found: M*,
299.1156. C;H,;NO, requires 299.1158); J,; (500 MHz, CDCl;)
1.29 (3 H, s, Me), 1.39 (3 H, s, Me), 1.95 (1 H, broad s, OH), 3.68
(1H,dd, J,,, 16.8, J,, 9.0, H-1a), 3.77 (1 H, dd, J},,,, 16.8, J 145
9.8, H-1b), 4.37 (3 H, s, OMe), 4.74 (1 H, dd, J,,, 9.8, J>.. 9.0,
H-2),7.02 (1 H, d, Jo5 2.8, H-9), 7.26 (1 H, d, J,5 8.9, H-4), 7.59
(1 H,d, Jso 2.8, H-8), 7.80 (1 H, d, Js, 8.9, H-5); 0. (125 MHz,
CDCl;) 24.1,26.0,33.5,58.9,72.1,89.9,104.2, 104.6, 115.0, 117.2,
117.8,128.4,142.3, 143.7, 155.7, 156.5, 162.4; m/z 299 (M*, 80%),
240 (100).

4,6-Dimethoxy-5-[(E)-3'-methoxy-3'-methyl-1'-butenyl]furo|2,3-
blquinoline 13

White crystalline solid (0.015 g); mp 94 °C (from EtOAc-hexane);
R; 0.5 (1% MeOH in CHCL,); [a] 0.0 (¢ 0.2, CHCL,); (Found: M*,
327.1470. CyH, NO, requires 327.1471); 6y (500 MHz, CDCl;)
1.46 (6 H, s, 2 x Me), 3.35 (3 H, s, OMe), 3.88 (3 H, s, OMe),
4.26 (3 H, s, OMe), 5.78 (1 H, d, J,',’ 16.5, H-2'), 6.94 (1 H, d,
Ji'y 16.5,H-1),7.02 (1 H, d, J,5 2.8, H-2), 7.49 (1 H, d, J,5 9.3,
H-7), 7.60 (1 H, d, J,, 2.8, H-3), 7.93 (1 H, d, Jy 9.3, H-8); d¢
(125 MHz, CDCl;) 26.0, 26.2, 50.6, 57.3, 59.4, 75.5, 104.7, 106.2,
118.4,118.9, 121.6, 125.5, 128.5, 137.6, 142.6, 143.8, 153.3, 158.4,
162.5; m/z 327 (M*, 5%), 312 (M* — CHs, 6%), 43 (100).

(E)-4'-(4,6-Dimethoxyfuro|2,3-b]quinolin-5-yl)-2'-methyl-3'-
buten-2"-ol 14

White crystalline solid (0.010 g); mp 144-145 °C (from EtOAc—
hexane); R; 0.3 (1% MeOH in CHCL,); [a]p 0.0 (¢ 0.2, CHCL,);
(Found: M* + 1 — H,0, 296.1287. C,sHsNO; requires 296.1287);
oy (500 MHz, CDCl;) 1.50 (6 H, s, 2 Me), 3.90 (3 H, s, OMe),
423 (3H,s, OMe), 597 (1 H,d, J5', 16.3,H-3),6.99 (1 H, d, J,;
2.7,H-2),7.04 (1 H,d, J,/ 5 16.3,H-4),7.47 (1 H,d, J,5 9.3, H-7),
7.59 (1 H,d, J;, 2.7, H-3) and 7.92 (1 H, d, J; 9.3, H-8).

(—)-1-[(4,8-Dimethoxyfuro[2,3-b]quinolin-7-yl)oxy|methyl-2'-
ethoxy-2'-methylpropyl acetate 18

Viscous 0il (0.008 g); R; 0.2 (1% MeOH in CHCLy); [a], —8.8 (¢ 0.2,
CHC,); (Found: M*, 417.1796. C,,H,,NO, requires 417.1788); dy
(500 MHz, CDCl;) 1.17 (3 H, t, J 4.65, CH,CH;), 1.25 (3 H, s,
Me), 1.27 (3 H, s, Me), 2.10 (3 H, s, OCOMe), 3.51 (2 H, m,
CH,CH,), 4.06 (3 H, s, OMe), 4.29 (1 H, dd, J,,, 10.8, J,.," 8.6,
H-1a), 4.43 (3 H, s, OMe), 4.59 (1 H, dd, J,,,. 10.8, J,,," 2.6, H-
1b), 5.46 (1 H, dd, J,',, 8.6, J,",, 2.6, H-1), 7.04 (1 H, d, J,5 2.8,
H-2),7.21 (1 H, d, J,5 9.3, H-6), 7.59 (1 H, d, J;, 2.8, H-3), 7.97
(1H,d, Js6 9.3, H-5); 0¢ (125 MHz, CDCl;) 15.9, 21.0, 21.6, 23.3,

57.2,58.9,61.4,69.2,75.1,75.9,102.2, 104.5, 114.6, 115.3, 117.8,
141.7,143.0, 151.3, 157.0, 170.4; m/z 417 (M*, 30%), 113 (100).

(+)-(2' R)-3-Chloro-1'-|(4,8-dimethoxyfuro|2,3-b]quinolin-7-
yl)oxy]-3'-methylbutan-2'ol (chlorodesoxyevoxine) 20

Colourless crystals (0.210 g); mp 137-138 °C [from (CH;),CO-
hexane]; R; 0.2 (80% EtOAc-hexane); [a], +14.2 (¢ 0.33, EtOH);
(Found: C, 59.3; H, 5.4; N, 3.6. C,3H,CINO;s requires C, 59.1; H,
5.5; N, 3.8%); 0,4 (500 MHz, CDCl;) 1.67 (3 H, s, Me), 1.68 (3 H, s,
Me), 3.46 (1 H, brs, OH),4.03 (1 H,dd, J,',’. 7.9, J,'\/y, 3.1, H-2)),
4.13 (3 H, s, OMe), 4.25 (1 H, dd, J.,", 10.1, J/,,’ 7.9, H-1'a),
442 (3 H, s, OMe), 4.55 (1 H, dd, J,,, 10.1, J\",,' 3.1, H-1'b),
7.04 (1 H, d, J,5 2.7, H-2), 7.22 (1 H, d, J45 9.1, H-6), 7.59 (1 H,
d, J5,2.7,H-3),7.99 (1 H, d, Js4 9.1, H-5); 6 (125 MHz, CDCl;)
28.2,29.7, 59.0, 61.9, 71.0, 72.3, 76.5, 102.5, 104.7, 115.2, 115.8,
118.6, 141.5, 143.2, 143.5, 151.1, 157.2, 164.3.
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Dual aromatase—sulfatase inhibitors based on the anastrozole template:
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The synthesis and biological evaluation of a series of novel Dual Aromatase—Sulfatase Inhibitors
(DASIs) are described. It is postulated that dual inhibition of the aromatase and steroid sulfatase
enzymes, both responsible for the biosynthesis of oestrogens, will be beneficial in the treatment of
hormone-dependent breast cancer. The compounds are based upon the Anastrozole aromatase
inhibitor template which, while maintaining the haem ligating triazole moiety crucial for enzyme
inhibition, was modified to include a phenol sulfamate ester motif, the pharmacophore for potent
irreversible steroid sulfatase inhibition. Adaption of a synthetic route to Anastrozole was accomplished
via selective radical bromination and substitution reactions to furnish a series of aromatase inhibitory
pharmacophores. Linking these fragments to the phenol sulfamate ester moiety employed Sy2, Heck
and Mitsunobu reactions with phenolic precursors, from where the completed DASIs were achieved via
sulfamoylation. In vitro, the lead compound, 11, had a high degree of potency against aromatase (ICs,
3.5 nM), comparable with that of Anastrozole (ICs, 1.5 nM) whereas, only moderate activity against
steroid sulfatase was found. However, in vivo, 11 surprisingly exhibited potent dual inhibition.
Compound 11 was modelled into the active site of a homology model of human aromatase and the

X-ray crystal structure of steroid sulfatase.

Introduction

In 2003 there were 36 509 new cases of breast cancer diagnosed in
England. This represented 32% of all cancers in women and was
the most common cause of female cancer related death. However,
despite an increase in incidence, mortality rates are declining as a
result of earlier detection and improved treatment." Four in five
cases of breast cancer are diagnosed in women over the age of 50
with the postmenopausal 50-64 age group the most at risk. In the
majority of these cases breast tumours are found to be hormone-
dependent, with oestrogens playing a key role in the growth and
development of the disease. This has led to the development of
endocrine therapies to remove the influence of oestrogen on breast
cancer cells. Currently, the preferred strategy to tackle hormone-
dependent breast cancer (HDBC) involves blocking oestrogens at
the receptor level by using selective oestrogen receptor modula-
tors (SERMs) such as (Z£)-2-[4-(1,2-diphenylbut-1-enyl)phenoxy]-
N,N-dimethyl-ethanamine (Tamoxifen). Alternative approaches
concentrate on restricting the availability of oestrogens by inter-
fering with the steroid biosynthetic pathway, achievable via the

“Medicinal Chemistry, Department of Pharmacy and Pharmacology and
Sterix Ltd, University of Bath, Claverton Down, Bath, BA2 7AY, UK.
E-mail: b.v.ipotter@bath.ac.uk; Fax: +44 1225 826114, Tel: +44 1225
386693

*Endocrinology and Metabolic Medicine and Sterix Ltd, Imperial College
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T Electronic supplementary information (ESI) available: Synthesis and
spectroscopic data for Anastrozole and preceding intermediates following
two different routes, and experimental data for compounds 1, 2, 3(a—c),
4(a—c), 5(a—c) and 20-23. See DOI: 10.1039/b707768h

inhibition of the enzymes involved in this process, e.g. aromatase
and steroid sulfatase (STS). The inhibition of aromatase, which
converts androgens to oestrogens in the final step of steroid
biosynthesis (see Fig. 1), has been the focus of extensive research?,
which, in particular, has resulted in two significant clinical non-
steroidal agents; 2-[3-(cyano-dimethyl-methyl)-5-[1,2,4]triazol-1-
ylmethyl-phenyl]-2-methyl-propionitrile (Anastrozole) and 4-[(4-
cyanophenyl)—(1,2,4-triazol-1-yl)methyl]benzonitrile (Letrozole)
(Fig. 2), that show improved efficacies and superior toxicity
profiles when compared to Tamoxifen.**

Most oestrogens that orginate from the aromatase pathway are
stored in the body as steroid sulfates. It is now widely recognised
that this store provides an important source of oestrogens in
tumours when oestrone sulfate (E1S) is hydrolysed to oestrone
(El) by STS (see Fig. 1)." Considerable progress has been
made in developing steroidal and non-steroidal STS inhibitors
containing a phenol sulfamate ester pharmacophore.”*" This
moiety effects highly potent irreversible STS inhibition. Indeed,
STX64 (now BN83495) (Fig. 2) has become the first STS inhibitor
to enter clinical trial and has shown highly promising Phase 1
results."

We have previously reported and validated the concept of dual
aromatase-sulfatase inhibitors (DASIs).'*"® The rationale to this
hypothesis is that concomitant inhibition of aromatase and STS
should achieve a more effective oestrogen ablation than that
affected by singular inhibition of either enzyme. Whereas this
could be achieved by co-administrating two stand-alone drugs, or,
by administrating a fixed-dose bi-component drug (one tablet-two
agents), an alternative strategy is to design a dual-pharmacophore
single agent to act against both aromatase and STS. Recently,
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Fig.1 The contribution of the aromatase and sulfatase pathways to oestrogen synthesis from androstenedione and oestrone sulfate in HDBC. 175-HSDs

are associated dehydrogenase/reductase enzymes.

N:\ /\N
S N N_ »

N N

NC CN
NC CN
Anastrozole Letrozole
A
H,NO,SO 0 Yo
STX64

Fig. 2 Leading aromatase inhibitors (Anastrozole and Letrozole) and
STS inhibitor (STX64).

Morphy and Rankovic have reasoned that such a multiple-
ligand strategy, as opposed to developing a multicomponent drug
or drug cocktail, may provide significant pharmaceutical and
development advantages.” Initial design of DASIs led to the
successful incorporation of the phenol sulfamate ester moiety
into the scaffold of potent aromatase inhibitors YMS511,* and
Letrozole." These first examples of DASIs were shown to exhibit
potent dual inhibition in vivo, introducing STS inhibition while
preserving a high degree of the aromatase inhibition inherent in
the original scaffold.

Adopting a similar strategy, we report here a new class of DASIs
that is structurally based upon the Anastrozole template. Whilst
retaining the haem-ligating triazole moiety key to the reversible
inhibition of aromatase, the removal of one of the two dimethyl-
propionitrile side-arms of Anastrozole allows the incorporation of
a phenol sulfamate ester group via linkers into the hybrid inhibitor.
The use of ether, thioether and alkene linking units, as well as
variation of the remaining dimethylpropionitrile side-arm to form
cycloalkanecarbonitriles, generates a structurally diverse set of

compounds. The in vitro biological activities of these compounds
were evaluated in a JEG-3 cells assay from which extensive SAR
information is derived. The leading compound from this series,
compound 11 was studied in vivo alongside synthesised reference
compounds. This compound was also docked into a homology
model of the human aromatase enzyme®* and into the crystal
structure of STS?! in silico in order to understand how it might
interact with the individual enzymes.

Results and discussion
Chemistry

The synthesis of Anastrozole has been documented only in the
patent literature.”? We adapted two routes for the synthesis of
Anastrozole and report for the first time full spectroscopic and
analytical data (see ESIT). In contrast to Anastrozole the targeted
DASI compounds are synthetically more demanding, largely
owing to a loss of symmetry with three different substituents
around the central aromatic ring as opposed to two. Whereas
the preparation of Anastrozole involves the simultaneous con-
struction of two dimethylpropionitrile side-arms, the DASI motif
requires just one such side-arm with the second position left free
to allow for the incorporation of the irreversible STS inhibiting
pharmacophore. The synthetic strategy adopted for the synthesis
of these Anastrozole-based DASIs (see Scheme 1) involved
modification of one of the two routes to Anastrozole (see method
B, reference 22 and ESIf). This was achieved by starting with the
mono-bromination (instead of the di-bromination required for
Anastrozole) of methyl 3,5-dimethylbenzoate, using the reaction
conditions described by Kikuchi et al.,* to give the benzyl bromide
1. Reaction of 1 with potassium cyanide gave the phenylacetoni-
trile 2 followed by gem-dimethylation to complete the carbonitrile
side-arm in 3(a). Variation of the carbonitrile side-arm was
possible by using 1,3-dibromopropane and 1,2-dibromoethane as
alkylating species to form the cyclic side-arms in 3(b) and 3(c)

This journal is © The Royal Society of Chemistry 2007
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CO,CHs CO,CH, CO,CHj,4
5(a): R' =R?=CHj, 4(a): R' =R2=CH;, 3(a): R' =R>=CH;
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5(c): R',R? = (CH,),-

4(b): R' R? = -(CH,);-
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3(b): R',R? = -(CH,);-
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Scheme 1  Reagents and conditions: (1) NaHSO;, NaBrO;, H,O-EtOAc, 85%; (ii) KCN, TBAB, H,O0-CH,Cl,, A, 75%; (iii) NaH, alkyl halide, THF,
35-78%; (iv) NaHSO;, NaBrO;, H,O-EtOAc, 75-96%; (v) 1,2,4-triazole, K,CO;, KI, acetone, A, 43-59%.

respectively.* Incorporation of the haem-ligating heteroaryl unit
was achieved via bromination of the remaining tolyl functionality
of 3(a—c) to give 4(a—c) and then substitution with 1,2,4-triazole
to complete the Anastrozole derivatives S(a—c) (Scheme 1).

Once these Anastrozole derivatives were complete the next
task was to introduce the STS inhibiting pharmacophore in
the form of phenol sulfamates (Scheme 2). Initially, the methyl
ester groups in 5(a—c) were reduced using sodium borohydride
in PEG,y, a system which is inert towards nitrogen-containing
functional groups.® Of the resulting benzyl alcohols, 6(a) was

converted to the unstable benzyl chloride 7, which was used with-
out purification or characterisation, and subsequently coupled
with 4-hydroxythiophenol to form the thioether compound 8.
Sulfamoylation® of this compound afforded the first example of
this DASI series, 11. Derivatives of 11 were prepared by a modified
strategy (Scheme 2). Thioether intermediates were prepared by
an alternative transformation directly from the benzyl alcohols,
6(a—c), using (cyanomethyl)trimethylphosphonium iodide* and
appropriately substituted thiophenols,® to form the mesylated
compounds 9(a—e) and 9(f). Deprotection of the mesylated phenols

r N N=
N= =\
_\ N:\ ~ ,N
N
N’ S N N
(i) N (iii for 8)
S(a-c) NC ol > NC S RS
NC cl <, \Q
R' R
R' R? Y OH
6(a): R' =R?=CH; - - 8:R'=R>=CH;,R*=H
6(b): R',R? = -(CH,);- 7:R!' =R?=CH; 10(a): R' =R? =CH;, R3 =l 4
6(c): R",R2=~(CH,),- 10(b): R' =R% =CH,, R*=Br (vi)
10(c): R', R? = -(CH,);-, R*=H
(iv) 10(d): R', R? =-(CH,);-, R =Cl
. \ 10(e): R', R? =-(CHy),-, R*=H
(iv) N (v for 10(a-¢))
=\ N=\
SN N
N:\ N N
S N
N 3
NC S\C[R NC S R3
R! R2 1 2 \CE
NC S R R
\© OMs OSO,NH,
o) 9(a): R'=R? =CH;, R*=Cl 11: R'=R?>=CH;,R’*=H
9(b): R' =R? = CH3, R =Br 12: R'=R? =CH3, R*=Cl
9(c): R, R? =-(CH,);-, R*=H 13:R'=R? =CH;, R*=Br
9(d): R, R? =-(CH,);-, R*=Cl 14:R!,R? =-(CH,);-, R*=H
9(e): R, R? =-(CH,),-, R*=H 15: R‘, R? =-(CHyp)s-, R*=Cl
16:R!,R? =-(CH,),-, R*=H

Scheme 2 Reagents and conditions: (i) NaBH,, PEGy, 80 °C, 64-78%; (ii) SOCl,, pyridine, DCM; (iii) 4-hydroxythiophenol, K,CO;, DMF, 26%;
(iv) (CH;);P*CH,CN I-, DIPEA, EtCN, thiophenol or thiophenol mesylate, 30-92%; (v) 2 M NaOH,,,,, THF, 68-99%; (vi) CISO,NH,, DMA, 83-96%.
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Scheme 3 Reagents and conditions: (1) DEAD, triphenylphosphine polystyrene, 4-(benzyloxy)phenol, 82%; (i) 5% Pd/C, THF-MeOH, 76%;

(iii) CISO,NH,, DMA, 68%.

provided the free phenols 10(a—e). Incorporation of the phenol
sulfamate ester moiety was completed via direct application of
sulfamoyl chloride to the phenols (10(a—e)) to furnish the DASI
compounds 12-16.

In addition to the thioether linker between the Anastrozole
fragment and the phenol sulfamate ester fragment in 11, alter-
native linking groups were also introduced. An alkylether linked
DASI was prepared via a Mitsunobu reaction between 6(a) and 4-
(benzyloxy)phenol to form 17 (Scheme 3). Debenzylation followed
to give the free phenol 18 which was successfully converted to the
sulfamate 19.

An alkene linked DASI, compound 26, was also prepared
(Scheme 4). Starting with 5-bromo-m-xylene, mono-bromination
was undertaken to form the benzyl bromide 20. Substitution
with potassium cyanide gave 21 and the Anastrozole side-arm
was completed via dimethylation to give 22. Further bromination
of the remaining tolyl group yielded 23 and the Anastrozole
derivative 24 was completed via substitution with 1,2,4-triazole.
A Heck reaction between this fragment and 4-vinylphenol gave
the phenolic precursor 25 which was sulfamoylated to furnish
26. Proton NMR confirms that 26 exists as one geometrical
isomer with the coupling constant between the signals for the vinyl
protons ("H NMR Jy 7.35 and '"H NMR o 7.38) being consistent
with that expected for a trans stilbene (Jy_y = 16.6 Hz).

(@) (i)

In relation to compound 11, two reference compounds were
prepared to assess the role of each pharmacophore on both target
enzymes. The synthesis of 9(f), which does not contain a phenol
sulfamate ester and therefore would not be expected to exhibit any
significant STS inhibitory activity, has been previously described
(see Scheme 2). The preparation of a control compound that
does not contain a triazole moiety and hence would be expected
to have relatively insignificant aromatase inhibition was also
undertaken (see Scheme 5). To this end, commercially available
2-(3,5-dimethylphenyl)acetonitrile was dimethylated to give the
gem-dimethyl compound 27 and then mono-brominated to yield
the benzyl bromide 28. Reaction with 4-hydroxythiophenol in
the presence of base furnished the phenol 29 which was then
sulfamoylated to give compound 30.

Inhibition of aromatase and sulfatase in vitro

The in vitro inhibitory activities of compounds 9(f), 11-16, 19, 26
and 30 against aromatase and STS in a JEG-3 cells preparation
are shown in Table 1. Anastrozole, synthesised as described,”
and STX64,% established potent aromatase and STS inhibitors
respectively, are included in the same assay for reference.

All the compounds evaluated (except compound 30) show
potent inhibition of aromatase with ICs, values ranging from

Br
(iii)
NE Br T NC Br
22 23

e —_—
Br Br NC Br
20 21
l (iv)
N=)\
NP
N
v)
NC
Br
OH

(vi)

Scheme 4 Reagents and conditions: (i) KCN, TBAB, H,O0-DCM, A, 74%; (i) NaH, CH;I (2 eq.), THF, 83%; (iii)) NaHSO;, NaBrO;, H,O0-EtOAc, 55%;
(iv) 1,2,4-triazole, K,CO;, K1, acetone, A, 64%; (v) Pd(OAc),, PPh;, NEt;, 4-vinylphenol, THF, A, 71%; (vi) CISO,NH,, DMA, 36%.
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Scheme 5 Reagents and conditions: (i) ((CH;);Si);NLi, —78 °C, CH;I (2 eq.), THF, 77%; (ii) NBS, Bz,0,, CCl,, A, 66%,; (iii) 4-hydroxythiophenol,
K,CO;, DME, 85%; (iv) CISO,NH,, DMA, 74%.

Table 1 In vitro inhibition of aromatase and STS activity in JEG-3 cells by anastrozole, STX64 and compounds 9(f), 11-16, 19, 26 and 30

N=\
SN
R CN
RZ R
Aromatase ICs, or STS ICs, or % inhibition
Compound R' (X = OSO,NH,) R? R? % inhibition @ 1 uM @ 10 uM
Anastrozole = — — — 1.5+ 0.5nM <10%
STX64 — — — 300 + 42 nM 1.5+ 0.3nM
9(f) ©/s\ CH, CH, 2340.09nM -
11 S CH; CH; 35+£1.5nM 10.7 £ 0.8%
L
12 cl S CH, CH; 42+0.10nM 3000 £ 200 nM
I
13 Br s.. CH; CH; 5.0+043nM 73.6 + 0.1%
I
14 >/©/S\ —CH,CH,CH,- 20.7+£4.2nM 21.4£7.9%
15 cl S —CH,CH,CH,- 97.1 £0.3% 75.3 £0.6%
I
16 S —CH,CH,- 3.4+0.28nM <10%
yol
19 N CH;, CH; 55+£02nM <10%
A
26 A CH; CH; 255+£2.7nM 21.5+4.7%
X /@/v
30 — — <10% 38.5+2%

Q
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3.5-25.5 nM. The best aromatase inhibitor is the non-
sulfamoylated compound 9(f) (ICy, 2.3 nM), although the leading
DASI 11 (3.5 nM) is similarly potent. Given the ICs, for
Anastrozole is 1.5 nM the introduction of the phenol sulfa-
mate ester STS inhibiting pharmacophore at the expense of a
dimethylpropionitrile side-arm is well tolerated in this series of
DASI compounds. With the exception of compounds 14 and 26,
all the other DASI compounds maintain aromatase inhibition
within an order of magnitude of that of Anastrozole. The lack
of a triazole group in compound 30 results in a complete loss
of aromatase inhibitory activity. This confirms that the nitrogen-
containing heterocycle triazole is crucial for potent aromatase
inhibition in these non-steroidal inhibitors. Although our previous
DASI work' has shown the introduction of a halogen ortho to the
sulfamate group to be beneficial to aromatase inhibition, possibly
due to steric and/or lipophilic factors, no significant effect is
observed between the unsubstituted compound 11, the chloro
compound 12 (ICs, 4.2 nM) and the bromo compound 13 (ICs,
5.0 nM). Converting the dimethylpropionitrile side-arm in 11 to
a cyclopropanecarbonitrile group in 16 (ICs, 3.4 nM) results in
no significant change in activity. However, the introduction of a
cyclobutanecarbonitrile side-arm in 14 (ICs, 20.7 nM) causes a six-
fold reduction in potency against aromatase, presumably due to
unfavourable steric interactions affecting the binding motif of the
molecule in the aromatase active site. Replacement of the thioether
in 11 with an ether linker in compound 19 (ICs, 5.5 nM) results in
a minimal effect on activity despite the decrease in lipophilicity the
introduction of an oxygen atom imparts. However, replacement of
the thioether linker with a trans alkene group is clearly deleterious
for aromatase inhibition, as borne out by the seven-fold difference
in activity between 11 (ICs, 3.5 nM) and 26 (25.5 nM). It seems
reasonable to suggest that the alkene linker of 26 restricts the
conformational flexibility of the molecule between the two phenyl
rings which, in turn, reduces the binding affinity of 26 to the
aromatase active site.

A molecular modelling study was performed to identify possible
ligand—enzyme interactions by which Anastrozole and compound
11 might exert inhibitory effects on aromatase. Both were docked
into the human aromatase homology model* using GOLD.* The
second highest scoring modes of both inhibitors demonstrate
a satisfactory representation of triazole ligation to the haem
and are illustrated in Fig. 3 with Anastrozole depicted in pink,
compound 11 in green and the haem iron atom as a purple ball.
The substructures common to both ligands, the central phenyl
ring, the triazolylmethyl moiety and one dimethylpropionitrile
group, occupy the same space in the enzyme active site. Potential
hydrogen bonding interactions are observed between the main
chain nitrogen atom of Leu479 and the cyano component of
the dimethylpropionitrile groups in both inhibitors. A number of
lipophilic residues lining the enzyme active site (Val370, Leud77,
Val373, Phel34, 11le305) form contacts with the common aromatic
ring and the nitrile groups. The Ser478 side chain, which has
been implicated in the binding of the non-steroidal inhibitor
Vorozole,® is in close proximity (4.6 A) to the cyano group
of the dimethylpropionitrile side arm of 11. With induced fit
these groups may form a hydrogen bond in the enzyme active
site. It is interesting to note there is the possibility for both the
dimethylpropionitrile groups in Anastrozole to form hydrogen
bonds with Ser478 (5.1 A and 3.0 A) with the group replaced

Fig. 3 Docking of Anastrozole (pink) and 11 (green) into the human
aromatase homology model of Favia et al* using the GOLD docking
program version 3.1.1.° The haem iron atom is represented by a purple
ball and active site amino acid residues are indicated.

in compound 11 appearing to be in the closest proximity (3.0 A)
to this residue. The phenol sulfamate ester group of 11 is in close
proximity to His475, His480 and Trp224 and there is a potential
for stabilizing interactions of this group with one or more of these
amino acids.

From the set of compounds tested there are no examples
of strong STS inhibitors in vitro. Of the best examples the
ortho chlorinated derivative 12 has an ICs, of 3000 nM which
is significantly less potent than STX64 (1.5 nM). Some trends are
apparent, however. The presence of the triazole group introduces
increased possibility of steric constraints for effective binding
within the STS active site. Indeed, the comparative activities of
30, and its triazole substituted analogue 11 (38.5% versus 10.7%
inhibition at 10 uM) appear to bear this out. Secondly, as antici-
pated, and in line with previous observations,' the introduction of
a halogen atom ortho to the sulfamate group increases the ability
of the resulting compounds to inhibit STS (¢f. 12 and 13 with 11
and also 14 versus 15). The electron-withdrawing effect produced
by the halogen atom improves the leaving group ability of the
corresponding phenol which, inter alia, facilitates the inactivation
of STS through sulfamoylation. Finally, trans-stilbenes are known
to structurally mimic oestrogens®! and hence, their sulfamate ester
derivatives may mimic oestrogen sulfamates. However, although
oestrone 3-O-sulfamate is a potent STS inhibitor, the stilbene
diethylstilboestrol monosulfamate is relatively much less active.*
Similarly, 26, a congener of diethylstilboestrol monosulfamate, is
also a weak inhibitor of STS in vitro.

Compounds 11, together with the STS inhibitor STX64, were
docked into the crystal structure of STS.* As illustrated in Fig. 4,
the DASI compound occupies the same region of the active site as
STX64. The sulfamate groups lie in close proximity to the Ca** ion
(purple ball) and the gem-diol form of the formylglycine residue in
the catalytic cavity. However, it is likely that, compared to STX64,
compound 11 with a larger more flexible motif, particularly
taking into account the protruding triazolylmethyl moiety and
the thioether linker, does not interact as efficiently with the amino
acid residues in the hydrophobic tunnel approaching the active
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FGly75

Fig. 4 Docking of 11 (green) and STX64 (purple) into the active site of
STS. The Ca* ion is depicted as a purple ball. Hydrated FGly75 is the
crucial mechanistic residue for desulfation.

site. The modes shown represent the binding event before any
irreversible interaction takes place.

Inhibition of aromatase and sulfatase in vivo

Compounds 11, 30 and Anastrozole were studied in vivo (Fig. 5).
Female Wistar rats pre-treated with 200 IU/0.1 mL s.c. of PMSG
(pregnant mares’ serum gonadotropin) were treated 3 days later
with individual agent at a single 10 mg kg™ p.o. dose. Plasma
oestradiol (E2) levels and liver STS activity were determined
3 hours after dosing.

At 10 mg kg™ p.o. 11 and 30 were found to be highly active
against STS, with near complete inhibition observed for 30 (98.5%)
and 83% inhibition evident for 11. These are encouraging results
given that these compounds were observed to be only weak
STS inhibitors in vitro (Table 1). However, this phenomenon
is not unprecedented and the inhibitory activity difference of
phenol sulfamate esters in vitro and in vivo has been previously
observed.’®!7 Although the explanation for such a phenomenon
is yet to be elucidated, other DMPK (Drug Metabolism and
Pharmacokinetics) factors could be involved in transforming the

Percent Control

inhibitor and/or delivering the active species to the target enzyme
in the in vivo setting. Whereas, and as expected, Anastrozole,
without a phenol sulfamate ester moiety, was completely inef-
fective in suppressing STS activity, complete inhibition (100%) of
aromatase, shown as a measure of plasma E2 levels, was achieved
at 10 mg kg™' p.o. The DASI compound 11 showed only 70%
inhibition against aromatase, which is a low figure in contrast to
Anastrozole when taking into consideration the similarity of the
in vitro 1Cy, values for these two compounds. It is possible that
other factors such as DMPK issues could be responsible for this
result. Compound 30, however, in agreement with the in vitro
results (Table 1), showed no significant inhibition against
aromatase due to the absence of a haem-ligating triazole group.

Conclusions

A series of novel dual enzyme inhibitors has been synthesised,
based upon the clinically potent aromatase inhibitor Anastrozole.
These compounds include not only a haem-ligating triazole group
important for aromatase inhibition, but also a phenol sulfamate
ester group to act against STS activity. Evaluation in vitro
shows these compounds to be highly potent towards aromatase
with inhibitory activities close to the Anastrozole benchmark
(ICs, = 1.5 nM). In contrast, the level of STS inhibition in vitro
is not as potent across the series of compounds tested when
compared to the non-steroidal STS inhibitor STX64. However,
when compound 11 was tested in vivo, both the plasma E2 levels
and liver STS activity were inhibited potently (STS: 83% and
Aromatase: 70%) confirming that 11 is indeed a DASI. Analysis
of the structure activity relationship for these compounds suggests
that the incorporation of the second pharmacophore in the DASI
compounds results in a slight impediment to the activity against
both enzymes when compared to the (pharmacophores working
as) independent entities. However, any decrease in inhibitory
activity against one enzyme is expected to be largely compensated
by the dual inhibition provided by these DASIs, which may
strengthen the overall effectiveness of this type of endocrine
therapy. Optimisation of this new structural class of DASI is still
required to maximise the potencies against both aromatase and
STS, but this series is clearly worthy of further development. With

X =0SO,NH,
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% Inhibition of aromatase and STS activities in Q Wistar rats. Results are expressed as the % of PMSG stimulated E2 levels or % of liver STS

activity in untreated rats (means =+ se, n = 3). NS, not significant. * Figures above bars represent % inhibition. ** 2 rats gave >80% inhibition, 1 rat
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the DASI concept validated, the development of a novel effective
treatment for HDBC is a realistic possibility.

Experimental
Chemistry

Unless otherwise stated HPLC grade solvents were used and
commercial reagents and starting materials were used without
further purification. Nuclear magnetic resonance spectra were
recorded on either a Jeol Delta 270 MHz or Varian Mercury
VX 400 MHz spectrometer. 'H NMR spectra were recorded at
270 MHz or 400 MHz with shifts reported in parts per million
(ppm, ) relative to residual chloroform (d;; = 7.26 ppm) or residual
DMSO 0y = 2.50 ppm). Coupling constants, J, are reported in
Hertz. "C NMR spectra were recorded at either 67.9 MHz or
100.6 MHz with the central peak of chloroform (6 = 77.16 ppm)
or DMSO (0. = 39.52 ppm) as internal standard. Low resolution
mass spectra were obtained from a Micromass platform LCZ
(APCI"). FAB high-resolution mass spectra were determined by
the EPSRC mass spectrometry centre (Swansea, UK). HPLC
analyses were performed on a Waters 996 PDA detector using
a Symmetry® CI8 column (4.6 x 150 mm) eluting with MeCN—
H,O at 1.0 mL min~"'. Elemental analyses were performed by the
Microanalysis Service, University of Bath. Melting points were
determined using a Stanford Research Systems Optimelt MPA100
automated melting point system and are uncorrected. Thin layer
chromatography was undertaken using Kieselgel 60 F,s, plates
(Merck). Flash column chromatography was performed on silica
gel (Sorbsil/Matrex C60) or using Argonaut pre-packed columns
with FlashMaster II. Sulfamoyl chloride was prepared by an
adaptation of the method of Appel and Berger,** and was stored as
a solution in toluene as described by Woo et al.** The experimental
data for 1, 2, 3(a—c), 4(a—c), 5(a—c), 20-23 are available as ESI. ¥

Biology

The extent of in vitro inhibition of aromatase and STS activities
was assessed using intact monolayers of JEG-3 cells. Cells were
seeded into 24-well culture plates and maintained in MEM
(Flow Laboratories, Irvine, UK) containing supplements and
used when 80% confluent. To determine STS activity, cells were
incubated for 1 h with [6,7°H]EIS (5 pmol, 7 x 10° dpm,
60 Ci/mmol; Perkin Elmer LS, Wellesley, MA) in the presence
or absence of (0.001-10000 nmol L") inhibitor. The product El
was separated from E1S by a toluene partition using [4-"*C]JE1 to
monitor procedural losses, and the radioactivity was measured by
scintillation spectrometry. Similarly, for aromatase activity, [1/-
*H]androstenedione (5 pmol, 30 Ci/mmol, Perkin Elmer LS, MA)
was incubated with JEG-3 cells for 1 h in the presence or absence
of inhibitor. The product, *H, O, was separated from the substrates
using dextran-coated charcoal at 4 °C for 2 h and remaining
radioactivity measured by scintillation spectrometry. Each 1Cs,
value represents the mean + SE of triplicate measurements.

The in vivo inhibition of aromatase and STS activity by
11 and STX64 was assessed in female Wistar rats. Animals
received a single subcutaneous injection of pregnant mare’s
serum gonadotropin (PMSG, 200 IU, Sigma). Three days later
drugs (10 mg kg™') were administered orally in THF-propylene

glycol (10 : 90) as a single dose. Blood and liver samples were
obtained 3 h after drug administration. Plasma concentrations
of oestradiol were measured using a radio-immunoassay kit
(Diagnostic Products Corporation, CA) to monitor the extent
of aromatase inhibition. Liver STS activity was determined to
assess the extent of STS inhibition. Results are expressed as the
percentage of PMSG stimulated oestradiol levels for aromatase
activity or percentage of activity in untreated animals for STS
activity (means =+ se, n = 3).

Molecular modelling

i) Homology model of the human aromatase enzyme. Models
of Anastrozole and 11 were built in the SYBYL7.1** molecular
modelling program. To obtain low energy conformations of these
models energy minimization was performed to convergence using
the MMFF94s force field with MMFF94 charges.

A homology model of the human aromatase enzyme, which is
based on the crystal structure of the human CYP2C9 metabolic
enzyme,*® as described by Favia er al® (PDB accession code
ITQA) was read into using SYBYL7.1. Hydrogen atoms were
built onto the model and all atoms except hydrogens were fixed
in aggregates. Hydrogen atom positions were then optimized to
convergence using the Tripos force field with Gasteiger—Hiickel
charges.

The GOLD?* docking program v3.1.1 was used to dock
the Anastrozole and 11 models to the aromatase model. The
aromatase active site was defined as a 12 A sphere around
the haem group iron atom. A distance constraint (minimum =
2.00 A, maximum = 2.30 A) was applied between the ligating
triazole nitrogen atom of the ligand to the haem iron atom. The
coordination number of the iron atom was defined as 6. The
ligands were then docked to the enzyme a total of 25 times each
using the GOLDScore fitness function.

ii) Crystal structure of steroid sulfatase. The 1P49.pdb crys-
tal structure of Human Placental Oestrone/ DHEA Sulfatase was
used for the building of the gem-diol form of STS.?! This involved
a point mutation of the ALS75 residue in the crystal structure
to the gem-diol form of the structure using editing tools within
SYBYL7.1. The resulting structure was then minimised with the
backbone atoms fixed to allow the gem-diol and surrounding side
chain atoms to adopt low energy confirmations. Minimisations
were undertaken using SYBYL7.1 applying the AMBER7 99
forcefield with Gasteiger—Hiickel charges as implemented within
SYBYL7.1. In order to mimic the sulfamate group of E1S, all
sulfamate based compounds are docked into the active site with
their sulfamate group in its mono-anionic form (i.e. -OSO,NH").*’

Syntheses

2-(3-Hydroxymethyl-5-[1,2,4|triazol-1-ylmethylphenyl)-2-methyl-
propionitrile 6(a). A mixture of compound 5(a) (0.500 g,
1.76 mmol) and polyethylene glycol 400 (6.0 g) was heated to
80 °C with stirring until a clear solution had formed. NaBH,
(0.200 g, 5.28 mmol) was added carefully resulting in evolution of
gas. The reaction mixture was stirred vigorously at 80 °C for 16 h.
An extremely viscous residue formed that gradually dissolved in
CH,Cl, (50 mL) with warming (30 °C). This solution was washed
with 1 M HCl,, (10 mL) and then carefully neutralised with
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NaHSO; . Washed with distilled H,O (50 mL x 4) and brine
(50 mL) and dried (MgSO,). Solvent was removed in vacuo to leave
a yellow viscous oil. Column chromatography (EtOAc) eluted
6(a) as a white crystalline solid (0.351 g, 78%), mp 114-116 °C.
'H NMR §,; (270 MHz, CDCl;) 1.70 (6H, s, ArC(CH,),CN),
2.19-2.28 (1H, t, J = 5.5 Hz, ArCH,0OH), 4.69-4.71 2H, d, J =
5.5 Hz, ArCH,OH), 5.35 (2H, s, ArCH,N), 7.17 (1H, s, ArH),
7.29 (1H, s, ArH), 7.44 (1H, s, ArH), 7.95 (1H, s, C,H,N;) and
8.09 (1H, s, C,H,N;); m/z (APCI*) 257 (M + H)*, 100%), 188
(88); HRMS (ES*) 257.1392. C,H;N,O requires 257.1397.

1-(3-Hydroxymethyl-5-[1,2,4]triazol-1-ylmethylphenyl)cyclobu-
tanecarbonitrile 6(b). Compound 6(b) was prepared from 5(b)
using similar conditions to those described for the synthesis of
compound 6(a). Column chromatography (EtOAc) eluted 6(b) as
a colourless viscous oil (0.238 g, 64%). '"H NMR J, (270 MHz,
CDCl;) 2.08-2.15 (1H, m, CH,), 2.20-2.23 (1H, t, J = 5.8 Hz,
ArCH,OH), 2.46-2.55 (1H, m, CH,), 2.61-2.68 (2H, m, CH,),
2.84-2.89 (2H,m,CH,),4.76-4.77 (2H, d, J = 5.8 Hz, ArCH,OH),
5.41 (2H, s, ArCH,N), 7.25 (1H, s, ArH), 7.28 (1H, s, ArH), 7.45
(1H, s, ArH), 8.02 (1H, s, C,H,N3), and 8.15 (1H, s, C,H,N;); m/z
(APCTI¥) 269 (M + H)*, 100%)).

1-(3-Hydroxymethyl-5-[1,2,4]triazol-1-ylmethyl-phenyl)-cyclo-
propanecarbonitrile 6(c). Compound 6(c) was prepared from
5(c) using similar conditions to those described for the synthesis
of compound 6(a). Chromatography (EtOAc) eluted 6(c) as a
colourless viscous oil (0.274 g, 78%). '"H NMR J,; (270 MHz,
CDCl;) 1.36-1.40 (2H, dd, J = 2.5 & 5.3 Hz, CH,), 1.70-1.75
(2H, dd, J = 2.5 & 5.3 Hz, CH,), 1.89-1.94 (1H, t, J = 5.8 Hz,
ArCH,OH),4.66-4.68 (2H,d,J =5.8 Hz, ArCH,OH), 5.31 (2H, s,
ArCH,N), 7.12 (1H, s, ArH), 7.14 (1H, s, ArH), 7.24 (1H, s, ArH),
7.95 (1H, s, C,H,N;), and 8.08 (1H, s, C,H,N;); m/z (APCI") 255
(M + H)*, 100%); HRMS (ES*) 255.1237. C,,H;sN,O requires
255.1240

2-[3-(4-Hydroxyphenylsulfanylmethyl)-5-{1,2,4|triazol-1-ylmethyl-
phenyl]-2-methylpropionitrile 8. To a solution of 6(a) (0.322 mg,
1.26 mmol) in anhydrous CH,Cl, (15 mL) at 0 °C under inert
conditions was added anhydrous pyridine (0.15 mL, 1.88 mmol)
followed by SOCI, (0.14 mL, 1.88 mmol). The reaction mixture
was stirred at room temperature for 2 h and then refluxed for
1 h. After cooling, solvent was removed in vacuo to obtain 7 as
a brown oil. Compound 7 was dissolved in anhydrous DMF
(5 mL) at room temperature and under inert conditions and
treated with K,CO; (1.74 g, 12.6 mmol) followed by a solution
of 4-hydroxythiophenol (0.196 g, 1.51 mmol) in anhydrous DMF
(0.5 mL). The resulting dark yellow suspension was heated at
50 °C for 18 h and then diluted with EtOAc (40 mL). The organic
layer was washed with brine (50 mL), dried (MgSO,), filtered and
solvent removed in vacuo to give dark brown residues. Column
chromatography (EtOAc) eluted 8 as a light brown viscous oil
(0.090 g, 20%). 'H NMR Jy (400 MHz, CDCIl;) 1.66 (6H, s,
ArC(CH;),CN), 3.87 (2H, s, ArCH,S), 5.25 (2H, s, ArCH,N),
6.68 (2H, m, ArH), 6.74 (1H, s, ArH), 7.04 (2H, m, ArH), 7.19
(1H, m, ArH), 7.24 (1H, m, ArH), 7.95 (1H, s, C,H,N;) and
7.99 (1H, s, C,H,N;) and 8.70 (1H, br s, OH); m/z (ES*) 365
(M + H)*, 100%), 296 (7), 269 (8); HRMS (FAB*) 365.1441
CyH, N,OS requires 365.1436.

Methanesulfonic acid 2-chloro-4-|3-(cyanodimethylmethyl)-5-
[1,2,4]triazol-1-ylmethylbenzylsulfanyl]phenyl ester 9(a). (Cyano-
methyl)trimethylphosphonium iodide (0.114 g, 0.470 mmol) was
added to a mixture of 6(a) (0.100 g, 0.390 mmol), methanesulfonic
acid-2-chloro-4-mercaptophenyl ester (0.136 g, 0.570 mmol),
diisopropylethylamine (88.0 uL, 0.510 mmol) and propionitrile
(1.0 mL) under inert conditions. The mixture was then set to stir at
92 °C. After 17 h the reaction was allowed to cool. CH,Cl, (20 mL)
and distilled H,O (20 mL) were added and the aqueous layer
separated and extracted with CH,Cl, (20 mL x 2). The organic
fractions were combined and washed with brine (20 mL), dried
(MgSO0,) and solvent removed in vacuo to leave yellow residues.
Column chromatography (EtOAc) eluted 9(a) as a yellow viscous
oil (0.114 g, 61%). "H NMR 4, (270 MHz, CDCl;) 1.60 (6H, s,
ArC(CH;),CN), 3.19 (3H, s, ArOSO,CH;), 4.01 (2H, s, ArCH,S),
5.26 (2H, s, ArCH,N), 6.96 (1H, s, ArH), 7.07-7.12 (1H, dd, J =
2.3& 6.3 Hz, ArH), 7.19-7.26 (4H, m, ArH), 7.92 (1H, s, C,H,Nj;)
and 8.04 (1H, s, C,H,N;); m/z (APCI*) 479 (('CIM + H)*, 45%),
477 ((*CIM + H)*, 100).

Methanesulfonic acid 2-bromo-4-[3-(cyanodimethylmethyl)-5-
[1,2,4]triazol-1-ylmethylbenzylsulfanyl]phenyl ester 9(b). Com-
pound 9(b) was prepared from 6(a) and 2-bromo-4-mercapto-
phenyl methanesulfonate using similar conditions to those
described for the synthesis of compound 9(a). Column chromato-
graphy (EtOAc) eluted 9(b) as a yellow viscous oil (0.152 g, 75%).
"H NMR J; (270 MHz, CDCl;) 1.62 (6H, s, ArC(CH;),CN),
3.25 (3H, s, ArOSO,CH;), 4.04 (2H, s, ArCH,SAr), 5.31 (2H, s,
ArCH,N), 7.00 (1H, s, ArH), 7.16-7.31 (4H, m, ArH), 7.45-7.46
(1H, d, J = 2.2 Hz, ArH), 7.97 (1H, s, C,H,Nj;) and 8.10 (1H, s,
C,H,N;); m/z (APCI¥) 523 ((*' BrM + H)*, 100%), 521 (("BrM +
H)*, 85).

Methanesulfonic acid 4-[3-(1-cyanocyclobutyl)-5-[1,2,4|triazol-
1-ylmethylbenzylsulfanyl]phenyl ester 9(c). Compound 9(c) was
prepared from 6(b) and methanesulfonic acid 4-mercaptophenyl
ester using similar conditions to those described for the synthesis of
compound 9(a). Column chromatography (EtOAc) eluted 9(c) as a
yellow viscous 0il (0.151 g, 92%). '"H NMR 6 (270 MHz, CDCl;)
1.99-2.03 (1H, m, CH,), 2.32-2.58 (3H, m, CH,), 2.71-2.85 (2H,
m, CH,), 3.15 (3H, s, ArOSO,CH,), 4.06 (2H, s, ArCH,S), 5.29
(2H, s, ArCH,N), 6.97 (1H, s, ArH), 7.08-7.35 (6H, m, ArH), 7.97
(1H, s, C,H,N;) and 8.08 (1H, s, C,H,N;); m/z (APCI*) 455 (M +
H)*, 100%).

4-({3-[(1H-1,2,4-triazol-1-yl)methyl]-5-(1-cyanocyclobutyl)ben-
zyl}sulfanyl)-2-chlorophenyl methanesulfonate 9(d). Compound
9(d) was prepared from 6(b) and methanesulfonic acid-2-chloro-
4-mercaptophenyl ester using similar conditions to those described
for the synthesis of compound 9(a). Column chromatography
(EtOAC) eluted 9(d) as a yellow viscous oil (0.054 g, 30%). 'H
NMR Jy (270 MHz, CDCl;) 1.96-2.08 (1H, m, CH,), 2.31-2.58
(3H, m, CH,), 2.70-2.83 (2H, m, CH,), 3.24 (3H, s, ArOSO,CH,),
4.05 (2H, s, ArCH,S), 5.31 (2H, s, ArCH,N), 7.00 (1H, s, ArH),
7.08-7.32 (SH, m, ArH), 7.96 (1H, s, C,H,N;) and 8.10 (1H, s,
C,H,N;); m/z (APCI*) 489 (M + H)*, 100%).

Methanesulfonic acid 4-[3-(1-cyanocyclopropyl)-5-[1,2,4|triazol-
1-ylmethylbenzylsulfanyl]phenyl ester 9(e). Compound 9(e) was
prepared from 6(c) and methanesulfonic acid 4-mercaptophenyl
ester using similar conditions to those described for the synthesis
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of compound 9(a). Column chromatography (EtOAc) eluted 9(e)
as a yellow viscous oil (0.134 g, 77%). '"H NMR d, (270 MHz,
CDCl;) 1.29-1.34 (2H, dd, J = 5.0 & 7.9 Hz, CH,), 1.69-1.74
(2H, dd, J = 5.0 & 7.9 Hz, CH,), 3.16 (3H, s, ArOSO,CHj;), 4.01
(2H, s, ArCH,S), 5.27 (2H, s, ArCH,N), 6.94 (1H, s, ArH), 7.05
(1H, s, ArH), 7.08 (1H, s, ArH), 7.14-7.28 (4H, dd, J = 8.6 &
27.9 Hz, ArH), 7.96 (1H, s, C,H,N;) and 8.07 (1H, s, C,H,N;);
m/z (APCT*) 441 (M + H)*, 100%).

2-Methyl-2-(3-phenylsulfanylmethyl-5-[1,2,4|triazol-1-ylmethyl-
phenyl)propionitrile 9(f). Compound 9(f) was prepared from 6(a)
and thiophenol using similar conditions to those described for the
synthesis of compound 9(a). Column chromatography (EtOAc)
eluted 9(f) as a yellow oil (0.047 g, 68%). "H NMR dy (270 MHz,
CDCl) 1.61 (6H, s, ArC(CH;),CN), 4.04 (2H, s, ArCH,SAr),
5.30 (2H, s, ArCH,N), 7.05 (1H, s, ArH), 7.18-7.25 (7TH, m, ArH),
7.97 (1H, s, C,H,N;) and 8.01 (1H, s, C,H,N;); “C NMR 6
(100.6 MHz, CDCl;) 29.1 (CH,), 37.1 (C), 39.2 (CH,), 53.3 (CH,),
123.6 (CH), 124.1 (C), 125.9 (CH), 127.2 (CH), 127.9 (CH), 129.1
(CH), 131.1 (CH), 135.0 (C), 135.8 (C), 139.9 (C), 142.6 (C), 143.2
(CH) and 152.4 (CH); m/z (APCI*) 349 (M + H)*, 100%); HRMS
(ES*) 349.1481.CyH,, N, S requires 349.1481.

2-[3-(3-Chloro-4-hydroxyphenylsulfanylmethyl)-5-[1,2,4]triazol-
1-ylmethylphenyl]-2-methylpropionitrile 10(a). Compound 9(a)
(0.100 g, 0.210 mmol) was dissolved in THF (2.5 mL) and MeOH
(1.5mL) to which2 M NaOH,,,, (0.52mL) was added. The mixture
was set to stir at room temperature for 1 h. THF was removed
in vacuo and the residues taken up in EtOAc (20 mL) and washed
with 2 M KHSO,, (20 mL), distilled H,O (20 mL x 2) and
brine (20 mL). The organic layer was then dried over MgSO,
and solvent removed in vacuo to leave a colourless viscous oil.
Column chromatography (CH,Cl,—acetone 80 : 20) eluted 10(a)
as a colourless viscous oil that crystallised on standing to a white
crystalline solid (0.071 g, 84%), mp 131-132 °C. '"H NMR 0y
(400 MHz, DMSO-d;) 1.59 (6H, s, ArC(CH;),CN), 4.10 (2H, s,
ArCH,SAr), 5.43 (2H, s, ArCH,N), 6.85-6.87 (1H, d, J = 8.6 Hz,
ArH), 7.07-7.10 (1H, dd, J = 2.3 & 8.6 Hz, ArH), 7.14 (1H, s,
ArH), 7.20 (1H, s, ArH), 7.26 (1H, s, ArH), 7.34 (1H, s, ArH), 8.00
(1H, s, C,H,N;y), 8.66 (1H, s, C,H,N;) and 10.37 (1H, s, ArOH);
m/z (APCI*) 401 (('CIM + H)*, 30%), 399 ((*CIM + H)*, 100).

2-{3{(1H-1,2,4-Triazol-1-yl)methyl]-5-[(3-bromo-4-hydroxyphenyl-
thio)methyl]phenyl }-2-methylpropanenitrile ~ 10(b). Compound
10(b) was prepared from 9(b) using similar conditions to those
described for the synthesis of compound 10(a). Column chro-
matography (CH,Cl,—acetone 80 : 20) eluted 10(b) as a colourless
viscous oil (0.087 g, 68%). '"H NMR Jy (270 MHz, CDCl;) 1.63
(6H, s, ArC(CH;),CN), 3.90 (2H, s, ArCH,SAr), 5.29 (2H, s,
ArCH,N), 6.75 (1H, br s, ArOH), 6.83-6.87 (2H, m, ArH),
7.06-7.09 (1H, dd, J = 2.2 & 8.4 Hz, ArH), 7.14 (1H, s, ArH),
7.24 (1H, s, ArH), 7.30-7.31 (1H, d, J = 2.2 Hz, ArH), 7.99
(1H, s, C,H,N;) and 8.04 (1H, s, C,H,N;); m/z (APCI*) 445
((*'BrM + H)*, 89%)), 443 ((PBrM + H)*, 100).

1-{3-[(1H-1,2,4-Triazol-1-yl)methyl]-5-|(4-hydroxyphenylthio)-
methyl]phenyl} cyclobutanecarbonitrile 10(c). Compound 10(c)
was prepared from 9(c) using similar conditions to those described
for the synthesis of compound 10(a). Column chromatography
(CH,Cl,—acetone 80 : 20) eluted 10(c) as a colourless viscous oil
(0.091 g, 82%). "H NMR 6 (270 MHz, CDCl;) 1.93-2.03 (1H,

m, CH,), 2.31-2.58 (3H, m, CH,), 2.70-2.82 (2H, m, CH,), 3.86
(2H, s, ArCH,S), 5.23 (2H, s, ArCH,N), 6.66-6.72 (3H, m, ArH),
7.01-7.08 (2H, dd, J = 2.2 & 6.7, ArH), 7.15 (2H, s, ArH), 7.92
(1H, s, C,H,N5), 7.99 (1H, s, C,H,N;) and 8.18 (1H, br s, ArOH);
m/z (APCI*) 377 (M + H)*, 100%).

1-{3-[(1 H-1,2,4-Triazol-1-yl)methyl}-5-[(3-chloro4-hydroxyphenyl-
thio)methyl]phenyl }cyclobutanecarbonitrile  10(d). Compound
10(d) was prepared from 9(d) using similar conditions to those
described for the synthesis of compound 10(a) and was obtained
as a light yellow viscous oil (0.039 g, 99%). 'H NMR oy
(270 MHz, CDCl;) 1.92-2.12 (1H, m, CH,), 2.31-2.62 (3H, m,
CH,), 2.65-2.88 (2H, m, CH,), 3.89 (2H, s, ArCH,SAr), 5.28
(2H, s, ArCH,N), 6.81-7.28 (6H, m, ArH), 7.99 (1H, s, C,H,N3),
7.99 (1H, s, C,H,N;) and 8.06 (1H, br s, ArOH); m/z (APCI")
411 (M + H)*, 100%).

1-{3-[(1H-1,2,4-Triazol-1-yl)methyl]-5-[(4-hydroxyphenylthio)-
methyl]phenyl}cyclopropanecarbonitrile 10(e). Compound 10(e)
was prepared from 9(e) using similar conditions to those described
for the synthesis of compound 10(a). Column chromatography
(CH,Cl,~acetone 80 : 20) eluted 10(e) as a white solid (0.076 g,
72%), mp 135-137 °C. "H NMR Jy (270 MHz, CDCl;) 1.31-1.35
(2H, dd, J = 5.2 & 8.0 Hz, CH,), 1.68-1.73 (2H, dd, J = 5.2
& 8.0 Hz, CH,), 3.83 (2H, s, ArCH,S), 5.21 (2H, s, ArCH,N),
6.65-6.70 (3H, m, ArH), 6.99-7.04 (3H, m, ArH), 7.11 (1H, s,
ArH), 7.91 (1H, s, C,H,N;), 7.99 (1H, s, C,H,N;) and 8.12 (1H, s,
ArOH); m/z (APCI") 363 (M + H)*, 100%).

Sulfamic acid 4-[3-(cyanodimethylmethyl)-5-[1,2,4|triazol-1-
ylmethylbenzylsulfanyl]phenyl ester 11. Sulfamoyl chloride in
toluene (1.94 mL, 1.17 mmol) was transferred to a reaction vessel
and the solvent removed under vacuum at 30 °C. On cooling a
white solid formed to which was added a solution of 8 (0.085 g,
0.233 mmol) in N, N-dimethylacetamide (1.5 mL) at 0 °C to form
a colourless solution. The reaction mixture was left to stir at
room temperature under inert conditions for 20 h. The reaction
mixture was then poured into EtOAc (30 mL) and washed with
distilled H,O (30 mL x 4) and brine (30 mL). Dried (MgSO,)
and solvent removed in vacuo to leave off white residues. Column
chromatography (CH,Cl,—acetone 80 : 20) eluted 11 as a colourless
viscous oil (0.060 g, 58%). "H NMR dy (400 MHz, CDCl;) 1.73
(6H, s, ArC(CH;),CN), 4.04 (2H, s, ArCH,SAr), 5.25 (2H, s,
CH,N), 6.58 (1H, s, ArH), 6.87 (2H, br s, ArOSO,NH,), 7.15
(4H, s, ArH), 7.23 (1H, s, ArH), 7.34 (1H, m, ArH), 7.57 (1H, s,
C,H,N;) and 7.85 (1H, s, C,H,N;); *C NMR 6. (100.6 MHz,
DMSO-d,) 28.2 (CH;), 36.5 (C), 36.8 (CH,), 51.8 (CH,), 122.8
(C), 123.6 (CH), 124.4 (CH), 125.4 (CH), 127.5 (CH), 130.1 (CH),
133.8 (C), 137.3 (C), 138.8 (C), 142.0 (C), 144.4 (CH), 148.5 (C)
and 151.9 (CH); m/z (ES*) 444 (M + H)*, 100%); HRMS (FAB™)
444.1170. C»H,,N;50;S, requires 444.1164.

Sulfamic acid 2-chloro-4-|3-(cyanodimethylmethyl)-5-[1,2,4]-
triazol-1-ylmethylbenzylsulfanyl]phenyl ester 12. Compound 12
was prepared from 10(a) using similar conditions to those
described for the synthesis of compound 11. Column chromato-
graphy (CH,Cl,—acetone 80 : 20) eluted 12 as a white solid
(0.051 g, 85%), mp 120-124 °C. "H NMR oy (270 MHz, DMSO-
ds) 1.62 (6H, s, ArC(CH5;),CN), 4.32 (2H, s, ArCH,S), 5.44 (2H, s,
ArCH,N), 7.21 (1H, s, ArH), 7.34-7.39 (3H, m, ArH), 7.45 (1H, s,
ArH), 7.53-7.54 (1H, d, J = 1.5 Hz, ArH), 7.99 (1H, s, C,H,N;),
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8.27 (2H, br s, ArOSO,NH,) and 8.66 (1H, s, C,H,N;); *C
NMR 6. (100.6 MHz, DMSO-d,) 28.3 (CHs;), 36.2 (CH,), 36.5
(©), 51.8 (CH,), 123.7 (CH), 124.1 (CH), 124.3 (C), 125.5 (CH),
127.0 (CH), 127.5 (CH), 128.3 (C), 129.6 (CH), 135.5 (C), 137.4
(0), 138.5(C), 142.0 (C), 144.2 (C), 144.4 (CH) and 151.9 (CH);
m/z (APCI™) 478 (’CIM — H)~, 18%), 476 (*CIM — H)", 40),
399 (40), 397 ((*CIM — C,H,N;), 100). HRMS (ES*) 478.0773.
CyH, CIN;O;S, requires 478.0769.

Sulfamic acid 2-bromo-4-[3-(cyanodimethylmethyl)-5-[1,2,4]-
triazol-1-ylmethylbenzylsulfanyl]phenyl ester 13. Compound 13
was prepared from 10(b) using similar conditions to those
described for the synthesis of compound 11. Column chromato-
graphy (CH,Cl,—acetone 80 : 20) eluted 13 as a white solid (0.082 g,
96%), mp 111-115°C. "H NMR J,, (270 MHz, CDCl;) 1.63 (6H, s,
ArC(CH;),CN), 4.06 (2H, s, ArCH,SAr), 5.28 (2H, s, ArCH,N),
6.54 (1H, s, ArH), 6.97-7.01 (1H, dd, J = 2.2 & 8.6 Hz, ArH),
7.09 (2H, br's, ArOSO,NH,), 7.25-7.31 (2H, m, ArH), 7.35 (1H, s,
ArH), 7.40-7.41 (1H, d, J = 2.2 Hz, ArH), 7.63 (1H, s, C,H,N;)
and 7.87 (1H, s, C,H,N;); “C NMR J. (100.6 MHz, DMSO-d,)
28.7 (CH,), 36.3 (C), 36.5 (CH,), 51.8 (CH,), 116.5 (C), 123.6
(C), 123.7(CH), 124.3 (CH), 125.4 (CH), 127.5 (CH), 129.0 (CH),
132.6 (CH), 135.6 (C), 137.4 (C), 138.5(C), 142.0 (C), 144.4 (CH),
145.6 (C) and 151.9 (CH); m/z (APCI*) 524 ((*' BrM + H)*, 100%),
522 (("BrM + H)*, 80). HRMS (ES*) 522.0267. CyH, BrN;0;S,
requires 522.0264.

Sulfamic acid 4-[3-(1-cyanocyclobutyl)-5-[1,2,4]triazol-1-
ylmethylbenzylsulfanyl]phenyl ester 14. Compound 14 was
prepared from 10(c) using similar conditions to those described
for the synthesis of compound 11. Column chromatography
(CH,Cl,—acetone 80 : 20) cluted 14 as a colourless viscous oil
(0.058 g, 55%). "H NMR 6y (270 MHz, CDCl;) 2.03-2.10 (1H,
m, CH,), 2.42-2.61 (3H, m, CH,), 2.77-2.82 (2H, m, CH,), 4.03
(2H, s, ArCH,SAr), 5.27 (2H, s, ArCH,N), 6.59 (1H, s, ArH), 6.88
(2H, br s, ArOSO,NH,), 7.11-7.33 (6H, m, ArH), 7.59 (1H, s,
C,H,N;) and 7.92 (1H, s, C,H,N;); “C NMR J. (67.9 MHz,
CDCl;) 17.2 (C), 34.6 (CH,), 38.2 (CH,), 40.0 (CH,), 53.2 (CH,),
116.0 (C), 123.4 (CH), 124.0 (CH), 126.5 (CH), 126.8 (CH), 132.5
(CH), 132.7(C), 135.6 (C), 140.1 (C), 141.2 (C), 143.9 (CH), 149.3
(C) and 151.2 (CH); m/z (APCI*) 456 (M + H)*, 100%), 377
(20); HRMS (ES*) 456.1159. C,,;H,,N50;S, requires 456.1159.

Sulfamic acid 2-chloro-4-|3-(1-cyanocyclobutyl)-5-[1,2,4]triazol-
1-ylmethylbenzylsulfanyl]phenyl ester 15. Compound 15 was pre-
pared from 10(d) using similar conditions to those described for
the synthesis of compound 11. Column chromatography (CH,Cl,—
acetone 80 : 20) eluted 15 as a white amorphous solid (0.037 g,
77%). "H NMR 6y (270 MHz, CDCl;) 2.04-2.13 (1H, m, CH,),
2.44-2.67 (3H, m, CH,), 2.80-2.87 (2H, m, CH,), 4.06 (2H, s,
ArCH,SAr), 5.28 (2H, s, ArCH,N), 6.56 (1H, s, ArH), 6.89-6.97
(1H, dd, J = 2.2 & 8.6 Hz, ArH), 7.10 (2H, br s, ArOSO,NH,),
7.23-7.30 (4H, m, ArH), 7.62 (1H, s, C,H,N;) and 7.86 (1H, s,
C,H,N;); "C NMR ¢ (67.9 MHz, DMSO-d,) 17.3 (C), 34.0
(CH,), 34.4 (CH,), 36.8 (CH,), 52.2 (CH,), 124.6 (CH), 124.7
(CH), 126.4 (CH), 127.5(C), 128.2 (CH), 128.8 (CH), 130.2 (CH),
136.0 (C), 138.1 (C), 139.2 (C), 140.8 (C), 144.7 (C), 144.9 (CH)
and 152.4 (CH) (one overlapping resonance); m/z (APCI*) 492
(("CIM + H)*, 40%), 490 ((*°CIM + H)*, 100); HRMS (ES*)
490.0768. C,,;H, CIN;O;S requires 490.0769.

Sulfamic acid 4-|3-(1-cyanocyclopropyl)-5-]1,2,4]|triazol-1-
ylmethylbenzylsulfanyl]phenyl ester 16. Compound 16 was pre-
pared from 10(e) using similar conditions to those described for
the synthesis of compound 11. Column chromatography (CH,Cl,—
acetone 80 : 20) eluted 16 as a colourless viscous oil (0.055 g,
73%). '"H NMR 6y (270 MHz, CDCl;) 1.39-1.44 (2H, dd, J =
5.0 & 7.9 Hz, CH,), 1.74-1.79 (2H, dd, J = 5.0 & 7.9 Hz, CH,),
4.01 (2H, s, ArCH,SAr), 5.21 (2H, s, ArCH,N), 6.55 (1H, s, ArH),
6.88 (2H, brs, ArOSO,NH,), 7.03 (1H, s, ArH), 7.11-7.21 (SH, m,
ArH), 7.54 (1H, s, C,H,N;) and 7.85 (1H, s, C,H,N;); "C NMR 6
(67.9 MHz, CDCI;) 13.7 (CH,), 18.7 (C), 38.3 (CH,), 53.2 (CH,),
122.2 (C), 123.4 (CH), 123.9 (CH), 126.5 (CH), 126.6 (CH), 132.4
(CH), 132.9 (0), 135.6 (C), 137.6 (C), 140.1 (C), 142.9 (CH), 149.3
(C)and 151.1 (CH); m/z (APCI*) 442 (M + H)*, 100%), 363 (35);
HRMS (ES*) 442.1002. C,H,,N;O;S, requires 442.1003.

2-(3-[(1H-1,2,4-Triazol-1-yl)methyl]-5-{[4-(benzyloxy)phenoxy]-
methyl } phenyl)-2-methylpropanenitrile 17. Under inert con-
ditions compound 6(a) (0.150 g, 0.586 mmol) and 4-(benzyloxy)-
phenol (0.098 g, 0.488 mmol) were dissolved in anhydrous
CH,CI, (3 mL) to form a clear solution to which was added
triphenylphosphine polystyrene (0.586 g, 0.586 mmol) and the
mixture cooled to 0 °C. DEAD (92.3 uL, 0.586 mmol) was added
drop-wise and the reaction allowed to warm to room temperature
and left to stir for 16 h. The reaction mixture was then filtered to
remove the polystyrene which was washed with CH,Cl, (25 mL x
6). These washings were combined with the filtrate and washed
with distilled H,O (25 mL x 2) and brine (25 mL) then dried
(MgSO0,) and solvent removed in vacuo. Column chromatography
(EtOAc) eluted 17 as a light yellow solid (0.175 g, 82%), mp
119.3-120.5 °C. '"H NMR 4y (270 MHz, CDCl;) 1.70 (6H, s,
ArC(CH;),CN), 4.98 (2H, s, ArCH,0), 5.01 (2H, s, ArCH,0),
5.37 (2H, s, ArCH,N), 6.84-6.92 (4H, m, ArH), 7.29-7.49 (8H,
m, ArH), 7.99 (1H, s, C,H,N;) and 8.10 (1H, s, C,H,N;); m/z
(APCT*) 439 (M + H)*, 100%).

2-{3-[(1H-1,2,4-Triazol-1-yl)methyl]-5-[(4-hydroxyphenoxy)-
methyl]phenyl}-2-methylpropanenitrile ~ 18. Compound 17
(0.100 g, 0.228 mmol) was dissolved in THF (2.5 mL) and
MeOH (2.5 mL) to form a clear solution to which was added 5%
Pd/C (0.010 g) to form a black suspension on vigorous stirring.
The reaction vessel was degassed and the mixture set to stir
under a hydrogen atmosphere for 16 h. The reaction mixture
was filtered through Celite which was subsequently washed
with THF (30 mL x 2). Solvent was removed in vacuo to leave
brown residues. Column chromatography (EtOAc) eluted 18 as
a colourless viscous oil (0.060 g, 76%). '"H NMR J, (270 MHz,
CDCl;) 1.70 (6H, s, ArC(CH;),CN), 4.97 (2H, s, ArCH,0), 5.17
(1H, s, ArOH), 5.37 (2H, s, ArCH,N), 6.73-6.82 (4H, m, ArH),
7.22 (1H, s, ArH), 7.33 (1H, s, ArH), 7.49 (IH, s, ArH), 7.99
(IH, s, C,H,N,) and 8.10 (1H, s, C,H,N,); m/z (APCI*) 349
((M + H)*, 100%)).

Sulfamic acid 4-[3-(cyanodimethylmethyl)-5-[1,2,4|triazol-1-
ylmethylbenzyloxy]phenyl ester 19. Compound 19 was prepared
from 18 (0.057 g, 0.164 mmol) using similar conditions to
those described for the synthesis of compound 11. Column
chromatography (CH,Cl,—acetone 80 : 20) eluted 19 as a white
solid (0.049 g, 69%), mp 158-160 °C (found: C, 56.3; H, 5.2; N,
16.0. C,0H, N5O,S requires C, 56.2; H, 5.0; N, 16.4%). "H NMR
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on (270 MHz, DMSO-d) 1.68 (6H, s, ArC(CH;),CN), 5.11 (2H, s,
ArCH,0Ar), 5.48 (2H, s, ArCH,N), 7.05-7.21 (4H, dd, J = 8.8 &
53.2Hz, AA'BB), 7.30 (1H, s, ArH), 7.46 (1H, s, ArH), 7.57 (1H, s,
ArH), 7.91 (2H, br s, ArOSO,NH,), 8.00 (1H, s, C,H,N;) and 8.69
(1H, s, C,H,N;); *CNMR ¢ (100.6 MHz, DMSO-d;) 28.3 (CHj),
36.6 (C), 51.8 (CH,), 69.3 (CH,), 115.6 (CH), 123.4 (CH), 124.2
(CH), 124.4 (CH), 126.5 (CH), 137.4 (C), 138.2 (C), 142.2 (O),
143.8 (C), 144.4 (CH), 151.9 (CH) and 156.5 (C) (one overlapping
resonance); m/z (APCI*) 428 (M + H)*, 100%); HRMS (ES*)
428.1385. C,0H,N50,S requires 428.1387.

2-(3-Bromo-5-[1,2,4]-triazole-1-ylmethylphenyl)-2-methylpropio-
nitrile 24. Compound 24 was prepared from 23 (3.20 g,
10.09 mmol) using similar conditions to those described for the
synthesis of compound 5(a). Column chromatography (EtOAc)
eluted 23 as a clear viscous oil that crystallised on standing
to give a colourless crystalline solid (1.97 g, 6.46 mmol, 64%),
mp 71-72 °C. '"H NMR Jy (270 MHz, CDCl,) 1.68 (6H, s
ArC(CH;),CN), 5.33 (2H, s, ArCH,N), 7.40-7.41 2H, t, J =
1.7 Hz, ArH), 7.54-7.55 (1H, t, J = 1.7 Hz, ArH), 7.99 (1H, s,
C,H,N;) and 8.12 (1H, s, C,H,N;); m/z (EI*) 307 ((*'BrM + H)*,
100%), 305 (("BrM + H)*, 99).

2-{3-[(1H-1,2,4-Triazol-1-yl)methyl]-5-(4-hydroxystyryl)phenyl }-
2-methylpropanenitrile 25. Under inert conditions compound
24 (0.100 g, 0.328 mmol), 4-vinylphenol [10% wt in propylene
glycol] (0.787 g, 0.655 mmol), NEt; (91.0 pL, 0.655 mmol)
and PPh; (0.029 g, 0.112 mmol) were dissolved in anhydrous
THF (1.5 mL) and the resulting clear solution was thoroughly
degassed. Pd(OAc), (0.012 g, 0.056 mmol) was added and the
reaction mixture set to reflux for 22 h with constant stirring.
After the reaction had been allowed to cool THF was removed
in vacuo and the residues dissolved in CH,Cl, (20 mL), washed
with 2 M KHSO, ,, (20 mL), distilled H,O (20 mL x 3) and brine
(20 mL). The organic portion was dried (MgSO,) and solvent
removed in vacuo. Column chromatography (EtOAc) eluted 25 as
a colourless viscous oil (0.080 g, 71%) which was used without
further purification. m/z (APCI*) 345 (M + H)*, 100%).

Sulfamic acid 4-{2-[3-(cyanodimethylmethyl)-5-[1,2,4|triazol-1-
ylmethylphenyl]vinyl} phenyl ester 26. Compound 26 was pre-
pared from 25 using similar conditions to those described for the
synthesis of compound 11. Column chromatography (CH,Cl,—
acetone 80 : 20) eluted 26 as a white solid (0.035 g, 36%), mp
151-152 °C. 'H NMR 6y (400 MHz, DMSO-d,) 1.73 (6H, s,
ArC(CH;),)CN), 5.50 (2H, s, ArCH,N), 7.30-7.33 (3H, m, ArH
& vinyl), 7.35-7.38 (1H, d, J = 16.6 Hz, trans vinyl), 7.42 (1H, s,
ArH), 7.51 (1H, s, ArH), 7.71 (1H, s, ArH), 7.72-7.74 2H, d, J =
8.4 Hz, ArH), 8.04 (1H, s, C,H,N;), 8.06 (2H, br s, ArOSO,NH,)
and 8.73 (1H, s, C,H,Nj3); "C NMR . (100.6 MHz, DMSO-d)
28.3 (CH,), 36.6 (C), 51.9 (CH,), 122.6 (CH), 123.0 (CH), 124.2
(CH), 124.5(C), 125.4 (CH), 127.9 (CH), 128.2 (CH), 128.5 (CH),
135.2 (C), 137.5 (C), 138.0 (C), 142.5 (C), 144.4 (CH), 149.7 (C)
and 151.9 (CH); m/z (APCI*) 424 (M + H)*, 100%), 345 (27).
HRMS (ES*) 424.1435. C,,H,,N;O;S requires 424.1438.

2-(3,5-Dimethylphenyl)-2-methylpropionitrile 27. To a solution
of 3,3-dimethylphenylacetonitrile (2.50 g, 17.2 mmol) in an-
hydrous THF under inert conditions at —75 °C was added

bis(trimethylsilyl)lithium amide (1.0 M in THE, 38.0 mL,
37.9 mmol). After stirring for 60 min at —75 °C, iodomethane
(2.36 mL, 37.9 mmol) was introduced drop wise and the resulting
light orange mixture was allowed to warm to room temperature
and stir for an additional 4 h. Solvent was removed in vacuo to
give a dark brown viscous oil This was diluted in EtOAc¢ (100 mL),
washed with 1 M Na,S,0;,, (100 mL x 2), brine (100 mL) and
dried (MgSO,), filtered and solvent removed in vacuo to give a
brown liquid. Column chromatography (EtOAc-hexane, 20 : 80
to 35 : 65) eluted 27 as a clear light brown liquid (2.30 g, 77%).
"HNMR 6, (270 MHz, CDCl;) 1.65 (6H, s, ArC(CH;),CN), 2.29
(6H, s, ArCHs;), 6.97 (1H, s, ArH) and 7.11 (2H, s, ArH); m/z
(FAB*) 173 (M*, 100%).

2-(3-Bromomethyl-5-methylphenyl)-2-methylpropionitrile ~ 28.
To a solution of 27 (2.25 g, 12.98 mmol) in CCl, (50 mL) was
added N-bromosuccinimide (2.33 g, 13.0 mmol) and benzoyl
peroxide (0.126 g, 0.520 mmol). The light yellow suspension was
then refluxed under inert conditions for 18 h. After cooling to
room temperature, the suspension was filtered and the filter cake
collected was washed with CHCl; (30 mL x 5). The combined
filtrates were evaporated in vacuo to give a yellow liquid. Column
chromatography (EtOAc-hexane, 10 : 90 to 20 : 80) eluted 28 as
a light yellow oil (2.15 g, 66%). '"H NMR Jy (400 MHz, CDCl;)
1.67 (6H, s, ArC(CH;),CN), 2.33 (3H, s, ArCH,), 4.70 (2H, s,
ArCH,Br), 7.24 (1H, s, ArH), 7.28 (1H, s, ArH) and 7.39 (1H,
d, J = 1.9 Hz, ArH); m/z (FAB*) 252 (("BrM + H)*, 33%), 225
(50), 172 (100); HRMS (FAB*) 254.0381. C,Hs*' BrN requires
254.0367.

2-[3«(4-Hydroxyphenylsulfanylmethyl)-5-methylphenyl]-2-methyl-
propionitrile 29. A solution of 28 (1.5 g, 5.95 mmol) in anhydrous
DMF (30 mL) at room temperature and under inert conditions
was treated with K,CO; (8.25 g, 59.5 mmol) followed by a solution
of 4-hydroxythiophenol (0.940 g, 7.14 mmol) in anhydrous DMF
(0.5 mL). The resulting dark yellow suspension was stirred at
room temperature for 30 min and then acidified with 1 M HCl,,,,.
After diluting with EtOAc (100 mL), the organic layer was washed
with distilled H,O (50 mL x 3), brine (50 mL), dried (MgSO,),
filtered and solvent removed in vacuo to give yellow residues.
Column chromatography (EtOAc—hexane 20 : 80 to 50 : 50) eluted
29 as a white solid (1.50 g, 85%), mp 77-78 °C (Found: C, 72.5;
H, 6.4; N, 4.5. C,sH;,NOS requires C, 72.7; H, 6.4; N, 4.7%). 'H
NMR 6y (400 MHz, CDClL;) 1.63 (6H, s, ArC(CH;),CN), 2.33
(3H, s, ArCH,), 3.91 (2H, s, ArCH,SAr), 5.49 (1H, br s, ArOH),
6.73 (2H, m, ArH), 6.85 (1H, s, ArH), 6.99 (1H, s, ArH), 7.12
(1H, s, ArH) and 7.17 (2H, m, ArH).

Sulfamic acid 4-[3-(cyanodimethylmethyl)-5-methylbenzyl-
sulfanyl|phenyl ester 30. Compound 30 was prepared from 29
using similar conditions to those described for the synthesis
of compound 11. Column chromatography (EtOAc) eluted 30
as a pale yellow viscous oil that on standing crystallised to a
pale yellow solid (0.282 g, 74%), mp 107-110 °C. '"H NMR oy
(270 MHz, CDCl;) 1.61 (6H, s, ArC(CH;),CN), 2.35 (3H, s,
ArCH,;), 4.00 (2H, s, ArCH,SAr), 5.27 (2H, br s, OSO,NH,),
6.80 (1H, s, ArH), 7.01 (1H, s, ArH), 7.08 (1H, s, ArH), 7.22
(2H, m, ArH) and 7.32 (2H, m, ArH); *C NMR 6. (100.6 MHz,
DMSO-ds) 21.0 (CHs;), 28.3 (CHs;), 36.5 (C), 36.9 (CH,), 122.8
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(CH), 122.9 (CH), 124.6 (C), 124.7 (CH), 128.9 (CH), 130.0 (CH),
134.1(C), 138.0(C), 138.4 (C), 141.5 (C) and 148.4 (C); m/z (ES*)
377 (M + H)*, 100%); HRMS (ES*) 377.0972. C3H, N,0;S,
requires 377.0988.
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Proteins can reduce the entropic penalty for ligand association through a favorable change in
configurational entropy. To investigate this process, the AG°, AH®, and AS° of complexes formed
between host-rotaxanes and guests were determined and compared to discover the relationship between
rotaxane-structure and the energies involved in guest-association in water and DMSO. Fluorescence
quenching assays provided the association constants. Van’t Hoff analysis of variable temperature assays
gave the enthalpies of binding. The driving force for the association of a guest and a host-rotaxane can
switch from being enthalpically to entropically driven with a change in the solvent or guest. This study

shows that a dramatic increase in the entropy of binding can be obtained through the addition of a
rotaxane-wheel to a synthetic host. An increased motion of the wheel appears to be the source of the
positive binding entropy, which would be an example of favorable configurational entropy promoting

complex formation.

Introduction

According to the classic ‘lock-and-key”" and ‘induced-fit”* models
for protein-ligand interactions, compounds in a bound state have
less freedom than in the unbound state. Desolvation of the surfaces
that come into contact in the complex can produce a favorable
change in entropy. For complexation in water, this can be the
driving force for association.* Recent investigation of several
proteins via NMR relaxation experiments has revealed that some
protein residues, even ones at the combining site, increase their
freedom of motion when a ligand is bound.* The binding of
a hydrophobic pheromone to the mouse major urinary protein
results in an observable enhancement in the flexibility of several
backbone residues near the binding site.® The calculated entropy of
configuration (TAS.,,) from this enhanced motion is large enough
to give a significant contribution to the stability of the complex.
Backbone residues of the dimerization/docking domain of the
protein kinase holoenzyme become more flexible when bound to
a hydrophobic domain of the Ht31 peptide.® Six residues in the
active site of 4-oxalocrotonate tautomerase increase their mobility
upon binding to an inhibitor.” In this case, however, other residues
become more restricted, resulting in an overall loss in binding
free energy. These findings suggest that a favorable TAS,, is a
possible energy source used by proteins to pay for some of the
intrinsic loss of entropy that occurs upon complexation. This
mechanism may be necessary for the binding of low molecular
weight ligands, which do not undergo extensive water desolvation
upon complexation.

Protein-ligand interactions have been investigated using syn-
thetic hosts. Many of these hosts bind guests according to the
lock-and-key or the induced-fit model. Generally, the binding
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of aromatic guests into preformed aromatic pockets is strongly
enthalpically driven and entropically unfavorable. Host-guest
complexes formed through electrostatic interactions are driven
by a favorable change in entropy, which is obtained through des-
olvation and not from TAS..,. We use the rotaxane architecture
to create synthetic hosts. Rotaxanes (Fig. 1) comprise a wheel
threaded onto an axle with large blocking groups on the ends to
keep the wheel from de-threading.® The conversion of rotaxanes
into host-rotaxanes (HRs) involves using a synthetic host, e.g.,
calixarene, cyclophane, or cleft as a blocking group.** Additional
functional groups for guest recognition are attached to the wheel.
Having the binding domain split between intracomponent pieces
results in a unique relationship between guest association and
the conformational changes that occur as the wheel slides along
and pirouettes around the axle. Since these hosts use multiple
conformations to bind guests, they are uniquely suited to be
models of protein binding domains.

Cyclophanes and clefts (referred to as pockets) were used in the
HRs to model the binding domains of antibodies and receptors.
Rotaxanes with a cyclophane and wheel(s) represent an antibody’s
hydrophobic groove and hypervariable loops, respectively. To
produce a rigid, deep, hydrophobic pocket, the cyclophane of
cyclophane-[2]rotaxane 2 (Cy2R 2) and cyclophane-[3]rotaxane
3 (Cy3R 3) contains octamethoxy groups and piperidone rings
on both ends.”? These groups, however, keep the wheel and
its arginines from forming a small combining site for guests.
Cyclophane-[2]rotaxane 1 (Cy2R 1) lacks these groups on the
wheel side of its cyclophane and thus forms tight complexes with
small guests.”® Cleft containing HRs more closely mimic receptors
that contain functional and structural epitopes.** To determine the
importance of wheel motion for the formation of tight complexes,
the axle-amine of cleft-[2]rotaxane 4 (Cleft2R 4) was acetylated to
give cleft-[2]rotaxane 5 (Cleft2R 5)."* A restricted wheel resulted
in weaker affinity for some guests and reduced intracellular
transport. Calix[4]arene 6 (Calix 6) contains arginine moieties
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Fig.1 Hosts and guests used in this study. The sliding motion of the wheel along the axle enables the host-rotaxanes (Cy2R 1, Cy2R 2, Cy3R 3, Cleft2R
4, and Cleft2R 5) to form multiple conformations to bind the guests in various environments.

covalently linked to an aromatic cleft.” Comparing its binding
affinity for guests to the HRs will demonstrate any advantage
afforded the HRs by having their arginines attached to a wheel.
Cleft 7 is soluble enough in water to be used as a representative
aromatic pocket for association. Comparing its binding affinity for
guests to the HRs will show the effect the wheel and its arginines
have on complexation.

We found that only a few HRs bind with the characteristic ther-
modynamic energies observed for complexes that form through
a lock-and-key or an induced-fit model. The unusual entropic
binding energy appears to arise through a release of the wheel
upon guest binding, which would be an example of a favorable
TAS,., term for association. The results show for the first time
that a rotaxane-wheel can be incorporated with a host to produce a
favorable entropy term for molecular association. Since traditional
hosts suffer from an unfavorable TAS,,,, which is correlated with
favorable binding," this finding is a breakthrough in the design
of synthetic hosts. The results also strongly support the recent

discoveries of favorable configurational entropy in protein-ligand
interactions.

Results
Deriving the thermodynamic energies for association

Host-rotaxanes bind negatively charged, aromatic guests in the
low micromolar range. Since fluorescence quenching assays are a
convenient method to monitor tight host-guest association, flu-
orescein and a fluoresceinated pentapeptide (FI-AVWAL, Fig. 1)
were chosen as representative guests. FI-AVWAL is a large guest,
as compared to the hosts, and can form various conformations.
Fluorescein is a smaller and rigid guest. We expected the wheel(s)
of an HR to adjust its position to accommodate both the larger
guest FI-AVWAL and the smaller guest fluorescein. Repositioning
of the wheel should be reflected in the thermodynamic ener-
gies. Since TAS.,, can possibly arise through a solvent effect,’

This journal is © The Royal Society of Chemistry 2007
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complexes were formed in water (phosphate buffer, pH 7.4) and
DMSO. Nonlinear least squares analysis of plots that compare the
fluorescence intensity of a guest to the changing concentration of
a host provided the association constants (K,’s).'® The assays were
performed at five different temperatures for each complex. Slopes
of the plots of InK, versus 1/T are equal to AH°/R, according
to van’t Hoff analysis. Linear plots were obtained, which shows
that the change in the heat capacity is small for these complexes.
Small AC} values (on average 60 cal mol~' K~')'” exist for complex
formation between aromatic guests and the cyclophane that is used
as the pocket in Cy2R 2 and Cy3R 3. Our studies were performed
in the same temperature range as these experiments. From the free
energy (AG° = —RTInK,) and AH° values, changes in entropy

Complex Formation in Water

were derived from the Gibbs—Helmholtz equation (AG® = AH® —
TAS®). A wide range of thermodynamic energies was obtained for
the various host—guest complexes (Table 1 and Fig. 2).

Investigating the lock-and-key model

Designing hosts according to the lock-and-key model is beneficial.
A reorientation of the recognition elements during the binding
event could cost part or all of the available binding free energy. Cy-
clophanes bind aromatic guests using the lock-and-key mechanism
for association, showing an enthalpically driven process (highly
negative AH° and a negative AS°). Even though Cy2R 1, Cy2R 2,
and Cy3R 3 contain cyclophane-pockets, most of their complexes

Complex Formation in DMSO

Energy (kJ mol™")

Clef2R 4

Cy2R1  Cy2R1  Cy2R2  Cy2R2j

*FI  -FI-AVWAL -Fl  -FI-AVWAL *FI - FI-AVW,

Energy (kJ mol™)

Calix6  Calix 6 Clef2R 5 Clefi2R 5 Clefi2R 4 Clefi2R 4|
*Fl - FILAVWAL *FI  -FAVWAL -Fl - F-AVWAL

Host-Guest Complex

Host-Guest Complex

Fig. 2 Representative examples of the thermodynamic energies produced for various complexes (see Table 1).

Table 1 Association constants (M™') and thermodynamic energies”

Host Guest 15°C 20°C 25°C 30°C 35°C 40°C AG°? AH¢ AS*
DMSO
Cy2R 1 Fl 37 35 24 21 14 —31 -36 —-17
FI-AVWAL 40 44 46 49 50 -32 8 130
Cy2R 2 Fl 2.7 3.0 32 3.4 3.5 —26 10 120
FI-AVWAL 13 14 15 16 17 -30 10 130
Cy3R 3 Fl 5.5 5.1 4.9 4.2 4.0 -27 -12 50
FI-AVWAL 50 48 47 45 43 —33 =7 87
Cleft2R 4 Fl 56 50 47 45 40 -33 —11 74
FI-AVWAL 62 55 52 49 45 -33 —11 74
Cleft2R 5 Fl 5.0 4.8 4.6 4.4 4.0 -27 -8 64
FI-AVWAL 0.9 1.2 1.8 1.9 2.1 -23 33 190
Calix 6 Fl 34 30 22 20 18 -31 —26 17
FI-AVWAL 5.3 4.8 4.7 4.2 4.1 —26 -9 57
Cleft 7 Fl 1.4 1.2 0.87 0.81 0.73 -23 —26 —10
FI-AVWAL 2.4 2.2 1.9 1.5 1.3 —24 —22 7
98% H,0°-2% DMSO
Cy2R 1 Fl 3.6 2.4 2.2 2.0 1.7 —24 —24 0.4
FI-AVWAL 9.7 10 11 12 12 —28 6 110
Cy2R 2 Fl 1.8 1.9 2.3 2.4 2.4 —24 11 120
FI-AVWAL 3.1 2.9 2.8 2.8 2.7 -25 —4 70
Cy3R 3 Fl 3.2 3.1 2.8 2.7 2.4 -25 —11 47
FI-AVWAL 3.4 3.4 3.3 33 3.2 -25 -2 77
Cleft2R 4 Fl 47 42 38 35 33 -27 —13 47
FI-AVWAL 19 18 17 17 16 -30 —6 81
Cleft2R 5 Fl 32 2.7 2.2 2.1 1.4 —24 —27 =7
FI-AVWAL 2.9 2.8 2.6 2.5 2.4 -25 —6 64
Calix 6 Fl 2.0 1.7 1.4 1.3 1.2 —24 —20 13
FI-AVWAL 2.6 2.4 2.3 2.1 1.8 —24 -12 44
Cleft 7 Fl 0.59 0.50 0.39 0.33 0.27 —21 -29 =27
FI-AVWAL 1.3 1.2 1.1 1.1 1.0 -23 -8 50

“Values divided by 1 x 10%, obtained from fluorescence quenching assays, uncertainty in K,’s < 5%. ® AG® calculated for 25 °C, kJ mol~'. <kJ mol™',
uncertainty in AH® < 10%. ¢ Calculated for 25 °C, J mol~' K~!, uncertainty in AS® < 10%. ¢ Buffered with 1 mM phosphate pH 7.4.
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are entropically favorable (Table 1). Only the complex between
Cy2R 1 and fluorescein in DMSO (AH° = —36 kJ mol™' and
AS° = —17 J mol~' K™") shows the characteristic thermodynamic
energies of cyclophanes. For the structurally similar HRs (Cleft2R
4, Cy2R 1, and Cy2R 2), the preorganization of their binding
pockets increases from Cleft2R 4, Cy2R 1, to Cy2R 2. According
to the lock-and-key model, Cy2R 2 should show the most and
Cleft2R 4 the least favorable enthalpies of binding. Complexes
containing Cy2R 2, however, are entropically driven and the
enthalpy of binding is positive, except for a small amount of
heat produced for the binding of FI-AVWAL in water. Cleft2R
4 consistently shows a favorable enthalpy and entropy of binding.
Cy2R 1 binds fluorescein in a highly enthalpically driven process
and FI-AVWAL in a highly entropically driven process. Since the
HRs do not show the characteristic binding energies observed
with cyclophanes, i.e., the lock-and-key mechanism, their wheels
are involved in the binding event. The involvement of wheel(s)
could result in an induced-fit mechanism.

Investigating the induced-fit model

In the induced-fit model, a binding pocket rearranges its recogni-
tion elements upon guest binding. Geometry optimization leads
to a maximization of the enthalpic energy for binding with a
concomitant loss of entropic energy. The wheel of an HR can
slide along or rotate around the axle to adjust its recognition
elements (arginines and aromatic rings) upon guest association. A
loss of any rotational or translational freedom of the wheel should
detract from the overall binding free energy. Comparing the series
of hosts that contain an aromatic cleft and two arginine moieties,
the greatest freedom of the recognition elements increases from
Calix 6, Cleft2R 5, to Cleft2R 4. Therefore, the greatest loss of
freedom for association should be seen for Cleft2R 4, Cleft2R
5, and then Calix 6. Contrary to what would be expected for
an induced-fit mechanism, Cleft2R 4 demonstrates a favorable
entropy of binding for the complexes investigated, and in most
cases, complex formation is entropically driven. Calix 6 binds
fluorescein in an enthalpically driven process, and its association
of FI-AVWAL shows a favorable entropy and enthalpy of binding.
The binding energies of the complexes between Cleft2R 5 and the
guests are highly varied. Interestingly, its binding of FI-AVWAL in
DMSO is highly entropically driven and the enthalpy of binding is
large and positive. Apparently, the wheel cannot adjust its position
to obtain stable noncovalent bonds with the guest. Even though
the wheel is involved in the binding event and can change its
position on the axle, the thermodynamic energies of most of the
HR-complexes are not consistent with an induced-fit mechanism.

The wheel can produce a favorable entropy of binding

To determine the nature of the binding energy provided by the
wheel, a systematic study was performed on a series of hosts:
Cleft 7 does not have a wheel, Cleft2R 5 has a restricted wheel,
and Cleft2R 4 has a wheel that can slide further along the axle.
Cleft 7 binds the guests in an enthalpically driven process except
for the association of FI-AVWAL in water, which occurs through a
favorable change in enthalpy and entropy. The existence of a wheel
in Cleft2R 4 and Cleft2R 5 results in more entropically favorable
complexes. In water, Cleft2R 4, with a freer wheel, gives a more

favorable entropy of binding as compared to Cleft2R 5 (for Cleft
7, Cleft2R 5, and Cleft2R 4 bound to FI-AVWAL AS° = 50, 64,
81 Jmol™' K™', respectively and bound to fluorescein AS® = —27,
—7, 47 J mol™' K7, respectively). A more dramatic increase in
the entropy of binding for complexes formed by Cleft2R 5 and
Cleft2R 4, as compared to Cleft 7, is seen in DMSO (for the
binding of fluorescein 0AS® ~ 80 J mol' K' and FI-AVWAL
0AS° ~ 70-180 J mol~' K'). Cleft2R 4 and Cleft2R 5 bind both
guests with a more favorable entropy of binding than Calix 6 as
well, except for the Calix 6-fluorescein complex as compared to
the Cleft2R 5-fluorescein complex. These results show that the
wheel is responsible for the favorable entropic energy, and its role
goes beyond just providing arginine moieties for guest recognition.

The existence of a second wheel on an HR, however, can
decrease the magnitude of the favorable entropy of binding. Cy3R
3 and Cy2R 2 have the same cyclophane pocket, but Cy3R 3 has
an additional wheel. The association of FI-AVWAL by Cy3R 3
and Cy2R 2 in water shows nearly identical energy values. For the
other complexes, Cy2R 2 binds the guests with a large, positive
entropy of binding and a positive enthalpy of binding. Cy3R 3
binds these guests with a smaller positive entropy of binding and
a negative enthalpy of binding. Most likely, the second wheel of
Cy3R 3 interacts with the guests (negative AH®), which restricts
its motion (negative AS°). These results are consistent with the
induced-fit model.

Solvent dependency for association

Water is a strong H-bond donor and acceptor, and it forms rigid
structures around apolar groups. Breaking these structures upon
the extrusion of apolar compounds results in a large favorable
change in entropy, which is called the “hydrophobic effect”.?
DMSO, on the other hand, is a moderate H-bond acceptor and
does not produce a similar hydrophobic effect upon the release
of apolar compounds. Therefore, we were surprised to find that
similar thermodynamic energies occur for complex formation
in water and DMSO. An examination of the plots of AH pys0
vs. AH° . and AS°pyso vS. AS°. shows a rough correlation
(R = 0.84), excluding two complexes of Cleft2R 5 (Fig. 3).
Approximately the same slope of 0.7 is observed in both plots.
Interestingly, complexation is more entropically driven in DMSO
and more enthalpically driven in water. These results indicate that
the hydrophobic effect does not drive association in water. Cleft2R
5’ binding of fluorescein in water and FI-AVWAL in DMSO do
not correlate with the other complexes. Cleft2R 5 is the same host
as Cleft2R 4 except that its axle’s amine is acetylated. The acetyl
group keeps the wheel near to the pocket and reduces its sliding
motion. The formation of the Cleft2R 5-fluorescein complex in
water is enthalpically driven and entropically unfavorable. Keeping
its wheel next to the cleft results in a tight complex with a guest
and the formation of van der Waals interactions. The formation
of the Cleft2R 4-fluorescein complex in water, on the other hand,
is entropically driven and shows a favorable binding enthalpy. To
form a tight complex, Cleft2R 4 would be entropically unfavorable
because the wheel slides on the axle. This could be considered as
an example of an “anti-induced-fit” mechanism. Cleft2R 4 binds
fluorescein and FI-AVWAL more favorably than Cleft2R 5 in both
solvents. The greater ability of Cleft2R 4 to adjust its binding mode
with a change in solvent makes it a better host.
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Fig. 3 Plots of enthalpy of binding and entropy of binding for the
complexes given in Table 1.

Discussion

Changing the functional groups of synthetic hosts and their guests
can result in a wide range of enthalpic and entropic energies. For
example, a dimeric calixarene binds a dimeric diaryl sulfonate in
a highly enthalpically driven process (AH° = —85 kJ mol™' and
AS° = —252 Jmol~' K™")," whereas a pyridine-capped calixarene

Table 2 Thermodynamics of representative host—guest complexes*

binds D-valine through a large, positive entropy of binding (AH° =
40 kJ mol™" and AS° = 200 J mol™' K™').” The large range
in values observed for the complexes with the HRs (0AH® =
69 kJ mol™" and 6AS° = 205 J mol~' K~', Table 1), however,
are obtained for hosts that have similar structures and recognition
elements. Large differences in the enthalpy and entropy of binding
are observed for each guest, and only two HR complexes show
an unfavorable entropy of binding. FI-AVWAL tends to bind
through a more entropically favorable process. This is most likely
not caused by the peptide portion of FI-AVWAL. It would have
to have more freedom in the bound state than in the unbound
state. Furthermore, complexation of peptides by cyclodextrins and
modified cyclodextrins are enthalpically driven and the entropic
energies are large and negative.?

Sources of entropic energy

Tight complexation of a guest within a host results in the loss
of rotational and translational degrees of freedom. If the guest
forms a ‘lid conformation’ over the pocket, the loss of entropic
energy will not be as large.* Other sources of entropic energy
are the release of solvent molecules as salt bridges are formed
between a host and guest® or from the hydrophobic effect.> Both
processes are likely to occur for complexes between the HRs and
the guests. Table 2 gives representative examples from the literature
that show the thermodynamic energies obtained for these types of
complexes. The hosts investigated in this study do not show the
enthalpically driven, tight complexes of cyclophanes (entry 1 or
2 of Table 2). The AH° and AS° values (Table 1) match more
closely to the values observed for complexes that form through
salt bridges in DMSO (entry 6 and 7 of Table 2) or multiple
salt bridges in water (entries 3 and 4 of Table 2). Because of the
geometric constraints imposed by the wheel, a single salt bridge is
most likely formed between the HRs and the guests. Calix 6 could

Entry Water AG® AH° AS° (Ref) Entry DMSO AG® AH° AS° (Ref)
1 ? —36 —112 —255 (21 5 ? -17 =27 -35 (17a)
2 @ =21 -50 -84 (17a)
3 )/\E)/‘E —18 -5 +44 (22) 6 €] -22 —14 +26 (23)
?
4 —16 +13 +94 (22) 7 —13 +11 +76 (23)
§Y Y @

“ Cartoon depiction of hosts and guests, showing key features: complete burial (entries 1 and 5), partial burial (entry 2), and ionic interactions (entries 3,

4,6,7). AG° and AH° kJ mol~' and AS°® J mol~' K~'.
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form two salt bridges between its arginine moieties and fluorescein
or the fluorescein moiety of FI-AVWAL. The enthalpy of binding
for the Calix 6-guest complexes, especially for fluorescein, is more
favorable than would be expected for the formation of salt bridges
only. For hosts that bind the guests with favorable changes in
enthalpy and entropy, they most likely bind through a combination
of salt bridge formation and aromatic-aromatic interactions. H-
bonds are also possible between the guests and the hosts. The
greater entropy of binding generally observed for the association of
FI-AVWAL is most likely a result of its larger size than fluorescein.
It cannot be buried as deeply inside a pocket as fluorescein, and
thus, it forms a more lid-like binding conformation. Furthermore,
one of the many peptidic side chains of FI-AVWAL can reside in
a pocket, giving it multiple binding conformations.

Maximization of the free energy of binding

The induced-fit and lock-and-key models are based on a maxi-
mization of the favorable enthalpy of binding with a concomitant
loss of entropy. The HRs bind guests through a maximization
of the binding free energy, whether it comes from favorable
change in enthalpy, entropy, or a combination of both terms.
They can optimize their conformations for the binding of guests
of different sizes, e.g., fluorescein and FI-AVWAL. In principle,
for larger guests, the wheel(s) move away from the pocket, and
for smaller guests, the wheel(s) move towards the pockets. Cy2R
1 and Calix 6 bind fluorescein in water (AG°® = —24 kJ mol™")
and in DMSO (AG® = —31 kJ mol™") with the same free energy
of binding (experimental uncertainty of <5%). To obtain these
free energies, Cy2R 1 demonstrates a greater enthalpic driving
force than does Calix 6 in water and especially in DMSO. Cy2R
1 can adjust its functional groups to form a tight complex with
fluorescein (negative AH® and negative AS°). FI-AVWAL, on the
other hand, is bound more favorably by Cy2R 1 than by Calix 6
in water (AG° = —28 and —24 kJ mol™!, respectively) and DMSO
(AG® = —32 and —26 kJ mol™!, respectively). Calix 6 binds FI-
AVWAL in both solvents with a similar contribution from the
entropies and enthalpies of binding. A striking difference in the
enthalpies and entropies of binding are seen for the association
of FI-AVWAL by Cy2R 1 as compared to Calix 6. The Cy2R
1-FI-AVWAL complex is entropically driven and enthalpically
unfavorable in both solvents. Cy2R 1’s dramatic AH° to AS° switch
in the driving force with a change in guest does not occur for
Calix 6. The existence of a wheel, however, does not guarantee
that a host will have higher affinities for guests. For example,
Cy2R 2 binds fluorescein weaker than Cy2R 1 and Calix 6 in
DMSO. The pyridinyl ring of Cy2R 2 separates the wheel from
the pocket, which prevents the tight, enthalpically driven complex
from forming as seen with Cy2R 1. These results demonstrate that
HRs can operate as planned by switching their binding modes to
obtain the most stable complex. However, to maximize the binding
free energy for some guests, both the wheel and the pocket have to
be involved in the complex.

Compensation between AH° and AS®

Another factor controlling the magnitude of the binding free
energy is the compensation between the changes in enthalpy and
entropy, which is usually observed in host-guest chemistry.?** A

plot of the enthalpy of binding against the entropy of binding
for our hosts is linear (R = 0.94, Fig. 4). A plot of AH® versus
AS° of the complexes for the representative hosts given in Table 2
is also linear (R = 0.99). Because the slopes and intercepts of
these lines are similar for our and the representative hosts (AS° =
3.3 (AH°) + 93 and AS° = 2.8 (AH°) + 54, respectively), salt
bridge and aromatic interactions most likely dominate complex
formation for the hosts and guests used in this study. The points for
our hosts are shifted slightly upward and into the right quadrant,
which demonstrates the importance of positive entropic energies
for complex stability. The same AH°—AS° correlation is seen for
the host-guest complexes in DMSO and water. This result was
unexpected because water and DMSO have different solvating
properties. Furthermore, the unique H-bonding properties of
water makes compensation a natural phenomenon.” The same
compensation across solvents has been observed in previous
studies. Complexes of calixarenes and negatively charged aromatic
guests showed a similar AH°~AS° compensation in water and in
DMFE? The very tight complex of pyrene into the cyclophane
pocket shown in entries 1 and 5 of Table 2 demonstrates a AH°—
AS° compensation in eight different solvents.'™

200 ~

10

Complexes in Table 1
R=0.94

-120 -80 -4

-100 -

AS° (J mol" K™

Complexes in Table 2
R=0.99
-200 -

-300 -
AH° (kJ mol™)

Fig. 4 Enthalpy-entropy compensation plots for the complexes given in
Table 1 (circles) and Table 2 (squares).

The slope (a) and intercept (7AS°) of plots of AH® versus
TAS° are used as a quantitative measure of the conformational
changes and the extent of desolvation, respectively, that occur
during complexation.*® A AH® versus TAS® plot for the complexes
presented in Table 1 gives a = 0.97 and TAS° = 27 kJ mol™.
A slope of a = 0.97 shows that the hosts, guests, or solvent
undergo substantial changes in conformation during the binding
events. The large, positive TAS° value of 27 kJ mol™' suggests that
extensive desolvation occurs upon complexation. Similar a and
TAS° values occur for the association of p-sulfonatocalixarenes
with metal cations and alkylammonium ions (¢ = 1.1 and TAS°® =
20 kJ mol™").2** In this system, however, the large entropy of
binding stems from the release of a large number of water
molecules as the lanthanide metals (Ln**) bind to four SO;~
groups, which are linked to the calixarene. Multiple ionic bonds
are highly unlikely to occur for the complexes discussed here.
Furthermore, the largest entropic gains for the HR-complexes
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occur in DMSO. As compared to water, DM SO weakly associates
with anionic groups, and fewer solvent molecules will be released
upon binding. Antibiotics also bind metals with a similar AH°—
TAS° correlation (a = 0.95 and TAS° = 23 kJ mol™"),* as seen
for the HRs. For these complexes to form, large conformational
changes are required. An extensive conformational change is a
more likely mechanism for our host-rotaxanes.

The origin of TAS ..

The most surprising results are the complexes that are highly
entropically driven and produce an unfavorable enthalpy of
binding. Only the HRs form these complexes, and they occur
with both guests in both solvents. So what is the source of the
unusually favorable entropy of binding observed with most HR-
complexes? One intriguing possibility is that the wheel increases
its motion when these complexes form, which pays for some or
all of the intrinsic loss of entropy that occurs upon complexation.
The entropic and enthalpic terms for this proposed process are
given in Fig. 5. Accordingly, arginine or the aromatic moieties
of the wheel interact favorably with the pocket in the unbound
state. Guest binding (negative AH oy guese and negative AS®oq guest)
breaks the favorable interactions between the wheel and the
pocket (positive AH® et pocker AN POSitive AS® et pocker)- Favorable
interactions between the wheel and the guest diminish the wheels
motion (negative AH° et gues ANd negative AS° et sues)- Complexes
that are likely to gain binding energy from a release of the wheel
occur between hosts that are not highly preorganized for the guest.
These complexes experience small, negative values for AH oy guest
and ASopuests I AH o e < AH et pocker AN AS® et pocket +
AS® et auest > 0, the wheel is released upon guest binding, and the
resulting entropy pays for some of the entropic penalty for host—
guest association AS® ey wes- FOr example, Cy2R 2 is not designed
to recognize small guests. The piperidinyl ring keeps the wheel
away from its cyclophane pocket. Cy2R 2 binds both guests in
both solvents through a favorable entropy of binding. Only the
association of the large FI-AVWAL in water produces heat, albeit
only a small amount. Cy2R 1 is designed to form a tight complex

NH, NH,
NH®  +ASyheel-pocket NH

5 NH,"
+AHwheei-pockei 2

- 8

wheel NH," X
locked NH4 he | NH-(’
NH,
s!ldes
1l 'Ashost—guest
'AHhost guest
NH,
H&
NH, NHz‘
= é
wheel NH{ 'Aswheel-guesi NH{
NHY -AHyheel-guest NH4
locked NH, g &he_ell NH,

slides

Fig.5 A possible mechanism used by the HRs to bind guests. The wheel
could provide a favorable entropic energy for the complexes in the case that
AS® et pocket + ASyheet et > 0, Which would be an example of favorable
AS° gont-

with the smaller fluorescein, but not with the larger guest FI-
AVWAL. In both solvents, the association of fluorescein is highly
enthalpically driven, whereas FI-AVWAL is entropically driven.

Thelargest TAS...; produced should occur for cases in which the
wheel gains the greatest amount of freedom after complexation.
Cleft2R 4 appears to have a less restricted wheel than Cleft2R
5. Contrary to our prediction, the largest positive entropy and
enthalpy of binding are observed for the binding of FI-AVWAL
by Cleft2R 5 in DMSO (AH° = 33 kJ mol™" and AS° = 190 J
mol™' K™') and not by Cleft2R 4 (AH° = —11 kJ mol™" and
AS° =74 J mol™' K™"). On the other hand, in water, the entropy
of binding is greater for the Cleft2R 4-FI-AVWAL than the
Cleft2R 5-FI-AVWAL complex (AS° = 81 and 64 J mol™' K™',
respectively), which results in a more stable complex for Cleft2R
4-FI-AVWAL. Possibly, in DMSO, the available ammonium ion
in the axle of Cleft2R 4 interacts favorably with the wheel and
reduces its freedom. In water, the interaction strength between the
ammonium ion of the axle and the oxygen atoms of the wheel is
reduced and the wheel is freer to slide. This solvent dependency
for the binding entropy is consistent with the freedom of the wheel
being a major source of TAS..,;. Solvent molecules could also
affect the motion of the wheel more directly. Water molecules
form cage like structures around the hydrophobic groups of the
wheel, blocking group, and pocket. These tight H-bonded cages
may need to be broken to enable the wheel to slide along the axle,
which would restrict the motion of the wheel, giving a diminished
TAS...;- These cages do not form in DMSO. This difference in
solvent properties can explain why a more positive entropy of
binding is generally observed for complexes formed in DMSO
than in water.

Asdiscussed in the Introduction section, binding of a hydropho-
bic pheromone to the mouse major urinary protein results in
an observable enhancement in the flexibility of several backbone
residues near the binding site, which provides a favorable TAS...
term.* The binding site is a B-barrel, and a large number of
residues showing an enhanced motion are found in an a-helix
that apparently acts as a gate to control ligand access to the
barrel. Stone proposes two mechanisms that would account for
the increased flexibility. The gate could be tightly coordinated to
the barrel until a ligand binds, which releases the gate or a tight
water cage rigidifies the gate until a ligand binds, which breaks
the water cage. Both mechanisms are consistent with the results
obtained for the binding of guests by host-rotaxanes. Considering
the results from this study, we suggest that to maximize TAS .,
a ligand needs to both release the gate from the barrel and break
the water structures that surround the residues. Protein binding
sites that have weak interactions between flexible residues that do
not interact strongly with a ligand and are not strongly solvated
with water appear to be likely candidates for a favorable entropy
of configuration term.

Conclusions

The entropy of binding is favorable for most HR-complexes, and
in some cases, it is the driving force. In several cases, the driving
force for association changes between being entropically driven,
enthalpically driven, or a combination of both terms with a change
of guest or solvent. The results from this study are consistent with
the wheels adjusting their binding conformations to maximize the
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binding free energy of the HR complexes. For some complexes, the
wheel and pocket interact strongly with a guest. These complexes
are enthalpically driven and follow an induced-fit model. Other
complexes are formed through a highly entropically driven process.
In these complexes, the motion of the wheel appears to increase
upon guest binding. The greater motion of the wheel would
produce a favorable change of entropy that could pay for some of
the intrinsic loss of entropy that occurs when a guest is bound. This
process models proteins that obtain binding free energy through
the enhanced motion of residues after a ligand binds (T'AS..).
We are currently designing new HRs to more fully investigate
this process and to take advantage of this binding mechanism to
improve their performance as protein mimetics.

Experimental

FI-AVWAL was purchased from EZBiolab. Anhydrous DMSO
and fluorescein were purchased from Aldrich. Fluorescence
quenching assays were performed to obtain the association
constants. The water solution was buffered with phosphate (1 mM)
at pH 7.4. One of these solutions (2.7 mL) was placed into a
3.5 mL cuvette, and in the case of DMSO, placed under a flow
of Ar. A circulating bath was used to set the temperature of
the solution in the cuvette. A microthermometer was placed into
the solution and read to adjust the temperature to within +0.1
degrees. Guests were added to these solutions from a DMSO stock
solution, containing 1 equivalence of Me,NOH. Multiple aliquots
of a HR stock solution in DMSO were added to the cuvette to
change the HR concentration. Both stock solutions contained 3 A
molecular sieves. The total change in volume caused by addition
of the guest and a HR was less than 2%. The concentrations of the
components were set according to the K, of a complex: (1) K, of
5x 10°to2 x 10° M7!, [guest] = 1 x 1077 M, [host] =5 x 107}
to5x 107* M, (2) K, of 1 x 10°to 5 x 10* M, [guest] = 9 x
1077 M, [host] =1 x 1076 to 9 x 10* M, and (3) K, of 4 x 10*
to 1 x 10* M, [guest] = 1 x 107 M, [host] = 5 x 107° to 2 x
10~ M. A small amount of precipitation occurred when the host
concentration reached 2 mM. The same K, within experimental
error was obtained when this data point was included or excluded
in the binding plot. The guests are soluble in the range investigated.
The fluorescence spectrum was recorded and analyzed after each
addition of a host. Plots of the changes observed in the quenching
assays were fitted using a nonlinear least-squares procedure to
derive K, and AF,,, values.’® The assays were duplicated, giving
a standard deviation of less than 5% of the value obtained for the
association constant.
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Kinetics of the reactions of four 2-benzylidene-indan-1,3-diones (1a—d) with carbanions (2a-l) have
been studied photometrically in dimethyl sulfoxide solution at 20 °C, and the electrophilicity
parameters E were determined by the linear free energy relationship log k,(20 °C) = s(N + E) (eqn (1)).
The rate-determining step of these reactions is the nucleophilic attack of the carbon nucleophile at the

double bond of the Michael acceptor. Comparisons with literature data show that the linear free energy
relationship (eqn (1)) allows the semiquantitative prediction of the reactivities of

2-benzylidene-indan-1,3-diones towards various nucleophiles.

Introduction

Numerous kinetic investigations have shown that the rate con-
stants for the reactions of carbocations with nucleophiles can be
described by eqn (1).**

log k(20 °C) = s(N + E) (1)

Therein, k, corresponds to the second-order rate constant in L
mol~' s7', s to the nucleophile-specific slope parameter, N to the
nucleophilicity parameter, and E to the electrophilicity parameter.
By using benzhydrylium ions and quinone methides as reference
electrophiles,® it became possible to compare the reactivities of
numerous o-, 7n- and m-nucleophiles in a single scale.

For the characterization of many synthetically important nucle-
ophiles, for example stabilized carbanions and amines, reference
electrophiles with —10 > E > —16 were needed. Because this range
is presently only covered by the quinone methides 1li and 1j (Fig. 1),
which are difficult to synthesize, we were looking for more readily
accessible alternatives.

Lemek showed that eqn (1) is also applicable to reactions of
nucleophiles with ordinary Michael acceptors, e.g., benzylidene-
malononitriles.® We, therefore, expected a similar behavior of
the easily producible 2-benzylidene-indan-1,3-diones 1a—d, which
have previously been investigated in medical and material
chemistry.” Some derivatives show antibacterial activities or non-
linear optical properties, some have been used as electrolumines-
cent devices, or as eye lens clarification agents.” The 2-benzylidene-
indan-1,3-diones can be considered as organic Lewis acids.?
Because of their low-lying LUMOs they are reactive Michael
acceptors and have been used as heterodienes in cycloaddition
reactions.’

Department Chemie und Biochemie, Ludwig-Maximilians-Universitiit,
Butenandtstr.  5-13 (Haus F), 81377 Miinchen, Germany. E-mail:
herbert.mayr@cup.uni-muenchen.de; Fax: +49-89-2180-77717; Tel: +49-
89-2180-77719

T Electronic supplementary information (ESI) available: Preparation and
characterization (NMR) of products 3 and details of the kinetic measure-
ments. See DOI: 10.1039/b708025¢
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Fig. 1 Correlation of (log k,)/s with the nucleophilicity parameter N for
the reactions of the benzhydrylium ion 1h and the quinone methides 1li-k
with carbanions (DMSO, 20 °C, from ref. 5).

Due to the fact that the double bonds of the 2-benzylidene-
indan-1,3-diones are strongly polarized by the mesomeric electron-
withdrawing effect of the carbonyl groups, the double bond is
highly electrophilic and can be attacked by many nucleophiles.
Zalukaevs and Anokhina showed that the reaction of 2-benzyl-
idene-indan-1,3-dione with ethyl acetoacetate gives the corre-
ponding Michael adduct.’ In the reactions of 2-benzylidene-
indan-1,3-diones with acetylacetone, ethyl acetoacetate, diethyl
malonate, and phenylacetophenone, Michael adducts were ob-
tained, which undergo consecutive reactions.!’ Additions of
arylnitromethanes,”> dimedone imines,”* di-, and trialkylphos-
phites,™* and of phosphonium ylides'*** have also been described.
Recently, hydride transfer from the Hantzsch ester to a benzyl-
idene-indan-1,3-dione derivative has been observed.'

We now report on the kinetics of the additions of the stabilized
carbanions 2a-1 (Table 1) to the 2-benzylidene-indan-1,3-diones
la—d in DMSO and show that the second-order rate constants
k, can be described by eqn (1). The results will then be compared
with Bernasconi’s rate constants for the reactions of 2-benzylidene-
indan-1,3-dione 1d with amines in DMSO-H,O (50 : 50 v,v)."
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Table 1 N- and s-parameters of the employed nucleophiles in DMSO

Nucleophile N K
OWO 2a 13.91¢ 0.86"
0.__0O
<
0 ;‘ 0 2b 16.27¢ 0.77¢
~ 2¢ 16.96° 0.73%

NC
)o]\/l?\ 2d 17.64¢ 0.73¢
O O 2e 18.82¢ 0.69*
)J\_/U\OEt

= 2f 18.67¢ 0.68¢

- 2 19.35¢ 0.67¢
OASOZC%
HyC

2h 19.36¢ 0.67¢
NC”CN

o 2i 19.62¢ 0.67¢
NC\_)J\OEt
(CH,),C=NO," 2 20.61° 0.69°
H,C=NO," 2k 20.71 0.60°
CH;CH=NO," 2 21.54% 0.62¢

“ From ref. 5. ® From ref. 17. ¢ From ref. 18.

Results and discussion
Preparation of the electrophiles 1a—d

The 2-benzylidene-indan-1,3-diones la—d were synthesized by
Knoevenagel condensation from indan-1,3-dione and substituted
benzaldehydes in the presence of catalytic amounts of piperidine
in boiling ethanol (Scheme 1) following the protocol of Behera
and Nayak."

i
o+©\ EtOH
d x ()
H

1a: see Fig. 5
1b: X = NMe,
1c: X = OMe
1d: X=H

Scheme 1 Preparation of the 2-benzylidene-indan-1,3-diones via Kno-
evenagel condensation.

Table 2 Characterized Michael adducts 3~ or 3 and some characteristic
'"H NMR chemical shifts and coupling constants

Reactants Adducts J(H*)/ppm J(H?)/ppm J/Hz
la 2d 3ad” 5.23 4.16 12.4
la 2h 3ah- 5.76 3.98 11.6
la 21 3al ds® ds® ds®
1b 2h 3bh~ 5.81 4.17 11.3
1b 2k 3bk 5.03/5.31% 4.33% b

1c 2d 3cd- 5.28 4.34 12.3
1c 2h 3ch~ 5.85 4.24 114
1d 2d 3dd- 5.35 4.40 12.3

“ Diastereomers, double sets of signals in the ratio 2 : 1 have been found
(see ESIt). *0 = 4.33 (dt,*J = 7.7 Hz,°J = 3.9 Hz, 1 H), 5.03 (dd, *J =
13.3Hz,*J = 7.4 Hz, | H), 5.31 (dd, >°J = 13.3 Hz, °J = 8.5 Hz, lH).

Reaction products

The anionic adducts 3~ obtained by mixing equimolar amounts of
the Michael acceptors 1 and the potassium salts of the carbanions
2 in d¢-DMSO solutions were investigated by NMR spectroscopy.
In few cases, the products 3 obtained after protonation of 3~
were isolated and characterized (Scheme 2). Because for other
combinations of the electrophiles 1a—d with the nucleophiles 2a—
1, analogous reaction products were expected, products have not
been identified for all combinations, which were studied kinetically
(Table 2).

HCI / H,0 ﬁ

O > bO
R H H

2a-k 1a-d 3 3

Scheme 2 Reactions of the potassium salts of the carbanions 2a-1 with
the 2-benzylidene-indan-1,3-diones 1a—d in DMSO.

All Michael adducts 3= and 3 show characteristic 'H NMR
spectra with H* and H" as doublets from 0 = 5.03-5.85 ppm
for H* and 6 = 3.98-4.40 ppm for H". The double set of signals
for product 3al indicates that it exists as a pair of diastereomers
2:1).

Kinetic investigations in DMSO

The kinetic investigations were performed at 20 °C in dimethyl
sulfoxide by using the stopped-flow technique. All reactions
reported in this paper proceeded quantitatively, and the second-
order rate constants &, (Table 3) were determined photometrically
by monitoring the decrease of the absorbances of the colored
electrophiles 1a—d at their absorption maxima. The carbanions 2a—
1 were either employed as potassium salts or were freshly generated
by deprotonation of the corresponding CH acids with 1.05 equiv-
alents of KO7Bu. In general, the carbanions were applied in high
excess over the electrophiles (10 to 100 equivalents), giving rise to
almost constant carbanion concentrations (10~* to 10~* mol L")
during the kinetic measurements. As a consequence, exponential
decays of the concentrations of the colored electrophiles were
observed (eqn (2)). The first-order rate constants k,, were obtained
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Table 3 Second-order rate constants k, for the reactions of 2-benzyl-
idene-indan-1,3-diones 1a—d with stabilized carbanions 2a-1in DMSO at
20°C

Electrophile E° C- Base k>,/L mol™' s!
1a’ —14.68 2b — 3.78 x 10!
2¢ KO7Bu 3.73 x 10"
2d — 1.23 x 10°
2e — 9.87 x 10?
2f KO7Bu 3.12 x 10?
2h — 1.27 x 10°
2i KO7Bu 1.86 x 10°
2j KO7Bu 1.94 x 10°
2k KOrBu 3.31 x 10°
21 KOrBu 4.32 x 10°
1b® —13.56 2b — 2.79 x 10°
2¢ KO7rBu 2.08 x 10?
2d — 8.86 x 10?
2e — 6.25 x 10°
2f KO7Bu 2.15 x 10°
2h — 8.17 x 10°
2i — 1.00 x 10*
2j KO7Bu 6.86 x 10°
2k KO7Bu 1.32 x 10*
1ct —11.32 2b — 1.80 x 10*
2d — 3.87 x 10*
2f KO7Bu 5.69 x 10*
2g KO7Bu 1.18 x 10°
2h — 2.07 x 10°
1d¢ —10.11 2a — 1.06 x 10°
2b — 1.06 x 10°
2d — 2.72 x 10°

“Derived from eqn (1). * 1,,,(DMSO) = 523 (1a), 493 (1b), 388 (1¢) nm,
from this work. ¢ 4,,,,(DMSO-H,O 50 : 50, v/v) = 343 nm, from ref. 20

by least-squares fitting of the time-dependent absorbances of the
electrophiles to 4, = Ajexp (—kyt) + C.

—d[1]/dt = kie[1] 2

Plots of k4 versus the nucleophile concentrations [2], give
straight lines with the slopes k, as shown for one example in Fig. 2
and for all other kinetic experiments in the ESI.{ In some cases,

0.45

k., = 1.23 x 1072d], - 0.002
R? = 0.999

0.40 |
0.35 |
0.30 |

b 025 ¢

3

020}
0.15 |
0.10 |

0.05

0‘00 1 Il 1 ]
0.000 0.001 0.002 0.003 0.004

[2d], / mol L

Fig. 2 Determination of the second-order rate constant k&, = 123 L
mol~" s for the reaction of 1a with the potassium salt of acetylacetone 2d
in DMSO at 20 °C.

the kg versus [2], plots do not go through the origin. Because all
reactions proceed with quantitative formation of the adducts, we
can presently not explain this phenomenon. All second-order rate
constants k, (L mol~' s7') for the Michael additions are listed in
Table 3.

Correlation analysis

If eqn (1) holds for the reactions of the 2-benzylidene-indan-
1,3-diones 1a—d with the carbanions 2a-l, plots of (log k,)/s vs.
N should be linear with slopes of 1. Fig. 3 shows that this is
approximately the case.

1d: X=H

' 1c: X=0Me

1b: X = NMe,
_1a

! 5
(log ky)/s
4

13 14 15 16 17 18 19 20 21 22

N-—»

Fig. 3 Correlation of (log k,)/s with the corresponding nucleophilicity
parameters N of the carbanions 2a-1 for the reactions of 2-benzylidene-in-
dan-1,3-diones la—d with carbanions 2a-1 in DMSO at 20 °C. Open
symbols were not included for the calculation of the correlation lines.

The correlation lines drawn in Fig. 3 result from a least-squares
fit of calculated and experimental rate constants (minimization of
A =X (logk, — s(N + E))* with the nonlinear solver What’s Best!
by Lindo Systems Inc.) using the second-order rate constants k,
given in Table 3 and the N and s parameters of 2a—11listed in Table 1.
Note that this procedure enforces slopes of 1 for plots of (log k,)/s
vs. N because eqn (1) does not include an electrophile-specific slope
parameter, in contrast to a more general equation, which we have
recently employed for Sy2 reactions.? The nitronate anions 2j and
2l deviate strongly from the correlations for the other nucleophiles
and have not been included in the minimization process. According
to eqn (1), the intercepts on the y-axis, which equal the negative
intercepts on the x-axis (because of the enforced unity slopes)
correspond to the electrophilicity parameters E.

While the correlations in Fig. 3 are only of moderate quality,
one can see that the relative electrophilicities of the 2-benzylidene-
indan-1,3-diones 1 are almost independent of the nature of the
carbanionic reaction partner. However, there seem to be some
regularities of the deviations of some of the carbanions. Thus,
the 2-nitropropyl anion 2j reacts approximately one order of
magnitude more slowly with 1a and 1b than expected from its
nucleophilicity parameters. Because 2j is the only trisubstituted
carbanion studied, this deviation may be a consequence of steric
effects due to the fact that the 2-benzylidene-1,3-indandiones 1 are
sterically more congested than the reference benzhydrylium ions.
On the other hand, the dimedone anion 2b is generally 2-times
more reactive than expected, and it cannot be due to a smaller
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Fig. 4 Rate constants for the reactions of carbanions with the 2-benzylidene-indan-1,3-diones 1a—d and with reference electrophiles (quinone methides
and benzhydrylium ions) in DMSO at 20 °C. The rate constants for the reactions with 1a—d were not used for the construction of the regression lines.

steric demand of this carbanion, because the analogously shaped
anion of Meldrum’s acid 2a deviates slightly in the other direction.

An alternative illustration of this behavior is shown in Fig. 4.
When the rate constants of the reactions of the carbanions 2 with
electrophiles are plotted against the £ parameters given in ref. 2e
and 5, all data points for the carbanions 2a, 2d, 2h, 2i, and 2l
follow good correlations, but in the case of the dimedone anion
2b, the data points for the reactions with the 2-benzylidene-1,3-
indandiones la—1d are located above the correlation line for the
reference electrophiles, which are depicted in the upper part of
Fig. 4.

According to Fig. 5, the electrophilicities of the 2-benzylidene-
indan-1,3-diones la—d cover a range of more than four orders
of magnitude. This electrophilicity range is located between
1h, the least reactive representative of our series of reference
benzhydrylium ions, and 1k, the most reactive representative of
a series of di-ferz-butyl substituted quinone methides that have
been used as reference electrophiles.®

Donor substituents on the phenyl ring lower the electrophilicity,
and Fig. 6 shows a linear correlation with Hammett’s o,*
constants.?** For nucleophiles with s = 0.7, the slope corresponds
to a Hammett reaction constant of p = 1.6. A comparison with
the corresponding values for the structurally related benzyliden-
emalononitriles le-g (le: X = NMe,; 1f: X = OMe, 1g: X = H)
indicates that the electrophilicities of these two types of Michael
acceptors are affected by the para substituents X in a similar way.

However, the benzylidenemalononitriles le-g are about 0.5
orders of magnitude more reactive than the analogously substi-

E reference electrophiles
Q 85 £
(LT ot QO
Q o L-r N 1h N
o Id

; w1 — N0
Q o 1 oMe
/ O 13 + . Ph

Ot M [ — 070
o 1B -4 1 o 1j NMe;
OO0 — -

G L) O

1a
—_— O 1k
16 +

Fig. 5 Comparison of the electrophilicity parameters E of 2-benzyl-
idene-indan-1,3-diones 1a—d with reference electrophiles 1h-k.

tuted 2-benzylidene-indan-1,3-diones 1b—d. This reactivity order
is surprising because indan-1,3-dione (pK, = 6.35-7.82in DMSO-
H,O, v/v = 90 : 10 to 10 : 90)® is much more acidic than
malononitrile (pK,(DMSO) = 11.1, pK,(H,0) = 11.2).>**

With the assumption that the stabilization of the carbanions
obtained by the addition of nucleophiles to 2-benzylidene-1,3-
indandiones la—d and benzylidenemalononitriles le—g corre-
sponds to these pK, values, one would expect that nucleophilic
additions to la—d have a higher thermodynamic driving force
than the nucleophilic additions to the analogously substituted
malononitriles le-g. If ground-state effects are neglected, the
higher reactivities of compounds le-g compared to analogously
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Fig. 6 Correlation between the electrophilicity parameters £ in DMSO
of the benzylidene-indan-1,3-diones 1a—d (circles; E = 2.340,* —9.78) and
the benzylidenemalononitriles le—g (squares; £ = 2.30g," —9.28) with the
Hammett ¢,*-values for X. (g,* Values were taken from ref. 22; ,* for 1a
was taken from ref. 2e).

substituted 2-benzylidene-1,3-indandiones 1b—d must, therefore,
be due to lower intrinsic barriers for the additions to le-g. This
conclusion has previously been drawn by Bernasconi et al. from a
related series of experiments.?%2

In order to examine the applicability of the electrophilicity
parameters E of the 2-benzylidene-indan-1,3-diones 1 for their
reactions with other types of nucleophiles, we have compared
experimental and calculated rate constants for the reactions of
1d with amines (Table 4).

Entries 1 and 2 in Table 4 indicate that the experimental
second-order rate constants k,.,, for the addition of piperidine
and morpholine to 2-benzylidene-indan-1,3-dione 1d in DMSO
are about three-times larger than the corresponding second-order
rate constants k, .. calculated by eqn (1). This agreement is within
the previously postulated reliability of eqn (1).

Because the experimental second-order rate constants k., in
DMSO are only about 1.5- to 2-times larger than the correspond-
ing k., in DMSO-H,O (50 : 50 v,v, Table 4, right column),
we can also compare the calculated second-order rate constants

Table 4 Comparison of calculated and experimental second-order rate
constants (in L mol™" s~!, DMSO, 20 °C) for the additions of amines to
2-benzylidene-indan-1,3-dione (1d)

Nucleophile N/s“ Kocue (qn (1)) hopexy
1 Piperidine 17.19/0.71  1.02 x 10° 3.01 x 10°°*
2.10 x 10° ¢
2 Morpholine 16.96/0.67  3.77 x 10* 1.11 x 10°®
6.30 x 10*¢
3 n-Propylamine  15.70/0.64  3.63 x 10° 9.34 x 103

“In DMSO, from ref. 4f. * In DMSO, this work. ¢ In DMSO-H,O (50 :
50 v,v), from ref. 16.  The experimental value k.., refers to the reaction
of 1d with n-butylamine.

Table 5 Second-order rate constants k, for the reactions of piperidine
with reference benzhydryliums Ar,CH* in DMSO, DMSO-H,0 (50 :
50 v,v), and water at 20 °C

k,/L mol~"' s7!
in DMSO-H,0
Ar,CH* E* in DMSO? (50 : 50)° in H,O?
1h —10.04 1.13 x 10° 2.92 x 10° 3.05 x 10°
1 —8.76 6.67 x 10° 2.06 x 10* 9.01 x 10°
1m —8.22 2.51 x 10° 4.78 x 10* 2.64 x 10*
In —-7.02 — 3.15 x 10° 6.09 x 10*

“ From ref. 2e. ® From ref. 4f. ¢ This work (for details see the ESIT). ¢ From
ref. 4a.

derived from the nucleophilicity parameters N and s of amines
in DMSO with Bernasconi’s experimental values in DMSO-H,O
(50 : 50 v,v)." Entry 3 in Table 4 confirms this conclusion and
shows that the calculated rate constant for the addition of n-
propylamine to 1d agrees with the experimental rate constant for
the addition of n-butylamine to 1d in DMSO-H,0O (50 : 50 v,v)
within a factor of 3.

On the other hand, the close similarity of the rates of the reac-
tions of 1d with amines in DMSO and DMSO-H,O (50 : 50 v,v)
is surprising because it is well-known that amine nucleophilicities
derived from reactions with benzhydrylium ions are considerably
lower in water than in DMSO (Table 5).

In line with previously reported rate constants for reactions
of amines with benzhydrylium ions in DMSOY and water,* we
have now found that piperidine reacts 32-52 times faster with
benzhydrylium ions 1h-n (Scheme 3) in DMSO than in DMSO-
H,0 (50 : 50 v,v) as shown in Table 5.

+ +
BORCGORGSASH
1h | 1m |
. +
N N >N ll Il N~
/ 1 \ | 1n |

Scheme 3 Benzhydrylium ions used for the comparison of the nucle-
ophilicities of piperidine in different solvents.

Therefore the question arises whether the similar rate of addition
of piperidine and morpholine to the Michael acceptor 1d in DMSO
and DMSO-H,O (50 : 50 v,v) is caused by an increase of the
electrophilicity of 1d in the presence of water.

In order to examine this question, we have compared the
rates of addition of the malononitrile anion 2h to 1a, 1b, and
the benzhydrylium ion 1h in DMSO and in aqueous solvents.
The carbanion 2h has been selected for this purpose because
its solvation has been reported to be of similar magnitude in
DMSO and water.>* Table 6 shows that the reaction of 2h with
1a and 1b is, indeed, 3-5 times faster in DMSO-H,O (50 : 50 v,v)
than in DMSO, whereas the reaction of this carbanion with the
benzhydrylium ion 1h is 12-times slower in water than in pure
DMSO.

Thus, the presence of 50% water in DMSO appears to increase
the electrophilicities of the 2-benzylidene-1,3-indandiones 1a,b
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Table 6 Comparison of the second-order rate constants of the reactions
of malononitrile anion 2h with Michael acceptors la and 1b and the
benzhydrylium ion 1h in different solvents at 20 °C

k>,/L mol™! s7!
Electrophile  in DMSO in DMSO-H,O (50 :50) in H,O
la 1.27 x 10° 6.39 x 10° —
1b 8.17 x 10° 2.28 x 10* —
(1il),CH* 1.76 x 10°,«  — 1.50 x 10°,°

“ From ref. 5. ® From ref. 27.

(compared with benzhydrylium ion 1h as a reference) by approx-
imately one order of magnitude. The observed similar reactivities
of amines towards 1 in DMSO and DMSO-H,O (50 : 50 v,v)
can therefore be explained by a compensation effect, i.e., hy-
dration of amines reduces their nucleophilicities by a similar
amount as hydration increases the electrophilicities of the Michael
acceptors 1.

A more quantitative analysis of these data appears problematic,
because Bernasconi er al'**® and Lee et al.* have previously
suggested that the transition states of the amine additions may
also be stabilized by O-H interactions as depicted in Scheme 4.
Because the additions of carbanions to 1a—d, which are described
in Table 3, cannot profit from such O-H interactions, the good
agreement between calculated and experimental rate constants
in Table 4 argues against a large contribution of these inter-
actions.

Scheme 4 Addition of an amine to 2-benzylidene-1,3-indandione 1 (TS:
transition state, T*: zwitterionic intermediate).

Conclusions

The 2-benzylidene-indan-1,3-diones 1a—d have been shown to have
electrophilicity parameters in the range of —10 > E > —15. With
these data and the previously published nucleophilicity parameters
of carbanions and amines,* it has become possible to calculate
the rates of additions of these nucleophiles to 2-benzylidene-
indan-1,3-diones la—-d with an accuracy of better than a factor
of 3 in dimethyl sulfoxide solution. Because hydration appears to
increase the electrophilicities of 1a—d much more than it affects
the electrophilicities of the previously used reference electrophiles
(benzhydrylium ions and quinone methides), we recommend using
the E parameters of 2-benzylidene-1-3-indandiones 1a—d reported
in this work only for predictions of rate constants in aprotic
solvents.
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The chemiluminescence of a luminol-H,O, system is found to be remarkably enhanced by the Ce'
complexes of EDTA-bridged cyclodextrin dimers. The dimers were proved to work much more
efficiently than the corresponding monomer. The cavity shape of cyclodextrin moieties and their
cooperation displayed an important role in amplifying the chemiluminescence. Further modification of
either the cyclodextrin rims or the EDTA linker altered significantly the catalytic abilities of the
cyclodextrin dimers, and the examination of the effect of substituents on the chemiluminescence

outputs suggested that the proximity between the cyclodextrin cavity and the metallic center might

account for the amelioration of the chemiluminescence output.

Introduction

Cyclodextrins, a series of cyclic oligosaccharides consisting of 6
or more D-glucoside units linked together via a-(1-4)-glycoside
bonds, are characteristic of a unique torus-shaped structure that
comprises of an interior hydrophobic cavity to accommodate
large varieties of chemical species ranging from organic molecules
to inorganic ions.! The molecules included in the cyclodextrin
cavity usually demonstrate chemical and physical properties quite
different from those of their free forms in a bulky aqueous
environment. Therefore, cyclodextrins are widely employed as
molecular recognition sites to develop functional systems for
diverse purposes,” among which the construction of cyclodextrin-
based biomimetic materials® and molecular sensors* lies at the
center of interest and has been witnessing great progress. Complex
formation frequently results in changes in absorption/fluorescence
properties,* but less frequently a change in chemiluminescence.®
Cyclodextrins have also proved to be capable of mediating many
organic transformations, either by providing a confined reaction
field or by participating in the transformation of bound substrates
with their functional groups.® Introduction of additional binding
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sites and/or functional groups into cyclodextrins improves greatly
their catalytic ability or even results in the finding of novel
functions.” Among the many cyclodextrin derivatives, cyclodextrin
dimers and oligomers have attracted special interest.®* Cooperation
of the two or more cavities results in very strong host-guest
binding while the functional groups on the linker that bridges
cyclodextrin units together display excellent catalytic ability. Metal
complexes on the linkers demonstrated large rate acceleration in
the hydrolytic cleavage of carboxylate and phosphate esters,” and
cyclodextrin tetramers with a metalloporphyrin core catalyzed
oxidation of double bonds or saturated C—H bonds in a controlled
manner*® while selenium incorporated in the linker scavenged the
active oxygen.'

On the other hand, luminol, when oxidized with hydrogen
peroxide in aqueous alkaline solution, produces the excited state
of phthalic acid, which emits light during relaxation (Scheme 1)."
This reaction is widely used in the detection of hydrogen peroxide
or the species that produce hydrogen peroxide. In general,
the chemiluminescence is very weak, and enhancement of its
intensity is of paramount importance.”® Many metal ions and
their complexes enhance the chemiluminescence of luminol. We
envision that preorganization of luminol, hydrogen peroxide
and the catalytic entity together may provide a possibility of
improving the efficacy of the chemiluminescence (Scheme 2).
Initially, we have chosen to examine cerium complexes of EDTA-
bridged cyclodextrin dimers with the expectation to utilize the
binding and catalytic properties of cyclodextrins to enhance the
chemiluminescence of luminol.™* Ceric ion was chosen because
the ion itself does not alter the intensity of chemiluminescence,'
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The chemiluminescence reaction of luminol.
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Scheme 2 Supramolecular formation to enhance the chemiluminescence
efficacy.

which ensures a facile and reliable comparison of the experimental
results.
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Results and discussion

The syntheses and structures of the cyclodextrin derivatives
employed in this research are depicted in Scheme 3.
EDTA-bridged cyclodextrin dimers 1-4 were prepared by
the reported method from B-cyclodextrin.'®’” EDTA-pendant B-
cyclodextrin 5 and permethylated dimer 9 were obtained by
the reactions of EDTA dianhydride with 6-amino-6-deoxy-f-
cyclodextrin and permethylated 6-amino-f-cyclodextrin 8, re-
spectively. Reactions of dimers 1-3 with 2-picolylamine, his-
tamine, and benzylamine in the presence of N,N’-dicyclohexyl
carbodiimide (DCC) and N-hydroxylbenzotriazole (HOBt) at rt
for 3 days afforded dimers 10-14 in 40-75% yields, respectively.
An imidazolyl group was also attached directly to the rim of

¢
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Scheme 3  Syntheses and structures of cyclodextrin derivatives utilized in the chemiluminescence reaction of luminol.
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the cyclodextrin moiety (Scheme 3). Two adjacent 6-hydroxyl
groups of B-cyclodextrin were first activated by reacting with
1,3-mesitylenedisulfonyl in pyridine and the resultant disulfonate
(15)® was then opened with imidazole to generate the hetero-
bifunctional B-cyclodextrin 16. This method also produced a
minor amount of the counterclockwise isomer (4.8% based on
isolated disulfonate 15). The major isomer 16, whose regiochem-
istry was elucidated by enzymatic degradation of the cyclodextrin
ring together with EI-MS analysis of the degradation product,'®
was converted to 6'-amino-6"-imidazolyl-B-cyclodextrin 18 by
substitution of the remaining sulfonate group with sodium azide
and subsequent reduction with triphenylphosphine. Reaction of
18 with EDTA dianhydride generated dimer 19 which was further
converted to 20 with 2-picolylamine. Compounds 19 and 20
represent the first examples of cyclodextrin dimers with functional
groups other than OH being attached on the cyclodextrin rims
instead of being incorporated to the linker. All the new compounds
were characterized with MS and NMR spectra.

Cerium complexes® of the cyclodextrin dimers were obtained
by mixing the aqueous solution of cyclodextrin dimers with
a freshly prepared aqueous solution of Ce(NH,),(NO;),, and
their catalytic properties were tested on the chemiluminescence
reactions of luminol. To 100 ul of 0.1 M Na,CO; solution
(pH 11.5) were successively added 10 ul of 1.0 x 10~ M luminol
solution, 40 ul of 0.25 M H,O,, and then 50 ul of 0.5 mM
Ce"-complex solution. As soon as the addition was finished,
the resultant solution was mixed on an auto-mixer, and the
measurement of light output was immediately started. For a
typical run, the time interval was about 5 s between the mixing of
components and chemiluminescence measurement. Light outputs
over the entire spectrum were collected and the integrated intensity
of the initial minute was employed for the characterization of
the chemiluminescence efficiency of each catalyst. All the data
of the chemiluminescence intensity were the averages of three
independent measurements. Neither obvious change in pH nor
precipitation of Ce! species were observed during the chemilumi-
nescence measurements, except in the case of Ce' without ligands.

Fig. 1 shows the chemiluminescence decays of luminol in the
presence and absence of catalysts. Luminol was almost chemilumi-
nescently unreactive in the absence of catalysts. None of cyclodex-

—a— 1-Ce"
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—x— 1
EDTA-Ce&"+j-CD

Chemiluminescence Intensity (arb. unit)
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Fig. 1 Chemiluminescence decays in the luminol chemiluminescence
reactions. Reaction conditions: 100 ul of 0.1 M aqueous Na,CO; (pH 11.5),
10 ul of 1.0 x 10> M luminol, 40 pl of 0.25 M H,0O,, and 50 ul of 5.0 x
10~* M catalyst solutions were mixed and light collection was started
immediately.

trin dimer 1, Ce" ion and EDTA-Ce" complex demonstrated
obvious influence on the chemiluminescence reaction. However,
as soon as the 1-Ce" complex was used, the emission of luminol
was remarkably enhanced. This increase in light output is not
associated with any changes in pH, since no meaningful difference
in pH was observed between the various reaction mixtures, and
the pH values remained constant during the chemiluminescence
measurements. The chemiluminescence spectrum (Fig. 2) of this
reaction, which was recorded on a fluorescence spectrometer
without the use of an excitation source, displayed an emission
band centered at 460 nm, a reasonable region for luminol
chemiluminescence. Both the excitation and fluorescence spectra
of the total reaction products were consistent with those of the 3-
aminophthalate anion at the same pH. These facts confirmed that
the chemiluminescence originated from the reaction of luminol.
Interestingly, the chemiluminescence mixima was about 35 nm
red-shifted compared to that of the photo-induced fluorescence,
implying chemiluminescence has a more stabilized excited state
(by ca. 0.2 eV). The stabilization is reasonably considered to
relate to the special microenvironment where the emitters were
generated: in close proximity to the metal center and probably in
interactions with cyclodextrin moieties (vide infra). These results
are indicative of the importance of the 1-Ce" complex as a catalyst.
The complex formation is found to take a few minutes to complete
and this enabled the examination of activity—time dependence of
the mixture of 1 and Ce' freshly prepared from their individual
stock solutions. The test showed the catalytic ability of the mixture
increased rapidly, together with the mixing time, and approached a
constant value in about 5 minutes after the mixing of the individual
solutions of Ce' and 1, which is further evidence of the importance
of the complex as a catalyst.

Fluorescence
Chemiluminescence

Excitation

Luminescence Intensity
(normalized)

250 300 350 400 450 500 550 600
Alnm

Fig. 2 Chemiluminescence spectrum of luminol in the presence of the
cerium complex of 1 and the fluorescence (4, = 305 nm) and excitation
spectra of the total reaction products.

Many metal ions are known to catalyze this reaction, increasing
the light emission or at least speeding up the formation of the
emitter and therefore the onset of light production.” Tt was also
reported that the binding of luminol to hydrophobic regions could
strongly enhance the chemiluminescence.” However, the present
system is different from those cases in that it combines both a
hydrophobic binding site and the catalytic metal complex center
in a single molecule just as most metalloenzymes do. It is therefore
the covalent linkage and cooperation of B-cyclodextrin and
EDTA-Ce" components that are essential for the catalytic ability
since neither the component individuals nor their mechanical
combination resulted in obvious changes in chemiluminescence.
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Fig. 3 The dependence of chemiluminescence intensity on the [1]-[Ce'] ratio (left, final [Ce™] = 6.25 x 10~ M, [1] = 2.08 x 107°-1.88 x 10~* M) and
[1-Ce"] (right, final [1-Ce"¥] = 0-4.00 x 10~* M). Reaction conditions: 100 ul of 0.1 M aqueous Na,CO; (pH 11.5), 10 pl of 1.0 x 10~> M luminol, 40 ul
0of 0.25 M H,0,, and 50 pl of catalyst solutions were mixed and light collection was started immediately.

Alteration of the molar ratio of [1]-{Ce'] allows the elucidation
of the components of the catalytically active species. When the
concentration of dimer 1 is varied from 20.8 to 188 uM with that
of the Ce" fixed at 62.5 uM, the chemiluminescence intensity
increases rapidly at the first stage and reaches a plateau when the
ratio of [1]-{Ce"] exceeds 1 (Fig. 3, left). These results strongly
suggest that the 1 : 1 complex 1-Ce'v is the active species for
catalyzing the chemiluminescence reaction.

We also examined the influence of catalyst concentration on
the chemiluminescence intensity. Upon varying [1-Ce"] from 0 to
0.4 mM, the chemiluminescence intensity increased proportionally
at a lower concentration range. Although a complete saturation
curve was not obtained because of the limited solubility of the Ce'
complex, obvious downward deviations were observed at a higher
catalyst concentration range (Fig. 3, right), which is indicative of
the existence of the expected substrate—catalyst binding.

The cavity shape and its geometry related to the linker (Ce'
complex center) remarkably influence the catalytic ability. When
dimer 2 was used instead of 1, chemiluminescence intensity
decreased to one fifteenth of that detected in the case of dimer
1 (Fig. 4). This result is somewhat astonishing because dimers 1
and 2 differ only in the positions at which the EDTA linker is
attached to the cyclodextrin moieties. Dimer 2 has cyclodextrin
cavities of the same shape as, but in an opposite arrangement
to those of dimer 1. Chemiluminescence measurements indicated
that, this difference in cavity arrangement in 2 resulted in a
dramatic loss of catalytic ability. Dimer 3, which has the same
cavity arrangement as dimer 2 (linker at C-3) but a slight distortion
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Fig. 4 Influence of cyclodextrin structure on the chemiluminescence
intensity. Reaction conditions: the same as described in Fig. 1.

in cavity shape due to the inversed configurations of C-2 and C-
3 carbons, demonstrated 4 times the enhancement in catalytic
ability compared to that of dimer 2. Dimer 4, though quite similar
to dimer 3 in cavity structure and cavity arrangement, is 3 times
less efficient than dimer 3. Quite interestingly, the monomer 5 is
only one tenth as efficient as the corresponding dimer 1. These
results clearly indicated that the dimer structure is preferred for
the chemiluminescence reaction and any small structural changes
in the cyclodextrin moieties might cause obvious influences on the
catalytic ability of cyclodextrin dimers.

Since cyclodextrins are known to bind a variety of organic
molecules, it is reasonable to deduce that the cyclodextrin moieties
interact with luminol.! "H NMR spectroscopy was used to
investigate the substrate—catalyst interaction. Addition of luminol
to the D,O solution of dimer 1 did not cause obvious changes of
the 'H signals of 1, indicating that dimer 1 may not bind luminol
strongly. However, the mixture of luminol and 1-Ce" complex
demonstrated a much more complicated 'H NMR spectrum than
that of 1 (Fig. 5). The signals relating to the EDTA linker
were significantly shifted, most likely by the coordination of
Ce". More importantly, the signals relating to the sugar part
became more extensively resolved, implying that the differences
between the sugar units were magnified upon binding luminol and
Ce". Although the complicity of the spectrum and of the poor
solubility of luminol prevented meaningful spectral assignments
and further structural elucidation, the significant spectral changes
should indicate that luminol coordinates to the Ce' and binds

Mixture of dimer 1,

f Ce'V and luminol ﬂ

| i,
kMWme" Mo

Dimer 1

f \ﬂ

)

5.0 45
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Fig. 5 '"H NMR spectra of dimer 1 in the presence (top) and absence
(bottom) of luminol and Ce' in D,O.
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Scheme 4 Plausible pre-organization of luminol and oxidant by cyclodextrin dimers.

simultaneously the cyclodextrin either partially entering the cavity
or just spanning over its entrance.

Based on the above results, we tentatively propose a pre-
organization of the two reactants by the catalyst (Scheme 4) for
the catalyzed chemiluminescence reaction: the Ce" center binds
the HOO~ while the cylodextrin hydrophobic cavity, together
with the Ce', brings luminol close to the bound HOO-, thus
the local concentrations of both luminol and oxidant are greatly
increased. The chemiluminescence is switched on only when
the metal center and the hydrophobic cavities can efficiently
cooperate, which means the geometry of cyclodextrin dimers
would be very important and it was proved to be the case by
dimers 1 and 2. The remarkable difference in catalytic ability of
these two dimers can be rationalized as follows. The secondary
side of cyclodextrin is less hydrophobic but more acidic. Under
the experimental conditions, it will partially ionize and become
even worse at accommodating luminol. On the other hand, the
primary side is more hydrophobic and will remain un-ionized at
the experimental pH and, therefore, is preferential for binding
luminol. Based on this consideration, dimer 1 is expected to locate
luminol towards the center of the molecule where the oxidant is
bound, whereas 2 directs luminol outwards to either terminal of
the molecule. In addition, the ionized secondary OH groups of
2 may compete with HOO™ in coordinating to the Ce' on the
same side. Actually, all the cyclodextrin dimers (2-4) bridged at
the secondary hydroxyl side are much less efficient than dimer
1. Breslow et al. demonstrated that in heptakis(6-methylamino)-
B-cyclodextrin, the methyl groups were inserted inwards to the
cyclodextrin cavity, forming a floor.?* It is reasonable to deduce
that permethylation of dimer 1 would inverse the orientation of
luminol, that is, the luminol molecule would be accommodated
at the secondary side instead of the primary side near the Ce'
center. Indeed, the permethylated dimer 9-Ce" only showed one
tenth of the catalytic activity of 1-Ce'Y. The 10-fold higher efficacy
of dimer 1 compared to that of corresponding monomer 5 implies
that the second cyclodextrin should play a more important role
than just increasing the probability of substrate-binding and
exercising the simple effect of substitution. It is likely that the
second cyclodextrin may greatly reduce the geometrical mismatch

between the oxidant and cyclodextrin cavity where the substrate
is bound. The pseudo cis- and trans-conformers with the oxidant,
being situated close to or far away from the cyclodextrin cavity,
respectively, represent the two typical conformations among the
many possible conformations of the Ce'" complex of 5. Tt is
reasonable to deduce that the catalytically non-productive trans-
conformer is thermodynamically favored over the catalytically
productive cis-conformer. However, the situation of dimer 1 is
quite different. In the thermodynamically favored conformation,
the two cyclodextrin moieties would be “anti-” to each other and
one of them would be cis- (close) to the bond oxidant. That is, the
catalytically productive conformer is thermodynamically favored.

Apart from the catalytic effect, the cyclodextrin dimers might
also alter the chemiluminescence intensity by protecting the
excited molecules from self-annihilation and dynamic quenching.
We measured the effect of the 1-Ce" complex on the fluorescence
intensity of 3-aminophthalic acid, which is believed to be the emit-
ter in the luminal chemiluminescence reaction. Under similar con-
ditions to that of the chemilunescence reaction (but without H,O,),
the increase of the concentration of the 1-Ce" complex caused a
decrease of the fluorescence intensity. This observation implies
that the 1-Ce"Y complex slightly quenches the fluorescence instead
of protecting the excited 3-aminophthalate from non-radiative
relaxation. Although there might be some differences between
the excited states produced chemically and photochemically,? the
large enhancement of the chemiluminescence intensity, together
with the fluorescence quenching results, undoubtedly indicated
that the principal effect of the 1-Ce" complex should be the
mediation of the chemical transformations to generate the excited
products.

Modification of the carboxylic acid groups and cyclodextrin
rims of the dimers gave interesting results. As shown in Fig. 6,
introduction of pyridyl groups to the linker of dimers 1-3
obviously improved the chemiluminescence (dimers 10-12), with
the largest increase of 5.4-fold in chemiluminescence intensity
being observed for dimer 11. In contrast, imidazolyl groups caused
dramatic loss of catalytic ability of the dimers. Dimer 13, which has
two imidazolyl groups on the linker, demonstrated only one-fourth
of the catalytic activity of the corresponding diacid 1. Even lower
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Fig. 6 Influence of substituents on the chemiluminescence intensity.
Reaction conditions: the same as described in Fig. 1.

activity was observed when imidazolyl groups were introduced
directly to the cyclodextrin rims (dimer 19). Modification of the
carboxylic groups of dimer 19 with picolylamine greatly improved
the catalytic ability (dimer 20), but dimer 20 was still 5 times
less efficient than the corresponding imidazolyl-free dimer 10.
Although a ligand may alter the coordination environment and
therefore affect the catalytic property of the metal complex,
such a large difference between imidazolyl and pyridyl groups
is still somewhat surprising. It seems that hydrophobicity of the
substituents plays an important role, since replacement of pyridyl
groups with the non-coordinative phenyl groups (dimer 14) still
gave a high chemiluminescence intensity.

Comparison of the structure and activity of dimer 11 with those
of dimer 12 afforded some insight on the function of the pyridyl
substituents. Fig. 7 shows the chemical shifts of the pyridyl protons
of dimers 11 and 12. Even though the pyridyl groups are separated
by as many as 9 single bonds from cyclodextrin skeletons where the
only structural difference between dimers 11 and 12 appears, their
chemical shifts are quite different from each other. Dimer 11 not
only demonstrated much lower chemical shifts for the H-6, H-5
and H-4 protons (d;,-0,, = —0.03, —0.1 and —0.07, respectively),
but inversed the order of H-3 and H-5 as well. This observation
implies that the pyridyl groups of dimer 11 are subjected to
stronger alicyclic shielding effects from cyclodextrin cavities*
and, therefore tighter self-inclusion complexation could be de-
duced. ROESY experiments demonstrated strong NOE cross-
correlations between all the protons of 2-picolyl groups (including
the methylene protons) and the inner H-3 and H-5 protons of
cyclodextrin moieties (Fig. 8). This stronger self-inclusion may
contribute to the 5.4-fold increase of chemiluminescence intensity,
which is rather large when compared with the 0.7-fold increase of

Py-6 Py-4 \
| Dimer 11 |

| nﬂn “(

—J
" Dimer 12 |
!" .
| i
814‘ T 8TD’ T '7T6‘ ) (pr‘)r;'l) 7‘.2‘

Fig.7 Partial '"H NMR spectra of dimers 11 and 12 in D,O.

Fig. 8 Partial ROESY spectrum of dimer 12 in D,O.

dimer 12, probably by shortening the distance between the Ce'
center and the cyclodextrin cavities.

Conclusion

In summary, we have described the synthesis of a series of ETDA-
bridged cyclodextrin dimers and demonstrated that the cerium
complexes of these dimers could enhance the chemiluminescence
intensity of luminol by pre-organizing the hydrogen peroxide
and luminol together. The appropriate cavity arrangement and
cavity shape proved to be very important for improving the
chemiluminescence. The dimer bridged at the primary hydroxyl
side was one order of magnitude more efficient than those bridged
at the secondary hydroxyl side. Changes in the cavity shape
of the dimers also significantly influence the chemiluminescence
intensity. Modification of either the cyclodextrin rims or the EDTA
linker altered significantly the catalytic abilities of the cyclodextrin
dimers.

Experimental

Reversed-phase column chromatography was performed on
Merck prepacked Lobar columns (LiChroprep® RP-18, size B
or size C). Thin layer chromatography (TLC) was carried out on
Merck aluminium-backed 0.2 mm silica gel 60F-254 plates with
mixed solvents of n-propanol-ethyl acetate—water in volume ratios
of 7:3:6 (solvent A), 7: 3 : 7 (solvent B) as the mobile phase.

Permethylated p-cyclodextrin dimer 9. A mixture of 6-azido-
6-deoxy-B-cyclodextrin 6 (300 mg, 0.26 mmol), sodium hydride
(750 mg, 31 mmol) in dry DMF (10 ml) was sonicated for 15 min in
a water bath. Methyl iodide (3 ml) was then added and sonication
was continued for an additional 15 min. The reaction mixture
was diluted with water and extracted with dichloromethane. After
the organic solvent was evaporated, the residue was subjected to
column chromatography on silica gel. Elution of the column with
CH,Cl, (75 ml), then CH,Cl,—EtOH (20 : 1; 180 ml) and finally
CH,CL-EtOH (10 : 1; 500 ml) afforded permethylated 6-azido-
6-deoxy-B-cyclodextrin 7 (224 mg, 60%). "C-NMR (DMSO-d,,
TMS int.): 0 98.0,97.9,97.7,97.6,97.5, 81.5, 81.3, 81.0, 79.6, 79.5,
79.3,71.0, 70.3, 70.2, 60.8, 60.6, 60.5, 58.1, 58.0, 57.9, 57.8, 57.7,
57.5, 51.3; FAB-MS: m/z 1440 (M + H). The azide 7 (100 mg,
0.069 mmol) and triphenylphosphine (90 mg, 0.34 mmol) were
dissolved in dry DMF (5 ml) and the mixture was stirred at
rt. Two hours later, aqueous ammonia (28%, 0.8 ml) was added
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and the reaction mixture was stirred at rt for 1 d. After dilution
with 5% ethanol solution and membrane filtration, the aqueous
solution was subjected to chromatography on a reversed-phase
Lobar column (size B) with gradient elution from 60% aqueous
ethanol (500 ml) to ethanol (500 ml) to afford the corresponding
permethylated B-CD amine 8 (51 mg, 52%; FAB-MS, m/z 1414
(M + H)). A solution of B-CD amine 8 (48 mg, 0.034 mmol)
and EDTA dianhydride (3 mg, 0.012 mmol) in DMF (1 ml)
was stirred at rt for 2 d. Water (5 ml) was then added and the
reaction mixture was heated at 80 °C for 5 h. After evaporation of
the solvents under reduced pressure, the residue was subjected to
column chromatography on silica gel. Elution of the column with
CH,Cl,-CH;0H (3 : 1) afforded permethylated B-cyclodextrin
dimer 9 (17 mg, 32%). "C-NMR (DMSO-d,, TMS int.): 6 173.1,
171.3,97.9,97.8,97.6, 81.5,81.4,81.1, 79.8, 79.5, 79.4, 71.0, 70.3,
70.2, 69.7, 60.6, 58.3, 58.1, 57.6, 57.5, 52.1. '"H-NMR (DMSO-dq,
TMS int.): 6 5.19 (d, *J = 3.8 Hz, 2H), 5.10 (d, *J = 3.8 Hz, 2H),
5.06 (m, 10H), 3.79-3.65 (m, 28H), 3.60-3.20 (m, 85H), 3.15-2.95
(m, 18H). FAB-MS: m/z 3083 (M + H).

General procedure for the modification of the EDTA linkers
of B-cyclodextrin dimers 10-14. f-Cyclodextrin EDTA dimer
(600 mg, 0.24 mmol), DCC (148 mg, 0.72 mmol), HOBt (96.3 mg,
0.71 mmol) and an amine (1.90 mmol) dissolved in dry DMF
(5 ml) were stirred at rt for 60 h. Water (5 ml) was then added
and the resultant mixture was heated at 80 °C for an additional
5 h. After dilution with water (400 ml), the mixture was filtered
and the filtrate was concentrated to a volume of ca. 5 ml. The
residues were slowly added to acetone (500 ml) under stirring to
precipitate cyclodextrin species. Dimers 10-14 were purified by
chromatography of the precipitates on a reversed-phase Lobar
column (size B, gradient elution from water to 45% methanol)
affording the modified cyclodextrin dimers.

Dimer 10. Prepared from the reaction of 1 with 2-picolylamine.
Yield: 38%. R; = 0.14 (solvent B). *C-NMR (DMSO-d,, TMS
int.):6 170.8, 170.7, 158.2, 148.6, 136.6, 121.9, 120.9, 102.1, 101.9,
101.7,83.2, 81.8, 81.6, 81.5, 81.4,81.3, 73.0, 72.9, 72.7, 72.3, 72.1,
71.9, 69.4, 60.0, 59.9, 59.8, 58.0, 57.9, 52.7, 43.9, 40.1. "H-NMR
(DMSO-d;, TMS int.): 6 8.60 (t, °J = 5.9 Hz, 2H), 8.47 (d,*J =
4.5 Hz, 2H), 7.80 (br. s, 2H), 7.72 (dt, °J = 7.7, 1.6 Hz, 2H), 7.25
(d, *J = 8.0 Hz, 2H), 7.23 (dd, *J = 7.7, 2.3 Hz, 2H), 5.74-5.60
(m, 28H), 4.86-4.81 (m, 14H), 4.44-4.35 (m, 16H), 3.80-3.50 (m,
56H), 3.37-3.15 (m, 36H), 2.70 (br. s, 4H). FAB-MS: m/z 2705
M + H).

Dimer 11.  Prepared from the reaction of 2 with 2-picolylamine.
Yield: 70.5%. R; = 0.14 (solvent B). ®*C-NMR (D,0O, CH;CN
int.): 0 175.2, 175.1, 157.9, 149.1, 138.8, 123.7, 122.9, 102.9, 102.8,
102.7, 102.6, 102.4, 102.3, 82.6, 82.1, 82.0, 81.9, 81.8, 78.8, 74.2,
74.1, 74.0, 73.8, 73.0, 72.8, 72.7, 72.5, 72.3, 70.8, 61.2, 61.1, 59.6,
59.1, 55.1, 54.2, 44.8. '"H-NMR (D,0O, CH;CN int.): ¢ 8.40 (d,
’J =4.7Hz, 2H), 7.70 (t, *J = 7.7 Hz, 2H), 7.31 (d, *J = 7.9 Hz,
2H), 7.25 (dd, *J = 6.1, 1.7 Hz, 2H), 4.99 (m, 12H), 4.86 (d, *J =
3.5Hz,2H),4.48 (d,*J = 15.9 Hz, 2H), 4.34 (d, *J = 15.9 Hz, 2H),
3.93-3.41 (m, 84H), 3.41-3.26 (m, 8H), 2.72 (br. s, 4H). FAB-MS:
m/z 2705 (M + H).

Dimer 12. Prepared from the reaction of 3 with 2-picolylamine.
Yield: 57%. R; = 0.14 (solvent B). "C-NMR (D,0O, CH;CN int.): ¢
174.7,174.2,157.9, 149.4, 139.1, 123.8, 122.6, 104.1, 102.7, 102.6,

102.6, 102.4, 102.2, 81.9, 81.8, 81.7, 80.5, 74.3, 74.2, 74.1, 74.0,
73.9,73.2,72.9, 72.8, 72.7, 72.6, 72.4, 72.2, 61.2, 61.1, 60.5, 59.3,
59.2,54.1,51.5,45.2. '"H-NMR (D,O, CH,CN int.):  8.43 (d, *J =
4.7 Hz, 2H), 7.80 (dt, *J = 7.8, 1.5 Hz, 2H), 7.32 (dd, °J = 7.3,
2.1 Hz, 2H), 7.29 (d, *J = 7.9 Hz, 2H), 5.08 (d, *J = 3.8 Hz, 2H),
4.99-4.94 (m, 8H), 4.88 (d, *J = 4.0 Hz, 2H), 4.81 (d, *J = 6.6 Hz,
2H), 4.64 (d, *J = 16.2 Hz, 2H), 4.49 (d, *J = 16.0 Hz, 2H), 4.16
(br, 2H), 3.91 (t, *J = 9.3 Hz, 2H), 3.90-3.38 (m, 84H), 3.35 (d,
3J = 16.8 Hz, 2H), 3.21 (d, °J = 16.8 Hz, 2H), 2.78 (br. s, 4H).
FAB-MS: m/z 2705 (M + H).

Dimer 13. Prepared from the reaction of 1 with histamine.
Yield: 41%. R; = 0 (solvent B). BC-NMR (D,0O, CH;CN int.): §
174.2,174.1, 136.5, 102.8, 102.7, 102.6, 84.2, 81.8, 81.7,73.9, 73.6,
72.9,72.8,72.7,71.8, 61.0, 60.8, 59.5, 59.2, 54.2, 41.1, 40.1, 27.3.
"H-NMR (D,0O, CH;CN int.): 6 7.61 (s, 2H), 6.83 (s, 2H), 4.98
(br, 14H), 3.95-3.43 (m, 80H), 3.40-3.10 (m, 16H), 2.69 (t, *J =
6.6 Hz, 4H), 2.60 (s, 4H). FAB-MS: m/z 2710 (M).

Dimer 14. Prepared from the reaction of 1 with benzylamine.
Yield: 51%. R; = 0.30 (solvent B). *C-NMR (DMSO-d,;, TMS
int.): 0 170.7, 170.5, 139.1, 128.1, 127.1, 126.6, 102.0, 101.8, 101.7,
83.2,81.7, 81.5, 81.4, 81.2, 81.1, 72.8, 72.7, 72.2, 71.9, 69.4, 59.9,
59.8,59.7, 58.1, 58.0, 52.6, 41.9, ca. 40.0 (embedded in the solvent
signals). "H-NMR (DMSO-d,, TMS int.): 6 8.65 (br, 2H), 7.90
(br, 2H), 7.15-7.35 (m, 10H), 5.90-5.60 (m, 28H), 4.83 (m, 14H),
4.51 (m, 12H), 4.27 (m, 4H), 3.90-3.30 (m, 92H), 2.63 (br. s, 4H).
FAB-MS: m/z 2703 (M + H).

EDTA-bridged dimer of 6',6"-dideoxy-6'-amino-6"-imidazolyl-
B-cyclodextrin (19). 6'-Deoxy-6"-imidazolyl-6'-O-(3-sulfo-2,4,6-
trimethylbenzenesulfonyl)-B-cyclodextrin 16 (350 mg, 0.24 mmol)
and NaN; (250 mg, 3.8 mmol) were added to DMF (5 ml)
and the resultant mixture was stirred at 55 °C for 26 h. The
reaction mixture was then slowly added to acetone (200 ml) under
constant stirring and the colorless precipitates were collected by
filtration. Chromatography of the precipitates on a reversed-phase
Lobar column (size B) with a gradient elution from water to 30%
ethanol solution afforded 6',6"-dideoxy-6'-azido-6"-imidazolyl-f-
cyclodextrin 17 (199 mg, 68%). R; = 0.38 (solvent A). "C-NMR
(DMSO-dg, TMS int.): 6 138.2, 128.2, 120.5, 102.4, 102.2, 102.1,
101.9, 84.0, 82.7, 81.8, 81.7, 73.5, 73.2, 73.0, 72.6, 72.3, 71.1,
69.8, 60.8, 60.0, 51.8, 47.3. '"H-NMR (DMSO-d,;, TMS int.): 6
7.62 (s, 1H), 7.14 (s, 1H), 6.87 (s, 1H), 5.92-5.65 (m, 14H), 4.89—
4.45 (m, 14H), 4.05 (m, 1H), 3.90-2.3 (m, 39H). FAB-MS: m/z
1210 (M + H). A DMF solution (10 ml) containing compound 17
(168 mg, 0.14 mmol) and triphenylphosphine (160 mg, 0.61 mmol)
was stirred at rt for 2 d. Aqueous ammonia (28%, 10 ml) was
then added and stirring was continued at rt for an additional
20 h. After dilution with water (50 ml), the reaction mixture
was extracted with diethyl ether (50 ml x 3). The aqueous
phase was concentrated and subjected to ion-exchange column
chromatography (Bio-Rad AG 50W-X2, 100-200 mesh, ¢-SO;H
type, washed with a gradient of 0 — 2.5% aqueous ammonia
solution) to afford 18 (153 mg, 93%). R; = 0 (solvent A). *C-NMR
(DMSO-dg, TMS int.): 6 139.2, 128.0, 122.0, 102.8, 102.7, 102.6,
102.5, 102.1, 83.6, 82.4, 82.0, 81.5, 73.9, 73.7, 73.4, 73.1, 72.7,
72.6,72.5,72.4,71.6, 68.3, 61.0, 48.4, 40.2. '"H-NMR (DMSO-dq,
TMS int.):  7.66 (s, I1H), 7.18 (s, 1H), 6.99 (s, 1H), 5.15-4.85 (m,
7H), 4.8-4.45 (m, 2H, overlapped with HOD signal), 4.25 (m, 1H),
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4.00-3.30 (m, 37H), 2.43 (m, 2H). FAB-MS: m/z 1184 (M + H),
1206 (M + Na). B-CD amine 18 (170 mg, 0.14 mmol) and EDTA
dianhydride (13 mg, 0.051 mmol) were dissolved in DMF (3 ml)
and the resultant solution was stirred at rt for 2 d. Water (1 ml)
was then added and the reaction mixture was stirred at 60 °C for
1 h. Chromatography of the reaction mixture on a reversed-phase
Lobar column (size C, gradient elution: 0—-35% aqueous methanol)
afforded B-cyclodextrin dimer 19 (67 mg, 50%). R; = 0 (solvent
A). "C-NMR (D,0, CH;CN int.): 6 176.0, 171.2, 138.0, 124.1,
122.9,102.8, 102.7, 102.5, 102.4, 83.8, 83.6, 82.3, 82.1, 82.0, 74.0,
73.9, 73.6, 73.5,73.2, 72.9, 72.8, 72.7, 71.0, 70.4, 61.5, 61.2, 61.0,
58.6, 57.9, 52.9, 49.5, 39.9. '"H-NMR (D,O, CH;CN int.): 6 8.23
(s, 2H), 7.33 (s, 2H), 7.18 (s, 2H), 5.03 (d, *J = 3.5 Hz, 2H), 4.99
(m, 10H), 4.92 (d, *J = 3.5 Hz, 2H), 4.58 (overlapped with HOD,
2H), 4.34 (dd, *°J = 14.7, 7.2 Hz, 2H), 4.07 (d, °J = 8.3 Hz, 2H),
4.96-4.42 (m, 74H), 3.41 (s, 4H), 3.32-3.26 (m, 4H), 3.14-3.06 (m,
8H). FAB-MS: m/z 2624 (M).

Dimer 20. This compound was prepared from dimer 19 and
2-picolylamine in a 51% yield by using the same procedures as
for dimers 10-14. R; = 0 (solvent B). *C-NMR (DMSO-d,, TMS
int.): 0 171.1, 170.8, 158.6, 149.0, 138.5, 136.9, 127.9, 122.3,121.2,
121.0, 102.5, 102.2, 83.5, 83.0, 82.5, 82.0, 81.8, 81.6, 73.3, 72.6,
72.4,70.2,60.8, 60.1, 58.8, 58.5, 53.0, 46.5, 44.2, ca. 40 (embedded
in the solvent signals). "H-NMR (DMSO-d,, TMS int.):  8.77
(br.s, 2H), 7.45 (d, *J = 3.5 Hz, 2H), 7.77-7.64 (m, 6H), 7.23-7.15
(m, 6H), 6.80 (s, 2H), 5.90-5.63 (m, 28H), 4.93-4.74 (m, 18H),
4.62-4.36 (m, 14H), 4.17 (br, 2H), 3.92-2.94 (m, overlapped with
HOD, 86H), 3.41 (br. s, 4H). FAB-MS: m/z 2805 (M + H).
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The thermal or Lewis acid-catalysed ene cyclisation of a variety of 4-aza-1,7-dienes afforded
3,4-disubstituted or 3.,4,5-trisubstituted piperidines. Activation of the enophile with a single ester
facilitated a thermal ene cyclisation, although the reaction was not amenable to Lewis acid catalysis.
With other activating groups on the enophile it was found that Lewis acid catalysis was facile, although
there was a fine balance between the desired ene cyclisation and the competing hetero-Diels—Alder
reaction, with the product distribution being influenced by the activating group on the enophile, the
nature of the ene component, and the Lewis acid used. Activation of the enophile with an
oxazolidinone function facilitated Lewis acid-catalysed cyclisation to afford mixtures of ene and
hetero-Diels—Alder products. Activating the enophile with two ester groups gave a substrate that
underwent a very facile ene cyclisation catalysed by MeAlCl, to give the corresponding trans

3.4-disubstituted piperidines with diastereomeric ratios of >200 : 1.

Introduction

Piperidines occupy a central position in the pharmaceutical and
agrochemical sectors, a fact that can be attributed to their often
potent biological properties.' This role is mirrored in Nature, with
the piperidine ring system occurring as a key structural element in
a vast array of natural products.? Numerous stereoselective routes
to variously substituted piperidines have been developed,® but the
demand for piperidines incorporating a range of functionality and
substitution patterns continues to drive the development of new
routes to these compounds.*

Continuing our interest in the synthesis of N-heterocycles by
pericyclic processes,>® we wished to explore the possibility of
synthesising 3,4-disubstituted piperidines via the ene cyclisation
of 4-aza-1,7-dienes.” The ene reaction is a valuable tool in ring
synthesis, generating two contiguous stereocentres with an often
high degree of stereocontrol.® In particular, Lewis acid catalysis
has been shown to lead to very impressive levels of stereoselectivity
in the formation of 6-membered rings.*'! Despite this, there have
been few piperidine syntheses in which the ring is formed by
ene chemistry.’> Oppolzer studied the thermal ene reaction of
simple 4-aza-1,7-dienes to afford 3,4-disubstituted piperidines.'®
Cyclisation was achieved on prolonged heating at 290 °C, to
afford a 26% yield of the two stereoisomeric products in an
undetermined ratio. Takacs and co-workers have reported the
transition metal-catalysed cross-coupling of a diene with an allylic
ether or another diene to afford piperidines.”* Formally, these
processes can be regarded as [4 + 4]- or [4 + 6]-ene reactions,
although mechanistically they are far removed from the classical
ene reaction.

School of Chemistry, The University of Birmingham, Edgbaston,
Birmingham, B15 2TT, UK. E-mail: j.s.snaith@bham.ac.uk

T Electronic supplementary information (ESI) available: Additional ex-
perimental procedures and ORTEP plots; crystal structure data. See DOI:
10.1039/b708139a

Results and discussion

Since ene reactions proceed most readily when the enophile is
electron-deficient, we envisaged that attachment of an electron-
withdrawing group such as an ester to the enophile would activate
the system towards thermal cyclisation. Moreover, we reasoned
that the Lewis basicity of the ester would open up the possibility
of Lewis acid catalysis of the reaction.

Thus, our first cyclisation precursor was 2, in which the enophile
is activated with an ester. This was readily prepared by a Wittig
reaction between the previously reported'® aldehyde 1 and methyl
(triphenylphosphoranylidene)acetate, affording ester 2, exclusively
as the E diastereomer, in 65% yield after chromatography
(Scheme 1). Surprisingly, the energy barrier for the uncatalysed
ene reaction of 2 was high, with cyclisation occurring on heating
in refluxing diphenyl ether (259 °C) for 7 hours. Removal of the
solvent by distillation, followed by chromatography, afforded the
piperidine products 3 and 4 in a combined yield of 62% as an
inseparable mixture, with a trans : cis ratio determined as 3 : 2 by
integration of the "H NMR spectrum.}

Ts Ts Ts Ts
N N N N
Q i H/ i .
N - XN -
i | I

CO;Me COMe CO,Me

1 2 3 4

Scheme 1  Reagents and conditions: (i) PhyP=CHCO,Me, CH,Cl,, 65%;
(ii) Ph, O, reflux, 62%.

We were hopeful that Lewis acid catalysis would decrease
the activation barrier substantially and hence allow us to effect
cyclisation at a lower temperature. With this goal in mind, we

1 The major product was confirmed as the frans diastereomer by compar-
ison of the "H NMR spectrum with that of 28 (vide infra).
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screened the Lewis acids FeCls, ZnBr,, MeAICl, and Sc(OTf); for
their ability to catalyse the cyclisation, at temperatures ranging
from —78 °C to 180 °C. The results were disappointing, and
in most cases unreacted starting material was recovered. In the
reactions employing ferric chloride and scandium triflate at room
temperature, cleavage of the ene moiety was observed, yielding 5.
Presumably this results from coordination of the Lewis acid to the
sulfonamide, facilitating the dissociation of an allylic cation which
then loses a proton to afford 5 and 2-methylbutadiene (Fig. 1).

X
LA W63s=0 — — 0=5=0 +
NH
.
Ki\( LL o
CO,Me CO,Me CO,Me
5

Fig.1 Cleavage of 2 on treatment with Lewis acids.

This result suggested that we needed to modify our cyclisation
precursor to enhance coordination of the Lewis acid to the
enophile. Accordingly, we designed the cyclisation precursor 7,
in which the enophile is activated by an oxazolidinone group; it
was expected that the two carbonyl groups would be able to chelate
a Lewis acid, overcoming the Lewis basicity of the sulfonamide.

Oxazolidinone 7 was prepared in 76% yield asa 25: 1 E : Z
mixture by a Wittig reaction between 1 and the known' ylide 6

(Scheme 2).
o © I
thVLN)KO X
1 6 \/ |
o)
[
<

(6}
7

Scheme 2 Reagents and conditions: (i) CH,Cl,, 76%.

Pleasingly, a range of Lewis acids were found to catalyse the
cyclisation of 7 at room temperature, affording the two piperidines
8 and 9 as an inseparable mixture (Table 1), without competitive
cleavage of the ene moiety.

Diastereomeric ratios were generally moderate, with titanium
tetrachloride affording an 8.2 : 1 trans : cis ratio of piperidines 8
and 9 in the best case. It proved possible to grow single crystals
from chloroform, which allowed us to confirm the identity of
the major isomer 8 (Fig. S17). Preferential formation of the trans
diastereomer may be explained by the reaction proceeding through

TsN——=\ TsN =
=\ H
N N
o o
(¢} (e}
11 12

Table 1 Cyclisation of 7 with a variety of Lewis acids
Ts Ts "I\'ls

Lewis acid
§

_

O

N0 N0 0
o A
10 11

Lewis acid“ 8:9:10° Trans : cis ratio of ene product
Me,AlCI 42:36:22 1.2:1

MeAICl, 59:27:14 2.2:1

AICI, 65:20:15 33:1

FeCl, 32:11:57 29:1

Sc(OTH), 50:11:39 45:1

ZnBr, 28:5:67 5.6:1

TiCl, 49:6:45 82:1

“ All reactions were performed with 1 equivalent of Lewis acid at room
temperature in dichloromethane. * Ratios determined by integration of 'H
NMR spectra of crude cyclisation products.

a chair-like transition state in which both the ene and enophile
adopt pseudo-equatorial positions.

Although crude yields were high, in all cases bicyclic lactone
10 was present as a side product, and with some Lewis acids the
lactone was the major product. We propose that this compound
arises from hydrolysis of 11, implying that 7 was undergoing a
competing hetero-Diels-Alder reaction.'® X-Ray crystallography
confirmed that lactone 10 was obtained as the trans stereoisomer
(Fig. S27), a stereochemical outcome that is in agreement with lit-
erature precedent for closely related systems' and consistent with
the geometrical constraints inherent in such an intramolecular
Diels—Alder reaction.

Competition between ene and Diels—Alder pathways has been
observed by others, with the balance between the two processes
being dependent on the choice of Lewis acid, the reaction
temperature and the activating group on the enophile.!!*-16:17

It has previously been shown in intermolecular ene reactions'®
and in intramolecular ene reactions leading to 5-membered rings'
and 6-membered rings® that the configuration of the double bond
of the ene component influences the stereochemical outcome of
the reaction, in agreement with the proposal that these reactions
proceed through largely concerted transition states. On this basis,
and assuming cyclisation through chair-like transition states, one
might expect E-crotyl compound 11 to exhibit a preference for the
trans piperidine 12, whereas Z-crotyl compound 13 would cyclise
to the cis piperidine 14 via a higher activation barrier (Fig. 2).
We hoped that this would allow us to tune the product outcome,
as well as affording piperidines with a synthetically versatile vinyl
substituent at the 4-position.

TsN

13 14

Fig. 2 Expected transition states for cyclisation of 11 and 13.
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To probe this effect we prepared the two cyclisation precursors
11 and 13 by Wittig reaction between the previously reported'
aldehydes 15 and 16, as 5: 1 and 1 : 6 E : Z mixtures respectively,
and ylide 6 (Scheme 3). After chromatographic purification, 11
was obtained in 62% yield as a 3 : 1 E : Z mixture about the ene
double bond, while 13 was produced in 72% yield asa 1:7 E :
Z mixture; in both cases the o,B-unsaturated double bond was
E-configured.

Ts
N
o R

15R'=H, R2=Me
16 R'=Me, RZ=H

o O
rope L K
6 |/

xR’
| oRZ

NYO
4
11R'=H, R2=Me
13R"=Me, R2=H

Scheme 3 Reagents and conditions: (1) CH,Cl,, 62-72%.

Loss of a methyl group from the ene made the system much less
reactive, and reaction was only achieved on heating at 60 °C in
the presence of 1 equiv. of MeAICl,. Under these conditions 11
gave a mixture of products from which it was possible to isolate
piperidines 12 and 14 as an inseparable 2 : 1 cis : trans mixture in
15% yield, and the lactones 17 and 18 as a 10 : 1 mixture in 13%
yield (Scheme 4).

Ts Ts
N N
i 2 >
1M1 — 0 0
N._O N._O
OO
12 14 17 18

Scheme 4  Reagents and conditions: (i) MeAlCl,, CH,Cl,, 60 °C.

The stereochemistry of 12 and 14 were assigned on the basis
of spectral similarities with related compounds prepared within
our research group, while a crystalline sample of the lactones
allowed us to secure the structure of the major epimer 17 by X-ray
diffraction (Fig. S31); spectral similarities indicated that the minor
lactone stereoisomer was 18, differing in the configuration of the
carbon bearing the methyl group. Cyclisation of the Z-isomer 13
was low-yielding, with only around 10% of the material being
recovered after chromatography, although this low yield partly
reflected difficulties in removing uncharacterisable decomposition
products which necessitated repeated chromatography. The puri-
fied product mixture comprised piperidines 12 and 14 ina 4 : 1
cis : trans ratio, along with a trace of lactones 17 and 18 in an
undetermined ratio.

Clearly one must exercise caution in drawing any conclusions
from low-yielding reactions. However, assuming that the reactions
follow a concerted pathway, the stereochemistry of the major
Diels—Alder adduct 17 would suggest that this product is derived
from the E-crotyl precursor 11, with a smaller amount going on to
afford the trans ene product 12. The same analysis would suggest
that the Z-crotyl precursor 13 is chiefly transformed into the cis

ene product 14, with only a trace reacting through the Diels—Alder
pathway.

Transition state diagrams consistent with the observed products
are shown in Fig. 3. It would appear that in the case of the Z-crotyl
precursor 13, a steric clash between the methyl group and the Lewis
acid disfavours the transition state leading to 18, and hence 13 is
preferentially converted into 14. The steric clash is absent in the
transition state leading from E-crotyl precursor 11 to the IMDA
cycloadduct 17.

H

o
CH
ToN—_ N\< TsN\/‘\( N
\‘\ N \ \‘\ S \
d \o 2 /\CI-;\O N
) A~y | RO~
HC Cl

Fig.3 Left: TS for IMDA of 11 leading to 17. Right: TS for IMDA of 13
leading to 18.

In an effort to provide a more highly activated enophile, while
retaining the ability to chelate the Lewis acid, we turned our
attention to diester 19. The simplest route to 19 appeared to be
via a Knoevenagel reaction between aldehyde 1 and a malonate
ester (Scheme 5). Surprisingly, all attempts to prepare 19 by
these means were unsuccessful. Under the standard conditions
employing dimethyl malonate in the presence of piperidine and
acetic acid, only trace amounts of the desired diester 19 were
produced, inseparable from a complex mixture of compounds.
Mass spectrometric evidence suggested side-products had resulted
from the addition of a second equivalent of malonate into the o, 3-
unsaturated diester to give 20, as well as a molecule consistent with
21 and higher molecular weight species likely to have resulted from
base-mediated oligomerisation processes. The reportedly milder
conditions employing ammonium acetate and acetic acid were
similarly unsuccessful,® as was switching to malononitrile as the
nucleophile.

MGOQC COzMe

19

Ts
N
"\rls
MeO,C
MeO,C X

MeOzC
O, XN
0 CO,Me
Me
MeO,C”~ >CO,Me
1

(]0]
NTs
20 Y\/ 2
Scheme 5 Reagents and conditions: (1) dimethyl malonate, piperidine—
acetic acid or ammonium acetate-acetic acid, CH,Cl,, 0 — 20 °C.

A Wittig approach to 19 leads back to aldehyde 1 and dimethyl
(triphenylphosphoranylidene)malonate, or the ylide derived from
phosphonium salt 24 and dimethyl ketomalonate. Since dimethyl
(triphenylphosphoranylidene)malonate has been reported to be
too stable to participate in Wittig reactions,” the latter approach
was explored.
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23 X=Br
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X + EtO,C oH Xxn
| EtO,C |
EtO,C~ “CO,Et EtO,C~ "CO,Et
25 26

Scheme 6  Reagents and conditions: (i) PPh;, CBr,, CH,Cl,, 95%; (ii) PPh;, MeCN, reflux, 87%; (iii) NaHMDS, THF, —78 — 0 °C, 2 h, then (EtO,C),C=0,

—78 —20°C.

Treatment of the previously reported’® alcohol 22 with CBr, and
PPh; to give the bromide 23, followed by reaction with PPh; in
refluxing acetonitrile, gave phosphonium salt 24 in excellent yield
(Scheme 6). Generation of the ylide by deprotonation of 24 with
NaHMDS, followed by reaction with diethyl ketomalonate§ gave
the o,B-unsaturated ester 25 and also a side product identified as
alcohol 26. The reaction was capricious; in the best case, 25 was
isolated in 39% yield, accompanied by 20% of 26, resulting from
deprotonation of 25 in the y-position and reaction with another
molecule of diethyl ketomalonate. Often the yield of 25 was much
lower, with evidence of higher molecular weight products being
formed. Variation of the base and reaction conditions, including
inverse addition of the ylide to diethyl ketomalonate, did nothing
to make the reaction more reliable.

It appeared that many of the problems arose from the highly
acidic y-protons in 25, and so we adopted an approach in
which the o,B-unsaturated system was revealed at a late stage,
under essentially neutral conditions (Scheme 7). Alkylation of
dimethyl malonate with bromide 23 proceeded in good yield, and
deprotonation by LDA with trapping of the resultant anion by
phenylselenyl chloride gave phenylselenide 27 in 94% yield after
chromatography. Purification of the phenylselenide allowed us to
remove traces of the unreacted saturated diester, which proved
inseparable from the final a,B-unsaturated product. Oxidation of
27 with hydrogen peroxide resulted in spontaneous elimination to
afford diester 19 in 73% yield.

Ts Ts
N N
i, i iii
23 N X
phSeS\H/ %\\H/
MeO,C~ "CO,Me MeO,C~ "CO,Me
27 19

Scheme 7  Reagents and conditions: (i) (MeO,C),CH,, NaHMDS, THF,
78%; (i) LDA, THF, —78—20 °C, 30 min, then PhSeCl, THF,
—78 — 20 °C, 94%; (iii) H,O,, THE, 73%.

Cyclisation of 19 was achieved on heating in refluxing o-
dichlorobenzene (180 °C) for 7 h to afford an inseparable 5 : 1
mixture of 28 and 29 in 70% yield, with the thermodynamically
more favourable trans diastereomer predominating as expected
(Scheme 8). Moreover, we were delighted to find that, on addition
of MeAICl,, the diester 19 cyclised in CH,Cl, at —78 °C to give
essentially a single stereoisomeric piperidine, compound 28, in
72% vyield after chromatography. In a similar fashion, 25 gave
the diethyl analogue of 28 in 67% yield. HPLC analysis revealed

§ Diethyl ketomalonate was used because dimethyl ketomalonate is not
commercially available.

Ts Ts
N N
m O
MeO,C CO;Me MeO,C CO,Me
28 29

Scheme 8 Reagents and conditions: (i) o-dichlorobenzene, reflux, 74%;
(ii) MeAICl,, CH,Cl,, =78 °C, 72%.

that the diastereomeric purity of both products was >200 : 1 in
favour of the trans stereoisomer. The stereochemical assignment
was confirmed by X-ray analysis of single crystals of the diethyl
ester product grown from petrol and ethyl acetate (Fig. 4).

Fig. 4 ORTEP plot of diethyl ester; ellipsoids drawn at 30% probability.

Since we had also isolated, albeit in low yield, the alcohol
26 which contained an o,fB-unsaturated diester functionality, we
decided to attempt the Lewis acid-catalysed cyclisation of this
substrate (Scheme 9).

On treatment with two equivalents of MeAICl, at —78 °C, 26
showed no reaction, but at room temperature, consumption of
the starting material was observed to be complete after 25 h.
Chromatographic purification afforded lactone 30 as the major
product in approximately 70% yield, inseparable from a trace
side product which mass spectrometry suggested was the alcohol
31. Single crystals of the major product 30 were grown from
petrol and ethyl acetate, and X-ray analysis confirmed the relative
stereochemistry of the substituents (Fig. S47).

Encouraged by these results, we decided to attempt the cyclisa-
tion of the E- and Z-crotyl analogues of 19, compounds 34 and

2928 | Org. Biomol. Chem., 2007, 5, 2925-2931

This journal is © The Royal Society of Chemistry 2007





I N N
i Et0,C H OH
Et0,c ~ : o é ( + EtOC
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Scheme 9  Reagents and conditions: (i) MeAlCl,, CH,Cl,.
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Q \K(R1 i-iv W\( S\j j\g
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32 R1 H RZ =Me 34 R1 H R2 = Me 36 37 38
33 R'= Me, RZ2=H 35 R1 Me, RZ =H

Scheme 10  Reagents and conditions: (i) PPh;, CBr,, CH,Cl,, 97%; (ii) (MeO,C),CH,, NaHMDS, THF, 63-71%; (iii) LDA, THF, —78 — 20 °C, 30 min,
then PhSeCl, THF, —78 — 20 °C, 83-90%; (iv) H,O,, THF, 77-80%; (v) MeAICl,, CH,Cl,.

35. These were prepared in good yield from alcohols 32 and 33,
using the selenium route (Scheme 10).

Both substrates were sluggish to react on treatment with
MeAICl,, with starting material recovered after 24 h at —78 °C. In
both cases complete consumption of the starting material occurred
on warming to ambient temperature. Disappointingly, Z-substrate
35 (5:1 Z: E mixture) afforded a complex mixture of products
from which a small amount of the trans piperidine 36 could be
isolated by semi-preparative HPLC. Much more pleasingly, the
E-substrate 34 (5 : 1 E : Z mixture) gave a 20 : 1 mixture of trans
and cis piperidines 36 and 37 in 60% yield. The amino alkene
38 was isolated in 28% yield, accounting for almost all of the
remaining starting material.

In conclusion, we have shown that a number of acyclic
precursors will undergo ene cyclisation on heating or under Lewis
acid catalysis, to afford 3,4-disubstituted or 3,4,5-trisubstituted
piperidines. The balance between the desired ene cyclisation and
the competing hetero-Diels—Alder reaction is a delicate one, and
the product distribution is influenced by the activating group on
the enophile, the nature of the ene component, and the Lewis
acid used. Oxazolidinones 7, 11 and 13 underwent Lewis acid-
catalysed cyclisation to afford mixtures of ene and hetero-Diels—
Alder products, while diesters 19 and 25 underwent a highly
diastereoselective ene cyclisation catalysed by MeAICl, at —78 °C
to afford almost exclusively the corresponding trans piperidines
in good yield (diastereomeric ratio >200 : 1). The E-crotyl
diester 34 with the slightly less nucleophilic ene moiety gave
the corresponding trans piperidine in 60% yield with a 20 : 1
diastereomeric ratio, along with products derived from Lewis
acid-catalysed decomposition. This stereoselective approach to
piperidines should find application in the synthesis of more
complex targets.

Experimental
General chemical procedures

All chemicals and reagents were obtained from commercial
sources and used without further purification unless otherwise
stated. THF and diethyl ether were distilled from sodium ben-

zophenone ketyl. Toluene was distilled from sodium. CH,Cl,
and acetonitrile were distilled from CaH,. Anhydrous DMF was
purchased from Aldrich. Triethylamine was distilled from KOH
and stored over KOH pellets. Diisopropylamine was distilled
over NaOH and stored over 4 A molecular sieves. Solutions
of n-BuLi were titrated against N-pivaloyl-o-toluidine following
Suffert’s method.” Flash column chromatography was performed
using laboratory-grade solvents on Fluorochem 60A (43-63 um
mesh) silica gel. Thin layer chromatography was carried out using
Merck 60 F,5, 0.25 mm precoated glass-backed silica gel plates and
visualised using UV light (254 nm) and basic KMnO, solution. All
R; values refer to the eluent used in purification unless otherwise
stated.

Melting points were measured in open glass capillaries using a
Stuart Scientific SMP1 apparatus and are uncorrected.

Elemental analyses were recorded on a Carlo Erba EA1110
simultaneous CHNS analyser.

Infrared spectra were recorded between NaCl plates as neat
films, as CHCI, films or as KBr discs on a Perkin Elmer 1600
series FTIR or a Perkin Elmer FT-IR Paragon 1000 spectrometer.

'H, *C, F and *'P NMR spectra (300, 75, 282 and 121 MHz
respectively) were recorded on Bruker AC-300 and Bruker AV-
300 spectrometers. HSQC, HMBC, COSY 90, 'H and *C NMR
spectra were recorded on a Bruker DRXS500 (500 MHz and
125 MHz for 'H and "C) or a Bruker AMX400 spectrometer
(400 MHz and 100 MHz for '"H and *C). '"H and *C NMR spectra
were recorded using deuterated solvent as the lock and were
referenced downfield from tetramethylsilane. *C spectra NMR
were recorded using the PENDANT pulse sequence. J values are
reported in Hz. The multiplicities of the spectroscopic signals are
represented in the following manner; s = singlet, d = doublet, t =
triplet, = quartet, p = pentet, m = multiplet, br s = broad singlet
and env = overlapping signals.

Chemical ionisation (CI) and electron impact (EI) mass spectra
were recorded on a VG Zabspec mass spectrometer or a VG
Prospec mass spectrometer. Chemical ionisation (CI) methods
used ammonia as the carrier gas. Liquid secondary ion mass
spectra (LSIMS) were recorded using a VG Zabspec instrument.
A Micromass LCT mass spectrometer was used for both low-
resolution electrospray time of flight (ES-TOF) mass spectrometry
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(using a methanol mobile phase) and accurate mass measurement
(using a lock mass incorporated into the mobile phase).

HPLC was carried out using Dionex Summit HPLC systems
and monitored using Chromeleon 6.11 software. The analytical
and semi-preparative systems both incorporated a Summit P580
Quaternary Low Pressure Gradient Pump with built-in vacuum
degasser and a Summit UVD 170 s UV/Vis Multi-Channel De-
tector with analytical flow cell. Analytical HPLC was performed
using a Phenomenex Luna 10 p C18 (250 mm x 4.6 mm) column
using either water—acetonitrile or water—methanol methods at a
flow rate of 1.0 mL min~'. Semi-preparative HPLC was carried
out on a Phenomenex Luna 10 p C18 (250 mm x 10 mm) column
using either water—acetonitrile or water—-methanol methods at a
flow rate of 5.0 mL min~'.

Single-crystal data were recorded at room temperature on a
Bruker Smart 6000 diffractometer equipped with a CCD detector
and a copper tube source. Structures were solved and refined using
SHELX97.2 Non-hydrogen atoms were refined anisotropically
and a riding model was used for C-H hydrogen atoms.

N-(3-Bromopropyl)-4-methyl-/NV-(3-methylbut-2-enyl)-
benzenesulfonamide (23)

Triphenylphosphine (2.29 g, 8.74 mmol) was added to a solution
of alcohol 22 (2.0 g, 6.72 mmol) in CH,Cl, (10 cm?) at ambient
temperature. The reaction mixture was stirred for 5 min before
carbon tetrabromide (2.90 g, 8.74 mmol) was added and the
reaction mixture was stirred for a further 2 h. Removal of the
CH,Cl, in vacuo followed by flash column chromatography (silica;
eluent 8 : 1 hexane-ethyl acetate) gave bromide 23 as a white
crystalline solid (2.28 g, 94%); R; = 0.30; mp = 62-65 °C
(from hexane—ethyl acetate); Found: C, 50.23; H, 6.03; N, 3.85.
CsH»,BrNO,S requires C, 50.00; H, 6.15; N, 3.89%; v,.(KBr
disc)/cm~' 2979 (CH), 2930 (CH), 1676 (C=C), 1673 (C=C), 1596
(ArC=C), 1340 (SO,), 1161 (SO,); o4 (300 MHz) 1.63 (3 H, s,
CH,), 1.67 3 H, s, CH;), 2.07-2.16 (2 H, m, CH,CH,N), 2.43
(3 H,s CH,), 318 2H,t J 70, CH,CH,N), 342 2 H, t, J
6.4, CH,Br), 3.77 (2 H, d, J 7.0, CHCH,N), 4.97-5.03 (1 H, m,
CHCH,N), 7.30 (2 H, d, J 8.3, Ar CH), 7.69 (2 H, d, J 8.3,
Ar CH); 6¢ (75 MHz) 17.9 (CH;), 21.6 (CH,), 25.9 (CH;), 30.7
(CH,CH,Br), 32.3 (CH,Br), 46.1 (CHCH,N), 46.5 (CH,CH,N),
118.8 (CHCH,N), 127.3 (CH, Ar), 129.7 (CH, Ar), 136.6 (C*),
137.4 (C*), 143.3 (C*); m/z (ES*) 384 (IM(*'Br) + Na]*, 90%), 382
(IM(”Br) + Na]*, 100); HRMS (ES*) Found: 382.0446, required
for C;sH,,”BrNO,SNa: 382.0452.

2-[4-Aza-7-methyl-4-(p-toluenesulfonyl)oct-6-enyljmalonic acid
dimethyl ester

NaHMDS (5.55mL, 11.10 mmol, 2 M solution in THF) was added
dropwise to a solution of dimethyl malonate (1.27 mL, 1.47 g,
11.11 mmol) in THF (20 mL) at 0 °C. The mixture was stirred
for 30 min and allowed to warm to ambient temperature before
cooling to 0 °C. A solution of bromide 23 (2.06 g, 5.72 mmol) in
THF (20 mL) was added dropwise and the reaction allowed to
warm to ambient temperature. After stirring for 18 h the solvent
was removed in vacuo and the residue dissolved in ethyl acetate
(100 mL) and poured into water (100 mL). The aqueous phase
was extracted with ethyl acetate (4 x 100 mL) and the combined

organic extracts washed with brine (100 mL), dried over MgSO,
and concentrated in vacuo before purification by flash column
chromatography (silica; eluent 3 : 1 hexane—ethyl acetate) afforded
the title compound as a colourless oil (1.83 g, 78%); R; = 0.27;
Found: C 58.22, H 7.28, N 3.49; Required for C, H,NOS: C
58.37, H 7.10, N 3.40; v, (film)/cm™"' 2955 (CH), 1739 (C=0),
1736 (C=0), 1598 (Ar C=C), 1437 (Ar C=C), 1340 (SO,), 1159
(SO,); 0y (300 MHz) 1.45-1.63 (8 H, env, including 1.56 (3 H, s,
CH,), 1.60 (3 H, s, CH;) and CH,), 1.79-1.90 (2 H, m, CH,), 2.37
(3H,s,CH;),3.04 3H,t,J 7.4, CH,CH,N), 332 (1 H, t, J 7.4,
CH(CO,CH;),), 3.68 (6 H, s, 2 x CO,CH;), 3.72 (2 H, d, J 7.0,
NCH,CH),4.86-4.96 (1H,t,J 7.1, NCH,CH),7.25(2H,d, J 8.1,
ArCH),7.62(2H,d,J 8.1, Ar CH);d. (75 MHz) 18.0 (CH5;), 21.7
(CH,), 26.0 (CH;), 26.1 (CH,), 26.4 (CH,), 45.7 (CH,), 46.8 (CH,),
51.3 (CH(CO,CHs;),), 52.7 (2 x CO,CH;), 119.1 (NCH,CH),
127.4 (CH, Ar), 129.8 (CH, Ar), 137.1 (C%), 137.2 (C%), 143.3
(CH, 169.8 (C=0); m/z (ES*) 434.1 (100% [M + Na]*); HRMS
(ES*) Found: 434.1624, required for C,yH, NO,SNa: 434.1613.

2-[4-Aza-7-methyl-4-(p-toluenesulfonyl)oct-6-enylidine]malonic
acid dimethyl ester (19)

n-BuLi (2.1 M solution in hexanes, 1.30 mL, 2.73 mmol) was
added to a stirred solution of diisopropylamine (0.50 mL, 0.36 g,
3.55 mmol) in THF (20 mL) at —78 °C. The mixture was stirred
at —78 °C for 15 min before warming to ambient temperature
and stirring for a further 15 min. The resulting solution of LDA
was returned to —78 °C and a solution of 2-[4-aza-7-methyl-4-
(p-toluenesulfonyl)oct-6-enylJmalonic acid dimethyl ester (1.00 g,
2.43 mmol) in THF (20 mL) was added dropwise. The mixture was
allowed to warm to ambient temperature and stirred for 1 h before
cooling to —78 °C. A solution of PhSeCl (0.70 g, 3.64 mmol)
in THF (20 mL) was added dropwise and the reaction stirred
for 18 h. The resulting bright yellow solution was poured into
water (100 mL) and the aqueous phase extracted with ethyl acetate
(4 x 100 mL). The organic extracts were washed with saturated
NaHCO; solution (100 mL), brine (100 mL), dried over MgSO,
and concentrated in vacuo to afford a yellow oil, which was purified
by column chromatography (silica; eluent 15 : 1 toluene—diethyl
ether) to afford the selenide 27 as a yellow oil (1.29 g, 94%) which
was used immediately; Ry = 0.53; v, (film)/cm~' 2983 (CH), 1739
(C=0), 1598 (Ar C=C), 1439 (Ar C=C), 1374 (SO,), 1162 (SO,);
Ju (300 MHz) 1.60-1.74 (9 H env, including 1.60 (3 H, s, CH,),
1.64 (3 H, s, CH;), and CH,CH,CH,N or CH,CH,N)), 1.76-1.88
(2 H, m, CH,CH,CH,N or CH,CH,N), 2.41 (3 H, s, CH;), 3.02
(2H,t,J 7.2,CH,CH,N), 3.70 (6 H, s,2 x CO,CH;), 3.76 2 H, d,
J 7.2, NCH,CH), 4.90-4.99 (1 H, t, J 7.2, NCH,CH), 7.23-7.36
(4 H, Ar CH), 7.37-7.45 (1 H, Ar CH), 7.53 2 H, d, J 8.1, Ar
CH), 7.66 (2 H, d, J 8.1, Ar CH); 6. (75 MHz) 18.1 (CH,), 21.8
(CHs;), 24.9 (CH,), 26.1 (CHj;), 31.3 (CH,), 45.8 (CH,), 46.9 (CH,),
53.3(2 x CO,CHj;), 59.7 (C*), 119.3 (NCH,CH), 126.6 (C*), 127.5
(CH, Ar), 129.3 (CH, Ar), 129.9 (CH, Ar), 130.2 (CH, Ar), 137.3
(C*), 137.4 (C"), 138.3 (CH, Ar), 143.3 (C"), 169.6 (C=0); m/z
(ES*) 590 (100% [M + Nal*).

H,0, (0.47 mL, 30% aqueous solution, 4.15 mmol) was added
to a solution of selenide 27 (1.17 g, 2.07 mmol) in THF (30 mL)
at ambient temperature and stirred for 16 h. The mixture was
poured into water (100 mL) and the aqueous phase extracted with
ethyl acetate (4 x 100 mL). The organic extracts were washed
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with saturated Na,COj; solution (100 mL), dried over MgSO, and
concentrated in vacuo to give a pale yellow oil. Purification by
flash column chromatography (silica; eluent 15 : 1 toluene—diethyl
ether) afforded the o,B-unsaturated diester 19 as a colourless oil
(0.62 g, 73%); Ry = 0.45; vy (film)/cm™' 2955 (CH), 2941 (CH),
1752 (C=0), 1731 (C=0), 1649 (C=C), 1598 (Ar C=C), 1494 (Ar
C=C), 1438 (Ar C=C), 1339 (S0O,), 1160 (SO,); oy (300 MHz)
1.60 (3 H, s, CH;), 1.65 (3 H, s, CH;), 2.41 (3 H, s, CHj;),
2.58 (2 H, apparent q, J 7.4, CH,CH,N), 3.17 2 H, t, J 7.4,
CH,CH,N), 3.70-3.81 (8 H, env, including 3.77 (3 H, s, CO,CH,),
3.80 (3 H, s, CO,CH;) and NCH,CH)), 4.91-5.02 (1 H, t, J 7.1,
NCH,CH), 6.98 (1 H,t,J 7.4, CHCH,CH,N), 7.28 (2 H, d, J 8.1,
Ar CH), 7.67 (2 H, d, J 8.1, Ar CH); . (75 MHz) 18.1 (CH,),
21.8 (CH;), 26.1 (CH,), 30.1 (CH,), 45.9 (CH,), 46.4 (CH,), 52.7
(CO,CH;), 52.8 (CO,CH;), 119.0 (NCH,CH) 127.6 (CH, Ar),
129.8 (C*%), 130.0 (CH, Ar), 136.9 (C*), 137.9 (C*), 143.6 (C*),
146.6 (CHCH,CH,N), 164.4 (C=0), 165.7 (C=0); m/z (ES*)
432.1(100% [M + Na]*); HRMS (ES*) Found: 432.1463, required
for C,)H,;NOySNa: 432.1457.

(35*,45*)-4-|Bis(carbomethoxy)methyl|-3-isopropenyl-1-
(p-toluenesulfonyl)piperidine (28)

MeAICl, (1 M solution in hexanes, 488 uL, 0.488 mmol) was
added dropwise to a solution of diester 19 (200 mg, 0.488 mmol),
in CH,Cl, (10 mL) under argon at —78 °C. The reaction was stirred
for 5 h before being quenched by addition of water (10 mL). The
aqueous phase was extracted with CH,Cl, (4 x 10 mL) and the
organic extracts washed with brine (10 mL), dried over MgSO, and
concentrated in vacuo to give a colourless oil which was purified
by flash column chromatography (silica; eluent 3 : 1 hexane-
ethyl acetate) to afford exclusively the trans piperidine 28 as a
colourless oil (143 mg, 72%); R; = 0.36; mp 97-100 °C (from
hexane—ethyl acetate); Found: C 58.67, H 6.89, N 3.31; Required
for C,)H,;NO,S: C 58.66, H 6.65, N 3.42; v, (film)/cm™"' 2953
(CH), 2848 (CH), 1733 (C=0), 1645 (C=C), 1598 (Ar C=C), 1437
(Ar C=C), 1342 (S0,), 1165 (SO,); 4y (300 MHz) 1.58-1.74 (4 H,
env, including 1.65 (3 H, s, CH;) and CHHCH,N), 1.84-2.14 3 H,
env, including 2.08 (1 H, t, J 11.3, NCHHCH), CHHCH,N and
CHCH,CH,N), 2.25(1 H, dt, J 12.0, 2.5, CH,CHHN), 2.36 (1 H,
dt, J 11.3, 3.8, NCH,CH) 2.43 (3 H, s, CH;), 3.56 (1 H, d, J
3.3, CH(CO,CH,),), 3.67 (3 H, s, CO,CH,), 3.69-3.87 (5 H, env,
including 3.71 (3 H, s, CO,CH;), NCHHCH and CH,CHHN),
477 (1 H,s,C=CHH),4.93 (1 H,s, C=CHH),7.32(2H,d, J 8.1,
ArCH),7.62(2H,d, J 8.1, Ar CH);d. (100 MHz) 20.7 (CH,), 21.5
(CH,), 26.8 (CH,CH,N), 38.4 (CHCH,CH,N), 46.5 (NCH,CH),
46.6 (CH,CH,N), 51.1 (NCH,CH), 52.1 (CH(CO,CH;),), 52.4
(CO,CH,), 52.6 (CO,CH;), 115.2(C=CH,), 128.3 (CH, Ar), 130.3
(CH, Ar), 133.8 (C*), 144.0 (C*), 144.3 (C*), 169.2 (C=0), 170.2
(C=0); m/z (ES*) 432.0 (100% [M + Na]*); HRMS (ES*) Found:
432.1466, required for C, H,;NO,SNa: 432.1457.
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Bionanoscience/technology sits at the interface of chemistry, biology, physics, materials science,
engineering and medicine and involves the exploitation of biomaterials, devices or methodologies on
the nanoscale. One sub-field of bionanoscience/technology is concerned with the exploitation of
biomaterials in the fabrication of new nano-materials and/or -devices. In this Perspective we describe
examples of how plant viruses, focusing particularly on cowpea mosaic virus, a naturally occurring
pre-formed sphere-like nanoparticle, are being used as templates and/or building blocks in

bionanoscience and indicate their potential for future application.

Introduction

Nanotechnology is a collective term for a wide range of relatively
novel technologies; the main unifying theme is that it is concerned
with matter on the nanometre scale (Greek nanos means dwarf).
It is a highly multidisciplinary area that describes a field of
applied science and technology focused on the design, synthesis,
characterisation and application of materials and devices on this
scale. Nanosystems may be produced by either microfabrication,
making big structures smaller and/or by embedding smaller
features into macroscopic materials, or by using the techniques of
component assembly and/or supramolecular chemistry to make
small molecules bigger; these techniques are also known as top-
down and bottom-up design, respectively.
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Bionanotechnology or nanobiotechnology (the terms are syn-
onymous) is a sub-section of nanotechnology. Although, due to
its infancy, there is still a lot of bionanoscience to do before
bionanotechnology comes to the fore; fundamental research
(science) leads on to applications (technology) and exploita-
tion. Bionanoscience/technology involves the exploitation of
biomaterials, devices or methodologies on the nanoscale. It also
has a multidisciplinary character, as it sits at the interface of
chemistry, biology, physics, materials science, engineering and
medicine. The subject of bionanotechnology can be divided into
two main areas. The first is defined as the use of nanotech-
nological devices to probe and understand biological systems.
The second is concerned with the exploitation of biomateri-
als in the fabrication of new nano-materials and/or -devices.
In this Perspective we describe examples of the latter, espe-
cially the bionanoscience of plant viruses and their potential
for application, focusing in particular on cowpea mosaic virus
(CPMV).
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Viral nanoparticles as building blocks

During recent years a set of naturally occurring biological
nanoparticles such as protein cages (ferritin, heat shock proteins,
etc.) and a wide range of viral nanoparticles (VNPs) have been
utilised as templates for material fabrication. Especially the capsids
of viruses have received particular attention. Viruses consist—in
their simplest form—of a protein coat (capsid) and nucleic acid
(RNA or DNA). The nucleic acid encodes the genetic information
allowing reproduction of progeny particles. The function of the
capsid is mainly the protection of the nucleic acid, thus viral
capsids are extremely robust and rigid and are therefore an
excellent tool for bionanotechnological applications. To date many
different viruses have been used, including the bacteriophages M 13
and MS2, the plant viruses CPMYV, cowpea chlorotic mottle virus
(CCMV), red clover necrotic mosaic virus (RCNMYV), and brome
mosaic virus (BMV), and the animal virus chilo iridescent virus
(CIV).

Viruses have been extensively studied and their biological,
genetic, and physical properties are well described. Viral capsids
have appealing features for use in bionanotechnology. The most
obvious advantage is their size: sphere-like particles with diameters
ranging from circa 30 nm (e.g. CPMYV) to 140 nm (e.g. CIV),
and nanorods with length up to the micrometre scale (e.g. M13)
are available. The propensity to self-assemble into monodisperse
nanoparticles (NPs) of discrete shape and size, with a high degree
of symmetry and polyvalency makes them unique bionanoparti-
cles. For many viruses, in vitro self-assembly mechanisms of coat
protein (CP) monomers, in the presence and absence of the nucleic
acid, into intact and stable viral like particles (VLPs) have been
observed, for example BMV, CCMYV, and tobacco mosaic virus
(TMV).13

Mutagenesis of viral capsids is a well established technique
and allows alteration of the surface properties of the particles,
such as the charge of the particles, amino acids available for
selective attachment of molecules, and also allows the display of
small peptides on the particle surface. In addition, heterologous
expression systems, for example for CPMV and CCMYV, have been
developed allowing the production of mutant VLPs that would be
unlikely to propagate in the natural host.*’

In addition to the property to self-assemble into discrete
particles, VNPs show also the propensity for self-organisation.
Straightforward crystallisation procedures lead to mesoscale self-
organisation, and 2-D and 3-D crystals can be readily obtained;*’
also self-supporting crystalline thin films especially of rod-shaped
VNPs can be fabricated using the anisotropic nature of the
particles.®®

Plant viruses are non-infectious towards other organisms and
they do not present a biological hazard. The production of the
particles is simple and quick. When produced in the natural host,
high expression yields can be achieved, due to their autonomous
replication and in vivo assembly; for example plant viral particles
can be obtained in gram scales from 1 kg of infected leaf material
within 2-4 weeks.' Heterologous expression systems can also give
rise to high yields of VLPs.® Last but not least, viral capsids are
exceptionally robust. High temperatures can be tolerated, particles
remain intact at a wide range of pH values, and also organic
solvent-water mixtures can be endured, thus offering conditions
for a wide range of chemistry. Therefore, viruses display a number

of features that can be exploited for bionanotechnology and so can
be regarded as extremely robust, monodisperse building blocks.

Rod-shaped VNP

Tobacco mosaic virus (TMV). TMYV is a rod-shaped plant
virus. The X-ray structure of the particles has been determined.!!
Each particle consists of 2130 identical protein subunits arranged
in a helical motif around a single stranded (ss) RNA molecule to
produce a hollow tube of 18 nm by 300 nm with a 4 nm wide
central channel.

The versatility of TMV as a biotemplate for fabrication of a
range of nanotubular inorganic materials via metal deposition
has been demonstrated. Different properties of the exterior and
interior surface, due to different amino acid compositions, allow
spatial and controlled deposition of metals. The use of TMV as a
biotemplate for mineralization was first described in 1999, includ-
ing: co-crystallisation with PbS and CdS, oxidative hydrolysis of
iron oxides and sol-gel condensation of SiO,."? Since then a range
of materials have been deposited on the viral biotemplate on either
the exterior surface or in the central channel: deposition of nickel,
cobalt, copper, palladium, platinum, silver, SiO,, TiO,, Al,Os, on
wild type and mutant TMV was achieved.”*?! Hollow titanium
tubes were generated by coating TMV with an ultra thin film of
titanium followed by removal of the organic template by oxygen
plasma treatment.”? Also, mesoporous inverse silica replicas have
been prepared by sol-gel condensation of SiO, on TMV followed
by calcination.?

Besides their use as templates for mineralization, TM'V has been
used as a scaffold for the selective attachment of fluorescent dyes
and other small molecules. The native virions offer addressable
exterior tyrosine residues and interior carboxylates derived from
glutamic acid residues.* Several mutants displaying reactive
cysteine or lysine residues on the solvent exposed exterior surface
have been made allowing decoration via thiol or amine selective
chemistry.*?” Fluorescent labelled TMV particles have been used
as templates for photo-reduction of metals on the surface of the
virion,* and recently, the utility of TMV for light harvesting
systems has been demonstrated. Such systems may have future
uses in photovoltaic or photocatalytic devices.?

In addition to the studies in solution, the adsorption properties
of TMV on various surfaces such as gold, mica, glass and silicon
wafers were studied.® A technique for rapid and large scale
assembly of thin film coatings and ordered fibres consisting of
aligned TMV particles has been reported, metallisation of the
virus fibres with silver led to anisotropically conductive arrays of
wires of length up to multiple centimetres.®

Yi et al. ***7 have used a mild disassembly protocol to partially
disassemble the protein coat and to expose the RNA at the 5’ end.
Spatially and oriented assembly of TMV on solid supports was
achieved in a controlled manner via nucleic acid hybridisation
using complementary oligonucleotides. The immobilisation of
fluorescent labelled TMV onto electrodes was demonstrated.?
Further, by using differentially labelled TMV particles and a
micropatterned substrate, a patterned TMV microarray was con-
structed (Fig. 1).* The assembly of nanopatterned arrays of single
TMV particles by the precise immobilisation and positioning of
single virions, by using a combination of dip-pen nanolithography
and coordination chemistry, was also achieved.?
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Fig. 1 Microarray consisting of tobacco mosaic virus particles.
(a) Schematic presentation of the reaction scheme: the patterned assembly
of fluorescently labelled, partially disassembled TMYV particles onto
oligonucleotide microarrays via hybridisation; (b) fluorescence microscopy
image of the TMV microarray. The spots are ca. 20 um in diameter.
Reproduced with permission from reference 27. Copyright 2007 American
Chemical Society.

The use of TMV as a template for bionanotechnology is
a rapidly growing field, and applications are envisaged in the
fabrication of nano-structured electronic devices. The production
of a digital memory device based on metallised TMV with
incorporated platinum NPs has been reported already.*

Sphere-like VNPs

Cowpea chlorotic mottle virus (CCMV). CCMV is a tripartite
ssRNA virus from the family Bromoviridae. The X-ray structure?!
shows the particles to have an icosahedral symmetry with a
diameter of ca. 28 nm. The CCMV capsid is composed of 180
identical copies of the CP and the particles display 7' = 3 symmetry.

In the natural host, the plant Vigna unguiculata, viral particles
accumulate to high titres and typically yields of 1-2 mg of viral
particles per gram of infected leaf tissue can be obtained. In
heterologous expression systems, comparable high yields can be
achieved, for example, expression of CCMV VLPs in Pichia pas-
toris yields up to 0.5 mg per gram of wet cell mass.> Heterologous
expression in yeast allows large scale production of wild type
and genetically modified capsids containing or empty of nucleic
acid. The main advantage of heterologous expression is that it
allows production of VLPs that would be unlikely to assemble and
accumulate in the natural host cells. In general, mutations on the
interior surface of the viral capsid, as well as mutations altering the
CP subunit interface, eliminate the production of infectious viral
particles in plants, but can be produced in large quantities using
the yeast expression system.’ In addition it was found that the
CP monomers can self-assemble in vitro into intact empty CCMV
particles.?

CCMV particles undergo reversible pH- and metal ion-
dependent structural transitions. These structural transitions are
described as a swelling mechanism which results in an approxi-
mately 10% increase in virus dimension. The structural transition
is a result of an expansion of the pseudo-three-fold axis of the
virus particle, the swelling is accompanied by the formation of 60
separate 2 nm sized openings in the protein shell (Fig. 2).3%

Fig. 2 Cryoelectron microscopy and image reconstruction of the cowpea
chlorotic mottle virus. In an unswollen condition induced by low pH (on
the left), and in a swollen condition induced by high pH (on the right).
Swelling at the pseudo-three-fold axis results in the formation of sixty
2 nm pores. Reproduced with permission from reference 35. Copyright
1998 Nature Publishing Group.

The availability of an efficient heterologous expression system
that allows production of empty particles in large quantities on
the one hand, and the pH- and metal ion-dependent structural
transitions of the CCMYV capsid, on the other, made it an obvious
target to study host-guest encapsulation. Indeed, the selective
encapsulation of an anionic organic polymer, polyanetholesulfonic
acid, into the CCMV cage,*** as well as the selective entrapment
followed by spatially constrained mineralization of iron oxide*
and polyoxometalate species such as vanadate, molybdate, and
tungstate within the CCMV cage has been reported.***> Internal
mineralization of the CCMV cage with polyoxometalate species
was achieved by incubating empty particles with precursor ions
(WO,*~, VO*~, and MoO,*, respectively) at neutral pH. At pH >
6.5 the particles exist in the open swollen form, allowing the ions to
freely diffuse into the interior cavity. By lowering the pH to pH 5.0
two effects are induced: (i) a pH dependent oligomerisation of
the inorganic species to form large polyoxometalate species which
were readily crystallised as ammonium salts, and (ii) the structural
transition of the CCMYV cage from the swollen form to the non-
swollen form; thus trapping the inorganic material within the
viral cage.’** The outer surface of CCMYV is not highly charged,
therefore the inner and outer surface of the CCMV protein cage
provide electrostatically dissimilar environments allowing spatial
localisation and control of the mineralization reaction within the
protein cage.3*3

It was demonstrated that by altering the charge of the interior
surface of the CCMV cage from cationic to anionic, the resulting
particles favoured the encapsulation of cationic species. A mutant
was constructed in which all the basic residues on the amino-
terminus of the CP were substituted with acidic glutamic acid.
It was found, that due to the electrostatic alterations, the mutant
favours strong interaction with ferrous and ferric ions, and that
oxidative hydrolysis led to the size-constrained formation of iron
oxide NPs encapsulated in the viral cage.’® In addition to the
use of the viral cage structure as a size and shape constrained
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reaction vessel for internal mineralization, the use of the particles
to nucleate gold NPs on the outer viral surface by the reduction
of AuCl,~ mediated by electron transfer from surface tyrosine
residues has been reported.’’

CCMYV displays metal binding sites at the interface of adjacent
CP subunits. It has been shown that terbium(i) ions® and
gadolinium(111) ions* can be bound to the inherent metal binding
sites. The magnetic properties of the paramagnetic CCMV- Gd™
capsids were studied.* Although studies on in vivo biodistribu-
tion, toxicity and immunogenicity have not been reported yet,
the paramagnetic CCMV particles are expected to be excellent
candidates for medical applications such as magnetic resonance
imaging (MRI) contrast agents.

The CCMV capsid offers a large number of selectively ad-
dressable amino acids on the exterior surface allowing decoration
and multivalent display of molecules. Native CCMV particles
display addressable lysines and carboxylates derived from aspartic
and glutamic acid. Amine and carboxy-selective chemistry have
been used to selectively attach fluorescent dyes; it was found
that around 540 dyes can be attached to lysine residues and
that up to 560 carboxylates can be decorated.* In addition,
a genetically engineered cysteine mutant displaying two solvent
exposed cysteines per CP was generated and probed with thiol-
selective dyes, labelling of around 100 thiol groups (equals a third
of the introduced thiols) was achieved.* This demonstrates the
feasibility of the CCMV virions as a platform for multivalent
presentation.

A protocol has been reported that allows controlled, sequential
ligand display through mixed self-assembly.*” Herein, CCMV
capsids were independently decorated with two different types
of ligand to generate two populations of labelled virions; type
I labelled with ligand A and type II labelled with ligand B. The
particles were then in vitro disassembled and the resulting subunits
separately purified. Reassembly was performed using controlled
ratios of type I and II subunits, exerting control of the stoichiom-
etry of ligand A and B displayed on the final assembled virions

(Fig. 3).
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Fig. 3 Scheme for the mixed assembly of multifunctionalised particles.
Two populations of particles are labelled, disassembled, and their subunits
are purified. The differentially labelled subunits are subsequently mixed
together at different ratios during reassembly resulting in multifunctional
particles. Reproduced with permission from reference 41. Copyright 2006
Wiley-VCH.

In addition to the studies in solution, CCMV particles have
also been used for immobilisation onto surfaces and for the

construction of arrays. Immobilisation can be achieved by either
chemisorption of cysteine containing CCMYV particles onto gold
surfaces,*” or via electrostatic interactions of the negatively charged
capsids onto positively charged surfaces.** Furthermore, multi-
layers consisting of CCMYV particles immobilised on a solid sup-
port can be constructed via electrostatic interactions or comple-
mentary biological interactions (biotin—streptavidin(SAv)). Mul-
tilayered architectures of alternate polyelectrolytes (polylysine)
and CCMYV particles and biotinylated CCMV virions and SAv,
respectively, were generated by layer-by-layer (LbL) assembly.**
The ability to construct thin films of CCMV in combination
with the possibility of multivalent display of various molecules
on the capsid exterior and the possibility to selectively entrap and
release materials from the capsids via the pH- and metal ion-
dependent swelling mechanism, could lead to the development of
semi-permeable functionalised membranes or controlled release
coatings.

Brome mosaic virus (BMV). BMYV is a positive sense ssSRNA
virus from the family Bromoviridae. The structure has been solved
at atomic resolution.* Capsids of BMV have an icosahedral
symmetry with a diameter of ca. 28 nm. The capsid is comprised
by 180 identical copies of one CP arranged in 7" = 3 symmetry.
BMYV particles can be produced in plants or in an heterologous
expression system in Saccharomyces cerevisiae. Further, it has been
found that CP monomers assemble in vitro into intact VLPs and
that BMV, similar to CCMYV, has a pH and an ion dependent
swelling mechanism. '

In recent years the incorporation of gold NPs or luminescent
quantum dots (QDs) into BMV particles has been studied.*>
This has been accomplished by in vitro assembly of BMV capsids
in the presence of the NPs. It was found that, if sufficiently small
(3-5 nm), several gold NPs*° or QDs* can be incorporated into
the VLP. Particles with sizes up to 16 nm could be incorporated
also and this size is close to the inner diameter of the BM'V capsids
(17-18 nm).*” The generation of intact, stable VLPs with high
yields of incorporated NPs is highly dependent on the surface
coating of the NP, polyethyleneglycol (PEG)-coated particles were
found to give best yields and result in the formation of structurally
intact and stable BMV VNPs.** The general encapsidation
strategy and a transmission electron micrograph showing VLPs
with incorporated Au NPs is shown in Fig. 4.7 Viral cages with
incorporated gold NPs and QDs offer new tools for biosensing
applications, such as tracking a viral infection process. The utility
of VLPs containing NPs for single virus spectroscopy has been
demonstrated® as has the growth of 2-D and 3-D crystals of these
VLPs and it is envisaged that these will lead to new plasmonic
metamaterials.®

Red clover necrotic mosaic virus (RCNMYV). RCNMV is a
bipartite ssSRNA-virus from the family ZTombusviridae; it forms
particles with icosahedral symmetry and a diameter of approxi-
mately 36 nm. The self-assembly process of the RCNMYV capsid
is well understood. The assembly of the CP is stabilised by an
internal protein/RNA cage and is initiated with the recognition
of the origin of assembly site on the viral RNA by the CP and
results in the formation of virions with encapsidated RNA.*' By
creating an artificial origin of assembly site on gold NPs the in vitro
assembly and the formation of VNPs around the gold NPs was
achieved. Using this strategy RCNMYV CP is able to encapsidate a
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Fig. 4 Gold nanoparticle (NP) incorporation in brome mosaic virus
(BMV) like particles. (a) Proposed mechanism of viral like particle (VLP)
capsid protein (CP) assembly: first, electrostatic interaction leads to the
formation of disordered protein—Au NP complexes. The second step is a
crystallisation phase in which the protein—protein interactions lead to the
formation of a regular capsid; (b) schematic depiction of the encapsidated
NP functionalised with carboxyl-terminated PEG chains; (c) cryoelectron
micrograph of a single VLP. The regular character of the protein structure
coating the 12 nm diameter Au nanoparticle (black disk) is evident.
Reproduced with permission from reference 47. Copyright 2006 American
Chemical Society.

range of gold core sizes, stable VNPs with encapsidated gold NPs
of sizes ranging from five to 15 nm were generated.>* As suggested
for BMYV, the hybrid metal containing VNPs may be used as tools
for biosensing purposes or as building blocks for the construction
of new nanostructured materials.

Cowpea mosaic virus (CPMV). CPMV is the type member
of the comovirus genera of the family Comoviridae; also known
as plant picorna-like viruses as they share similarities in struc-
ture, genome organisation and replication strategy with animal
picornaviruses.” The structure of CPMYV is known to near atomic
resolution.* CPMYV virions exhibit an icosahedral symmetry and
show protrusions at the icosahedral five-fold and also at the three-
fold symmetry axis and a valley at the icosahedral two-fold axis
(Fig. 5). The particles are 28 nm in diameter. The virions are
formed by 60 copies of two different types of coat proteins, the
small (S) subunit and the large (L) subunit. The S subunit has

Adomain (S subunit)

B domain
(L subunit)

Fig. 5 The structure of the cowpea mosaic virus (CPMV) capsid. CPMV
capsid (a) and the asymmetric unit (b). The capsid of CPMYV is comprised
of the small (S) and large (L) subunit. The A domain is shown in blue, the
B domain in green and the C domain in orange.

one domain, the A domain, and the L subunit two, the B and C
domains. The three domains form the asymmetric unit.

CPMV as an addressable nanobuilding block

In 2002 CPMV for the first time was regarded as an addressable
nanobuilding block.” Experiments were initially conducted to test
selective chemical derivatisation of wild type virions and later,
several mutant particles were made, such as cysteine mutants®-¢
and histidine mutants.”” Different bioconjugation strategies have
been applied and a range of biological and organic and inorganic
chemical molecules now have been attached to CPMV.

Structural data of the CPMYV capsid indicate five exterior lysines
to be solvent exposed (Fig. 6). Probing wild type CPMV’ and
lysine-minus mutants® with lysine-selective fluorescent dyes and
metals confirmed that all lysines are addressable but to a different
degree. It was found that a maximum labelling of 240 dyes per
wild type CPMV particle can be achieved. In our laboratory we
have demonstrated that CPMV displays addressable carboxylates

Fig. 6 Addressable lysine residues on the exterior surface of the cowpea
mosaic virus (CPMV) capsid asymmetric unit. The A domain is shown
in blue, the B domain in green and the C domain in orange; addressable
lysine residues are highlighted as red spheres.
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on its solvent exposed surface (Fig. 7). The structural data from
CPMYV suggest eight to nine carboxylate groups, derived from
aspartic and glutamic acids, to be on the solvent exposed exterior
surface.®* We probed the reactivity of the carboxylates using a
fluorescent carboxylate-selective chemical dye, N-cyclohexyl-N'-
(4-(dimethylamino)naphthyl)carbodiimide (NCD4). Using UV-
visible spectroscopy, native gel electrophoresis and denaturing gel
electrophoresis, covalent modification with the dye was confirmed.
The latter showed that the dye was attached to both the S and the L
subunit.

Fig.7 Surface exposed carboxylates on the asymmetric unit of the capsid
of the cowpea mosaic virus. The A domain is shown in blue, the B
domain in green and the C domain in orange. Addressable surface exposed
carboxylates derived from aspartic and glutamic acids are highlighted as
red spheres.

Further, native CPMV particles display addressable tyrosine
residues. Structural data and the study of tyrosine minus mutants
demonstrated that two tyrosines located in the S subunit (Fig. 8)
are available for chemical conjugation.®® Besides the reactive
exterior, addressable groups have been found on the interior of the
capsid as well. CPMYV has at least two reactive interior cysteine
residues,” but no cysteines can be found on the solvent-exposed
exterior.*®* It was demonstrated that chemical derivatisation of
the internal cysteines can be achieved using small thiol reactive
compounds.”®? Thus small molecules apparently can diffuse
through the capsid, perhaps through the small hole that appears
in the crystal structure at each five-fold axis.** At its narrowest
point the opening of the hole is 0.75 nm, this explains why internal
labelling with nanogold, with a diameter of 1.4 nm, could not be
achieved”®* whilst smaller molecules can diffuse into the internal
cavity and then react with internal cysteines.

Mutant CPMYV nanobuilding blocks

The availability of the cDNA clones of RNA1 and RNA2 and
chimaeric virus technology allow modification of the capsid

Fig.8 Addressable tyrosine residues on the exterior surface of the cowpea
mosaic virus (CPMYV) capsid. The A domain is shown in blue, the B domain
in green and the C domain in orange. Addressable tyrosine residues are
shown as red spheres.

surface via site-directed and insertional mutagenesis with relative
ease.®** Previous work designed to employ CPMYV as a scaffold
for the presentation of antigenic peptide sequences®®® established
that additional amino acids can be inserted into the highly
surface exposed BB—BC loop and BC—BC” on the S subunit
and the less solvent exposed BE-BF loop on the L subunit,
without compromising the ability of the resulting mutant virus
to propagate in the host plant. Provided the inserted peptide is less
than 40 amino acids and has a pI below 9.0, the yields of modified
particles are in general similar to those obtained for wild type
CPMV.%” On the basis of this knowledge a set of minus mutants
and amino acid added mutants has been generated.

Thiols are among the most useful functional groups found
in proteins; they can react with a large number of organic and
inorganic reagents. Since native CPMYV particles do not display
any cysteines on the exterior solvent-exposed surface, genetic
protein modification reactions can be used to introduce cysteines
at defined locations. A series of CPMV cysteine added mutants
(CPMVys) have been made’* Mutants displaying cysteine
residues on the surface exposed BB—C loop and BE-BF loop, as
well as double mutants, were generated, and their addressability
was demonstrated using a variety of molecules such as nanogold
or thiol-reactive fluorescent dyes.”*

A major problem with CPMV.s mutant particles is their
propensity for interparticle aggregation via the formation of
disulfide bonds. We have very recently reported a protocol for the
chemical introduction of protected, addressable thiols to wild type
CPMV particles (rather than by genetic modification).” Using the
versatile labelling reagent N-succinimidyl-S-acetylthiopropionate,
exposed lysines were modified to give CPMYV particles decorated
with thioacetate (SAc) groups. The advantage of the chemically
engineered CPMV-SAc, particles is that the introduced thiol is
protected, this prevents the formation of disulfide bonds and
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subsequent aggregation during storage. The protecting group can
be easily removed with hydroxylamine hydrochloride. Usefully,
the deprotected CPMV-SH, particles also do not aggregate over
three weeks in solution, a consequence of the position of the thiol
groups on the capsid surface.

A set of five CPMV histidine mutants (CPMVyy) is also
available.” Six contiguous histidine residues were genetically
inserted at different positions of the capsid, in the BE-BF loop
on the L subunit, the PB-BC loop and at the carboxy-terminus
of the S subunit. The affinity to nickel(1r) cations was verified for
all mutants, although the affinity varies from mutant to mutant.
The histidine tag provides a novel attachment site for chemical or
biological moieties; the addressability was confirmed by labelling
the virus with nanogold derivatised with a Ni-nitrilotriacetic acid
crosslinker.”’

It is evident, therefore, that CPMV wild type and mutant parti-
cles can be regarded as robust and multi-addressable nanobuilding
blocks. During the last five years a large number of different
biological as well as organic and inorganic chemical moieties have
been attached to the virions for different applications and these
are listed in Table 1.

From surface decoration to applications

CPMYV wild type and mutant particles display different reac-
tive groups on the exterior and interior surface, a wide range
of selective chemistry is available allowing modification. In
addition to standard (bio)conjugation techniques, e.g. the use
of N-hydroxysuccinimide (NHS) activated molecules in order
to decorate amine containing residues (lysines) or maleimide
reactive moieties for selective modification of thiols (cysteines), the
feasibility of copper(1)-catalysed azide—alkyne [3+2] cycloaddition
(click-chemistry) for bioconjugation of the CPMYV platform has
been demonstrated, permitting efficient attachment of a range
of molecules such as carbohydrates, peptides, polymers and
proteins.”>738

Inorganic particles such as QDs and nanotubes,* and nanogold
particles have been successfully attached.”**>7"*** Blum et al.”
used CPMYV as a nanoscaffold to build a 3-D conductive molecular
network: gold NPs were attached to solvent exposed thiols on
CPMVys mutant particles and subsequently interconnected by
molecular wires, thus creating a 3-D conducting network (Fig. 9).
This may lead to the use of the CPMV building block for the
construction of nano-electronic circuits.

In addition, we have shown that CPMV particles can be
decorated with redox-active compounds yielding electroactive
VNPs.**#! Ferrocenes are well characterised molecules, noted for
their stability and their favourable electrochemical properties.
The availability of a large variety of derivatives makes them
a popular choice for biological applications such as labels
or sensors for electrochemical detection.” Ferrocenecarboxylate
was used for facile, covalent decoration of amine groups on
the CPMYV particle surface using standard coupling procedures
(Fig. 10).8" Electrochemical studies confirmed the presence of
redox active nanoparticles. Cyclic voltammetry showed that the
complex possesses an electrochemically reversible ferrocene/
ferrocenium couple. The oxidation process was diffusion con-
trolled, and using the Randles-Sevcik equation,” the number
of ferrocene molecules was calculated to be around 240 per

Fig. 9 Schematic of the procedure used to create molecular networks
on the surface of the cowpea mosaic virus (CPMYV). (a) CPMV capsid
structure from crystallographic data; (b) CPMVys EF mutant with one
cysteine (white dots) per subunit in the so-called EF loop; (¢) CPMVys
double mutant (DM) mutant with two cysteines per subunit; (d) EF with
5 nm gold NPs bound to the inserted cysteines; (¢) DM with 2 nm gold
NPs bound to the inserted cysteines; (f) EF mutant with the 5 nm gold
particles interconnected using different wiring molecules (in red and white);
(g) DM mutant with the 2 nm gold particles interconnected with wiring
molecules. Reproduced with permission from reference 79. Copyright 2005
Wiley-VCH.
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Fig. 10 Decoration of cowpea mosaic virus (CPMV) particles with
ferrocene. Coupling of ferrocenecarboxylic acid to CPMV particles
by activation with N-ethyl-N’-(3-dimethylaminopropyl)carbodiimide hy-
drochloride (EDC) and N-hydroxysuccinimide (NHS). Reproduced with
permission from reference 81. Copyright 2006 Wiley-VCH.

CPMV nparticle. The appearance of a unique reversible process
in the cyclic voltammogram indicates that the multiple ferro-
cenyl centres behave as independent, electronically isolated units;
therefore the CPMV-Fc, conjugates are similar to metalloden-
drimers and could find applications as multielectron transfer
mediators in electrocatalytic processes of biological and industrial
importance.

In a second study, addressable carboxylate groups on wild type
CPMV particles were utilised as anchor groups for an organic,
redox-active viologen derivative, methyl(aminopropyl)viologen
(MAV).* Cyclic voltammetric studies on viologen decorated
CPMV-MAV, nanoparticles showed the characteristic two succes-
sive, one electron, reversible steps of the methyl viologen moieties
(Fig. 11). The reduction processes were diffusion controlled. Evi-
dently the attached moieties behave as independent, electronically
isolated units. The number of viologen molecules attached to
each CPMYV virion was estimated by use of the Randles—Sevcik
equation, and it was found that around 180 viologens decorated
each viral particle.

In the these two studies, the feasibility of CPMYV as a nanobuild-
ing block for chemical conjugation with redox-active compounds
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Table 1

Area of research/purpose of study/potential application Chemical/biological moiety conjugated to CPMV Reference
Structural studies: Fluorescein 58,71
Fluorescent and metal decorated CPMV wild type and Nanogold particles 59
mutant (cysteine added and histidine added, as well as N-Cyclohexyl-N'-(4-(dimethylamino)naphthyl)carbodiimide 61
lysine and tyrosine minus mutants) particles for structural Treatment with the nickel(11) complex of the tripeptide 57
analysis, i.e. testing the addressability of the particles and glycine-glycine-histidine in the presence of magnesium 7,56
obtaining information about the conformation of attached monoperoxyphthalate. 62
moieties on the capsid surface. Also, testing the feasibility Visible light irradiation in the presence of tris(bipyridyl)ruthenium(ir) 70
of various bioconjugation techniques. dication and ammonium persulfate. 72
Ethylmercury phosphate 73
Fluorescein and rhodamine (double labelling)
Stilbene
Metallic gold particles (0.9 um in diameter)
Stilbene and polyethyleneglycol (double labelling)
N-Succinimidyl-S-acetylthiopropionate
Azides
Alkynes
Fluorescein-azide and fluorescein-alkyne derivatives
Transferrin-alkyne conjugate
Arginine-glycine-aspartate (RGD) peptide
Polyethyleneglycol
Carbohydrates
CPMV as a reporter particle for various studies: Oregon green 74
- study of self-assembly of NPs at liquid-liquid interfaces Tetramethylrhodamine 75
- standard microtubule gliding assay NeutrAvidin and AlexaFluor 648 (double labelling) 76
- DNA microarray protocols Chicken IgG and AlexaFluor 546 (double labelling) 77
- direct and indirect sandwich immunoassays NeutrAvidin and Cy5 (double labelling) 78
- use of nanoprobes in order to gain information about Antibodies and AlexaFluor 647 (double labelling)
the structure of hyaluronan. Chicken and/or mouse IgG and AlexaFluor647 and biotin (double
labelling)
Nano/microelectronics: Nanogold 55,79
Generation of electro-active CPMYV particles and Nanogold followed by interconnection of the gold NPs via 80
construction of three dimensional conducting circuits at 1,4-C¢H,[trans-4-AcSC4sH,C=CPt-(PBu;),C=C], and/or 59,81
the nanometre scale. Also covalent network formation of oligophenylenevinylene
CPMYV with quantum dots or carbon nanotubes for the Ferrocene
design of new nanostructured materials. Methylaminoviologen
Quantum dots
Carbon nanotubes
Biomedical applications: Oregon green 82
Labelled CPMV particles as reporter particles for Fluorescent red NIR-782 83
non-invasive in vivo imaging via fluorescence microscopy, Gd™ complexes 84,85
diffuse optical tomography, and magnetic resonance Tb™ complexes 86
imaging. AlexaFluor 555 87
PEGylation as a strategy for reduced immunogenicity of AlexaFluor 488 88
CPMV virions for diagnostic and therapeutic applications. Fluorescein 89
Glycosylated CPMYV as a tool for cellular recognition and Polyethyleneglycol 90
signalling events (glucose assay and hemagglutination). Fluorescein and polyethyleneglycol (double labelling) 73
CPMV as a platform for covalent clustering of Mannose
carbohydrates as a tool in the study of carbohydrate-based Mannose and fluorescein (double labelling)
cellular processes. Side chain neoglycopolymer
CPMV as a platform for the presentation of biologically T4 lysozyme
active proteins with potential for vaccine development, LRR internalin B
drug delivery, and therapeutic applications. Intron 8 of herstatin
Transferrin-alkyne conjugate
Arginine-glycine-aspartate (RGD) peptide
Polyethyleneglycol
Carbohydrates
Material fabrication: Oligonucleotides 91
Controlled formation of VNP arrays in solution and on Mannose 88
solid supports achieved via biospecific recognition. Biotin 56,71
Biotin and AlexaFluor 488 (double labelling) 92
Biotin and AlexaFluor 568 (double labelling) 93

AlexaFluor 488
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Fig. 11 Methyl(aminopropyl)viologen decorated cowpea mosaic virus
particles.

was demonstrated. The resulting robust, and monodisperse parti-
cles could serve as a multielectron reservoir that may lead to the
development of nanoscale electron transfer mediators in redox
catalysis, molecular recognition and amperometric biosensors
and to nanoelectronic devices such as molecular batteries or
capacitors.

Fluorescent CPMV derived VNPs find potential applications
in: (i) biomedicine, (ii) as reporter molecules in sensors or
assays,””’¢ (iii) as fluorescent tags for understanding biological
processes on the nanoscale.”” The main advantage of the viral
nanoscaffold, besides biocompatibility, is the multivalent display
of reporter molecules, and that high local dye concentrations
without fluorescent quenching can be achieved, this increases the
signal-to-noise ratio and therefore the detection sensitivity.** The
utility of the VNPs as a tool for in vivo non-invasive intravital
vascular imaging has been explored®® and in a recent study,
the bio-distribution, toxicity, and pathology of the particles
has been studied in detail.® It has previously been reported
that CPMV particles induce antibody responses.’” PEGylation
is known as an effective strategy in order to minimise molec-
ular interactions, and the study of PEGylated CPMV particles
showed that this strategy can be used to effectively reduce the
immunogenicity of the VNPs.*” Besides the use of fluorescent
labelled CPMV particles, the potential of gadolinium modified
CPMYV as a MRI contrast reagent has also been shown.** CPMV
provides a platform for biomedical applications; the VNPs can
provide new routes for targeted imaging and also targeted drug
delivery.

Immobilisation of CPMYV on solid supports and the construction of
arrays

Immobilisation of biomolecules and the assembly of biomolecules
in defined arrays is a desired requirement of (bio)nanotechnology.
Thin films of immobilised proteins on solid supports are of
growing interest and find applications in biosensors, informa-
tion processing, optics and biomedicine.””*® In contrast to the
large amount of studies with CPMV in solution, there are
only a few reports where CPMV particles have been used as
building blocks for the construction of arrays on solid sup-
ports. CPMV particles have been bound onto surfaces using
different strategies. For example, CPMVys mutants have been
immobilised on NeutrAvidin surfaces bridged with biotin-X-NTA
molecules followed by decoration of the viral particles with QDs.*
CPMYV cysteine mutants have been successfully immobilised on
maleimido-functionalised patterned templates; these templates

were prepared by either microcontact patterning or scanning-
and dip-pen nanolithography. Using the latter the controlled
fabrication of a nanopatterned array consisting of single VNPs was
achieved '

To further extend the utility of CPMYV virions as tools in bionan-
otechnology, we have shown that CPMYV particles can be utilised
as building blocks for the construction of mono-, bi- and multi-
layer arrays on surfaces in a controlled manner.”* CPMYV virions
were labelled with two different ligands: fluorescent dyes that
enabled differential detection and biotin molecules that allowed
the construction of arrays from the bottom-up via a layer-by-
layer approach. The construction of the layers was achieved using
the high molecular recognition between SAv and biotinylated
virions (CPMV-biotin). Immobilisation of CPMV particles on
solid supports was achieved by either direct binding of CPMV
cysteine mutant particles onto gold by a gold—thiol interaction, or
by indirect immobilisation of CPMV-biotin mediated by a thiol-
modified SAv. In detail, one set of viral wild type particles were
labelled with the fluorescent dye AlexaFluor (AF) 488 and biotin,
both groups were attached to surface available lysines. Another
batch was labelled with AF568 and biotin, also at addressable
lysines. Both types of building block, CPM V-biotin-AF488 and
CPM V-biotin-AF568, displayed around 40 biotin moieties and
around 200 dyes (Fig. 12, building blocks). Unspecific adsorption
on gold surfaces of any of the building blocks was ruled out,
indicating that binding of the building blocks occurred in a
controlled manner based on a sulfur—gold interaction (SAv-thiol)
and on specific interactions between biotin-bound-CPMV and
SAw.

B

AlexaFluor488

wild type

Fig. 12 Representation of chemically modified cowpea mosaic virus
(CPMYV) particles. (a) CPMV-biotin-AF488; (b) CPMV-biotin-AF568.
Reproduced with permission from reference 93. Copyright 2006 American
Chemical Society.

CPMV bilayers comprised of [CPMV-biotin-AF488—
streptavidin-CPMV-biotin-AF568], and vice versa, on SAv
functionalised gold surfaces were fabricated and analysed
(Fig. 13). Fluorescence microscopy imaging of the CPMV arrays
was consistent with successful binding of both viral building
blocks. The fluorescent viral particles were spread evenly over the
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Fig. 13 Bilayers and a mixed monolayer of biotinylated (bio) and
fluorescent labelled cowpea mosaic virus (CPMV) particles on Au-slides
imaged via fluorescence microscopy (left) and diagrammatic representation
of layer structures (right). The green flag and the red flag show the
AlexaFluor dyes AF488 and AF568, respectively. The black cross depicts
streptavidin (SAv), the grey cross shows a thiol-modified SAv. The scale bar
is 10 pm. (A) Bilayer of CPM V-biotin-AF488 and CPMV-biotin-AF568,
CPM V-biotin-AF488 in the 1st and CPM V-biotin-AF568 in the 2nd layer,
merge shows the overlaid images from the 1st and 2nd layer. (B) Bilayer
of CPMV-biotin-AF568 and CPMV-biotin-AF488. (C) Mixed mono-
layer of CPMV-biotin-AF488 and CPMV-biotin-AF568. Reproduced
with permission from reference 93. Copyright 2006 American Chemical
Society.

whole surface and a dense coverage was achieved. The overlaid
image demonstrated that the individual images line up well,
indicating that the virions are sitting atop each other. To further
support these observations, a mixed layer was immobilised on the
gold surface and analysed in the same way (Fig. 13). The merged
images do not line up, consistent with the particles occupying
the same layer and competing for the same binding sites. The
construction of a trilayered array, by incorporation of CPMV
cysteine mutants in the first layer, has also been shown (Fig. 14).
The feasibility of CPMYV particles as nanobuilding blocks for the
controlled fabrication of arrays on solid supports has now been
demonstrated and different immobilisation strategies were found
to be applicable. The introduction of functional molecules in the
one-, two-, or three-dimensional arrays of uniform nanoparticles
may provide potential for the development of novel functional
devices on the nanoscale.

- e
- 'SOS
S

Fig. 14 Triple layer of CPMV particles on gold slides. Imaged by
fluorescence microscopy (left) and diagrammatic representation of layer
structures (right). The green and red flags show the AlexaFluor dyes AF488
and AF568, respectively. The black cross depicts streptavidin. The scale
bar is 10 um. Reproduced with permission from reference 93. Copyright
2006 American Chemical Society.

cysteine
mutant

Outlook

In recent years it has been recognised that biological structures
and biomolecules are promising tools for bionanotechnological
applications. Plant viruses are a valuable addition to the bio-
nanotechnology toolbox for the construction of new materials,
sensors and devices on the nanoscale and for use in medical
applications, from imaging to drug targeting and delivery. This
new area of bionanoscience/technology is rapidly developing, a
highly interdisciplinary area that involves collaborations between
virologists, chemists, physicists, materials scientists and medics: it
is exciting to be working at the virus—chemistry interface!
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The synthesis of oligomeric glycocomimetics has been performed for targeting the Pseudomonas
aeruginosa PA-IIL lectin, which is of therapeutical interest for anti-adhesive treatment. The
disaccharide o-L-Fucp-(1—4)-B-D-GIcNAc, which is a high-affinity ligand of the lectin, has been
coupled to dimeric and trimeric linkers with various lengths and geometries. A series of linear dimers
displayed an efficient clustering effect and a very strong affinity, with a lower dissociation constant of
90 nM. The trimeric compound was less efficient in inhibition assays but displayed high affinity in
solution. Titration microcalorimetry and molecular modeling allowed in-depth analysis and
rationalization of the binding data. These glycoclusters could act by crosslinking the lectins present on
the surface of bacteria and therefore interfere with host recognition or biofilm formation.

Introduction

Many pathogens exploit host cell-surface glycoconjugates as
receptors for attachment, tissue colonization and/or invasion.'
At the cell surface, the glycan structures offer a wide range
of diversity for encoding information, a fact directly tied to
the variability of possible isomeric configurations of monosac-
charides, increased even further when taking into account the
possible linkages between the sugar units.? As a counterpart of this
variety of carbohydrate structures, pathogenic bacteria use a panel
of carbohydrate-binding proteins such as toxins, soluble lectins
or fimbrial adhesins.**

While plant and animal lectins display weak affinity for their
carbohydrate ligands (millimolar range), a very different behavior
is observed for bacterial lectins that interact with high affinity with
glycoconjugates®. As a consequence, the design of glycomimetics
that could interfere in host recognition and adhesion is an
attractive antibacterial strategy.® In addition, glycoclusters and
glycodendrimers can be constructed in order to increase the
affinity of the ligands for the lectins by a “glycoside cluster effect”.”
Di-, tri- or multimeric glycoclusters, either in the form of polymeric
or dendrimeric materials, have been used for a variety of biological
applications.”” Such multivalent analogs strongly enhanced the
binding of glycoconjugates to microbial proteins with an avidity
well above that expected from monomeric glycomimetics.’

We focused our work on PA-IIL, a fucose-binding lectin from
Pseudomonas aeruginosa, an opportunistic bacteria responsible for
nosocomial infection that can cause in particular life-threatening
damage to cystic fibrosis patients. The lectin has been widely
characterized by both biochemical and structural approaches.'*?
This soluble lectin is located on the outer membrane of the bacteria

“Département de Chimie et Biochimie, Université du Québec a Montréal,
Case Postale 8888, Succ. Centre-Ville, Montréal, Québec, Canada
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*CERM AV, BP53, 38041 Grenoble cedex 9, France. E-mail: Anne. Imberty@
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and it has been proposed to play a role in host recognition,
adhesion and biofilm formation.”® The isolated protein displays
micromolar affinity for L-fucose (Fuc) and ten times higher
affinity when this residue is attached to position 4 of N-D-
acetylglucosamine (GIcNAc), as in the case of the Lewis a (Le?)
antigen." The lectin quaternary structure consists of a ball-
shaped tetramer." Tt is unlikely that multivalent glycoconjugates
possessing short interglycosidic linkers can bind to different sites
of the same tetrameric proteins, but it is expected that dimeric or
trimeric ligands would be very efficient in the formation of often
insoluble cross-linked complexes, resulting in higher avidity.

Results and discussion
Synthesis of dimeric and trimeric ligands

For the synthesis of both flexible and more rigid dimeric
glycoclusters, oligoethylene glycols and methyl 3,5-bis(prop-2-
ynyloxy)benzoate were used as linkers, respectively.’® Different
sizes of oligomeric ethylene glycol linkers were initially evaluated
with the aim of optimizing the distance between two disaccharidic
residues.

The key disaccharide 3, bearing an azide aglycone, was prepared
according to Scheme 1 following recently described optimized
conditions."” The corresponding linkers were functionalized with

n

BnO 1 BzO N3
NIS, TFOH, CHCl, o ACNH
_—
+ o OBn
0Bz 4AMS, -15°C San
94% BnO 3
HO Q
BzO N3
AcNH
2

Scheme 1 Synthesis of the key o-L-Fucp-(1—4)--D-GIcNAc azide
derivative.
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alkyne end groups to be coupled to glycosyl azide 3 by a copper(1)-
catalyzed 1,3-dipolar cycloaddition (“click chemistry”).!®1°

First, disaccharide 3 was coupled to dimeric linker 4'¢ using
the original CuSO,/sodium ascorbate conditions.”® At room tem-
perature (24 h), the yield of dimers 10 was only 48%, presumably
because of the poor solubility of the reactants under the conditions
employed (--BuOH-H,0). However, the yield could be raised to
83% when the reaction was run at 55 °C for 40 minutes. Hence,
for the synthesis of the remaining dimers and trimers, the more
organic-like conditions using soluble copper(1) salt were chosen
(Cul, THF, DIPEA) (Scheme 2).*

OBz

OH N
Q o /=N
O&Ns O&NWQ
o AcNH - 0 AcNH R
OBn a, b c OH
OBn 3 OH

BnO HO 16-21
22 R = CH,OH

Scheme 2 Synthesis of oligomeric ligands. Reagents and conditions:
(a) for coupling conditions and linkers, see Table 1; (b) MeONa, MeOH;
(¢) H,, Pd(OH),/C, MeOH

An excess of disaccharide 3 and one equivalent of the ethylene
glycol linkers 5,% 6,% 7, or 8! were dissolved in tetrahydrofuran
and treated at room temperature with copper iodide (0.6 eq.) and
DIPEA (2.0 eq.). Dimers 11-14, as single 1,4-regioisomers, were
obtained in very good yields (Table 1). The coupling reaction
between 3.1 equivalents of 3 and the trifunctionalized linker 9%
in THF, catalysed by Cul and DIPEA, gave trimer 15 in excellent
yield (85%).

The deprotection steps of the carbohydrate moieties occurred
following a sequence of debenzoylation using a catalytic amount
of sodium methanolate in methanol and debenzylation with

Table 1 Dimer and trimer synthesis

hydrogen catalysed by palladium hydroxide on carbon. The final
yields are reported in Table 1.

Interaction with PA-IIL

Dimeric and trimeric ligands were then evaluated for their relative
capacity to inhibit the binding of biotinylated polymeric L-fucose
to immobilized PA-IIL on the surface of microtitre plates, as pre-
viously described for the assays using milk oligosaccharides.' Two
different strategies were used: the first one involved immobilized
lectin following detection by biotinylated polyacrylamide—fucose
and the second one with polyacrylamide—fucose immobilized in
the wells and detection of binding by biotinylated PA-IIL. Since
at the present time it is not clear if the lectin acts as a mobile
entity in the extracellar medium or as one fixed on the bacterial
cell surface, these two methodologies allowed both situations to be
simulated.

All dimeric glycoclusters displayed competition power two or
three times better than for the entire Lewis a trisaccharide. The
differences due to both coating methods used were generally
negligible. For the linear molecules, the ICs, did not seem to depend
on the length of the linkers, but rather on its geometry in space,
since 16, having a more rigid methyl 3,5-dihydroxybenzoate core,
was the most potent inhibitor in the ELLA tests, with an 1Cy,
value of 0.24 pM. The flexibility of the clusters also seemed to
play an important role, since the trimeric construct 21, with rather
rigid branches, did not perform significantly better than the Lewis
a trisaccharide in the ELLA assays.

It was previously demonstrated that the whole Lewis a
trisaccharide is not necessary to obtain high affinity and that
several a-L-Fucp-(1—4)--D-GIcNAc derivatives displayed similar
ICy, values.”” A series of triazole derivatives have been recently
synthesized and assayed, and we could check that the presence of
the triazole ring does not hamper the interaction with the bacterial

Azide  Multivalent linker Coupling conditions Product  Yield (%)  Deprotected compound® Yield (%)

3 O\ 4 CuSO0,, ascorbic acid, tBuOH-H,O 10 83 16 96
MeOOC N (1:1),55°C, 40 min

4
O

3 — o/_\o/_\o / 5 Cul, DIPEA, THF, rt, overnight 11 Quant. 17 95
=~ N—

3 /T\ /T\ 6 Cul, DIPEA, THF, rt, overnight 12 Quant. 18 55
= O l0],0 =

3 7  Cul, DIPEA, THEF, rt, overnight 13 81 19 79
\\/0/—[—\0/—]—3\0\//

3 /—[—\ /-]—\ 8 Cul, DIPEA, THF, rt, overnight 14 Quant. 20 56
= O 10,0 =

3 o H\/// 9 Cul, DIPEA, THEF, rt, overnight 15 85 21 65
S

o
o HN\//

“ For structural formulae, see Scheme 3. * Yields are for two steps: debenzoylation and debenzylation.
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Scheme 3  Glycoclusters tested for the interaction with PA-IIL.

lectin.'” The inhibition potency of the monovalent compound 22
is displayed in Fig. 1 for comparison.

4.0
o well coated with fucose
m well coated with PA-II lectin
3.0
>
[8)
o
2
]
Q 20
o)
2
@
[]
X 1.0
0.0
16 17 18 19 20 21 22 Le’
Fig. 1 Inhibition potency (relative to Lewis a trisaccharide with ICs, of

0.65 uM) of several compounds towards PA-IIL—fucose interaction. (Data
for compound 22 are taken from ref. 17).

Binding affinity with PA-IIL

In all binding assays, the addition of dimeric or trimeric gly-
coclusters to PA-IIL resulted in precipitation of the protein.
Consequently, all of the tested multivalent ligands have the proper

geometry to cross-link the PA-IIL protein tetramer, resulting in
an insoluble three-dimensional network. The microcalorimetry
assays were therefore performed at low concentration of protein,
and only limited precipitation was observed. Fig. 2 displays
a typical ITC curve obtained when titrating PA-IIL with a
dimeric ligand, with a very sharp decrease in the amplitude
of the exothermic peaks, correlated with the high affinity of
binding.

ITC experiments have been performed on selected compounds,
i.e. trimeric ligand 21, dimeric ligand 16 and dimeric compound
20 (which has the longest linker in the series 17-20). As displayed
in Table 2, the two divalent compounds 16 and 20 displayed
stoichiometries of 0.6 to 0.7, indicating that the disaccharides at
both extremities bound efficiently in solution. The longest linear
dimer 20 had the highest affinity for PA-IIL, with a dissociation
constant of 90 nM.

Surprisingly, the order of affinities obtained in solution were
almost opposite to those measured with PA-IIL attached to a
plastic surface. The flexible dimer 20 behaved similarly in both
situations, with affinities twice as high as that for Le*. The
inhibitory activity, when divided by the number of ligands on 20,
was therefore identical to the one obtained for Le?®. In contrast,
16, which is a powerful inhibitor in the surface assay, had half
the inhibitory power in solution, although the » value close to 1
indicated its ability to cross-link PA-IIL. Trimer 21 behaved better

This journal is © The Royal Society of Chemistry 2007
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Table 2 Microcalorimetry data for the interaction of PA-IIL with Lewis a and multimeric compounds

K, x 1074/ M1« Ky/nM n —AG/KkJ mol™! —AH/KkJ mol™! —TAS/kJ mol™!
Le*? 470 210 1.08 38.1 35.0 -3.1
16 576 170 0.62 38.6 73.9 353
20 1104 90 0.66 40.2 69.5 29.3
21 968 100 1.11 39.9 37.2 -2.7
22¢ 320 310 0.98 37.1 43.4 6.3

“ Experimental data are averaged from three independent experiments and standard deviations are lower than 10%. ® Data from ref. 14. ¢ Data from

ref. 17.
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Fig.2 ITC analysis of the interaction of PA-IIL (18 uM) with compound
20 (0.21 mM). Upper panel: data obtained from 18 injections (10 pL
each) of 20 in the PA-IIL-containing cell. Lower panel: plot of the total
heat released as a function of total ligand concentration. The solid line
represents the best fit obtained with a one-site model.

in solution, with a high affinity, but its stoichiometry was close to
1, indicating that, when the ligand was not strongly concentrated,
it had a tendency to bind to only one PA-IIL tetramer.

Analysis of the thermodynamical contribution (Table 2) demon-
strated that both dimeric molecules paid a high entropic price for
binding, compensated for by the very strong enthalpy of binding.
Interestingly, trimer 21, which also displayed high affinity, had a
very different behavior in solution. Once one disaccharide extrem-
ity was bound, the remaining two were not readily accessible to
other proteins.

The rigidity of 21 resulted in a slightly favorable entropy of
binding. Nevertheless, precipitation of the protein solution was
observed when the ligand concentration reached a two-fold excess,
indicating that it was also capable of bridging the binding sites of
several proteins.

Molecular modeling

In order to evaluate the potential cross-linking abilities of the
various glycoclusters to form insoluble cross-linked lattices be-
tween different lectins, modeling experiments were conducted. The
molecular modeling study was performed in two steps. All ligands
were built using the disaccharide conformation observed in the
crystal structure of PA-IIL complexed with a aFucl4GlcNAc
derivative,"” that corresponds closely to the main low energy
conformation in solution.*

All linkers were generated in their most extended conformation,
yielding fucose—fucose distances of 26 A for 16, and distances
increasing from 30 A to 41 A for compounds 17-20. For the
trimeric compound 21, the three arms could be arranged on the
same side of the central ring, yielding a bowl-shaped molecule with
distances of 22 A between terminal fucose residues, or they could
be arranged with one arm pointing to the other sides, resulting in
a longer distance between two of the fucose residues (30 A).

The complexes with PA-IIL were built by fitting the disaccharide
at each of the extremities in the position that it occupies in
coordination with two calcium ions, in one binding site of a PA-
IIL tetramer. The models could be built with no steric conflict
(Fig. 3), except for trimer 21 when the three arms were oriented
on the same face of the ring. The model displayed in Fig. 3C
corresponds therefore to the other conformation of 21 with two
fucose residues far apart.

Discussion and conclusion

Dimeric and trimeric linkers were coupled to disaccharide 3 and
then deprotected in good yields. This resulted in the synthesis
of five dimeric clusters and one trimeric cluster bearing the
aFucl4GIcNAc epitopes with various geometries. There have been
a limited number of fucosylated dendrimer syntheses reported
in the literature recently,®2® but the present work describes
the first synthesis of glycoclusters bearing the aFucl4GIcNAc
disaccharide.

Molecular modeling was performed in order to rationalize the
experimental binding data obtained in the presence of the bacterial
lectin PA-IIL. Indeed, the series 17-20 allowed for easy and inde-
pendent binding of two tetramers. Even the shorter linker resulted
in the terminal fucosides being 30 A apart (Fig. 3B), explaining the
observed stoichiometry and cross-linking properties. The enthalpy
is doubled when compared to monomeric Lewis a, since both
disaccharides can bind efficiently. As described above, the entropy
term does not follow in direct proportion to the valency.?” In the
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Fig. 3 Models of compounds (a) 16, (b) 17 and (c) 21 interacting with
two tetramers of PA-IIL. Polypeptide chains are represented by ribbons,
calcium ions by purple spheres and synthetic ligands by sticks. Hydrogen
atoms are not displayed for sake of clarity.

present case, a large entropic cost arises when two Lewis a moieties
are joined by a linker.

The more rigid dimeric 16, having a shorter inter-fucosidic
distance of 26 A, had the same overall behavior to that of the
slightly more elongated dimer 17 possessing an inter-fucosidic
distance of 30 A. However, the entropy cost for binding is higher,
resulting in a lower affinity constant in solution. In the present
state, it is difficult to associate this phenomenon to flexibility
difference or to an effect on solvent. This compound had the
higher inhibitory power in ELLA assays, indicating that it may be
more efficient on more concentrated proteins.

Trimeric glycocluster 21 could not cross-link PA-IIL in dilute
solution. Nevertheless, this more rigid compound did not have any
entropic cost upon binding, and the resulting affinity determined
by ITC was almost as strong as that for the longest linear dimer 20.
The weak inhibitory potency observed in the ELLA test confirmed
that the cross-linking was not efficient.

The multivalent glycoclusters studied here have not shown the
ability to simultaneously bind to two different sites of one PA-
IIL tetramer, and therefore no huge increase in affinity could be
observed. Different strategies may be used in the future, such as
chemically modifying the high affinity disaccharide or producing
highly multivalent clusters. Nevertheless, the series of linear dimers

17-20 displayed an efficient cluster effect while keeping the
natural high affinity of PA-IIL for the aFucl4GIcNAc ligand.
The dissociation constant of 90 nM obtained for 20 made it the
highest affinity ligand ever reported for this lectin. Since PA-IIL
is associated to the outer membrane of Pseudomonas aeruginosa,
we expect that high affinity cross-linking compounds will either
precipitate the lectins away from the bacteria, or agglutinate
bacteria themselves. The effect on biofilm formation and infection
in animal models is currently under investigation.

Experimental
General methods

When needed, reactions were run under an atmosphere of dry
nitrogen using oven-dried glassware and freshly distilled and
dried solvents. THF was distilled from sodium benzophenone
ketyl. All reagents were purchased from commercial suppliers
and used without further purification. Analytical thin-layer chro-
matography (TLC) was performed using silica gel 60F s, precoated
plates (0.2 mm thick) with a fluorescent indicator from Merck
(Germany). Detection was done with molybdate solution or 5%
H,SO, in EtOH. Flash chromatography was performed using silica
gel 60 A (40-63 pm) from Silicycle Chemical division, Quebec.
Chromatographiceluents are given as volume-to-volume ratios. 'H
and "CNMR spectra were recorded on a Varian Gemini300 NMR
spectrometer at 300 and 75.5 MHz respectively. Routine spectra
were referenced to TMS or to the residual proton or carbon signals
of the solvent. Chemical shifts are reported in ppm, and coupling
constants are reported in Hz. Multiplicities are abbreviated as
follows: singlet (s), doublet (d), triplet (t), quartet (q), multiplet
(m), and broadened (b). Some assignments were supported by
2D homonuclear chemical-shift correlation spectroscopy (COSY).
Melting points are uncorrected. Optical rotations were measured
at room temperature in quartz cells using a Perkin—Elmer JASCO
P-1010 instrument in CHCI; or in the solvent indicated. ESI-
MS analyses were carried out on a MICROMASS Quattro LC
instrument.

General procedure for debenzoylation

The protected compound was dissolved in methanol at room
temperature (or in a methanol-THF mixture, to allow complete
solubilisation of the product). A catalytic amount of sodium
methoxide (0.1 eq.) was added to this solution. The mixture was
stirred at room temperature until completion of the reaction and
neutralized with H* resin (amberlyst IR120). After filtration and
concentration, the product was purified by column chromatogra-
phy on silica gel.

General procedure for debenzylation

Benzyl ether was dissolved in methanol (0.02-0.05 M) and
hydrogenolyzed on 20 wt% palladium hydroxide on carbon at
room temperature. After completion of the reaction, filtration
through Celite, evaporation and, if necessary, chromatography or
filtration through a microfilter, gave the desired product.

This journal is © The Royal Society of Chemistry 2007
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Synthesis of dimeric and trimeric compounds 16-21

Tri- O-benzyl-a-L-fucopyranosyl-(1—4)-2-acetamido-3,6-di- O-
benzoyl-2-deoxy-f-D-glucopyranosyl azide 3. Thioglycoside ac-
ceptor 2% (500 mg, 1.1 mmol) and donor 1% (695.0 mg, 1.3 mmol,
1.2 eq.) were dissolved in dry chloroform (16.5 mL, 0.1 M) and
stirred for 30 minutes in the presence of 4 A molecular sieves
at room temperature under a nitrogen atmosphere. The solution
was then cooled to —15 °C before addition of N-iodosuccinimide
(322 mg, 1.4 mmol, 1.3 eq.) and triflic acid (78 uL, 0.88 mmol,
0.8 eq.). After 1 h at —15 °C, the reaction mixture was neutralized
with a few drops of triethylamine, filtered through Celite, and
extracted with dichloromethane. The mixture was washed with
10% sodium thiosulfate solution and water. The aqueous layer
was extracted twice with dichloromethane. The combined organic
phases were dried over sodium sulfate and concentrated. The crude
product was purified by column chromatography on silica gel
(hexane—ethyl acetate 1 : 1) to give the disaccharide 3 (900.2 mg,
94%) as a white solid. Precipitation of the product in diethyl
ether gave a white solid. m.p.: 164-166 °C. [a]; = —68.3 (c 1.0,
chloroform). '"H NMR (300 MHz, CDCl;, 25 °C): 6 = 0.64 (d,
3H, *Jg 5 = 6.6 Hz, H-6b), 1.78 (s, 3H, CH;CO), 3.48 (b, 1H,
H-4b), 3.71 (m, 1H, H-5b), 3.85 (dd, 1H, *J3, 4, = 2.5 Hz, *J 3 5 =
10.2 Hz, H-3b), 3.90 (m, 1H, H-5a), 3.95 (dd, 1H, *J,, = 3.3 Hz,
H-2b), 4.01 (t, 1H, *J 4, 3. = *J45a = 9.1 Hz, H-4a), 4.17 (m, 1H,
H-2a), 4.51 (d, 1H, *J = 11.5 Hz, CH,Ph), 4.63-4.74 (m, 4H, 2 x
CH,Ph, H-1a, H-6a), 4.78 (d, 1H, *J = 11.5 Hz, CH,Ph), 4.81 (d,
1H, 2J = 12.1 Hz, CH,Ph), 4.84 (d, 1H, *J = 11.5 Hz, CH,Ph),
4.87 (d, 1H, H-1b), 4.96 (dd, 1H, *J4, s, = 2.2 Hz, >J = 12.4 Hz,
H-6a), 5.41 (dd, 1H, *J3,,, = 8.5 Hz, H-3a), 5.74 (d, 1H, *Jxg 2. =
9.3 Hz, NHAC), 7.18-7.98 (m, 21H, H-Ar), 7.97 (2 x bd, 2 x 2H,
*J = 8.5 Hz, H-Ar) ppm. "C NMR (75 MHz, CDCl;, 25 °C): § =
16.0, 23.1, 53.8, 62.8, 67.7, 72.7, 74.0, 74.3, 74.8, 75.2, 75.5, 75.5,
76.6, 79.2, 88.5, 100.00, 127.4, 127.5, 127.6, 127.8, 128.1, 128.3,
128.4,128.4,128.5,129.0, 129.8, 129.9, 133.1, 133.6, 138.0, 138.3,
138.5, 166.0, 167.0, 170.3 ppm. ESI-MS: m/z = 893.4 [M + Na]*.

Protected dimer 10. To a solution of the disaccharide 3
(150.0 mg, 0.17 mmol, 2.1 eq.) and bis-propargylated linker 4'¢
(20.0 mg, 0.082 mmol, 1.0 eq.) in a tert-butanol-water mixture (1 :
1,0.04 M) were added copper sulfate (17.2mg, 0.069 mmol, 0.8 eq.)
and ascorbic acid (27.2 mg, 0.14 mmol, 1.6 eq.). The solution
was white and milky. After 40 minutes at 55 °C, the reaction
mixture, which now contained an orange precipitate, was extracted
with ethyl acetate. The organic layer was washed successively with
saturated sodium bicarbonate solution and with brine, dried over
sodium sulfate and concentrated. The crude product was purified
by column chromatography on silicagel (CH,Cl,-MeOH 30: 1) to
give the desired triazole 10 (134.2 mg, 83%) as a white, amorphous
solid. [a]y = —42.3 (c 1.0, chloroform). '"H NMR (300 MHz,
CDCl;, 25 °C): 6 = 0.60 (d, 6H, *Jg 5 = 6.6 Hz, 6 x H-6b),
1.52 (s, 6H, 2 x CH;CO), 3.57 (b, 2H, 2 x H-4b), 3.77 (m, 2H,
2 x H-5b), 3.81-3.83 (m, 5H, CH,0, 2 x H-3b), 3.97 (dd, 2H,
S = 3.0 Hz, *J,, 5, = 10.4 Hz, 2 x H-2b), 4.16-4.28 (m, 4H,
2 x H-4a, 2 x H-5a), 4.48 (d, 2H, *J = 11.3 Hz, CH,Ph), 4.54-
4.87 (m, 14H, 2 x H-2a, 2 x H-6a, 10 x CH,Ph), 4.93 (d, 2H,
2 x H-1b), 5.04 (bd, 2H, *J = 11.8 Hz, 2 x H-6a), 5.10 (b, 4H, x
H-e), 5.80 (m, 2H, 2 x H-3a), 6.07 (bd, 2H, 3J,,,, = 9.1 Hz, 2 x
H-1a), 6.39 (b, 2H, 2 x NHACc), 6.68 (b, 1H, H-d), 7.13-7.61 (m,

44H, H-Ar, 2 x H-c), 7.90 (s, 2H, H-triazole), 7.98-8.06 (m, 8H,
H-Ar) ppm. *C NMR (75 MHz, CDCl;, 25 °C): 6 = 15.9, 22.6,
29.7,52.2, 53.8, 61.9, 62.5, 67.8, 72.3, 74.4, 75.0, 75.8, 77.3, 79.3,
86.2, 100.9, 106.0, 106.7, 108.8, 127.4, 127.5, 127.8, 128.1, 128.2,
128.4,128.5,128.6, 128.7, 128.9, 129.6, 129.7, 129.9, 132.0, 133.2,
133.8, 137.8, 138.3, 138.5, 159.1, 165.8, 166.5, 167.3, 170.5 ppm.
ESI-MS: m/z = 2008.8 [M + Na]*.

Protected dimer 11. To a solution of the disaccharide 3
(100.0 mg, 0.11 mmol, 2.0 eq.) and the bis-propargylated linker
5 (10.3 mg, 0.056 mmol, 1.0 eq.) in tetrahydrofuran (1.15 mL),
were added copper iodide (6.6 mg, 0.035 mmol, 0.6 eq.) and
diisopropylethylamine (20 pL, 0.11 mmol, 2.0 eq.). The reaction
was stirred overnight at room temperature and then concentrated.
The crude product was purified by column chromatography on
silica gel (CH,Cl,-MeOH 30 : 1) to give the dimer 11 (120.7 mg,
quant.) as a slightly yellow oil. [a]5 = —37.5 (¢ 0.65, chloroform).
'H NMR (300 MHz, CDCl,, 25 °C): 6 = 0.66 (d, 6H, *Jq, 5, =
6.4 Hz, 6 x H-6b), 1.55 (s, 6H, 2 x CH;CO), 3.52-3.61 (m, 10H,
2 x H-4b, 8 x CH,0), 3.80 (q, 2H, 2 x H-5b), 3.92 (dd, 2H,
e =2.5Hz,3J5, 5, = 10.3 Hz, 2 x H-3b), 4.01 (dd, 2H, *J 5, 1, =
3.3Hz,2 x H-2b), 4.18 (m, 2H, 2 x H-5a), 4.28 (m, 2H, 2 x H-4a),
4.54 (d, 2H, *J = 11.4 Hz, 2 x CH,Ph), 4.56-4.78 (m, 12H, 2 x
H-6a, 6 x CH,Ph, 4 x O-CH,-triazole), 4.83 (m, 2H, 2 x H-2a),
4.83(d,2H,?J =11.8 Hz, 2 x CH,Ph),4.87 (d, 2H, *J = 11.3 Hz,
2 x CH,Ph), 497 (d, 2H, *J,,» = 3.4 Hz, 2 x H-1b), 5.06 (bd,
2H, *Jg,6x = 11.1 Hz, 2 x H-6a), 5.80 (m, 2H, 2 x H-3a), 6.14 (d,
2H, *J .., = 10.0 Hz, 2 x H-1a), 6.74 (d, 2H, *J 2. = 9.3 Hz, 2 x
NHACc), 7.10-7.65 (m, 42H, H-Ar), 7.88 (s, 2H, 2 x H-triazole),
8.02-8.09 (m, 8H, H-Ar) ppm. "C NMR (75 MHz, CDCl;, 25 °C):
0 = 16.0, 22.6, 53.8, 62.8, 64.2, 67.8, 69.5, 70.4, 72.6, 74.3, 74.8,
74.9,75.4,76.0,77.7,79.3, 86.0, 100.7, 121.8, 127.5, 127.7, 128.1,
128.2,128.3,128.4, 128.5, 128.6, 129.3, 129.8, 129.8, 133.1, 133.6,
138.0, 138.5, 138.6, 145.3, 165.9, 167.0, 170.4 ppm.

Protected dimer 12. To a solution of the disaccharide 3
(100.0 mg, 0.11 mmol, 2.1 eq.) and the bis-propargylated linker
6 (12.4 mg, 0.055 mmol, 1.0 eq.) in tetrahydrofuran (1.15 mL)
were added copper iodide (6.2 mg, 0.032 mmol, 0.6 eq.) and
diisopropylethylamine (19 pL, 0.11 mmol, 2.0 eq.). The reaction
was stirred overnight at room temperature and then concentrated.
The crude product was purified by column chromatography on
silica gel (CH,Cl,-MeOH 25 : 1) to give the protected dimer 12
(108.6 mg, quant.) as an amorphous solid. [a]) = —41.6 (¢ 1.0,
chloroform). "H NMR (300 MHz, CDCl;, 25 °C): 6 = 0.65 (d,
6H, *Jq, 5, = 6.4 Hz, 6 x H-6b), 1.58 (s, 6H, 2 x CH;CO), 3.48—
3.56 (m, 14H, 2 x H-4b, 12 x CH,0), 3.76 (m, 2H, 2 x H-5b),
3.89 (dd, 2H, *J3, 4y = 2.3 Hz, *J3, 5, = 10.4 Hz, 2 x H-3b), 3.97
(dd, 2H, *J,, 1, = 3.3 Hz, 2 x H-2b), 4.07 (m, 2H, 2 x H-5a),
4.14 (m, 2H, 2 x H-4a), 4.52 (d, 2H, *J = 11.5 Hz, 2 x CH,Ph),
4.57-4.89 (m, 18H, 2 x H-6a, 10 x CH,Ph, 4 x OCH ,-triazole,
2 x H-2a),4.91 (m, 2H, *J, 5, = 3.3 Hz, 2 x H-1b), 4.97 (bd, 2H,
*Jeew = 11.1 Hz, 2 x H-6a), 5.72 (m, 2H, 2 x H-3a), 6.10 (d, 2H,
3J a2 = 10.0 Hz, 2 x H-1a), 6.45 (d, 2H, *Jyu» = 9.3 Hz, 2 x
NHAc), 7.17-7.62 (m, 42H, H-Ar), 7.82 (s, 2H, 2 x H-triazole),
7.95-8.09 (m, 8H, H-Ar) ppm. "C NMR (75 MHz, CDCl;, 25 °C):
0 =16.0, 22.6, 53.9, 62.7, 64.2, 67.8, 69.5, 70.4, 70.5, 72.5, 74.3,
74.7, 75.0, 75.2, 76.0, 76.9, 77.6, 79.3, 86.1, 100.8, 121.7, 127.5,
127.7,128.1, 128.1, 128.3, 128.3, 128.5, 128.6, 129.2, 129.7, 129.9,
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133.1, 133.6, 138.0, 138.5, 138.6, 145.4, 165.8, 167.1, 170.4 ppm.
ESI-MS: m/z = 1991.4[M + NaJ*.

Protected dimer 13. To a solution of the disaccharide 3
(100.0 mg, 0.11 mmol, 2.1 eq.) and the bis-propargylated linker
7 (14.8 mg, 0.055 mmol, 1.0 eq.) in tetrahydrofuran (1.15 mL),
were added copper iodide (6.2 mg, 0.032 mmol, 0.6 eq.) and
diisopropylethylamine (19 pL, 0.11 mmol, 2.0 eq.). The reaction
was stirred overnight at room temperature and then concentrated.
The crude product was purified by column chromatography on
silica gel (CH,Cl,-MeOH 20 : 1) to give the protected dimer
13 (89.6 mg, 81%) as an amorphous solid. [a]; = —41.1 (¢ 1.0,
chloroform). '"H NMR (300 MHz, CDCl;, 25 °C): 6 = 0.64 (d,
6H, *Jg, 5, = 6.3 Hz, 6 x H-6b), 1.59 (s, 6H, 2 x CH;CO), 3.53-
3.69 (m, 18H, 2 x H-4b, 16 x CH,0), 3.82 (m, 2H, 2 x H-5b),
3.93 (bd, 2H, *J3, 5, = 10.5 Hz, 2 x H-3b), 4.03 (dd, 2H, *J,, 1, =
3.3 Hz, 2 x H-2b), 4.25-4.38 (m, 4H, 2 x H-4a, 2 x H-5a), 4.54
(d, 2H,%J = 11.4 Hz, 2 x CH,Ph), 4.56-4.92 (m, 18H, 2 x H-6a,
10 x CH,Ph, 4 x OCH ,-triazole, 2 x H-2a), 5.00 (d, 2H, *J o, =
3.3 Hz, 2 x H-1b), 5.11 (bd, 2H, *J¢ e = 12.4 Hz, 2 x H-6a),
5.90 (m, 2H, 2 x H-3a), 6.17 (d, 2H, *J,,,, = 9.9 Hz, 2 x H-la),
6.77 (d, 2H, *Jxu2 = 9.9 Hz, 2 x NHAC), 7.12-6.68 (m, 42H, H-
Ar), 7.89 (s, 2H, 2 x H-triazole), 8.03-8.15 (m, 8H, H-Ar) ppm.
“C NMR (75 MHz, CDCl;, 25 °C): 6 = 16.0, 22.6, 53.9, 62.6,
64.2, 67.8, 69.5, 70.4, 70.5, 72.4, 74.3, 74.7, 75.0, 76.0, 76.9, 77.6,
79.4, 86.1, 100.9, 121.5, 127.4, 127.5, 127.7, 128.1, 128.1, 128.3,
128.3,128.4,128.4, 128.5, 128.6, 129.1, 129.7, 129.8, 129.8, 129.9,
133.1, 133.6, 137.9, 138.4, 138.5, 145.4, 165.8, 167.2, 170.4 ppm.
ESI-MS: m/z = 2035.5 [M + Na]*.

Protected dimer 14. To a solution of the disaccharide 3
(100.0 mg, 0.11 mmol, 2.1 eq.) and the bis-propargylated linker
8 (17.1 mg, 0.054 mmol, 1.0 eq.) in tetrahydrofuran (1.15 mL)
were added copper iodide (6.2 mg, 0.032 mmol, 0.6 eq.) and
diisopropylethylamine (19 pL, 0.11 mmol, 2.0 eq.). The reaction
was stirred overnight at room temperature and then concentrated.
The crude product was purified by column chromatography on
silica gel (CH,Cl,-MeOH 20 : 1) to give the protected dimer 14
(115.6 mg, quant.) as an amorphous solid. [a]; = —41.9 (c 1.0,
chloroform). '"H NMR (300 MHz, CDCl;, 25 °C): 6 = 0.54 (d,
6H, *Jg 5, = 6.3 Hz, 6 x H-6b), 1.50 (s, 6H, 2 x CH;CO), 3.47-
3.58 (m, 22H, 2 x H-4b, 20 x CH,0), 3.73 (m, 2H, 2 x H-5b),
3.83 (bd, 2H, *J3, 5, = 10.4 Hz, 2 x H-3b), 3.93 (dd, 2H, *J,, 1, =
3.3 Hz, 2 x H-2b), 4.27-4.38 (m, 4H, 2 x H-4a, 2 x H-5a), 4.53
(d, 2H, *J = 11.4 Hz, 2 x CH,Ph), 4.56-4.92 (m, 18H, 2 x H-
6a, 10 x CH,Ph, 4 x OCH,-triazole, 2 x H-2a), 5.00 (d, 2H,
3Jwoy = 3.4 Hz, 2 x H-1b), 5.12 (bd, 2H, *J¢e = 12.2 Hz, 2 x
H-6a), 5.91 (m, 2H, 2 x H-3a), 6.17 (d, 2H, *J,,, = 10.0 Hz, 2 x
H-1a), 6.82 (d, 2H, *J\ua = 9.6 Hz, 2 x NHACc), 7.16-6.69 (m,
42H, H-Ar), 7.89 (s, 2H, 2 x H-triazole), 8.04-8.13 (m, 8H, H-Ar)
ppm. *C NMR (75 MHz, CDCl,, 25 °C): 6 = 15.9, 22.6, 53.7,
62.5, 64.1, 67.7, 69.4, 70.3, 70.4, 70.4, 72.2, 74.3, 74.6, 74.8, 74.9,
75.8,76.8,77.3,79.3,86.1, 100.8, 121.5, 127.4, 127.5, 127.7, 128.1,
128.2,128.3, 128.3, 128.4, 128.5, 128.5, 128.6, 129.0, 129.7, 129.9,
133.2, 133.7, 137.8, 138.3, 138.4, 145.3, 165.8, 167.2, 170.5 ppm.
ESI-MS: m/z =2079.4 [M + Na]*.

Protected trimer 15. A solution of the linker 9 (14.2 mg,
0.044 mmol) and the disaccharide 3 (119.8 mg, 0.138 mmol)
in tetrahydrofuran (1.8 mL, 0.024 M) was prepared. Copper

iodide (7.7 mg, 0.051 mmol) and diisopropylethylamine (46 pL,
0.263 mmol) were added. The mixture was stirred at room
temperature overnight. The solvent was evaporated under reduced
pressure, and the crude was purified by flash chromatography
(CH,Cl,-MeOH 20 : 1) to give the trimer 15 as a white solid
(110.3 mg, 85%). m.p.: 170-173 °C. [a]Z = —37.8 (¢ 0.8, chlo-
roform). "H NMR (300 MHz, CDCl;, 25 °C): 6 = 0.61 (d, 9H,
3J¢.y = 6.3 Hz, 9xH-6), 1.25 (s, 9H, 3 x CH;CO), 3.49 (b, 3H,
3 x H-4),3.76 (m, 3H, 3 x H-5"),3.93 (b, 6H, 3 x H-2', 3 x H-3),
4.12 (b, 6H, 3 x H-2, 3 x H-5), 4.48-5.06 (m, 42H, 3 x H-1, 3 x
H-3, 3 x H-4, 6 x H-6, 3 x H-1", 18 x CH,Ph, 6 x CH,NH)
5.85, 6.20 (b, 6H, 3 x NHAc, 3 x CH,NH), 7.11-7.92 (m, 81H,
78 x H-Ar, 3 x H-triazole) ppm. "C NMR (75 MHz, CDCl;,
25°C):0 =16.0,22.5,35.4,67.7,72.6,74.2,74.9, 75.5,77.2,79.3,
100.6, 127.4,127.5, 127.6, 128.1, 128.2, 128.2, 128.3, 128.4, 129.4,
129.7,133.2,138.0,138.4, 138.6, 166.1, 166.3, 171.2 ppm. ESI-MS:
m/z=1478.1 [M + H + Na]*.

Unprotected dimer 16. The debenzoylation step of dimer 10
with sodium methoxide (133.8 mg, 0.067 mmol) gave after column
chromatography on silica gel (CH,Cl,-MeOH 15: 1) 16 (83.4 mg,
79%). The debenzylation step, using 78.7 mg (0.050 mmol) of this
product, by catalytic hydrogenation, gave the desired product as
a white, amorphous solid (45.6 mg, 96%). [a] = —115.9 (¢ 1.0,
methanol). '"H NMR (300 MHz, D,0O-acetone 600 : 1, 25°C): 6 =
1.17(d, 6H, *J, 5, = 6.1 Hz, 6 x H-6b), 1.69 (s, 6H, 2 x CH;CO),
3.75-3.05 (m, 19H, 2 x H-3a, 2 x H-4a, 2 x H-5a, 4 x H-6a, 2 x
H-2b, 2 x H-3b, 2 x H-4b, CH;0), 4.27 (m, 2H, 2 x H-2a), 4.38
(m, 2H, 2 x H-5b), 5.02 (d, 2H, *J}, », = 3.2 Hz, 2 x H-1b), 5.29
(b,4H, 4 x H-e), 5.85 (d, 2H, *J,,,, = 9.8 Hz, 2 x H-1a), 6.90 (b,
1H, H-d), 7.29 (m, 2H, 2 x H-c), 8.29 (s, 2H, H-triazole) ppm. *C
NMR (75 MHz, D,0O-acetone 600 : 1,25 °C): 0 =15.9,22.1, 53.5,
56.3, 60.3, 61.8, 61.9, 67.7, 68.7, 70.1, 72.6, 73.0, 77.2, 79.0, 86.9,
100.4, 108.8, 110.1, 124.6, 132.5, 143.9, 159.1, 169.0, 174.5 ppm.
ESI-MS: m/z = 1051.1 [M + Na]*.

Unprotected dimer 17. The debenzoylation step of the dimer
11 (66.0 mg, 0.034 mmol) with sodium methoxide gave after
column chromatography on silica gel (CH,Cl,-MeOH 10 : 1)
the disaccharide (50.8 mg, 98%). The debenzylation step, using
48.0 mg (0.032 mmol) of this product, by catalytic hydrogenation,
gave the desired product 17 as a white, amorphous solid (29.9 mg,
97%). [aly = —107.1 (¢ 1.0, methanol). '"H NMR (300 MHz, D,O-
acetone 600:1,25°C):0 =1.18(d, 6H, *J4, 5, = 6.6 Hz, 6 x H-6D),
1.81 (s, 6H, 2 x CH;CO), 3.67 (b, 8H, 8 x CH,0), 3.77-4.03 (m,
16H, 2 x H-3a, 2 x H-4a, 2 x H-5a, 4 x H-6a, 2 x H-2b, 2 x
H-3b, 2 x H-4b), 4.28 (m, 2H, 2 x H-2a), 4.40 (m, 2H, 2 x H-5b),
4.69 (m, 4H, 4 x OCH,-triazole), 5.02 (d, 2H, *J, 5 = 3.3 Hz,
2 x H-1b), 5.86 (d, 2H, *J,, 2, = 9.7 Hz, 2 x H-1a), 8.26 (s, 2H,
2 x H-triazole) ppm. *C NMR (75 MHz, D,O-acetone 600 :
1,25°C): 0 = 15.9, 22.3, 56.5, 60.3, 63.5, 67.7, 68.7, 69.4, 70.1,
70.1, 72.6, 72.9, 77.2, 79.0, 86.9, 100.4, 124.4, 144.7, 174.7 ppm.
ESI-MS: m/z = 989.4 [M + NH,]".

Unprotected dimer 18. The debenzoylation step of the dimer
12 (95.7 mg, 0.049 m mol) with sodium methoxide gave after
column chromatography on silica gel (CH,Cl,-MeOH 10 : 1)
the disaccharide (35.6 mg, 55%). The debenzylation step, using
32.0 mg (0.021 mmol) of this product, by catalytic hydrogenation,
gave the desired product 18 as a white, amorphous solid (21.1 mg,
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quant.). [a]; = —80.5 (¢ 1.0, methanol). "H NMR (300 MHz,
D,0-acetone 600 : 1, 25 °C): 6 = 1.18 (d, 6H, *J¢ 5, = 6.5 Hz,
6 x H-6b), 1.82 (s, 6H, 2 x CH;CO), 3.68 (b, 12H, 12 x CH,0),
3.75-4.03 (m, 16H, 2 x H-3a, 2 x H-4a, 2 x H-5a, 4 x H-6a, 2 x
H-2b, 2 x H-3b, 2 x H-4b), 4.28 (m, 2H, 2 x H-2a), 4.39 (m, 2H,
2 x H-5b), 4.69 (m, 4H, 4 x OCH ,-triazole), 5.01 (d, 2H, *J ;2o =
3.1 Hz, 2 x H-1b), 5.86 (d, 2H, *J .., = 9.7 Hz, 2 x H-1a), 8.25
(s, 2H, 2 x H-triazole) ppm. “C NMR (75 MHz, D,O-acetone
600 : 1,25 °C): 0 = 15.9, 22.3, 56.5, 60.3, 63.5, 67.7, 68.7, 69.4,
70.1, 70.1, 70.2, 72.6, 72.9, 77.2, 79.0, 86.9, 100.4, 124.4, 144.7,
174.7 ppm. ESI-MS: m/z = 1033.4 [M + Na]*.

Unprotected dimer 19. The debenzoylation step of the dimer
13 (80.0 mg, 0.040 mmol) with sodium methoxide gave after
column chromatography on silica gel (CH,Cl,-MeOH 20 : 1)
the disaccharide (52.6 mg, 83%). The debenzylation step, using
47.0 mg (0.029 mmol) of this product, by catalytic hydrogenation,
gave the desired product 19 as a white, amorphous solid (29.6 mg,
95%). [a]3 = —80.3 (¢ 1.0, methanol). '"H NMR (300 MHz, D,0-
acetone 600 : 1, 25 °C): 6 = 1.18 (d, 6H, *J4 5, = 6.5 Hz, 6 x
H-6b), 1.82 (s, 6H, 2 x CH;CO), 3.65-3.70 (b, 16H, 16 x CH,0),
3.77-4.03 (m, 16H, 2 x H-3a, 2 x H-4a, 2 x H-5a, 4 x H-6a, 2 x
H-2b, 2 x H-3b, 2 x H-4b), 4.28 (m, 2H, 2 x H-2a), 4.39 (m, 2H,
2 x H-5b), 4.69 (m, 4H, 4 x OCH,-triazole), 5.01 (d, 2H, *J, 5, =
3.5 Hz, 2 x H-1b), 5.86 (d, 2H, *J,,,, = 9.8 Hz, 2 x H-1a), 8.26
(s, 2H, 2 x H-triazole) ppm. *C NMR (75 MHz, D,O-acetone
600 : 1,25 °C): 0 = 15.9, 22.3, 56.5, 60.3, 63.5, 67.7, 68.7, 69.4,
70.1, 70.1, 70.2, 72.6, 72.9, 77.2, 79.0, 86.9, 100.4, 124.4, 144.7,
174.7 ppm. ESI-MS: m/z = 1077.4 [M + Na]*.

Unprotected dimer 20. The debenzoylation step of the dimer
14 (78.5 mg, 0.038 mmol) with sodium methoxide gave after
column chromatography on silica gel (CH,Cl,-MeOH 15 : 1)
the disaccharide (39.1 mg, 62%). The debenzylation step, using
32.6 mg (0.029 mmol) of this product, by catalytic hydrogenation,
gave the desired product 20 as a white, amorphous solid (20.6 mg,
95%). [a]3 = —96.1 (¢ 1.0, methanol). '"H NMR (300 MHz, D,0-
acetone 600 : 1, 25 °C): 6 = 1.18 (d, 6H, *J4 5, = 6.1 Hz, 6 x
H-6b), 1.82 (s, 6H, 2 x CH;CO), 3.63-3.75 (b, 20H, 20 x CH,0),
3.77-4.03 (m, 16H, 2 x H-3a, 2 x H-4a, 2 x H-5a, 4 x H-6a, 2 x
H-2b, 2 x H-3b, 2 x H-4b), 4.28 (m, 2H, 2 x H-2a), 4.38 (m, 2H,
2 x H-5b), 4.70 (m, 4H, 4 x OCH ,-triazole), 5.02 (d, 2H, *J , o, =
3.5 Hz, 2 x H-1b), 5.87 (d, 2H, *J,, ., = 9.8 Hz, 2 x H-1a), 8.26
(s, 2H, 2 x H-triazole) ppm. *C NMR (75 MHz, D,0O-acetone
600 : 1,25 °C): 0 = 15.9, 22.3, 56.5, 60.3, 63.5, 67.7, 68.7, 69.4,
70.1, 70.1, 70.2, 72.6, 72.9, 77.2, 79.0, 86.9, 100.4, 124.4, 144.7,
174.7 ppm. ESI-MS: m/z = 1121.4 [M + Na]*.

Unprotected trimer 21. Compound 15 (109.1 mg, 0.037 mmol)
was dissolved in MeOH-THF (0.01 M, 1: 1) and the solution was
treated with a catalytic amount of 1 M NaOMe/MeOH. After
being stirred at rt for 2 days, the solution was neutralized
with Amberlite IR-120 (H*) resin, filtered and concentrated.
Methyl benzoate, resulting from the deprotection, was removed
by column chromatography (CH,Cl,-MeOH 9 : 1) to afford
the debenzoylated trimer (61.4 mg, 71%). The resulting trimer
(44.3 mg, 0.019 mmol) was dissolved in MeOH (5 mL) and the
debenzylation was accomplished with an excess of Pd(OH),/C
(20 wt%). After one night under H, atmosphere, the solution
was filtered through Celite and concentrated. The purification of

the product by column chromatography (CH;CN-H,0 90 : 10 to
70 : 30) afforded the fully deprotected trimer 21 as a white solid
(18.7mg, 65%). [a]y = —62.0 (c 0.6, DMSO). '"HNMR (300 MHz,
D,O-acetone 600 : 1,25°C): 6 =1.15(d,9H, *Jy v = 6.6 Hz, 9 x
H-6'), 1.75 (s, 9H, 3 x CH;CO), 3.78-3.95 (m, 24H, 3 x H-3, 3 x
H-4,3 x H-5,6 x H-6,3 x H-2', 3 x H-3',3 x H-4), 4.25 (app t,
3H,J,, = 9.6 Hz, 3 x H-2), 4.37 (m, 3H, 3 x H-5), 4.68 (s, 6H,
3 x CH,N), 4.99 (d, 3H, *J,_y = 3.3 Hz, 3 x H-1"), 5.81 (d, 3H,
3J1,=9.6 Hz, 3 x H-1), 8.18 (s, 3H, 3 x H-triazole), 8.31 (s, 3H,
H-Ar) ppm. "C NMR (75 MHz, D,0-acetone 600 : 1, 25 °C):
0 =159,222, 356, 56.4, 60.3, 67.7, 68.7, 70.0, 72.6, 72.9, 77.2,
79.0, 86.9, 100.4, 123.3, 129.9, 135.3, 169.2, 174.6 ppm. ESI-MS:
m/z =1498.6 [M + H]*.

Preparation of PA-IIL protein

Recombinant PA-IIL was purified from Escherichia coli
BL21(DE3) containing the plasmid pET25pa2l as described
previously.*® Biotinylation of PA-IIL was performed as described
in the literature.*® Briefly, PA-IIL (200 uM) diluted in buffer
containing 0.1 M NaHCO; and 0.2 M NaCl was mixed with
dimethyl formamide solution containing 4.5 mM biotin for 2 hours
at room temperature, with agitation. After dialysis against 0.15 M
of NaCl solution followed by water, the lectin was lyophilized.

Interaction studies with PA-IIL lectin

ELLA (enzyme-linked lectin assay) experiments. First test
(plate coated with polyacrylamide—fucose): ELLA experiments
were conducted using 96-well microtitre plates (Nunc Maxisorb)
coated with polymeric a-L-fucose (5 pg mL™'; Lectinity Holding,
Inc., Moscow) diluted in carbonate buffer, pH 9.6 (100 uL) for
1 h at 37 °C. After blocking at 37 °C for 1 h with 100 pL per
well of 3% (w/v) BSA in PBS, plates were incubated at 37 °C
for 1 h with 100 uL of biotinylated PA-IIL at 0.1 ug mL™" in
the presence of serial dilutions of inhibitors. After washing with
T-PBS (PBS containing 0.05% Tween), 100 pL of streptavidin—
peroxidase conjugate (dilution 1 : 10 000; Boehringer-Mannheim)
was added and left for 1 h at 37 °C. The color was developed using
100 uL per well of 0.05 M phosphate/citrate buffer containing
O-phenylenediamine dihydrochloride (0.4 mg mL™') and urea
hydrogen peroxide (0.4 mg mL™") (Sigma-Aldrich). The reaction
was stopped by the addition of 50 pL of 30% H,SO,. The
absorbance was read at 490 nm using a microtitre plate reader (Bio-
Rad; model 680). Second test (plate coated with PA-IIL): The same
protocol as above was used, but in this case, plates were coated
with PA-IIL (5 pg mL™"), and a biotinylated polymeric a-L-fucose
(5ugmL~'; Lectinity Holding, Inc.) was used for competition with
serial dilutions of inhibitors.

ITC (isothermal titration microcalorimetry) analysis. 1TC ex-
periments were performed with a VP-ITC isothermal titration
calorimeter (Microcal). The experiments were carried out at
25 °C. Ligands and proteins were dissolved in the same buffer
(0.1 M Tris with 0.03 mM CaCl,) at pH 7.5. The protein
concentration in the microcalorimeter cell (1.4 mL) varied from
17.8 to 20 uM. A total of 30 injections of 13 pL of sugar solution
at concentrations varying from 0.08 to 0.21 mM were added at
intervals of 5 min whilst stirring at 310 rpm. Control experiments
performed by injection of buffer into the protein solution yielded
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insignificant heats of dilution. The experimental data were fitted to
a theoretical titration curve using software supplied by Microcal,
with AH (enthalpy change), K, (association constant) and n
(number of binding sites per monomer) as adjustable parameters.
AG (free energy change) values and entropy contributions were
determined from the standard equation:

AG=AH — TAS

where T is the absolute temperature. All experiments were
performed with ¢ values 100 < ¢ < 200 (¢ = K, M, where M is
the initial concentration of the macromolecule).

Molecular modeling. All molecular editing was performed
with the Sybyl software (Tripos, St Louis). Linkers were generated
in their extended conformations, and geometry optimization was
performed with the Tripos force-field. Disaccharide conformation
was taken from the protein data bank,*? using the crystal structure
of the complex between PA-IIL and a derivative of aFuc14GIcNAc
disaccharide'” (PDB code 2JDK). Graphical representations were
drawn using PyMol software (Delano Scientific LCC, San Fran-
cisco).
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Shape-persistent oligo-p-phenylene-N,N-naphthalenediimide (O-NDI) rods are introduced as anion—n
slides for chloride-selective multiion hopping across lipid bilayers. Results from end-group engineering
and covalent capture as O-NDI hairpins suggested that self-assembly into transmembrane O-NDI
bundles is essential for activity. A halide topology VI (Cl > F > Br ~ I, CI/Br ~ CI/I > 7) implied
strong anion binding along the anion—= slides with relatively weak contributions from size exclusion
(F > OAc). Anomalous mole fraction effects (AMFE) supported the occurrence of multiion hopping
along the n-acidic O-NDI rods. The existence of anion—7 interactions was corroborated by high-level
ab initio and DFT calculations. The latter revealed positive NDI quadrupole moments far beyond the
hexafluorobenzene standard. Computational studies further suggested that anion binding occurs at the
confined, m-acidic edges of the sticky NDI surface and is influenced by the nature of the phenyl spacer
between two NDIs. With regard to methods development, a detailed analysis of the detection of ion
selectivity with the HPTS assay including AMFE in vesicles is provided.

Introduction

Multiion hopping'? enables biological ion channels to act
selectively>* and fast." This is remarkable because the tight
ion binding needed for high selectivity alone will slow down the
transport of this recognized ion, whereas the “slippery” surfaces
needed for fast diffusion are naturally not selective. The elegant
solution of this dilemma is to align multiple binding sites next
to each other for multiion hopping (Fig. 1). In the resting state,
permanent occupation of some binding sites will hinder the
passage of other ions, whereas complete occupation is unfavorable
because of charge repulsion. In a channel with three active sites,
the two peripheral sites will be filled and the central one will be
empty (Fig. 1A). If now an ion approaches this channel to move
across the membrane, the ion in the first active site will be repelled
and move to the free central active site (Fig. 1B, a and b). The
loading of the central binding site will repel the ion bound at the
other periphery and cause its release (Fig. 1C, ¢ and d). Overall,
multiion hopping enables instantaneous release of strongly bound
ions on one side of the membrane in response to anion binding on
the other side.

The classical test for the existence of multiion hopping is
the anomalous mole fraction effect (AMFE)."> AMFE refers
to lower than expected activity found with mixtures of ions
compared to pure ions. Its occurrence indicates that permanent
immobilization of the better binding ion to one single site of the
channel is insufficient for significant transport of this ion (and
may even hinder the transport of the less efficient ion). This, in
turn, indicates that the occupation of multiple sites along the
channel is required for efficient transport of the selected ion,
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i Electronic supplementary information (ESI) available: Experimental
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Fig. 1 Multiion hopping solves the dilemma of ion channels to act in

a fast and selective manner. (A) The resting state of a chloride channel
with three aligned chloride binding sites may contain two permanently
bound chlorides. (B) Repelled by the approaching external chloride (a),
the chloride in the external binding site hops to the central site (b) to repel
the chloride in the internal active site (c) to cause internal chloride release
(d). (C) Repelled by the external chloride (e), the central chloride then
hops to the internal site (f) to return to the resting state (A). Overall, the
chloride bound externally and the chloride released internally are not the
same.

i.e., the existence of multiion hopping (Fig. 1). AMFE has been
identified for many biological anion channels, including the cystic
fibrosis transmembrane conductance regulator (CFTR) chloride
channel,>” the voltage-dependent chloride channel CIC-0,* Ca?**-
activated chloride channels (Cl,Cs),” and so on."

Multiion hopping has been confirmed on the structural level for
cationic arginine clusters within the 16-stranded B-barrel of the
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porin Omp32" and three neutral, macrodipole-supported anion
binding sites lined up within the complex o-helix bundles of CICs."
The latter is reminiscent of the four neutral cation binding sites of
potassium channels.'>*

Remarkably, the creation of synthetic channels, carriers and
transporters with cation and anion selectivity from scratch is pos-
sible and has been demonstrated in many variations. For selected
recent reviews, please see references 15-20. Cation selectivity be-
came accessible with oligoether or oligocarbonyl arrays (including
crown ethers) on scaffolds reaching from flexible alkyl chains!’
to more rigid dimeric steroids,?! cucurbiturils,”? p-octiphenyls,?
a-helices* and the PB-helical gramicidin.® Interactions beyond
multivalent oxygen ligands used to create cation selectivity include
ion pairing along multiple carboxylate clusters®* and counterion-
mediated, pH-dependent inversion of the anion/cation selectivity
of oligoarginine arrays.*

The more demanding anion selectivity has attracted recent
attention because of the possible medicinal use as antibiotics
and antitumor drugs, or to treat anion channelopathies, dis-
cases that are caused by malfunction of anion channels such
as CFTR, Cl.Cs, CICs, glycine and GABA receptors, and
so on (cystic fibrosis, Best disease, Startle disease, Angelman
syndrome, Bartter syndrome, myotonia, nephrolithiasis, osteopet-
rosis, and more).'>*"** Biomimetic approaches to anion selectivity
have focused on fragments and derivatives of anion channel
proteins*#3! or natural products such as squalamine®*° and other
cationic steroid antibiotics,**** magainin and cationic peptide
antibiotics,**” or prodigiosin.*®** Anion recognition has been
accomplished with amide or urea arrays on scaffolds such as
macrocyclic (calixarene),*™*! linear or branched* oligobenzyls or
cholates.">** Alterative to H-bonding approaches, ion pairing
along arrays of ammonium or guanidinium cations has been suc-
cessful on steroid, %323 B-peptide,* peptoid,* polynorbornene,
1,3-polyphenyleneethynylene,”” cyclodextrin,® or rigid-rod p-
oligophenyl scaffolds.?

The use of synthetic organic chemistry to create new ion
channels from scratch is attractive because of the possibility
to expand the chemistry at work beyond the limitations of
biology.’** This has been accomplished for cation selectivity
with fixed and flexible cation-rn interactions within calixarenes*’
and ligand-assembled p-septiphenyl rods (Fig. 2A),* respectively.
As predicted theoretically,® flexible cation—7 interactions within
supramolecular arene arrays were required to obtain the biolog-
ically relevant Eisenman IV selectivity sequence (K* > Rb* >
Cs* > Na* ~ Li"). This sequence is difficult to obtain because it lies
midway between the easily accessible Eisenman I, dominated by
cation dehydration (Cs* > Rb* > K* > Na* > Li*), and Eisenman
XI, dominated by cation binding in the channel (Li* > Na* > K* >
Rb* > Cs*).?

Anion selectivity beyond anion/cation selectivity is usually de-
scribed in anion selectivity sequences. Anion selectivity sequences
report the preference of anion selective channels/transporters
between different anions.**® In the Eisenman theory,® ion se-
lectivity sequences are thought to originate from a balance
between dehydration penalty and energy gain from binding by
the transporter. With direct correlation of cation radius and
hydration energy, selectivity sequences can be plotted as Eisenman
topologies, where ion selectivity is given as a function of the
reciprocal ion radius. This naturally works best for group-one

anion-x slide

cation-x slide

Fig. 2 The concept of (A) cation—n and (B) anion—= slides for multiion
hopping as outlined in Fig. 1. Cation-7 slides have been described
previously,® the more demanding anion-n slides are introduced in this
report.

cations.>* Application of the Eisenman theory to anions gives
seven meaningful halide sequences. One extreme is the very
common “Wright-Diamond” sequence I (I > Br~ > ClI” > F").
In halide 1, also referred to as the Hofmeister series, selectivity
is determined exclusively by the cost of anion dehydration. At
the other end is the exceptionally rare halide VII (F~ > Cl- >
Br~ > I7). Here, selectivity is determined exclusively by anion
binding to the channel. Intermediate selectivity sequences reflect
a specific balance between dehydration penalty and binding in
the channel. Anion selectivity sequences can be described as
topologies. However, many mismatches of size (e.g., OAc™ >
F~) and hydration energy (e.g., OAc™ ~ F~) limit the usefulness
of selectivity topologies for anions beyond halides. The direct
correlation of anion selectivity with hydration energy is often
preferable for this reason.**?

Complementary to the cation—n interactions in the established
rigid-rod cation- slides, the use of anion—m interactions to create
anion-7 slides is more challenging because little experimental
support for this interaction is available in solution®*' despite
quite extensive data from X-ray crystallography as well as from
modeling.”** Here,*® we introduce rigid-rod molecules with mul-
tiple m-acidic naphthalenediimide (NDI)**%? binding sites along
the transmembrane scaffold for this purpose (Fig. 2B). These
shape-persistent oligo-p-phenylene-N,N-naphthalenediimide (O-
NDI) rods are shown to preferably transport anions with relatively
high hydration energy. Covalent capture as O-NDI hairpins and
presumably unprecedented's* AMFE are used to confirm strong
binding and multiion hopping along transmembrane O-NDI n-
slides as the origins of these attractive characteristics. We also
report ab initio and DFT calculations of NDI and several model
systems based on N-substituted NDIs. In particular, we have
computed several complexes of chloride and bromide anions with
these model systems. Parts of this study have been reported in the
preliminary communication on this topic.>
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Results and discussion
Design

The rigid O-NDI rods 1-5 were designed to explore the possibility
of multiion hopping along anion-= slides (Scheme 1 and Fig. 1
and 2). For this purpose, all rigid rods contain three n-acidic NDI
binding sites along their scaffold. The phenyl spacers, with their
planes perpendicular to the NDI planes, were fully methylated
to assure high solubility. Moreover, these methyls should also
increase the overall quadrupole moment of the O-NDI rod to
better attract anions and confine the n-acidic edges of the NDI
surface to possibly match the diameter of chloride and possibly
weaken anion-r interactions with the larger bromide or iodide
(see section on molecular modeling). To ensure a transmembrane
rod orientation, we made sure that the overall length of the rigid
O-NDI rods (3.4 nm) matched the thickness of the hydrophobic
core of EYPC bilayer membranes.®**

The O-NDI rods 1-3 have differently charged termini. Rod 1 is
uncharged, rod 2 has one cationic and one uncharged terminus,
and rod 3 has two cationic termini. The neutral O-NDI hairpin 4
corresponds to a dimeric bundle of neutral rods 1. The dicationic
O-NDI hairpin 5 corresponds to a parallel dimer of rods 2 with
one cationic and one neutral terminus. This series was prepared to
probe the importance of terminal charges for activity*** and to
explore the dependence of anion selectivity on the lateral proximity
of self-assembled transmembrane rods.*®

Synthesis

Rigid O-NDI rods 1-5 were prepared from naphthalenedianhy-
dride 6, aryl diamine 7 and alkyl amine 8 (Scheme 1). Treatment of
dianhydride 6 with excess diamine 7 gave the central NDI module
9. Controlled introduction of amine 8 provided the imide terminus
10. Coupling of imide termini 10 and central module 9 already
afforded the desired rigid-rod scaffold.

Modifications of the O-NDI termini were initiated with the
removal of the Z-protection of rod 11. Attempts to isolate
the asymmetric monoamine intermediate under mild conditions
failed. The obtained diamine 12 was thus elongated with Boc-
protected glycine. “Ultramild” partial Boc-removal from the
obtained rod 1 gave a roughly statistical mixture of rods 1, 2
and 3, which were readily isolated and purified. Availability of
the asymmetric rod 2 was essential to prepare O-NDI hairpins.
Coupling with diacid 13 gave the neutral hairpin 4, deprotection
with TFA the dicationic hairpin 5.

Activity

The activity of rigid-rod anion-n slides 1-5 was determined in
egg yolk phosphatidylcholine large unilamellar vesicles (EYPC
LUVs) that were loaded with the pH-sensitive fluorescent probe 8-
hydroxy-1,3,6-pyrenetrisulfonate (HPTS) at neutral pH.246:43.5565
Then, a pH gradient ApH = 0.9 was applied with a base pulse, and
the changes in HPTS emission were recorded as a function of time
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Scheme 1 Synthesis of rigid-rod anion—r slides 1-5. (a) N,N-Dimethylacetamide, 135 °C, 12 h, 90%. (b) 1. H,O, pH 6.4, reflux; 2. AcOH, 88% (overall).
(¢) N,N-Dimethylacetamide, 135 °C, 12 h, 57%. (d) TFA, 50 °C, 2 h, 61%. (e) Boc-Gly-OH, HBTU, TEA, rt, 2 h, 54%. (f) 2% TFA, CH,Cl,, rt, 50 min,
64% 2, 30% 3 (conversion yield). (g) 1. 13, oxalylchloride, 2. N-hydroxysuccinimide, 3. 2, TEA, 0 — 20 °C, 20 min, 36%. (h) TFA, rt, 2 h, 79%.
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(Fig. 3). Rods 1-5 were added next, and the velocity of the decay of
the pH gradient was monitored continuously following the change
in HPTS emission. At the end of each experiment, an excess of
gramicidin A, melittin, or triton X-100 was added for calibration.
Each experiment was recorded in two channels at different HPTS
excitation to ratiometrically eliminate eventual effects from origins
other than change in pH. Each experiment was repeated without
rods, and the normalized background traces were subtracted to
unambiguously extract the changes caused by rigid-rod anion—n
slides. Fig. 3 shows representative curves for the activity of rod 1
at different concentrations after the elimination of all unrelated
effects by background subtraction.

0.6

0.4

0.2

time (min)

Fig. 3 Dependence of activity on the concentration of rigid O-NDI rod
1. Fractional HPTS emission intensity /x (4, 450 nm, A, 510 nm) is
shown during the addition of first NaOH (20 ul, 0.5 M), then rod 1
(0.15 (a), 0.375 (b), 1.5 (c), 2.5 (d) and 15 uM (e) final concentration)
to EYPC-LUVsDHPTS (1 mM HPTS, 10 mM HEPES, 100 mM NaCl,
pH 7.0, 25 °C, calibrated by final addition of excess gramicidin A or triton
X-100). Negative controls without rod were subtracted after calibration.

Hill plots

The HPTS assay was used to determine the dependence of the
activity on the concentration of rods 1-5. The highest activity was
found for the singly charged O-NDI rod 2 (Fig. 4, O), followed by
the uncharged rod 1 (Fig. 4, B), whereas dication 3 was the least
active of all monomeric rods (Fig. 4, X).

Y 04

0.3

T
0 5 10 15 20
monomer concentration ((/M)

Fig.4 Hillplotofrods1(H),2(0),3(X),4(®)and5 (V). The dependence
of the fractional activity ¥ on monomer concentration was determined in
EYPC-LUVsDOHPTS as specified in Fig. 3. The term fractional activity Y
is used to compare fractional HPTS emissions /¢ at a given time (here 200
s) after the start of the transport experiment, compare Fig. 3 for changes
of I+ with time.

These trends supported the existence of an active structure with
membrane-spanning rods. The highest activity for rod 2 with one
charged terminus implied that sufficient water solubility to reach
the membrane on the one hand and favored partitioning and
translocation of the hydrophobic terminus to adapt a transmem-
brane active structure on the other hand are both important for
function. Insufficient water solubility with partial precipitation
before reaching the membrane could account for the decreasing
activity of rod 1 without charged termini.®® However, further
reduced activity of rod 3 with two charged termini and thus
unproblematic solubility in water identified the translocation of
one rod terminus, ie., transmembrane rod orientation, as most
critical for activity.®

The overall disappointing activities of O-NDI hairpins 4 (Fig. 4,
@) and 5 (Fig. 4, V) were in agreement with these interpretations
in support of transmembrane active structures. The activity of
the neutral O-NDI hairpin 4 was a bit weaker than that of
neutral O-NDI rod 1, suggesting that the solubility in water may
have further decreased. The activity of doubly charged hairpin
5 was exceptionally weak. This finding was somewhat surprising
because hairpin 5 could span the membrane with both positive
charges resting at the outer membrane-water interface as with the
most active monocationic rod 2 (Scheme 1). The poor activity
of dicationic hairpin 5 may thus indicate that the translocation
of the oligoethyleneglycol loop across the membrane to adapt
a transmembrane hairpin with external charges is unfavorable.
Alternative explanations include self-assembly of dicationic O-
NDI (bola)amphiphiles 5 into micelles or vesicles rather than
binding to the lipid bilayer, and so on.

Pseudo-linear behavior at low concentrations and saturation
behavior at high concentrations made Hill analysis of the Hill plots
of rods 1-4 rather unrevealing.®*® The latter indicated interference
from increasing rod precipitation at increasing concentrations
(rather than partitioning into the membrane). The former indi-
cated either a monomeric active structure or, more likely (see
below), the exergonic self-assembly into thermodynamically stable
active supramolecules, i.e., supramolecular anion—r slides (Fig. 2).

Anion selectivity

The decay of a pH gradient measured in the HPTS assay can occur
by facilitated cation (H*/M"*) or anion exchange (OH /X"").%
The activity of anion—= slide 1 did not change in response to the
replacement of external Na* by K*, Rb* or Cs*. This insensitivity
to external cation exchange suggested that rigid O-NDI rod 1 does
not transport cations.> Anion-r slide 1, however, did respond to
external anion exchange (Fig. 5), implying the selective transport
of anions rather than cations. The complementary sensitivity of
cation-7 slides (Fig. 2A) to cation and insensitivity to anion
exchange has been demonstrated previously.*®

The different activity of O-NDI rod 1 found with different
external anions provided access to anion selectivity sequences
(Fig. 5). To really understand ion selectivity sequences obtained
from the HPTS assay, a careful analysis of all situations was
unavoidable.®*® The situation in symmetric NaCl was unprob-
lematic (Scheme 2a). Application of a base pulse before the
n-slide will create an additional pH gradient (Scheme 2b).
Addition of an anion exchanger such as rod 1 will then initiate
transmembrane ClI=/Cl~ and ClI=/OH~ antiport (Scheme 2c).
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Fig.5 Dependence of the anion selectivity of rod 1 in vesicles with internal
CI~ on the sequence of addition. Fractional emission /¢ (with respect to
CI7) during the addition of either (A) first NaOH (20 ul 0.5 M) and
then rod 1 (1.5 uM final concentration) or (B) first 1 and then NaOH
to EYPC-LUVsOHPTS exposed to varied external anions (sodium salts,
conditions as in Fig. 3), with final lysis for calibration. (C) Overlay of
curves b (with NaCl) from A (dotted) and B (solid).

base before b)
antiporter

b \@

0\‘ ’-?H:F

antiporter
before base

Scheme 2 The HPTS assay for anion antiporters in symmetric NaCl
is independent of the sequence of addition: base pulse before antiporter
addition (top) and antiporter addition before base pulse (bottom) provide
access to the detection of CI"/OH™ antiport as increase in intravesicular
pH (vesicles = solid circles; antiporter = filled circles; added base = dashed
circles, see text for discussion).

The former is unproductive and invisible, the latter dissipates
the applied pH gradient and is reported by intravesicular pH
probes as increase in pH (Fig 5Ab). Rod addition before base
pulse will immediately turn on the unproductive and invisible
Cl/ClI" antiport, together with similarly unproductive OH-/CI~
antiport, CI~/OH™ antiport and OH~/OH™ antiport (Scheme 2d).
Productive CI-/OH~ antiport will occur in response to a base
pulse, and OH™ influx is detectable as a biphasic increase in pH
(Scheme 2c¢, Fig. 5Bb). With identical final systems, the apparent
activities are thus expected to be independent of the sequence of
addition (Scheme 2c¢). However, slide addition before base pulse
decouples the slow formation of the active structure (partitioning,
intervesicular transfer, translocation, and so on) from the much
faster actual anion exchange. For this reason, the observed initial
rate is much faster for slide addition before base pulse than base
pulse before slide addition (Fig. 5C). After this initial fast anion
exchange along a high number of already preformed slides, the
kinetics for slide before base and base before slide addition were
perfectly superimposable.

The reason why the two curves in Fig. 5C are so nicely
superimposable after the second base pulse may not be easily
appreciated. To do so, it may be best to assume intervesicular
transfer as the rate limiting process of slide formation. The
observed fractional activity would then reflect, at any given time,
the number of vesicles containing m-slides. This number will
steadily increase after slide addition, independent of the time the
base pulse is applied (Fig. 5C). This increasing number of rt-slide-
rich vesicles is naturally invisible without base pulse (Fig. 5C,
solid). Application of the base pulse after slide addition will then
cause an instantaneous pH jump corresponding to the number
of m-slide-rich vesicles and afterwards continue to rise slowly
following the kinetics of intervesicular slide transfer. We reiterate
all changes in HPTS emission found in the HPTS assay including
the initial jump after base pulse in the presence of slide 1 could
originate not only from rapid OH /X~ antiport but also from
HPTS efflux or cation antiport. The occurrence of OH™ /X~
antiport was revealed by the dependence of all changes, including
this initial jump (Fig. 5B), on the nature of the extravesicular
anion X"".

To determine anion selectivity sequences, isoosmolar external
Cl- — X~ exchange was used.®*® This exchange produces
transmembrane C1~ /X~ gradients that significantly complicate the
situation. Different processes are expected to occur with external
non-basic anions that are transported by the slide (X~, Scheme 3),
with weakly basic anions (X ™, Scheme 4), and with unrecognized
anions that are not transported at all by the slide (X, ~, Scheme 5).

HPTS assays for anion selectivity with non-basic anions X~
that are transported by the slide of interest provide the following
information (Scheme 3). Base pulse before slide addition willadd a
pH gradient to the Cl- /X~ gradients (Scheme 3b). Slide addition
will then turn on CI7/X~ and CI"/OH~ antiport (Scheme 3c).
With the concentrations of X~ (100 mM) more than three orders
of magnitude higher than that of OH~ (pH ~ 8), CI7/X~
antiport will be much faster than C1-/OH™ antiport, even at high
OH~ > X selectivity. The Cl=/X~ gradients will thus disappear
well before the occurrence of significant OH™ transport. With
overall much higher concentration of X~ (extravesicular exceeds
intravesicular volume by far), CI- concentrations are negligible in
transmembrane equilibrium. The process reported in the HPTS
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Scheme 3 HPTS assay for anion selectivity with non-basic anions X~.
With internal NaCl and external NaX, X /OH"™ antiport is reported as
increase in intravesicular pH (d), independent of sequence of addition, i.e.,
base pulse before antiporter addition (top) and antiporter addition before
base pulse (bottom; vesicles = empty circles; antiporter = filled circles;
added base = dashed circles, other anion gradients are in italics, see text
for discussion).
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Scheme 4 HPTS assay for anion selectivity with weakly basic anions
Xg~. HX} influx before base pulse and antiporter addition (top) gives
overestimates of Xz~ /OH™ antiport for base pulse before antiporter ad-
dition (middle) but comparable data on Xz~/OH™ antiport for antiporter
addition before base pulse (bottom). X3~ are identified by low initial
emission (c, d) that disappears in response to antiporter addition without
base pulse (h, 1).

assay for anion selectivity is thus X~ /OH™ antiport (Scheme 3d).
Addition of the transporter before the base pulse leads to the
same situation (Scheme 3e and f). Independence of activities
on sequence of addition found with rigid O-NDI rod 1 for
ClI"/OH~, Br/OH™ and I /OH" antiport was in agreement with
this interpretation, anion basicity is thought to account for the
dependence of F~/OH™ antiport on sequence of addition (Fig. 5).

The initial HPTS emission in vesicles with weakly basic external
anions X~ such as F~ and OAc¢~ was much weaker than that with
non-basic anions X~ (Fig. 5Ba). We interpreted this phenomenon
as passive influx of HXj in response to external CI- — X~
exchange (Scheme 4). This internal acidification was observed for
weak bases such as F~ and OAc™ but not for non-basic anions such
as Br~, I~ or CIO, (Fig. 5a and 5¢; SO,>~ is special, see Scheme 5).
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Scheme 5 HPTS assay for anion selectivity with unrecognized anions
Xy~, i.e, anions that are not transported by the antiporter of interest.
In this case, CI"/OH™ antiport is reported independent of sequence of
addition (c, f). Unrecognized anions X~ can be identified by OH™ influx
without applied pH gradient (d). The influence of the additional CI~ (c) or
OH™ gradients (e, f) appears less important.

Addition of rod 1 to HF-acidified vesicles naturally removed this
HF-mediated pH gradient and made the HPTS emission return to
normal before application of the base pulse (Fig. 5Ba and 5Be).

The consequences of the internal acidification with weakly basic
anions X~ on HPTS assays for anion selectivity were dependent
of the sequence of addition (Scheme 4). With the base pulse
applied first, the final effective pH gradient with weakly basic
anions Xy~ (Scheme 4g) is larger than with non-basic anions X~
(Scheme 3d). With the antiporter added first, however, the final
effective pH gradients with weakly basic anions X~ (Scheme 4j)
and non-basic anions X~ (Scheme 3d) are identical. Results on
ion selectivity with weakly and non-basic anions X~ and X~
obtained by slide addition before base pulse should thus be
directly comparable (Fig. 5B), whereas results obtained by base
pulse before slide addition may give activities for weakly basic
anions Xy~ that appear higher than they are in reality (Fig. 5A;
please consult the ESI} for a more detailed discussion of the Xy~
anomaly).

Another class of anions that required special attention were
unrecognized anions Xy, i.e., anions that are not transported
by the anion antiporter (Scheme 5). In this case, addition of first
base and then slide will create a system where the internal Cl-
is not exchanged by the unrecognized anion X~ (Scheme 5a—c).
Activities found in the HPTS assay will thus report on CI-/OH~
antiport. Often, this situation can be clarified by reversal of the
sequence of addition (Scheme 5d-f). ClI- /X~ antiport excluded,
Cl-/OH™ antiport could occur (Scheme 5d). The resulting increase
of intravesicular pH is detectable in the HPTS assay (Scheme 5e).
This formal proton pumping was observed with slide 1 for SO,*-,
although the effect was relatively weak (Fig. 5Bf; much stronger
proton pumping was confirmed to occur with other transporters
in the presence of SO,*~ and also NO;~ and Cl1O,~).” The activities
found for rod 1 with external SO,>~ and Cl~ were indeed identical.
They thus report both on CI"/OH™ antiport and should not be
confused with SO,* selectivity (Fig. 5B, b and f).

Taken together, the lessons learned concerning HPTS assays
for anion selectivity are as follows. (a) Activities obtained by
external exchange with non-basic anions X~ report directly on
X~/OH™ antiport and are independent on sequence of addition
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(Scheme 2 and 3). (b) Xz~ anomaly: activities obtained by external
exchange with weakly basic anions Xz~ such as F~ or OAc~
give results comparable with non-basic anions X~ only if the
antiporter is added before the base (Fig. 5Ba and 5Be, base
pulse before antiporter addition gives overestimates, Scheme 4,
Fig. 5Aa and SAe). (c¢) Xy~ anomaly: results with unrecognized
anions Xy~ report on ClI-/OH™ antiport (Scheme 5, here SO,*,
Fig. 5Bf). We caution that this analysis is necessarily incomplete,
blockage by competitive and permeant anions, for example, is not
considered.””"7

With these considerations in mind, the anion selectivity se-
quences of O-NDI rods were determined from the dependence
of the fractional activity Y relative to Cl~ on the reciprocal
anion radius (Fig. 6) or the anion hydration energy (Fig. 7).
Experimental evidence suggested that permeability ratios from
Goldman-Hodgkin—Katz analysis of planar bilayer conductance
experiments and results on ion selectivity from the HPTS assay
are directly comparable.* The activities of O-NDI rod 1 found
in HPTS assays decreased with increasing halide radius (Fig. SA
and 6A, B). The uncertainty in the measure of the transport of
the F~ made it generally difficult to discriminate between VII
(F- > CI" > Br- > I), halide VI (CI" > F~ > Br > I")
and halide V selectivity (CI- > Br~ > F~ > I7).”® However, all
these exceptionally rare’™ halide topologies are opposite to the
ubiquitous, dehydration-dominated Hofmeiser series or halide
I. According to the Eisenman theory,** this finding implied
exceptionally strong anion binding along the rigid-rod O-NDI
n-slide 1. This interpretation was supported by the results for
acetate. This weakly basic anion is a classical probe’ because it
is large but still difficult to dehydrate. High activity found for
OAc /OH™ exchange excluded size exclusion effects (Fig. 6A,
W) and confirmed strong anion binding to slide 1 as origin of
selectivity (Fig. 7A, ).

154A 1 1B
1.0 *\ “F

Y
0.5 + \ Br

SCN | |
0 ?cno‘,-

1 clo,

05 06 07
r1 (AT

04 05 06 07 04
r1 (A7)

Fig. 6 Anion selectivity of rods 1 (A, B, [J), 2 (B, O) and 4 (B, @).
Fractional activity Y (relative to C17) as a function of the reciprocal anion
radius was determined with the HPTS assay with initial intravesicular C1~
(H, O, @) and Br~ (0J). Data for F~ and OAc™ are in grey to highlight that
they represent systematic overestimates (Scheme 4). For original data, see
Fig. 5A, 8A and 8B (rod addition after base pulse).

The dependence of the effective selectivity sequence determined
in the HTPS assay on the initial intravesicular anion was de-
termined next. For this purpose, internal ClI- was replaced by
internal Br~, and anion selectivity was determined by external
anion exchange (Fig. 8A). The effective selectivity sequence found
with internal Br~ was nearly identical with the selectivity sequence
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Fig.7 Anionselectivity of rods1(A, l)and 4 (B, @). Fractional activity ¥
(relative to C17) as a function of the anion hydration energy was determined
with the HPTS assay with initial intravesicular Cl-. Data for F~ and
OAc™ are in grey to highlight that they represent systematic overestimates
(Scheme 4). For original data, see Fig. SA and 8B (rod addition after base
pulse).

time (min)

Fig. 8 Anion selectivity of (A) rod 1 in vesicles with internal Br~ and
(B) rod 4 in vesicles with internal CI~. Fractional emission 7y (relative to
CI") during the addition of NaOH (20 ul 0.5 M) and then 1 (1.5 uM)
or 4 (2.5 uM) to EYPC-LUVsDOHPTS exposed to varied external anions
(sodium salts, as in Fig. 3).

found with internal C1~ (Fig. 6A, B vs. (J). Particularly noteworthy
was the independence of Cl- > Br~ selectivity on internal ClI- —
Br~ exchange. It supported the interpretation that the presence or
the absence of initial transmembrane Cl- and Br~ gradients has
little influence on the velocity of OH~/X~ exchange reported in
the HPTS assay (Scheme 3). Specifically, this finding supported
that, after addition of rod 1, the replacement of internal Cl~ and
Br~ by external X~ is much faster than OH~ /X~ exchange because
the concentration of X~ exceeds that of OH™ and CI~ by far.

The anion selectivity of the most active cationic m-slide 2 with
one cationic terminus was determined as described in Fig. 5A for
rod 1 (Fig. 6B, O).*® The selectivity topology revealed decreasing
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anion selectivity of cationic rod 2 (CI"/I" = 1.9) compared to
neutral rod 1 (Cl=/1- = 7.6, Fig. 6A, B vs. Fig. 6B, O).

Contrary to its poor activity (Fig. 4), the neutral O-NDI
hairpin 4 exhibited excellent anion selectivity (Fig. 8B). Compared
to the selectivity sequence of the neutral O-NDI monomer 1
determined under identical conditions (Fig. 5A), the reduced
activity found with F~, OAc™ as well as Br~ was most intriguing
(1: CI"/Br = 1.5, 4: CI'/Br~ ~ CI"'/I" > 7). Considering the
intrinsic overestimate with F~ (Scheme 4), O-NDI hairpin 4
emerged as a very selective chloride—n slide (Fig. 6B and 7B, @).
The found sequence was similar to a halide VI (CI- »>F~ > Br~
~ I7). Reduced activity with both F~ and OAc™ suggested that
the origin of the found chloride selectivity of dimer 4 is mainly
energetic, although F~ > OAc™ may hint at contributions from
size exclusion. Dominant energetics would suggest that anion
binding along hairpin 4 is slightly weaker than anion binding
along rod 1, emerging sterics would agree with tighter packing of
the transmembrane rods after covalent capture.

Increasing selectivity (4 > 2 > 1) roughly coincided with
decreasing apparent activity (1 > 2 > 4). One possible explanation
of this inverse correlation was that increasingly tight packing
of transmembrane O-NDI bundles increases the selectivity of
anion binding but hinders the hopping of anions from NDI to
NDI. Compared to a transmembrane bundle of neutral rods 2,
the addition of positive charges to the external termini would be
expected to loosen the packing of self-assembled bundles of O-
NDIs 1, whereas covalent capture in the neutral hairpin 4 would
tighten the packing of O-NDIs bundles.

Mole fraction behavior

Over the years, the HPTS assay has been adapted to the charac-
terization of anion/cation selectivity,** selectivity sequences,**
voltage-gated ion channels and pores,?* voltage-sensitive block-
age (Woodhull analysis),”® synthetic catalytic pores’” and
endovesiculation.” ¢ QOtherwise explored exclusively in planar
bilayer conductance experiments,'® there was no reason why the
HPTS assay should not provide rapid and reliable access to mole
fraction behavior of ion channels and pores in vesicles.

For this purpose, the activity of rod 1 was determined in EYPC-
LUVsDOHPTS as described above in the presence of extravesicular
binary mixtures of fast and slow anions. The activity of mixtures of
the fast C1~ and the slow I~ was not as high as expected from simple
additivity (Fig. 9A, solid vs. dotted lines). This substantial AMFE
found for CI~/I" mixtures demonstrated that the transport of the
two ions is competitive, and that binding of more than one CI™ is
required to observe fast transport. Moreover, close proximity of
anion binding sites is required for operational charge repulsion in
multiion hopping. This proximity requirement excluded decisive
contributions from the otherwise quite likely additional anion
binding to the Boc-Gly termini. In other words, AMFE for Cl~ /1~
mixtures provided experimental evidence for the occurrence of
multiion hopping from anion-7 binding site to anion-n binding
site along rigid O-NDI rods, that is, the existence of anion-m
slides.

AMFE was not observed in all cases. Transport of Cl-/ClO,~
mixtures by rod 1, for instance, occurred with perfect additivity
(Fig. 9B). This finding suggested that rod 1 almost does not
transport ClO,~. The activities of CI~/ClO,~ mixtures should

L

0 05 10 0 05 1.0
X = [CIACIT+[) X = [CIAICIT+[CI04T)

1.04¢

0 05 1.0 0 05 1.0
X = [Bri[Bri+{I) X = [CITAICTT+[)

Fig.9 Mole fraction behavior of rod 1 (expected, dotted; found, solid) for
(A) CI~ /1" mixtures with intravesicular C1-,* (B) Cl- /ClO,~ mixtures with
intravesicular CI~, (C) Br~/I" mixtures with intravesicular Br~ and (D)
CI~/I" mixtures with intravesicular Br~. Fractional activity Y asa function
of the respective mole fractions x was determined in EYPC-LUVsDOHPTS
as specified in Fig. 3.

always report on CI~/OH~ antiport and thus be independent of
ClO,~ concentration, which is found to be the case. (Preliminary
results with similar O-NDI systems provided additional evidence
for unfavorable but, different to SO,*, still possible ClO,~
transport.™)

The AMFE with rod 1 was also detectable for Br~/I~ mixtures
in vesicles with internal Br~ (Fig. 9C) despite the weaker discrim-
ination between the two ions (Br~/1- = 3.0, CI /I~ = 5.0, Fig. 6,
0). Finally, AMFE of rod 1 for ClI"/I~ mixtures was not only
detectable in vesicles with internal Cl~, but also, although less
pronounced, in vesicles with internal Br~ (Fig. 9D).

Modeling

The cation—rn stabilizing interaction between a cation and the
negative electrostatic potential on the face of an aromatic ring
is a widespread phenomenon for recognition in biological and
chemical systems.””® The nature of cation—= interactions has been
studied by Dougherty et al.*"*" and others.**® They came to the
conclusion that it can be described via the electrostatic terms.
More recently it has been recognized from experimental studies
in the solid state that s-triazines® and s-tetrazine® can interact
favorably with anions. Other experimental studies confirmed the
involvement of anion-r binding in aromatic receptors.>5 It has
been also shown by theoretical studies®>*#* that the interaction
between electron deficient aromatic m-systems and anions is
energetically favorable.

The anion—7 interaction is in general dominated by electrostatic
and ion-induced polarization forces.**®* The electrostatic compo-
nent of the interaction is related to the magnitude of the permanent
and positive quadrupole moment (Q,,) of the aromatic system,
and the anion induced polarization correlates with the molecular
polarizability of the aromatic compounds.

For molecular modeling studies of rigid O-NDI rods 1-5, the
NDIs 14-18 were selected as computationally tractable model
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systems (Fig. 10). The parent NDI 14 does not contain any
substituents. NDIs 15 and 16 are singly N-substituted with phenyl
and tetramethylphenyl spacers, respectively. NDIs 17 and 18
are doubly N-substituted with the same aryls. NDI 16 formally
corresponds to the termini of O-NDIs 1-5, and NDI 18 reproduces
their central part.

14 Qz=+14.78
O, (0]
::'::
HN = N-@
(@) Q (6]
15
O, O
HN @ N*d
o Q o< =
16 Qz=+1868B
o] o] ~
&
O350
o} Q 6}
17 Q=+162B
O, (6]
v Sndofy!
N S
§ % o< =
18

Fig. 10 NDI model systems studied by the PBEIPBE/6-311++G**
method, where appropriate (C, and D,,) symmetry was imposed. DFT
computed electrostatic potential surfaces (right) are colored according
to an energy scale of £30.0 kcal mol~', where blue is positive and
red is negative. Global quadrupole moments Q,, in Buckinghams were
computed with the MP2/6-311G** method.

Qz=+1698B

Qz=+168B

The global quadrupole moments Q,, of NDIs 14-18 were
computed using the MP2/6-311G**//PBE1PBE/6-311++G**
method. For NDI 14, Q,, = +14.7 B was found. Clearly beyond
the hexafluorobenzene standard (Q,, = +9.5 B),* the magnitude
of this quadrupole moment suggested anion binding by NDI 14
would be very strong. The introduction of one or two phenyls
as N-substituents further increased the Q,, of NDI 15 and 17,
respectively (Fig. 10). The negative phenyl quadrupole moment
produces the known m-basic surfaces that attract cations rather
than anions.*7*% However, the perpendicular local quadrupole
moment oriented along the phenyl plane produces a m-acidic
periphery. In DFT studies of the rotational energy profile around
the NDI-phenyl single bond,* a global minimum was confirmed
for the phenyl plane oriented perpendicular to the NDI plane.
In this preferred conformation, the phenyl spacer reinforced the
global Q,, of NDI 15, where the z-axis is perpendicular to the
NDI plane. Addition of the second phenyl substituent to the
other imide slightly reduced the Q,, of the resulting NDI 17
(Fig. 10). A clear increase of the positive Q,, was achieved by the
tetramethyl substitution of the phenyl ring. Almost twice that of
hexafluorobenzene, the quadrupole moment Q,, = +16.8 B found

for 18 is expected to reflect the situation in the central part of rigid
O-NDI rods 1-5.

Electrostatic potential surfaces provide useful indications to
evaluate anion-7 interactions. These surfaces revealed in the
present case how the phenyl and tetramethylphenyl spacers modify
the electrostatic environment for anion-n interactions. Due to
the perpendicular orientation of NDI and phenyl planes, the
positive surface of the NDI planes of 15 and 17 extended
in a continuous way to the equatorial region of the phenyl
spacer. Replacement of the phenyl spacer in 15 and 17 with
the tetramethylphenyl in 16 and 18 produced a more complex
surface. The electrostatic potential of the methyls ranges from
weakly (light blue) to distinctly positive as indicated by deep
blue caps located on the hydrogens. This unique combination of
electrostatic properties and conformational arrangement of NDI
and tetramethylphenyl spacer produced a continuous positive
surface with variable intensity of electrostatic potential. This
continuous positive surface is in excellent agreement with anion
hopping along rigid O-NDI rods 1-5.

Anion binding on the NDI-surface occurred in the region of
highest m-acidity near the imides (Fig. 11). NDI 16 was particularly
well suited to study anion—n interactions with O-NDI rigid-rods 1-
5 because the two imide nitrogens differ significantly. Whereas the
access to the substituent-free N1 is unrestricted, the space near
N2 is confined by the tetramethylphenyl spacer. The impact of
this tetramethylphenyl spacer on anion binding was investigated
by moving the anion above the m-system while restricting it to
remain in the C, plane, which bisects the NDI moiety. The
geometry parameters of anion—n complexes 19-22 were optimized
with the PBE1PBE/6-311++G** method within the C, symmetry
restriction to finally obtain two minima for anions Cl~ and Br~
alike.

In the chloride complex 19 with the chloride in the free space
near N1, the anion was found 2.95 A above the NDI plane,
the horizontal anion displacement from NI was d = 1.58 A
(Fig. 11, Table 1). In the chloride complex 20 with the chloride
in the confined space near N2, the horizontal anion displacement
increased to d = 2.16 A with respect to N2. The difference
in horizontal anion displacement in N1 complex 19 and N2
complexes 20 indicated that steric interference from the proximal
methyl in N2 complex 20 moved the chloride by 0.58 A from the
location where the optimal anion—r interaction would occur. The
resulting weakening of anion—7 interactions was further apparent
in the longer distance between chloride anion and NDI plane
(3.04 A vs. 2.95 A). The close chloride-methyl contact of 2.50 A

Table 1 Anion position and interaction energies with NDI 16*

Complex® Anion d/ Ac  Ad/A?  R.,/A¢  E, /kcal mol"
19 Cl- 1.58 — 2.95 —16.0
20 ClI- 2.16 0.58 3.04 —18.2
21 Br- 1.53 — 3.00 —14.0
22 Br- 2.32 0.78 3.28 —15.7

“From PBEIPBE/6-311++G** optimized geometries. ®See Fig. 11.
¢ Horizontal anion displacement d between anion projection on the NDI
plane and the nitrogen N1 (19, 21) or nitrogen N2 (20, 22). ¢ Difference in
horizontal anion displacement Ad for the same anion near N2 compared
to N1. ¢ Equilibrium distance between anion and NDI plane. / Interaction
energy with BSSE correction.
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Fig. 11 PBEIPBE/6-311++G** optimized structures (C, symmetry) of complexes 19-22 formed between NDI 16 and chloride and bromide shown in
top (left) and side views (center, left) of ball and stick (atom color coding, anions green, center, left) and space filling representations (right).

supported the possibility of C-H - - - CI~ stabilizing interactions in
N2 complex 20. Similar anion—H interactions have been described,
for example, in the case of linear C-H - - - X~ hydrogen bonds and
trifurcated CH; - - - X~ improper hydrogen bonded complexes,”*!
as well as observed for anion receptors.®***

The comparison of BSSE corrected binding energies for the two
complexes 19 and 20 is of interest since they provide insight on
the strength of the overall binding between the anion and model
system 16. For complex 20, suffering from the direct interference
between chloride near N2 and tetramethylphenyl spacer, the
binding is stronger by 2.2 kcal mol™ than for interference-free
association in N1 complex 19 (Table 1). This suggested that
steric interference from the tetramethylphenyl spacer is largely
compensated by factors such as the anion—H interaction (Fig. 11).

Comparison of chloride complexes 19 and 20 with bromide
complexes 21 and 22 was of interest with regard to anion
selectivity. The horizontal anion displacement for unhindered
bromide binding near N1 in complex 21 was comparable to
chloride binding in N1 complex 19. The equilibrium distance
from the NDI plane was only 0.05 A longer with Br~ than with

CI". Bromide binding in complex 22 was clearly affected by the
confined space near N2. Namely, the methyl group from the spacer
pushed the bromide towards the center of the NDI. The difference
in horizontal anion displacement Ad = 0.78 A with bromide
complexes was 0.20 A beyond that found in chloride complexes
(Table 1). Moreover, the distance R, = 3.28 of the bromide from
the NDI plane in the N2 complex 22 was 0.24 A longer than
that of chloride in the N2 complex 20. Both effects suggested that
the spacial confinement imposed by tetramethylphenyl spacers
may provide access to anion-7 slides with selectivity for small
anions. Similar to the N2 chloride complex 20, the N2 bromide
complex 22 revealed a close contact of 2.72 A between Br~ and
CH,;. The energy found for bromide binding in the confined space
near N2 in complex 22 was 1.7 kcal mol™" higher than that for
unhindered bromide binding near N1 in complex 21. This was
only 0.5 kcal mol™' less than the energy gains for chloride binding
in the confined N2 region in complex 20.

Insights from molecular modeling thus not only confirmed
the possibility of anion binding on the m-acidic NDI surfaces
but also revealed preferential anion interaction near the imide
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nitrogen. Advanced binding sites in confined spaces produced
by the methyl substituents on the phenyl spacer were found to
contribute more to anion binding (1.7-2.2 kcal mol™') than to
CI~ > Br~ selectivity (0.5 kcal mol™"). In general, these findings
are in excellent qualitative agreement with experimental results.
Possibly more important effects with larger anions as well as
correlations with desolvation penalties* remain to be explored.
Moreover, spacer engineering can be formulated as an attractive
rational approach to the design of advanced anion— slides.

With the only intention to generate a feeling for possible active
suprastructures, various parallel tetrameric bundles of asymmetric
O-NDI rod 2 were loaded with three chloride anions and subjected
to short molecular dynamics simulations in vacuo (Fig. 12). O-
NDI bundles 23 display longitudinal displacement of anion—
7 slides to produce a string of aligned aromatic binding sites.
Each site is composed of two face-to-face oriented NDIs and
two tetramethylphenyls. Adjacent aromatic rings are naturally
rotated by 90°. The terminal binding sites in bundles 23, composed
of two NDI and two glycine termini, each revealed possible
contributions from the mildly acidic amide, carbamate, amine and
ammonium hydrogens in the latter. Preliminary computational
studies suggested that these terminal functional groups may be
able to act as isolate anion receptors on their own and thus provide
an attractive additional end-group engineering approach??* to
refine the anion selectivity of O-NDI rods. However, significant
contributions from end-group engineering to multiion hopping
and anion selectivity were not supported by AMFE results, pre-
liminary results indicated preserved anion selectivity of rigid-rod
n-slides with tetraanionic end groups. More generally, we caution
that these preliminary models of possible active suprastructures
were obtained under highly simplified conditions far from reality
(excluding, e.g., surrounding membrane and explicit water). They
were prepared with the only intention to more qualitatively assist

23

Fig. 12 Optimized geometry of a notional active suprastructure after a
molecular dynamics simulation of 1500 ps in vacuo, that is, tetramer 23,
formed by four parallel monomers 2 (amine terminus up, Boc terminus
down) and loaded with three chlorides (green). The indicated NDI-NDI
distances (arrows) are 9.55 A (left) and 8.35 A (right).

the visualization of the rich complexity encountered in active O-
NDI suprastructures and must be considered with appropriate
caution.

Summary and conclusion

A small collection of rigid oligo-p-phenylene-N,N-naphth-
alenediimide (O-NDI) rods was synthesized to elaborate on
the formation and nature of transmembrane anion—7 slides for
multiion hopping across lipid bilayer membranes. According to
the HPTS assay in EYPC vesicles, rods with one charged terminus
have the highest activity, whereas the activity of rods with charges
at both termini was weaker than that of uncharged rods. These
trends suggested that transmembrane rod orientation is needed for
activity. Hill plots were in support of either exergonic self-assembly
into active suprastructures or monomeric active structures.

The most active cationic O-NDI rods (2) exhibited a rather
weak (Cl /1" = 1.9) selectivity similar to a halide IV topology
(CI" > Br~ > I" > F). This selectivity increased to a more
pronounced (Cl=/1~ = 7.6) and quite unusual halide VI topology
with the less active neutral O-NDI rods (1, CI" > F~ > Br~ >
I7). Covalent capture as rigid-rod O-NDI hairpins gave neutral
anion-n slides (4) with poor activity but excellent chloride
selectivity (ClI=/1- ~ CI=/Br~ > 7). These trends suggested that
proximity of transmembrane rods is required for both activity and
selectivity, the former decreasing and the latter increasing with
increasing lateral rod proximity. Selective transport of anions with
high hydration energy suggested strong anion binding along the
anion-7 slides. Similar selectivity for F~ and OAc™ supported
dominant energetics and excluded significant contributions from
size exclusion. The pronounced chloride selectivity of O-NDI
hairpin 4 implied slightly decreasing importance of energetics and
increasing of contributions from size exclusion (F~ > OAc™).

Lower than expected activity of mixtures of CI-/I~ and Br~ /1~
but not CI-/ClO,~ demonstrated that more than one binding site
in close proximity is required for fast transport. These significant
AMPFEs thus confirmed the existence of anion-m slides, i.e.,
multiion hopping along the rigid O-NDI rods across the bilayer
membrane.

With a significant inverted quadrupole moment of at least +14.7
B, almost twice that of hexafluorobenzene (+8.9 B) and beyond
that of significant negative counterparts such as pyrene (—13.8 B),
ab initio and DFT calculations confirmed the potential of NDIs
for anion—m interactions. Molecular models further highlighted the
role of the four methyl groups in the phenyl spacers to reduce the
available size of the w-acidic centers of the NDI surface for perfect
accommodation of small anions such as chloride or bromide, and
to magnify the NDI quadrupole moment.

The remarkable consistence of the found characteristics with
operational anion-r slides should not distract from the fact that
many aspects of introduced concept remain highly speculative.
Several interpretations and conclusions made may thus be best
considered as tentative, made with the only intention to stimulate
progress in the field. Current efforts to synthesize advanced
anion—r slides focus on hydrophilic anchoring to increase overall
activity,” on varied substitution patterns on the phenyl spacers and
the NDI core,”? and on varied positioning of the NDI acceptors
along the rigid-rod scaffold.
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Hybrid peptides consisting of a-amino acids with judiciously placed B-amino acids show great promise
as peptidomimetics in an increasing range of therapeutic applications. This reflects a combination of

increased stability, high specificity and relative ease of synthesis.

1 Introduction

Nature has provided a vast array of bioactive peptides with which
organisms control many vital processes. In so doing, researchers
have been presented with remarkable opportunities to design
molecules to mimic the action of these peptides thus providing
new chemical therapies for a range of human diseases. Indeed,
the past few decades are testament to the ingenuity of chemists
in designing such chemical entities (“peptidomimetics™).! Some of
the major challenges for any peptidomimetic to function effectively
in vivo include, inter alia: (a) stability, (b) affinity, (c) specificity and
(d) efficacy. In this account we will outline our efforts to employ
-amino acids to successfully address each of these issues.
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2 Stabilisation strategies for peptidomimetics

Many strategies have been developed in order to design molecules
(peptidomimetics) which mimic the structure and action of a par-
ticular peptide.! In order to function effectively, a peptidomimetic
must reach its site of action intact. Hence in vivo stability is a critical
issue. The human body is a particularly hostile environment for
peptides, with a host of different circulating peptidases. Conse-
quently the use of native peptides is problematic for therapeutic
applications and many approaches have been developed which
allow peptidomimetics to persist in the body for therapeutically
acceptable periods. These include the use of cyclic peptides, and a
large variety of main chain modified peptides including, inter alia,
conformationally-restricted peptides, N-alkylated peptides, aza-
peptides and of direct relevance to this review, the use of f-amino
acids.! Inevitably the introduction of one of the above stabilising
elements can lead to a loss of affinity and/or efficacy. Hence no
single approach constitutes a universal solution. In this account we
demonstrate that the use of B-amino acids shows great potential
as the stabilising element in peptidomimetics whilst maintaining
excellent efficacy.

3 B-Amino acid-containing peptidomimetics

Although B-amino acids are found in Nature they are relatively
rare compared to a-amino acids.>* Consequently human pepti-
dases generally don’t recognize—and hence don’t cleave—peptides
containing B-amino acids.>” Given their similarity in structure to
a-amino acids this makes them an attractive moiety for inclusion
in protease resistant peptidomimetics. Hence the approach we
have taken is to strategically replace specific a-amino acids within
a given peptide sequence with closely related B-amino acids.**
(In this Account no mention of B-peptides—i.e. oligomers of
only B-amino acids will be made as they are a separate field of
research.’) As mentioned above B-amino acids are very similar
in structure to o-amino acids except that they contain an “extra”
carbon atom inserted between the amino and carboxy termini.'
B-Amino acids, with any given side chain, can exist as the R
or S isomers at either the a (C2) carbon or the B (C3) carbon,
resulting in a total of 4 possible isomers for any particular
side chain (Fig. 1). The flexibility to generate a large range of
stereo- and regioisomers, together with the possibility of di- and
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Fig. 1 Structure of f-amino acids.

poly-substitution, significantly expands the structural diversity of
B-amino acids while at the same time conserving the functional
group, and provides enormous scope for molecular design. It is
also evident from Fig. 1 that many more isomers are available
in B-amino acids than is possible for the corresponding a-amino
acids.

4

4.1 Microbial aminopeptidase P (APP)

p-Amino acid derived enzyme inhibitors

Replacing an a-amino acid with the corresponding C3-f-amino acid
at the scissile bond of a peptide can dramatically increase the new,
hybrid peptide’s affinity for targeted active sites in enzymes.

Mammalian APP (EC 3.4.11.9) is a manganese-dependent en-
zyme which cleaves the N-terminal amino acid from polypeptides
where the second residue is proline. It is present in a variety of
tissues, particularly the brushborder membranes of kidneys and
lungs.”® The precise role of mammalian APP is not clear but
it is thought to be involved in cardiovascular function™'¢ and
inflammation."” Our work in this area has so far involved the
use of microbial APP as a model for mammalian APP and, as
such, provides an excellent example of the ability of -substituted
peptides to maintain their affinity with respect to that of the
“native” substrate.”® In this study we prepared a series of B-
substituted dipeptides based on the sequence Pro-Pro or Pro-Leu.
The sequences of all dipeptides are listed in Table 1.

All peptide inhibitors displayed competitive inhibition against
the cleavage of bradykinin, a substrate peptide inactivated by
APP (Fig. 2). B-Amino acid incorporations into certain peptides
resulted in enhanced inhibitory potency, with some compounds
exhibiting nanomolar K;s. With the Pro-Pro series, incorporation
of B-Pro in position one had little effect while B-Pro in position
2 resulted in a 200-fold decrease in the inhibitory activity, and
B-Pro in both positions caused a 10-fold decrease in inhibition.
Remarkably different results were observed for the Pro-Leu series.
Incorporation of B-Pro in position one resulted in a 500-fold
increase in the inhibitory activity to give a K; of 7nM. B-Leu in
position 2 caused a 5-fold decrease in inhibition, while a f-amino
acid in both positions caused little change in inhibition.

Preliminary analysis demonstrated that all the dipeptides were
completely stable to peptidases in kidney membranes after
24 hours. Should these inhibitors prove to be stable to a wider
range of peptidases, such as those found in plasma (as is the case
with other B-amino acid-substituted peptides), they will be used
to further define the physiological role of mammalian APP. In the
longer term these new peptides may well act as lead molecules

Table 1 Sequences and K;s for beta-substituted dipeptides based on Pro-
Pro and Pro-Leu

Entry Peptide K; (uM)
1 P P 0.52
2 @ ‘p 0.27
3 3 @ 115.8

4 @ @ 7.22

5 P L 1.28
6 @ L 0.007
7 3 @ 6.78

8 0.87

L)

w

= L-g-amino acid, @ = L-C3-B-amino acid.

s
N™ “CO,H
O,H H H 2
PP @
Ki=0.52 uM Ki =7 nM
Fi ™
BPro-Leu
16
Ly @ 10mM
i 0.7572x - 1.57
8 _ B0 1m
E y =0.3027x - 0.6554 5
2 ¥ =0.0477x + 0.2589 s
0 T T T ]
0 5 10 15 20 25
1S mM
b J

Fig.2 Lineweaver—Burk plotindicating B-Pro-Leu competitive inhibition
of bradykinin (Bk) degradation by microbial APP.

in the development of therapeutic agents in the treatment of
cardiovascular diseases.
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4.2 EP24.11, EP24.15 and EP24.16

Replacing an a-amino acid with the corresponding C3-f-amino acid
at the scissile bond of a peptide dramatically increases the new, hybrid
peptide’s resistance to proteolysis whilst, inmost cases retaining good
to excellent target affinity.

A second example comes from our modification of “CFP”
(N-[1-(R,S)-carboxy-3-phenylpropyl]- Ala- Ala-Tyr-p-amino-
benzoate), a widely-studied inhibitor of the metalloprotease
EP24.15 (Fig. 3). EP24.15 is of great interest as it has been
proposed that it is involved in the degradation of neuropeptides'®
and has been implicated in the hypothalamic regulation of
pituitary function in the reproductive axis?' and also in blood
pressure regulation.”? Furthermore, it has also been suggested
that EP24.15 may be involved in processing A protein associated
with Alzheimer’s disease.”*** We were interested, inter alia, in
investigating the possibility of generating hybrid analogues of CFP
which would be resistant to proteolysis by neprilysin—an enzyme
related to EP24.15 and which readily cleaves CFP at the Ala-Tyr
bond—but still have high affinity for EP24.15.

OH
Cj H O
HOLC NJ\[N‘;)LN N
H O H O

Cpp (A (A e Y p-Ab

COzH

ICs0 (24.15) 0.06 uM
(24.16) 0.12 uM
Degrdn by 24.11 100%

Some clear trends emerged (Table 2). First, replacement of
the C-terminal p-aminobenzoic acid with B-Gly had little effect
on its inhibitory activity against EP24.15 or the closely-related
EP24.16.252% Second, substitution of the residue on either side of
the scissile bond with a f-amino acid eliminated degradation by
neprilysin whilst in many cases significant affinity for the active site
in both EP24.15 and EP24.16 was maintained. Third, replacing
the scissile Ala with its B-analogue led to significant reduction
in affinity for both enzymes but with very promising levels of
selectivity for EP24.16 over EP24.15 (entry 3). Interestingly we
found that substituting the same Ala with rac-C2f-Ala gave much
improved affinities but with complete loss of selectivity (entry 4). In
fact the best performing analogue in the small library we prepared
contained both a rac-C2-Ala on the N-terminal side of the scissile
bond and Phe replacing the Tyr on the C-terminal side of the
scissile bond (entry 7).

Hence a single substitution can lead to complete loss of affinity
for neprilysin whilst maintaining good affinity for EP24.15 and
EP24.16. (Degradation assays subsequently established that the
introduction of one or more B-amino acids completely abolishes

=
FSQN‘RTHJ\“/H’\)‘H/\)LOH
H © 0

Cpp A @i F—@

IC5q(24.15) 2.8 uM
(24.16) 1.8 uM
Degrdn by 24.11 0%

Fig. 3 Modification of “CFP” with B-amino acids yields a strong inhibitor of EP24.15 and 16 whilst providing complete stability against neprilysin.

Table 2 Selected sequences of CFP analogues, inhibitory constants (K;) and % degradation by 24.11.

Entry  Peptide ICs, (WM)EP24.15  ICy (uM)EP24.16 % Degradation by EP 24.11
1 Cpp A A Y p-Ab 0.06 0.12 100
“CFP”
2 Cop 2 Bl D—@ 0.12 0.18 100
3 Col A—Q@V—@ >500 72 0
4 Cop B @i @ 6.3 6.3 0
5 Col A @V —@ 5.6 48 0
6 Col A Al D—D 25 14 0
7 col D@ B —@ 2.8 1.8 0
8 — 0

Cpp —(A (P Y —(@ -

= L-g-amino acid, @ = L-B3-amino acid, @ =D-B3-amino acid, @ = (£)-B2-amino acid, .ann = proteolytically stable bond, .~ = proteolytically

labile bond.
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Table 3 Proteolytic degradation of SHINFEKL and SIIN(B-F)EKL

% Degradation by proteases

Entry Peptide Serum* Pronase’ PK®* Pepsin®
1 95 85 75 75
$—D—0D—N—p—E—®W—0 -
“Wild type” antigen surrogate
<50 0 0

NP E

< After 2 h. ® After 6 h. = L-g-amino acid, Q = L-C3-B-amino acid.

@ @ 70

binding to neprilysin.) In addition subtle differences in the nature
of the B-amino acid employed also lead to useful differences
in specificity. For example substituting the Ala adjacent to the
scissile bond with the corresponding C3-f-Ala led to the abolition
of binding to EP24.15 whilst maintaining reasonable affinity for
EP24.16 (see entry 5). This work provides a remarkable example
of the ability of single B-amino acid substitutions to “switch
off” affinity for one, in this case problematic, enzyme whilst
maintaining affinity for the desired enzyme(s).

5 MHC binding peptides

The use of peptide-based vaccines has proved problematic due
to relatively poor stability, bioavailability and rapid modification
of the peptide under conditions of formulation and delivery.?’
Hence this provides an ideal opportunity to evaluate the efficacy
of B-amino acid stabilized peptides as vaccines. The rationale
underlying this approach is based on the cellular immune sys-
tem’s ability to recognise processed forms of antigens which are
displayed on the surface of antigen presenting cells complexed
with major histocompatibility complex (MHC) molecules.

Given the plausible link between immunogenicity and prote-
olytic stability of peptides derived from antigens® we chose to
investigate the incorporation of B-amino acids into T cell epitope
mimetics of a model antigen, SIINFEKL—the immunodominant
T cell epitope derived from chicken ovalbumin—in C57BL/6
mice, and examine the resultant efficacy of these mimetics (which
we have termed “betatopes”).?”? Each of the amino acids in
SIINFEKL was sequentially replaced with the corresponding C3
B-amino acid. Some analogues displayed similar MHC binding
and superior protease stability in comparison to the native epitope.
Replacement of o-amino acids at positions 4, 5, 6, and 8 with
their corresponding f-amino acid resulted in binding equivalent
to or greater than that of the wild-type peptide, whereas the
remaining substitutions disrupted binding. Of these the 5, 6 and 8
mono-substituted peptides were the most stable. Table 3 compares
the stability of SIINFEKL to SIINB-FEKL clearly showing the
enhanced stability conferred on the peptide by the introduction
of the B-Phe at residue 5. Similar results were obtained with the
other two “betatopes”.

Importantly, these analogues were able to effectively mimic the
native peptide by maintaining their immunogenicty in an array
of in vitro cellular assays.” Moreover when these betatopes were

used to immunise C57BL/6 mice they generated cross-reactive
cytotoxic T lymphocytes that were capable of lysing tumor
cells that expressed the unmodified epitope as a surrogate tumor
antigen. Remarkably, cytotoxic T cells generated by immunization
with position 5 and position 8 substituted betatopes (BPhe and
BLeu) demonstrated superior cytotoxicity (killing) of tumor
cells and enhanced production of key inflammatory cytokines
such as interferon-y in response to recognition of tumor cells
that expressed the unmodified epitope as a surrogate tumor
antigen (Fig. 4). This provides tantalizing evidence that use of
proteolytically stable mimics of natural T cell epitopes results in
augmented immunity and paves the way for a new generation of
chemically defined peptide based vaccines.

6 A structural basis for the use of f-amino acids in
peptidomimetics

The crystal structures of each of these peptides bound to murine
MHC class I molecule H-2K® were determined and compared
with the previously reported structure of the wild-type complex
(Fig. 5). (These appear to be the first crystal structures reported of
any B-amino acid-modified peptides bound to a large protein.) We
selected B-amino acid replacements at “anchor residue” positions
5 and 8 because these performed well in our functional analysis and
proved most stable against proteases. Structural analysis of these
peptides revealed that the only perturbation occurred in the region
where the “extra” methylene had been inserted in the peptide. For
the S-substituted SIINFEKL, in this region of the complex it is
clear that the main chain conformation is essentially unaltered
however the peptide’s B-Phe side chain has moved deeper into the
hydrophobic pocket of H-2K" explaining the enhanced binding
affinity of this betatope for this MHC class I molecule. For the 8-
substituted analogue little perturbation of the main chain occurred
and once again the side chain of the B-Leu is buried more deeply
in its hydrophobic pocket.

Hence we have shown that incorporation of B-amino acids at
single positions in a model peptide antigen, SIINFEKL, enhances
the stability of the entire peptide, retains the original peptide’s im-
munogenicity, and generates functional cross-reactive T cells with
anti-tumor cytotoxic activity. Additionally, our studies suggest
that replacement of MHC anchor residues with corresponding f3-
amino acids may represent a generic strategy for the augmentation
of proteolytically susceptible peptide antigens.
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Fig. 4 CDS8+ T lymphocytes from mice immunised with SIINFEKL betatopes show enhanced cytolytic activity (A) and cytokine production (B) in
response to ovalbumin expressing tumor cells, but not peptide pulsed target cells in an intracellular cytokine staining experiment.
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Fig.5 Structures of H-2K® bound to “betatopes”. Peptide orientation of
both B-Phe5 (A) and B-Leu8 (B) superimposed onto the wild-type peptide
containing structure (yellow) is shown. The peptide ligands in all complexes
have very similar conformation (arrows indicate the site of the additional
methyl moiety in the peptide backbone of the B-amino acid containing
analogs).

7 Conclusions

The judicious substitution of an o-amino acid with a B-amino
acid in peptides of interest leads to mimetics which show good to
excellent stability, affinity and function. These results hold great
promise for the development of new, peptide-based therapies—
a field which has long been neglected or dismissed but is now
attracting renewed interest.** Our approach so far has been mostly
limited to B-amino acids (largely the C3 family) bearing natural
side-chains. We are currently focussing our efforts on extending
this approach to the synthesis and incorporation of C2 and C3
B-amino acids containing customised, unnatural side chains.’*32
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The syntheses and properties of 8-aza-7-deazapurine (pyrazolo[3,4-d]pyrimidine) ribonucleosides
related to 2-aminoadenosine and isoguanosine are described. Glycosylation of 8-aza-7-
deazapurine-2,6-diamine 5 with 1-O-acetyl-2,3,5-tri-O-benzoyl-B-D-ribofuranose (12) in the presence of
BF;-Et,0 as a catalyst gave the N® isomer 14 (73%) with a trace amount of the N’ isomer 13a (4.8%).
Under the same reaction conditions, the 7-halogenated 8-aza-7-deazapurine-2,6-diamines 68 afforded
the thermodynamically more stable N’ nucleosides 13b—d as the only products (53-70%). Thus, a
halogen in position 7 shifts the glycosylation from N* to N°. The 8-aza-7-deazapurine-4,6-diamine
ribonucleosides 1a—d were converted to the isoguanosine derivatives 3a—d by diazotization of the
2-amino group. Although compounds 1a,b do not contain a nitrogen at position 7 (the enzyme binding
site), they were deaminated by adenosine deaminase; however, their deamination occurred with a much
slower velocity than that of the related purines. The pK, values indicate that the 7-non-functionalized
nucleosides 1a (pK, 5.8) and 15 (pK, 6.4) are possibly protonated in neutral conditions when
incorporated into RNA. The nucleosides 3a—d exist predominantly in the keto (lactam) form with Kyt
(keto/enol) values of 400-1200 compared to 10°~10* for pyrrolo[2,3-d]pyrimidine isoguanosine
derivatives 4a—c and 10 for isoguanosine itself, which will reduce RNA mispairing with U.

Introduction

8-Aza-7-deazapurines (pyrazolo[3,4-d]pyrimidines) exhibit ex-
traordinary physical and biological properties’™ if they are con-
stituents of nucleosides or oligonucleotides. 8-Aza-7-deazapurines
(purine numbering is used in the general discussion) closely
resemble the structure of purines and make their nucleosides
ideal mimics of the canonical purine constituents of DNA or
RNA. Since there is an absence of de novo purine biosynthesis
in most parasites, these organisms are wholly dependent in the
salvage pathway for the purine nucleoside metabolism. However,
they will accept certain 8-aza-7-deazapurines in place of purines.
For example, allopurinol (pyrazolo[3,4-d]pyrimidin-4(5H)-one),
which is an approved drug for the treatment of gout, was also
shown to be active against several leishmania and trypanosome
species.”™” In both species allopurinol is converted to allopurinol
ribonucleoside 5'-phosphate.®® Monomeric 8-aza-7-deazapurine
nucleosides develop antiparasitic, antitumour and antiviral
activity.'*® In particular, 8-aza-7-deazapurine-2,6-diamine and
its riboside 1a are powerful purine nucleoside antagonists.*** In
the form of their triphosphates these nucleosides are substrates
of polymerases, thereby making significant contributions to
DNA and RNA diagnostics.”® The thermal stability of oligo-
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2'-deoxyribonucleotide duplexes increases significantly when 7-
halogenated 8-aza-7-deazapurines replace purines.”’” It has been
shown that the 7-halogenated 8-aza-7-deazapurine-2,6-diamine 2e
forms a base pair with thymine that is as stable as a dG—dC base
pair,® while the base pair of thymine and the non-functionalized
8-aza-7-deazapurine-2,6-diamine is not stronger than the dA-dT
pair.

Recently, it was shown that 2-amino-7-deaza-2'-deoxyadenosine
(2a), the pyrrolo[2,3-d]pyrimidine analogue of 1a, is protonated
even under neutral conditions when it is a constituent of an
oligonucleotide, thereby forming a stable mismatched base pair
with dC. However, the halogenated derivatives 2b—d with lower
pK, values do not pair with dC.?* Base pairing ambiguity is also
found for other nucleosides that generate sufficient amounts of rare
tautomers such as 2'-deoxyisoguanosine, thereby forming strong
base pairs not only with dC or isoC,, but also stable mismatches
with dT and dG. This pairing ambiguity is significantly diminished
if the 7-deazapurines bear electron-withdrawing substituents in the
7-position.3

This manuscript investigates 7-halogenated 8-aza-7-deaza-
purine nucleosides related to 2-aminoadenosine and isoguanosine.
The 8-aza-7-deazapurine-2,6-diamine ribonucleoside 1a and its
7-substituted derivatives 1b—d (Scheme 1) were synthesized. As
compounds 1a—d do not contain an N-7 nitrogen, they might not
be deaminated by adenosine deaminase, as was observed for the
pyrrolo[2,3-d]pyrimidine analogues 2a—d. Chemical deamination
of la—d afforded the isoguanosine derivatives 3a—-d. As it has
been reported that the tautomeric enol formation of isoguanine
nucleosides results in base pairing with T (or U),* the ability
to form rare tautomers was studied on compounds 3a—d and
compared with the data obtained for purine and 7-deazapurine
nucleosides (4a—c).
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Results and discussion
1. Synthesis of 8-aza-7-deazapurine ribonucleosides

The literature reports various synthetic routes to 8-aza-7-
deazapurine ribonucleosides:

(1) Davoll described the syntheses of the 8-aza-7-deazapurine-
2,6-diamine ribonucleosides 1a and 15 using the chloromercury
derivatives of the nucleobases and tri-O-benzoyl-D-ribofuranosyl
chloride as the sugar component.” He obtained a mixture of N*
and N’ regioisomers in only 5-10% total yield.

(i1) The glycosylation of 2,6-substituted 8-aza-7-deazapurines
via the corresponding trimethylsilyl intermediates with tetra-O-
acetyl-B-D-ribofuranose and trimethylsilyl triflate as catalyst.*!

(iii) Cottam er al.'** used BF;-Et,O as the catalyst under reflux
conditions, yielding various 8-aza-7-deazapurine ribonucleosides.

(iv) Recently, Bookser and Raffaele®? investigated the direct
glycosylation of 8-aza-7-deazapurine with microwave assistance.

Our laboratory has studied the synthesis of 2,6,7-trisubstituted
8-aza-7-deazapurine ribonucleosides using the corresponding 7-
halogenated 8-aza-7-deazapurines as precursors.* As an efficient
route for the synthesis of 7-halogenated 8-aza-7-deazapurine
derivatives related to 2-aminoadenosine and isoguanosine does
not exist, this manuscript investigates the synthesis of a series of
7-substituted 8-aza-7-deazapurine derivatives using commercially
available 1-O-acetyl-2,3,5-tri-O-benzoyl-D-ribofuranose (12) for
glycosylation. The starting material for the halogenated bases is
8-aza-7-deazapurine-4,6-diamine (5) prepared as described earlier
from guanidine carbonate and 3-amino-4-cyanopyrazole in a ring-
forming reaction.” Compound 5 was halogenated with bromine
(— 7)* or halosuccinimides (NXS, X = Cl, 1), affording the 7-
halogenated nucleobases 68 (Scheme 2).

NH, NH, X
NS N (i) or (ii) NT N

N N
H,NT N N H,NT N N
2 H 2 H

5 6: X =CI (32%)

7: X = Br (62%)

8 X =1 (65%)

Scheme 2 Reagents and conditions: (1) 6: N-chlorosuccinimide (NCS),
DMEF, 24 h, r.t.; 8: N-iodosuccinimide (NIS), CH,Cl,, 3 d, reflux, (ii) 7:
Br,, H,O, r.t., 1 h, reflux, 1 h.

Structures of the nucleosides.

The low solubility of the base 5 in DMF or dichloromethane
resulted in low halogenation yields (32-65%). Moreover, difficul-
ties were encountered during the purification of 6 and 8 due to
poor solubility. Thus, for large scale preparation an alternative
route was used. Compound 9 bearing a hydrophobic isopropoxy
group was employed as a starting material. The halogenated
derivative 11** was synthesized from 9*¢ with NIS under reflux
in 1,2-dichloroethane. The former was converted to the diamino
compound 8 (74%) in aqueous ammonia in an autoclave. In
the same way, the chloro derivatives 10 and 6 were prepared
(Scheme 3).

OiPr OiPr X
NN O NE )

N — |
’ HZN)\\N

10: X = CI (42%)
11:X =1 (70%)

N 6 (81%)
N T 8(74%)
HNT N7 N H

Scheme 3  Reagents and conditions: (i) 10: NCS, CICH,CH,Cl, 5 h, reflux;
11: NIS, CICH,CH,CI, 2.5 h, reflux; (ii) 25% NH,OH-dioxane (2 : 1),
120 °C, 24 h.

Next, the glycosylation of the nucleobases 5-8 was investigated.
First, we tried to perform the glycosylation with the sugar moiety
12 in MeCN with HMDS (base silylation) and tin chloride as
catalyst. This resulted in a complicated reaction mixture and very
little of the desired product. Later on we applied the procedure of
Cottam et al.,'* with BF;-Et,O as catalyst under reflux, which
gave satisfactory yields. According to an earlier observation,”
two isomers are expected with N® and N’ as the glycosylation
sites, as was always found in the case of 2'-deoxyribonucleosides.*
However, in the case of the 7-halogenated 8-aza-7-deazapurine-
2,6-diamines 6-8, only the N isomers 13b—d (53-70%) (Scheme 4)
were obtained. In constrast, the glycosylation of the 7-non-
functionalized compound 5 resulted in two products, which were
assigned to be 13a (N’ 4.8%) and 14 (N® 73%). Therefore the
7-halogen substituent has a significant influence on the outcome
of the glycosylation. The 7-non-functionalized compound 5 gave
a higher total glycosylation yield (78%) than the halogenated
bases 6-8 (53-70%), with the N® isomer in excess. The 7-
halogen shifts the glycosylation site completely to N’, while
compound 5 (which is not hindered at the N® position by a 7-
halogen substituent) can be more easily attacked at N®. Also, the
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To access a higher yield of the N’ isomer 1a, the 2-amino-6-
isopropoxy-8-aza-7-deazapurine 9*° (Scheme 5) was employed in
another glycosylation protocol. Compound 9 was first silylated
with 1,1,1,3,3,3-hexamethyldisilazane (HMDS) and then reacted
with the sugar 12 in the presence of TMSOTT (trimethylsilyl
trifluoromethanesulfonate) for 3 h at room temperature, affording
compound 16 in 44% yield (Scheme 5). Here, the N* isomer 17
was isolated in only 15% yield. The moderate total glycosylation
yield resulted from a partial cleavage of the isopropoxy group
under the reaction conditions (HMDS, TMSOTY), which was
confirmed by a nucleoside side-product isolated from the reaction
mixture. '"H NMR spectra showed the absence of the isopropoxy
group, and a longer reaction time led to an increasing yield of
that compound, which after deprotection with sodium methoxide
(0.2 M) yielded 8-aza-7-deazaguanosine. Here the N’ isomer is
favoured from both the bulkiness and the electron-withdrawing
effect of the isopropoxy group. Compounds 16 and 17 were
converted to the nucleosides 1a and 15 by heating in aqueous
ammonia (Scheme 5). Next, compounds la—d were deaminated
selectively by diazotization at the 2-NH, group, affording the
isoguanosine analogue 3a and its halogenated derivatives 3b—d
in yields of 42-57% (Scheme 6).

BzO

OBz

16 (44%)

aX=H;b:X=Clic:X=Br;d: X=1

Scheme 6 Reagents and conditions: (1) NaNO,, AcOH, H,0, 50 min,
50 °C.

2. Deamination with adenosine deaminase

Selective deamination of the 6-NH, group was expected by
the action of adenosine deaminase (ADA). ADA catalyzes the
irreversible hydrolysis of adenosine or 2'-deoxyadenosine to the
corresponding inosine and ammonia. Enzymatic deamination
by ADA has found many applications in nucleoside chemistry
and has led to functionalized purine nucleoside analogues in
drug discovery and medicinal chemistry. This reaction can be
performed on a preparative scale.’”*! As the ADA deaminates 3-D
isomers exclusively, anomeric mixtures can be also separated.*
Considerable effort has been directed towards studies of the
structural requirements for adenosine derivatives to act as sub-
strates. When this method was applied to pyrrolo[2,3-d]pyrimidine
nucleosides, e.g. tubercidin (7-deazaadenosine), it was shown that
7-deazapurines are not deaminated (Table 1). It was therefore

1a (70%)
15 (65%)

17 (15%)

Scheme 5 Reagents and conditions: (i) HMDS, (NH,),SO,, 2 h, reflux; (ii) 1-O-acetyl-2,3,5-tri-O-benzyl-D-ribofuranose, TMSOTT, 3 h, r.t.; (iii) 28%

NH,OH-dioxane (4 : 1), overnight, 100 °C.
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Table 1 Relative initial velocities for adenosine derivatives deaminated with adenosine deaminase®

Compound Rel. Vi Compound Rel. Vi
la 0.27 (£ 0.02) Adenosine* 100
1b 0.18 (£ 0.02) 2-Aminoadenosine* 25
1c 0 8-Azaadenosine* 217
1d 0 7-Deazaadenosine* 0
8-Aza-7-deazaadenosine 1.32 (£ 0.01) 8-Aza-7-chloro-7-deaza-2'-deoxyadenosine 0

“ For conditions see Experimental section and Supplementary informationt.

concluded that N-7 is an essential enzyme binding site that
is necessary for the deamination reaction. This was supported
by the observation that another modified nucleoside, namely 8-
azaadenosine, is quickly deaminated (Table 1). As it is known
that 8-aza-7-deaza-2'-deoxyadenosine (which does not contain
a nitrogen at the 7-position) can be deaminated by adenosine
deaminase, it was concluded that this nitrogen is not essential
for deamination.® As nothing was known about the substrate
properties of the diamino nucleoside la or the halogenated
derivatives 1b—d, the conversion to the corresponding 8-aza-7-
deazaguanosine by ADA was studied.

The relative initial velocity of the deamination was measured
UV-spectrophotometrically. The enzyme was diluted to a con-
centration (0.004 units pl™') that warrants substrate saturation,
thereby making the initial velocity concentration-independent.
The initial velocities of compounds 1a,b and 2-aminoadenosine
were measured at 250 nm, and the data are compiled in Table 1.
It can be seen that the non-functionalized compound la and
the chloro compound 1b were deaminated, but with much
lower velocities than adenosine, while the deamination of 1¢
and 1d does not occur. Consequently, N-7 is not essential for
the adenosine deaminase; however, the positional change of N-
7 (purine) to N-8 (pyrazolo[3,4-d]pyrimidine) leads to a 100-
fold decrease of the reaction rate (25 for 2-aminoadenosine
and 0.27 for 1a). This trend is also observed in the series of
adenosine derivatives (100 for adenosine and 1.32 for 8-aza-7-
deazaadenosine). A 7-chloro substituent introduced in compound
la decreases the rate slightly (0.18 for 1b vs. 0.27 for 1a),
while the 7-chlorinated 8-aza-7-deazaadenosine is not deaminated
under the same conditions. Although compounds 1a and 1b
are deaminated rather slowly, the reaction can be performed
on preparative scale when a large excess of the enzyme is
employed.

)\

s w

3ce (1H)keto, 3ck

3. Preparation and assignment of fixed tautomers of
8-aza-7-deazaisoguanine nucleosides

As the enol content of isoguanosine and corresponding derivatives
controls mismatch formation, the tautomeric keto—enol equilib-
rium of the isoguanosine derivatives 3a—d was determined (see
the following paragraph). For this it is necessary to correlate
the UV spectra of the particular tautomers to the structures of
the keto and enol forms. Consequently, the tautomeric species
were fixed by replacing the corresponding protons by methyl
groups. This will not influence UV spectra significantly, but will
allow us to make this assignment. Compound 3¢ was chosen as
an example. Four possible methylated tautomers are shown in
Scheme 7. As diazomethane directs the methylation to the oxo-
group,* the fixed enol compound 3ce (Scheme 7) will be accessible.
However, two products were obtained when the reaction was
performed in methanol with diazomethane freshly prepared from
nitrosomethylurea (50% KOH in ether). According to the signals
of a methoxy group identified by '"H NMR and “*C NMR, and
a UV maximum at 264 nm (Fig. 1), one of the isomers was 3ce
(Scheme 7).

The other methylation product shows NMR signals of an
N-methyl group and identical UV spectra in both water and
dioxane (Fig. 1, compound 18), which indicate a fixed keto form —
(1H)keto, (3H )keto, or (8 H)keto (Scheme 7). However, compound
18 is different from compound 3ck (fixed (1H )keto form). Also,
the N-8 methylated compound is excluded because there is no
chemical shift change for C-7 in the *C NMR spectra (18 vs. 3¢,
Table 3), which would be an indication of N-8 methylation.
Moreover, in the *C NMR spectra of compound 18, C-4 has
a ~10 ppm up-field shift compared to 3ce and 3ck. Therefore the
methyl group has to be attached to N-3 (compound 18, Scheme 7).
When compound 3¢ was treated with trimethylphosphate under

NH
Br 2
NH, Br
/
- N—CH
N 3
/\g_% O 2\ N
(3H)keto, 18 (8H)keto

Scheme 7 Tautomers of compound 3c fixed by methylation.
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Fig. 1 UV spectra of compounds 3a—d, 3ck, 3ce and 18 in water (pH ~6) (a) and in dioxane (containing 2% water) (b).

alkaline conditions, the fixed (1H)keto compound 3ck (Scheme 7)
was obtained together with compound 3ce. Compound 3ck carries
a methyl group as shown by the NMR spectra, and represents a
fixed keto form according to the UV absorption both in water and
in dioxane (Fig. 1), resembling the fixed keto form of the pyrrolo
derivative.** Moreover, compound 3ck shows a 6 ppm up-field shift
for C2 compared to compound 3¢ (Table 3).

Fig. 1 shows the compilation of UV spectra of compounds 3a—d,
3ck, 3ce and 18. Compounds 3b—d are derivatives of 3a and show
similar UV spectra (see Fig. 1 and Table 2). The UV spectra of the
fixed tautomers 3ck and 3ce can be used to identify the fixed keto
and fixed enol forms for the whole series of nucleosides 3a—d.

4. Spectroscopic data

Table 3 compiles the "C NMR chemical shifts of all new
compounds. The assignments of the *C NMR chemical data of
the base residues are made according to the literature,®* as are
the assignments of the carbon resonances of the sugar residues.*’
The table shows that compared to the 7-non-functionalized 8-aza-
7-deazapurines (5, 1a, 3a, 13a), the C-7 signals of the 7-chloro
derivatives (6, 1b, 3b, 13b) are shifted up-field (1-5 ppm). The shift
for the 7-bromo derivatives (7, 1¢, 3¢, 13¢) is in the same direction
but is stonger (13-15 ppm), while for the iodo compounds (8,
1d, 3d, 13d) the up-field shift is the strongest (35-40 ppm). The
anomeric configuration was assigned to be B-D in view of the small
coupling constant (/) for the anomeric proton*” (2-3 Hz for
13a—d, see Experimental section) as well as the chemical shifts of
C(1), C(2)), and C(4'), which indicate the f-D anomers.*’

Table 2 UV absorption maxima of nucleosides in water and dioxane

Compound Jmax/TIM (Water) Jmar/ M (dioxane)*
3a 282, 251 262

3b 286, 252 265

3¢ 287, 249 266

3d 289 268

3ce 264 264

3ck 287 300

18 268, 252 270, 251

2% water was added for solubility.

5. Determination of pK, values and the keto/enol content of
nucleosides

Protonation and keto—enol tautomerism of nucleosides influence
base pairing selectivity and mismatch formation of DNA and
RNA. Thus, it is of importance to determine these physico-
chemical parameters in solution. At first, the pK, values of
the ribonucleosides la—d, 3a—d and 15 were determined by
spectrophotometric titration® (pH 1.2-13.5) at 220-350 nm (see
Supplementary datat). As shown in Table 4, the pK, value of the 7-
non-functionalized nucleoside 1a is about 2 units higher than those
of the 7-halogenated compounds 1b—d. Therefore, compound 1a
is easier to protonate than the derivatives carrying an electron-
withdrawing halogen at the 7-position. The N® nucleoside 15 shows
a pK, value (6.4) which is higher than that of the N° compound 1a
(5.8). The table includes also the pK, values of the corresponding
purine and pyrrolo[2,3-d]pyrimidine nucleosides. The diamino
compounds 1a and 2a show almost no difference (5.8 for 1a and
5.7 for 2a), while that of the 2-aminoadenosine is significantly
lower (4.4). However, the halogenation has different effects on
pyrazolo[3.,4-d]pyrimidines and pyrrolo[2,3-d]pyrimidines. In the
former series (1a—d), 7-halogenation decreases the pK, from 5.8
(1a) to about 3.7 (1b—d), but in the latter case only from 5.7 (2a)
to 4.7 (2b—d). In the series of the isoguanosine derivatives 3a, 4a
and isoG, the pyrazolo analogue 3a shows similar behaviour to
the purine congener isoG. The pyrrolo isoguanosine derivative 4a
is more basic (pK, 4.6) than the purine and pyrazolo analogues
(3.4 and 3.7 respectively). It is also shown that 7-halogenation
decreases the pK, value of both protonation and deprotonation
by about 1 unit in both the pyrrolo and pyrazolo derivatives (3a—d,
4a—c). Furthermore, it indicates that there is not much difference
between the various halogen substituents on the basicity of the
nucleosides in certain series of compounds. Within the oligonu-
cleotide chain the pK, values of protonation can be significantly
higher than those of the free nucleosides. Thus, the nucleosides 1a
and 15 might be protonated even under neutral conditions if they
are constituents of nucleic acids. The base pairing properties of the
2'-deoxyribo derivatives of 1a and 15 have already been studied;*”*
however, the pH-dependent character needs further investigation.

Next, the tautomeric equilibria of the isoguanine derivatives
3a—d were investigated and compared with corresponding purine
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Table 3 “C NMR chemical shifts (ppm) of pyrazolo[3,4-d]pyrimidines and related ribonucleosides 1-18*

Compound C-2(C-6)* C-4 (C-Ta)® C-5(C-3a) C-6 (C-4)® C-7(C-3) C-1 C-2 C-3 Cc-4 C-5
5 162.5 158.2 94.8 157.8 132.6

6 163.0 158.5 91.6 157.3 130.9

7 162.8 158.4 93.8 157.4 118.1

8 162.1 157.8 89.5 157.6 97.5

93 162.1 159.1 95.8 162.9 131.7

10 162.4 159.4 93.7 162.6 131.0

11% 162.6 159.1 89.6 162.6 99.3

1a 162.6 158.3 95.4 157.2 133.4 87.8 72.9 70.9 84.7 62.6
1b 163.0 158.3 92.2 157.3 128.6 87.1 72.5 70.7 84.7 62.3
1c 162.8 158.1 94.4 157.4 119.4 87.1 72.6 70.6 84.7 62.3
1d 162.3 157.7 91.6 157.5 98.3 87.4 72.6 70.7 84.8 62.4
3a 156.8 ¢ 92.3 154.5 134.9 88.8 73.1 71.1 85.2 62.6
3b 157.0 ¢ 89.6 154.1 133.2 87.2 72.7 70.7 85.1 62.3
3c 158.6 ¢ 92.1 155.0 120.7 88.5 73.0 71.1 85.5 62.8
3d 156.3 ¢ 92.8 154.4 95.2 88.2 72.7 70.7 85.2 62.4
3ce 165.3 157.5 97.0 158.5 119.8 88.1 72.9 70.8 85.3 62.4
3ck 152.8 156.6 90.4 153.6 120.0 87.7 72.7 70.8 85.1 62.5
13a 163.0 158.3 95.3 157.5 134.8 85.3 74.0 71.4 78.4 63.6
13b 163.3 158.4 92.2 157.3 133.6 85.0 73.6 71.1 78.7 63.3
13¢ 162.5 158.1 94.5 157.2 121.2 85.1 73.5 71.1 78.8 63.4
13d 162.5 157.8 93.5 157.7 98.3 85.1 73.5 71.2 78.8 63.5
14 162.4 162.2 98.2 159.6 126.4 91.3 75.0 71.3 79.0 63.5
15 162.7 162.5 97.6 159.5 124.5 94.4 75.0 70.7 85.6 62.2
16 162.6 158.5 96.4 163.0 133.5 85.5 74.0 71.3 78.5 63.5
17 161.9 164.0 98.5 164.3 125.8 91.5 75.0 71.2 79.1 63.4
18 158.6 148.9 95.1 157.3 120.6 90.7 73.2 70.2 85.5 61.7

“Measured in DMSO-d, at 298 K. Carbons are labelled according to purine numbering; the labels in parentheses are the systematic numbers. * Tentative.

¢ Not detected.

Table 4 pK, values of nucleosides”

Compound Wavelength?/nm pK, Compound Wavelength?/nm pK.

1a 257 5.8 2a% 285 5.7

1b 275 3.7 2b 285 4.9

1c 276 3.6 2¢ 286 4.8

1d 276 3.7 2d 288 4.9

3a 265 (276) 3.7(9.7) 4a*> 255 (275) 4.6 (10.5)
3b 295 (276) 2.7(8.7) 4b® 264 (264) 3.9(9.7)
3c 294 (275) 2.7 (8.6) 4c® 264 (264) 3.8(9.8)
3d 266 (278) 2.7 (8.7) 2-Aminoadenosine 296 4.4

15 305 6.4 isoG 250 (265) 3.4(9.5)

“ Measured in phosphate buffer (7.8 g NaH,PO,-H,O in 500 ml H,0) from pH 1.2 to pH 13.5. Values refer to protonation; those in parentheses refer to

deprotonation. » Wavelength with the most significant absorbance change.

and 7-deazapurine congeners. In aqueous solution, the canonical
nucleic acid constituents guanosine and 2’-deoxyguanosine exist
predominantly in the keto (lactam) form (Kpar ~ 10%-10%),
which leads to an almost perfect Watson—Crick base pairing. As
only one of 10*-10° of the G, molecules is enolized, mispairing
is rare. Also, it was reported that iG, favours the keto (N-H)
form in aqueous solution and forms a stable base pair with iC,
(Scheme 8). However, the enol tautomer is present to a significant
amount (10%).%* This allows the formation of stable mismatches
with dT or dU (Scheme 8) and decreases the discrimination ability
of isoguanine during base pairing,” which limits the use of the iG,
in hybridization. Since the keto—enol equilibrium of iGy depends
on the polarity of its microenvironment, one can expect that
the modification of nucleobases would influence this equilibrium,
resulting in alteration of the coding properties. It has already been
shown with pyrrolo[2,3-d]pyrimidine analogues of isoG, that the

\
N—H----0  CHs 1
v-X N X N—H----0  CHs
\ — N\ & \
/N L NTHeeN \_ 3\
N----H—N
N——<\ >¥N\ / \_/<
0----H—N N »—N
\ O—H----0 N\
H
X=N,Y=CH
keto X=CH.Y=CH enol
X=CH,Y=N

Scheme 8 Keto and enol tautomers of isoguanine (and modified deriva-
tives) pair with iso C (or C) and T (or U).

enol content is only about 1/1000,%* and significantly decreased
when a 7-halogenated 7-deazaisoguanine replaces isoguanine.®
As a mimic of isoguanosine, compounds 3a—d might also prefer
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Scheme 9 Tautomeric equilibrium of nucleosides 3a—d.

the keto form in the aqueous solution. To prove our hypothesis,
the tautomeric equilibria between the keto and the enol forms of
3a—d were determined UV-spectrophotometrically in aqueous and
non-aqueous solutions.

As shown in Fig. 1 and Table 2, the UV spectra of compounds
3a—d, measured in water, showed the same maxima (250 nm and
286 nm), resembling the fixed keto form 3ck (Scheme 9). However,
under non-aqueous conditions (dioxane with 2% of water for
solubilization), the UV absorbance changes totally, showing the
maxima of the fixed enol form 3ce (264 nm). Therefore, it is
reasonable to assume that in aqueous solution the compounds 3a—
d exist almost entirely in the keto form, while in dioxane solution
the enol form is the predominant species.

Next, the tautomeric equilibria (K = [keto]/[enol]) of
compounds 3a-d were determined in dioxane-water mixtures
ranging from 98 : 2 to 5 : 95. The ratio of the tautomers
was determined by the multiwavelength method of Dewar and
Urch.% Data were collected at around 265 and 286 nm, where the
extinction coefficients of both forms show the highest difference.
When the water—dioxane ratio increases, the UV spectra for
compound 3a—d shifted gradually, more and more resembling the
UV spectra of the keto form. When the water content was higher
than 55%, the spectra became solvent-independent and the band
at 265 nm nearly disappeared, while the absorbance at 286 nm
increased to the level of the pure keto form. By adding more water,
the whole spectrum is moved to shorter wavelength due to the
increase of the polarity of the solvent system (see Supplementary

0,4 =.
. y=-0.115x + 4.66 NH, a
R =0.99
0,24 A HN™ Y N
4 h <
0o \\i 0 NT N
% R \\\ HO o
D 1 LI
02 N
= N HO  OH
2 -
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\
1,0 —
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Fig. 2 Plot of log([enol]/[keto]) versus E+(30) for compound 3a (a) and 3c (b) in mixtures of dioxane (E+(30) = 36.0) and water (E+(30) = 63.1).

datat). The composition of keto and enol forms was maintained at
the same level. From these data, the K+ values were determined
quantitatively by the method of Shugar et al.>* and Voegel et al.*®
A plot of the logarithm of the tautomeric equilibrium constant
for 3a—d versus the polarity parameter E1(30)" of a set of the
dioxane-water mixtures is shown in Fig. 2. When E(30) is in the
range 38-50, the relationship between log[Krayr] and E1(30) is
linear. This can be used to estimate the value of K5yt in aqueous
solution. By extrapolating this linear relationship to the E;(30)
value of water (63.1),% the tautomeric equilibrium constants for
compound 3a-d were calculated as 400 for 3a, 750 for 3b, 550
for 3¢ and 1200 for 3d. These values are smaller than those of
the corresponding pyrrolo[2,3-d]pyrimidine analogues 4a—d (10°—
10*)3%54 but larger than that of isoguanosine (10)% (Table 5). This
means that the pyrazolo[3.,4-d]pyrimidines 3a—d are more enolized
than the pyrrolo[2,3-d]pyrimidines 4a—d, while isoguanosine itself
shows the highest enol content. Enol formation of isoguanosine is

Table5 The tautomerism equilibrium constants for isoguanosine
derivatives

Compound Kripur Compound Kraur
3a 400 4a% 1880
3b 750 4b* 12800
3c 550 4¢3 19400
3d 1200 iGd*® 10
04
y=-0.119x + 4.77
02 " R =-0.996 b
N -
0,0 “a
\\\
.
= 0,24 "
$ NHz gy N
X, LN
= 04 HN RN AN
8 2\ 7 /N \'\
% 064 07 N N S
2 Ho o =
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thought to be the reason for mismatch formation, and therefore
the position exchange of N-7 and C-8 results in a decrease of the
mispairing of isoguanosine. Moreover, the halogenated derivatives
3b—d have almost the same ratio of enol content as 3a. Thus the
halogens should not change the base recognition of the 8-aza-
7-deazaisoguanosine derivative (3a) but enhance the base pair
stability even in mismatches, which is consistent with observation
in the case of oligonucleotides.*

Conclusions

7-Halogenated 8-aza-7-deazapurine-2,6-diamines and the cor-
responding ribonucleosides (la-d, 15) were synthesized. The
glycosylation of the 7-non-functionalized 8-aza-7-deazapurine-
2,6-diamine 5 yielded the N* nucleoside (73%) as main product
with very little of the N° compounds (4.8%). A 7-halogen
substituent shifts the glycosylation reaction exclusively to N’.
The resulting diamino compounds la—d were further converted
to the isoguanosine derivatives 3a—d. 8-Aza-7-deazapurine-2,6-
diamine ribonucleoside 1a and 7-chloro derivative 1b, which do
not contain a nitrogen in position 7, are substrates of ADA,
but with significantly lower relative V', values than the purine
congener 2-aminoadenosine, while the bromo and iodo derivatives
(1c and 1d) could not be deaminated with detectable velocities.
Compound 1a and 15 have pK, values as high as 5.8 and 6.4, which
indicates possible protonation in oligonucleotides under neutral
conditions, resulting in mismatch formation. For compounds
3a—d the keto—enol equilibrium constant Kpayr is between 400—
1200. Thus, it is expected that they should show better mismatch
discrimination than isoguanosine. As protonation of 15 occurs at
pH 6.4, protonation of oligonucleotides might occur under neutral
conditions. As a consequence, compounds la—d and 3a—d might
be used as pH-dependent molecular switches. The synthesis and
properties of the corresponding oligonucleotides is currently being
evaluated.

Experimental
General

All chemicals were purchased from Acros, Fluka, or Sigma-
Aldrich. TLC: aluminium sheets coated with silica gel 60 F,s,
(0.2 mm, VWR International). Flash chromatography (FC): 0.4
bar, silica gel 60 (Merk, Darmstadt, Germany). Mp: Linstrom ap-
paratus, not corrected. UV spectra: U-3200 UV-Vis spectrometer
(Hitachi, Japan). NMR spectra: Avance-250 or AMX-500 spec-
trometers (Bruker); d values in ppm relative to Me,Si as internal
standard. J values are in Hz. Elemental analyses: performed by
the Mikroanalytisches Laboratorium Beller, Gottingen, Germany.
Adenosine deaminase (EC 3.5.4.4), Type V from bovine spleen.
Solution in 50% glycerol, 50 mM potassium phosphate, pH 6.0,
160 units per ml (Sigma). The adenosine deaminase was diluted
with 0.06 M Serensen buffer (pH 7.0). A 40-fold diluted solution
(0.004 units per pl) was used. The substrate was dissolved in the
same buffer, after the deaminase (1 pl, 0.004 units) was added; the
UV absorbance was detected and recorded at certain wavelengths
where the UV spectra have the maximal changes. The absorption
at this wavelength vs. the time was plotted. The slope of the linear
relationship between the absorbance and the time was taken as

S. The extinction coefficients of the substrate and the product at
certain wavelengths were measured as ¢, and ¢,,; the difference
between them is defined as Ae = ¢, — &,,. The relative V', of the
sample was calculated according to the equation

Vmax(sample) = Vmux(smndard) X (SsampleA'gstandard/SstandardA’gsample)~

2-Aminoadenosine was taken as standard substrate with a
relative V., of 25.* For details see Supplementary datat.

3-Chloro-1H-pyrazolo|3,4-d|pyrimidine-4,6-diamine (6)

From 5. To a solution of 1H-pyrazolo[3,4-d]pyrimidine-4,6-
diamine (5)* (1.5 g, 10 mmol) in anhydrous DMF (50 cm?),
N-chlorosuccinimide (2.02 g, 15 mmol) was added. The mixture
was kept stirred at room temperature. After 24 h, the mixture
was evaporated to dryness. The remaining residue was adsorbed
on silica gel (15 g) and applied to a flash chromatography (FC)
silica gel column (10 x 6 cm, CH,Cl,-CH;OH, 20 : 1) to yield
a slightly yellow solid; recrystallization from MeOH afforded
yellowish crystals (0.59 g, 32%).

From 10. 6-Amino-3-chloro-4-isopropoxy-1H-pyrazolo[3,4-
d]pyrimidine (10) (100 mg, 0.44 mmol) was suspended in conc.
aq. NH;—dioxane (2 : 1, 30 cm®) and placed in an autoclave. The
suspension was stirred at 120 °C for 24 h. The clear solution
was evaporated until precipitation occurred. The precipitate was
filtrated and washed with acetone, affording compound 6 as
slightly yellow amorphous solid (66 mg, 81%) (Found: C, 32.60; H,
2.80; N, 45.21. CsHsCIN requires C, 32.53; H, 2.73; N, 45.53%);
mp > 300 °C (from MeOH); TLC (silica gel, CH,Cl,~CH,;0OH,
10.1): R; 0.20; 4,.,,(MeOH)/nm 275 (¢/dm’* mol~' cm™~' 6900), 257
(7000) and 224 (29200); §,;(250 MHz; DMSO-d,; Me,Si) 6.19
(2 H, brs, NH,); 6.79 (2 H, br s, NH,), 12.61 (1 H, br s, NH).

3-lodo-1H-pyrazolo|3,4-d|pyrimidine-4,6-diamine (8)

From 5. To a suspension of 1H-pyrazolo[3,4-d]pyrimidine-
4,6-diamine (5)* (0.75 g, 5 mmol) in anhydrous 1,2-dichloroethane
(200 cm?), N-iodosuccinimide (1.35 g, 6 mmol) was added. The
mixture was kept stirring under reflux for 3 d. The mixture was
cooled and evaporated to dryness and purified by FC (silica gel
column, 10 x 5 cm, CH,Cl,—~CH;0H, 20 : 1) to yield a slightly
yellow solid (0.9 g, 65%)).

From 11. 6-Amino-3-iodo-4-isopropoxy-1H-pyrazolo[3,4-
dlpyrimidine (11)* (5.5 g, 17.2 mmol) was suspended in 28%
NH;-dioxane (2 : 1, 350 cm?) and placed in a steel bomb. The
suspension was stirred at 120 °C for 24 h. The clear solution
was evaporated until precipitation occurred. The precipitate was
filtrated and washed with acetone, affording compound 8 as a
colourless amorphous solid (3.5 g, 74%) (Found: C, 21.68; H,
1.82; N, 30.26. C;HIN; requires C, 21.76; H, 1.83; N, 30.45%);
TLC (silica gel, CH,Cl,~CH;0OH, 10.1): R; 0.23; ,..,,(MeOH)/nm
271 (¢/dm* mol™" ecm™' 7800) and 224 (29200); 5,;(250 MHz;
DMSO-dg; Me,Si) 6.17 (2 H, br s, NH,), 6.53 (2 H, br s, NH,),
12.85 (1 H, brs, NH).
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6-Amino-3-chloro-4-isopropoxy-1H-pyrazolo|3,4-d|pyrimidine
10

Compound 9% (400 mg, 2.07 mmol) was suspended in 1,2-
dichloroethane (200 cm?®), N-chlorosuccinimide (NCS) (300 mg,
2.25 mmol) was added, and the mixture was stirred under reflux
for 5 h. The solution was cooled, evaporated to dryness and the
residue purified by FC (silica gel column, 10 x 5 cm, elution
with CH,CL-EtOAc 2 : 1) to yield a colourless solid (200 mg,
429%). Recrystallization from methanol afforded colourless needles
(Found: C, 42.10; H, 4.36; N, 30.35. CgH,CIN;O requires C,
42.21; H, 4.43; N, 30.76%); mp 253 °C (From MecOH); TLC
(silica gel, CH,Cl,-CH;OH, 10 : 1): R; 0.44; A,,,(MeOH)/nm
278 (¢/dm*® mol™' ecm™' 7300), 248 (5700) and 224 (29200);
o0u(250 MHz; DMSO-d,; Me,Si) 1.35 (6 H, m, 2 x CH;), 5.46
(1 H, m, CH;CHCH,;), 6.79 (2 H, br s, NH,), 12.92 (1 H, br s,
NH).

1-(2,3,5-Tri-O-benzoyl-p-b-ribofuranosyl)-1 H-pyrazolo|3,4-
dlpyrimidine-4,6-diamine (13a) and 2-(2,3,5-tri- O-benzoyl-f-
D-ribofuranosyl)-2 H-pyrazolo|3,4-d|pyrimidine-4,6-diamine (14)

1 H-Pyrazolo[3.,4-d]pyrimidine-4,6-diamine ~ (5)*  (1.00 g,
6.67 mmol) was suspended in nitromethane (20 cm?®), and
1-O-acetyl-2,3,5-tri-O-benzoyl-D-ribofuranose (12, 5.04 g,
10 mmol) was added. The mixture was brought to reflux
(130 °C) and then BF;-OEt, (2.12 cm?, 16.67 mmol) was added.
Immediately, the mixture became clear and then slowly became
dark. The mixture was kept stirred at this temperature for 15 min.
After being cooled to r.t. (ice bath), the reaction mixture was
evaporated, and the remaining residue was purified by FC (silica
gel column, 12 x 5 cm, CH,Cl,—-CH;OH 50 : 1 — 20 : 1);
compound 13a was obtained (190 mg, 4.8%) as a colourless solid
from the faster migrating zone (Found: C, 62.65; H, 4.50; N,
14.10. C;,HyNO; requires C, 62.62; H, 4.41; N, 14.13%); TLC
(silica gel, CH,Cl,—-CH;OH, 10 : 1): R; 0.59; A, (MeOH)/nm
275 (¢/dm® mol™' cm™' 13000), 258 (12100) and 226 (59 500);
ou(250 MHz; DMSO-d;; Me,Si) 4.52-4.55 (1 H, m, 5-H),
4.61-4.64 (1 H, m, 5-H), 4.84 (1 H, m, 4-H), 6.18-6.22 (2 H, m,
3-H and 2'-H), 6.26 (2 H, s, NH,), 6.46 (1 H, d, J 2.5, I"-H), 7.25
(2H, brs, NH,); 7.45-8.03 (17 H, m, 3 x Phand NH,), 8.35 (1 H,
s, 3-H).

Compound 14 was collected from the second zone as a colour-
less solid (2.9 g, 73%), recrystallization from CH,Cl,—~CH;OH gave
pale red crystals (Found: C, 62.64; H, 4.35; N, 14.15. C;,H,xN,O,
requires C, 62.62; H, 4.41; N, 14.13%); mp 165 °C (from CH,Cl,
and MeOH); TLC (silica gel, CH,Cl,—~CH;OH, 10 : 1): R, 0.42;
Amax(MeOH)/nm 297 (¢/dm* mol™" cm™' 6400), 283 (7200), 266
(9300) and 227 (51 100); 04(250 MHz; DMSO-d,; Me,Si) 4.52—
467 (2H, m,2 x 5-H), 4.89 (1 H, m, 4-H), 6.10 (1 H, m, 3-H),
6.24 (1 H, m, 2-H) 6.37 (2 H, br s, NH,), 6.63 (1 H, s, I'-H),
7.43-7.99 (17 H, m, 3 x Ph and NH,), 8.41 (1 H, s, 3-H).

3-Chloro-1-(2,3,5-tri-O-benzoyl-f-p-ribofuranosyl)-1 H -
pyrazolo|3,4-d]pyrimidine-4,6-diamine (13b)

As described for 13a, 3-chloro-1H-pyrazolo[3,4-d]pyrimidine-
4,6-diamine (6) (230 mg, 1.25 mmol) was converted to 13b.
Colourless foam (485 mg, 62%) (Found: C, 59.23; H, 3.96; N,

13.46. C;;H,5CINO; requires C, 59.19; H, 4.01; N, 13.36%); TLC
(silica gel, CH,Cl,-CH;OH, 10 : 1): R; 0.49; A,.(MeOH)/nm
275 (¢/dm® mol™' cm~" 12300), 262 (12200) and 227 (68 700);
01(250 MHz; DMSO-d,; Me,Si) 4.53-4.65 (2 H, m, 2 x 5-H),
4.82 (1 H, m, 4-H), 6.07 (1 H, m, 3’-H), 6.19 (1 H, m, 2’-H), 6.43
(1H,d, J3.35 1I'-H), 6.53 (2 H, br s, NH,), 7.02 (2 H, br s, NH,),
7.46-8.07 (15 H, m, 3 x Ph).

3-Bromo-1-(2,3,5-tri- O-benzoyl-B-p-ribofuranosyl)-1H-
pyrazolo|3,4-d|pyrimidine-4,6-diamine (13c)

As described for 13b, with 3-bromo-1H-pyrazolo[3,4-d]-
pyrimidine-4,6-diamine (7)* (2.29 g, 10 mmol) and 12 (7.56 g,
15 mmol), 13¢ was obtained (4.69 g, 69.7%) as a colourless foam
(Found: C, 55.10; H, 3.82; N, 12.40. C;;H,sBrN,O; requires C,
55.29; H, 3.74; N, 12.48%); TLC (silica gel, CH,Cl,—-CH;OH, 20 :
1): R; 0.33; 2, (MeOH)/nm 275 (¢/dm® mol~' cm~' 12 000), 263
(12000) and 229 (66 500); 65(250 MHz; DMSO-d¢; Me,Si) 4.59
(2H, m, 2 x 5-H), 4.83 (1 H, m, 4-H), 6.07 (1 H, m, 3-H), 6.21
(1 H, m, 2’-H), 6.44 (1 H, d, J 3.55, I'-H), 6.57 (4 H, br s, 2 x
NH,), 7.44-8.08 (15 H, m, 3 x Ph).

3-lodo-1-(2,3,5-tri-O-benzoyl-p-p-ribofuranosyl)-1 H-
pyrazolo|3,4-d|pyrimidine-4,6-diamine (13d)

As described for 13b, 3-iodo-1H-pyrazolo[3,4-d]pyrimidine-4,6-
diamine (8) (552 mg, 2 mmol) and 12 (1.52 g, 3 mmol) gave 13d
(770 mg, 53.5%) as a colourless foam (Found: C, 51.95; H, 3.35; N,
11.82. C3 Hy5sINGO; requires C, 51.68; H, 3.50; N, 11.66%); TLC
(silica gel, CH,Cl,-CH;OH, 20 : 1): R; 0.34; A,.(MeOH)/nm
275 (¢/dm*® mol™' cm™ 12100), 264 (12400) and 230 (67 600);
014(250 MHz; DMSO-d,; Me,Si) 4.58 (2 H, m, 2 x 5-H), 4.82
(1H, m, 4-H),6.03 (1 H,t,J5.6,3-H), 6.23 (1 H, m, 2’-H), 6.42
(1H,d, J3.83, I'-H), 6.49 (2 H, br s, NH,), 6.75 (2H, br s, NH,),
7.43-8.07 (15 H, m, 3 x Ph).

1-(p-p-Ribofuranosyl)-1H-pyrazolo[3,4-d|pyrimidine-4,6-diamine
(1a)

From  13a. 1-(2,3,5-Tri-O-benzoyl-B-D-ribofuranosyl)-1H-
pyrazolo[3,4-d]pyrimidine-4,6-diamine (13a) (183 mg, 0.31 mmol)
was suspended in 0.5 M NaOCH,;/MeOH (5 cm?®) and the mixture
was kept stirred at r.t. overnight. The mixture was evaporated to
dryness. The residue was adsorbed on a small amount of silica
gel (2 g) and loaded on the top of a FC silica gel column (5 x 2.5
cm), eluting with CH,CL,-CH;OH (10 : 1 — 2 : 1), furnishing
compound 1a (80 mg, 92%) as a colourless solid.

From 16. Compound 16 (see below) (650 mg, 1.02 mmol) was
dissolved in 30 cm® dioxane and then 120 cm® aqueous ammonia
(28%) was added. The mixture was kept stirred in an autoclave at
100 °C overnight. The reaction mixture was evaporated and the
residue was adsorbed on silica gel (3 g) and applied to a silica gel
column (8 x 2.5 cm). Elution with CH,Cl,-CH;OH 20:1 — 5:
1) gave compound 1a (200 mg, 69%) as a colourless solid (Found:
C, 42.40; H, 4.90; N, 29.90. C,,H;;N,O, requires C, 42.55; H,
5.00; N, 29.77%); TLC (silica gel, CH,Cl,-CH;0OH, 4 : 1): R; 0.14;
Jmax(MeOH)/nm 276 (¢/dm?® mol™' cm™' 8300), 259 (7800) and
224 (28 600); 0(250 MHz; DMSO-d,; Me,Si) 3.49-3.58 (2 H, m,

3042 | Org. Biomol. Chem., 2007, 5, 3034-3045

This journal is © The Royal Society of Chemistry 2007





2 x §-H), 3.83 (1 H, m, 4-H), 4.24 (1 H, m, 3-H), 4.48 (1 H, m,
2-H),4.88 (1 H, t, J 5.6, 5-OH), 5.02 (1 H, d, J 5.2, 3-OH), 5.26
(1H,d,J 5.6, 2-0H), 590 (1 H, d, J 4.5, I'-H), 6.22 (2 H, brs,
NH.), 7.16 (2H, br s, NH,), 7.86 (1 H, s, 3-H).

2-(B-p-Ribofuranosyl)-2 H-pyrazolo|3,4-d]pyrimidine-4,6-diamine
1s)

1-(2,3,5-Tri-O-benzoyl-B-D-ribofuranosyl)-1 H-pyrazolo[3,4-d]-
pyrimidine-4,6-diamine (14) (180 mg, 0.30 mmol) was suspended
in 0.5 M NaOCH;/MeOH (5 cm®) and the mixture was kept
stirred at r.t. overnight. The solvent was evaporated and the
residue was dissolved in distilled water (30 cm®). The resulting
solution was applied to the top of a Serdolit AD-4 column
(20 x 4 cm) and the compound eluted with water. The fractions
containing the desired compound were combined and condensed
to furnish compound 15 (67 mg, 79%) as a colourless solid (Found:
C, 42.80; H, 4.93; N, 29.59. C,(H,N;O, requires C, 42.55; H,
5.00; N, 29.77%); Amx(MeOH)/nm 297 (¢/dm* mol™ cm™
6900), 265 (7600) and 225 (26400); 64(250 MHz; DMSO-dq;
Me,Si) 3.46-3.58 (1 H, m, 5-H), 3.64-3.67 (1 H, m, 5-H),
3.97 (1 H, m, 4-H), 4.13 (1 H, m, 3-H), 4.35 (1 H, m, 2’-H),
5.02-5.53 (3 H, br m, 5-OH, 3-OH and 2'-OH), 5.70 (1 H, d,
J 3.6, I'H), 5.77 (2 H, br s, NH,), 7.21 (2 H, br s, NH,), 8.26
(1 H,s, 3-H).

3-Chloro-1-(p-p-ribofuranosyl)-1 H-pyrazolo|3,4-d|-
pyrimidine-4,6-diamine (1b)

As described for 1a (from 13a), starting from 3-chloro-1-(2,3,5-
tri-O-benzoyl-B-D-ribofuranosyl)-1 H-pyrazolo[3.,4-d]pyrimidine-
4,6-diamine (13b, 180 mg, 0.29 mmol), compound 1b (80 mg,
88%) was furnished as a colourless solid (Found: C, 37.91;
H, 4.27; N, 26.43. C,(H,;CIN;O, requires C, 37.92; H, 4.14;
N, 26.54%); TLC (silica gel, CH,Cl,-CH;O0H, 5 : 1): R; 0.30;
Amax(MeOH)/nm 276 (¢/dm’ mol™' cm™' 8600), 261 (9300) and
227 (34900); 6,4,(250 MHz; DMSO-d,; Me,Si) 3.38-3.54 (2 H, m,
2 x 5-H), 3.82 (1 H, m, 4-H), 4.10 (1 H, m, 3'-H), 4.44 (1 H, m,
2-H),4.77 (1 H, t, J 5.5, 5-OH), 5.06 (1 H, d, J 3.9, 3-OH), 5.31
(1H,d, J5.6,2-OH), 5.86 (1 H, d, J 4.7, I'-H), 6.44 (2 H, brs,
NH,), 6.97 (2 H, br s, NH,).

3-Bromo-1-(B-p-ribofuranosyl)-1H-pyrazolo|3,4-d|-
pyrimidine-4,6-diamine (1c)

As described for 1a,b, but starting from 3-bromo-1-(2,3,5-tri-O-
benzoyl-B-D-ribofuranosyl)-1 H-pyrazolo[3,4-d]pyrimidine-4,6-
diamine (13¢, 1.59 g, 2.36 mmol), compound lc¢c was obtained
as a colourless solid (648 mg, 76%). Recrystallization from H,O
gave colourless crystals (Found: C, 33.66; H, 3.64; N, 23.67.
C,H;BrN,O, requires C, 33.26; H, 3.63; N, 23.27%); mp 236 °C
(from H,0); TLC (silica gel, CH,Cl,—~CH;0H, 5 : 1): R; 0.30;
Amax(MeOH)/nm 278 (¢/dm* mol™ cm™' 7300), 262 (7600) and
228 (29 400); 04(250 MHz; DMSO-d,; Me,Si) 3.50 (2 H, m, 2 x
5-H), 3.83 (1 H, m, 4-H), 4.10 (1 H, m, 3-H), 4.45 (1 H, m, 2’-H),
4.79 (1 H, m, 5-OH), 5.07 (1 H, d, J 4.1, 3-OH), 5.32 (1 H, d, J
4.8,2-OH), 5.87 (1 H, d, J 4.4, I'-H), 6.42 (2 H, br s, NH,), 6.84
(2 H, brs, NH,).

3-lodo-1-(p-p-ribofuranosyl)-1 H-pyrazolo|3,4-d|-
pyrimidine-4,6-diamine (1d)

As described for la—c, from 3-iodo-1-(2,3,5-tri-O-benzoyl-B-D-
ribofuranosyl)-1H-pyrazolo[3,4-d|pyrimidine-4,6-diamine (13d)
(1.1 g, 1.53 mmol), compound 1d was obtained (474 mg, 76%)
as a colourless solid. Recrystallisation from MeOH-H,O af-
forded colourless needles (Found: C, 29.72; H, 3.32; N, 20.39.
CoH5INO, requires C, 29.43; H, 3.21; N, 20.59%); mp 248 °C
(dec.) (from MeOH-H,O); TLC (silica gel, CH,Cl,-CH;OH, 5 :
1): Ry 0.33; A (MeOH)/nm 279 (¢/dm® mol™' cm™' 8000), 263
(9000) and 230 (29900); 6,(250 MHz; DMSO-d,; Me,Si) 3.49—
3.63(2H, m, 2 x 5-H), 3.89 (1 H, m, 4-H), 4.17 (1 H, m, 3-H),
4.54 (1 H, m,2-H),4.68 (1 H, t,J 5.2, 5-OH), 5.11 (1 H, d, J 5.0,
3-OH), 5.36 (1 H,d, J 5.8,2-OH), 591 (1 H, d, J 4.8, I'-H), 6.43
(2 H, brs, NH,), 6.72 (2 H, br s, NH,).

6-Amino-4-isopropoxy-1-(2,3,5-tri- O-benzoyl-p-D-ribofuranosyl)-
1H -pyrazolo|3,4-d]pyrimidine (16) and 6-amino-4-isopropoxy-2-
(2,3,5-tri-O-benzoyl-p-p-ribofuranosyl)-2 H-
pyrazolo|3,4-d|pyrimidine (17)

A suspension of 6-amino-4-isopropoxy-1H-pyrazolo[3,4-d]-
pyrimidine (9,%* 386 mg, 2 mmol) and a catalytic amount of
(NH,),SO, in HMDS (10 cm?®) was refluxed for 2 h. The excess of
HMDS was removed by evaporation and the residue was dissolved
in 1,2-dichloroethane (6 cm?®). To this solution compound 12
(1.21 g, 2.4 mmol) was added followed by the addition of
trimethylsilyl trifluoromethanesulfonate (0.6 cm®, 5 mmol). The
mixture was kept stirred at r.t. After 3 h, the mixture was diluted
with CH,Cl, (20 cm?) and washed with 5% aqueous NaHCOj;. The
organic layer was dried and filtered. The filtrate was evaporated to
a dryness and dissolved in dichloromethane (4 ml) and applied
to the top of a FC silica gel column (10 x 2.5 cm). Elution
with CH,Cl,—~CH;OH (100 : 1 — 20 : 1) yielded two compounds;
the compound eluting first was 16 (566 mg, 44%), obtained as a
colourless foam (Found: C, 64.00; H, 5.10; N, 10.74. C;,H;,N;Oq
requires C, 64.00; H, 4.90; N, 10.98%); TLC (silica gel, CH,Cl,—
CH,OH, 20: 1): R, 0.66; 4,,x(MeOH)/nm 275 (¢/dm’ mol~' cm™'
11800) and 255 (53 500); 6,4(250 MHz; DMSO-d,; Me,Si) 1.33
(3H,s, CH;), 1.36 (3 H, s, CH;), 4.51-4.61 3H, m, 2 x 5-H and
4-H), 4.84 (1 H, m, 3-H), 5.48 (1 H, m, CH;CHCH;), 6.16-6.21
(2H, m, 2-H and 3'-H), 6.51 (1 H,d, J 2.4, I'-H), 6.93 (2 H, br s,
NH,), 7.42-8.01 (16 H, m, 3 x Ph and 3-H).

The compound eluting last was 17 (185 mg, 15%), obtained as a
pale yellow foam (Found: C, 63.92; H, 5.24; N, 10.88. C;,H;, N;Oq
requires C, 64.00; H, 4.90; N, 10.98%); TLC (silica gel, CH,Cl,—
CH;O0H, 20 : 1): R; 0.27; Apox(MeOH)/nm 282 (¢/dm® mol~!' cm™!
7700) and 268 (8400); 05(250 MHz; DMSO-d,; Me,Si) 1.32-1.40
(6 H, m, 2 x CHj;), 4.56-4.63 (2 H, m, 2 x 5-H), 4.90 (1 H, m,
4-H), 5.45-5.50 (1 H, m, CH;CHCHj;), 6.12 (1 H, m, 3-H), 6.27
(1 H, m, 2-H), 6.50 (1 H, d, J 1.7, 1’-H), 6.56 (2 H, s, NH,),
7.43-8.02 (15 H, m, 3 x Ph), 8.49 (1 H, s, 3-H).

4-Amino-1-(B-p-ribofuranosyl)-1H-pyrazolo-
[3,4-d|pyrimidine-6-one (3a)

To a stirred solution of NaNO, (69 mg, 1 mmol) in H,O (2.9 cm?) at
50 °C, 1-(B-p-ribofuranosyl)-1H-pyrazolo[3,4-d|pyrimidine-4,6-
diamine (1a) (70 mg, 0.25 mmol) was added followed by AcOH
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(0.16 cm®, 2.8 mmol) dropwise. The mixture became a clear
solution within 5 min. The reaction was kept stirred at 50 °C
and monitored by TLC; after 50 min, the mixture was diluted
with H,O (10 cm?®) and concentrated aq. NH; was added until
pH 8 was reached. The solution was applied to a column (20 x
2 cm, Serdolit AD-4 resin). The column was washed with H,O
(200 cm?), and the product was eluted with H,O—PrOH (95 : 1,
300 cm?), yielding 3a (30 mg, 43%) as a colourless solid (Found:
C,42.34; H,4.73; N, 24.80. C,,H5N;Os requires C, 42.40; H, 4.63;
N, 24.73%); Amex(MeOH)/nm 282 (¢/dm* mol~' cm™' 5600) and
262 (7300); 0,;,(250 MHz; DMSO-d,; Me,Si) 3.52-3.58 (2 H, m,
2 x 5-H), 3.85 (1 H, m, 4-H), 4.12 (1 H, m, 3-H), 4.47 (1 H, m,
2'-H), 5.07-5.30 (3 H, m, 5-OH, 3'-OH and 2'-OH), 5.80 (1 H, d,
J4.5,1-H), 793 (1 H, s, 3-H), 8.67 (2 H, br s, NH,).

4-Amino-3-chloro-1-(B-p-ribofuranosyl)-1H-pyrazolo-
|3,4-d|pyrimidine-6-one (3b)

As described for 3a, 3-chloro-1-(B-D-ribofuranosyl)-1 H-pyrazolo-
[3,4-d]pyrimidine-4,6-diamine (1b) (120 mg, 0.38 mmol) was
converted to 3b, yielding a colourless solid (50 mg, 42%) (Found:
C, 37.68; H, 3.65; N, 21.89. C,,H,,CIN;Os requires C, 37.81; H,
3.81; N, 22.04%); Zmax(MeOH)/nm 293 (¢/dm?® mol~' cm™' 4600),
250(7300) and 229 (23 800); 0;(250 MHz; DMSO-d; Me,Si) 3.44—
3.56 (2 H, m, 2 x 5-H), 3.84 (1 H, m, 4-H), 4.08 (1 H, m, 3-H),
441 (1 H, m, 2-H), 4.90-5.34 (3 H, m, 5-OH, 3-OH and 2'-OH),
581 (1 H,d,J438, I'-H), 7.56 (2 H, br s, NH,), 11.23 (1 H, br s,
5-NH).

4-Amino-3-bromo-1-(p-p-ribofuranosyl)-1H-pyrazolo-
|3,4-d|pyrimidine-6-one (3c)

As described for 3a, compound lc¢ (361 mg, 1 mmol) was
converted to 3¢ (206 mg, 57%), which was obtained as a
yellowish solid (Found: C, 32.95; H, 3.35; N, 19.15. C,,H,,BrN;Os
requires C, 33.17; H, 3.34; N, 19.34%); Apn.(MeOH)/nm
293 (¢/dm’® mol™' cm™' 4200), 248 (5800) and 231 (22400);
0u(250 MHz; DMSO-d,; Me,Si) 3.44-3.57 (2 H, m, 2 x 5-H),
3.85(1 H,m, 4-H), 4.08 (1 H, m, 3-H), 4.45 (1 H, m, 2’-H), 5.01-
5.60 (3 H, m, 5-OH, 3'-OH and 2’-OH), 5.80 (1 H, d, J 4.9, I'-H),
7.66 (2 H, brs, NH,).

4-Amino-1-(f-p-ribofuranosyl)-3-iodo-1H-pyrazolo-
|3,4-d|pyrimidine-6-one (3d)

As described for 3a, compound 1d (143 mg, 0.35 mmol) was con-
verted to 3d, which was obtained as a white powder (80 mg, 56%)
(Found: C,29.46; H, 3.05; N, 17.27. C,,H,IN;O; requires C, 29.36;
H, 2.96; N, 17.12%); Anx(MeOH)/nm 295 (¢/dm*® mol™' cm™
4200) and 235 (19500); 04(250 MHz; DMSO-d,; Me,Si) 3.40-
3.57 (2 H, m, 2 x 5-H), 3.85 (1 H, m, 4-H), 4.09 (1 H, m, 3'-H),
4.45 (1 H, m, 2’-H), 4.80-5.55 (3 H, m, 5-OH, 3’-OH and 2'-OH),
5.77 (1 H, s, I'-H), 7.51 (2 H, br s, NH,).

4-Amino-3-bromo-6-methoxy-1-(B-p-ribofuranosyl)-1 H-pyrazolo-
|3,4-d]pyrimidine (3ce) and 4-amino-3-bromo-7-methyl-1-
(B-D-ribofuranosyl)-1 H-pyrazolo|3,4-d|pyrimidine-6-one (18)

Compound 3¢ (130 mg, 0.36 mmol) was suspended in methanol
(8 ecm?®) and CH,N, in ether (freshly prepared, 1 cm?) was added.

The mixture was kept stirred at r.t. for 20 min and then evaporated.
The residue was adsorbed to silica gel (1.5 g) and applied to the
top of a FCsilica gel column (10 x 2.5 cm), elution with CH,Cl,—
CH;0OH (50 : 1 — 5 : 1), affording compound 3ce (39 mg, 29%)
and 18 (30 mg, 22%).

Compound 3ce was recrystallized from MeOH-CH,Cl,, giv-
ing colourless crystals (Found: C, 35.36; H, 4.00; N, 18.51.
C, H,,BrN;O; requires C, 35.12; H, 3.75; N, 18.62%); mp 226 °C
(from MeOH and CH,Cl,); TLC (silica gel, CH,Cl,~CH;OH,
10 : 1): Ry 0.29; Zpnaex(MeOH)/nm 263 (¢/dm® mol™' cm™' 8300);
on(250 MHz; DMSO-dg; Me,Si) 3.33-3.58 (2 H, m, 2 x 5-H),
3.86 (4 H, m, 4-H and OCH;), 4.13 (1 H, m, 3'-H), 4.54 (1 H, m,
2-H), 4.77 (1 H, t, J 5.6, 5-OH), 5.16 (1 H, d, J 5.2, 3-OH), 5.39
(1H,d,J59,2-0OH), 595 (1 H, d, J 4.8, I'-H), 8.05 (2 H, brs,
NH,).

Compound 18 was recrystallized from MeOH, giving colourless
crystals (Found: C, 35.02; H, 4.12. C,;H;,BrN;Os requires C,
35.12; H, 3.75); mp 205 °C (dec.) (from MeOH-CH,Cl,); TLC
(silica gel, CH,CL,—~CH;OH, 5 : 1): R; 0.47; 4,,,(MeOH)/nm 269
(¢/dm’ mol~' ecm™! 8500) and 252 (10 300); 6,,(250 MHz; DMSO-
dg; Me,Si) 3.27-3.54 (2 H, m, 2 x 5-H), 3.61 (3 H, s, CHj;), 3.90
(1H, m, 4-H), 4.18 (1 H, m, 3-H), 4.70 (2 H, m, 2’-H and 5-OH),
521(1H,d,J5.9,3-0OH), 543 (1 H,d,J 54,2-0OH), 6.00 (1 H,
d, J 3.4, I'-H), 6.56 (1 H, br s, NH of NH,), 7.97 (1 H, br s, NH
of NH,).

4-Amino-3-bromo-5-methyl-1-(p-p-ribofuranosyl)-1H-
pyrazolo|3,4-d|pyrimidine-6-one (3ck)

To a solution of compound 3¢ (120 mg, 0.33 mmol) in H,O
(2.5 em?), trimethylphosphate (2.1 cm?®, 18.3 mmol) was added.
The mixture was stirred at 50 °C and kept alkaline by addition of
2 N NaOH. After 20 h, the mixture was cooled and diluted with
water (10 cm?®) and neutralized. The mixture was then evaporated
and co-evaporated several times with MeOH, and the residue was
adsorbed on silica gel (3 g) and applied to a FC silica gel column
(5 x2.5cm, CH,Cl,-CH;0H 50: 1 — 5:1), to give compound 3ce
(20 mg, 16%) from the early fractions, and 3ck (40 mg, 32%) from
the later fractions as a colourless solid (Found: C, 35.30; H, 4.11;
N, 18.55. C,,H;,BrN;Os requires C, 35.12; H, 3.75; N, 18.62); TLC
(silica gel, CH,Cl,—CH;OH, 5 : 1): R; 0.35; 4. (MeOH)/nm 295
(¢/dm’ mol~' cm™' 3500) and 248 (3700); 05 (250 MHz; DMSO-dj;
Me,Si) 3.36 (3 H, s, CH;), 3.43-3.66 (2 H, m, 2 x 5-H), 3.83 (1 H,
m, 4-H), 4.07 (1 H, m, 3-H), 4.43 (1 H, m, 2’-H), 4.90 (1 H, m,
5-OH), 5.08 (1 H, d, J 4.8, 3-OH), 5.30 (1 H, d, J 6.1, 2-OH),
576 (1 H,d,J 3.4, 1'-H), 8.01 (2 H, brs, NH,).
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Dynamic quenching of the metal-based excited state of Eu(1ir) and Tb(111) complexes of sixteen different
macrocyclic ligands has been studied. Quenching by urate, ascorbate and selected catechols is most
effective for Tb(111) systems, and involves intermediate formation of an excited state complex (exciplex)
between the electron-poor heterocyclic sensitising moiety incorporated into the ligand
(tetraazatriphenylene, azaxanthone or a pyrazoyl-azaxanthone) and the electron-rich reductant. The
process is sensitive to steric inhibition created by the local ligand environment; quenching is reduced as
temperature increases as exciplex formation is entropically disfavoured. In contrast, iodide quenches
each complex studied according to a classical collisional encounter model; increasing temperature
enhances the rate of quenching, and the process is more sensitive to local electrostatic fields generated
by ligand substitution, conforming to a traditional Stern—Volmer kinetic model. Quenching may be
inhibited by protein association, allowing the identification of candidates for use as optical imaging

probes in cellulo.

Introduction

Considerable progress has been made over the past ten years, in
the development of well defined and highly emissive complexes of
the lanthanide(1mr) ions.”” The interest in these systems has been
stimulated by their application as key components of luminescence
assays and sensors,**? often involving time-resolved methods.™*
The creation of highly emissive lanthanide(iir) complexes requires
the implementation of an efficient intramolecular sensitisation
process. This issue has been addressed successfully by incorpo-
rating an aromatic or heterocyclic chromophore into the ligand
structure. The chromophore needs to be selected judiciously,
according to the nature of the lanthanide(tr) ion bound by
the ligand, as intramolecular energy transfer to the Ln(1i) ion
occurs from the triplet state. For sensitisation of Tb(ir) and
Eu(m1) luminescence, a singlet—triplet energy gap of less than
7000 cm ' is desirable, with the S, state preferably lying less than
about 29000 cm ™' above the ground state. This feature allows the
use of non-quartz optics and minimises unwanted co-excitation
of common chromophores in biomolecules, for single-photon
excitation processes. The lowest energy excited states of other
emissive Ln(11n) ions lie below 20000 cm™', and for the near-IR
emitters Nd* and Yb?**, excitation is possible in principle for
chromophores with an aryl triplet energy of >12 500 cm~".1:5>10
Consideration of the mechanistic pathway that leads to sen-
sitised lanthanide emission (Scheme 1), reveals that there are
three excited states that may be perturbed, limiting the overall
Ln(mm) emission quantum yield. Thus, the sensitising moiety
(“sens’ in Scheme 1) has to be selected judiciously for the given
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application, as its singlet and triplet excited states may be subject
to quenching by various electron-, energy- or vibrational energy-
transfer processes.® Sensory systems based on the perturbation
of these excited states have been devised,>**’ including spatially
immobilised sensors for pH and pO,, by incorporating the respon-
sive lanthanide complex into a sol-gel or hydrogel matrix.”"!
The third excited state that may be perturbed belongs to the
lanthanide(1mr) ion itself. This excited state is prone to deactivation
by vibrational energy transfer involving energy-matched X-H
oscillators (X = O, C or N)."» Of particular significance for
the °D, and *D, excited states of Eu**/Tb*" is quenching by OH
and amine NH groups. This may be minimised by appropriate
ligand design, limiting the number of proximate water or amino
NH groups, for example, by creating a sterically demanding
octadentate or nonadentate ligand to encapsulate the metal ion.
Quenching of the lanthanide excited state by energy transfer
may also occur to an energy-matched acceptor group, usually
within a Forster radius of about 9 nm of the complex. Such a
resonance energy-transfer process to red-emitting chromophores,
such as cyanine dyes, has formed an integral part of a range of
time-resolved assays based on terpyridyl or lanthanide cryptate
complexes.’
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The other major pathway by which the excited state is quenched
involves electron or charge transfer, (Scheme 1). The terbium °D,
and europium °D, excited states lie 244 and 206 kJ mol™' above
the ground state, and possess natural lifetimes of the order of
several milliseconds. This free energy may be harnessed to drive
an electron-transfer process. In the limit, an electron-rich species
is fully oxidised and the metal complex is reduced. The facility of
this process may be assessed with the aid of the Weller equation:™*

NGy = nF [(Eq—Ewq) —E"™ —¢*/er] J mol ', (1)

where E,, is the oxidation potential of the electron donor (the
quencher), E., is the reduction potential of the complex, E™
is the energy of the lanthanide excited state (2.52 and 2.13 eV
for Tb/Eu) and ¢*/er is a Coulombic attraction correction term
correcting for formation of the transient charge-separated species
and is usually <0.2 eV.

A simple example serves to define the types of species that
may be expected to quench the excited state, noting that the
Tb °D, state is 38 kJ mol™! higher in energy than Eu °D,, and
hence more susceptible to quenching by this mechanism. For a
terbium complex with a reduction potential of, say —1.5V, (e.g.
a ligand-based process), then for quenchers with an oxidation
potential of less than about +1 V, the process is thermodynamically
feasible. Thus, species such as I~ (+0.54 V), ascorbate (+0.30 V),'
urate (+0.59 V), and catecholates (ca. +0.53 V at pH 7)' may
be expected to quench and shorten the excited-state lifetime,
whereas Br~ (+1.07 V) and Cl~ (+1.36 V) should not. Dynamic
quenching by such a process requires collisional encounter, and
is normally thermally activated and controlled by the local
electrostatic gradient. The lifetime of the encounter complex is
likely to be sensitive to the local steric demand imposed by the
ligand coordinating the lanthanide ion.

There have been very few detailed investigations of the quench-
ing of the lanthanide excited state in solution by electron-transfer
processes. Isolated reports have suggested that such effects may
occur,” but have been restricted to single complexes of a given
ligand. The importance of understanding this process should not
be underestimated. If an emissive lanthanide complex is to be
developed for use in an assay or as an intracellular probe for optical
imaging, then quenching by putative reductants must be assessed.
Indeed, recently it has been pointed out that certain lanthanide(1ir)
complexes are able to permeate cells, but are difficult to observe
by confocal microscopy, because they are particularly sensitive to
quenching by local reductants such as the urate anion.'® Moreover,
by understanding the sensitivity of a given complex to dynamic
quenching, selectivity profiles may be established, allowing the
analysis of a particular species in a sensor or assay. Such an
approach has been adopted recently for the measurement of
uric acid (pKa 5.4) in biological fluids, such as diluted urine.’
Differential quenching of the Tb/Eu excited state in complexes of
a common ligand allowed a ratiometric analysis of urate, based on
the red/green lanthanide emission intensity.

In this work, a systematic study is reported of dynamic quench-
ing of the lanthanide(1r) excited state by selected reductants.
Both Tb(11) and Eu(1i1) complexes are examined for a series of
structurally related octa- and nonadentate macrocyclic ligands
of varying steric demand. In addition, the effect of varying
temperature and solution ionic strength is considered in an attempt
to develop a reasonable mechanistic hypothesis. Finally, the

sensitivity to quenching of several systems when non-covalently
bound to protein is also examined; such studies are of particular
relevance to the application of these emerging lanthanide probes
for intracellular studies.?»®*22 Part of this work has been reported
in a preliminary communication.’

Results and discussion

The scope of this study is defined by the nature of the
quenching species selected for examination and the range of
Eu/Tb complexes examined. Four main anionic quenchers were

considered: iodide (El = 40.54V, 298K), a highly polarisable

anion with a large effective ionic radius of 2.06 A: urate, 1
(Ey = 40.59V, pKa 5.4), the conjugate base of uric acid with low
water solubility (limit ca. 5 mM) in which there is highly delo-
calised spin and charge density in the radical anion;? the ascorbate
anion, 2, also a conjugate base of a dibasic acid, exhibiting high
water solubility (limit ca. 5 M) with the charge density localised
on oxygen;** the substituted catecholates, 3a-3¢ (pK, ca. 9.5)
and selected dioxolan analogues, e.g. 4. In biological systems,
urate and ascorbate are effective low molecular weight anti-
oxidants, probably working synergistically and typically found
at concentrations in the range 0.1 to 1 mM in most eukaryotic
cells. A set of sixteen macrocyclic complexes of europium(1ir)
and terbium(11) has been examined, based on a common cyclen
(cyclen is 1,4,7,10-tetraazacyclododecane) framework, in which
the ligands are either octa- or nonadentate. In each case, three
of the ring nitrogens are substituted by the same donor e.g
CH,CO,~, CH,PRO,” or CH,CONHR,' with the fourth site
occupied by a heterocyclic uni- or bidentate sensitising moiety,
5-7. These are either tetraazatriphenylene derivatives,'®* 5, 1-
azaxanthone systems,* 6, or derived pyrazoyl analogues, 7.%” Their
one-electron reduction potentials (R = H), were measured by
cyclic voltammetry under standard conditions, (CH;CN, O.1 M
nBu,NCIlO,, 298 K), and gave values of —1.1 V (5a), —1.60 V (6,
X =0 or S) and —1.52 V (7). It is pertinent to consider these
redox potentials at the outset, as for the terbium(1ir) complexes at
least, it is most appropriate to consider a quenching mechanism
that involves electron transfer from the donor to the lanthanide
complex, wherein the charge or electron density is likely to reside
on the heterocyclic ligand, and not the lanthanide(1r) ion. Earlier
work®™® has already revealed that the Tb(11) complexes are much
more sensitive to quenching than their Eu(iir) analogues.®'#2!

Quenching studies with iodide

Addition of potassium iodide to aqueous solutions of the terbium
and europium complexes, 8-18, (pH 7.4, 10 mM NaCl, 0.1 M
HEPES buffer, 298 K) led to a reduction in the excited-state
lifetime of the lanthanide-based emission, echoed by variations
in observed emission intensity. Linear Stern—Volmer plots were
obtained by plotting the 7,/ values (7, = emission lifetime for no
added 1) as a function of added iodide concentration. Quenching
constants (Kg,/mM) for Tb and Eu complexes are collated in
Table 1.

Analysis of this data allows several conclusions to be drawn.
Terbium complexes are much more sensitive to dynamic quenching
than their europium analogues, in accord with the greater energy of
the terbium D, excited state. This effect is most pronounced for the
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anionic complexes (entries 3 and 8). For complexes with a common
chromophore, the cationic complexes were more quenched than
the neutral or anionic comparators. In the series [Tb.8a]**,
[Tb.9b], [Tb.10]* (entries 1-3), for example, the sensitivity to
quenching follows the trend determined by inhibition of collisional
encounter by electrostatic repulsion. Similarly, for the europium
complexes examined with the ‘dpqC’ chromophore, it is the
cationic complexes that are most sensitive to iodide quenching

(entries 1, 4 and 5). For a common set of donor groups, in
which the nature of the sensitising chromophore is varied, the
sensitivity to iodide quenching mirrors the reduction potential
of the heterocyclic moiety. This is apparent in examining both a
set of cationic complexes (with chiral a-phenylmethylcarbamoyl
pendant arms) [Tb.8]**, [Tb.16a]** and [Tb.18]** (entries 1, 12 and
15), as well as charge neutral systems [Tb.9a], [Tb.14] and [Tb.17]
(entries 2,9 and 14).
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Table 1 Stern—Volmer quenching constants (Kg,/mM) for the dynamic
quenching of the terbium excited state by iodide in complexes 8-17¢ (298 K,
10 uM complex, pH 7.4, 10 mM NaCl, 0.1 M HEPES buffer); values for

Eu complexes are given in parentheses, where appropriate

Entry Complex Kg,/mM
1 [Tb.8]* 0.92 (27)
2 [Tb.9a] 2.10 (> 10°)
3 [Tb.10] 6.90 (>10°)
4 [Tb.11a]* 1.64 (85.5)
5 [Tb.11b]** 2.35(10.8)
6 [Tb.12a] 2.25(>10%)
7 [Tb.12b] 321 (>10°)
8 [Tb.13] 2.50 (>10°%)
9 [Tb.14] 53.5(125)
10 [Tb.15a] 36.6 (120)
11 [Tb.15b] 26.2 (139)
12 [Tb.16a]’* 9.2 (278)
13 [Tb.16b]** 38.2 (250)
14 [Tb.17] 5.4(72)
15 [Tb.18]* 13.8 (n.d.)

“ Entries 1-8 are for dpqC complexes; 9—13 for azaxanthones and 14, 15 for
pyrazoyl-azaxanthone systems. * For the Eu complex of a 7-carboxymethyl
azathiaxanthone analogue, K, = 17.9 mM. ¢ Not determined.

Quenching studies with urate and ascorbate

Data obtained by studying the reduction in the emission lifetime
of the °D, (Tb) and °D, (Eu) excited state for fifteen complexes
by urate and ascorbate are collated in Table 2. Again, the terbium
systems are more prone to quenching, e.g. by about a factor of
20 for the neutral complexes [Ln.9a], [Ln.14], [Ln.17], entries 17,

24 and 28. Quenching by urate (E‘jx =0.59V) is 7 to 50 times

more effective than by ascorbate (E% = 0.30V), notwithstanding
the greater reducing power of the latter. Typical K values
were in the 0.01 to 0.05 mM range for urate quenching, and
0.2 to 1.4 mM for the corresponding ascorbate parameters. As
found with the iodide quenching study, for a common ligand
heptadentate moiety (e.g. the ‘DO3A’ system), the ‘dpqC’ series

Table 2 Apparent Stern—Volmer quenching constants (Kg,/mM; 10 uM
complex, 298 K, pH 7.4, 10 mM NacCl, 0.1 M HEPES) for the dynamic
quenching of the *D, Tb excited state in the macrocyclic complexes®; values
for the corresponding Eu complex are given in parenthesis

Entry Complex Urate; Ky /mM Ascorbate; Kgy/mM
16 [Tb.8]** 0.025 (0.07) 0.18 (0.39)
17 [Tb.9a] 0.005 (0.11) 0.35(2.92)
18 [Tb.10] 0.01 (0.16) 0.75 (4.13)
19 [Tb.11a]** 0.009 (0.049) 0.24 (0.51)
20 [Tb.11b]** 0.018 (0.028) 0.47(0.47)
21 [Tb.12a] (0.05) (0.05) 0.55(1.13)
2 [Tb.12b] (0.03) (0.08) 0.99 (7.50)
23 [Tb.13]*~ 0.012 (0.084) 0.38 (2.55)
24 [Tb.14]° 0.012 (0.28) 0.57 (8.90)
25 [Tb.15b] 0.06 (0.36) 0.93 (11.3)
26 [Tb.16a]** 0.04 (0.60) 0.37 (1.50)
27 [Tb.16b]** 0.02(0.27) 0.30 (1.52)
28 [Tb.17] 0.03 (0.45) 1.39 (8.43)
29 [Tb.18]** 0.05 (n.d.)* 0.36 (n.d.)*

“Entries 16-23 are dpqC comples; entries 24-27 are azaxanthone com-
plexes; entries 28, 29 are for pyrazoyl-azaxanthone complexes. ® For the
Eu complex of a 7-carboxymethyl-azathiaxanthone analogue, values were
0.20 mM (urate), 4.41 mM (ascorbate). ¢ Not determined.

of complexes were most sensitive to quenching (entries 17, 24,
28 and 16, 24, 29). However, the effect of Coulombic repulsion
or attraction was much less evident with urate and ascorbate
and changes associated with variation of overall complex charge
were generally markedly smaller. Indeed, a steric shielding effect
of the ligand substituents is suggested by comparing data for
the carboxylate complexes [Ln.14] with their benzylphosphinate
analogues [Ln.15b], (entries 24, 28). Previous crystallographic
luminescence lifetime and relaxometric studies have shown that
the Ln ion is particularly well shielded by such ligands.®®* Steric
inhibition to the approach of a urate/ascorbate anion to the
heterocyclic chromophore may also be considered in this context,
e.g. by noting the reduced tendency of the pyrazoyl-azaxanthone
complexes to quenching.”’

The data reported in Table 2 are based upon the analysis of
Stern—Volmer plots for selected concentration ranges of urate (5 to
50 uM) and ascorbate (50 to 500 uM). Examination of 7,/7 versus
[Q] plots at higher concentrations of added quencher revealed
significant curvature in certain cases, especially for Tb complexes
quenched by urate, (Fig. 1). In the case of [Tb.16a]** ascorbate

12

10 -

0 2 4 6 8 10
[Q] /mM

Fig. 1 Stern—Volmer quenching plots showing the non-linear variation
in emission lifetime (z, = lifetime in absence of added quencher) for
[Tb.16a]Cl; as a function of added urate (filled squares) and ascorbate
(triangles) (pH 7.4, 0.1 M HEPES, 10 mM NacCl, 10 uM complex, 295 K).
Estimated Kg, values are taken by analysing the first 5 points only.
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quenching, the t,/t value also reaches a limit at relatively high
concentration of ascorbate. The most marked non-ideal behaviour
was exhibited by certain complexes involving the dpqC group
quenched by urate.” Thus, in the quenching of [Ln.8]** by urate,
a limiting lifetime was found at relatively low concentrations of
added urate and curvature was evident in the range 50-200 uM
of added urate. For the neutral and anionic complexes, [Ln.9] and
[Ln.13]*" urate concentrations at least 3 to 5 times higher were
needed before their Stern—Volmer plots deviated from linearity.

A parameter which expresses the sensitivity of a given complex
to dynamic quenching under these conditions is the 7,/t ratio
for a fixed concentration of quencher for [Tb.8]**, [Tb.9a] and
[Tb.13]*~; these values at 50 uM added urate were 5.1, 11.6 and
5.6, respectively. The former complex tended to a t,/t limit
approaching 8, whereas for the latter two this limit was > 20.
Thus, the cationic complex, overall, resists urate quenching most
effectively, consistent with a mechanism in which electrostatic
encounter is not dominant.

Quenching mechanism: temperature and ionic strength dependence

The observation of non-linearity in quenching with many com-
plexes, especially with urate, and the unexpectedly high sensitivity
of each complex to urate quenching suggested that the classical
Stern—Volmer model of quenching kinetics, proposed by Rehm
and Weller, is not applicable here.* This model assumes reversible
formation of an encounter complex, under diffusion control,
followed by electron transfer between the quencher and the
acceptor. Several reports have described quenching of organic
chromophores by an alternative scheme, particularly for aromatic
donor-acceptor pairs, involving the formation of a relatively long-
lived exciplex, instead of radical-ion pair formation.*’ In this
model, (Scheme 2), an equilibrium constant can be considered
that is associated with reversible exciplex formation, in which
K. = kik,/k_k_,, provided that k_, >> k;. The exciplex lifetime
is given by (k;)~'. Thus, the ‘apparent Stern—Volmer' constant
has a completely different sense, and the measured lifetime of the
emission lanthanide, 7, may vary with [Q] in a non-linear manner:

o (1 +kKQ)

t (1+KJQ) )
ks Ky
L +Q = [n"Q] e
TR
Ln S
Scheme 2

For eqn. 1, plots of 7,/7 vs [Q] have slopes that differ from
Ky, values and, in principle, may reach a limit given by ksz, at
high [Q]. Considering the case of quenching of complexes 8-
18 by the urate anion, exciplex formation may be considered to
involve a m—m interaction between the electron-poor heterocyclic
chromophore and the electron-rich urate anion. Given that such
a bimolecular association process is entropically unfavourable,
higher temperatures should disfavour quenching, a trend which is
the opposite of that expected for a purely collisionally controlled
mechanism, for which the classical Stern—Volmer approximation
holds.

Accordingly, the 7" dependence of the emission lifetime of
[Tb.16b]** was measured under standard conditions (10 uM
complex, pH 7.4, 10 mM NaCl, 0.1 M HEPES) in the presence
of a fixed concentration of added quencher, corresponding to
half of the apparent K, value for ascorbate and iodide; with
urate the concentration used was S5 times that of the complex
(Table 1, and Table 2). The Arrhenius plots of In k vs T-' (Fig. 2)
highlight the differing behaviour of ascorbate/urate versus iodide
quenching. In the case of iodide, a small positive activation energy,
E, = +1.5 (£0.3) kJ mol™" was estimated, whereas for ascorbate
(—6.0 kJ mol™") and urate (—3.6 kJ mol™') negative values were
found in each case. Applying the classical Eyring transition-
state analysis to this data, for urate and ascorbate negative
entropies of activation were estimated in each case, AS* = —260
(£20) J mol~' K-, in accord with an associative process.

0.5

0.3 1

0.1

In(k)

2.8 3 3.2 34
1UT (K'x10%)

Fig.2 Arrhenius plots of In(k) vs. T~! (k = observed rate constant (& 5%)
for depopulation of the °D, Tb excited state in the quenching of [Tb.16b]**
(10 uM) by iodide (10 mM, circles), urate (50 pM, crosses) or ascorbate
(200 uM, squares).

Additional experiments were undertaken to explore the sen-
sitivity of urate and iodide quenching of [Tb.16a]** to variation
in ionic strength (pH 7.4, 0.1 M HEPES, 10 uM complex, 40 uM
added urate or 10 mM added iodide). The Tb emission lifetime was
monitored as a function of the concentration of added NaCl, in the
range 10 to 800 mM. In the presence of urate, the lifetime increased
gradually by about 30% from 0.60 to 0.80 ms for 0.8 M added
NaCl. With added iodide, changes were much more pronounced
and the lifetime increased much more steeply from 0.70 to 1.25 ms
following addition of 0.2 M NaCl. In a control experiment, in
the absence of added quencher, the Tb lifetime changed from 1.50
to 1.25 ms. Such behaviour is in accord with a mechanism for
iodide quenching in which the collisional encounter between ions
of opposite charge is sensitive to the local ionic strength, in a
classical salt effect. On the other hand, quenching by the urate
anion is much less sensitive to ionic-strength variation.

Taken together, the temperature and ionic-strength dependence
is consistent with a thermally activated collisional quenching
model for iodide, whilst urate/ascorbate quenching follows a
process in which exciplex formation is likely to occur.

Non-covalent protein binding and inhibition of quenching

Each of the complexes examined here possesses at least three
condensed aromatic rings. It is therefore very likely that such
systems should exhibit a tendency to bind reversibly with proteins.
Such an effect has been observed recently for these and related

This journal is © The Royal Society of Chemistry 2007
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systems, by examining the modulation of luminescence emission
or relaxivity (Gd analogues) in protein titration experiments.®'
Serum albumins constitute the most common endogenous protein
in mammalian cells and so the effect of protein binding on the
susceptibility of selected complexes to dynamic quenching was
considered highly appropriate, in seeking to define an emissive
complex suitable for study in cellulo. Incremental addition of
bovine serum albumin to [Tb.8]**, [Tb.11a]**, [Tb.11b]** and
[Tb.9a], gave rise to parallel decreases in terbium emission intensity
and lifetime. By assuming a 1 : 1 binding equilibrium, apparent
protein affinity constants could be derived and they were estimated
to be 10°%, 10*%2, 10*”” and 10*® for the sequence of complexes
listed above, Fig. 3. Limiting 7 values could be observed directly
for the more strongly bound complexes, and * values of 1.36 for
[Tb.8]** 6 for [Tb.11b]** and 3 for [Tb.11b]**. The neutral complex,
[Tb.9a], bound protein most weakly and a limiting ** value could
not be estimated accurately, but was > 3. The effect of protein
binding on urate quenching was assessed by adding urate (up to
0.1 mM) to solutions of these complexes containing 0.4 mM serum
albumin, examining the effect on the observed emission lifetime.
Following addition of 0.1 mM urate, the emission lifetimes for
[Tb.8)*, [Tb.11al]**, [Tb.11b]* and [Tb.9a] were 0.57, 0.38, 0.28
and 0.06 ms, respectively. These values echo the protein affinity
constants, suggesting that the protein bound complex is much less
sensitive to dynamic quenching. Such a conclusion accords with
the hypothesis of a quenching mechanism for urate that requires
exciplex formation. This tendency was even more pronounced
for the pyrazoyl-azaxanthone series of complexes. For example,
addition of BSA to [Tb.18]** caused little effect on the Tb emission

TolT
-
o

.

0 0.2 0.4 0.6 0.8

[BSA] (mM)

TolT

0 0.2 0.4 0.6 0.8
[BSA] (mM)

Fig. 3 Binding isotherms (295 K, pH 7.4, 0.1 M HEPES, 10 uM NacCl)
showing the modulation of the terbium emission lifetime as a function
of added bovine serum albumin in complexes [Tb.8]* (triangles) and
[Tb.11a)** (diamonds) (lower) and [Tb.11b]** (squares) and [Tb.9a] (circles)
(upper).

lifetime (2 — 1.07 for 0.7 mM added protein) yet urate quenching
of [Tb.18]** was completely suppressed in the presence of 0.4 mM
serum albumin. Similar behaviour was found for the ‘zris(Phe)’
ethyl ester analogue of [Tb.18]**.

In the aza-xanthone series of complexes, a comparison
was made between a complex that was covalently linked to
serum albumin, [Tb.19¢]® and a non-covalently bound analogue,
[Tb.19d]**. Mild base hydrolysis of [Tb.19a] (pH 10.5, 20 °C,
18 h) afforded the acid, [Tb.19b], which was converted into the
N-hydroxysuccinimidyl ester (DMSO, NHS, EDC). This active
ester could be conveniently isolated by precipitation onto diethyl
ether and was stable to storage in a sealed container at —30 °C
for prolonged periods in the dark (> 6 months). Reaction of the
active ester with one equivalent of serum albumin (20 °C, H,O-
DMF) gave the protein conjugate [Tb.19¢] that was separated by
gel filtration. Measurement of the percentage of Tb in the isolated
protein by ICP-MS gave values consistent with the expected 1 : 1
stoichiometry. The terbium emission lifetime (/.. 340 nm, A,
545 nm) for [Tb.19¢] was measured to be 1.55 ms (298 K, pH 7.4,
0.1 M HEPES buffer), a value that was within 5% of that found for
the simple methylamide derivative, [Tb.19d]**Cl; in the presence
of 0.7 mM serum albumin. Evidently, neither in the covalent
conjugate [Tbh.19¢| nor in the reversibly bound protein adduct of
[Tb.19d]** is there any significant quenching of the Tb excited state.
Addition of an 0.1 mM solution of sodium urate to each protein-
associated complex did not reduce the Tb excited-state lifetime by
more than 10%. Such behaviour is consistent with the inhibition of
quenching observed for the protein-bound pyrazoyl-azaxanthone
series of complexes.

Quenching by selected catechols and protected catechols

Catechols constitute a class of electron-rich aromatics that also
may serve as anti-oxidants. They are dibasic acids (first pK,
typically around 9.5) with an ene-diol moiety resembling that
found in ascorbic acid, and the one-electron oxidation potential
of catechol itself at pH 7.4 has been estimated to be +0.53V
(298 K).' Tt was reasoned that they may be expected to form an
exciplex with the electron-poor heteroaromatic sub-groups found
in the complexes studied herein. Accordingly, selected quenching
experiments were undertaken comparing the quenching behaviour
of the series of catechols 3a—3c (dopamine, DOPA, and the mono-
carboxylic acid) and the protected catechol, 4 towards [Ln.9a]
and [Ln.16a]**. Quenching data (Table 3), revealed several trends
echoing those observed for urate quenching. Europium complexes

Table 3 Quenching data“,’ for selected catechols (pH 7.4, 10 mM NaCl,
0.1 M, HEPES, 10 uM complex) and for urate in comparison

3a 4 urate

— To — To — To
Complex  Ky/mM Kg/mM Ky/mM
[Tb.16a]*  0.05 3.3 181 L1 0.04 4.4
[Eu.16a]**  0.06 2.7 45 1.0 0.60 1.2
[Tb.9a] 0.06 2.4 2.0 1.04  0.006 19
[Eu.9a] 0.17 1.6 15 .01 0.11 7.5

“ 2 values are reported here at a fixed quencher concentration of 100 uM.
" Kgy (2 in parenthesis) values for [Tb.16a]** quenching by DOPA, 3b,
were 0.11 mM (2 = 2.0) and for dopamine, 3¢, corresponding values were
K =0.17mM, = = 1.6.
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were quenched less than the Tb analogues, although this effect
was less marked for the quenching of [Ln.16a]** by the anionic
catechol, 3a. Over narrow quenching ranges, e.g. 0 to 0.1 mM for,
and 0 to 1 mM for 4, approximately linear Stern—Volmer plots
were obtained, but beyond these regions curvature was observed
(Fig. 4). For the case of the cationic complex [Tb.16a]**, quenching
by dopamine (K, = 0.17 mM), DOPA (K, = 0.11 mM) and the
cinnamate derivative 3¢ (K, = 0.05 mM) followed a trend in
accord with the effect of electrostatic repulsion between complex
and quencher.

4.5

3.5 4
T/T 3
2.5 x

.

.

> xem
x

1.5
14
0.5

wem
>xem

0 0.05 0.1 0.15 0.2
[catechol] /mM

Fig. 4 Stern-Volmer plots showing the variation in * with [3¢] for
[Eu.16a]’* (diamonds), [Tb.16a]** (squares), [Eu.9a] (triangles) and [Tb.9a]
(crosses), (pH 7.4, 0.1 M HEPES, 10 mM NaCl, 10 pM complex, 295 K).

The protected catechol, 4, is much less readily oxidised than 3¢
in aqueous media, yet still gave rise to quenching of the excited
state of [Tb.9a] (dpqC derivative) and [Tb.16a] (an azaxanthone)
more readily than iodide (E% = —|—0.54V). Examination of the
cyclic voltammogram of 4 (0.1 M Bu,NPF,, MeCN) revealed an
irreversible oxidation wave at +1.50V. Under these non-aqueous
conditions, the related alcohol (i.e. with CH,CO,H replaced by
CH,CH,OH) and the corresponding (deprotected) catechol, 3a,
gave oxidation waves at +1.41 and +1.38 V respectively, such
values are comparable to those reported for 1,2-dimethoxybenzene
derivatives.® Such a high oxidation potential should preclude
an electron-transfer process for quenching, on the basis of the
thermodynamics implicit in the Weller equation. On the other
hand, the observation of dynamic quenching is still consistent
with a mechanism in which exciplex formation occurs and there
is partial charge transfer. The temperature dependence of the
observed rate of decay of terbium emission for [Tb.16b]** in the
presence of 4 was examined. The emission lifetime increased over
the T range 20-70 °C (pH 7.4, 0.1 M HEPES, 10 mM NaCl,
10 uM complex, 1 mM [4]), consistent with disfavouring exciplex
formation at higher temperature (£, = —4.6 kJ mol™"), in accord
with observations made for urate and ascorbate quenching.

Summary and conclusion

The series of lanthanide(111) complexes studied here, incorporating
heterocyclic sensitising moieties of varying electron affinity, has
allowed a thorough examination of the factors determining the
facility of quenching of the long-lived excited state of Eu(ii)
and Tb(ir) systems. Iodide quenching conforms to a simple
model of deactivation by collisional encounter, exemplified by the
sensitivity to ligand-based electrostatics, the increased quenching

at higher temperature and the fidelity of the correlations predicted
by consideration of ligand-reduction potentials. Quenching by
urate, ascorbate and certain catechols proceeds by a different
mechanism, involving transient formation of an exciplex between
the complex and the reductant, and is characterised by reduced
quenching at higher temperatures and a poor correlation between
redox potentials and observed quenching sensitivity. Quenching by
urates and catechols is particularly effective for Tb(1r) complexes,
and is subject to steric control; it may be suppressed by non-
covalent binding of the complex to protein. In the most favourable
cases, e.g. for the pyrazoyl-azaxanthone systems, urate quenching
can be completely inhibited by the presence of serum albumin
at concentrations of 0.2-0.7 mM, i.e. those typically found in
cells and certain biological fluids. Such factors are particularly
important in selecting an emissive complex for development as an
optical probe to be used in certain bio-assays or for intracellular
imaging.

Experimental

The synthesis and characterisation of the lanthanide(1ir) com-
plexes used in this study have been reported previously®*-2627

Lifetime measurements were measured using a Perkin-Elmer
LS 55B or a Fluorolog-3 (Jobin-Yvon/Instruments s.a.) following
excitation of the sample (348 nm for tetra-azatriphenylene com-
plexes, 340 nm for aza-xanthone systems and 355 nm for pyrazoyl-
azaxanthone derivatives) followed by monitoring the integrated
intensity of light (545 nm for terbium, 620 nm for europium)
emitted during a fixed gate time, 7,, a delay time, 74, later. At least
20 delay times were used covering 3 or more lifetimes. A gate time
of 0.1 ms was used, and excitation and emission slits were set to
10 and 2.5 nm band-pass, respectively.

The obtained decay curves were fitted to the equation below
using Microsoft Excel:

I =A4,+ Aexp(—kt),

where / = intensity at time ¢ after the flash, 4, = intensity after
the decay has finished, 4, = pre-exponential factor and k = rate
constant for decay of the excited state.

The excited state lifetime, 7, was taken to be the inverse of the
rate constant, k, and the estimated error on these measurements
was +5%. Temperature-dependent studies were carried out in a
thermostatted cell (£2°C).

Inductively coupled plasma mass spectrometric determinations
of europium or terbium concentrations were made by Dr C. Ottley
in the Department of Earth Sciences at Durham University
following dilution of the sample in dilute (0.1 M) nitric acid.

Cyclic voltammograms were recorded on a Princeton Applied
Research Potentiostat/Galvonostat Model 263 using a three-
electrode system consisting of a glassy carbon working electrode, a
platinum secondary electrode and an Ag-AgClreference electrode.
Experiments were carried out at 295 K in MeCN containing
[N"Bu,][PF,] (0.1 M) as supporting electrolyte, except in the case
of the thiaxanthone and dpqc based chromophores for which
CH,Cl, solutions containing [N"Bu,][PF,] (0.4 M) as a supporting
electrolyte were used. Potentials were internally referenced to the
Fc'—Fc couple.

This journal is © The Royal Society of Chemistry 2007
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A hinge sugar, a 2,4-diamino-2,4-dideoxy-f-D-xylopyranoside derivative, turns its four equatorial
substituents into axial orientations through a *C,-to-' C, ring flip in response to chelation to a metal
ion. This hinge-like motion enables two components attached at the 1- and 3-positions to switch
between far and near states. In this study, we examined the effect of N-alkylation on the bendability of
the hinge molecule and synthesized a 2,4-dipyrenylmethyl derivative as a proton-selective sensor. 'H
NMR studies showed that N-alkylations of the hinge sugar facilitated ' C, formation in the presence of
an acid, probably because the increased basicity of the amino group promoted the intramolecular
hydrogen bond between the 2- and 4-amino substituents, whereas chelation to a metal ion was
hampered by the increased bulkiness. In accordance with the above results, N,N'-dipyrenylmethyl hinge
sugar 3 emitted excimer fluorescence (445 nm) owing to the pyrene stacking as a result of the 'C,
formation at lower concentrations of trifuluoroacetic acid (TFA), while no significant changes in
fluorescence spectra were observed when metal ions were added. Increase of the monomer fluorescence
(375 nm) at higher TFA concentrations was also observed. These observations indicate that 3 could be
used as a proton-selective sensor that covers a wide range of proton concentrations through monitoring

of the two fluorescence maxima.

Introduction

Chemosensors! that function via mechanical motion often consist
of two components: one that transduces a molecular recognition
event into internal molecular motions®> and one that transduces
the motions into a signal. The development of these molecular
transducers is one of the most important subjects in the studies
of molecular machines and devices, since the transducers are as-
sociated with the control or monitoring of molecular motions, the
most important aspect in the field.> We have previously synthesized
a hinge-like molecular transducer 1 from a xylose derivative, which
undergoes a hinge motion with regard to the diequatorial-to-
diaxial reorientation of the substituents through a ring flip caused
by chelation to a metal ion (Scheme 1).* On the basis of the
molecular transducer 1, we developed a metal ion sensor 2, in
which two pyrenyl groups at the 1,3-positions of xylose become
stacked, resulting in excimer fluorescence when two amino groups
at the 2,4-positions chelate to a zinc or cadmium ion.> Compound
2 was also found to act as a proton sensor, since protonation of
one of the two amino groups produces an ammonium ion, which
serves as a strong hydrogen bond donor toward the other amino
group, forming an intramolecular hydrogen bond bridge in place
of chelation to a metal ion (Scheme 1). As the bendability of the
hinge sugar is largely dependent on the amino group basicity, N-
alkylation is expected to modulate the sensitivity and selectivity of
the metal ion sensor. In this study, we synthesized N-alkylated
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hinge sugar derivatives and compared their bendability. Also,
N,N’-dipyrenylmethyl hinge sugar 3 was tested as a metal ion or
proton sensor. Compound 3 is intrinsically subject to fluorescence
quenching from the amino groups and therefore is expected to
recover the fluorescence through coordination to a metal ion or
proton.®

Results and discussion

N-Alkylated hinge sugars 3-5 were synthesized through
imination-reduction of appropriate aldehydes with 1 and
NaB(CN)H; (Scheme 2). The ring conformations of compounds
3, 4 and 5 in the absence and presence of zinc(11) ions or protons
were estimated from the J-values for the vicinal protons in the 'H
NMR spectrum (Table 1). The poor solubility of 3 prevented the
use of more than 0.5 equivalents of trifluoroacetic acid (TFA) in
the '"H NMR experiments, which caused precipitation. The 'C,
populations (%) were computed by a multiple regression analysis
with a least-squares fitting of the J-values calculated for model
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Table 1 J-Values (Hz) for the vicinal protons and calculated ' C, populations of xylopyranosides

3J-value/Hz
Entry Compd Additive Equiv. Solvent Jis Jas Jsa Jisa Jaso 'C,
1 14 None — Buffer* 8.1 9.6 9.6 5.1 10.7 0%
2 1¢ Zn(OAc),” 2.0 Buffer¢ 5.6 7.5 7.5 4.0 7.5 33%
3 3 None CDCl, 7.2 9.0 8.7 4.6 9.6 14%
4 3 None — DMF-d, 7.6 9.3 9.3 4.9 10.2 7%
5 3 TFA 0.5 CDCl, 6.3 7.7 7.7 3.8 7.9 32%
6 3 Zn(OAc),’ 2.0 DMF-d, 7.3 9.5 9.5 5.2 10.4 6%
7 4 None — Buffer¢ 8.1 9.8 9.8 5.0 10.5 0%
8 4 TFA® 1.0 D,O 7.7 9.8 9.5 5.0 9.5 8%
9 4 Zn(OAc),” 2.0 Buffer 6.3 8.2 8.2 43 8.2 27%
10 5 None — DMSO-d, 7.6 9.3 9.4 4.9 10.3 7%
11 5 Zn(OAc),? 2.0 DMSO-d, 7.2 9.1 9.2 4.8 9.5 12%
12 5 TFA® 1.0 DMSO-d, 6.6 8.7 8.9 4.6 9.0 18%
13 5 TFA 10.0 DMSO-d, 8.2 10.1 9.9 5.0 10.5 0%

“Data from ref. 4. * The measurement temperature was 80 °C. < 50 mM AcONa-d; (pH 7.0). ¢ The measurement temperature was 120 °C.

RCHO

0 NaBH,CN RHN 0
HNONC ocH,  NBHON | RINGNCS ochs
NH, NHR
1 3: R = Py (90%)
4: R = Et (62%)
5: R=Bn (71%)
Scheme 2

structures to the observed ones. The calculated J-values were
derived by the generalized Karplus equation’ from the dihedral
angles of the computed *C,, 'C,, %S, *S, and B structures
optimized by PC Spartan Plus software® using the SYBYL force
field. The populations of the skew and boat conformations were
negligible for all the J-value sets.

Compounds 3 and 5 were found to be in a conformational
equilibrium between *C, and 'C, (entries 3,4,10), while the free
amino hinge 1 and N,N’-diethyl hinge 4 exist solely in *C; in
AcONa-d; buffer (entries 1,7). The ! C, conformers of compounds
3and 5 are most likely stabilized by an intramolecular hydrophobic
interaction between two aromatic groups: the stacking of a pyrene
or benzene pair would assist the formation of the 'C, conformer.
The fact that compound 3 has a lower ' C, population in DMF-
d; (entry 4) than in the less polar CDCl; (entry 3) is explainable
by a solvent effect: a polar solvent would disturb the stacking
interaction. A similar solvent dependence has been observed for
methyl 2,4-di-O-(1-pyrenecarbonyl)-B-p-xylopyranoside.®

The addition of 0.5 equiv. of TFA significantly increased the
'C, population of 3 (entry 5). This ' C, population is comparable
to that for 1 with 2 equiv. of zinc ion (entry 2).* The driving
force of the hinge closure of 3 is attributable to a hydrogen
bond bridging between two amino groups, as was discussed for
the proton-driven closure of the hinge chemosensor 2,° in which
titration with TFA demonstrated that the ' C, population reached
a maximum at 63% with one equivalent of TFA. In the case
of 3, precipitation at higher TFA concentrations prevented the
observation of the maximum 'C, population. In contrast to 3,
N,N’-diethyl hinge sugar 4 showed less hinge closure with the
addition of 1.0 equiv. TFA (entry 8). This result suggests that
the pyrene stacking assisted the hinge closure of 3 in cooperation
with the hydrogen bond between two amino groups. In accordance

with the smaller stacking potency of a benzene ring compared with
a pyrene group, N,N’-dibenzyl hinge sugar 5 showed a moderate
hinge closure ratio at 1.0 equiv. of TFA (entry 12). The observation
that the use of excess TFA (10 equiv.) resulted in the complete
recovery of the *C, conformation (entry 13) is consistent with the
similar behavior observed for the proton sensor 2, attributed to
the destabilization of the ' C, confomer by repulsion between two
ammonium ions.

The hinge closure through chelation to zinc ion was slightly
suppressed for N,N’-diethyl hinge 4 (entry 9) compared with that
of the free amino hinge 1 (entry 2). This supression was unexpected
because N-alkylation was expected to enhance the amino group
basicity, thereby increasing the nucleophilicity towards the metal
ion. Perhaps the bulkiness of the ethyl group principally affected
the amino group, attenuating the nucleophilicity. The bulkiness
effect is further supported by the experiment with compound 5
(entry 11), in which the bulkier benzyl group resulted in a lower
'C, population in the presence of zinc ion. Thus it is rational that
the even bulkier pyrenylmethyl group prohibited chelation to zinc
ion, and therefore the addition of zinc ion had almost no effect on
the 'C, population of 3 (entry 6).

In the previous study for the metal ion sensor 2, we showed
that the addition of zinc(il) or manganese(ll) ions caused an
increase of excimer fluorescence. However, even when 100 equiv. of
manganese(11) ions were added to a chloroform solution of 3, there
was almost no effect on the fluorescence spectrum (Fig. 1A). In the
case of zinc(11) ions (Fig. 1B), monomer fluorescence at ca. 390 nm
was slightly increased, whereas no significant spectral change was
observed for excimer region (ca. 470 nm). The increase in monomer
fluorescence is most likely due to fluorescence recovery from a
quenching state through metal coordination to the quenching
amino groups. NMR experiments predicted that compound 3
would not be an excimer fluorescence sensor for zinc ion, and
this was found to be the case. We suggest that the metal ions are
too large to be accommodated in the small groove of the quasi-
cyclic bidentate ligand formed by pyrene stacking of compound 3
(Fig. 2).

The addition of TFA to the chloroform solution of 3 gave
rise to excimer fluorescence (445 nm), which increased with
the addition of TFA up to 50 equiv. but thereafter started to
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Fig. 1 Fluorescence spectral change of compound 3 (100 uM in CHCl;;
excitation at 347 nm) with the addition of Mn(OAc), (A) and ZnCl, (B).
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Fig. 2 A hypothetical model indicating the steric congestion caused by
metal chelation of compound 3.

decrease (Fig. 3A). This up-and-down tendency of the excimer
fluorescence intensity with acid titration has been observed with
the chemosensor 2, and therefore the mechanism is suggested to
be the same: monoprotonation causes a hydrogen bridge between
the two amino groups to stabilize the closed structure, whereas the
repulsion between two ammonium ions derived by diprotonation
destabilizes the closed structure, turning it into the open-hinge
structure (Fig. 4). This proton-selective sensing was predicted
from the '"H NMR measurements, and can be explained by the
small size of the proton that would be accommodated in the
small groove of the bidentate ligand. The different behavior of
3 toward TFA in comparison with that of compound 2 was
observed in the monomer fluorescence region (ca. 375 nm): it
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Fig. 3 The changes of fluorescence spectra (A) and fluorescence intensi-
ties at 445 and 375 nm (B) of compound 3 (100 uM in CHCI;; excitation
at 347 nm) with the addition of TFA.
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Fig. 4 Conformational changes of compound 3 by the addition of
protons.

increased significantly with the addition of TFA. There was little
change in the same fluorescence region for the previous proton
sensor 2. The significant increase in the monomer fluorescence
should be the consequence of fluorescence recovery from a
quenching state through protonation of the quenching amino
groups. The above results suggest that both monomer fluorescence
and excimer fluorescence can be used as indicators of proton
concentration. Fig. 3B clearly shows that the excimer fluorescence
(445 nm) is sensitive to lower proton concentration, and that the
monomer fluorescence (375 nm) covers a wide range of proton
concentrations. In addition to being selective for protons, the above
profile of the proton sensor 3 demonstrates superiority over the
previous proton sensor 2, in that 3 could be used for a wider range
of proton concentrations.
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Conclusions

In this paper, we have scrutinized the effect of N-alkylation on
the bendability of hinge sugars by '"H NMR spectroscopy. As
opposed to the expectation that the increased nucleophilicity of the
amino group would enhance chelation to a metal ion, the increased
bulkiness hampered the chelation. In contrast, the hydrogen bond
bridge between the two amino groups was promoted by N-
alkylation, probably due to the increased basicity resulting in
increased bendability of the hinge sugars. We were able to construct
a proton-selective sensor 3 using the above properties of an N-
alkylated hinge sugar.

Experimental
General

All solvents and reagents used were reagent grade and, in cases
where further purification was required, standard procedures were
followed.” Solution transfers where anhydrous conditions were
required were performed under dry argon using syringes. Thin-
layer chromatography (TLC) was performed on precoated silica
gel Merck 60-F254 plates (Art 5715) and visualized by quenching
of fluorescence and/or by charring after spraying with 1% CeSO,—
1.5% (NH,)sMo,0,,-4H,0-10% H,SO,. Column chromatography
was performed on Merck Kieselgel 60 (Art 7734), Wako gel C-
300, or Kanto Silica gel 60N (spherical, neutral) with the solvent
systems specified.

Optical rotations were determined with a Horiba SEPA-200
polarimeter using a 1 dm length cell. '"H NMR spectra were
recorded at 400 MHz (Varian Unity-400) or 270 MHz (JEOL EX-
270). Internal tetramethylsilane (6 0 ppm) was used as a standard
in CDCl;, or solvent peaks were used as standards (6 2.50 ppm
in DMSO-d,). Chemical shifts are expressed in ppm referenced to
the solvent as an internal standard. Multiplicities of signals are
abbreviated as follows: s = singlet, d = doublet, dd = doublet
of doublets, t = triplet, dt = doublet of triplets, ddd = doublet
of doublets of doublets, br = broad signal, m = multiplet. *C
NMR spectra were recorded at 67.8 MHz (JEOL INM-EX-270)
and solvent peaks were used as standards (0 77.0 ppm in CDCL;).
High resolution mass spectra (HRMS) were recorded on Mariner
Biospectrometry Workstation ESI-TOF MS.

General fluorescence experiments

Fluorescence spectra were recorded at 35 °C on a Shimadzu RF-
5300PC fluorophotometer with excitation at 355 nm, sampling
intervals of 2 nm, excitation band widths of 3 nm and an emission
band width of 5.0. A cell with 10 mm width and 3 mm depth was
used. To a thermostatted (35 °C) solution of 3 (100 uM, 1 mL)
in CHCI; were dropped appropriate amounts of the solution of a
metal ion (or TFA) and 3 (100 uM), and fluorescence spectra were
recorded for each specified amount of the metal ion.

Synthesis of 3, 4 and 5§

Methyl 2,4-di-1-pyrenylmethylamino-2,4-dideoxy-f-D-xyropy-
ranoside, 3. To a stirred solution of 1 (29 mg, 0.18 mmol),
1-pyrenecarboxaldehyde (104 mg, 0.45 mmol) and acetic acid
(0.13 mL) in methanol (8 mL) was dropped a solution of

NaB(CN)H; (23 mg, 0.37 mmol) in THF (0.5 mL). After stirring
for 12 h at rt, the reaction mixture was diluted with toluene,
washed with water and aqueous NaHCO;, dried over Na,SO,,
and evaporated. The residue was chromatographed on silica gel
(CHC1;-MeOH 30 : 1) to give 3 as a pale yellow solid (96 mg,
90%): Ry, 0.48 (CHCL,-MeOH 15 : 1); mp 201-203 °C; [a]Z —16.9
(¢ 0.15 in CHCl,); 6, (400 MHz, CDCl;, Me,Si) 8.38-7.93 (m,
18H, Ar), 4.77-4.46 (m, 4H, CH,Ar x 2),4.32(d, IH, J,, 7.2 Hz,
H-1), 4.19 (dd, 1H, J,5, 4.6, Js.5 11.8 Hz, H-5a), 3.63 (s, 3H,
OCH,), 3.34 (dd, 1H, J,5 9.0, J,, 8.7 Hz, H-3), 3.26 (dd, 1H,
Jus0 9.6 Hz, H-5b), 2.93 (ddd, 1H, H-4), 2.72 (dd, 1H, H-2), 1.77
(br, 3H, OH, NHCH, x 2); 6 (67.8 MHz, CDCl;, Me,Si) 133.9,
133.4,131.2,130.9, 130.8, 130.8, 129.1, 129.0, 127.8, 127.7, 125.9,
125.8, 125.1, 125.1, 125.0, 124.8, 124.7, 123.3, 123.1, 105.8, 73.7,
65.1, 63.2, 59.8, 56.8, 50.3; HRMS(ESI) Found 591.2657 [M +
H]*. Calcd for CyH3sN,O5: 591.2649.

Methyl 2,4-diethylamino-2,4-dideoxy-f-D-xyropyranoside, 4.
To a stirred solution of 1 (32 mg, 0.20 mmol), acetaldehyde
(33.5 pL, 0.597 mmol) and acetic acid (0.27 mL) in methanol
(8 mL) was dropped a solution of NaB(CN)H; (25 mg, 0.40 mmol)
in THF (0.5 mL). Acetaldehyde (22.5 puL, 0.40 mmol) was each
added at 3 h, 25 h and 27 h after the start of the reaction. At
46 h, the reaction mixture was neutralized with triethylamine
and evaporated. The residue was chromatographed on silca gel
(CHC1;—MeOH 5 : 1 to iPrOH-H,0-aq. NH; 60 : 3 : 1) to give 4
as a syrup (27 mg, 62%): R;, 0.20 (iPrOH-H,0-aq.NH; 60 : 3 :
1); [a]y —64.9 (c 1.15 in MeOH); 6, (400 MHz, 50 mM AcONa-
ds;, pH 7.0) 4.25 (d, 1H, J,, 8.1 Hz, H-1), 4.09 (dd, 1H, J,5, 5.0,
Jsso 11.8 Hz, H-5a), 3.52 (s, 3H, OCHj;), 3.30 (t, 1H, J,5 = J3,
9.8 Hz, H-3), 3.22 (dd, 1H, J,5 10.4 Hz, H-5b), (m, 2H, H-3,
H-5b), 2.86-2.78 (m, 2H, H-4, NHCHHCH;), 2.73-2.57 (m, 3H,
NHCHHCH;, NHCH,CHj;), 2.39 (dd, 1H, H-2), 1.06 (q, 6H, J
7.1 Hz, 2 x NHCH,CH,); d. (67.8 MHz, CD,0D) 105.4, 73.0,
64.4, 63.8, 59.6, 55.5, 43.2, 41.7; HRMS(ESI) Found 219.1728
[M + HJ*. Calcd for C,,H,;N,O;: 219.1710.

Methyl 2,4-di-benzylamino-2,4-dideoxy-f-D-xyropyranoside, 5.
To a stirred solution of 1 (29 mg, 0.18 mmol), benzaldehyde
(46 uL, 0.45 mmol) and acetic acid (0.13 mL) in methanol (§ mL)
was dropped a solution of NaB(CN)H; (25 mg, 0.39 mmol) in
THF (0.5 mL). After stirring for 12 h at rt, the reaction mixture
was diluted with ethyl acetate, the solution washed with water
and aqueous NaHCO;, dried over Na,SO,, and evaporated. The
residue was chromatographed on silca gel (hexane-ethyl acetate
12 : 7 to CHCl;—-MeOH 15 : 1) to give 5 as a syrup (44 mg, 71%):
Ry, 0.49 (CHCL;,-MeOH 7 : 1); mp 201-203 °C; [a]; —33.4 (¢ 1.51
in MeOH); oy (500 MHz, DMSO-d;) 7.33-7.19 (m, 10H, Ar), 5.17
(d, IH, J50n 5.6 Hz, OH), 4.06 (d, 1H, J,, 7.6 Hz, H-1), 3.94-3.70
(m, 4H, CH,Ar x 2),3.88 (dd, 1H, J,5, 4.9, J5.5, 11.4 Hz, H-5a),
3.33 (s, 3H, OCHj;), 3.12 (ddd, 1H, J 2,3 9.3, J;, 9.4 Hz, H-3),
2.98 (dd, 1H, J,5 10.3 Hz, H-5b), 2.46 (ddd, 1H, H-4), 2.25 (dd,
1H, H-2), 2.14 (bs, 2H, NH); d (67.8 MHz, CDCl;) 140.4, 140.0,
128.5, 128.4, 128.2, 128.0, 127.1, 127.0, 105.3, 73.3, 65.0, 62.7,
59.1, 56.6, 52.0, 51.9; HRMS(ESI) Found 343.2011 [M + H]J".
Calcd for C,0H,;N,05: 343.2022.
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The reaction of retinoids (retinol, retinyl acetate and anhydroretinol) with Brensted acids was studied as
a model system for the Carr—Price reaction. The anhydroretinylic cation was characterised by VIS and
2D NMR spectroscopy, including an estimate of the charge distribution and region of bond inversion,
observed in a mixture of identified £/Z isomers. Products obtained by quenching with NaOMe-MeOH
were identified by HPLC and MS. The classical Carr—Price reaction between retinol (vitamin A) and
the Lewis acid SbCl; in saturated chloroform solution was reinvestigated by VIS, NMR, EPR, dynamic
light scattering and chemical quenching. Whereas product instability and failure to provide informative

NMR spectra indicated a radical cation, EPR results excluded free-radical species. Dynamic light
scattering experiments, in comparison with model systems, revealed strong aggregation for the
Carr—Price complex, rationalising the low stability, NMR problems and dimerisation observed by
chemical quenching. The VIS data support structural similarity of the blue Carr—Price product with the
delocalised anhydroretinylic cation, and a detailed structure of the antimony complex is evaluated.

Introduction

Early efforts to quantify vitamin A activity by chemical analysis,
in particular in cod-liver oils, concentrated on the blue colour
reaction taking place when retinol (1, vitamin A) is treated
with acid. Both Brensted and Lewis acids, such as sulfuric acid
and arsenic trichloride, could be used, although many of the
tested reagents had several drawbacks; interaction with impurities
or solvents, poor reproducibility and unstable absorptions were
common problems. The development of the Carr—Price reaction
overcame most of these problems, although the blue absorption
fades rather quickly.! In this reaction the retinol-containing mix-
tureis treated with a saturated solution of SbCl, in chloroform, and
the blue product is subjected to photometric analysis. The intensity
of the blue absorption was successfully correlated with vitamin
A activity. This became the standard method for quantitative
vitamin A analysis,> and the method was later extended for
analysis of polyenes in general.® Based on experience, the observed
colour could be correlated with the number of conjugated double
bonds, and was thus an important tool as a first analysis of
chromatographic fractions in polyene synthesis. A more formal
correlation between absorption maxima (4.,.) and number of
double bonds in the substrate was later published for polyenes
treated with sulfuric acid.**

Polyenes treated with Brensted acids were shown to give cationic
products with delocalised charges, either through elimination of
leaving groups, or by direct protonation of the polyene chain.*”’
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For Lewis acid reactions, in particular with BF;—etherates, addi-
tion of the Lewis acid to the polyene chain to form a zwitterion
with a positive charge in the polyene chain was suggested.® On
the basis of VIS absorptions measured for the retinylic cation
(2) and the anhydroretinylic cation (3), reported for treatment of
various retinoids with Brensted acids, Scheme 1,>!° the structure
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of the Carr—Price product was suggested to have SbCl; covalently
added to carbon 15 on an anhydroretinol (4) intermediate. This
would provide a delocalised cation (5) of a similar type as the
anhydroretinylic cation (3), Scheme 2.
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Our reinvestigation of the reaction between f,B-carotene (6)
with BF;—etherates revealed the formation of the [3,-carotene
dication (7) as the product, and thus no BF; covalently added to
the polyene chain, Scheme 3." By the detection of an EPR signal,
the reaction is suggested to take place through two successive one-
electron transfers."?

NN
6

- 2e'l BF;-etherate

Scheme 3

SbCl; is a Lewis acid containing lone-pair electrons. Sb™ can
undergo extensive complex formation with neutral donors where
the lone pair may be stereochemically active."® As a reagent, SbCl,
can perform one-electron abstractions.™ VIS absorption spectra
of several radical retinoid species, obtained by pulse radiolysis
or chemical oxidation, have been recorded, with A,, ranging
from 575 to 635 nm.">' Recent EPR analysis of the treatment
of selected carotenoids and retinoids with the Carr—Price reagent

did, however, reveal that whereas carotenoids readily form cation
radicals when treated with SbCl;, no radicals could be detected for
the retinoids.'” The product between retinol (1) and SbCl; should
therefore be of diamagnetic nature.

In this work we have re-examined the mechanism of the
Carr-Price reaction, aiming at characterising the product by
UV/VIS spectroscopy, NMR analysis, dynamic light scattering
and chemical quenching reactions.

Results and discussion
Treatment of retinoids with Brensted acids

We have investigated the UV/VIS absorption of retinol (1), an-
hydroretinol (4) and retinyl acetate (8, Scheme 1) upon treatment
with Brensted acids. Results are given in Table 1.

The treatment of retinyl acetate (8) with 50 mol% H,SO,
in methanol reproduced the VIS-absorption reported for the
retinylic cation (2).° Retinol (1) treated with trifluoroacetic acid
gave rapid elimination to anhydroretinol (4), and only at lowered
temperatures was a weak absorption with /.., 623 nm observed.
When the stronger acid trifluoromethanesulfonic acid was used,
a much more stable absorption was observed for all the three
retinoids tested, providing a cation of sufficient stability for
characterisation by low temperature NMR. The values obtained
are in reasonable agreement with those previously reported for the
anhydroretinylic cation (3).'° The observed absorption maxima of
the blue products relative to those measured for the Carr—Price
product,'” points towards structural similarities, as was the basis
for the hypothesis presented for the Carr—Price reaction in the
seventies.'!

NMR analysis at —15 °C of the retinoids 1, 4, and 8 treated with
deuterated trifluoromethanesulfonic acid in CDCI; gave spectra
compatible with formation of the anhydroretinylic cation (3),
confirming the structural assignment made earlier from UV/VIS
data.' The full '"H chemical-shift assignment and partial *C
chemical-shift assignment of the dominant stereoisomer of the
cation 3 as prepared from 1, is given in Table 2. Also included is
a comparison between the chemical shifts of the anhydroretinylic
cation (3) and a neutral model compound, using the chemical shifts
of anhydroretinol (2, for 'H) or the corresponding carotenoid end
group (for *C) up to C-9,>'8 and axerophthene (9, Scheme 1) for
the rest of the molecule.*"* The total downfield "H chemical shift
is in fair agreement with the value of 10.6 ppm per charge found
in the Spiesecke—Schneider relationship,” and the corresponding
13C value of 239 ppm per charge is close to values obtained for
other polyenyl cations of isoprenoid origin.?! The two lacking

Table 1 UV/VIS absorptions of cations formed by treatment of retinoids with Brensted acids

Acid Solvent T/°C Amax/ M Amax/TIM? t,,,/min
Retinol (1) CF;CO,H CHCl, —10 623 — —
Retinol (1) CF,SO;H CH,Cl, -15 618 620 360¢
Retinyl acetate (8) CF;SO;H CH,Cl, —15 618 — 360¢
Retinyl acetate (8) H,SO, CH,0OH -30 595 — 4
Anhydroretinol (4) CF;SO;H CH,Cl, —15 618 623 360¢

“ Formation of anhydroretinol (4) dominating the spectra. No cation absorptions observed at room temperature. * Reported for the Carr—Price product
obtained with SbCl; in CHCl;, ref. 17. ¢ Extrapolated assuming first-order decay.
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Table 2 'H and "C chemical shifts for anhydroretinylic cation 3a, and shift changes relative to model compounds in CDCl; solution
Ou/ppm Joc/ppm
Carbon 3a Literature value* 4 3a Literature value® 4
1 — — — 37.7 35.1 2.6
2 1.72 1.49 0.23 39.0 40.8 -1.8
3 2.49 2.09 0.40 24.6 23.0 1.6
4 6.92 5.78 1.14 153.7 128.6 25.1
5 — — 137.9 134.1 3.8
6 — — — 184.1 146.1 38.0
7 6.95 6.38 0.57 n/a 120.3 n/a
8 8.65 6.78 1.87 168.9 130.4 38.5
9 — — 142.7 135.5 7.2
10 8.21 6.08 2.13 175.6 130.7 44.9
11 7.03 6.47 0.56 n/a 125.9 n/a
12 7.81 6.27 1.54 171.1 138.0 33.1
13 — — — 140.0 134.6 5.4
14 6.96 5.59 1.37 159.6 122.6 37.0
15 2.15 1.76 0.39 17.5 14.0 3.5
16/17 1.50 1.29 0.21 29.7 29.0 0.7
18 2.10 1.91 0.19 21.1 21.7 —0.6
19 2.21 1.94 0.27 11.8 12.1 —0.3
20 2.02 1.81 0.21 11.7 12.1 —0.4
X — — 14.86 — — 239.0

“ Anhydroretinol (4) for dy or the corresponding carotenoid end group for d. used as reference for positions 1-9 and 16-19, respectively. Axerophthene

(9) used for the rest of the molecule. Data from ref. 3, 18 and 19.

BC shifts at C-7 and C-11 occur at positions in the chain not
expected to be downfield shifted based on resonance structures.

From retinol (1), the '"H chemical shifts of the cation 3 drifted
during aquisition, up to 0.16 ppm, and in Table 2 the initial values
are reported. NMR of acid treated anhydroretinol (4) and retinyl
acetate (8) did not show this behaviour, instead constant chemical
shifts were observed. This anomaly is not rationalised.

The anhydroretinylic cation (3) appears as £/Z isomers around
the C-6 to C-7 bond, with the E-isomer (3a) dominating over
the Z-isomer (3b) in a 1.2 : 1 ratio, Fig. 1. Similar isomerisation
has been observed in related cations, e.g. the C,, 4-dehydro-f,[3-
carotenyl monocation 10, Fig. 2.2 Moreover, the hydrogens on
Me-15 appears as a triplet with *Jyy = 6.7 Hz. This is likely

Fig. 1 a) Estimated charge distribution from “C chemical shifts of
anhydroretinylic cations (3a/3b), with partial positive charge illustrated
by the area of the filled circles. b) *Jy 4 coupling constants, given in Hz.

Fig. 2 Charge distribution for the 4-dehydro-p,B-carotenyl monocation
(10); from ref. 22.

to arise from overlap of the two expected doublets from E/Z
isomerisation of the terminal double bond in the polyene. The
charge distributions of the cations 3a/3b, estimated from the *C
chemical-shift difference, are visualised in Fig. la. A rather even
distribution of the positive charge on C-4, C-6, C-8, C-10, C-
12 and C-14 is seen, in contrast to the charge distribution of
the C, 4-dehydro-B,B-carotenyl monocation 10, Fig. 2, where
the charge density drops off markedly towards the ends.?* This
phenomenon emphasizes the soliton-like nature of the monocation
10.2' The *Jyy coupling constants for the olefinic protons of the
anhydroretinylic cation (3a/3b), shown in Fig. 1b, were all in the
intermediate region between the expected values for single and
double bonds in similar systems. For comparison, typical values
for3J .7 s in double bonds are 15.2-16.8 Hz,'® and 12 Hz for single
bonds.* In the H-10 to H-12 region, values for *Jyy of 11.3 Hz
and 14.8 Hz for single and double bonds, respectively, are typical,'®
leading to the double bond inversion region C-6 to C-12.
Quenching of the anhydroretinylic cation (3) prepared from
retinol (1), with methanol or sodium methoxide as nucleophiles,
was attempted at different temperatures and with varying re-
action times. Some results are shown in Scheme 4. Judged by
MS, dimerisation was the main reaction pathway when the
cation 3 was quenched with sodium methoxide after 10 min at
—15 °C. The exact structure of the dimers was not established.
The same reaction at room temperature, with quenching after
I min, gave mainly anhydroretinol (4), but also ethers. The
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Scheme 4

UV/VIS absorption data for the main ether product was similar
to early reports for the axerophthene (9, Scheme 1) chromophore.?
However, this assignment was later shown to be in error.?® Instead,
the data is consistent with formation of the ether bond at C-14,
giving the structure 11, as shown in Scheme 4. Due to the use
of chloroform with an ethanol stabiliser in this experiment, both
methyl and ethyl ethers were formed. Quenching with methanol
at room temperature gave anhydroretinol (4) as the dominating
product.

In conclusion, treatment of retinol (1), retinyl acetate (8) or
anhydroretinol (4) with trifluoromethanesulfonic acid led to the
anhydroretinylic cations 3a/3b, the structures of which, including
the distribution of the positive charge, were unequivocally deter-
mined by NMR spectroscopy. The quenching products, including
Cy dimers (M = 554), the C-14 methyl ether 11 and anhydroretinol
(4), are consistent with the anhydroretinyl cation (3) intermediate.

Treatment of retinoids with SbCl,—CHCl;: the Carr—Price reaction

As seen from Table 1, the VIS spectra recorded for the cation
3 produced from the retinoids treated with Brensted acid were
similar to those reported by treatment with SbCl; in chloroform,"
and verified in our experiments.”” However, no NMR spectra
could be obtained for this blue product. Since cations and radical
cations of polyenes are known to have similar /,,, values for
their VIS/NIR absorption,* a paramagnetic radical cation was
suspected by the reaction with SbCl;. This could also serve to
explain the low stability observed for the Carr—Price product
relative to the anhydroretinylic cation (3) obtained by Brensted
acid treatment. However, it was clearly demonstrated that, in
contrast to the C,, carotenoids, the tested retinoids (1, 4, and 8) did
not provide any radicals with SbCl; in chloroform."” The failure
to obtain NMR spectra and low stability of the blue Carr—Price
product was finally explained by facile aggregation, demonstrated
by the dynamic light scattering data presented in Fig. 3. BF;—
diethyl etherate was included in this investigation as an additional
Lewis acid.

For light scattering experiments in general, aggregates scatter
significantly more light than monomers. This explains the experi-
mental results given in Fig. 3. Solutions of retinol (1), 3,B-carotene
(6) and the reagents alone showed only modest scattering of light.
The situation was strikingly different for the mixture of SbCl;
and retinol (1), where aggregates gave rise to a large increase in the
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Fig. 3 Scattered intensity of chloroform solutions of retinol (1,
1.1 mg mL"), B,B-carotene (6, 1.8 mg mL~"), SbCl; (LA1, 100 mg mL")
and BF;—diethyl etherate (LA2, 10 vol.%), and corresponding mixtures.

scattered intensity.i The other reagent—polyene combinations also
showed increased scattering relative to the pure solutions, however,
not to the extent observed for the original Carr—Price reaction. The
equivalent hydrodynamic radii of the aggregates were determined
to be 90-100 nm for retinol (1) and B,B-carotene (6) in mixture
with SbCl;, Fig. 4. For the BF;—diethyl etherate mixtures, with
lesser aggregate abundance, somewhat larger aggregate sizes were
measured, Fig. 3 and Fig. 4.
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Fig. 4 Equivalent hydrodynamic radii for 3 mL chloroform solutions of
SbCl; (LA1, 100 mg mL™") and BF;-diethyl etherate (LA2, 10 vol.%),
mixed with 2 drops of retinol (1, 1.1 mg mL™") or f,B-carotene (6,
1.8 mg mL™").

In contrast to B,B-carotene dication (7), prepared from f,3-
carotene (6) and BF;—ctherates, that gave interpretable NMR
spectra,' the broadening of NMR signals in the case of the original
Carr—Price conditions relative to BF;—etherates must be ascribed
to higher aggregation tendency in the former.

X-Ray analysis of aryl adducts of SbCl; demonstrated the
presence of tetrameric chlorine-bridged Sb,Cl,, units, cross-linked
by the arenes.”>* The binding showed slight deviation from
a centric (1) coordination. Similar larger clusters might be
envisaged in our aggregate solutions, for instance through n'
coordination of the anhydroretinol intermediate (4), as illustrated
in Scheme 5. However, the UV/VIS absorption strongly suggest

i Due to the light absorption of the Carr—Price product in the vicinity of the
laser wavelength (632.8 nm), the scattered intensity is also underestimated.
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Scheme 5

an important contribution from the charge-separated zwitterion
5, considered earlier, ¢/ 5, Scheme 2."' Very similar UV/VIS
absorption for the anhydroretinylic cation 3a/3b and the Carr—
Price product favours the analogous, more detailed structure
5a for the major isomer. By analogy with the estimated charge
distribution in 3a/3b, Fig. 1, a similar delocalisation of the charge
in 5a, Scheme 5, seems reasonable. The energy gained by charge
delocalisation in the SbCl; adduct 5a has a counterpart in the
aromaticity maintained in the aryl adducts mentioned above.**2
Antimony might be expected to exist in a trigonal bipyramidal
geometry in 5a, with regard to the stereochemically active lone
pair present in SbCl;."* However, the observed aggregation points
towards extensive cross-bridging and formation of more complex
structural units. Other examples of compounds with covalent Sb—
C bonds are known.”

The lack of stability for the Carr—Price product may also be
explained by aggregate formation, bringing reactive species in
relatively close proximity. Decomposition of retinoid cations to
form larger units are reported,” as well as dimer formation in
retinoid radical cations.'?®

Addition of sodium methoxide as a nucleophile afforded
formation of two classes of dimers with short chromophores as
the main products, formally corresponding to addition of either
retinol (1) + anhydroretinol (4), with M = 554, or to even less
polar products. Dimerisation may thus be considered to be a
major pathway for decomposition of the blue product formed in
the Carr—Price reaction. The formation of even higher molecular
weight addition products was not investigated.

Conclusions

The reaction between the retinoids retinol (1), retinyl acetate (8)
and anhydroretinol (4) with Brensted acids was studied as a model
system, leading to a detailed structure of the blue, delocalised
anhydroretinylic cation (3).

Our reinvestigation of the classical Carr—Price blue colour
reaction between vitamin A (retinol, 1) and the Lewis acid SbCl,
in chloroform solution solved two major problems: i) the relative
instability of the product versus the anhydroretinylic cation (3), and
i1) the failure to obtain NMR spectra. A radical cation structure
of the Carr—Price product was excluded in a separate study."”
These results could instead be rationalised by facile aggregation,
demonstrated by dynamic light scattering experiments.

Very similar VIS data for the anhydroretinylic cation (3) and the
Carr—Price product supported structural analogy. The detailed
structure proposed for the Carr—Price product based on the
delocalised anhydroretinylic cation (3) and with the antimony in
a trigonal bipyramidal configuration is based on literature data
for antimony complexes. Further cross-bridging to more complex
structural units in the aggregates is considered to be likely.

Chemical quenching of both the anhydroretinylic cation (3) and
the Carr—Price product with nucleophiles were consistent with
the cationic structures. The formation of dimers appears to be a
prominent pathway for decomposition of these cations.

Experimental
Materials

Synthetic retinol (1) was purchased from Sigma, whereas f3,f3-
carotene (6) was supplied by F. Hoffmann-La Roche. Retinol
(1) was converted to retinyl acetate (8) by a standard procedure
with acetic anhydride in pyridine. Anhydroretinol (4) was prepared
by treatment of retinol (1) with an acetic acid—potassium acetate
mixture.”,§ Purification of 4 and 8 was performed by preparative
TLC. The acids were supplied by Merck (trifluoroacetic acid,
sulfuric acid), Aldrich (trifluoromethanesulfonic acid, and deuter-
ated trifluoromethanesulfonic acid) and Acros (SbCl;, BF;—diethyl
etherate). Chloroform was purified on an alumina column (basic,
activity I) prior to use.® All other solvents were used without
further purification.

Methods

All pigments were stored under nitrogen atmosphere in a freezer
(=20 °C). Ultraviolet (UV) and visible light (VIS) spectra were
recorded on a Varian Cary 50 UV/VIS spectrophotometer (190
1100 nm). Spectral fine structure is reported as %III/11.3' During
low temperature experiments the spectrophotometer was equipped
with a cuvette holder with internal circulating cooling fluid
(methanol) delivered from a cryostat. Condensation of water was
prevented with a continuous flow of nitrogen through the sample
compartment.

EI mass spectra were recorded on a Finnigan MAT 95XL Ther-
moQuest spectrometer with a direct inlet to the ion source, 70 eV,
ion source temperature 20-300 °C, at a transient of 10 °C min~".
NMR spectra were obtained on a Bruker Avance DRX 500
instrument, using a 5 mm inverse probe (TXI). “C chemical-
shift data was acquired using inverse 'H-detected experiments.
Chemical shifts are cited relative to TMS with calibration against
chloroform at 7.27 ppm and 77.0 ppm for 'H and “C, respectively.

§ The method reported by Shantz et al.*®, and Petracek and Zechmeister®’
is recommended.
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HPLC was carried out on a Hewlett Packard Series 1050 in-
strument equipped with a diode array detector (DAD). Detection
wavelengths were set at 280, 330 and 380 nm, and the selected
wavelength for integration is given in parenthesis. UV/ VIS spectra
of the retinoids were recorded on-line during chromatography.
System: Interchrom Uptisphere 5 ODB column, 250 x 4.6 mm.
Mobile phase 0 min, methanol (1.0 mL min~'); 25 min, methanol-
tert-butyl methyl ether (87.5 : 12.5 v/v, 1.0 mL min™"); 45 min,
methanol-zert-butyl methyl ether (55 : 45 v/v, 1.0 mL min™").
A similar column with 10 mm inner diameter was used for
preparative separations.

Dynamic light scattering measurements were performed using
an ALV DLS/SLS-5022F compact goniometer and an ALV-
5000/E multiple t-digital correlator (ALV, Langen, Germany).
The light source was a 22 mW He-Ne laser (Uniphase, Witney
Oxon, UK). The temperature of the sample was 24 °C, and the
scattering angle was set to 90°. Data analysis was performed with
the CONTIN method available in the ALV software package.** In
the absence of information on the aggregate shape, the equivalent
hydrodynamic radius was calculated.*

Characterisation of starting materials

Retinol (1). A, (chloroform)/nm 333; HPLC R; = 5.8 min.
'"H NMR, *C NMR and mass spectra were in agreement with
literature data '3

Anhydroretinol (4). 1,..(hexane)/nm 351 369 391, %II1/1I 66.
HPLC R; = 10.9 min (A,,,./nm 349sh, 365, 383), Ry = 11.1 min
(Zmax/nm 351, 369, 389).

Retinyl acetate (8).
R; = 7.7 min.

"H NMR and mass spectra for 4 and 8 were in agreement with
literature data.***

Amax(dichloromethane)/nm 332; HPLC

UV/VIS experiments

a) With trifluoroacetic acid. UV/VIS experiments with triflu-
oroacetic acid were carried out both at room temperature and at
—10 °C. The acid concentration was 1.5 mg mL~" in chloroform.
Retinol (1, 50 uL of a 0.21 mg mL~" solution) was added to 3 mL
of the acid solution in the cuvette. Formation of anhydroretinol
(Zmax/m 358, 377, 398, %I11/11 43) dominated the spectra at both
temperatures, but at the lowest temperature a weak absorption at
623 nm could be observed, Table 1.

b) With sulfuric acid. The experiment was performed at —30°C
with an acid concentration of 50 mol% H,SO, in methanol. To a
3 mL acid solution, an aliquot from the methanol stock solution
of retinyl acetate (8) was added. UV/VIS spectra were recorded
every min for 5 min. High viscosity prevented proper mixing.

¢) With trifluioromethanesulfonic acid. UV/VIS experiments
were performed at —15 °C with an acid concentration of
1.7 mg mL™" in dichloromethane. To 3 mL acid solution,
aliquots from dichloromethane stock solutions of retinol (1),
anhydroretinol (4) and retinyl acetate (8) were added in separate
experiments. UV/VIS spectra were recorded every 5 min for 1 h,
Table 1.

NMR experiments

a) With trifluoromethanesulfonic acid. Characterisation by
NMR was done at —15 °C. General procedure: To a cooled
solution of retinol (1, 2.0-2.5 mg) in 0.5 mL CDCl;, 5 uL
deuterated trifluoromethanesulfonic acid was added, causing an
immediate colour change to blue. 'H, '"H-'H COSY, 2D ROESY,
'H-"C HMSC.,* 'H-"C HMQC and '"H-"*C HSQC spectra were
recorded. Results are given in Table 2.

The same protocol was employed for NMR characterisation
("H, '"H-'"H COSY) of cations formed from anhydroretinol (4,
0.1 mg). For NMR characterisation ('H, "H-'"H COSY) of cations
formed from retinyl acetate, 1.5 mg retinyl acetate (8) and 10 uL
deuterated trifluoromethanesulfonic acid was employed.

b) With antimony trichloride. Blue solution was achieved at
—15 °C with 0.6 mg retinol (1) added to 0.5 mL 7% SbCl; in
CDCl;. However, only severely broadened peaks could be observed
in the '"H NMR spectra. The experiments were complicated by
difficult shimming, poor stability and precipitation of reagent at
temperatures below —15 °C.

Dynamic light scattering experiments

Solutions of retinol (1, 1.1 mg mL™"), B.B-carotene (6,
1.8 mg mL™"), SbCl; (100 mg mL~") and BF;—diethyl etherate (10
vol.%) were prepared. The samples were carefully filtered through
a 5 um filter. Measurements were performed on pure solutions
and on low concentration mixtures, prepared with two drops of
polyene solution (1 and 6) added to 3 mL Lewis acid solutions.
For the mixtures, care was taken to minimise time between mixing
and measurement.

Reactions of anhydroretinylic cation (3) with nucleophiles

a) Methanol at room temperature. Retinol (1, 5.0 mg,
0.017 mmol) was dissolved in chloroform (5.0 mL). Trifluo-
romethanesulfonic acid (10 pL), dissolved in chloroform (2.0 mL),
was added, causing an immediate colour change to dark blue.
The reaction mixture was quenched with methanol (1.0 mL)
after 1 min, and regained its pale yellow colour. The pigments
were transferred to hexane and washed with water and aqueous,
saturated NaCl solution. After evaporation of solvents, the crude
product mixture was redissolved in tert-butyl methyl ether and
analysed by HPLC, showing anhydroretinol (4) as the main
product (HPLC Ry = 11.0 min, 67% (380 nm), A,,,,/nm 349, 366,
387, %III/11 67).

b) Sodium methoxide at room temperature. Retinol (1, 5.0 mg,
0.017 mmol) was dissolved in chloroform (5.0 mL). Trifluo-
romethanesulfonic acid (10 nL), dissolved in chloroform (2.0 mL,
containing 1% ethanol), was added, causing an immediate colour
change to dark blue. The reaction mixture was quenched with
sodium methoxide in methanol (1.0 mL, 30%) after 1 min, and
regained its yellow colour. The pigments were transferred to
hexane and washed with water and aqueous, saturated NaCl
solution. After evaporation of solvents, the crude product mixture
was redissolved in fert-butyl methyl ether and analysed by HPLC,
and subsequently separated in four fractions by preparative
HPLC.
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14-Methoxy-4,15-retro-deoxyretinol (11). HPLC R, =
9.7 min, 16% (330 nm), A,,./nm 331, 347, 365, %III/11 51; m/z
(EI) 300 (M*, 100%, base peak), 268 (15, M — CH;0OH).

14-Ethoxy-4,15-retro-deoxyretinol. HPLC R; = 10.5 min, 7%
(330 nm), A,./nm 333, 349, 367, %II1/11 48; m/z (EI) 314 (M*,
100%, base peak), 284 (10), 268 (12, M — EtOH), 260 (16).

Anhydroretinol (4). HPLC R; = 11.7 min, 21% (330 nm),
Amax/1M 349, 367, 385, %III/11 63; m/z (EI) 268 (M*, 100%, base
peak).

Dimer mixture. HPLC R; = 36-39 min, 14% (330 nm),
Amax/ M 305-323; m/z (EI) 536 (M*, 16%), 268 (100, base peak).

¢) Sodium methoxide at —15 °C. Retinol (1, 5.0 mg,
0.017 mmol) was dissolved in chloroform (5.0 mL) immersed in
a dry ice—ethylene glycol bath to keep the solution at the desired
temperature. Trifluoromethanesulfonic acid (10 pL), dissolved in
chloroform (2.0 mL) and cooled to —15 °C, was added, causing
an immediate colour change to dark blue. The reaction mixture
was quenched with sodium methoxide in methanol (1.0 mL, 30%)
solution kept at the same temperature after 10 min, and regained its
yellow colour after a few seconds. The pigments were transferred
to hexane and washed with water and aqueous, saturated NaCl
solution. After evaporation of solvents, the crude product mixture
was redissolved in fert-butyl methyl ether and analysed by HPLC,
and subsequently separated in two fractions by preparative HPLC.

Dimer I. HPLC Ry = 17.6 min, 50% (280 nm), A,,../nm 281sh,
291, 303 sh; m/z (EI) 555 (20%, M + 1), 554 (M*, 48), 431 (195),
365 (22), 351 (11), 285 (20), 269 (45), 268 (100, base peak).

Dimer II. HPLC R; = 18.8 min, 21% (280 nm), A,.,/nm 289;
m/z (EI) 555 (34%, M + 1), 554 (M*, 81), 431 (44), 364 (20), 351
(39), 285 (76), 269 (100, base peak), 268 (40).

Reaction of Carr—Price product with sodium methoxide

Retinol (1, 10.0 mg, 0.035 mmol) was dissolved in chloroform
(5.0 mL) at room temperature. SbCl; (200 mg, 0.88 mmol) in chlo-
roform (2.0 mL) was added, causing an immediate colour change
to dark blue. The reaction mixture was quenched with sodium
methoxide in methanol (1.0 mL, 30%) after 30 s, and regained
its yellow colour. A few drops of N-ethyl diisopropylamine was
added, and the pigments transferred to hexane and washed with
water and aqueous, saturated NaCl solution. After evaporation of
solvents, the crude product mixture was redissolved in fert-butyl
methyl ether and analysed by HPLC, showing mainly formation of
dimers, vide supra (HPLC Ry = 17.3 min, 21% (280 nm), /,,,/nm
281sh, 291, 303 sh; Ry = 18.5 min, 11%, A,../nm 287; Ry =
36.6 min, 11%, An./nm 291; Ry = 37.7 min, 11%, A,../nm 291).
Reduction of the reaction temperature to —15 °C gave similar
results.
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The synthesis of an analogue of 6-¢pi-valienamine bearing an acetamido group and its characterisation
as an inhibitor of B-N-acetylglucosaminidases are described. The compound is a good inhibitor of both
human O-GlcNAcase and human B-hexosaminidase, as well as two bacterial B-N-acetylglucos-
aminidases. A 3-D structure of the complex of Bacteroides thetaiotaomicron BtGH84 with the inhibitor
shows the unsaturated ring is surprisingly distorted away from its favoured solution phase

conformation and reveals potential for improved inhibitor potency.

Introduction

2-Acetamido-2-deoxy-f-D-glycopyranosides are naturally occur-
ring glycosides found within many of the glycoconjugates and
oligosaccharides that are present in an extremely wide variety of
organisms, ranging from microbes to humans. Unsurprisingly,
given their abundance in nature, there are several classes of
enzymes comprising both hydrolases and lyases that have evolved
to cleave glycosidic linkages involving this saccharide residue.
Glycoside hydrolases are particularly abundant and have been
classified into many different families on the basis of structural
and primary sequence similarities.f Members of each family
have similar three-dimensional structures and use similar cat-
alytic mechanisms. Interestingly though, just two main enzyme-
catalyzed hydrolytic mechanisms are known for cleaving the [3-
glycosidic linkage of 2-acetamido-2-deoxy-B-D-glycopyranosides.
Examples of these two mechanistic classes include the exo-B-N-
acetylglucosaminidases from family 3, and those from families 20
and 84 of the glycoside hydrolases, all of which are functionally
related in that they catalyze the release of terminal 2-acetamido-2-
deoxy-B-D-glycopyranose residues from glycoconjugates.'™ exo-f3-
N-Acetylglucosaminidases from family 3 use a catalytic mech-
anism involving the formation and breakdown of a covalent
glycosyl-enzyme intermediate.* The enzymes from families 20'2
and, more recently, 84>7 of the glycoside hydrolases have been
shown to differ in that they use a catalytic mechanism involving
assistance from the 2-acetamido group of the substrate.

As a result of the biological importance of these B-N-acetyl-
glucosaminidases, the design of small molecule inhibitors>>#"!
has received considerable attention.!® 2'-Methyl-o-D-glucopyrano-
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[2,1-d]-A2'-thiazoline (NAG-thiazoline) 1 (Fig. 1) has been found
to be a potent inhibitor of family 20 hexosaminidases** and,
more recently, family 84 O-GlcNAcases.® Its poor inhibitory
potency toward family 3 is consistent with this family of enzy-
mes. O-(2-Acetamido-2-deoxy-D-glucopyranosylidene)amino-N-
phenylcarbamate (PUGNAC) 2," the tetrahydroimidazopyridines,
with the most important being 8-acetamido-5,6,7,8-tetrahydro-
6,7-dihydroxy-5-(hydroxymethyl)imidazo[1,2-a]pyridine-2-acetic
acid, gluco-nagstatin 3,"* and the triazoles, all prepared by Vasella
et al., have all been shown to potently inhibit family 3 3-N-acetyl-
glucosaminidases," family 20 human B-hexosaminidases™"® and
family 84 O-GIcNAcases.*'>'*!'" Some imino- and azasugars,
as well as being good inhibitors of glucosidases, have also
been found to be inhibitors of B-N-acetylglucosaminidases. The
N-acetylamino analogues 4 and 5 of 1-deoxynojirimycin and
isofagomine, respectively, are potent inhibitors of family 20 -
hexosaminidases.'®"
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Fig. 1 Compounds referred to in this study, as well as one of the likely
transition states (“ ;) for an a-glucosidase.
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To expand the repertoire of inhibitors of B-N-acetylgluco-
saminidases, we thought to modify the known inhibitor, epi-
valienamine 6, which is the C-6 epimer of valienamine.® Va-
lienamine is an essential core unit in many kinds of pseudo-
oligosaccharidic o-glucosidase inhibitors, such as acarbose,*
acarviosin,” adiposin-2** and validoxylamine A.* The valien-
amine core itself is also an inhibitor of some a-glucosidases.” A
rationale for the potency of valienamine against a-glucosidases
is that it is thought to mimic both the charge and the ring
distortion of the transition state. The ' H, (* H; conformation using
the numbering as according to D-glucopyranose) conformation
exhibited by valienamine resembles in some aspects both the *H;
and *°B conformations for the D-glucopyranose transition state,
found for related hydrolases,** which are the two likely transition
state conformations for o-glucosidases (Fig. 1). The potency of
valienamine stems from the crucially important double bond.
“Dihydro” acarbose, a compound where the double bond has
been saturated, is only a modestly good glucoamylase inhibitor
(low micromolar K;) compared to the very potent (picomolar K;)
acarbose which retains the double bond.**?’

On the other hand, little is known about the inhibitory potency
of 6-¢pi-valienamine 6.® Some N-alkyl analogues have been syn-
thesised and have been found to be potent -D-glucocerebrosidase
inhibitors,” and one, N-octyl-6-epi-valienamine, has potential as
a therapeutic for Gaucher disease.*® We felt that owing to the
success of 6-epi-valienamine analogues as potent inhibitors of
B-glucocerebrosidases, an analogue of 6-epi-valienamine, where
the hydroxyl group at C-1 was replaced with an acetamido
group, as in 7, could yield a useful inhibitor scaffold for [-
N-acetylglucosaminidases. We therefore engaged in a rational
synthesis of such a putative 6-epi-valienamine-based inhibitor.

Results and discussion

The methyl glycoside 8 was efficiently prepared in three steps from
N-acetyl-D-glucosamine (Scheme 1).3! Removal of the benzylidene
ring gave the diol 9. Selective iodination of the liberated primary
hydroxyl group via a tosylate intermediate furnished the iodide
10. Following benzylation of the free hydroxyl group of 10,
elimination of hydrogen iodide afforded the alkene 11.3> The
alkene 11 could also be prepared via a reductive ring-opening
of the benzylidene ring of 8, followed by sequential iodination
and elimination (Scheme 1). Treatment of the alkene 11 with
mercury(11) trifluoroacetate under Ferrier reaction conditions®
smoothly provided the presumed intermediate carbocycle (not
shown), which was dehydrated to form the enone 12 (Scheme 2).
Addition of the required exocyclic carbon to 12 is well precedented
and we chose to use benzyloxymethylmagnesium chloride to
facilitate the conversion. Interestingly, performing the Grignard
reaction using 12 did not proceed to give the desired alcohol 13
but resulted in a Michael addition to give a ketone, assigned
the structure 14. We propose that the amide moiety is first
deprotonated, directing the Grignard reagent to the wrong carbon

i The ring conformations referred to in this paper are based on the [IUPAC
naming system for each individual compound. Since valienamine and its
analogues discussed here bind in a manner that mimics the pyranose ring
of the substrate, a more intuitive (although incorrect) numbering system
using the glucopyranose ring system is given in brackets for convenient
comparison.

AcHN
OH c fo]

R=H
L
8R=Bn
d

1
(o] e o
BnO HO!
AcHN AcHN
OMe OMe
1" 10

Scheme 1 (a)i. HCl, MeOH, ii. PhnCH(OMe),, camphor-10-sulfonic acid,
DMF; (b) BnBr, NaH, THF; (c) AcOH-H,O (4 : 1); (d) i. TsCl, pyridine,
ii. Nal, DMF; (e) NaH, BnBr, DMF; (f) i. Et;N-BH;, AICl;, CH,Cl,,
ii. I,, PPh;, imidazole, PhMe, iii. NaH, BnBr, DMF.
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Scheme 2 (a) i. Hg(CF;COO),, acetone-H,O (4 : 1), ii. MsCl, Et;N,
CH,Cl,; (b) Mg, BnOCH,CI, HgCl,, THE.

and resulting in its axial addition. To circumvent this problem
associated with the presence of the 2-acetamido moiety, we
envisaged that a 2-azido group could instead be used.

Returning to the diol 9, we obtained 15 after using hydrazine hy-
drate; treatment of 15 with trifluoromethanesulfonyl azide then af-
forded the azide 16 in good yield (Scheme 3). Iodination of 16 gave
17, which upon benzylation and elimination furnished the alkene
18 in good yield. Alkene 18 was then treated with mercury(ir)
trifluoroacetate to provide smoothly the intermediate carbocycle,
which was dehydrated to form the enone 19. Gratifyingly, as we
had predicted, treatment of the azide 19 with benzyloxymethyl-
magnesium chloride gave the desired alkene 20. Continuing on,
alkene 20 was next treated with triphenylphosphine to reduce the
azide to the corresponding amine, which was acetylated in situ
to provide 21 (Scheme 4). Treatment of 21 with sodium azide
and pure tetrakis(triphenylphosphine)palladium(0)** yielded the
azide 22. At this point, the required exchange of protecting groups
went smoothly to give 23. The azide 23 was then subjected
to triphenylphosphine to give the presumed intermediate amine
which was treated in situ with tert-butyl dicarbonate to furnish
the Boc-protected amine (not shown). Deacetylation followed by
removal of the protecting group gave the desired compound 7 as
its hydrochloride salt 24.

We evaluated the inhibitor 7 against family 3 B-N-acetyl-
glucosaminidase, NagZ from Vibrio cholerae (K; = 50 uM) and
the family 20 human placental f-hexosaminidase (K; = 34 uM).
Also, family 84 human O-GlcNAcase (K; = 6.2 uM) and a close
bacterial homologue BtGH84¢ (K; = 26 uM) were assayed with
this inhibitor. It is interesting that despite the close structural
relationship of 6-epi-valienamine 6 and the 1-acetamido analogue
24, compound 24 is clearly much more potent. Indeed, Ogawa et al.
saw no inhibition of B-glucocerebrosidase with 6-epi-valienamine
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6,” which differs from the results described here using the
l-acetamido analogue. It is difficult to ascertain the basis for
these differences.

Therefore, to gain a more detailed understanding of the
molecular basis for these apparent differences, we evaluated the
interactions between 7 and a family 84 - N-acetylglucosaminidase.
The 3-D structure of BtGH84 (whose active centre residues are
invariant with the human enzyme) was solved in complex with 7 by
X-ray crystallography at a resolution of approximately 2 A. To our
knowledge this is the first time that a crystal structure involving any
6-epi-valienamine analogue has been reported. The 3-D structure
revealed clear and unambiguous electron density for 7 bound in
the “—1” subsite of BtGH84 (Fig. 2). The acetamide 7 makes
similar interactions to those previously observed for thiazoline
complexes of the enzyme: notably a tight network of hydrogen
bonds (06 to NZ of Lys166 and the main chain carbonyl of
Gly135, OS5 and O in the hydroxymethyl group to Asp344 and
the acetyl NH and carbonyl group to OD2 of Asp242 and ND?2 of

Trp337

Fig. 2 Observed electron density for 7 binding to BtGH84 shown in
divergent (wall-eyed) stereo; 7 is shown in grey and with observed 2F ,, —
F . electron density at 0.4 electrons A, Interacting amino-acids discussed
in the text are shown and are coloured green.

Asn339). Surprisingly, the unsaturated ring of 7 is distorted away
from its favoured solution phase ' H, (*H5) conformation toward a
%S, (''S5) conformation in which the amine moiety is pseudo-axial
and makes a 2.7 A hydrogen bond to the catalytic acid, Asp243.
Such a conformation does not resemble the predicted transition
state geometry but rather mimics those observed for the Michaelis
complexes of retaining enzymes active on p-glycosides of the gluco-
series (for example, ref. 35,36) and reflects in-line geometry for
nucleophilic substitution at the anomeric centre: the O-C2-N2
(O-CI1-N1) angle is 167°. Such distortion appears critical for
establishing a powerful electrostatic interaction between the amine
7 and Asp 243.

Conclusions

We have devised a route that enables the rapid synthesis of an
inhibitor of B-N-acetylglucosaminidases from a diverse range
of glycoside hydrolase families. Also, this inhibitor scaffold has
the potential to be used to create more potent and potentially
selective inhibitors by elaborating the functional groups present
within the inhibitor. The structural analysis of B#GH84 in complex
with 7 given here should facilitate this development. Notably,
although partial distortion away from the expected half-chair
must come with a significant energetic penalty, the additional
electrostatic interaction this permits clearly mitigates these costs.
Furthermore, the pseudo-axial C2-N2 geometry suggests that
augmentation of the inhibitor at the amine position should
generate even more powerful inhibitors in which aglycone binding
energy may be captured. Such inhibitors could be useful molecules
for studying the cellular role of O-GlcNAc since they may have
useful pharmacological properties.

Experimental
General

Experimental procedures have been given previously.’” Elemental
analyses of all synthesized compounds used in enzyme assays were
performed at the Simon Fraser University.

Methyl 2-acetamido-3-O-benzyl-2,6-dideoxy-6-iodo-a-D-gluco-
pyranoside 10. (i) The acetal 8 (18.5 g) was heated in AcOH—
H,O (4 : 1,200 mL) (70 °C, 1 h). The solution was concentrated
to leave a powder that was washed with toluene, followed by
hexanes, to afford a colourless powder (15.5 g). This material,
presumably methyl 2-acetamido-3-0-benzyl-2-deoxy-a-D-gluco-
pyranoside 9, was used in the next step without any further
purification.

This journal is © The Royal Society of Chemistry 2007
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(1) 4-Toluenesulfonyl chloride (7.6 g, 40 mmol) was added to
the material from (i) (6.5 g, 20 mmol) and Et;N (10 mL) in CH,Cl,
(125 mL) at 0 °C and the solution was kept at room temperature
(3 h) before being quenched with H,O. A usual workup (CH,Cl,)
yielded a yellow residue. Sodium iodide (15 g, 0.10 mol) was added
to the residue in N,N-dimethylformamide (DMF, 100 mL) and the
solution was stirred at 100 °C (3 h). Concentration of the reaction
mixture followed by a usual workup (CH,Cl,) gave a brown residue
that was subjected to flash chromatography (EtOAc—petrol, 1: 1)
to return the iodide 10 (5.8 g, 67%) as a colourless solid. R; 0.5
(EtOAc-hexane, 7 : 3); mp 150152 °C; [a] +74.2; 0y (600 MHz)
7.37-7.28 (m, 5H, Ph), 5.59 (d, 1H, J,nu 9.5 Hz, NH), 4.70, 4.67
(ABq, 2H, J 11.7 Hz, CH,Ph), 4.65 (d, IH, J,, 3.7 Hz, H1), 4.27
(ddd, 1H, J,; 10.4 Hz, H2), 3.56 (dd, 1H, Jss 2.4 Hz, J¢ 10.7 Hz,
H6), 3.55 (dd, 1H, J5, 8.7 Hz, H3), 3.48 (dd, 1H, J,5 9.3 Hz,
H4), 3.43-3.40 (m, 1H, H5), 3.40 (s, 3H, OCHj;), 3.30 (dd, 1H,
Js¢ 7.1 Hz, H6), 1.92 (s, 3H, COCH,); o (150.9 MHz) 169.94
(COCH;), 138.05-127.98 (Ph), 98.66 (C1), 79.90, 73.91, 70.53,
52.01 (4C, C2, C3, C4, C5), 73.92 (CH,Ph), 55.30 (OCH,), 23.34
(COCH,), 6.73 (C6); m/z (FAB) 436.0600, (M + H)* requires
436.0621.

Methyl 2-acetamido-3,4-di-O-benzyl-2,6-dideoxy-a-D-xylohex-
5-enoside 11. Sodium hydride (60% dispersion in mineral oil,
500 mg, 12.5 mmol) was added to 10 (1.0 g, 2.3 mmol) and BnBr
(0.30 mL, 2.5 mmol) in DMF (20 mL) and the mixture was stirred
(1 h). The reaction was monitored by '"H NMR spectroscopy
before being quenched with MeOH, concentrated and subjected
to a usual workup (EtOAc), followed by flash chromatography
(EtOAc-hexane, 1 : 1), to return 11 (700 mg, 77%) as a colourless
solid. R, 0.25 (EtOAc-hexane, 1 : 1); mp 148-150 °C; [a]) +67.9;
oy (600 MHz) 7.38-7.26 (m, 10H, Ph), 5.44 (d, 1H, J,xu 9.3 Hz,
NH), 4.85-4.84, 4.74-4.73 (2 m, 2H, H6, H6), 4.84, 4.63 (ABq,
2H, J 11.9 Hz, CH,Ph), 4.78,4.71 (ABq, 2H, J 11.2 Hz, CH,Ph),
4.74 (d, IH, J,, 3.3 Hz, H1), 4.33 (ddd, 1H, J,; 9.2 Hz, H2), 4.00
(ddd, 1H, J;, 8.4 Hz, J, ~ J,, 1.5 Hz, H4), 3.64 (dd, 1H, H3),
3.40 (s, 3H, OCH;), 1.84 (s, 3H, COCH,); d¢ (150.9 MHz) 169.79
(COCH,), 153.67(C5), 138.28-127.79 (Ph), 99.50 (C1), 97.57 (C6),
79.62, 78.50, 51.69 (3C, C2, C3, C4), 74.34, 73.83 (2C, CH,Ph),
55.53 (OCH,), 23.35 (COCH,;); m/z (FAB) 398.1956, (M + H)*
requires 398.1967.

N-[(18,55,6R)-5,6-Dibenzyloxy-4-oxocyclohex-2-en-1-yl]acet-
amide 12. Mercury(i1) trifluoroacetate (5.0 mg, 17 umol) was
added to 11 (200 mg, 0.5 mmol) in dioxane-aqueous H,SO,
(5 mM) (2 : 1, 8 mL) and the mixture was heated at 80 °C
(3 h). The mixture was cooled and subjected to a usual workup
(CH,Cl,) to leave a colourless powder that was dissolved in
CH,CI, (10 mL) and treated with methanesulfonyl chloride (MsCl,
0.20 mL, 2.6 mmol) and Et;N (0.70 mL, 5.3 mmol). The mixture
was quenched with H,O, followed by a usual workup (CH,Cl,) to
afford a brown residue that was subjected to flash chromatography
(EtOAc—petrol, 7 : 3) to furnish 12 (70 mg, 38%) as flakes. R; 0.5
(EtOAc); mp 164-166 °C; [a]y +118.5; 0y (600 MHz) 7.40-7.27
(m, 10H, Ph), 6.72 (dd, 1H, J,5 10.2 Hz, J,, 3.3 Hz, H2), 6.06 (dd,
IH, J,52.1 Hz, H3), 5.58 (d, 1H, J,xu 7.8 Hz, NH), 4.82-4.77 (m,
1H,H1),4.92,4.66 (ABq,2H, J 11.4Hz, CH,Ph),4.79,4.66 (ABq,
2H, J 11.7 Hz, CH,Ph), 4.03 (d, 1H, Js, 7.9 Hz, HS), 3.80 (dd,
1H, J,, 7.7 Hz, H6), 1.83 (s, 3H, COCHj;); o (150.9 MHz) 196.07
(C4), 169.67 (COCH,), 146.90 (C2), 137.57-127.99 (Ph), 82.31,

78.93, 49.52 (3C, C1, C5, C6), 73.82, 73.57 (2C, CH,Ph), 23.15
(COCH,); m/= (FAB) 366.1696, (M + H)* requires 366.1705.

N-[(15,2R,35,5S5)-2,3-Dibenzyloxy-6-benzyloxymethyl-4-oxo-
cyclohex-1-yllacetamide 14. Magnesium (180 mg, 7.4 mmol),
benzyl chloromethyl ether (0.90 mL, 6.7 mmol) and HgCl, (25 mg)
in THF (10 mL) were stirred at 0 °C (1.5 h). The enone 12 (100 mg,
0.30 mmol) in THF (5 mL) was added to the mixture at —78 °C
and the mixture was stirred (2 h) before being quenched with
saturated NaHCO; solution. The suspension was filtered through
Celite, followed by a usual workup (EtOAc), to give a pale yellow
oil that was subjected to flash chromatography (EtOAc—petrol, 3 :
2) to yield 14 (90 mg, 67%) as colourless plates. R; 0.35 (EtOAc—
hexane, 7 : 3); mp 146-148 °C; [a]2 +14.3; 0y (600 MHz) 7.35-7.23
(m, 15H, Ph), 6.12 (d, 1H, J,xu 8.3 Hz, NH), 4.71, 4.49 (ABq, 2H,
J 11.2 Hz, CH,Ph), 4.65, 4.61 (ABq, 2H, J 11.9 Hz, CH,Ph),
4.52-4.47 (m, 1H, H1), 4.47, 4.36 (ABq, 2H, J 11.8 Hz, CH,Ph),
3.95(d, 1H, J,; 5.6 Hz, H3), 3.90 (dd, 1H, J,, 5.9 Hz, H2), 3.47
(dd, 1H, J,; 9.7 Hz, J¢, 5.3 Hz, H7), 3.40 (dd, 1H, J,, 5.6 Hz,
H7), 2.69-2.64 (m, 1H, H6), 2.55-2.52 (m, 2H, HS, H5), 1.75
(s, 3H, COCH5;); dc¢ (150.9 MHz) 205.94 (C4), 169.68 (COCH,),
137.88-127.49 (Ph), 84.07, 78.82, 49.51 (3C, Cl, C2, C3), 73.20,
73.03,72.69, 70.61 (4C, C7, CH,Ph), 38.46 (C5), 36.86 (C6), 23.16
(COCH,); m/z (FAB) 488.2441, (M + H)" requires 488.2437

Methyl 2-amino-3-0O-benzyl-2-deoxy-a-D-glucopyranoside 15.
The amide 9 (13.0 g) was dissolved in N,H,-H,O (200 mL) and
the solution was refluxed (30 h). The solution was concentrated,
followed by flash chromatography (MeOH-CHCl;, 1 : 19), to yield
15 (10.0 g, 88%) as a gum. R; 0.7 (MeOH-CHCl,, 1 : 4); [a]
+62.2; 0y (600 MHz) 7.33-7.25 (m, 5H, Ph), 4.91, 4.72 (ABq, 2H,
J 11.7Hz, CH,Ph), 4.67 (d, IH, J,, 3.6 Hz, H1), 3.77 (dd, 1H, J
11.9 Hz, Js, 3.8 Hz, H6), 3.73 (dd, 1H, Js; 3.1 Hz, H6), 3.60-3.52
(m, 2H, H4, HY), 3.40 (dd, 1H, J,5 9.9 Hz, J,, 8.5 Hz, H3), 3.33
(s, 3H, OCH,), 2.69 (dd, 1H, H2); 6 (150.9 MHz) 138.58-127.77
(Ph), 100.34 (C1), 83.57, 71.66, 71.11 (3C, C3, C4, C5), 75.14
(CH,Ph), 61.83 (C6), 55.26, 55.03 (2C, C2, OCH,); m/z (FAB)
284.1497, (M + H)* requires 284.1498.

Methyl 2-azido-3-O-benzyl-2-deoxy-o-D-glucopyranoside 16.
A freshly prepared solution of trifluoromethanesulfonyl azide
(TfN;) in CH,Cl, (0.50 M, 100 mL, 50 mmol)*® was added
dropwise to 15 (8.8 g, 31 mmol), 4-(dimethylamino)pyridine
(DMAP, 4.6 g, 38 mmol) and CuSO,-5H,0 (200 mg) in MeOH
(100 mL) and the solution was stirred at room temperature
(3 h). Toluene (50 mL) was added to the solution before being
concentrated to approximately 50 mL. Flash chromatography
(EtOAc—petrol, 1 : 1) yielded 16 (9.5 g, 99%) as a colourless gum.
R; 0.6 (EtOAc-hexane, 7 : 3); [a]¥ +95.5; d, (600 MHz) 7.41-7.31
(m, 5H, Ph), 4.79 (d, 1H, J,, 3.5 Hz, H1), 4.96, 4.74 (ABq, 2H,
J 11.3 Hz, CH,Ph), 3.83-3.76, 3.66-3.60 (2 m, SH, H3, H4, H5,
H6, H6), 3.43 (s, 3H, OCH,;), 3.34 (dd, 1H, J,; 10.1 Hz, H2); d¢
(150.9 MHz) 137.86-128.01 (Ph), 98.79 (C1), 80.09, 71.00, 70.82,
63.16 (4C, C2, C3, C4, C5), 75.01 (CH,Ph), 62.11 (C6), 55.22
(OCH,); m/z (FAB) 308.1236, (M + H)* requires 308.1246.

Methyl 2-azido-3-O-benzyl-2,6-dideoxy-6-iodo-a-D-glucopyra-
noside 17.  4-Toluenesulfonyl chloride (8.0 g, 42 mmol) was added
to 16 (9.5 g, 31 mmol) in pyridine-CH,Cl, (1 : 3, 100 mL) at
0 °C. The solution was stirred at room temperature (3 h) before
being quenched with MeOH. A usual workup (CHCI;) gave a
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yellow residue. Sodium iodide (22.0 g, 147 mmol) was added to
the residue in DMF (100 mL) and the solution was stirred at 100 °C
(2 h). Concentration of the reaction mixture followed by a usual
workup (CHCl;) gave a brown residue that was subjected to flash
chromatography (EtOAc—petrol, 3 : 17) to yield 17 (10.5 g, 82%)
as an oil. R; 0.6 (EtOAc—hexane, 7 : 3); [a]¥ +62.5; 0y (600 MHz)
7.40-7.33 (m, 5H, Ph), 4.97, 4.67 (ABq, 2H, J 11.3 Hz, CH,Ph),
4.82(d, 1H, J,, 3.6 Hz, H1), 3.78 (dd, 1H, J,5 10.1 Hz, J5, 8.3 Hz,
H3), 3.53 (dd, 1H, J¢, 10.7 Hz, Jss 2.3 Hz, H6), 3.45 (s, 3H,
OCH,), 3.44-3.37 (m, 2H, H4, H5), 3.37 (dd, 1H, H2), 3.30 (dd,
1H, Js4 6.4 Hz, H6),2.23 (d, 1H, J,oi 3.0 Hz, OH); d (150.9 MHz)
137.72-128.11 (Ph), 98.74 (C1), 79.75, 74.18, 70.02, 63.27 (4C, C2,
C3, C4, C5), 75.07 (CH,Ph), 55.55 (OCH,), 6.65 (C6); m/z (FAB)
420.0445, (M + H)* requires 420.0420.

Methyl 2-azido-3,4-di- O-benzyl-2,6-dideoxy-a-D-xylohex-5-
enoside 18. Sodium hydride (60% dispersion in mineral oil, 4.5 g,
110 mmol) was added to BnBr (5.0 mL, 42 mmol) and 17 (9.5 g,
23 mmol) in DMF (100 mL) and the mixture was stirred (6 h).
The reaction was monitored by '"H NMR spectroscopy before
being quenched with MeOH, concentrated and subjected to a
usual workup (CH,Cl,). Flash chromatography of the residue
(EtOAc—petrol, 1 : 19) then returned 18 (6.6 g, 76%) as an oil
that solidified on standing. R; 0.5 (EtOAc-hexane, 1 : 4); [a]¥
+62.5; oy (600 MHz) 7.40-7.28 (m, 10H, Ph), 4.94-4.93 (m, 1H,
H6), 4.94, 4.83 (ABq, 2H, J 10.7 Hz, CH,Ph), 4.84 (d, 1H, J,,
3.5Hz, HI1),4.82,4.77 (ABq, 2H, J 11.2 Hz, CH,Ph), 4.80-4.78,
4.00-3.95, 3.53-3.50 (3 m, 4H, H2, H3, H4, H6), 3.47 (s, 3H,
OCH,); d¢ (150.9 MHz) 153.16 (C5), 137.72-127.79 (Ph), 99.26
(C1), 97.54 (C6), 80.14, 79.29, 63.13 (3C, C2, C3, C4), 75.52,
74.40 (2C, CH,Ph), 55.48 (OCH;); m/z (FAB) 382.1747, M +
H)* requires 382.1767.

(4S5,5R,6S5)-4-Azido-5,6-dibenzyloxy-cyclohex-2-enone 19.
Mercury(11) trifluoroacetate (60 mg, 0.10 mmol) was added to
18 (700 mg, 1.80 mmol) in acetone-H,O (4 : 1, 10 mL) and the
suspension was stirred (12 h). Volatile solvents were removed and
the resulting aqueous mixture was subjected to a usual workup
(EtOAc) to give a colourless gum. Methanesulfonyl chloride
(0.50 mL, 6.4 mmol) and Et;N (1.1 mL, 7.9 mmol) were added to
the gum in CH,Cl, (20 mL) at 0 °C. The solution was then left at
room temperature (2 h), followed by a usual workup (CH,Cl,),
to leave a gum that was subjected to flash chromatography
(EtOAc—petrol, 1 :9) to return 19 (395 mg, 64%) as a gum. R; 0.8
(EtOAc-hexane, 2 : 3); [a]? +7.8; dy (500 MHz) 7.45-7.30 (m,
10H, Ph), 6.64 (dd, 1H, J,5 10.3 Hz, J,, 2.2 Hz, H2), 6.10 (dd, 1H,
J34 2.6 Hz, H3), 5.11, 4.74 (ABq, 2H, J 11.3 Hz, CH,Ph), 4.98,
4.80 (ABq, 2H, J 10.6 Hz, CH,Ph), 4.37 (ddd, 1H, J,s 8.7 Hz,
H4), 4.11 (d, 1H, Js4 10.5 Hz, H6); 6 (125.8 MHz) 196.78 (C1),
144.94 (C3), 137.42-127.97 (C2, Ph), 84.17, 83.39, 62.86 (3C, C4,
C5, C6), 75.66, 74.62 (2C, CH,Ph); m/z (FAB) 350.1533, (M +
H)* requires 350.1505.

(1R, 4S,5R,65)-4-Azido-5,6-dibenzyloxy-1-benzyloxymethyl-
cyclohex-2-en-1-0l 20. Magnesium (105 mg, 4.30 mmol), benzyl
chloromethyl ether (0.50 mL, 3.7 mmol) and HgCl, (14 mg) in
dry THF (5 mL) were stirred at 0 °C (1.5 h). The enone 19
(250 mg, 0.70 mmol) in THF (5 mL) was added at —78 °C and
the mixture was stirred (2 h) before being quenched with saturated
NaHCO; solution. The suspension was filtered through Celite,

followed by a usual workup (EtOAc), to give a pale yellow oil that
was subjected to flash chromatography (EtOAc-toluene, 1 : 19) to
yield 20 (260 mg, 76%) as an oil. R; 0.4 (EtOAc-toluene, 1 : 9);
[ally +10.0; vy (film)/cm™" 2100 (N;); 05 (600 MHz) 7.38-7.28 (m,
15H, Ph), 5.79 (dd, 1H, J,5 10.2 Hz, J,, 2.4 Hz, H2), 5.58 (dd, 1H,
J;4 2.4 Hz, H3), 4.85, 4.82 (ABq, 2H, J 10.5 Hz, CH,Ph), 4.84,
4.73(ABq,2H, J 10.7Hz, CH,Ph),4.61,4.57 (ABq,2H, J 11.0 Hz,
CH,Ph), 4.06 (ddd, 1H, J,5 6.9 Hz, H4), 3.83 (dd, 1H, J5, 9.8 Hz,
H5), 3.79 (d, 1H, H6), 3.74, 3.62 (ABq, 2H, J 9.2 Hz, H7, H7); d
(150.9 MHz) 138.39-124.34 (C2, C3, Ph), 83.51, 80.56, 63.08 (3C,
C4, C5, C6), 75.50, 75.06, 73.70, 73.45 (4C, C7, CH,Ph), 75.38
(C1); m/z (FAB) 472.2232, (M + H)* requires 472.2236.

(1R, 4S,5R,6S)-4-Acetamido-5,6-dibenzyloxy-1-benzyloxymeth-
yl-cyclohex-2-en-1-yl acetate 21. Triphenylphosphine (70 mg,
0.30 mmol) was added to 20 (100 mg, 0.20 mmol) in THF-H,O
(3 : 1, 4 mL) and the solution was heated at 50 °C (4 h). The
reaction was subjected to a usual workup (EtOAc) to afford a
yellow gum. Acetic anhydride (0.20 mL, 2.0 mmol) and DMAP
(5 mg) were then added to the yellow gum in pyridine (5 mL) and
the solution was heated at 60 °C (3 h) before being quenched with
MeOH, followed by a usual workup (EtOAc), to leave a gum that
was subjected to flash chromatography (EtOAc—petrol, 1 : 1) to
yield 21 (90 mg, 80%) as a colourless gum. R; 0.5 (EtOAc-hexane,
7 :3); [a]¥ +75.3; 0y (600 MHz) 7.36-7.25 (m, 15H, Ph), 5.90 (dd,
IH, J,; 10.3 Hz, J,, 2.3 Hz, H2), 5.62 (dd, 1H, J,, 3.2 Hz, H3),
4.96 (d, 1H, J,nu 8.9 Hz, NH), 4.83, 4.73 (ABq, 2H, J 11.3 Hz,
CH,Ph), 4.74, 4.62 (ABq, 2H, J 12.0 Hz, CH,Ph), 4.70-4.65 (m,
H4), 4.56, 4.50 (ABq, 2H, J 11.4 Hz, CH,Ph), 4.40 (d, 1H, Js4
8.8 Hz, H6), 4.07, 3.78 (ABq, 2H, J 9.3 Hz, H7, H7), 3.87 (dd,
1H, J,;5 6.5 Hz, HS), 1.87, 1.56 (2s, 6H, COCHj;); . (150.9 MHz)
169.71, 169.08 (2C, COCH,), 138.46-127.63 (Ph), 132.05, 127.20
(C2, C3), 83.36 (Cl), 80.86, 79.66, 50.79 (3C, C4, CS5, C6), 75.32,
73.78, 73.36, 70.30 (4C, C7, CH,Ph), 23.10, 21.98 (2C, COCH,);
m/z (FAB) 530.2529, (M + H)* requires 530.2542.

N-[(18,2R,5R,6R)-2-Azido-5,6-dibenzyloxy-4-benzyloxymethyl-
cyclohex-3-en-1-yllacetamide 22. Freshly prepared Pd(PPh;),*
(12 mg, 8.9 umol) was added to NaN; (75 mg, 1.2 mmol) and 21
(100 mg, 0.20 mmol) in deoxygenated THF-H,O (2 : 1, 3 mL)
and the mixture was refluxed (6 h). A usual workup (EtOAc)
returned a brown gum that was subjected to flash chromatography
(EtOAc—petrol, 3 : 7) to afford an orange solid that was washed
with Et,0 to furnish 22 (55 mg, 55%) as a pale yellow powder.
R; 0.6 (EtOAc-hexane, 1 : 1); mp 116-118 °C; [a]¥ —192.2; oy
(600 MHz) 7.37-7.18 (m, 15H, Ph), 6.47 (d, 1H, J,xu 8.3 Hz,
NH), 5.90 (d, 1H, J,5 3.8 Hz, H3), 4.75, 4.60 (ABq, 2H, J 12.0 Hz,
CH,Ph), 4.56, 4.54 (ABq, 2H, J 11.0 Hz, CH,Ph), 4.55, 4.41
(ABq, 2H, J 11.7 Hz, CH,Ph), 4.47-4.43 (m, 1H, HI1), 4.27 (d,
IH, J,; 12.9 Hz, H7), 4.09 (d, 1H, Js, 3.3 Hz, HS), 3.98 (d, 1H,
H7),3.89 (dd, 1H, J,, 4.8 Hz, H6), 3.86 (m, 1H, H2), 1.78 (s, 3H,
COCH,); d¢ (150.9 MHz) 169.59 (COCH,), 137.86-127.74 (C4,
Ph), 122.16 (C3), 74.10, 72.93, 57.79, 49.43 (4C, C1, C2, C5, C6),
73.57,72.05, 71.63, 70.38 (4C, C7, CH,Ph), 23.26 (COCH,); m/z
(FAB) 513.2487, (M + H)" requires 513.2502.

N-(1S,2R,5R,6 R)-2-Azido-5,6-diacetoxy-4-acetoxymethyl-cyclo-
hex-3-en-1-ylJacetamide 23. Anhydrous iron(ii1) chloride
(115 mg, 0.70 mmol) was added to 22 (30 mg, 0.06 mmol) in
dry CH,Cl, (3 mL) at 0 °C. The mixture was stirred at room
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temperature (3 h) before being quenched with H,O (0.1 mL).
The mixture was concentrated and co-evaporated with toluene to
leave a brown residue. Acetic anhydride (0.20 mL, 2.0 mmol) and
DMAP (5 mg) were then added to the brown residue in pyridine
(5 mL) and the solution was heated at 50 °C (1 h) before being
quenched with MeOH, followed by a usual workup (CH,Cl,),
to leave a gum. Flash chromatography (EtOAc—petrol, 3 : 2)
yielded pale yellow plates that were washed with Et,O to return
23 (9.0 mg, 42%) as colourless plates. R; 0.4 (EtOAc-hexane, 7 :
3); mp 147-149 °C; v, (film)/cm~' 2095 (N;); oy (600 MHz) 5.85
(s, 1H, H3), 5.83-5.80 (m, 1H, HS), 5.70 (d, 1H, J,xy 9.4 Hz,
NH), 5.17 (dd, 1H, J,, 11.2 Hz, J5, 7.8 Hz, H6), 4.68 (d, 1H, J;
13.3 Hz, H7), 4.45-4.35 (m, 2H, H1, H7), 4.12-4.08 (m, 1H, H2),
2.08, 2.06, 2.05, 2.00 (4s, 12H, COCH,); ¢ (150.9 MHz) 171.24,
170.22, 170.20, 169.57 (4C, COCHj;), 134.17 (C4), 126.34 (C3),
72.05, 69.92, 60.73, 52.81 (4C, C1, C2, CS5, C6), 62.41 (C7), 23.12,
20.61, 20.56, 20.50 (4C, COCH;); m/z (FAB) 369.1418, (M + H)*
requires 369.1410.

N-[(1S,2R,5R,6R)-2- Amino-5,6-dihydroxy-4-hydroxymethyl-
cyclohex-3-en-1-yllacetamide hydrochloride 24. Triphenylphos-
phine (20 mg, 76 umol) was added to 23 (20 mg, 54 umol) in
THF-H,O (2 : 1, 3 mL) and the solution was heated at 50 °C
(5 h). The mixture was concentrated, the residue was dissolved
in MeOH (2 mL), followed by the addition of Boc,O (25 mg,
0.10 mmol) and KOH (20 mg, 0.40 mmol). The solution was stirred
at room temperature (1 h) before being concentrated and subjected
to flash chromatography (MeOH-EtOAc, 1 : 4) to furnish a gum.
This gum was treated with 6 M HClin MeOH (2 mL) to afford 24
(10 mg, 73%) as a colourless solid. Mp >230 °C; [a]¥ —59.6; on
(600 MHz, D,0) 5.28-5.25 (m, 1H, H3), 4.35-4.32 (m, 1H, HY),
4.30-4.18 (m, 2H, H7, H7), 4.12 (dd, 1H, J,, 9.8 Hz, J,; 11.0 Hz,
H1),4.05-4.02 (m, 1H, H2), 3.72 (dd, 1H, J;, 8.0 Hz, H6), 2.10 (s,
3H, COCH,;);d. (150.9 MHz, D,0) 175.62 (COCH;), 143.68 (C4),
117.29 (C3), 73.00, 71.76, 57.83, 52.67 (4C, C1, C2, C5, C6), 60.84
(C7), 22.30 (COCH;); m/z (FAB) 217.1189, (M — Cl)* requires
217.1188. Anal. caled for C,H,;CIN,O,: C, 42.78; H, 6.78. Found:
C, 42.52; H, 6.59%.

Kinetic analysis of f-/V-acetylglucosaminidases

O-GlcNAcase and Vibrio cholerae NagZ were overexpressed and
purified just prior to use.>* Human placental -hexosaminidase
B was purchased from Sigma (lot 043K3783). Assays involving
human B-hexosaminidase and B BtGH84 were carried out in
triplicate at 37 °C for 30 minutes by using a stopped assay
procedure in which the enzymatic reactions (50 pL) were quenched
by the addition of a four-fold excess (200 nL) of quenching bufter
(200 mM glycine, pH 10.75). Assays using NagZ and human
O-GlcNAcase were carried out using continuous based assays
in which the enzymatic reactions (80 pL) were conducted at
25 °C (NagZ) and 37 °C (human O-GIcNAcase) as the enzymes
were considerably more stable at these temperatures. Assays were
initiated by the careful addition, via pipette, of enzyme, and in all
cases the final pH of the resulting quenched solution was greater
than 10. Time-dependent assays of NagZ, B-hexosaminidase B,
O-GlcNAcase and BrGH&84 revealed that the enzymes were stable
and rates were linear in their respective buffers over the period of
the assay: 50 mM NaH,PO,, 100 mM NacCl, 0.1% BSA, pH 6.5
for O-GlcNAcase and BrGH84, and 50 mM citrate, 100 mM

NaCl, 0.1% BSA, pH 4.25 for B-hexosaminidase B. The progress
of the reaction at the end of 30 minutes for stopped assays
was determined by measuring the amount of 4-nitrophenolate
liberated as determined by UV measurements at 400 nm using a 96-
well plate (Sarstedt) and 96-well plate (Molecular Devices) reader.
Reaction velocities for continuous based assays were determined
by monitoring the liberation of 4-nitrophenolate using linear re-
gression of the linear region of the reaction progress curve between
the first and third minute. O-GlcNAcase and -hexosaminidase B
were used in the inhibition assays at a concentration (ug pL™") of
0.0406 and 0.012, respectively, using 4-nitrophenyl-2-acetamido-2-
deoxy-B-D-glucopyranoside as the substrate at a concentration of
0.50 mM. The inhibitor was tested at seven concentrations ranging
from three times to one-third K;. K; values were determined by
linear regression of data from Dixon plots.

Crystallization and structure solution of BrGH84¢

N-Terminally His¢-tagged BtGH84 was produced via isopropyl-
1-thio-B-D-galactopyranoside (IPTG) induction (overnight) of
pGHS84-containing Escherichia coli BL21 (DE3; Novagen) cul-
tures grown at 37 °C to an ODy, = 0.6. BtGH84 was purified
from cell free extracts via Ni-affinity chromatography followed by
gel filtration. Purified protein was concentrated to 5 mg mL~' and
exchanged into 20 mM HEPES (4-(2-hydroxyethyl)piperazine-
I-ethanesulfonic acid) (pH 7.5) using a 10 kDa cut-off
concentrator. BrGH84 crystals were grown using hanging
drop vapour diffusion as for the native structure® with N-
[(1S,2R,5R,6R)-2-amino-5,6-dihydroxy-4-hydroxymethyl-cyclo-
hex-3-en-1-yl)acetamide hydrochloride 24 included at a concen-
tration of 10 mM. X-Ray data were collected from a single crystal
at 100 K at the European Synchrotron Radiation Facility on ID
14-2 with 30% v/v glycerol used as the cryo-protectant. All X-
ray data were processed with MOSFLM from the CCP4 suite®
(Table 1). Structure solution was carried out using the molecular
replacement technique as implemented in the CCP4* version
of MOLREP using BtGH84 (PDB code 2CHO) as the search
model. COOT* was used to make manual corrections to the model
with refinement using REFMAC.* Solvent molecules were added
using COOT and checked manually. Structural figures were

Table 1 X-Ray data quality and structure refinement statistics for the
complex BrGH84 with 24

BtGH84 with 24¢

Data collection

Resolution/A 20-1.95 (2.06-1.95)
Rieree 0.086 (0.53)
1/0l 8.3(1.6)
Completeness (%) 97 (94)
Redundancy 2.5(2.4)
Refinement

Resolution/A 20-1.95
Ryon/ Riee 0.20 (0.24)
Root mean square deviations

Bond lengths/A 0.014
Bond angles/° 14

“ Highest resolution shell in parentheses.
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drawn with MOLSCRIPT*/BOBSCRIPT.”® Coordinates have
been deposited with the Protein Data Bank, PDB code 2JTW.
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The 3-azidodifluoromethyl-3 H-diazirin-3-yl group was de-
signed and synthesized as an all-in-one functional group for
radioisotope-free photoaffinity labeling.

Photoaffinity labeling is an efficient method for the chemical
modification of biological macromolecules such as proteins.! It
is a useful method for identifying the molecular structure of the
target of a bioactive compound, particularly when the target
molecule is unknown. In principle, it is possible to determine
the binding site of a bioactive compound on its target molecule.
The key to success in photoaffinity labeling experiments is the
preparation of an effective probe. A photoaffinity probe requires a
photoreactive group in its structure to form a new covalent bond
between the probe and its target molecule. It also needs to include a
highly sensitive detectable function to distinguish the photolabeled
molecule from unlabeled ones. In addition, to obtain promising
results from a photolabeling study, it is important that the probe
retains a strong and specific binding ability towards the target
molecule even after structural modifications.

Representative photoreactive functional groups are aromatic
azides, aromatic diazirines, and benzophenones, which generate
highly reactive species such as nitrenes, carbenes, and diradicals,
respectively, by irradiation with light. Among them, aromatic
azides are the most widely used because of their synthetic
simplicity. On the other hand, aromatic diazirines, particularly
3-aryl-3-trifluoromethyl-3 H-diazirine, are considered the most
effective functional group because they generate carbenes, which
can react with various chemical groups including the generally
inactive C-H bond.® This group is also preferred because it is
photoactivatable at a long-wavelength (>300 nm) that does not
destroy biomacromolecules. The most frequently used detectable
functions are radioisotopes (RI) such as tritium (H), “C, *P,
38, and 1. RI probes are preferred because of their detection
sensitivity. Their hazardous nature and difficulty in handling,
however, hampers direct analysis of photolabeled molecules. To
negate this disadvantage, the use of the biotin group instead of a RI
was devised.* This method, known as photoaffinity biotinylation,
takes advantage of an extremely high affinity between biotin and
avidin, and allows for chemiluminescent detection and affinity
purification of the photolabeled molecule while reducing the
hazards. The only disadvantage of this method is an unfavorable
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effect on the bioactivity of the probe that may arise from the
introduction of the large and highly polar biotin unit, particularly
when modifying a small and low-polarity compound.

To minimize the size and polarity effects of the biotin group, we
contrived a novel method based on the use of an alkyl azido group
in place of biotin.* We showed that an alkyl azido group remained
intact under the conditions for photoactivation of an aryl azido
or 3-trifluoromethyl-3 H-diazirin-3-yl group. The remaining azido
group could be utilized as a tag for the consecutive introduc-
tion of a detectable group using azido-targeting bioconjugation
reactions such as Staudinger—Bertozzi ligation® and Huisgen 1,3-
dipolar cycloaddition.” In previous studies,® we designed and
synthesized photoaffinity probes, in which the photoactivatable
aromatic azido or 3-trifluoromethyl-3 H-diazirin-3-yl group and
azidomethyl group are placed in meta positions in relation to
each other (compounds 1 and 2). This was to avoid unnecessary
interactions with the three neighboring functional groups on the
aromatic ring.

N=N
N=N

CF; Ns

N3 N3

-n
-n

To make the diazirine-type probe 2 as compact as possible, we
conceived the idea of putting these functional groups together
by replacing one of the three fluoro groups with an azido group,
namely a 3-azidodifluoro-3 H-diazirin-3-yl group. In this paper
we describe the synthesis and photoreaction study of such a type
of benzene derivative 3 designed as a probe with an all-in-one
photoreactive group for RI-free photoaffinity labeling.

3-Aryl-3-trifluoromethyl-3 H-diazirines are generally prepared
from the corresponding a,0,0-trifluoroacetophenone derivatives
in a four step sequence: oximation, tosylation, diazirinylation,
and oxidation to form a diazirine ring.> We expected that this
procedure would be applicable to the synthesis of 3 starting
from an o-azido-a,a-difluoroacetophenone derivative. Indeed,
this worked as expected and the result for the synthesis of
silyl ether 10 is summarized in Scheme 1. The lithium anion
generated from 4-bromobenzyl zert-butyldimethylsilyl ether (4)*°
by a bromo-lithium exchange reaction was quenched with an
excess amount of ethyl chlorodifluoroacetate to give an a-azido-
a,a-difluoroacetophenone derivative 5. At this stage, the azido
group was introduced by substitution of the chloro group to afford
6.2 Subsequent conversion to diazirine 10 in four steps, as referred
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Scheme 1  Synthesis of (3-azidodifluoromethyl-3 H-diazirin-3-yl)benzene
derivative 10. R;Si = tert-butyldimethylsilyl. Reagents and conditions: a)
n-BuLi, THF, —78 °C, 5 min; then CIF,CCOOEt, —78 °C, 10 min, 93%;
b) NaN;, DMEF, 100 °C, 10 min, 89%; ¢) NH,OH-HClI, pyridine, 60 °C,
14 h, 92%; d) p-TsCl, Et;N, CH,Cl,, 0 °C, 1.5 h, 97%; e) liq. NH;, CH,Cl,,
—33°Ctort, 24 h, 95%; f) Ag,0, Et,0, rt, 1.5 h, 94%.

to above, proceeded with excellent yields and without any problems
even in the presence of a neighboring azido group.

With the (3-azidodifluoromethyl-3H-diazirin-3-yl)benzene
derivative 10 in hand, we used it in a photoreaction study.
Compound 10 (12.3 mM) in CD;OD (800 uL) was put in a quartz
NMR tube and exposed to a 365 nm wavelength UV irradiation
(UVP, UVL-56, 6 W) at 20 °C. The reaction was monitored by
'H- and "F NMR. After 8 min exposure, complete consumption
of the starting material was observed. Using "F NMR showed
the complete disappearance of the singlet peak (0 92.7 ppm)
corresponding to 10 and the appearance of several new peaks
(Fig. 1). The major peaks with a high intensity were two doublets
at 0 77.0 and 80.0 ppm (J = 188 Hz)."* As a result, these peaks

A
B
| J
C
D
l(lN) 9‘0 !’0 7‘0 (lﬂ 5’0 I‘O 3‘0 2‘0 1'0 I‘! -;0 -2‘0 ppm|
Fig. 1 "“F NMR spectra of (A) 10, (B) photoreaction mixture after

4 min irradiation, (C) photoreaction mixture after 8 min irradiation, and
(D) authentic 12-d, in CD;O0D. C¢F, used as an internal standard
(0 0 ppm).

corresponded to the desired compound 12-d,, which must be
produced by insertion of the photo-generated carbene species 11
into CD;0D (Scheme 2). The structure of 12-d, was confirmed
by preparing an authentic sample from ketone 6 in two steps:
i) NaBD,, C,H;0H, 0 °C 1 h, 90%; ii) NaH, CDs;I, DMF, 0 °C,
1.5 h, 96%. This result shows that the neighboring azido group is
not affected by the highly reactive carbene species and remains
intact under photoreaction conditions.

hv
365 nm .2 N3
10 8 min
CD,0D R4SiO F F
11
CD;0 D
insertion N
into CD30D 3
R3SIiO F F
12-dy4

Scheme 2 Photoreaction of (3-azidodifluoromethyl-3 H-diazirin-3-yl)-
benzene derivative 10. R;Si = tert-butyldimethylsilyl.

The photoreaction of 3-phenyl-3-trifluoromethyl-3 H-diazirine
showed that approximately 35% isomerizes to its linear diazo
compound.?*>*1%1* Actually, we conducted the photoreaction of
trifluoromethyl compound 13 in CD;OD by irradiation with
365 nm wavelength UV light (UVP, UVL-56, 6 W). After 8§ min
irradiation, monitoring the reaction by “F NMR showed complete
consumption of the starting material (singlet at 6 98.3 ppm)
and the appearance of two new compounds: singlets at J 87.0
and 106.2 ppm in ca. 2 : 1 ratio. These correspond to CD;OD
adduct 14 and diazoisomer 15, respectively (Scheme 3).32-5:910.14
The latter was not consumed much by further irradiation with
365 nm wavelength UV light (60 min in total), but was converted
smoothly to 14 by additional irradiation with 302 nm wavelength
UV light (UVP, UVM-57, 6 W) for 5 min (see ESI). This marks a
sharp contrast to the photoreaction of azidodifluoromethyl-type
compound 10, where the corresponding diazoisomer was scarcely
observed (Fig. 1). Since other uncharacterized peaks appear
instead (e.g. singlets at 6 —24.6 and 70.9 ppm)," the diazoisomer
may be unstable and degrades under this condition. Although the
reason for the difference in behavior between trifluoromethyl and

N=N hv
365 nm
CFs 8 min
R3SIiO CD3;0D
13
CD;0 D N2
CF3 + CF3
R,SiO R,Si0O
"N
302 nm, 5 min

Scheme 3 Photoreaction of (3-trifluoromethyl-3 H-diazirin-3-yl)benzene
derivative 13. R;Si = fert-butyldimethylsilyl.
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azidodifluoromethyl compounds is unclear, the latter can be used
in photoaffinity labeling experiments as well.

It was difficult to determine the clear yield of 12-d, from NMR
or to isolate it because of unidentified byproducts; therefore,
we tried to estimate the yield after further derivatization of
the photoreaction product. For this purpose, we used a non-
deuterium-labeled system. Thus, a CH;OH solution of 10 was
irradiated with UV and the reaction mixture was concentrated
in vacuo. The crude residue containing the adduct 12 was treated
with phenylacetylene in the presence of CuSO,, sodium ascorbate,
and the triazole ligand TBTA (17)” to promote the Huisgen
1,3-dipolar cycloaddition between azide and alkyne, which is
commonly described as click chemistry. Consequently, the triazole
16 was isolated in pure form and its two-step yield was 52%
(Scheme 4). Because the second step, click chemistry, was shown
to proceed almost quantitatively using pure 12, the yield of the
photoreaction step yield is estimated to be >50%.

Ph——
hv CH;0 H CuS0,
365 nm N, Naascorbate
10 8 min TBTA (17)
CH;OH  TBDMSO FF CH30H-H,0
n,1.5h
12 (crude)
Ph
CH;0 H /4<
N //N
=N
TBDMSO F F
16 TBTA (17)

52% yield (2 steps)

Scheme 4 Two-step conversion of 10 to 16.

It is worth noting that Staudinger-Bertozzi ligation with 12
doesn’t work as expected. The reaction of 12 with methyl 2-
(diphenylphosphino)benzoate afforded an unexpected amide 18
and the desired ligation product 19 was not obtained. The
compound 18 must be produced by the normal Staudinger
reaction followed by hydrolysis of the difluoromethylene moiety
and deprotection of the silyl group.’® This must be due to the effect
of two fluorine atoms that prevent the intramolecular nucleophilic
attack of the nitrogen atom of the aza-ylide intermediate. These
results suggest that click chemistry should be recommended for
detectable group introduction if the (3-azidodifluoromethyl-3H-
diazirin-3-yl)benzene derivative is used as a photoaffinity probe.
Specifically, alkynylated fluorescent or biotin reagents”- &6
would be practical for identifying photolabeled protein or its
digested fragments.

0
Ph,P.
CHO H CH;0 H H
NH, N
HO o) TBDMSO F F 0O
18 19

In summary, we succeeded in preparing the 3-azidodifluoro-
methyl-3 H-diazirin-3-yl group as an all-in-one functional group

for RI-free photoaffinity labeling. Its benzene derivative photode-
composed in methanol after irradiation with 365 nm wavelength
UV light to afford a corresponding adduct as a major product. The
azido group was left intact under this condition and reacted with
an ethynyl compound by click chemistry. The actual photolabeling
study of target proteins using this newly devised unit is currently
in progress.
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Important news for authors of articles containing
X-ray crystallography

DOI: 10.1039/b710184h

New guidelines for the assessment and
publication of X-ray crystallography in
RSC Journals have been announced.

Pre-submission checks

Authors are required to provide both cifs
and CheckCIF reports (as a pdf) for any
crystallographic studies in their articles.
The provision of CheckCIF reports will
help expedite the assessment of the crys-
tallographic aspects of articles. Check CIF
is a free-to-use cif checking web service
provided by the International Union of
Crystallography, and can be found via:
http://checkcif.iucr.org/

Presentation of data in the
manuscript

The guidelines concerning the information
appearing in journal articles have also been
revised:

Full papers

Where appropriate, the description may
be given in textual or tabular form,

although the latter is more appropriate if
several structure determinations are being
reported in one paper. A table of selected
bond lengths and angles, with estimated
standard deviations should be restricted to
significant dimensions only (for example
it is rarely necessary to include data for
phenyl rings). Average values may be given
(with a range of e.s.d.s) for chemically
equivalent groups or for similar bonds.
Differences from expected norms should
be noted.

Communications

Details of the data collection and CCDC
number should be given in a footnote or
in the References/Notes section. Selected
bond lengths and angles, with estimated
standard deviations, should be included
in the figure caption and be restricted to
significant dimensions only.

Data required for presentation in the
manuscript

For both full papers and communications,
the following information should be given

in the manuscript if there is significant
discussion of the crystallography:

e Chemical formula and formula weight
(M)

e Crystal system

e Unit-cell dimensions (A or pm, de-
grees) and volume, with estimated stan-
dard deviations, temperature

e Space group symbol (if non-standard
setting give related standard setting)

e No. of formula units in unit cell (Z)

e Number of reflections measured
and/or number of independent reflections,
Rin

e Final R values (and whether quoted
for all or observed data)

Authors are advised to read the full Au-
thor Guidelines for further information,
available via:

http://www.rsc.org/Publishing/
ReSourCe/AuthorGuidelines/
Techniques/XRayCrystallography/
index.asp

Jamie Humphrey
Editor, Dalton Transactions and Cryst-
EngComm
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The enantiomeric enrichment of racemic 1-benzylated Reissert compounds under organocatalytic
biphasic conditions is presented. The enrichment is the consequence of an asymmetric destruction of
the racemic compounds resulting in the formation of the corresponding 1-benzylated isoquinolines.
The highest selectivity has been achieved using quaternary cinchona alkaloids as phase-transfer

catalysts. The resolution of a number of racemic 1-benzylated Reissert compounds reveals a significant

substrate dependence and a proposal for the mechanism of the reaction is presented.

Introduction

Heterocycles derived from isoquinoline have a special focus in
organic chemistry;! this being due to their abundance in nature?
and the fact that many display biological activity.* Often these
compounds are optically active and contain a chiral center in the
C-1 position of the isoquinoline ring system.

Reissert compounds, derived from isoquinolines (i.e. 2-acyl-
1,2-dihydroisoquinoline-1-carbonitriles 1), are classical examples
of synthetic isoquinoline derivatives bearing a C-1 chiral carbon
atom. Since the first synthesis of these compounds in 1905 (by the
reaction now known as the Reissert reaction),* a number of studies
on the addition of electrophiles to the C-1 position have appeared
in the literature.’

In particular, racemic alkylations of Reissert compounds,
resulting in products containing a quaternary stereocenter, have
appeared frequently.® However, it was not until recently that
an enantioselective alkylation was reported by Rozwadowska
et al. ™ Under liquid-liquid phase-transfer conditions (e.g. 50% aq.
NaOH-toluene), they reported on the enantioselective alkylation
of racemic Reissert compounds, derived from various chlorofor-
mates (i.e. R' = O-alkyl, OBn, OPh in structure 1). In the presence
of benzyl bromide, the compounds were benzylated with moderate

Danish National Research Foundation: Center for Catalysis, Department
of Chemistry, Aarhus University, DK-8000, Aarhus C, Denmark. E-mail:
kaj@chem.au.dk; Fax: +45 86196199, Tel: +45 89423910

T Electronic supplementary information (ESI) available: Derivation of
eqn (2) and the equation (for er vs. time) used in Fig. la, determination of
conversion and s-values by HPLC and copies of 'H and *C NMR spectra
for compounds 2a-2k and 3a-3f. See DOI: 10.1039/b710494d

Asymmetric
alkylation

2 =
© N R1 Asymmetric _N
NC Bn\g/ hydrolysis / destruction

to high yield (68-98%) and low to moderate enantiomeric excess
(20-65%) using N-benzylcinchoninium bromide as phase-transfer
catalyst.

We wondered whether higher enantioselectivities could be
obtained with compounds 1 derived from acid chlorides (i.e. R' =
alkyl, Ar) rather than chloroformates due to proximity effects
of the R! substituent. However, with benzyl bromide or iodide
as alkylating agent, high yields (>70%), but low enantiomeric
excesses (<30% ee) were obtained for all chiral phase-transfer
catalysts and reaction conditions tested (Scheme 1). The low
selectivities proved to be the result of racemic background
reactions.

Benzyl chloride was tested as well, but with this alkylating
agent, only irreproducible results were obtained. To explain this,
we examined the reaction more closely and found that the varying
results were caused by hydrolysis of the formed products 2.° This
reaction, leading to formation of the corresponding 1-substituted
isoquinoline 3, is well-known.’ However, our investigations
revealed that the enantiomers of 2 were hydrolysed at different
rates due to the presence of the chiral phase-transfer catalyst; thus
giving rise to an enantiomeric enrichment of 2.

Intrigued by this observation, we set out to investigate, in
detail, this novel asymmetric destruction, or in other words kinetic
resolution, of 1-benzylated Reissert compounds. In this paper, the
results of our investigations are presented.

Results and discussion

We initiated our study of the asymmetric destruction of
1-benzylated Reissert compounds by examining the hydrolysis of

Bn
2 3

>70% yield, <30% ee (using BnBr, Bnl)
irreproducible result (using BnCl)

Scheme 1

Asymmetric alkylation of Reissert compounds derived from acid chlorides (R' = alkyl, Ar) under alkaline biphasic conditions.
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Table 1 Screening of phase-transfer catalysts for the asymmetric destruction of 2a“

OO

A0
e

Nap
4 5
H
x@
6¢c-h 6i
Entry Catalyst R' R? X Time/h Conversion® (%) ee(%) 54

1 None — — — 70 0 0 —
2 4 — — — 0.2 79 10 11
3 5 — — — 4 47 (94 11
4 6a — — — 1.5 53 (—)25 2.0
5 6b — — — 3.5 70 (=) 37 1.9
6 6¢ Bn H Cl 4 62 (+) 68 4.7
7 6d Bn Allyl Br 42 27 (+)6 1.5
8 6e Anthracenylmethyl H Br 44 27 (+)6 1.4
9 6f 4-OMe-Bn H Br 4.5 51 (+) 51 5.0
10 6g 4-CF;-Bn H Br 5 52 (+) 60 6.3
11 6h 4-NO,-Bn H Cl 9 63 (+)79 6.2
12 6i — — — 5 34 ()32 57
13 6j — — — 4 27 (+) 17 3.1

“ Reactions were performed with 0.10 mmol 2a and with 10 mol% phase-transfer catalyst in a mixture of 10 N aq. NaOH and CH,Cl, (1

0 1) at rt.

® Determined by HPLC. ¢ Enantiomeric excess of recovered 2a determined by chiral HPLC. The parentheses enclose the sign of the optical rotation.

4 Calculated using eqn (2).

racemic 2a in the presence of a number of chiral phase-transfer
catalysts (eqn (1) and Table 1).

Chiral
phase-transfer ~
catalyst _N
B ———— +
ag. NaOH
org. solvent O (D
2a 2a 3a

(racemic) (non-racemic)

The selectivities of the catalysts are reported as the stereo-
selectivity factor s = ki / k5, where ki and ki, are the apparent
rate constants for the fastest and the slowest reacting enantiomer
of 2a, respectively. The ratio k. /kin, is determined by the
expression given in eqn (2), where “conv” is the conversion of
the hydrolysis and ee is the enantiomeric excess of the enriched
Reissert compound.

It should be noted that, although the mechanism in this case
is considered to be more complex (see mechanistic discussion
below), the expression appears similar to the one derived for kinetic

resolutions based on simple first order kinetics."" Similar s-values

have been obtained using eqn (2) for different sets of conversion
and enantiomeric excess, which indicate that the equation is
valid throughout the reaction. This test has been carried out
for a number of catalysts and in Fig. 1b, three examples are
presented. The figure illustrates the good correlation between the
experimental data (dots) and theoretical data (curves) obtained
from eqn (2). In fact, the s-values calculated from each of the
experimental data points varied with no more than 0.2 within
the time-interval studied.

ki In((1 —conv)(1 —ee))

= Tn((1 — conv)(1 + ee)) @

Some representative results from the screening of catalysts are
reported in Table 1. The screening revealed that derivatives of
binaphthyl 4 and ephedrine 5 were less selective than catalysts
derived from cinchona alkaloids 6a—j (entries 2 and 3 vs. 4—
6)."> For the latter class, catalysts derived from quinine and
cinchonidine were observed to be less selective than catalysts
derived from cinchonine (entries 4 and 5 vs. 6). For the cinchonine
derivatives, the hydroxy-group proved to be essential. For example,

This journal is © The Royal Society of Chemistry 2007
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Fig. 1 (a) Plots of enantiomeric ratio (er) vs. time and (b) enantiomeric excess (ee) vs. conversion for the asymmetric destruction of 2a in the presence of
phase-transfer catalyst 6b, 6¢ or 6g. Reactions were performed with 0.10 mmol 2a and with 10 mol% catalyst in a mixture of 10 N aq. NaOH and CH,Cl,
(1:1) at rt. The dots represent experimental data, while the full lines are obtained from calculations. The er, ee and conversion were measured by chiral
HPLC.

significantly higher selectivity was observed for catalyst 6¢, having ~ proceeded with ca. 66% conversion and thus ca. 34% enriched 2a
an unsubstituted oxygen atom, compared to the O-allylated 6d remains (Fig. 1b). As for any non-dynamic kinetic resolution, the
(entry 6 vs. 7). For the substituent on the quaternary nitrogen maximum possible yield of enantiopure compound is 50% when
atom, higher selectivity was observed for cinchoninium catalysts starting from a racemate. For comparison, the results obtained for
quaternised by benzyl rather than anthracenylmethyl (entry 6 vs. the less selective catalysts 6b and 6c¢ are included.

8). It was also observed that monomeric catalysts were more In line with Fig. 1b, the plots in Fig. la illustrate a good
selective than dimeric ones (entry 6 vs. 13). An increase in the correlation (R? > 0.986) between the experimental data and the
electron density of the N-benzyl substituent was not observed to expected theoretical change in enantiomeric ratio.'

have any effect on the selectivity (entry 6 vs. 9). On the other hand, A screening of reaction conditions and additives was carried
a decrease in the electron density resulted in a higher selectivity out as well and a number of results are presented in Table 2. For
(entry 6 vs. 10 and 11). This effect was observed to reach a the solvent screening, significantly lower reactivity and selectivity
maximum with a CF;-group in the para-position of the aromatic ~ were observed for solvents such as Et,0 and toluene compared

N-substituent (entry 10 vs. 11). to CICH,CH,Cl and CH,Cl, (entries 1 and 2 vs. 3 and 4). This

Thus, the most selective catalyst for the asymmetric hydrolysis observation was attributed a lower solubility of the phase-transfer
of 2a proved to be the commercially available N-(4-trifluoro- catalyst in the former solvents. A lowering of the concentration of
methylbenzyl)-cinchoninium bromide 6g, providing a selectivity  the applied aq. NaOH from 10 to 3 N was not observed to have
of s = 6.3. This catalyst was selected for further investigations. any effect on the selectivity. Only the rate of the hydrolysis was

In the presence of catalyst 6g, we monitored the asymmetric affected (entry 4 vs. 5). With a solid-liquid phase-transfer system
hydrolysis of racemic 2a over time at room temperature (Fig. 1). (KOH-organic solvent), the reaction was significantly slower and
The results are plotted as the enantiomeric ratio (er) of recovered unidentified by-products were formed. Addition of a surfactant
2a vs. time in Fig. la, and as the enantiomeric excess (ee) vs. such as Triton X-405 for micelle formation proved to have a

conversion in Fig. 1b. The plots illustrate, for example, that negative effect on the selectivity (entry 4 vs. 6). On the other hand,
2a is enriched to 11.5 er (i.e. 84% ee) within 9 h under the a decrease in the temperature was observed to have a significant
applied conditions (Fig. la). At this point, the reaction has effect. Thus, lowering the temperature from room temperature to

Table 2 Screening of reaction conditions and additives for the asymmetric destruction of 2a catalysed by 6g*

Entry Organic solvent Temp./°C Time/h Conversion®(%) ee’(%) 54

1 Et,0 it 5 13 (+)4 1.8
2 Toluene rt 5 23 (+) 14 32
3 CICH,CH,Cl rt 5 47 (+) 51 6.1
4 CH,Cl, rt 5 52 (+) 60 6.3
5¢ CH,Cl, rt 5 21 (+) 18 6.2
4 CH,Cl, rt 4 52 (+) 51 4.5
7 CH,CL, 5 26 43 (+)54 103
8 CH,Cl, -20 118 33 (+) 37 10.1

“ Reactions were performed with 0.10 mmol 2a and with 10 mol% phase-transfer catalyst 6g in a mixture of 10 N aq. NaOH (unless otherwise stated)
and an organic solvent (1 : 1). * Determined by HPLC. < Enantiomeric excess of recovered 2a determined by chiral HPLC. The parentheses enclose the
sign of the optical rotation. ¢ Calculated using eqn (2). © 3 N aq. NaOH was applied instead of 10 N.”/ The surfactant Triton X-405 (0.3 eq.) was used as
additive.
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Table 3 Asymmetric destruction of 1-benzylated Reissert compounds in the presence of phase-transfer catalyst 6g*

Entry Substrate Product R! R? R’ Time/h Conversion®(%) ee’(%) s
1 2a 3a Phenyl H H 26 43 (56) (+) 54 9.9
2¢ 2a 3a Phenyl H H 26 52 (n.d.) (+) 67 8.8
3 2b 3a 4-OMe-phenyl H H 24 33(67) (+) 31 6.0
4 2¢ 3a 3,5-DiOMe-phenyl H H 72 33 (64) (+) 35 7.9
5 2d 3a 4-Br-phenyl H H 5 40 (49) (+) 48 9.7
6 2e 3a Me H H 24 44 (50) (+) 46 5.8
7 2f 3a iPr H H 145 n.d/(46) (+)6 —
8 2 3b Phenyl 40Me H 24 46 (53) (+)53 15
9 2h 3c Phenyl 4-CN H 18 80 (20) (+) 95 4.9
10 2i 3d Phenyl H 5-OMe 24 51 (49) (+) 69 9.7
11 2 3e Phenyl H 5-Br 1 44 (48) 8 12
12 2k 3f Phenyl H 4-Br 0.2 34 (66) (—)25 3.8

“ Reactions were performed with 0.10 mmol 2a-k and with 10 mol% phase-transfer catalyst 6g in a mixture of 10 N aq. NaOH and CH,Cl, (1 : 1) at
5°C. All data is for a particular run except the stereoselectivity factor s which is the average of two runs (30.4). ® Determined by HPLC. The number in
parentheses is the amount of non-racemic 2a—k recovered by chromatography. ¢ Enantiomeric excess of recovered 2a—k determined by chiral HPLC. The
parentheses enclose the sign of the optical rotation. ¢ Calculated using eqn (2). ¢ The reaction was performed with 0.40 mmol 2a. The concentrations were
maintained. Conversion could not be determined due to the formation of several (unidentifiable) by-products.

5°Cled to an increase in selectivity from s = 6.3 to s = 10.3 (entry 4
vs. 7). An additional decrease in the temperature to —20 °C did
not improve the selectivity further (entry 7 vs. 8).

With the reaction conditions providing the highest selectivity
for compound 2a, a number of 1-benzylated Reissert compounds
were investigated (eqn (3)). The results are presented in Table 3.
All reactions were carried out on a 0.10 mmol scale. For reactions
of larger scale (e.g. 0.40 mmol with maintained concentrations),
lower selectivity was observed (entry 1 vs. 2). In most cases, all
of the non-reacted enantiomerically enriched Reissert compound
could be recovered after quenching (see column § in the table).
With the exception of compound 2k, all substrates investigated
were enriched in their (+)-enantiomer (see column 9 in the table)
in the presence of catalyst 6g.

N R N2
| 6g (10 mol%)
= N.__R' 2N
CNY aq. NaOH (10 N}/
o CH,Clz (1:1).5°C e
4 - 3
x R?
R2
2ak 2a-k 3af
(racemic) {non-racemic)

The first variation in substitution of the substrates was for the N-
protecting group (R'). Compared to substrate 2a, lower selectivity
was observed for substrates having electron-rich benzoyl-groups,
such as 2b and 2¢ (entries 3 and 4 vs. 1). On the other hand,
the electron-poor 2d was resolved with selectivity similar to that
of 2a (entry 5 vs. 1). This compound reacted significantly faster
than compounds 2a—c most likely due to the electron-withdrawing
bromine increasing the electrophilicity of the carbonyl-group.
Substrates with N-alkylcarbonyl groups were also tested. The N-
acetyl compound 2e displayed reactivity similar to that of 2a, but
was resolved with lower selectivity (entry 6 vs. 1). Compound 2f,
having the more bulky isopropyl group adjacent to the carbonyl
group, was observed to hydrolyse significantly slower than the
methyl analogue 2e (entry 7 vs. 6). Moreover, the reaction of this
substrate proceeded with formation of several by-products and
because not all of these products could be identified, a value for the

stereoselectivity factor could not be determined. However, from
the enantiomeric excess and the amount of recovered substrate,
the selectivity was expected to be low.

Next, the substitution on the 1-benzyl substituent (R?) was
varied. Substrate 2g, having the electron-donating methoxy-group
in the para-position of the benzyl-substitutent, was resolved with
an average s-value of 7.5 (entry 8), while the corresponding
substrate substituted with the electron-withdrawing cyano-group
(2h) was resolved with an average s-value of 4.9 (entry 9).

Finally, the substitution on the isoquinoline moiety (R*) was
varied. In this case, it is interesting to note the large difference
in reaction rate observed for the similar compounds 2a, 2i and
2j. Although the R? substituent (i.e. H, OMe, Br) is in a position
remote to the carbonyl group, compound 2j reacts significantly
faster than 2a and 2i (compare entries 1, 10 and 11). Moreover,
lower selectivity is observed for the electron-poor substrates 2j
and 2k compared to the less reactive 2a and the electron-rich
2i (compare entries 1 and 10-12). A similar trend is observed
for compounds 2g and 2h (entries 8 and 9). However, an overall
simple reactivity—selectivity relationship does not seem to exist for
the reaction (compare e.g. entries 1, 5 and 11).

Since the lowest selectivities were obtained for the electron-
deficient substrates using the electron-poor catalyst 6g (with the
exception of substrate 2d), a number of alternative catalysts were
tested for these substrates (Table 4). For example, the electron-rich
catalyst 6f was applied for the hydrolysis of substrates 2h, 2j and
2k (entries 2, 4 and 6). All reacted faster than in the presence of
6g, but with similar or lower selectivity. Interestingly, compound
2j was enriched in opposite enantiomers using catalyst 6f and 6g
(compare Table 3; entry 11 and Table 4; entry 4). Since the two
catalysts are both derived from cinchonine, differing only in the
substitution of the N-benzyl group, this observation indicates a
sensitive interaction between substrate and catalyst.

A further testing of catalysts also revealed that a significant
increase in selectivity was obtained, when substrates 2j and 2k were
resolved in the presence of the cinchonidine derived 6b (Table 4;
entries 3 and 5). In the presence of this catalyst, 2j and 2k reacted
fast and were resolved with stereoselectivity factors of 3.5 and 5.7,
respectively. On the other hand, compound 2h also reacted fast in
the presence of 6b, but with a low selectivity of 1.4 (entry 1).

This journal is © The Royal Society of Chemistry 2007
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Table 4 Asymmetric destruction of compounds 2h, 2j, 2k in the presence of phase-transfer catalyst 6f or 6b*

Entry Substrate Catalyst Time/min Conversion®(%) ee“(%) K

1 2h 6b 60 42 =)9 1.4
2 2h of 240 68 (+) 59 3.0
3 2j 6b 30 70 (+) 69 3.5
4 2j of 60 81 (—)21 1.3
5 2k 6b 2 60 (+)71 5.7
6 2k of 2 40 (—) 31 3.7

“ Reactions were performed with 0.10 mmol substrate and with 10 mol% catalyst in a mixture of 10 N aq. NaOH and CH,Cl, (1 : 1) at 5 °C. ? Determined
by HPLC. ¢ Enantiomeric excess of recovered 2 determined by chiral HPLC. The parentheses enclose the sign of the optical rotation. ¢ Calculated using

eqn (2).

Our mechanistic proposal for this novel asymmetric destruction
of 1-benzylated Reissert compounds is outlined in Scheme 2 and
Scheme 3. The proposal is illustrated for compound 2a.

Initially, the racemic Reissert compounds (+)-2a and the chiral
phase-transfer catalyst (*R,NZ, Z = halide) are present in
the organic phase, while hydroxide ions reside in the aqueous
phase (Scheme 2). At the interface between the organic and
aqueous phase, an ion-exchange occurs to give a sodium salt
(NaZ) and a chiral ion-pair consisting of the catalyst cation
and hydroxide (*R,NOH). While NaZ diffuses to the aqueous
phase, the lipophilic *R,NOH diffuses to the organic phase. In
this phase, *R,NOH reacts with the carbonyl group of (+)-2a to
give intermediate 7, which subsequently loses benzoate yielding o-
amino nitrile 8 and ensures regeneration of the catalyst (Scheme 3).
The reaction step 2a — 7 is expected to be fast and reversible,
and the step 7 — 8 irreversible and rate determining. Thus,
the overall the reaction is expected to follow Michaelis-Menten
kinetics.''

The reaction between the enantiopure *R,NOH and 2a, result-
ing in four possible diastereomers of 7, gives rise to a complex
match/mismatch situation. Besides configurations, we expect the

(-)-2a
Keaet

@ O
RN OH

(*)-2a

app
ksl ow

Na® Ze + ‘R4N<-B OHe

matching of the two chiral ions of 7 to be influenced by hydrogen-
bonding and aromatic interactions.

Kinetic considerations reveal that the selectivity s is dictated by
both the stability and the reactivity of 7. That is, the ratio &y / ki,
is expressed by the equilibrium constants for the formation
and the rate constants for the decomposition of each of the
diastereomers of 7."* The involvement of both factors may explain
the significant substrate dependence observed. Also, it might
explain the relatively low selectivities obtained (e.g. one of the
diastereomers, derived from (+)-2a, may be just as stable/reactive
as one derived from (—)-2a).

The further reaction of 8 is expected to be a fast retro-Strecker
reaction (i.e. loss of HCN and formation of the imine 3a).” In
fact, a-amino nitriles are known to undergo retro-Strecker reaction
under both acidic and basic conditions.'* However, heating is often
required to afford the elimination of HCN with high conversion.
We believe that the aromatisation, associated with the formation
of 3a, provides the driving force for the loss of HCN from 8 at the
low temperature applied.

It has also been reported that N-formylation is an effective
way to protect a-amino nitriles otherwise prone to retro-Strecker

3a + RN Z Organic Phase

@

*RyN z(9 Aqueous Phase

Scheme 2 Mechanistic proposal for the asymmetric destruction of 1-benzylated Reissert compounds exemplified by substrate 2a (Z = halide, cyanide

or benzoate).

2a 7

Scheme 3 Proposed reaction between 2a and *R,NOH.
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reaction.'*!6%1¢ Aoain, the formation of the aromatic 3a may
explain why 2a undergoes an overall retro-Strecker reaction despite
the presence of the N-benzoyl group.

Conclusions

In conclusion, we have reported on the asymmetric destruc-
tion of 1-benzylated Reissert compounds under phase-transfer
conditions. This novel reaction was studied in detail in the
presence of various phase-transfer catalysts and under different
reaction conditions. Catalysts derived from cinchona alkaloids
resulted in the highest selectivity. The most selective proved
to be the commercially available N-(4-trifluoromethyl-benzyl)-
cinchoninium bromide 6g, which provided a stereoselectivity
factor s of 10 for model substrate 2a. In general, however,
the reaction was observed to be very substrate dependent and
a mechanistic proposal suggesting a complex match/mismatch
between substrate and catalyst has been presented.

Finally, we believe that further development of the reaction may
result in an approach, alternative to the existing,”® for the synthesis
of optically active 1-alkylated Reissert compounds. Additionally,
this work adds to a short list of reported kinetic resolutions
catalysed by quaternary cinchona alkaloids."”

Experimental
General methods

NMR spectra were acquired on a Varian AS 400 spectrometer,
running at 400 and 100 MHz for '"H and "C, respectively.
Chemical shifts () are reported in ppm relative to CDCl; (0 =
7.26) or acetone-d, (6 = 2.05) for 'H NMR and relative to
the central resonance of CDCIl; (0 = 77.0) or acetone-d, (0 =
29.84) for BC NMR. "C NMR spectra were acquired on a
broad band decoupled mode. Mass spectra were recorded on a
micromass LCT spectrometer using electrospray (ES*) ionization
techniques. Optical rotations were measured on a Perkin-Elmer
241 polarimeter. For compounds 2a-k, 3c and 3e, flash column
chromatography (FC) was carried out using a Flashmaster II
from Jones Chromatography. The enantiomeric excess (ee) of
the Reissert compounds and the conversions of the asymmetric
destructions were determined by chiral stationary phase HPLC
(Daicel Chiralpak AD/AS or Daicel Chiralcel OD columns).

Materials

Analytical grade solvents were used as received. For FC, silica gel
from Iatron Laboratories Inc. (Iatrobeads 6RS-8060) or silica gel
60, 230-400 mesh was used. The racemic 1-benzylated Reissert
compounds 2a-k were synthesized using literature procedures (all
were purified by recrystallization from EtOH; except compounds
2d and 2i, which were purified by FC).®* 5-Methoxyisoquinoline
(used for the preparation of substrate 2i) was prepared (NaH
then Mel in DMF at 0-5 °C) from commercially available
5-hydroxyisoquinoline. Phase-transfer catalysts 6f,*° 6h,” 6i*'
and 6j** were prepared from commercially available cinchonine
according to literature procedures. All other compounds were
obtained from commercial sources and used as received.

Asymmetric destruction of 2-benzoyl-1-benzyl-1,2-dihydroiso-
quinoline-1-carbonitrile (2a) (typical procedure). Racemic 2a
(35.0 mg, 0.10 mmol) was dissolved in CH,Cl, (0.5 mL) in
a small glass vial with stirring and N-(4-(trifluoromethyl)-
benzyl)cinchoninium bromide 6g (5.3 mg, 0.01 mmol) was added.
The vial was closed and the mixture was cooled to 5 °C before
cold (5 °C) 10 N aqueous NaOH (0.5 mL) was added. The
heterogeneous mixture was stirred vigorously at 5 °C for 26 h. The
two layers were separated using more CH,Cl, and H,O (ca. 1 mL
each) and the aqueous layer was extracted three times with CH,Cl,
(ca. 1 mL). The combined organic layers were eluted through a
short pad of SiO, using Et,O as the eluent, then washed with
H,O and finally with brine. After drying (MgSO,) and filtering the
organic layers, a small sample was collected for HPLC analysis
(43% conv., 54% ee, s = 10.3). The solvents were then evaporated to
obtain an oily mixture of 2a and 3a. The mixture was separated by
FC on SiO, (eluent: gradual polarity change from hexane to 80%
Et,0 in hexane) to give the enantiomerically enriched 2-benzoyl-1-
benzyl-1,2-dihydroisoquinoline-1-carbonitrile 2a as an oil, which
turned into a white solid when dried under vacuum overnight
(19.5mg, 56%). '"H NMR (CDCl;) 6 7.64 (d, J = 7.4 Hz, 2H), 7.55
(t, J =7.2 Hz, 1H), 7.44-7.51 (m, 2H), 7.31 (d, J = 7.2 Hz, 1H),
7.11-7.25 (m, 5H), 7.02 (d, J = 7.5 Hz, 1H), 6.83 (d, J = 7.4 Hz,
2H), 6.36(d,J =7.9 Hz, 1H), 5.54 (d,J =8.0Hz, 1H), 3.73(d, J =
13.0 Hz, 1H), 3.53(d, /= 12.9 Hz, IH). "CNMR (CDCl;)6 169.4,
133.1, 133.0, 131.9, 130.9, 129.4, 129.3, 129.0, 128.6, 127.9, 127.7,
127.6,127.4,127.3, 126.4, 124.7, 117.6, 106.6, 61.3, 43.3. HRMS:
C»H;N,O [M + NaJ* caled.: 373.1311, found: 373.1316. [a]}
+100.3 (13 mg mL~' CHCl;, 57% ee). HPLC: Daicel Chiralpak
AD column [hexane-iPrOH (95 : 5)]; flow rate 1.0 mL min~' (73, =
12.1 min; Ty minor = 25.4 MIN; T 5 puajor = 27.5 min).

1-Benzyl-2-(4-methoxybenzoyl)-1,2-dihydroisoquinoline-1-carbo-
nitrile (2b). The title compound was asymmetrically destroyed
according to the procedure described for compound 2a. Reaction
time: 24 h. HPLC-analysis: 33% conv., 31% ee, s = 5.6. FC
conditions: SiO,, eluent: gradual polarity change from CH,Cl,
to 4% Et,0 in CH,Cl,. Recovered enantiomerically enriched 2b:
67%. Appearance: white solid. "H NMR (CDCl;) d 7.64 (d, J =
8.6 Hz, 2H), 7.30 (m, 1H), 7.21 (t, J = 7.3 Hz, 1H), 7.09-7.17 (m,
4H), 7.03 (d, J = 7.2 Hz, 1H), 6.95 (d, J = 8.9 Hz, 2H), 6.82 (d,
J =7.5Hz, 2H), 6.43 (d, J = 7.9 Hz, 1H), 5.59 (d, J = 8.0 Hz,
1H), 3.88 (s, 3H), 3.67 (d, J = 12.8 Hz, 1H), 3.55(d, J = 12.9 Hz,
1H). "C NMR (CDCl;) d 169.0, 162.6, 133.1, 131.8, 130.9, 129.3,
129.2,127.8,127.7,127.4, 127.1, 126.9, 125.1, 124.6, 117.6, 113.9,
106.3, 61.6, 55.5, 42.9. HRMS: C,sH,N,O, [M + Na]* calcd.:
403.1417, found: 403.1414. [a]5 +62.0 (10 mg mL™' CHCl,,
31% ee). HPLC: Daicel Chiralcel OD column [hexane-iPrOH
(90 : 10)]; flow rate 1.0 mL min~' (73, = 9.3 min; 75 iner = 14.2 min;
Topmajor = 19.6 Min).

1-Benzyl-2-(3,5-dimethoxybenzoyl)-1,2-dihydroisoquinoline-1-
carbonitrile (2¢). The title compound was asymmetrically de-
stroyed according to the procedure described for compound 2a.
Reaction time: 72 h. HPLC-analysis: 33% conv., 35% ee, s = 7.9.
FC conditions: SiO,, eluent: gradual polarity change from CH,Cl,
to 4% Et,0 in CH,Cl,. Recovered enantiomerically enriched 2c:
64%. Appearance: pale yellow solid. '"H NMR (CDCl;) 6 7.20 (t,
J = 7.4 Hz, 1H), 7.02-7.15 (m, 5H), 6.92 (d, J = 7.5 Hz, 1H),
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6.73 (d, J = 7.3 Hz, 2H), 6.62 (d, J = 2.2 Hz, 2H), 6.50 (t, J =
2.2 Hz, 1H), 6.27 (d, J = 8.0 Hz, 1H), 5.44 (d, J = 8.0 Hz, 1H),
3.71 (s, 6H), 3.63 (d, J = 13.0 Hz, 1H), 3.42 (d, J = 12.9 Hz,
1H). "C NMR (CDCl;) 0 169.2, 160.8, 135.0, 132.9, 130.9, 129.4,
129.0, 127.9, 127.7, 127.6, 127.5, 127.3, 126.3, 124.8, 117.6, 106.8,
106.5, 104.0, 61.3, 55.60, 55.58, 43.3. HRMS: C,xH,,N,O; [M +
Na]* caled.: 433.1523, found: 433.1548. [a]3 +55.3 (12 mg mL™"
CHCl,, 35% ee). HPLC: Daicel Chiralpak AS column [hexane—
iPrOH (90 : 10)]; flow rate 1.0 mL min~"' (z3, = 6.3 mMin; Tae minor =
22.3 min; Tye pyjor = 27.8 min).

1-Benzyl-2-(4-bromobenzoyl)-1,2-dihydroisoquinoline-1-carbo-
nitrile (2d). The title compound was asymmetrically destroyed
according to the procedure described for compound 2a. Reaction
time: 5 h. HPLC-analysis: 40% conv., 48% ee, s = 10.0. FC
conditions: iatrobeads, eluent: gradual polarity change from
hexane to 10% acetone in hexane. Recovered enantiomerically
enriched 2d: 49%. Appearance: white solid. '"H NMR (CDCl;) ¢
7.62 (d, J = 8.6 Hz, 2H), 7.51 (d, J = 8.6 Hz, 2H), 7.31 (ddd, J =
2.1,6.6,7.5Hz, 1H), 7.22 (d, J = 7.4 Hz, 1H), 7.10-7.19 (m, 4H),
7.03(d,J=7.3Hz, 1H),6.82(d,J=6.9Hz,2H),6.3(d,/=7.9 Hz,
1H), 5.59 (d, J/ = 7.9 Hz, 1H), 3.70 (d, J = 12.9 Hz, 1H), 3.52 (d,
J=129Hz, 1H). "CNMR (CDCl;) ¢ 168.4, 132.8, 131.9, 130.9,
130.8, 129.5, 128.8, 127.9, 127.70, 127.66, 127.54, 127.51, 126.8,
125.9,124.9,117.5,107.2, 61.4,43.2. HRMS: C,,H,;BrN,O [M +
Na*] caled.: 451.0416, found: 451.0424. [a] +154.5 (10 mg mL™"
CHCl;, 48% ee). HPLC: Daicel Chiralcel OD column [hexane—
iPrOH (98 : 2)]; flow rate 1.0 mL min™"' (73, = 16.9 min; 7y pujor =
26.3 min; Tagminor = 31.1 min).

2-Acetyl-1-benzyl-1,2-dihydroisoquinoline-1-carbonitrile ~ (2e).
The title compound was asymmetrically destroyed according to
the procedure described for compound 2a. Reaction time: 24 h.
HPLC-analysis: 44% conv., 46% ee, s = 6.0. FC conditions: SiO,,
eluent: gradual polarity change from hexane to Et,O. Recovered
enantiomerically enriched 2e: 50%. Appearance: pale yellow
solid. '"H NMR (CDCly) ¢ 7.32 (d, J = 7.8 Hz, 1H), 7.26 (t,
J = 7.5 Hz, 1H), 7.14-7.23 (m, 2H), 7.10 (t, / = 7.2 Hz, 2H),
6.92 (d, J = 7.5 Hz, 1H), 6.70 (d, J = 7.9 Hz, 2H), 6.33 (d, J =
8.1 Hz, 1H), 5.43 (d, J = 8.1 Hz, 1H), 3.76 (d, J = 13.0 Hz, 1H),
3.26 (d, J = 13.1 Hz. 1H), 2.32 (s, 3H). ®C NMR (acetone-d,) 0
169.9, 134.2, 131.5, 130.3, 130.2, 129.1, 128.6, 128.3, 128.1, 127.9,
126.2, 125.6, 119.2, 106.2, 60.7, 45.0, 23.0. HRMS: C,,H;,N,O
[M + Na]* caled.: 311.1155, found: 311.1165. [a]3 +43.7 (14 mg
mL~' CHCI;, 46% ee). HPLC: Daicel Chiralcel OD column
[hexane-iPrOH (90 : 10)]; flow rate 1.0 mL min~"' (73, = 9.6 min;
Taeminor = 18.0 MIN; Taq myjor = 22.0 min).

1-Benzyl-2-isobutyryl-1,2-dihydroisoquinoline-1-carbonitrile (2f).
The title compound was asymmetrically destroyed according
to the procedure described for compound 2a. Reaction time:
145 h. HPLC-analysis: conversion was not determined, 6% ee. FC
conditions: Si0O,, eluent: gradual polarity change from hexane to
Et,0. Recovered enantiomerically enriched 2f: 46%. Appearance:
white solid. '"H NMR (CDCl;) 6 7.32 (d, J = 8.3 Hz, 1H), 7.28
(dt, J = 1.2, 7.5 Hz, 1H), 7.15-7.23 (m, 2H), 7.11 (t, / = 7.7 Hz,
2H), 6.95 (dd, J = 1.2, 7.5 Hz, 1H), 6.71 (d, J = 7.1 Hz, 2H),
6.45 (d, J = 8.2 Hz, 1H), 5.47 (d, J = 8.1 Hz, 1H), 3.73 (d, J =
13.0 Hz, 1H), 3.28 (d, J = 13.0 Hz, 1H), 2.92 (septet, J = 6.8 Hz,

1H), 1.28 (d, J = 6.7 Hz, 3H), 1.25 (d, J = 6.8 Hz, 3H). BC
NMR (CDCl;) 6 175.3, 133.0, 130.7, 129.3, 128.9, 128.4, 127.8,
127.6, 127.44, 127.41, 124.6, 123.5, 118.4, 106.7, 60.3, 44.7, 31.8,
19.3, 18.8. HRMS: C,;H,,)N,O [M + Na]* calcd.: 339.1468, found:
339.1453. [a]5 4+9.3 (10 mg mL~" CHCl;, 6% ee). HPLC: Daicel
Chiralcel OD + Chiralpak AD column [hexane-iPrOH (98 : 2)];
flow rate 1.0 mL min™" (Tytmajor = 38.2 MiN; Ty pyinor = 42.5 min).

2-Benzoyl-1-(4-methoxybenzyl)-1,2-dihydroisoquinoline-1-carbo-
nitrile (2g). The title compound was asymmetrically destroyed
according to the procedure described for compound 2a. Reaction
time: 24 h. HPLC-analysis: 46% conv., 53% ee, s = 7.5. FC
conditions: SiO,, eluent: gradual polarity change from CH,Cl,
to 4% Et,0 in CH,Cl,. Recovered enantiomerically enriched 2g:
53%. Appearance: pale yellow solid. "H NMR (CDCly) 6 7.64
(d, J = 7.5 Hz, 2H), 7.55 (t, J/ = 7.2 Hz, 1H), 7.47 (m, 2H),
7.30 (dt, J = 1.9, 7.4 Hz, 1H), 7.11-7.23 (m, 2H), 7.02 (d, J =
7.4 Hz, 1H), 6.73 (d, J = 8.6 Hz, 2H), 6.68 (d, J = 8.5 Hz, 2H),
6.36 (d, J = 8.0 Hz, 1H), 5.56 (d, J = 8.0 Hz, 1H), 3.76 (s, 3H),
3.65(d, J = 13.1 Hz, 1H), 3.48 (d, / = 13.1 Hz, 1H). "C NMR
(CDCly) 6 169.4, 159.0, 133.2, 131.90, 131.87, 129.4, 129.3, 129.0,
128.6,127.8,127.7, 127.3, 126.4, 125.0, 124.7, 117.7, 113.3, 106.6,
61.5,55.1,42.4. HRMS: C,;H,N,O, [M + Na]* calcd.: 403.1417,
found: 403.1400. [«]5 4+70.8 (8 mg mL~' CHCl;, 53% ee). HPLC:
Daicel Chiralpak AD column [hexane-iPrOH (90 : 10)]; flow
rate 1.0 mL min™' (73, = 13.3 min; Ty miner = 23.5 MiN; Ty pyjor =
27.8 min).

2-Benzoyl-1-(4-cyanobenzyl)-1,2-dihydroisoquinoline-1-carbo-
nitrile (2h). The title compound was asymmetrically destroyed
according to the procedure described for compound 2a. Reaction
time: 18 h. HPLC-analysis: 80% conv., 95% ee, s = 4.8. FC
conditions: SiO,, eluent: gradual polarity change from CH,Cl,
to 3% Et,0 in CH,Cl,. Recovered enantiomerically enriched 2h:
20%. Appearance: white solid. '"H NMR (CDCl;) 6 7.63 (d, J =
7.1 Hz, 2H), 7.57 (t, J = 7.4 Hz, 1H), 7.42-7.51 (m, 4H), 7.34 (dt,
J=1.8,7.1 Hz, 1H), 7.11-7.20 (m, 2H), 7.07 (d, J = 7.5 Hz, 1H),
6.94 (d, J = 8.2 Hz, 2H), 6.39 (d, / = 7.9 Hz, 1H), 5.62 (d, J =
7.9 Hz, 1H), 3.73 (d, J = 12.8 Hz, 1H), 3.59 (d, J = 12.7 Hz,
1H). BC NMR (CDCl;) ¢ 169.5, 138.5, 132.6, 132.3, 131.61,
131.58,129.9,129.4,128.9,128.7,127.5,127.4,126.8, 126.4, 125.1,
118.6, 116.9, 111.5, 106.8, 61.0, 42.9. HRMS C,;H;N;0, [M +
Na]*: caled.: 398.1264, found: 398.1278. [a]5 +123.7 (11 mgmL~"
CHCl;, 85% ee). HPLC: Daicel Chiralpak AD column [hexane—
iPrOH (85 : 15)]; flow rate 1.0 mL min~" (73, = 16.0 min; To minor =
27.9 min; Ty, pajor = 36.9 min).

2-Benzoyl-1-benzyl-5-methoxy-1,2-dihydroisoquinoline-1-carbo-
nitrile (2i). The title compound was asymmetrically destroyed
according to the procedure described for compound 2a. Reaction
time: 24 h. HPLC-analysis: 51% conv., 69% ee, s = 9.5. FC
conditions: Si0O,, eluent: gradual polarity change from hexane to
20% acetone in hexane. Recovered enantiomerically enriched 2i:
49%. Appearance: white solid. '"H NMR (CDCl;) 6 7.63 (d, J =
7.0 Hz, 2H), 7.54 (t, J = 7.4 Hz, 1H), 7.46 (d, J = 7.7 Hz, 2H),
7.22 (m, 1H), 7.07-7.18 (m, 3H), 6.79-6.91 (m, 4H), 6.34 (d, J =
8.1 Hz, 1H), 5.97 (d, J = 8.1 Hz, 1H), 3.86 (s, 3H), 3.68 (d, J =
12.9Hz, 1H),3.53(d, J = 12.9 Hz, 1H). "CNMR (CDCl,) 6 169.4,
153.3,133.2,133.1, 131.9, 130.9, 129.4, 128.8, 128.5, 127.9, 127.8,

2972 | Org. Biomol. Chem., 2007, 5, 2966-2974

This journal is © The Royal Society of Chemistry 2007





127.4, 125.5, 119.9, 118.4, 117.6, 110.9, 101.2, 61.3, 55.7, 42.8.
HRMS: C,sHyN,O, [M + Na]* calcd.: 403.1417, found: 403.1425.
[a]F +109.7 (13 mg mL~' CHCL;, 68% ee). HPLC: Daicel Chiral-
pak AD column [hexane—iPrOH (95 : 5)]; flow rate 1.0 mL min™"
(T30 = 18.9 Min; 7y pinor = 40.1 MiN; Ty nyjor = 45.2 min).

2-Benzoyl-1-benzyl-5-bromo-1,2-dihydroisoquinoline-1-carbo-
nitrile (2j). The title compound was asymmetrically destroyed
according to the procedure described for compound 2a. Reaction
time: 1 h. HPLC-analysis: 44% conv., 8% ee, s = 1.3. FC
conditions: Si0O,, eluent: gradual polarity change from CH,Cl,
to 4% Et,0 in CH,Cl,. Recovered enantiomerically enriched 2j:
48%. Appearance: white solid. '"H NMR (CDCl,) 6 7.64 (d, J =
7.7 Hz, 2H), 7.44-7.59 (m, 4H), 7.23 (t, J = 5.4 Hz, 1H), 7.15 (t,
J=17.7Hz,2H),7.06 (d, J =7.6 Hz, |H), 6.95 (t, / = 8.0 Hz, 1H),
6.84 (d, J = 7.5 Hz, 2H), 6.46 (d, J = 8.2 Hz, 1H), 5.98 (d, J =
8.2 Hz, 1H), 3.61 (d, J = 12.9 Hz, 1H), 3.54 (d, J/ = 12.9 Hz, 1H).
BCNMR (CDCl;)6 169.4,133.5,132.6, 132.5,132.3, 130.9, 129.5,
129.4, 128.71, 128.68, 128.1, 128.0, 127.9, 127.7, 127.0, 120.1,
117.1, 105.2, 61.6, 42.7. HRMS: C,,H,;BrN,O [M + Na]* calcd.:
451.0398, found: 451.0416. [a]Z 9.7 (8 mg mL~"' CHCI;, 8% ee).
HPLC: Daicel Chiralpak AD column [hexane-iPrOH (95 : 5)];
flow rate 1.0 mL min ' (75, = 12.2 min; Ty minor = 21.8 MiN; 7oy pugsor =
23.1 min).

2-Benzoyl-1-benzyl-4-bromo-1,2-dihydroisoquinoline-1-carbo-
nitrile (2k). The title compound was asymmetrically destroyed
according to the procedure described for compound 2a. Reaction
time: 10 min. HPLC-analysis: 34% conv., 25% ee, s = 3.7. FC
conditions: SiO,, eluent: gradual polarity change from hexane
to 50% Et,O in hexane. Recovered enantiomerically enriched 2k:
66%. Appearance: pale yellow solid. "H NMR (CDCl;) ¢ 7.67 (dd,
J =1.4,7.0 Hz, 2H), 7.60 (m, 1H), 7.40-7.56 (m, 4H), 7.21-7.30
(m, 3H), 7.16 (t, J = 7.5 Hz, 2H), 6.81 (d, 7.0 Hz, 2H), 6.69 (s,
1H), 3.74 (d, J = 13.0 Hz, 1H), 3.53 (d, J = 13.0 Hz, 1H). “C
NMR (CDCl;) 6 168.6, 132.5, 132.40, 132.35, 130.6, 129.8, 129.4,
128.8, 128.6, 128.3, 128.0, 127.9, 127.7, 127.4, 126.9, 125.0, 117.2,
101.6,61.6,43.8. HRMS: C,,H,;BrN,O [M + K]* calcd.: 451.0416,
found: 451.0410.[a]5 —205.0 (10 mgmL~"' CHCl;, 93%ee). HPLC:
Daicel Chiralcel OD column [hexane-iPrOH (98 : 2)]; flow rate
1.0 mL min™" (73 = 9.2 Min; Ty pinor = 21.4 MiN; Ty pmyjor = 25.6 min).

Preparation of isoquinolines 3a—f. The isoquinolines 3a—f were
isolated from asymmetric destruction of the corresponding 1-
benzylated Reissert compounds performed as described above.

1-Benzylisoquinoline (3a). The title compound was isolated
from the asymmetric destruction of Reissert compound 2a. FC
conditions: SiO,, eluent: 20% EtOAc in hexane. Appearance: pale
yellow oil. "H NMR (CDCl;) ¢ 8.50 (d, J = 5.7 Hz, 1H), 8.14 (d,
J = 8.6 Hz, 1H), 7.79 (d, J/ = 8.1 Hz, 1H), 7.62 (t, J = 7.0 Hz,
1H), 7.47-7.58 (m, 2H), 7.21-7.32 (m, 4H), 7.17 (t, J = 7.0 Hz,
1H), 4.67 (s, 2H). "C NMR (CDCl;) ¢ 160.1, 142.0, 139.4, 136.5,
129.8, 128.6, 128.55,128.47,127.3,127.2,126.2,125.8, 119.8, 42.1.
HRMS: C,,H;;N [M + HJ* calcd.: 220.1121, found: 220.1129.

1-(4-Methoxy)benzylisoquinoline (3b). The title compound
was isolated from the asymmetric destruction of Reissert com-
pound 2g. FC conditions: SiO,, eluent: 5% Et,O-CH,Cl,. Ap-
pearance: white solid. '"H NMR (CDCl;) ¢ 8.49 (d, J = 5.7 Hz,
1H), 8.16 (d, / = 8.5 Hz, 1H), 7.80 (d, J = 8.2 Hz, 1H), 7.63 (ddd,

J=12,69,38.1 Hz, 1H), 7.49-7.58 (m, 2H), 7.20 (d, J = 8.2 Hz,
2H), 6.80 (d, J = 8.7 Hz, 2H), 4.61 (s, 2H), 3.74 (s, 3H). "C NMR
(CDCly) 6 160.4, 157.9, 142.0, 136.5, 131.5, 129.8, 129.5, 127.3,
127.13, 127.06, 125.8, 120.0, 113.9, 55.1, 41.2. HRMS: C;H,;sNO
[M + HJ* calcd.: 250.1226, found: 250.1221.

1-(4-Cyano)benzylisoquinoline (3c). The title compound was
isolated from the asymmetric destruction of Reissert compound
2h. FC conditions: SiO,, eluent: gradual polarity change from
CH.CI, to 15% Et,0 in CH,Cl,. Appearance: white solid. 'H
NMR (CDCl;) d 8.49 (d, J = 5.7 Hz, 1H), 8.04 (d, J = 8.5 Hz,
1H), 7.83 (d, J = 8.2 Hz, 1H), 7.66 (t, J = 7.1 Hz, 1H), 7.50—
7.59 (m, 4H), 7.37 (d, J = 8.3 Hz, 2H), 4.71 (s, 2H). "C NMR
(CDCly) o 158.5, 144.9, 142.1, 136.5, 132.3, 130.1, 129.4, 127.6,
127.0, 125.1, 120.2, 118.9, 110.2, 41.8. HRMS: C;H;,N, [M +
Na]* caled.: 267.0893, found: 267.0891.

1-Benzyl-5-methoxyisoquinoline (3d). The title compound was
isolated from the asymmetric destruction of Reissert compound
2i. FC conditions: SiO,, eluent: 10% Et,O0-DCM. Appearance:
white solid. '"H NMR (CDCl;) ¢ 8.51 (d, J = 5.97 Hz, 1H), 7.96
(d,J=59Hz 1H),7.70 (d, J = 8.5 Hz, 1H), 7.43 (t, / = 8.4 Hz,
1H), 7.21-7.30 (m, 4H), 7.13-7-20 (m, 1H), 6.94 (d, J = 7.8 Hz,
1H), 4.65 (s, 2H), 3.99 (s, 3H). "C NMR (CDCl;) § 159.4, 154.9,
141.7,139.5,129.2, 128.5, 128.4, 127.9, 127.1, 126.1, 117.6, 114.0,
107.1, 55.6, 42.3. HRMS: C,;H,;sNO [M + Na]* calcd.: 272.1046,
found: 272.1048.

1-Benzyl-5-bromoisoquinoline (3e). The title compound was
isolated from the asymmetric destruction of Reissert compound
2j. FC conditions: SiO,, eluent: gradual polarity change from
CH.CI, to 10% Et,O in CH,Cl,. Appearance: white solid. 'H
NMR (CDCl,) ¢ 8.62 (d, J = 6.0 Hz, 1H), 8.14 (d, / = 8.5 Hz,
1H),7.95(d,J =6.0Hz, 1H),7.93(d,/ =7.5Hz, 1H),7.39 (t,J =
7.8 Hz, 1H), 7.23-7.31 (m, 4H), 7.16-7.23 (m, 1H), 4.71 (s, 2H).
BCNMR (CDCl;) 6 160.5,143.4,139.1, 135.7, 133.6, 128.6, 128.5,
128.2, 127.5, 126.4, 125.6, 122.4, 118.7, 42.2. HRMS: C,(H,BrN
[M + HJ* calcd.: 298.0226, found: 298.0228.

1-Benzyl-4-bromoisoquinoline (3f). The title compound was
isolated from the asymmetric destruction of Reissert compound
2k. FC conditions: SiO,, eluent: 15% Et,O in hexane. Appearance:
white solid. "H NMR (CDCl;): 6 8.69 (s, |H), 8.18 (d, J = 8.5 Hz,
1H), 8.14 (d, J = 8.5 Hz, 1H), 7.75 (ddd, J = 1.1, 6.9, 8.2 Hz,
1H), 7.58 (ddd, J = 1.1, 7.0, 8.2 Hz, 1H), 7.22-7.30 (m, 4H),
7.18 (m, 1H), 4.63 (s, 2H). "C NMR (CDCl,): ¢ 159.7, 143.7,
138.9, 135.1, 131.1, 128.6, 128.5, 128.3, 128.1, 126.7, 126.4, 126.2,
118.5,41.8. HRMS: C,;H,,BrN [M + H]* calcd.: 298.0226, found:
298.0219.
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Highly enantioselective aldol reactions of aldehydes with
cyclic ketones catalyzed by a primary amine derived from
cinchonine are reported. Aromatic aldehydes reacted with
various cyclic ketones cleanly to afford the anti-aldol adducts
in up to 99% yield, with good diastereoselectivities (up to 9: 1)
and excellent enantioselectivities (up to 99% ee).

Since the pioneering work of List ez al."! with enantioselective aldol
reactions in the presence of proline as catalyst, organocatalysts
have demonstrated their significant importance in asymmetric
C-C or heteroatom—C bond formation. In both types of trans-
formations, the amino acid proline has been widely employed
as a versatile organocatalyst.? Despite the high efficiency shown
in a series of reactions, proline suffers from serious problems
such as poor solubility in organic solvents, a tendency to react
with electron-deficient aromatic aldehydes to form iminium salts
that decarboxylate even at room temperature,® and difficulties
in modulating its reactivity through structure modification. To
solve these problems, Maruoka and coworkers reported a novel
organocatalyst derived from optically pure binaphthol.* Another
alternative was the transformation of proline to its prolinamide
derivatives.® Recently, Chen’s group developed a simple primary—
tertiary diamine-Bronsted acid catalyst that has been successfully
applied in direct aldol reactions.® The catalytic system is highly
efficient for both linear and cyclic aliphatic ketones.

Cinchona derivatives have been versatile catalysts in many
organic transformations due to their excellent performance. Cin-
chona derived amines such as 1 and 2 can also be readily prepared
from a known protocol.” These amines have been employed as
efficient organocatalysts in enantioselective Michael reactions
in high yields and enantioselectivities via enamine or iminium
intermediates. For example, Chen developed a highly efficient
enantioselective Michael addition of a,o0-dicyanoalkene® as well
as 1,3-dicarbonyl compounds® to o,B-unsaturated ketones using
cinchonine derived amines as the organocatalyst. Connon and
McCooey developed a highly enantioselective addition of alde-
hydes and ketones to nitroolefins catalyzed by readily accessible
alkaloid derivatives.!® Very recently, Melchiorre et al. reported an
organocatalytic asymmetric Friedel-Crafts alkylation of indoles
with o,p-unsaturated ketones by the successful application of an
iminium ion activation strategy toward enones using the salt
formed with this amine and N-protected phenyl glycine."! The
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asymmetric aldol reaction presents the most versatile protocols
for the preparation of optically enriched B-hydroxyl ketones. To
our knowledge, although Barbas ez al. firstly employed the amine
in the direct aldol reaction,'? there is no report of asymmetric
aldol reactions catalyzed by cinchonine derived amines. To probe
the potential application of cinchona derived amines in direct aldol
reactions, we initiated an enantioselective aldol reaction between
aldehydes and cyclic ketones. Herein, we disclose our preliminary
results toward this work.

We were pleased to find that 9-amino-9-deoxy-epi-cinchonine 1
(Fig. 1, 10 mol%) exhibited high catalytic activity for the asym-
metric aldol reaction of 4-nitrobenzaldehyde with cyclohexanone
at room temperature. The corresponding adduct was cleanly
isolated in 74% yield with a promising 87% ee after 39 h and
the anti-isomer was favorably formed with 1.6 : 1 dr (entry 1,
Table 1). The enantioselectivity increased to 95% ee when the
reaction was conducted in the presence of TFA (10 mol%), and 1
(10 mol%) with dr 6.9 : 1 (entry 2, Table 1). The employment of
triflic acid (10 mol%) further enhanced the enantioselectivity and
reactivity. The amount of triflic acid used considerably affected
the reactivity of the catalyst. Fifteen mol% of acid in combination
with 10 mol% of catalyst was suitable for the reaction in terms
of enantioselectivity, diastereoselectivity and reactivity (99% ee,
9 h, entry 5, Table 1). To our surprise, the reaction was very slow
when 20 mol% of triflic acid was used (15 h, 77% yield, entry 6).
Although 9-amino-9-deoxy-epi-cinchonidine (2) gave 94% of ee,
the adduct with the opposite configuration was obtained (entry 8).

%3
37
HN 2N N
H H

H2N1,'
= S
s
=
N N
1 2

Fig. 1 Structure of amines derived from cinchona.

We next investigated the effect of solvent on the reaction,
with screening results summarized in Table 2. All the solvents
tested gave almost the same enantioselectivities. Good yields were
obtained in THEF, toluene, and water with different reaction times
of 4 to 23 h and dr ranging from 4.8-9.8 : 1. The reaction
was apparently retarded by DMSO and DMF with yields of
only ~70% after a long reaction time (44-45 h). Water had a
significant impact on reaction speed, but a deleterious effect on
diastereoselectivity. From these results, solvent had little effect

This journal is © The Royal Society of Chemistry 2007
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Table 1 Reactions between 4-nitrobenzaldehyde and cyclohexanone

OH O
10 mol% cat
T add B
neat O2N
3a 5a
Entry Acid (%) Yield (%) ee (%) dr
1“ — 74 87 1.6:1
2 TFA (10) 55 95 69:1
3 TfOH (5) 99 98 6.3:1
4 TfOH (10) 97 98 94:1
5 TfOH (15) 99 99 9.2:1
6 TfOH (20) 77 98 89:1
7* TfOH (7.5) 81 98 7.8:1
8¢ TfOH (15) 76 —-94 99:1

“ Unless otherwise stated, the reaction was carried out with 0.25 mmol
of 4-nitrobenzaldehyde and 0.5 mL (4.8 mmol) of cyclohexanone, the
enantioselectivity was measured using chiral AD-H, dr was measured
according to '"H NMR of crude product. *In the presence of 5 mol%
of catalyst 1. ¢ Catalyst 2 used instead.

Table 2  Effect of solvent on the reaction

OH O
10 mol% cat
15 mol%TfOH 2
solvent O2N
5a

Entry  Solvent Time/h  Yield (%)° ee (%)? dre

1 Neat 9 99 99 9.2:1

24 THF 17 98 99 9.8:1

3¢ DMSO 45 77 97 35:1

44 DMF 44 74 97 5.0:1

54 Toluene 23 94 98 8.6:1

6! H,O 4 97 97 48:1

74 CHCl, 22 84 98 7.0:1

8¢ EtOH 20 79 98 6.6:1

94 CH,Cl, 12 82 98 7.5:1
104 Et,O 19 98 98 8.1:1
11¢ DMF-H,O 24 94 97 4.1:1
12 Neat 38 90 98 5.0:1
13¢ Neat 96 11 91 24:1
14" Neat 23 81 98 78:1

“Tsolated yield. * Determined by chiral AD-H. ¢ Determined by 'H NMR.
4 The reaction was carried out with 0.25 mmol of aldehyde, 0.5 mL of
cyclohexanone and 1 mL of solvent. ¢ Volume ratio 1 : 1./ The reaction
was carried out at 0 °C. ¢ The reaction carried out at —16 °C. * 5 mol% of
catalyst 1 was used.

on enantioselectivity but greatly affected the reaction time and
dr. Neat cyclohexanone was suitable as both reactant as well as
solvent in terms of enantioselectivity and catalyst reactivity.
Although the enantioselectivities were excellent in all cases, the
diastereomeric ratio was only about 90 : 10. To further improve the
diastereoselectivity, we investigated the effect of temperature on
the reaction. To our disappointment, the reaction proceeded very
slowly under low temperature with decreased diastereoselectivity.
For example, the reaction carried out at —16 °C for 96 h afforded
only 11% yield (91%ee, 2.4 : 1 dr, entry 13). At higher temperature,

the ee dropped significantly (40 °C, 92% ee, 2.0 : 1 dr vs. 60 °C,
86% ee, 1.7 : 1 dr. See ESIt) It is noteworthy that only 5 mol%
of amine 1 can catalyze the reaction affording the product in 81%
yield and 98% ee, although the reaction was not as fast (entry 13).
Thus, 10 mol% of catalyst in combination with 15 mol% triflic acid,
cyclohexanone as solvent, and room temperature were chosen for
the optimal conditions.

The optimized protocol was then expanded to a wide variety
of aldehydes and cyclic ketones (Table 31). The results of these
trials indicated that the reaction is dramatically dependent on
the electronic effect of the substituent. For example, 4-, 3-,
2-nitrobenzaldehyde and 4-trifluoro-methylbenzaldehyde under-
went aldol reaction smoothly with cyclohexanone in good to
excellent yields (74-99%) and excellent enantioselectivities (97—
99% ee, entries 1, 5, 6 and 9, Table 3). Unsubstituted aromatic
aldehydes were less reactive, because benzaldehyde, furyl-aldehyde,
and 1-naphthylaldehyde afforded only low to moderate yields, but
very good enantioselectivities (entries 11-13). The substrates with
electron donating groups at the aromatic ring were not suitable
for the reaction. For example, 4-methoxy-benzaldehyde reacted
with cyclohexanone for 48 h yielding the corresponding product
in only 19% yield and 89% ee (entry 15, Table 3). Cyclopentanone
was also employed in the aldol reaction which showed less desired
enantioselectivity compared to cyclohexanone in our catalytic
system. 4- and 2-nitrobenzaldehyde afforded the corresponding
product in 86% and 84% ee respectively (entries 2 and 7). In
almost all cases, the diastereoselectivity is not high, with the
structures of both aldehydes and ketones having significant impact
on the dr value. The highest diastereomeric ratio was observed
when 4-nitrobenzaldehyde and cyclohexanone were combined
(entry 1, Table 3). We also tested the catalytic system in the aldol

Table 3 Enantioselective direct aldol reaction of aldehydes and cyclic
ketones

0 0 OH 0O
10 mol% cat
B 6] 15 mol% TfOH R)\i)ﬁ
Rt P X mol% .\ X
3 4 5
Entry R X Yield (%)  ee (%) anti-syn  dr
1 4-NO,C¢H, CH, 99 99 : 65 9.2:1
2 4-NO,C¢H, — 70 86 : 67 5.0:1
3 4-NO,C¢H, (04 92 91 : 78 54:1
4 4-NO,C¢H, St 38 94 . 57 3.0:1
5 3-NO,C¢H, CH, 74 97 . 25 3.2:1
6 2-NO,C¢H, CH, 98 97 :n.d. 7.5:1
7 2-NO,C¢H, —o 99 84 : 63 24:1
8 2-NO,C¢H, O 44 87 : 71 3.2:1
9 4-CF,C¢H, CH, 99 98 : 58 23:1
10 4-FC4H, CH, 58 94 : 29 1.7:1
11 C¢H; CH, 31 86 : 54 1.0:1
12 Fural CH, 39 63 : 94 1:2.5
13 1-Naphthyl CH, 55 93 : 16 49:1
14 4-Cl CH, 70 91 : 16 4.1:1
15 4-CH,OC,H, CH, 19 89 : 14 3.7:1
167 4-NO, 25 56 —

“ Cyclopentanone used. ” 2 Equivalents of ketone used. ¢ 5 Equivalents of
ketone used. “ Neat acetone used instead of cyclic ketone in the presence
of 10 mol% of catalyst and 15 mol% of triflic acid.
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reaction with acetone, but unfortunately, a 25% yield and 56% ee
were obtained when neat acetone was applied under the optimal
conditions.

In conclusion, an enantioselective direct aldol reaction of
cyclic ketones with different aromatic aldehydes catalyzed by
cinchona derived amines has been reported with high yields, good
diastereoselectivity, and up to 99% ee. The aromatic aldehydes
with electron withdrawing groups are suitable substrates for this
reaction. This provides a practical and convenient method for the
synthesis of optically enriched hydroxyl ketones.
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(1 mL), cyclopentanone (1 mL), tetrahydro-4 H-puran-4-one (1.25 mmol)
or tetrahydrothiopuran-4-one (0.50 mmol). The reaction mixture was
stirred for 5 min in a closed system and then aldehyde (0.25 mmol) was
added. The reaction mixture was stirred for 9-166 h (monitored by TLC).
The reaction was quenched with saturated ammonium chloride solution
(10 mL) and extracted with ethyl acetate (3 x 15 mL). The combined
organic layer was dried (Na,SO, and concentrated in vacuo). The crude
product was purified by flash column chromatography to give pure aldol
adduct. Diastereoselectivity was determined by 'H NMR analysis of the
crude aldol product.
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