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Cyclic bis- and trismelamine derivatives were prepared from cyanuric chloride by stepwise substitutions
with appropriate amines. The complexation abilities of these melamine derivatives with barbituric acid
derivatives were evaluated by UV-vis spectroscopy and '"H NMR. The structure was also confirmed by
X-ray crystallography. Both the acyclic and the cyclic bismelamine derivatives formed a 1 : 1 complex

via six hydrogen bonds with barbituric acid derivatives. van’t Hoff analyses on the complexation of the

bismelamines with the barbituric acid derivative revealed that the complexation of the cyclic
bismelamine was entropically favored and enthalpically less favored process than those of the acyclic
bismelamine. X-Ray crystallographic analysis and "H NMR studies revealed that the cyclic
trismelamine bound one barbituric acid derivative into the cavity via six hydrogen bonds by two

melamine moieties and another barbituric acid via three hydrogen bonds by the residual melamine

moiety.

Introduction

The molecular recognition of neutral target substances via hydro-
gen bonds has been attracting considerable attention in the last two
decades.! Barbituric acids were attractive guest molecules because
of medicinal use as sedatives and anticonvulsants.*> Barbituric
acid derivatives have two sets of hydrogen bonding acceptor-
donor-acceptor arrays in the molecule. To associate barbituric
acid derivatives, two types of functionality were usually employed
as a recognition site of host molecules, i.e. diamidopyridine
and melamine groups. These two functionalities consist of a
complementary hydrogen bond donor-acceptor-donor array for
barbiturate.

Hamilton et al. reported that complexation of cyclic and acyclic
receptors bearing two diamidopyridine units linked through an
isophthaloyl spacer with barbituric acids via six hydrogen bonds in
apolar organic solvents such as chloroform and dichloromethane.?
Similar binding motifs bearing redox active,* chiral® metal ligand,*
and chromophore’ moieties have also been reported as barbiturate
and cyanurate receptors. The diamidopyridine group was applied
to construct more sophisticated materials such as supramolecular
polymers.?

Melamine (2,4,6-triamino-1,3,5-s-triazine) derivatives are easily
prepared from 2,4,6-trichloro-1,3,5-s-triazine (cyanuric chloride)
by stepwise substitutions with appropriate amines and widely
applied to supramolecular chemistry.® Complex structures of
melamine derivatives and barbituric acids or isocyanurates were
systematically investigated by Whitesides and co-workers. They
prepared supramolecular structures such as linear and crin-
kled tapes and a rosette.!® Reinhoudt and Timmerman ex-
tended the rosette complexes by use of bismelamines based
on a calix[4]arene scaffold to give double rosette assemblies,
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(bismelamine);-(barbiturate);." We have also reported that re-
ceptors bearing a melamine moiety showed strong binding abil-
ity for imides such as flavin derivatives, barbituric acids, and
thymine derivatives via multiple hydrogen bonds.”> Melamine—
baribituric acid complexation is also applied to supramolecular
materials such as organogel,”® supramolecular membranes,* and
liquid crystals.’> Meanwhile, cyclic melamine derivatives have
been scarcely reported'® although cyclic bis diamidopyridine
derivatives have been prepared and evaluated at an early stage
of the study.*'” Cyclic melamine derivatives form isolated binding
pockets to complex with guest barbiturates and are applicable to
analytical usages. Lowik and Lowe reported the synthesis of cyclic
trismelamine derivatives by stepwise substitution and preliminary
complexation properties of these derivatives with cyanuric acid
and carbohydrates.'® Herein, we report the synthesis and com-
plexation properties of less explored cyclic bis- and trismelamine
derivatives 1-4. A barbiturate derivative bearing an anthryl group
(5b) was also prepared and was used as a probe for a complexation
study. The complexation properties of cyclic bis- and trismelamine
derivatives and barbiturates were studied by UV-vis, 'TH NMR
spectroscopy, and X-ray crystallography.

Results and discussion
Design and synthesis of cyclic bis- and trismelamine derivatives

The prepared cyclic melamine derivatives are listed in Scheme 1.
A m-xylylene spacer was employed to connect two melamine units
because the corresponding acyclic bismelamine 1 showed strong
complexation with barbituric acid derivatives via six hydrogen
bonds in chloroform.'”"** Cyclic bismelamine derivatives 2 and 3
were cyclized with different types of spacer, i.e. an alkyl spacer
and a bisphenol-A based spacer, respectively. Hamilton and co-
worker reported a cyclic bisamidopyridine derivative in which
m-phenylene and bisphenol-A were used as spacers.’? Cyclic
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trismelamine derivative 4 has Dy, symmetry and three melamine
units were connected via m-xylylene spacers. The acyclic and cyclic
bismelamine derivatives and the cyclic trismelamine derivative
were prepared from cyanuric chloride by stepwise substitutions

with appropriate amines in the presence of a base as shown in
below.

Preparation of the cyclic bismelamine derivatives (2 and 3)
is illustrated in Fig. 1. m-Xylylenediamine was reacted with 2-
diethylamino-4,6-dichloro-1,3,5-s-triazine (6) in the presence of
sodium carbonate in dichloromethane to gave 7 in 84% yield.
Cyclization of 7 and 1,12-diaminododecane in dilute conditions
in 1,4-dioxane yielded cyclic bismelamine receptor 2 in 50% yield.
The lower spacer of 3 was prepared from 1,3-dibromopropane and
bisphenol-A in three steps,” and cyclization with 7 yielded cyclic
bismelamine receptor 3 in 43%.

Lowik and Lowe reported the synthesis of trismelamine
derivatives bearing piperidine or m-xylylene as spacers with
stepwise substitution and finally intramolecular cyclization after
deprotection of terminal residues. As shown in Fig. 2, we selected
the preparation of 4 by intermolecular cyclization method. Two
mono Boc-protected m-xylylenediamine units were introduced
to 2-diethylamino-4,6-dichloro-1,3,5-s-triazine, followed by the
deprotection of the Boc groups by TFA to give 9. Two 2-
diethylamino-4,6-dichloro-1,3,5-s-triazines were introduced to the
diamine 9 to give 10. The slow and simultaneous addition of 10
and m-xylylenediamine gave a facile and efficient cyclization to
give 4 in a moderate yield.

Products were analyzed by 'H NMR, elemental analysis,
and electrospray ionization mass spectroscopy (ESI-MS). Proton
NMR spectra of cyclic melamine derivatives 2—4 gave broad signals
at 25 °C in CDCl;, and the signals were slightly sharpened at
45 °C. However, '"H NMR spectra of acyclic bismelamine 1 gave
sharp signals at 25 °C indicating slow conformational change
such as ring flipping of the macrocycles. A similar result was also
reported by Lowik and Lowe.'¢

Complexation of cyclic bis- and trismelamine derivatives with
barbiturates

In general, it is difficult to determine the association constants
for complexation of melamine derivatives and barbiturates with-
out chromophore by UV-vis and fluorescent spectroscopies. A
barbiturate bearing chromophore is quite useful for the study
of complexation with receptors, however, only a limited num-
ber of examples have been reported previously. Prins et al.
reported a barbiturate bearing a chromogenic donor-m-acceptor
system with the bismelamine based on calix[4]arene skeleton.?
De Cola and Vogtle reported a barbiturate bearing rhenium-—
bipyridine complex.?! The anthryl group is a useful chromophore
since UV-vis and fluorescence change during complexation is
expected due to electronic perturbation of the large m-surface.
We prepared a barbituric acid derivative (5b) bearing an anthryl

Fig. 1 Synthesis of 2 and 3. (i) m-Xylylenediamine, K,CO;, 1,4-dioxane, rt, 84%; (ii) 1,12-diaminododecane, K,CO;, 1,4-dioxane, reflux, 50%;

(iii), K,COs, 1,4-dioxane, reflux, 43%.

908 | Org. Biomol. Chem., 2007, 5, 907-916

This journal is © The Royal Society of Chemistry 2007





Nl/gN 0 N/lN/)\N
Cl)\ N/ Cl 'li ﬁA@
NHBoc BocHN
6 8
NEt,
NI SN
N)\N/)\N
.‘4 .h _
(iii) (iv)
NH HN
N= |N N= lN
EtoN )\\NJ\CI Cl)\\N/I\NEtg
10

HoN

9

Fig. 2 Synthesis of 4. (i) 3-zert-Butoxycarbonylaminomethylbenzylamine, K,COs;, 1,4-dioxane, reflux, 98%; (ii) TFA-H,O, rt, 85%; (iii) 2,6-dichloro-
4-diethylamino-1,3,5-s-triazine, K,CO;, 1,4-dioxane, rt, 75%; (iv) m-xylylenediamine, K,COs;, 1,4-dioxane, reflux, 15%.

group as a chromophore from diethyl butylmalonate and 9-
chloromethylanthracene in two steps. The barbiturate Sb shows
well-resolved vibronic transitions of the anthryl group at 337,
353.5, 372.5, and 392.5 nm in CHCI;. Strong emission is also
observed at 399, 421.4, and 446 nm excited at 340 nm in CHCI;.
UV-vis spectroscopic titrations were carried out to determine the
association constants for Sb with 1-4. Cyclic bis- and trismelamine
derivatives showed remarkable spectral changes corresponding
to the anthryl group through isosbestic points indicating 1 : 1
complexation as shown in Fig. 3.

All of the stoichiometries of the complex formation were
confirmed by Job’s plots (Fig. 4) in CHCI;. Receptors 3 and
4 showed maximum at mole fraction of 0.5 indicating that the
receptors and the barbiturate Sb form a 1 : 1 complex. The
association constants were calculated from the changes of the
absorbance at 400 nm by non-linear regressions. The results are
summarized in Table 1. To determine the association constants
of the receptors with barbiturate Sa, competitive titration in the
presence of 5b was employed. As shown in Fig. 5, addition of
5a in a solution of 5b and 3 formed free 5b through isosbestic
points. The association constants were calculated by computer-
aided regression using the association constants for 5b described
above, and the results were also summarized in Table 1. Cyclic
bismelamine derivative 2 showed a gradual decrease of the
association constants for 5 compared to that of 1 because of steric
repulsion of the dodecyl group suggested by molecular mechanics
calculations. Cyclic bismelamine 3, in which bisphenol-A was used
as a spacer, showed slightly higher but less pronounced association
constants for 5 relative to that of the acyclic bismelamine 1.
Thermodynamic parameters for the complexation are informative.
The thermodynamic parameters for the association of 3 with 5b
were determined by the van’t Hoff analysis (77 = 288-313 K)
giving AH = —31.6 kI mol™ and AS = —12.3 J mol™! K™ (TAS
at 298 K was —3.7 kJ mol™"). The result indicates the association

of 3 with 5b is enthalpy driven. The average enthalpy change of
six hydrogen bonds for complexation of 3 with 5bis 5.27 kJ mol~".
This value is compatible with the values for complexation of
melamine—cyanuric acid derivatives (5.4 kJ mol™') and others.?
The thermodynamic parameters for the association of acyclic host
1 with 5b were also determined to be AH = —40.3 kJ mol™! and
AS = —44.8 J mol™!' K™!' (TAS at 298 K was —13.4 kJ mol™").
These data showed acyclic host 1 formed a complex in a more
enthalpically favored process than 3 due to the flexible host
structure, however, the process is entropically disfavored. The
result is consistent with the so-called macrocyclic effect.?

The cyclic trismelamine derivative 4 was expected to form a com-
plex with barbiturate 5 with a potential of eight hydrogen bonds,
i.e., two sets of donor—acceptor—donor hydrogen bonds from two
melamine units and two hydrogen bond donor of NHs from
remaining melamine moiety. However the association constants
of 4 with 5 are similar to that of 1 suggesting the participation
of only six hydrogen bonds to form the complexes due to steric
hindrance of the disubstituted groups at the 5,5-positions of 5
pointed out by Hamilton and co-workers.! Unfortunately, host—
guest complexes were not observed in ESI-MS studies because of
the difficulty of ionization of host-guest complexes in CHCl;.

X-Ray crystal structure of the 4 and 5a complex

To evaluate the complex of 4 with barbiturates, single crystals
suitable for X-ray analysis of the complex of 4 and 5a were
obtained by slow diffusion of cyclohexane into a CHCI; solution
of 4 and Sa in a 1 : 1 molar ratio. The proton NMR spectrum
of the crystal dissolved in CDCl; revealed that the ratio of 4
and 5a is 1 : 2 from the integrations of the corresponding peaks.
X-Ray analysis of the complex (triclinic system, space group P1)
showed two 1 : 1 complexes of 4 and 5a were connected with
two other barbiturates 5a to forma 2 : 4 complex as shown in Fig. 6.
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Fig.3 (a): Spectral changes of 5b upon addition of 3 in CHCI; at 298 K.
[5b] = 1.0 x 10~* mol dm~, [3] = 0-3.0 x 10~* mol dm~*. (b): Changes in
the intensity of absorbance at 400 nm of 5b upon addition of 3 in CHCl;
at 298 K.
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Fig.4 Job’s plots for complexation of 5b with 3 (A) and 4 (LJ). Determined
by UV-vis spectroscopy. [5b] 4+ [melamine] = 1.0 x 10~* mol dm~* in CHCI;
at 298 K.
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Fig.5 Competitive titration of 3 upon addition of 5a in the presence of 5b
in CHCL. [3] = [5b] = 1.0 x 10~* mol dm~, [5a] = 0-4.0 x 10~* mol dm~*
at 298 K. Inset: Changes in the intensity of absorbance at 400 nm upon
addition of 5b.

Table 1 Association constants for 5 with melamine derivatives in CHCl;
K,/mol™! dm?
Receptor 5a“ 5b®

5.00 £ 0.15 x 10*
1.37 £0.04 x 10*
1.29 +£0.02 x 10°
4.35+£0.05 x 10

4.65+0.19 x 10
414 £0.23 x 10°
2.38+£0.10 x 10*
419 £0.19 x 10

BN -

“Determined by the competitive titration method. [Receptor] = 1.0 x
10~* mol dm~3, [5b] = 1.0 x 10~* mol dm~3, [5a] = 0-3.0 x 10~* mol dm~*
in CHCI;, at 298 K. ® Determined by UV-vis spectroscopy. [5b] = 1.0 x
10~* mol dm~3, [Receptor] = 0-3.0 x 10~* mol dm~ in CHCI;, at 298 K.

Two melamine moieties bind one barbiturate via six hydrogen
bonds and the other melamine moiety is oriented out of the
cavity forming an intermolecular hydrogen bond to another
barbiturate via three hydrogen bonds. The outer barbiturate
dimerized with the adjacent barbiturate via two C=0---H-N
hydrogen bonds with the same N---O distance of 2.920 A.
The interatomic N ---O and N --- N distances corresponding to
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Fig. 6 An ORTEP drawing (30% probability ellipsoids) of the (4-5a,), complex grown from slow vapor diffusion of cyclohexane. Hydrogen atoms except

for NHs are omitted for clarity.

N-H---O and N-H - - - N bonds of 4 with internal 5a are in the
ranges 2.855-3.132 and 2.847-2.862 A, respectively.

Hamilton et al. reported that the isophthaloyl spacer of
bis(diamidopyridine) was positioned in the same plane as the
pyridines with small deviations due to conjugation of the amide
groups.* However, in the solid structure of the complex of 4 and
5a, the spacer xylylene group was bent relative to the plane of
the triazine rings. The spacer phenylene ring was positioned out
of the plane of the triazine ring to reduce steric hindrance by
bending aside by about 61° and 63° with respect to the appended
NH groups. This result is ascribed to more flexible structure of
triazine-m-xylylene units than that of isophthaloyl amide.

NMR titration

To evaluate the formation of the complex in solution in more
detail, "TH NMR titration of 5a with 4 was performed in CDCI;.
As shown in Fig. 7, all protons of the alkyl chain in Sa showed an
upfield shift upon the addition of 4. The rate of the equilibrium
for the complexation is faster than the NMR time scale. Binding
isotherms of the titration for Sa with 4 showed a good fit to higher
order complexation such as host : guest = 1 : 2 model rather
than the 1 : 1 model. Although all protons of the alkyl chain
in 5a also showed an upfield shift upon addition of 3, binding
isotherms agreed with a 1 : 1 stoichiometry in CDCI; as shown in
Fig. 8. Association constants for 3 and 5a were calculated from
non-linear curve fitting to give 2.97 £ 0.55 x 10* dm* mol™" and
the value is in good agreement with the value determined by UV-
vis spectroscopy. A Job’s plot determined by '"H NMR showed a
similar tendency, 7.e. a maximum was observed at mole fractions of
0.5 and ca. 0.6 for 3 and 4 with 5a, respectively as shown in Fig. 9.

Dimerization of hosts was negligible since a dilution experiment in
CDCl; by 'H NMR spectroscopy gave virtually identical spectra
in the experimental range (1.0 x 1072-6.25 x 10~* mol dm™?).
These results suggested that the 4-(5a), complex is also formed
in the solution state. The association constant (K,,) for 4-(5a),
from 4-5a and 5a was estimated to be 2.4 x 10> dm’® mol™' by
non-linear curve fitting of changes of chemical shift (K, =4.19 x
10* dm® mol~" was used for the calculation).

The conflict of the results from UV-vis titration and '"H NMR
titration can be explained by the difference of concentrations in
the experiments. In dilute conditions (around 10~* mol dm~ for
UV-vis titration), a 1 : 1 complex was predominantly formed and
the formation of the 1 : 2 complex was negligible due to the
relatively smaller K,,. However, a more concentrated condition
(around 1072 mol dm~ for '"H NMR titration) is sufficient for
the formation of 1 : 2 or higher order complex. Lowik and Lowe
reported that the similar trismelamine derivative forms a 1 : 1
complex with cyanuric acid (K, = 2.5 x 10* dm? mol™") via nine
hydrogen bonds in CDCI;."%

Conclusion

The results presented herein show syntheses of novel and less
explored cyclic bis- and trismelamine derivatives in which m-
xylylene is used as a spacer group and complexation properties of
the macrocycles with barbituric acid derivatives. The barbiturate
5b bearing an anthryl moiety is a useful probe for the determi-
nation of the association constants for complexation. Van’t Hoff
analyses on the complexation of the bismelamine 1 and 3 with
the barbituric acid derivative 5b revealed that the complexation
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Fig. 7 The 'H NMR titration of 5a upon addition of 4 in CDCl; at
298 K. [5a] = 1.0 x 107> mol dm~3, [4] = 0-2.0 x 10> mol dm~* (from the
bottom to the top). The solid and dashed lines indicate calculated binding
isotherms based on host : guest = 1 : 2 and 1 : 1 models, respectively.
Methyl and methylene protons of butyl groups of 5a are represented by
closed squares and circles, respectively.

of the cyclic bismelamine 3 with 5b was entropically favored
and enthalpically less favored process than those of the acyclic
bismelamine 1. In addition, we found that cyclic trismelamine, in
which m-xylylene was used as a spacer, formed 2 : 4 complex with
barbituric acids in both solution and the solid state. These cyclic
bis- and trismelamine derivatives can be used as a new class of
receptors for barbiturates and related compounds.

Experimental

All reagents used were of analytical grade. Acetonitrile was dried
and distilled over calcium hydride. Tetrahydrofuran was dried over
Na-benzophenone. UV-vis spectra were recorded on Shimadzu
UV-2200A, UV-2500PC and JASCO Ubest-560 spectrometers

0.0 4 b
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Fig.8 The'H NMR titration of 5a upon addition of 3 in CDCI; at 298 K.
[Sa]=1.0 x 102 mol dm~3, [3] = 0-2.4 x 107> mol dm~* (from the bottom
to the top). Methyl and methylene (C1 and C2) protons are represented by
closed circles, open triangles, and closed squares, respectively.

with thermal regulator (0.5 °C). "H NMR spectra were measured
on JEOL JNM ¢-500 (500 MHz), JEOL AL300 (300 MHz)
and Varian GEMINI 200 (200 MHz) spectrometers. Electron
spray ionization mass spectra (ESI-MS) were recorded on an
Applied Biosystems/MDS-Sciex API-100 spectrometer. Column
chromatography was performed by using Wakogel C-200 (silica
gel, 70-250 pm, Wako Chemical Co. Ltd). Elemental analyses
were performed at the Center of Instrumental Analysis of Gunma
University.

Synthesis of receptors

The receptors were prepared according to the routes outlined
in Figs. 1 and 2. Preparation of 2,4-dichloro-6-diethylamino-s-
triazine (6) was carried out according to the literature procedures.*
5,5-Dibutylbaributuric acid was prepared according to the
literature.*
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Fig. 9 Job’s plots for complexation of 5a with 3 (A) and 4 (0J)
determined by 300 MHz 'H NMR spectroscopy. [5a] + [melamine] =
1.0 x 1072 mol dm~* in CDCl; at 298 K.

1,3-Bis((2-chloro-4-diethylamino-1,3,5-s-triazin-6-
yl)aminomethyl)benzene (7)

A mixture of 6 (5.00 g, 22.6 mmol), m-xylylenediamine (1.55 g,
11.3 mmol), and sodium carbonate (2.40 g, 22.6 mmol) in CH,Cl,
(50 ml) and water (50 ml) was stirred at 40 °C for 10 h. The
resulting mixture was extracted with CH,Cl, (30 ml x 3). The
combined organic layer was dried over anhydrous sodium sulfate
and evaporated under reduced pressure. The residue was purified
by recrystallization from acetone to give the product (4.82 g, 84%)
as a colorless powder; mp 153-154 °C (Found: C, 52.66; H, 6.05;
N, 28.08. C»,H3,C1,N,, requires C, 52.28; H, 5.98; N, 27.71%); oy
(200 MHz; CDCl;; Me,Si) 1.02-1.03 (12H, m, CHj;), 3.61-3.44
(8H, m, CH,), 4.59 (4H, d, J 6.0, CH,), 6.16 (2H, br s, NH),
7.18-7.27 (4H, m, C,H,).

1,3-Bis((2'-butylamino-4'-diethylamino-1',3',5'-s-triazin-6'-
yl)aminomethyl)benzene (receptor 1)

A mixture of 7 (2.0 g, 3.45 mmol), butylamine (0.56 g, 7.59 mmol)
and potassium carbonate (0.96 g, 6.95 mmol) in 1,4-dioxane
(100 ml) was refluxed overnight under nitrogen atmosphere. After
evaporation under reduced pressure, the residue was extracted
with CHCI; (30 ml x 3) and water. The organic layer was dried
over anhydrous sodium sulfate and evaporated under reduced
pressure. The residue was purified by column chromatography
(5% MeOH-CHCI, as eluent) to give the product as a colorless
powder (2.0 g, 88%); mp 91-93 °C (Found: C, 60.75; H, 8.56; N,
28.44. C;)H5N,-H,O requires C, 60.37; H, 8.78; N, 28.16%); dy
(300 MHz; CDCl;; Me,Si) 0.91 (6H, t, J 7.2, CH;), 1.11 (12H, t,
J 6.9, CH,), 1.36 (4H, sextet, J 7.20, CH,), 1.52 (4H, quintet, J
7.2, CH,), 3.33 (4H, q, J 7.2, CH,), 3.52 (8H, t, J 6.9, CH,), 4.52
(4H,d, J 5.9, C;H,CH,), 4.76 (2H, br s, NH), 5.18 (2H, br s, NH),
7.20-7.26 (4H, m, C,H,); m/z (ESI; positive ion mode) 579.4 (M +
H*. C3H;, Ny, requires 579.44).

Receptor 2

Into a refluxed suspension of potassium carbonate (2.76 g,
20 mmol) in 1,4-dioxane (300 ml), 7 (5.05 g, 10.0 mmol) and

1,12-diaminododecane (2.00 g, 10.0 mmol) in chloroform were
separately added over 2 d. The mixture was stirred for an
additional 6 d, and then cooled and evaporated under reduced
pressure. The residue was extracted with CHCl; (100 ml x
3)-H,0O. The combined organic layer was washed with brine,
dried over anhydrous sodium sulfate, and evaporated under
reduced pressure. The crude material was purified by column
chromatography on silica gel (5% MeOH-CHCI; as eluent) to
give the product (3.16 g, 50%) as colorless foam; mp 82-84 °C
(Found: C, 64.20; H, 8.85; N, 26.48. C;,HN,, requires C, 64.52;
H, 8.92; N, 26.56%); d,; (200 MHz; CDCl;; Me,Si) 1.13 (12H, t,
J 7.0, CH;), 1.20-1.34 (16H, m, CH,), 1.47-1.64 (4H, m, CH,),
3.34 (4H, q, J 5.7, CH,), 3.53 (8H, q, J 7.0, CH,), 4.54 (4H, d, J
5.6, CH,), 4.74 (2H, s, NH), 5.02 (2H, s, NH), 7.21-7.38 (4H, m,
C¢H,). m/z (ESI; positive ion mode) 633.5 (M + H*. Cy,Hs;N,
requires 633.48).

N-1-(3-Bromopropyl)phthalimide

A mixture of 1,3-dibromopropane (32.0 g, 158 mmol) and
potassium phthalimide (14.7 g, 79.4 mmol) in DMF (100 ml)
was stirred under nitrogen atmosphere at 80 °C overnight. After
200 ml of water was added, the mixture was extracted with CHCI,
(100 ml x 3) and the combined organic layer was washed with
water (100 ml x 3), dried over anhydrous sodium sulfate, and
evaporated under reduced pressure. The residue was purified by
column chromatography on silica gel (CHCI; : hexane = 1 : 1
as eluent) to give the product as a white powder (5.25 g, 25%);
mp 72-73 °C; dy (300 MHz; CDCl;; Me,Si) 2.24 (2H, quintet, J
6.8, CH,), 3.39 (2H, t, J 6.8, BrCH,), 3.81 (2H, t, J 6.8, NCH,),
7.69-7.71 (2H, m, Ar), 7.81-7.84 (2H, m, Ar).

2,2-Di(4-(3-phthalimido-1-propyloxy)phenyl)-propane

A mixture of N-1-(3-bromopropyl)phthalimide (3.13 g,
11.7 mmol), bisphenol-A (1.33 g, 5.83 mmol) and potassium
carbonate (3.23 g, 23.4 mmol) in DMF (40 ml) was stirred
under nitrogen atmosphere at 80 °C for 1 d. The mixture was
extracted with CHCI; (200 ml)-2 N HCl and the organic layer was
washed with water (100 ml x 3). The organic layer was dried over
anhydrous sodium sulfate and evaporated under reduced pressure.
The crude material was purified by column chromatography
(CHCI, as an eluent) to give 1.89 g (54%) of the product as viscous
oil; 0y (300 MHz; CDCl;; Me,Si) 1.60 (6H, s, CH;), 2.16 (4H,
quintet, J 6.6, CH,), 3.90 (4H, t, J 7.0, CH,), 4.00 (4H, t, J 7.0,
CH,), 6.70 (4H, d, J 8.6, Ar), 7.07 (4H, d, J 8.6, Ar), 7.69-7.73
(4H, m, Ar), 7.82-7.86 (4H, m, Ar).

2,2-Di(4-(3-amino-1-propyloxy)phenyl)propane

Into a solution of 2,2-di(4-(3-phthalimino-1-propyloxy)phenyl)-
propane (1.89 g, 3.14 mmol) in EtOH (60 ml) was added
hydrazine monohydrate (2 ml) and the mixture was refluxed under
nitrogen atmosphere overnight. After evaporation, the residue
was extracted with CHCI; (100 ml x 3)-diluted aqueous NaOH
(100 ml). The combined organic layer was dried over anhydrous
sodium sulfate and evaporated under reduced pressure to give
0.92 g (85%) of the product as pale yellow oil; oy (300 MHz;
CDCl;; Me,Si) 1.52 (4H, br s, NH,), 1.63 (6H, s, CH), 1.89 (4H,
quintet, J 6.4, CH,), 2.90 (4H, t, J 6.4, CH,), 4.02 (4H, t, J 6.4,
CH,), 6.79 (4H, d, J 8.8, C;H,), 7.12 (4H, d, J 8.8, C4H,).
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Receptor 3

Into a refluxing suspension of potassium carbonate (1.93 g,
14.0 mmol) in 1,4-dioxane (200 ml), 7 (3.54 g, 7.0 mmol) and
2,2-di(4-(3-amino-1-propyloxy)phenyl)propane (2.40 g, 7.0 mmol)
in 1,4-dioxane were separately added over 6 d. The mixture
was stirred for an additional 2 d, then cooled and evaporated
under reduced pressure. The residue was extracted with CHCl,
(100 ml x 3)-H,O. The combined organic layer was washed with
brine, dried over anhydrous sodium sulfate, and evaporated under
reduced pressure. The crude material was purified by column
chromatography on silica gel (5% MeOH-CHCI, followed by 10%
MeOH-CHCI; as eluent) to give the product (2.42 g, 43%) as a
white foam; mp 106-108 °C (Found: C, 64.40; H, 7.40; N, 20.57.
C;HxN,0,:1.5H,0 requires C, 64.39; H, 7.67; N, 20.96%); dy
(200 MHz; CDCl;; Me,Si) 1.11 (12H, t, J 7.0, CH;), 1.66 (6H, s,
C(CH,),), 2.01 (4H, q, J 5.7, CH,), 3.57-3.45 (12H, m, CH,), 4.01
(4H, d, J 5.8, CH,), 4.50 (4H, d, J 5.7, CH,), 5.1 (4H, br s, NH),
6.78 (4H, d, J 8.8, C;H,), 7.08 (4H, d, J, 8.7, C¢H,), 7.20 (4H, s,
C4H,); m/z (ESI; positive ion mode) 775.5 (M + H*. C;3Hy N, 0,
requires 775.49).

4,6-Bis(3-tert-butylcarbonylaminomethylphenylmethylamino)-2-
diethylamino-1,3,5-s-triazine (8)

A mixture of 6 (1.64 g, 7.4 mmol), 3-tert-butoxycarbonyl-
aminomethylbenzylamine (3.50 g, 14.8 mmol), and potassium
carbonate (2.05 g, 14.8 mmol) in 1,4-dioxane (100 ml) was refluxed
for 2 d. After addition of water (100 ml), the mixture was
evaporated under reduced pressure. The residue was extracted with
CHCI; (100 ml x 3), and the combined organic layer was dried
over anhydrous sodium sulfate. After evaporation, the residue was
purified by column chromatography on silica gel (10% MeOH-
CHCI; as eluent) to give the product as viscous foam (4.50 g,
98%); 0y (200 MHz; CDCl;; Me,Si) 1.02-1.21 (6H, m, CH;), 1.46
(18H, s, CH; of #-Bu), 3.48-3.61 (4H, m, CH,), 4.30 (4H, d, J 5.8,
CH,), 4.57 (4H, d, J 5.9, CH,), 4.83 (2H, br s, NH), 5.56 (2H, br s,
NH), 7.22-7.27 (8H, m, C4H,).

4,6-Bis(3-aminomethylphenylmethylamino)-2-diethylamino-1,3,5-
s-triazine (9)

A mixture of 8 (4.60 g, 7.5 mmol) in trifluoroacetic acid (50 ml)—
H,O (20 ml) was stirred at rt overnight. After evaporation under
reduced pressure, the residue was extracted with CHCl; (100 ml x
3)-H,O and the combined organic layer was dried over anhydrous
sodium sulfate. Evaporation under reduced pressure to give the
product (2.7 g, 85%) as a yellow oil; oy (200 MHz; CDCl;; Me,Si)
1.15 (6H, t, J 7.0, CH;), 1.6 (4H, br s, NH,), 3.57 (4H, q, J 7.0,
CH.,), 3.88 (4H, s, CH,), 4.62 (4H, d, J 5.9, CH,), 5.21 (2H, br s,
NH), 7.28 (8H, m, C,H,).

4,6-Bis((2’-chloro-4'-diethylamino-1',3',5'-s-triazin-6'-
yl)aminomethylphenylmethylamino)-2-diethylamino-1,3,5-s-
triazine (10)

A mixture of 6 (1.92 g, 8.7 mmol), 9 (1.83 g, 4.35 mmol),
and potassium carbonate (1.4 g, 10.1 mmol) in 1,4-dioxane
(100 ml)-H,O (50 ml) was refluxed overnight. After evaporation
under reduced pressure, the residue was extracted with CHCI;

(100 ml x 3)-H,O (50 ml) and the combined organic layer was
dried over anhydrous sodium sulfate. The mixture was evaporated
under reduced pressure, the residue was chromatographed on silica
gel (CHCIL; : AcOEt = 20 : 3 followed by AcOEt) to give the
product as a viscous foam (2.56 g, 75%); ou (200 MHz; CDCl;;
Me,Si) 0.93-1.21 (18H, m, CH,), 3.38-3.61 (12H, m, CH,), 4.48—
4.62 (8H, m, CH,), 5.05-5.29 (2H, br s, NH), 6.60-6.77 (2H, br s,
NH), 7.11-7.29 (8H, m, C,H,).

Receptor 4

Into a refluxed suspension of potassium carbonate (0.21 g,
1.52 mmol) in 1,4-dioxane, 10 (0.79 g, 1.00 mmol) and m-
xylylenediamine (0.13 ml, 0.98 mmol) in 1,4-dioxane (80 ml)
were added dropwise separately over 1 d and the mixture was
refluxed 2 d. After evaporation under reduced pressure, the residue
was extracted with CHCl; (50 ml x 4)-H,O (50 ml) and the
combined organic layer was dried over potassium carbonate. After
the mixture was evaporated under reduced pressure, the residue
was chromatographed onsilica gel (CHCl; : AcOEt=2: 1 followed
by 1 : 1) and recrystallized from acetonitrile to give the product as
white solid (142 g, 17%); mp 130-133 °C (Found C, 62.26; H, 7.08;
N, 28.61. C;sHgN5-H,O requires C, 62.05; H, 7.17; N, 28.94%);
Jn (300 MHz; CDCly; Me,Si) 1.09 (18H, t, J 7.2, CH;), 3.49 (12H,
q,J 7.2, CH,),4.51 (12H, d, J 5.9, NHCH,), 5.11 (6H, br s, NH),
7.09-7.38 (12H, m, C4H,); m/z (ESI; positive ion mode) 853.5
(M + H*. C;sHg N4 requires 853.53).

Diethyl 2-(9-anthrylmethyl)-2-butylmalonate

Into a suspension of sodium hydride (140 mg, 5.83 mmol)
in 20 ml of THF, diethyl butylmalonate (1.38 g, 6.38 mmol)
in THF was dropwise at rt under nitrogen atmosphere. After
stirring for 30 min, a THF solution of 9-chloromethylanthracene
(1.20 g, 5.30 mmol) was added dropwise and the resulting mixture
was refluxed under nitrogen atmosphere overnight. The reaction
mixture was quenched by addition of water, and the mixture
was evaporated under reduced pressure. After the residue was
extracted with CHCI; (100 ml x 3)-3 N HCI, the combined organic
layer was washed with brine, and dried over anhydrous sodium
sulfate. Chloroform was evaporated under reduced pressure and
the residue was chromatographed on silica gel (hexane : CHCl; =
2: 1 aseluent) to give diethyl 2-(9-anthrylmethyl)-2-butylmalonate
as a pale yellow oil (1.99 g, 92%); dy (200 MHz; CDCl;; Me,Si)
0.86 (3H, t, J 7.0, CH; of butyl), 0.95 (6H, t, J 7.0, CH; of ethyl),
1.23-1.56 (4H, m, CH,), 1.86 (2H, t, J 9.0, CH,Pr), 3.90-3.73 (4H,
m, CH, of ethyl), 4.39 (2H, s, CH,Anth), 7.50-7.20 (4H, m, 2-, 3-,
6-, and 7-H of anthryl), 7.95-7.99 (2H, m, 4- and 5-H of anthryl),
8.30-8.36 (3H, m, 1-, 8-, and 10-H of anthryl).

5-(9-Anthrylmethyl)-5-butyl-barbituric acid (5a)

Into a solution of urea (0.42 g, 7.01 mmol) in ethanol (10 ml),
sodium (0.25 g, 10.7 mmol) was added and the mixture was stirred
for 30 min under nitrogen atmosphere at rt, followed by diethyl 2-
(9-anthrylmethyl)-2-butylmalonate (0.45 g, 1.10 mmol) in ethanol
dropwise over 30 min. After the mixture was refluxed for 12 h, 3
N HCI was added and the mixture was evaporated under reduced
pressure. The residue was recrystallized from toluene to give Sa
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as pale yellow needles (0.04 g, 10%); mp 267-268 °C (Found: C,
73.96; H, 5.92; N, 7.24%. C,;H,,N,O; requires C, 73.78; H, 5.92;
N, 7.48%); 0y (200 MHz; CDCl;; Me,Si) 0.92 (3H, t, J 7.0, CH; of
butyl), 1.10-1.48 (4H, m, CH,), 2.41-2.50 (2H, m, CH,Pr), 4.93
(2H, s, CH,Anth), 7.42-7.49 (4H, m, 2-, 3-, 6-, and 7-H of anthryl),
7.94-7.99 (2H, m, 4- and 5-H of anthryl), 8.19-8.24 (2H, m, 1- and
8-H of anthryl), 8.39 (1H, s, 10-H of anthryl).

Titration method

Into a solution of 5a (1.0 x 10~* mol dm~?) in CHCI;, aliquots of
a stock solution (0.01 mol dm~?) of the receptor in CHCl; were
added and UV-vis spectra were recorded. Association constants
were determined by the non-linear least-squares method following
absorbance at 400 nm. All measurements were carried out in at
least duplicate using independent samples.

Single-crystal X-ray crystallographic study

Single crystals of (4),-(5a), were obtained by slow vapor diffusion
of cyclohexane into a chloroform solution of a 1 : 1 mixture
of 4 and 5a. A colorless prismatic crystal having approximate
dimensions of 0.20 x 0.20 x 0.25 mm was mounted in a glass
capillary. Intensity data were collected on a Rigaku RAXIS-IV
imaging plate diffractometer with graphite monochromated Mo-
Ka (4 = 0.71070 A) radiation at 113 K. Data were collected and
processed using the CrystalClear program (Rigaku). The structure
was solved by direct methods using the SIR97 program® and
expanded using Fourier techniques using DIRDIF94 program.?
The structure was refined using the program SHELXL-97.77 All
hydrogen atoms were located in calculated positions. Crystal struc-
tural data for (4),-(5a), [(4)-(5a),]: CeH N5, Oy, M = 1333.69,
triclinic, space group P1, a = 14.995(2), b = 15.949(2), ¢ =
17.6433(4) A, o = 69.348(10), = 71.33(1), y = 88.86(1)°, V =
3692.2(8) A%, Z=2,D,=1.200gecm™>, T=233K, £ =0.80cm™,
R, =0.0836for 5059 F, > 46 F,and 0.1391 for all 15745 reflections,
WR, = 0.2366, GOF = 0.831.f
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The effect of various charged or hydrophobic amino acids on the hybridisation of fully complementary
and mismatch PNA-DNA duplexes was investigated via UV melting curve analysis. The results
described here show that the thermal stability and binding specificity of PNA probes can be modified
by conjugation to amino acids and these effects should be considered in experimental design when
conjugating PNA sequences to solubility enhancing groups or cell transport peptides. Where
stabilisation of a duplex is important, without there being a corresponding need for specific binding to

fully complementary targets, the conjugation of multiple lysine residues to the C-terminus of PNA may

be the best probe design. If, however, the key is to obtain maximum discrimination between fully
complementary and mismatch targets, a replacement of glutamic acid for lysine as the routine solubility

enhancing group is recommended.

Introduction

Peptide nucleic acids (PNA) are analogues of DNA with an N-(2-
aminoethyl)glycine backbone,' that bind to DNA and RNA via
Watson—Crick base-pairing rules.? Due to the lack of a negatively-
charged backbone, hybridisation of PNA to DNA or RNA occurs
without electrostatic repulsion thus binding is typically stronger
and more rapid than when traditional DNA probes are used?
and this is reflected in the increased melting temperature (7°,)
of the conjugates. These properties, as well as the chemical and
biological stability of PNA, make these molecules attractive for use
in diagnostic and therapeutic applications, such as PCR blocker
probes, PNA FISH, affinity capture and antisense technologies
(described by Nielsen* and Stender et al.?).

One of the advantages of PNA is that in addition to hybridis-
ing single-stranded oligonucleotides, PNA can bind to double-
stranded DNA by triplex formation, strand invasion or tail-
clamping (Fig. 1).® Despite the advantages PNA offers over more
traditional DNA technologies, there are certain features that

A B C

|w)
es}

Fig. 1 Binding modes of PNA to double stranded DNA. (A) triplex,
(B) duplex invasion, (C) triplex invasion, (D) double duplex invasion and
(E) tail clamp by bis-PNA; adapted from Nielsen.’
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still need to be improved before their applications become more
widespread. One such aspect is that while PNA-DNA hybrids
generally have a greater thermal and thermodynamic stability
than the corresponding DNA-DNA hybrids, this difference can
be small and AT,,’s as low as 4 °C have been reported.” Covalent
attachment of amino acids or peptides to PNA probes is one way
in which the stability of PNA-DNA duplexes can be increased.
Several groups®*'? have investigated the effect of covalently
attached peptides on the stability of DNA-DNA hybridisation.
Specifically, peptides containing positively charged or neutral,
hydrophobic residues have been investigated. While there has been
widespread agreement that the presence and number of cationic
residues influence the degree to which stability of binding is
enhanced, there is some controversy over whether the position
of residues alters the outcome to any extent. Similarly, while
some authors have reported a stabilisation effect arising from the
use of neutral hydrophobic residues,*'" others have reported no
significant increase in binding stability by tryptophan.*'° Harrison
and Balasrubramanian® found that the identity of the cationic
residue was important, with increased binding stability in the order
arginine > ornithine > lysine > histidine. They also noted that the
stabilisation effect was greater when there was a single-stranded
oligonucleotide overhang from the DNA-peptide-DNA duplex.
PNA probes are commonly synthesised with one or more
C-terminal solubility enhancing groups (most often lysine)."'
Polycationic peptides are also frequently conjugated to PNA for
use in cellular uptake.’*"” Despite this frequent attachment of
amino acids and peptides to PNA probes, there appears to have
been few quantitative studies into the effect that these residues
have on PNA-DNA duplex stability and sequence specificity. To
date, the only studies we are aware of in this field have been
with respect to bis-PNA probes for strand invasion and the
attachment of short lysine chains to PNA probes for enhancement
of cellular uptake. Kaihatsu et al.'® investigated the attachment
of 3-lysines and polycationic peptides (containing 2, 4, 6 and 8
lysine residues as AAKK, (AAKK),, (AAKK); and (AAKK),)
to bis-PNAs. They reported that the more lysine residues present
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in the peptide, the higher the efficiency of binding, with a further
increase when using D-rather than natural L-amino acids. Like
the unmodified bis-PNA, the bis-PNA-—(AAKK), conjugates
were found to bind specifically to complementary DNA duplexes.
However the authors note that the specificity of the binding of
modified PNA should be examined.

In this paper we report the extent to which the incorporation of
representative positively charged, negatively charged and neutral
hydrophobic amino acids affects duplex stability. The impact of
the resultant change in stability of single mismatched duplexes on
the specificity of PNA-DNA hybridisation is also discussed.

Results and discussion

To investigate the effects of terminal amino acid residues on PNA-
DNA hybridisation, we constructed a nine-residue PNA sequence
(P1, H-TGTTTCTAC-NH,) and used 15-mer oligonucleotide
targets, thereby providing a 3-nucleobase overhang at both ends
of the duplex with which the terminal amino acids may interact.
In this work, one aim was to extend our investigations into the
effects of sequence mismatches in PNA-DNA duplexes. We have
previously found, not unexpectedly, that while all single-base
mismatches had a destabilising effect on PNA-DNA duplexes
those mismatches that were located near either terminus had a
much lower thermodynamic impact on duplex stability than those
located in the middle of the sequence. Under these conditions
discrimination between sequences possessing a terminal mismatch
and fully complementary sequences were the most difficult to
distinguish (results not shown). For this study, we chose two
mismatches to investigate, one being a C—G mismatch proximal to
the 3'-terminus (T2) and the other a T-A mismatch proximal to
the 5'-terminus (T3). These sequences were tested alongside a fully
complementary target (T1), to compare the effect that terminal
amino acids have on the stability and specificity of PNA-DNA
hybridisation. Full details of the probes and targets used are given
in Table 1. All melting curve experiments were carried out in S mM
sodium phosphate buffer without the addition of salts so that
ionic effects on charged amino acids were not introduced into the
system.

As lysine is frequently used as a solubility-enhancing group for
PNA probes, we chose the PNA-lysine system as our benchmark
sequence for investigation into the impact of positive charges

Table 1 PNA probe and oligonucleotide target sequences

Sequence
PNA probes
P1 H-TGTTTCTAC-NH,
P2 H-TGTTTCTAC-Lys-NH,
P3 H-Lys-TGTTTCTAC-NH,
P4 H-Lys-TGTTTCTAC-Lys-NH,
P5 H-TGTTTCTAC-Lys-Lys-NH,
P6 H-TGTTTCTAC-Lys-Lys-Lys-NH,
P7 H-TGTTTCTAC-Glu-NH,
P8 H-TGTTTCTAC-Phe-NH,
P9 H-TGTTTCTAC-Trp-NH,
Oligonucleotide targets
Tl 5-GAAGTAGAAACAGCC-¥
T2 5-GAAGTAGAAATAGCC-3
T3 5-GAAGCAGAAACAGCC-¥

on the stabilisation and specificity of PNA-DNA hybridisation.
We expected that positive charges conjugated to PNA would
increase the stability of PNA-DNA duplexes due to electrostatic
interactions with the negatively charged oligonucleotide back-
bone. Similarly, it was expected that the conjugation of negatively
charged amino acids would decrease the stability of the PNA—
DNA duplex. Glutamic acid was chosen as the representative
negatively charged amino acid as aspartic acid can undergo
cyclisation to form aspartamide during solid phase synthesis."
The hydrophobic amino acids phenylalanine and tryptophan have
been studied previously*'' in relation to DNA-DNA-peptide
duplex stability, with contradictory results, and were therefore
also included in this analysis.

Standard melting temperature (7°,) analysis was carried out on
all of the duplexes by calculating the fraction of strands existing
as the duplex (a), as described by Marky and Breslauer.*® The T,
of a duplex is the point at which ¢ = 0.5 and is calculated via
eqn (1), where 4, and A, are the absorbance contributions from
single strands and the duplex

(A, —4)

TUS DAy W

respectively, calculated by linear fitting of the upper and lower
baselines of the melting curve.

A typical melting curve of a duplex with a mid-range 7, and
its analysis is given in Fig. 2 and all T, values obtained in this
study are listed in Table 2. The value of T, indicates the thermal
stability of the duplex and, as discussed below, for suitable systems
it indirectly reflects the relative thermodynamic stability.

Thermodynamic analysis of PNA-DNA duplexes

To investigate the full thermodynamic impact of conjugated amino
acids on the formation of PNA-DNA duplexes the dependence of
the equilibrium constant, K, was determined from the fraction of
strands in the double-stranded state (a) by eqn (2),

2a

K=0"wa @

where Ci is the total concentration of strands and in this work
Cr =2 uM.

The standard change in Gibbs free energy (AG®) on association
is then AG° = —RT1In K where R = 8.314 J K~ mol™' (the ideal
gas constant) and 7 is the temperature (in Kelvin).

Table2 7, (a)for PNA-DNA thermal melting curves

T1 T2 T3

T./°C AT,/°C* T,/°C AT,/°C* T,/°C AT, (°C)
P1 387 26.1 26.7
P2 448 +6.1 32.6 +6.5 32.6 +59
P3 411 +2.4 30.5 +4.4 28.3 +1.6
P4 4438 +6.1 31.6 +5.5 31.5 +4.8
PS5 472 +8.5 35.7 +9.6 37.3 +10.6
P6 543 +15.6 41.1 +15.0 43.6 +16.9
P7 311 —7.6 22.8 —33 23.4 —33
P8 37.6 —1.1 27.5 +1.4 26.4 —0.3
P9 3938 +1.1 28.8 +2.7 27.2 +0.9

“Change in T, compared to duplex with P1.
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Fig.2 A representative absorbance melting curve of 1 uM P1-T1 in 5 mM sodium phosphate buffer, pH 7.5, with fitted upper and lower baselines (left)

and the resultant a curve (right).

In Fig. 3 we show the dependence of AG® on T for duplexes
of all nine PNA probes investigated with T1, T2 and T3. For
each system, the results were repeated 3 to 10 times in order
to obtain an indication of the precision (the standard error for
the thermodynamic data was within +5%) and the figure shows
the results of a single melting curve experiment for each case.
The dependence of AG® on T is quite linear over the accessible
temperature ranges, as would be expected. On the graph, we also
show AG® for the case where a = 0.5 and C; =2 uM, and therefore
the intercept of this line with the AG® lines for each system gives
the T,,. Since the lines generally do not cross in this region, an
increase in stability due to a more negative AG® will result in an
increase in the 7T',,. This means that in these cases the 7, reflects
increases in the duplex stability. 7, values are often used in the
literature in discussion of stability, however caution should be used
in comparing changes in T\, for different systems under different
conditions.

AG° at 298 K is routinely used for the study of duplex stability,
however we were also interested in the stability of duplexes at
physiological temperature, therefore AG° was also obtained for
310 K. Experimental detection limitations restrict the range of T
for which these values can be determined reliably, and for the most
stable duplexes values of 298 K and 310 K were not accessible, as
seen in Fig. 3. Linearity of the temperature dependence of AG®
over the accessible values enabled a van’t Hoff analysis (In K vs.
1/T) to interpolate or extrapolate the AG®, values of interest.
It also allowed estimation of the van’t Hoff enthalpy (AH®y)

and entropy (AS°,;) values, as shown in Table 3. Correlation
coefficients were typically R = 0.98-0.998. We note that since
the temperature range in the van’t Hoff plot was small, the errors
in AH° and AS°, determined from the standard error of several
independent calculations, are quite large. However, since 298 K
and 310 K are either within or close to the accessible region,
errors in AG® from the van’t Hoff analysis at these temperatures
are relatively small. The AG® values for all duplexes at 298 K and
310 K are listed in Table 4.

In order to determine the impact on duplex stability arising
from the modification of the PNA probes, the change in AG®y
was determined (AAG,y). Fig. 4 shows the results at 298 K, where
a negative value indicates a more favourable free energy and an
increased stability is observed for most modified PNA probes
(except P7 and P8). Not surprisingly, these trends reflect the 7',
results.

Fully complementary duplexes. Of all the C-terminal conju-
gated amino acids investigated lysine and glutamic acid resulted
in the most significant change in duplex stability. As predicted,
the incorporation of a single lysine residue at the C-terminus of
PNA (P2) resulted in a significant increase in duplex stability,
demonstrated by a decrease in AG®,5 ¢ 0f 4.5 kJ mol™ (from —46.0
to —50.5 kJ mol™") and an increase in the 7, of approximately
6 °C (from 38.7 to 44.8 °C) with respect to the unmodified PNA
(P1). Conversely, the incorporation of a glutamic acid at the C-
terminus (P7) resulted in an increase in AG®,5¢ of 5.2 kJ mol™!

Table 3 Thermodynamic data (van’t Hoff analysis) for fully complementary PNA-DNA duplexes. Standard errors are shown in brackets

AH® ;;/kJ mol™! AS° /kJmol™! AG® 95 /kJT mol™! AG® 50k /kJ mol™!
Pl —228 (3) —612(9) —46.0(0.3) —38.3(0.3)
P2 —232(10) —610 (33) —50.5(0.8) —42.9(0.4)
P3 —263 (16) —715 (49) —49.7 (1.0) —41.4(0.4)
P4 —238 (18) —628 (57) —51.0(1.5) —43.3(0.9)
P5 —238(19) —621 (58) —52.8(1.5) —45.5(0.8)
P6 —274 (12) —716 (36) —60.8 (1.7) —52.0(1.3)
P7 ~232(12) —642 (40) ~40.8 (0.9) ~33.0(0.6)
P8 —232(13) —627 (40) —45.6 (0.8) —37.6 (0.3)
P9 —271 (16) —746 (51) —49.0 (1.0) —39.4(1.0)
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Table 4 AG° values for 298 K and 310 K for all single complementary and mismatch duplexes

T1 T2 T3
AG® 95 /kJ mol™! AG® 59k /kJ mol™! AG° 95 /kJ mol™! AG® ;10 /kJ mol™! AG® 55 /kJ mol™! AG® 310k /kJ mol™!
P1 —46.0 —38.3 —-37.0 -30.5 —-37.4 -30.3
P2 -50.5 —42.9 —41.4 —34.6 —41.4 —-35.2
P3 —49.7 —41.4 —40.7 —32.0 -37.9 —32.1
P4 —51.0 —43.3 —40.9 —33.9 -394 —34.7
P5 —52.8 —45.5 —45.2 -36.9 —43.2 —38.3
P6 —60.8 —52.0 —47.0 —40.3 —46.0 —40.9
P7 —40.8 -33.0 —34.5 —29.2 —34.8 —28.0
P8 —45.6 —37.6 —38.0 —30.1 —-37.4 —30.1
P9 —49.0 -394 —38.9 —-31.2 —37.6 -30.7
10 . . . Single base mismatches. The introduction of terminal single
mismatches into the PNA-DNA duplexes universally caused
s | | a decrease in the stability of the duplex with an increase in
AG° 5 of approximately 9 kJ mol™', and a decrease in T, of
the unmodified PNA mismatch duplexes of approximately 12 °C,
A N I Bl Bl Bl B IEEnEmeE B compared with the fully complementary duplex. Conjugation of
& ID l F F a lysine to the C-terminus of PNA resulted in a decrease in
) 5 [ | AG°5¢ of approximately 4 kJ mol™' and an increase of about
& 6 °C for single mismatch duplexes compared to duplexes of the
. same target with unmodified PNA. As was the case with the fully
-10 - - - - = complementary duplexes, the incorporation of glutamic acid into
the PNA sequence resulted in a decrease in the duplex stability
- | | with an increase in AG® ¢ of about 2.5 kJ mol~! and a decrease

2 3 4 5 6 7 8 9
Duplex

Fig.4 Change in the free energy for duplexes of P2, P3, P4, P5, P6, P7, P8
and P9 compared to P1. Duplexes with the fully complementary target T1
are shown in black, and with the mismatched targets T2 and T3 in white
and grey respectively.

(from —46.0 to —40.8 kJ mol™') and a decrease in the T,, of
the duplex of over 7 °C (from 38.7 to 31.1 °C). The increased
stability of P2 duplexes and the decreased stability of P7 duplexes
at physiological temperature, compared to unmodified PNA, are
suggested by the change in the 7, for the respective duplexes. This
is supported by the change in AG°;,, of —4.6 and +5.3 kJ mol™!
for P2 and P7 respectively, which is comparable to AAG® .
These changes in the thermodynamic stability of the PNA-DNA
duplexes with respect to physiological temperature are important
when determining the suitability of PNA probes for use in cellular
systems. Whilst the conjugation of either a positive or negatively
charged moiety at the C-terminus of PNA probes alters duplex
stability as expected, what was not expected was the magnitude
of the destabilising effect of glutamic acid. The two hydrophobic
amino acids investigated, phenylalanine and tryptophan, caused
no significant change in the duplex thermal stability with only
a 1.1 °C decrease and increase in the T, respectively (a change
essentially within the standard error range of +1 °C). As the 7',
for both of these duplexes were close to physiological temperature,
the change in AG® at 310 K was also very small (+0.7 kJ mol~! for
P8 and —1.1 kJ mol™! for P9). However, the shape of the melting
transition resulted in an increase in stability of P9 at 298 K with
a AAG®,5x of —3.0 kJ mol~'. The small size of the effects shown
for P8 and P9 may explain the controversy in past literature on the
stabilisation contribution by tryptophan and phenylalanine.

in the T, of 3.3 °C compared to unmodified PNA, for duplexes
with those single mismatched bases.

Whilst it would be expected that a C—G mismatch would cause
a greater destabilising effect than an A-T mismatch, such was not
seen to be the case in these experiments. The melting temperatures
for duplexes of PNA with T2 (3’ C-G mismatch) and T3 (5" A—
T mismatch) were mostly within 1.1 °C of each other (for each
individual PNA, both modified and unmodified) and where the
AAG®,x was more significant in some cases, the T2 duplexes
generally had a more favourable AG°,5x. However, the other
important difference in the duplexes of PNA with T2 and T3
targets is the terminal location of the mismatches (the mismatch
occurring near the N-terminus of PNA for PNA-T2 duplexes and
near the C-terminus for PNA-T3 duplexes) and this may have
some impact on the extent of duplex destabilisation, although we
have not investigated this further.

Importance of the position and number of positively charged
residues

Amino acids are typically attached to the C-terminus of a PNA
sequence so that in addition to the solubility-enhancing effects of
the free sequence, PNA-bead aggregation and steric hindrance are
reduced during synthesis.”® However, there are several reports of
amino acids or peptides being conjugated to the N-terminus of
PNA sequences.'*? To investigate whether the terminus to which
the amino acids are attached impacts on the stabilisation effect,
PNA with an N-terminal lysine was synthesised (P3). We found
that while an N-terminal lysine increases the stability of the duplex
(AAG® 5 of =3.7kImol~" and AT, of +2.4°C for the T1 duplex),
it does so to a lesser degree than a C-terminal lysine (AAG® 5 Of
—4.5kJmol"and AT, of +6.1 °C), as shown in Tables 2 and 4 and

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 917-923 | 921





by comparing duplexes 2 and 3 in Fig. 4. One possible explanation
for this effect might be interactions between the terminal amino
acid residue and the PNA dipole.

As the stabilisation effect of a single lysine residue is dependent
on the position of its attachment to the PNA, we were interested
in the outcome of a PNA probe with lysine conjugated to both
the N- and C-termini (P4). The T, results for these duplexes
were surprising. Whilst the P3 sequence causes an increase in
duplex stability, the AG°sx of P4 is approximately the same as
that of P2, and therefore the effect from each terminal lysine is
not additive. Multiple lysine residues incorporated onto PNA at
the same terminus however, does result in a step-wise increase in
duplex stability, with the greatest increase occurring with addition
of the first and third lysine. This difference is more exaggerated
with fully complementary duplexes (a decrease in AG®ysx of 4.5,
2.3 and 8 kJ mol~! and an increase of 6.1, 2.4 and 9.5 °C with the
addition of the first, second and third lysine respectively) but is
also evident for all mismatch duplexes (Tables 2 and 4 and Fig. 4).

Stability, specificity and discrimination

The AG° results obtained using PNA probes with conjugated
lysine residues suggest that lysine is the best solubility enhancing
group to use when the aim is to improve the discrimination between
fully complementary and mismatch duplexes. The difference in
AG° between the mismatched duplexes with T2 and T3, compared
to that of the fully complementary with T1, for P1 was 9 and
8.6 kJ mol~' respectively. These increased to 9.1 kJ mol~' for P2
and 13.8 and 14.8 kJ mol™' for P6, whilst decreasing to 6.3 and
6.0 kJ mol~" for P7. These results suggest that probes with three
lysine residues conjugated to the C-terminus provide maximum
thermodynamic stability and discriminatory power. The difference
in AG° between fully complementary and mismatch duplexes
however is not the only consideration, it is also important to
examine the absolute values of the AG® for each duplex. The
increased stability obtained with P6 duplexes results in a more
favourable AG°xsx of P6-T2 and P6-T3 duplexes to —47 and
—46 kJ mol~! respectively, which are comparable to the AG®,y5 ¢ of
P1-T1 at —46 kJ mol~"'. This indicates that at room temperature, at
which many biological screening applications are performed, PNA
probes such as P6 will bind stably with mismatch duplexes as well
as complementary duplexes. Conversely, the addition of a glutamic
acid to the C-terminus of PNA probes decreases the stability
of mismatched duplexes sufficiently to suggest that applications
at room temperature will not result in enhanced binding of the
mismatched duplexes.

Conclusions

Given that there has been avid interest in the use of PNA as
biological reagents in the medicinal chemistry field, it is necessary
that the stability and specificity of these molecules are investigated.
Amino acids and peptides are often conjugated to PNA molecules
to assist in their delivery or synthesis® therefore it is important to
understand the effects these conjugated amino acids may have on
the function of the PNA molecules. The routine use of amino acids
as a solubility enhancing group for PNA probes also invites the
question of what effect this modification will have on the ability to
detect a target sequence with high levels of discrimination.

We found that, as expected, the conjugation of lysine to the
C-terminus of PNA probes increases the stability of fully comple-
mentary and mismatched duplexes, while a glutamic acid decreases
duplex stability. With the increase in the thermodynamic stability
of duplexes however, a corresponding increase in experimental
temperature is required to maintain the ability to differentiate
between complementary and mismatched duplexes. For the PNA
sequence studied, three C-terminal lysine residues increased the
T, of all duplexes above physiological temperature (37 °C)
and decreased the AG°; ¢ to less than —40 kJ mol™' for the
mismatched duplexes, which could increase the occurrence of
non-specific effects in some experiments. One such consideration
is that the use of conjugated cationic peptides is commonplace
for cellular delivery of PNA,'>'7 therefore there may be problems
with specificity of action within the cell if the peptide is attached
via a permanent link rather than a cleavable or temporary linker,
creating a probe able to bind stably to many mismatched sequences.
This added stability of the single mismatch duplexes suggests that
screening experiments, usually performed at or around 298 K,
using these probes will result in unsatisfactory discrimination
between fully complementary and mismatched target molecules.

These results show that consideration must be given to the
design of experiments using PNA for detection and antisense
applications, to ensure that addition of solubility enhancing
groups or transport peptides do not adversely affect the efficacy
of the probe. In the majority of experiments where maintaining
sequence specificity (i.e. discriminatory power) of PNA-DNA
hybridisation is important, the routine use of lysine as a solubility
enhancing group for PNA should be replaced by the use of
glutamic acid.

Experimental
Materials

All oligonucleotides were obtained from Sigma-Genosys (Sigma-
Aldrich, Australia). Fmoc-protected PNA monomers were pur-
chased from Applied Biosystems (Australia) and Fmoc-protected
amino acid monomers from Auspep and Novabiochem (Aus-
tralia). All PNA synthesis solvents were peptide synthesis or
biotech grade and supplied by Sigma-Aldrich (Australia) and
Auspep (Australia). HATU (O-(7-azabenzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate) was purchased from
GT Biochem (China) and PAL resin from Advanced ChemTech
(Kentucky, USA). HPLC grade acetonitrile was purchased from
LabScan (Thailand). Biotech grade buffer components were
supplied by Sigma-Aldrich (Australia).

PNA Synthesis

PNA was synthesised on an Advanced ChemTech Omega 396
peptide synthesiser (Kentucky, USA). Each cycle consisted of
2 min deprotection (20% piperidine in dry DMF), 30 min coupling
(125puL 0.2 M PNA monomer in dry NMP or 125 pL 0.5 M amino
acid monomer in dry DMF; 125 uLL 0.3 M DIPEA, 0.2 M lutidine
in dry DMF; 125 pL 0.19 M HATU in dry DMF) and 2 min
capping (6% acetic anhydride, 5% lutidine in dry DMF) with
DMF washes in between each. The first monomer was double-
coupled onto the resin after swelling of the resin with dry DMF
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(30 min). PNA was purified by reverse-phase HPLC using an
Agilent Zorbax 300SB C18 5 um, 9.4 x 250 mm column at 55 °C
with a flow rate of 1 mL min~', monitoring at 260 nm using a 0.5%
TFA water (A)-acetonitrile (B) gradient.

Thermal melting curves

DNA melting curves were carried out in 1 cm path length
quartz cells on a Varian Cary 300 spectrophotometer with a
peltier temperature controller. Samples consisted of 1 uM of each
appropriate PNA and oligonucleotide, in S mM sodium phosphate
buffer (pH 7.5). Samples were annealed by heating at 90 °C
for 5 min before cooling at 20 °C for 20 min and for a further
10 min at 0 °C. The thermal melting curves were measured with a
temperature ramp of 0 °C to 75 °C at a rate of 0.5 °C min~', with
data points collected every 0.2 °C, monitoring at 260 nm. Melting
temperature and thermodynamic analysis was performed using
calculations for a (fraction of duplex molecules) and van’t Hoff
analysis as described previously.*** Each duplex melting curve was
performed in triplicate, as were the calculations for each individual
curve. Error in 7', calculation is approximately +1 °C and for AG®
thermodynamic parameters approximately £2%.

Acknowledgements

This work was supported by funding from the CRC for
MicroTechnology. N. S. gratefully acknowledges financial support
from the Australian Postgraduate Award (APA) and the CRC for
Microtechnology in the form of postgraduate scholarships.

References

1 P. E. Nielsen, in Peptide nucleic acids: Methods and protocols, ed.
P. E. Nielsen, Humana Press, Totawa, NJ, 2002, vol. 208, pp. 3-26.

D. R. Corey, Trends Biotechnol., 1997, 15, 224-229.

H. Stender, M. Fiandaca, J. J. Hyldig-Nielsen and J. Coull, J. Microbiol.
Methods, 2002, 48, 1-17.

P. E. Nielsen, Mol. Biotechnol., 2004, 26, 233-248.

P. E. Nielsen, Lett. Pept. Sci., 2003, 10, 135-147.

A. Porcheddu and G. Giacomelli, Curr. Med. Chem., 2005, 12, 2561—
2
D.

W
N=l
O

R. Corey, Lett. Pept. Sci., 2003, 10, 347-352.

J. G. Harrison and S. Balasubramanian, Nucleic Acids Res., 1998, 26,

3136-3145.

9 V. Marchan, L. Debéthune, E. Pedroso and A. Grandas, Tetrahedron,
2004, 60, 5461-5469.

10 D. P. Mascotti and T. M. Lohman, Biochemistry, 1997, 36, 7272-7279.

11 D. A. Sarracino, J. A. Steinberg, M. T. Vergo, G. F. Woodworth, C. N.
Tetzlaff and C. Richert, Bioorg. Med. Chem. Lett., 1998, 8, 2511-2516.

12 1. Gomez-Pinto, V. Marchan, F. Gago, A. Grandas and C. Gonzalez,
ChemBioChem, 2003, 4, 40-49.

13 T. Ratilainen, A. Holmen, E. Tuite, P. E. Nielsen and B. Norden,
Biochemistry, 2000, 39, 7781-7791.

14 1. Dilek, M. Madrid, R. Singh, C. P. Urrea and B. A. Armitage, J. Am.
Chem. Soc., 2005, 127, 3339-3345.

15 J. Ochlke, G. Wallukat, Y. Wolf, A. Ehrlich, B. Wiesner, H. Berger and
M. Bienert, Eur. J. Biochem., 2004, 271, 3043-3049.

16 M. Eriksson, P. E. Nielsen and L. Good, J. Biol. Chem., 2002, 277,
7144-7147.

17 C. D. Pesce, F. Bolacchi, B. Bongiovanni, F. Cisotta, M. Capozzi,
S. Diviacco, F. Quadrifoglio, R. Mango, G. Novelli, G. Mossa, C.
Esposito, D. Ombres, G. Rocchi and A. Bergamini, Antiviral Res., 2005,
66, 13-22.

18 K. Kaihatsu, D. A. Braasch, A. Cansizoglu and D. R. Corey,
Biochemistry, 2002, 41, 11118-11125.

19 M. Amblard, J. A. Fehrentz, J. Martinez and G. Subra, Methods Mol.
Biol. (Totowa, N. J.), 2005, 298, 3-24.

20 L. A. Marky and K. J. Breslauer, Biopolymers, 1987, 26, 1601-1620.

21 C. G. Simmons, A. E. Pitts, L. D. Mayfield, J. W. Shay and D. R. Corey,
Bioorg. Med. Chem. Lett., 1997, 7, 3001-3006.

22 F. Gallazzi, Y. Wang, F. Jia, N. Shenoy, L. A. Landon, M. Hannink,
S. Z. Lever and M. R. Lewis, Bioconjugate Chem., 2003, 14, 1083~
1095.

23 U. Koppelhus and P. E. Nielsen, Adv. Drug Delivery Rev., 2003, 55,
267-280.

24 J. D. Puglisi and I. Tinoco, Methods Enzymol., 1989, 180, 304-325.

7
8

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 917-923 | 923






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

Synthesis of DOTA-conjugated multivalent cyclic-RGD peptide dendrimers
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This report describes the design and synthesis of a series of ay[; integrin-directed monomeric, dimeric
and tetrameric cyclo[Arg-Gly-Asp-D-Phe-Lys] dendrimers using “click chemistry”. It was found that
the unprotected N-g-azido derivative of cyclo[Arg-Gly-Asp-D-Phe-Lys] underwent a highly
chemoselective conjugation to amino acid-based dendrimers bearing terminal alkynes using a
microwave-assisted Cu(1)-catalyzed 1,3-dipolar cycloaddition. The ay; binding characteristics of the
dendrimers were determined in vitro and their in vivo ay[3; targeting properties were assessed in nude
mice with subcutaneously growing human SK-RC-52 tumors. The multivalent RGD-dendrimers were
found to have enhanced affinity toward the ay3; integrin receptor as compared to the monomeric
derivative as determined in an in vitro binding assay. In case of the DOTA-conjugated "' In-labeled
RGD-dendrimers, it was found that the radiolabeled multimeric dendrimers showed specifically
enhanced uptake in ayf3; integrin expressing tumors in vivo. These studies showed that the tetrameric
RGD-dendrimer had better tumor targeting properties than its dimeric and monomeric congeners.

Introduction

Integrins are a class of heterodimeric transmembrane proteins'
which play an important role in cell-signaling, cell-cell adhesion,
apoptosis and cell-matrix interactions.? Integrin ay 35, which binds
to the Arg-Gly-Asp (RGD) tripeptide motif containing ligands,?
plays a pivotal role in tumor angiogenesis®> and metastasis. ayf;
Integrin expressed on endothelial cells modulate cell migration
and survival during angiogenesis, while ay[3; integrin expressed
on carcinoma cells potentiate metastasis by facilitating invasion
and movement across blood vessels. The ay 3; integrin is expressed
on activated endothelial cells during tumor induced angiogenesis,
whereas it is absent on quiescent endothelial cells and normal
tissues. In addition, ayf; is expressed on various tumor cell
types (e.g. breast, ovarian, and prostate cancers). Evidence exists
that inhibition of ayf; integrin function prevents tumor growth
and induces tumor regression by antagonizing angiogenesis.*
Several peptidic® and peptidomimetic® ayf; antagonists have
been synthesized. Among these, the cyclo[Arg-Gly-Asp-D-Phe-
Val] (c[RGDfV]), as developed by Kessler and coworkers, is one
of the most active and selective antagonists for the ayf3; integrin.”
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data for 23-25 (HPLC, MALDI-TOF). See DOI: 10.1039/b615940k
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Structure-activity relationship studies on this cyclic pentapeptide
showed that the exchange of the valine by a lysine residue (Lys,
K) did not significantly influence activity and selectivity.® Because
the e-amino moiety of the lysine residue can be easily modified,
numerous applications of c[RGDfK] have been studied for tumor
targeting and imaging.’

Multivalency is a well accepted approach to increase the interac-
tion of weakly interacting individual ligands with their respective
receptors.’ Dendrimers are macromolecules consisting of multiple
perfectly branched monomers and this architecture makes them
versatile constructs for the simultaneous presentation of receptor
binding ligands and other biologically relevant molecules." Addi-
tionally, dendrimers might serve as promising molecular scaffolds
containing a number of ligands thereby inducing an apparent
increase of ligand concentration and increasing the probability
of statistical rebinding.'®*'? Alternatively, dendrimers may align
these ligands and induce multivalency when receptor clustering
occurs or is initiated after initial monovalent binding.'®* To
improve tumor targeting efficacy and to obtain better in vivo
imaging properties, several studies explored the multivalency effect
by using dimeric and tetrameric RGD peptides with affinity
toward the ay3; integrin.”® These studies clearly demonstrated the
multivalency effect, since the in vivo affinity significantly increased
going from monomer via dimer to tetramer. Moreover, also with
respect to tumor-uptake and tumor-to-organ ratios, a similar
increase was observed. These are promising results in view of the
development of integrin-targeted radionuclide therapy.'?

To decorate the dendrimer end-groups with biologically relevant
peptides as ligands, it is of crucial importance to have the disposal
of efficient and chemoselective conjugation chemistry to ensure
the complete attachment of the ligands to the dendrimer. In
cases of completely amino acid- or peptide-based dendrimers,'**
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this is often achieved using peptide coupling reagents, however,
in most cases, the peptide ligands are attached to dendrimers
by chemoselective reaction of sulfhydryl groups of cysteine
residues with maleimide or iodoacetamide functionalities,'® by
thiol-disulfide exchange, by native chemical ligation'” or via
a chemoselective oxime'*" respectively hydrazone' ligation.
However, new bioconjugation reactions with mutually reactive
conjugation partners with increased efficiency and chemoselec-
tivity which are synthetically easily accessible would be very
welcome.

Recently, the well-known reaction between an alkyne and an
azide to yield 1,4-disubstituted 1,2,3-triazoles, was reinvestigated
independently by Meldal ez al.® and Sharpless et al."® They found
that an alkyne and an azide in the presence of Cu(1) undergo
a 1,3-dipolar cycloaddition to the corresponding triazole under
very mild reaction conditions with very high chemoselectivity
and efficiency which make this reaction particularly suitable for
bioconjugations. So far, this 1,3-dipolar cycloaddition denoted
as a ‘click reaction’,” has led to a plethora of applications in
the literature.”® Recently, we synthesized multivalent dendrimeric
peptides® (up to octa- and hexadecavalent systems) respectively
triazole-linked glycodendrimers*® via a microwave-assisted 1,3-
dipolar cycloaddition between azido peptides respectively glycosyl
azides and dendrimeric alkynes as an alternative approach to
functionalize dendrimers.”

Here we describe the synthesis of monomeric, dimeric and
tetrameric ¢([RGDfK] dendrimers via a microwave-assisted 1,3-
dipolar cycloaddition of dendrimeric alkynes with the N-g-azido
derivative of cyclo[Arg-Gly-Asp-D-Phe-Lys] and their subsequent
evaluation as ayf; integrin antagonists. Additionally, the RGD
dendrimers were conjugated with a 1,4,7,10-tetraazadodecane-
N,N',N",N"-tetraacetic acid (DOTA) moiety. These analogs were
radiolabeled with '"'In to evaluate the in vitro receptor binding
characteristics and in vivo tumor targeting properties.

1. H*/MeOH, reflux, 16h

OH 2. propargylbromide/K,COs,
HO DMF, 1t, 16h —0
(0] [¢)

Results and discussion
Synthesis

Schemes 1 and 2 illustrate our approach for the convergent
synthesis of amino acid based dendrimers® and their corre-
sponding DOTA-conjugated derivatives. Monovalent compound
2 and divalent 3 respectively, were synthesized starting from 3-
hydroxy methyl benzoate or 3,5-dihydroxy methyl benzoate and
propargylbromide in the presence of K,COj; as a base and were
obtained in 95 and 81% yield. Since these two compounds were
also used as synthons in further syntheses, the resulting methyl
esters 2 and 3 were treated with Tesser’s base? to yield acids 4 and
5 in nearly quantitative yield. After treatment of the previously
described 6**¢ with TFA to remove both Boc-functionalities, the
resulting bisamine TFA salt was coupled to acid 5 in the presence
of BOP-DIPEA to give the tetravalent dendrimer 7 with 75% yield.
To conjugate the tetravalent dendrimer with a DOTA-moiety at
a later stage of the synthesis, its methyl ester was saponified with
Tesser’s base and acid 8 was obtained quantitatively.

The DOTA-moiety was connected to the dendrimer core via a
short ethylene spacer. For this purpose, 1,2-diaminoethane was
converted into the mono-protected Boc derivative 10 which was
obtained in 56% yield. Unfortunately, although a large excess of
the amine was used, the bis-protected side product was obtained in
a considerable amount. Compound 10 was coupled in the presence
of BOP-DIPEA to either the monovalent, divalent or tetravalent
dendrimer acids 4, 5 or 8 to obtain the corresponding amides 11,
12 or 15, respectively, generally in yields higher than 90%. The
Boc-protected dendrimers were treated with TFA to obtain the
corresponding amines and they were treated with BOP-DIPEA in
the presence of 2-(4,7,10-tris(2-tert-butoxy-2-oxoethyl)-1,4,7,10-
tetraazacyclododecan-1-yl) acetic acid (DOTA(O'Bu);) to give the
DOTA-conjugated mono-, di- and tetravalent dendrimers 13, 14

Tesser's base
(dioxane/MeOH/4N NaOH 14:5:1)
rt, 5h

1 R
aaR=H 2 R=H (95%)
b:R=0H o \
3 R= w
(81%) S o _Z
1. H*/MeOH, reflux, 16h HO
2. (N-Boc)-2-bromo-ethylamine/K,CO3, DMF, rt, 16h d

overall yield: 64%

1. TFAICH,Cly, 1t, 1h, quant.
2. 5/BOP/DIPEA, CH,Cl,

N(H)Boc
o/

—Q 1t, 16h, 75% RO
0 o]

o)
6 —\—N(H)Boc

Tesser's base

R
4 R=H (97%)

5 R= O
(96%)

4

8 R =H (quant.)

Scheme 1

Synthesis of the mono-, di- and tetravalent dendrimeric alkynes 2, 3 and 7.
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Boc,0, dioxane/H,O 0
rt, 16h, 56%
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rt, 16h, 60%
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Scheme 2 Synthesis of the DOTA-conjugated dendrimeric alkynes 13, 14 and 16.

and 16 respectively. It is important to note that the solubility
of the DOTA-conjugated dendrimer is an important factor that
determines the yield of the coupling reaction. Compounds 13 and
14 were isolated in very high yields (>94%) but compound 16 was
isolated with a modest yield of 60% due to its low solubility in
solvents like EtOAc and CH,Cl,.

The next step in the synthesis was the preparation of the N-
g-azido cyclo(Arg-Gly-Asp-D-Phe-Lys) peptide 19 (Scheme 3).
To obtain this compound, peptide resin 17 was synthesized
using Fmoc—Bu SPPS (solid phase peptide synthesis) based
on the protocol of Liu er al® Tt was decided to cleave the
protected peptide acid from the resin by HFIP-CH,Cl,* instead
of AcOH-TFE to avoid premature acetylation during the BOP-
DIPEA-mediated macrolactamization step. Cyclic peptide 18 was
obtained in 36% overall yield based on the initial resin loading
of 0.64 mmol g~'. Subsequently, the g-amine of the lysine residue
was selectively converted into the azide moiety by a diazotransfer.?”
At pH 10, the g-amine can be deprotonated in the presence of a
guanidino functionality, since the latter is a much stronger base
and will not act as a nucleophile in the diazotransfer reaction.
Finally, the peptide N-g-azido cyclo(Arg-Gly-Asp-D-Phe-Lys) 19
was obtained in 21% yield after purification by HPLC and was
characterized by '"H-NMR (500 MHz) and mass spectrometry
(LC-MS). Incorporation of Fmoc-Lys(N;)-OH, to avoid the diazo

transfer as the final reaction step, did not substantially improve
the isolated yield.

At this stage of the synthesis, the challenge was the chemos-
elective coupling of the different dendrimeric alkynes (2, 3, 7,
13, 14, or 16) to the cyclic RGD azido peptide (19) to furnish
the DOTA-conjugated dendrimeric cyclo-RGD peptides as oy 3
integrin antagonists as shown in Scheme 4. Our first experiments
were based on the literature procedure’ in which acetylene 3
was coupled to azido glycine ethyl ester (ethyl 2-azidoacetate) in
the presence of CuSO,—Na-ascorbate-Cu-wire in fert-BuOH-H,O
for 16 h at room temperature. Monitoring the reaction by TLC
showed that formation of the monovalent cycloadduct proceeded
rapidly, but the conversion into the divalent product was sluggish.
However, a tremendous improvement was achieved by running this
reaction under microwave irradiation. After 10 min at 100 °C using
DMF-H,O0 as solvent in the presence of CuSO,—Na-ascorbate,
the divalent cycloaddition product was obtained in 96% yield.
This microwave-assisted cycloaddition of dendrimeric alkynes and
azido peptides was recently reported as a versatile approach to ob-
tain multivalent dendrimeric peptides.”? > The optimized reaction
conditions were used to couple the cyclic RGD azido peptide (19)
to the different dendrimeric alkynes (2, 3, 7, 13, 14, or 16).

In case of alkynes 2, 3 and 7 the formation of the cycloadducts
20, 21 and 22 could be followed by TLC and LC-MS. It turned
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2-CI-Trityl-resin

Fmoc/tBu SPPS

HN™ "NHPbf

NH, TFA

CF3S0,N; in CH,Cl,
'BUOH/H,O at pH 10 (1N NaOH)
HN CuS0,, tt, 16h

1. HFIP/CH,Cl5 1: 4 vlv, 2 times 45 min, rt

2. BOP/HOBYDIPEA in CHCly, 16 h, rt

3. TFAITIS/H0 95:2.5:2.5 viviv, 3 h, it
overall yield: 36%

o : . - o
0 (97% isolated yield; after purification: 21%) (0]
NH NH
HN, HN
N3 I~ COCH TFAH,N P COOH

O:’ﬁo

5

Scheme 3  Synthesis of the N-g-azido cyclo(Arg-Gly-Asp-D-Phe-Lys) peptide 19.

out that the formation of 20 and 21 was complete after 10 to
20 min microwave irradiation at 100 °C, whereas the formation
of 22 was complete after 30 min. Although HPLC analysis of the
crude cycloaddition products evidenced a complete conversion as
judged by the absence of the alkyne starting material, the RGD-
dendrimers 20-22 were obtained in yields varying between 14
to 57%. Then, the DOTA-conjugated alkyne dendrimers 13, 14
and 16 were subjected to the cycloaddition reaction conditions in
the presence of azido peptide 19. It should be emphasized that
the carboxyl functionalities of the DOTA-moiety needed to be
protected by tert-butyl groups to avoid premature and irreversible
sequestering of the Cu** ions. Chelated copper(ir) will result in
a lower efficiency of the Cu(i)-Cu(l) redox couple to generate
the active Cu(1)-catalyst. More importantly, it will hamper the
radiolabeling of the DOTA-moiety of compounds 23-25 with
trivalent radiometals such as '""'In, *Y or '"Lu. As a result, after
the click reaction an additional reaction step was needed in which
the partially protected cycloadducts were treated with TFA, in the
presence of suitable scavengers, to give the unprotected DOTA-
conjugated RGD-dendrimers 23-25.

The cycloaddition reaction of the DOTA-conjugated den-
drimeric alkynes 13, 14 and 16 was difficult to monitor by mass
spectrometry. As was described above, reaction times of 10 to
30 min were used and the cycloaddition reaction was directly

followed by a TFA-treatment without isolation of the cycload-
dition intermediates. The isolated yield (13%) of monovalent 23
was rather disappointing. Recently, optimized conditions with
respect to the generation of the catalytic active Cu(1) species were
published® and these conditions were applied in the cycloaddition
of 14 and 19. Unfortunately, an increase of the isolated yield
was not observed using these modified reaction conditions. As
was mentioned earlier, the cycloaddition reaction was complete
according to HPLC analysis, and the low isolated yield was mainly
due to the difficult purification. The DOTA-conjugated RGD-
dendrimers were obtained in yields varying between 11 and 36%.

Radiolabeling of the RGD dendrimers

Dendrimers 23, 24 and 25 were radiolabeled by dissolving these
compounds in an NH,OAc buffer of pH 6.0 and 22.2-37 MBq
"MTnCl; was added to each of the reaction mixtures. The reaction
mixtures were degassed and subsequently heated at 100 °C for
15 min. Reversed phase-HPLC analysis showed a single peak for
each of the three '""In-labeled compounds with an elution time of
25.9 min, 29.5 min and 29.4 min for the '"'In-labeled monovalent
23, divalent 24, and tetravalent 25, RGD peptide dendrimers
respectively.
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Scheme4  Synthesis of the mono-, di- and tetravalent cyc/o[RGDfK] peptide dendrimers 20, 21 and 22 and their respective DOTA-conjugated counterparts

23,24 and 25.

Solid phase oy p; binding assay

The affinity of the DOTA-conjugated RGD dendrimers 23, 24,
and 25 for the o,f; integrin was determined in a competitive
binding assay. The results of these analyses are shown in Fig. 1.
Binding of the '"'In-labeled dimeric peptide, '"'In-DOTA-Glu-
(c[RGDfK]),,” to o,fB; was competed by unlabeled 23, 24, and
25 in a concentration dependent manner. The 1Cy, values were
212 nM for monovalent 23, 356 nM for divalent 24, and 50 nM for

125-
= . A 23
~N
< 100+ Vo2
= ¢ 25
Y]
14
S 754 v
3 A
Q
<
5 504
[a]
£
S 1 ¢
— 25
<
=3
(=]
[11]
c L) L] L L] L] L) L] L)
10 -9 -8 7 -6 5 -4 -3
log[M]

Fig. 1 Competition of specific binding of "' In-DOTA-Glu-(c[RGDfK]),
with RGD dendrimers 23, 24, and 25.

tetravalent 25. The dendrimer containing four c[RGDfK] units
(25) showed an increased affinity for o,f; compared to the
dendrimers containing one (23) or two (24) c[RGDfK] units.
Multimerization of ¢c[RGDfK] resulted in enhanced affinity for
a,f3; as was evidenced by a decrease of the ICy, concentration.

Biodistribution studies

In athymic mice with subcutaneously (s.c.) growing SK-RC-
52 renal cell carcinoma, the tumor uptake of the '"'In-labeled
tetrameric RGD dendrimer 25 at 2 h post-injection (p.i.; 7.27 +
2.06%ID/g) was significantly higher (P < 0.05) compared to
that of the ''In-labeled monomeric RGD dendrimer 23 (1.69 +
0.41%ID/g) as shown in Fig. 2A. At 2 h p.i., the tumor uptake
of tetrameric RGD dendrimer 25 was also significantly higher
(P < 0.05) than the dimeric analog 24 (3.15 + 0.51%ID/g). The
tumor-to-blood ratios of the tetramer 25 (5.66 £ 1.74%ID/g,
34.73 + 5.95%ID/g) were significantly higher (P < 0.05)—both
at 2 h pi. and at 24 h p.i.—than those of the monomer 23
(3.12 &+ 1.92%ID/g, 19.65 £ 12.42%1D/g) and dimer 24 (1.70 +
0.50%ID/g, 14.66 £ 0.25%ID/g). At 24 h post injection, the tumor
uptake of the tetrameric RGD dendrimer 25 (5.83 + 1.18%ID/g)
was significantly higher compared to the dimeric RGD dendrimer
24 (2.82 £ 0.59%ID/g, P < 0.05) and the monomeric RGD
dendrimer 23 (1.19 £+ 0.31%ID/g, P < 0.01) which is shown
in Fig. 2B. Co-injection of an excess of non-radiolabeled RGD
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Fig. 2 A Biodistribution of ''In-labeled monomer 23, dimer 24, and
tetramer 25 at 2 h p.i. in athymic mice with s.c. SK-RC-52 tumors. B
Biodistribution of '"'In-labeled monomer 23, dimer 24, and tetramer 25 at
24 h p.i. in athymic mice with s.c. SK-RC-52 tumors.

peptide (DOTA-Glu-(c[RGDfK]),) to saturate all a,f; receptors
in vivo, resulted in a significantly reduced tumor uptake of each of
the three compounds: 23: 0.46 £+ 0.04%ID/g (2 h p.i.), 0.36 £+
0.31%ID/g (24 h p.i.), 24: 0.76 £ 0.09%ID/g (2 h p.i.), not
determined (24 h p.i.) and 24: 1.56 £ 0.02%ID/g (2 h p.i.),
1.19 £ 0.03%ID/g (24 h p.i.), indicating that each of the three
RGD dendrimers of this study showed receptor mediated uptake
in the tumor. These in vivo results were in line with the in vitro
binding assay. The tetrameric RGD dendrimer showed enhanced
affinity for a,f3;, as compared to the monomeric and dimeric RGD
dendrimer, respectively. The results of this study correlated nicely
with the results observed in a previous study in which we evaluated
multimeric RGD peptides in the same animal model."*

The affinity of the dendrimers as determined in an in vitro
binding assay are in agreement with the results obtained from the
in vivo experiment: the ICy, concentration of the tetrameric RGD
dendrimer 25 was lower compared to those of the monomeric 23
and dimeric 24 analogs, resulting in a significantly higher uptake
of the former in o, B;-expressing tumors and better tumor-to-blood
ratios compared to the monomeric and dimeric RGD dendrimers.

In conclusion, a series of ayf3; integrin-directed monomeric,
dimeric and tetrameric cyclo[Arg-Gly-Asp-D-Phe-Lys] dendrimers
using “click chemistry” was successfully synthesized, since the un-
protected N-g-azido derivative of cyclo[Arg-Gly-Asp-D-Phe-Lys]
underwent a highly chemoselective conjugation to amino acid-
based dendrimers bearing terminal alkynes using a microwave-
assisted Cu(1)-catalyzed 1,3-dipolar cycloaddition. The oy 3; bind-
ing characteristics and oy 3; targeting properties of the dendrimers
were determined both in vitro and in vivo. In the case of the DOTA-
conjugated ""In-labeled RGD-dendrimers, it was found that the

radiolabeled multimeric dendrimers showed specifically enhanced
uptake in ayf3; integrin expressing tumors in vivo. These studies
showed that the tetrameric RGD-dendrimer had better tumor
targeting properties than its dimeric and monomeric congeners.

Experimental
Instruments and methods

Peptides were synthesized on an ABI 433A automatic Peptide Syn-
thesizer using the FastMoc solid phase peptide synthesis protocols.
Microwave-assisted reactions were carried out in a Biotage mi-
crowave reactor. Analytical HPLC runs were carried out on a Shi-
madzu HPLC system and preparative HPLC runs were performed
on a Gilson HPLC workstation. Analytical HPLC runs were
performed on Alltech Prosphere C4 or C8 and Adsorbosphere
XL CI18 columns (250 x 4.6 mm, pore size 300 A, particle size:
5 um) or on a Merck LiChroCART CN column (250 x 4.6 mm,
pore size 100 A, particle size: 5 pm) at a flow rate of 1.0 mL min~!
using a linear gradient of buffer B (0-100% in 25 min) in buffer A
(buffer A: 0.1% TFA in H,O, buffer B: 0.1% TFA in CH;CN-H,O
95 :5v/v). Preparative HPLC runs were performed on an Alltech
Prosphere C4 or C8 column (250 x 22 mm, pore size 300 A,
particle size: 10 um), and semi-prep HPLC runs were performed
on an Alltech Adsorbosphere XL C18 column (250 x 10 mm,
pore size 300 A, particle size: 10 um) or on a Merck LiChroCART
CN column (250 x 10 mm, pore size 100 A, particle size: 10 pm)
at a flow rate of 10.0 mL min~' (semi-prep HPLC: 4.0 mL min™")
using a linear gradient of buffer B (0-100% in 50 min) in buffer
A (buffer A: 0.1% TFA in H,O, buffer B: 0.1% TFA in CH;CN-
H,0 95 : 5 v/v). Liquid chromatography electrospray ionization
mass spectrometry was measured on a Shimadzu LCMS-QP8000
single quadrupole bench-top mass spectrometer operating in a
positive ionization mode. LC/MS(MS) runs were performed on a
Finnigan LCQ Deca XP MAX LC/MS equipped with a Shimadzu
10A VP analytical HPLC system. The samples were dissolved in
10% formic acid in CH;CN-H,O 1 : 1 v/v and analyzed using a
Phenomenex Gemini C18 column (150 x 4.6 mm, particle size:
3 um, pore size: 110 A) at a flow rate of 1.0 mL min~" using a
linear gradient of 100% buffer A (0.1% TFA in H,O-CH;CN 95 :
5 v/v) to 100% buffer B (0.1% TFA in CH;CN-H,0 95 : 5 v/v)
in 50 min. MALDI-TOF analysis was performed on a Kratos
Axima CFR apparatus with bradykinin(1-7) (monoisotopic [M +
H]* 757.399), human ACTH(18-39) (monoisotopic [M + H]*
2465.198) and bovine insulin oxidized B chain (monoisotopic
[M + H]* 3494.651) as external references and o-cyano-4-
hydroxycinnamic acid or sinapinic acid as matrices. '"H NMR
spectra were recorded on a Varian G-300 (300 MHz) spectrometer
and chemical shifts are given in ppm (J) relative to TMS. "C NMR
spectra were recorded on a Varian G-300 (75.5 MHz) spectrometer
and chemical shifts are given in ppm relative to CDCl; (77.0 ppm).
The “C NMR spectra were recorded using the attached proton
test (APT) sequence. "H NMR spectra in H,O-D,09: 1 v/v were
recorded on a Varian Inova-500 (500 MHz) spectrometer and
chemical shifts are given in ppm () relative to 3-(trimethylsilyl)-
I-propanesulfonic acid sodium salt (0.00 ppm). Peak assignments
are based on DQF-COSY, TOCSY (mixing times: 20 or 60 ms) and
ROESY (mixing times: 150 or 250 ms) spectra. HSQC and HMBC
spectra were measured on a Varian Inova-500 spectrometer and
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chemical shifts are given in ppm (J) relative to 3-(trimethylsilyl)-1-
propanesulfonic acid sodium salt (0.00 ppm). Fourier transform
infrared spectra (FTIR) were measured on a Bio-Rad FTS-25
spectrophotometer. Melting points were measured on a Biichi
Schmelzpunktbestimmungsapparat and are uncorrected. Ele-
mental analyses were done by Kolbe Mikroanalytisches La-
bor (Miilheim/Ruhr, Germany). R; values were determined by
thin layer chromatography (TLC) on Merck precoated silica
gel 60F254 plates. Spots were visualized by UV-quenching,
ninhydrin or CL,-TDM.* The 2-chlorotrityl chloride resin
(Hecheng Science & Technology Company) was used in all solid
phase syntheses. The coupling reagents 2-(1 H-benzotriazol-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) and
benzotriazol-1-yloxy-tris-(dimethylamino)phosphonium hexa-
fluorophosphate (BOP) were obtained from Biosolve. N-Hydroxy-
benzotriazole (HOBt) was from Advanced ChemTech and N®-9-
fluorenylmethyloxycarbonyl (Fmoc) amino acids were obtained
from MultiSynTech. The side-chain protecting groups were
chosen as fert-butyl for aspartic acid, tert-butyloxycarbonyl
(Boc) for lysine and 2,2,4,6,7-pentamethyl-dihydrobenzofuran-5-
sulfonyl (Pbf) for arginine. Peptide-grade tert-butanol (‘BuOH),
dichloromethane, N,N-dimethylformamide (DMF), 1,1,1,3,3,3-
hexafluoroisopropanol (HFIP), tert-butyl methylether (MTBE),
N-methylpyrrolidone (NMP), and trifluoroacetic acid (TFA) and
HPLC-grade acetonitrile were purchased from Biosolve. 2-(4,7,10-
Tris(2-tert-butoxy-2-oxoethyl)-1,4,7,10-tetraazacyclododecan-1-
yl) acetic acid (DOTA(O'Bu);) was purchased from Macrocyclics.
Piperidine, N,N-diisopropylethylamine (DIPEA), CuSO, and
sodium ascorbate were obtained from Acros Organics. Triiso-
propylsilane (TIS) and HPLC-grade TFA were obtained from
Merck. Triflic anhydride and propargylbromide were purchased
from Aldrich.

Radiolabeling of the RGD dendrimers

Dendrimers 23 (25 pg, 20 nmol), 24 (25 pg, 13 nmol), and
25 (120 pg, 33 nmol) were radiolabeled by dissolving these
compounds in 500 pL 0.5 M NH,OAc buffer, pH 6.0, containing
0.6 mg mL~" gentisic acid. Then 22.2-37 MBq '""InCl; was added
to each of the reaction mixtures. The reaction mixtures were
degassed and subsequently heated at 100 °C for 15 min. The
""Tn-labeled dendrimers were further purified on a Waters C-18
SepPak cartridge (Milford, MA). After applying the sample on
the methanol-activated cartridge, the cartridge was washed with
5 mL 25 mM NH,OAc and eluted with 25% CH;CN in 25 mM
NH,OAc. The radiochemical purity was determined by reversed-
phase HPLC (HP 1100 series, Hewlett Packard, Palo Alto, CA,
USA) using a Zorbax RX-C18 column (250 x 4.6 mm) eluted
with a linear gradient of buffer B (8-20% in 25 min or 8§-100% in
30 min in buffer A (buffer A: 25 mM NH,OAc, buffer B: CH;CN)
at a flow rate of 1 mL min~'. The radioactivity of the eluate was
monitored using an in-line radiodetector (Flo-One Beta series,
Radiomatic, Meriden, CT, USA).

Solid phase ayf; binding assay

The affinity of the DOTA-conjugated monovalent 23, divalent
24 and tetravalent 25 RGD dendrimers for the o,; integrin
was determined using a solid-phase competitive binding assay.

""Tn-labeled DOTA-Glu-(c[RGDfK]), (3 MBq ug™') was prepared
as described above and was used as the tracer in the assay.
Microtiter 96-well vinyl assay plates (Corning B. V., Schiphol-Rijk,
The Netherlands) were coated with 100 uL/well of a solution
of purified human integrin a,f; (150 ng mL™") in Triton X-100
Formulation (Chemicon International, Temecula, CA, USA) in
coating buffer (25 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1 mM
CaCl,, 0.5 mM MgCl, and 1 mM MnCl,) for 17 h at 4 °C. The
plates were washed twice with binding buffer (0.1% bovine serum
albumin (BSA) in coating buffer). The wells were blocked for
2 h with 200 pL blocking buffer (1% BSA in coating buffer). The
plates were washed twice with binding buffer. Then 100 uL binding
buffer containing 11.1 kBq of "' In-DOTA-Glu-(c[RGDfK]), and
appropriate dilutions of non-labeled monovalent 23, divalent
24 and tetravalent 25 RGD dendrimers in binding buffer were
incubated in the wells at 37 °C for 1 h. After incubation,
the plates were washed three times with binding buffer. The
retained radioactivity in each well was determined in a y-counter
(1480 Wizard, Wallac, Turku, Finland). The ICs, values of the
RGD dendrimers were calculated by nonlinear regression using
GraphPad Prism (GraphPad Prism 4.0 Software, San Diego, CA,
USA). Each data point represents the average of three individual
determinations.

Biodistribution studies

In the right flank of 6-8 weeks old female nude BALB/c mice,
0.2 mL of a cell suspension of 8.5 x 10° cells/mL SK-RC-
52 cells was injected subcutaneously (s.c.). Two weeks after
inoculation of the tumor cells, mice were randomly divided into
three groups. The mice were injected with 0.25-0.29 MBq of the
Tn-labeled dendrimers 23, 24, or 25 via a tail vein. The mice
were euthanized by CO, asphyxiation, 2 and 24 h postinjection
(p.1.) (2-5 mice/group). Blood, tumor, and the major organs and
tissues were collected, weighed, and counted in a y-counter. The
percentage injected dose per gram (%ID/g) was determined for
each sample. To investigate whether the uptake of each of the
three RGD dendrimers is a, 3;-mediated, a separate group of mice
was co-injected with an excess (50 pg) of non-radiolabeled DOTA-
Glu-(c[RGDfK]), to saturate all the a,3; integrin receptors.

Statistical analysis

All mean values are given + standard deviation (S.D.). Statistical
analysis was performed using the One-way Analysis of Variance.
Tukey corrections for multiple comparisons were applied. The
level of significance was set at P < 0.05.

Syntheses

Details of the synthetic procedures for compounds 2-5, 7, 8, 10,
17, 18 and 20-22 are given in the ESI{.

tert-Butyl-2-(3-(prop-2-ynyloxy)benzamido)ethylcarbamate (11).
Acid 4 (774 mg, 4.40 mmol) and amine 10 (704 mg, 4.40 mmol)
were dissolved in CH,Cl, (25 mL) and BOP (1.95 g, 4.41 mmol)
followed by DIPEA (1.77 mL, 10 mmol, 2.27 equiv) were added
and the obtained reaction mixture was stirred for 16 h. Then,
the solvent was removed by evaporation and the residue was
redissolved in EtOAc (50 mL) and subsequently washed with H,O
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(3 x 20 mL), I N KHSO, (3 x 20 mL), H,O (3 x 20 mL), 5%
NaHCO; (3 x 20 mL) and brine (3 x 20 mL), dried (Na,SO,)
and evaporated to dryness. The residue was purified by column
chromatography (eluents: EtOAc-hexane 1 : 1 v/v) and was
obtained as a white solid with 98% yield (1.38 g). Mp: 118-121°C;
R; (EtOAc-hexane 1:1v/v):0.20; "HNMR (CDCl;)4: 1.42(s,9H,
(CH;); Boc), 2.54 (s, 1H, CH), 3.38 (m, 2H, ~NH-CH,~CH,~),
3.54 (m, 2H, ~CH,-CH,-NH~), 4.70 (s, 2H, ~O-CH,), 5.35 (m,
1H, NH urethane), 7.10-7.47 (broad m, SH, arom H/NH amide);
"CNMR (CDCly)¢: 28.3,39.9,41.7, 55.8,75.7, 78.1,79.7, 113 .4,
118.3,119.8, 129.4, 135.6, 157.3, 157.6, 167.5; MS analysis: calcd
for C,;H,,N,0, 318.16, found ES-MS 319.27 [M + HJ*, 341.33
[M + Na]*; Elemental analysis: calcd for C;H,,N,0, C 64.13, H
6.97, N 8.80 found C 63.81, H 6.81, N 8.63%.

tert-Butyl-2-(3,5-bis(prop-2-ynyloxy)benzamido)ethylcarbamate
(12). This compound was synthesized using acid 5 (506 mg,
2.20 mmol) and amine 10 (352 mg, 2.20 mmol) as described
for 11. Compound 12 was obtained in 96% yield (760 mg) after
column chromatography with EtOAc—hexane § : 2 v/v as eluents.
Mp: 128-134 °C; R{(EtOAc-hexane 7 : 3 v/v): 0.31; '"H NMR
(CDCLy) 6: 1.42 (s, 9H, (CH;); Boc), 2.55 (s, 2H, CH), 3.37 (m,
2H, ~NH-CH,-CH,~), 3.52 (m, 2H, ~CH,-CH,-NH~), 4.68
(s, 4H, ~O-CH,), 5.30 (m, 1H, NH urethane), 6.72 (s, 1H, arom
H4), 7.06 (s, 2H, arom H2/H6), 7.44 (m, 1H, NH amide); *C
NMR (125 MHz, CDCl;) o: 28.3, 40.0, 41.7, 56.0, 75.9, 78.0, 79.8,
105.5, 106.6, 136.4, 157.3, 158.6, 167.2; MS analysis: calcd for
CyH4N,O;5 372.17, found ES-MS 373.24 [M + H]*, 395.27 [M +
NaJ*; Elemental analysis: caled for C, H,,N,O5 C 64.50, H 6.50,
N 7.52 found C 63.61, H 6.21, N 7.05%.

tert-Butyl-2,2',2"-(10-(2-0x0-2-(2~(3-(prop-2-ynyloxy)benzamido)-
ethylamino )ethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)tri-
acetate (13). To a solution of compound 11 (100 mg, 0.31 mmol)
in CH,Cl, (5§ mL), TFA (5 mL) was added to remove the Boc
protecting group. After 1 h of stirring at room temperature,
the volatiles were removed by evaporation and the residue was
coevaporated with CH,Cl, to remove any residual TFA. The
obtained solid was used without further purification. Then, the
TFA-salt was dissolved in CH,Cl, (10 mL) and 2-(4,7,10-tris(2-
tert-butoxy-2-oxoethyl)-1,4,7,10-tetraazacyclododecan-1-yl)ace-
tic acid (DOTA(O'Bu);; 177 mg, 0.31 mmol), BOP (137 mg,
0.31 mmol) followed by DIPEA (220 pL, 1.24 mmol, 4 equiv)
were added and the obtained reaction mixture was stirred for 16 h
at room temperature. Subsequently, the solvent was removed by
evaporation and the residue was redissolved in EtOAc (50 mL)
and this solution was washed with H,O (3 x 20 mL), 1 N KHSO,
(3 x 20 mL), H,O (3 x 20 mL), 5% NaHCO,; (3 x 20 mL),
brine (3 x 20 mL) and dried (Na,SO,). Finally, the solvent was
evaporated in vacuo after which 13 was obtained as a pale yellow
oil with 94% yield (227 mg). R; (CH,Cl,-MeOH 9 : 1 v/v): 0.49;
R.: 18.10 min (C8); '"H NMR (CDCl;) 6: 1.42 (s, 27H, (CH;),
"Bu), 2.20-3.70 (broad s, 28H, CH, DOTA (24H)/~NH-CH,—
CH,-NH~(4H)), 2.52 (s, IH, CH), 4.75 (s, 2H, ~O-CH,), 6.85
(m, 1H, NH), 7.08 (m, 1H, arom H), 7.25-7.32 (m, 2H, arom H),
7.51 (m, 2H, arom H/NH); *C NMR (CDCl;) §: 27.9, 39.6, 39.7,
55.6, 55.8, 56.0, 75.5, 78.4, 81.8, 112.9, 118.9, 120.3, 129.6, 135.5,
157.6, 167.4, 172.0, 172.4; MS analysis: calcd for C,HgN4Oo,
772.47, found ES-MS 773.90 [M + HJ*.

tert-Butyl-2,2',2"-(10-(2-(2-(3,5-bis(prop-2-ynyloxy)benzamido)-
ethylamino)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-
triyl)triacetate (14). This compound was synthesized as
described for 13 starting from 12 (107 mg, 0.30 mmol).
Compound 14 was obtained as a yellowish solid with nearly
quantitative yield (250 mg). Mp: 74-84 °C; R; (CHCl,-MeOH-
AcOH 95 : 20 : 3 v/v/v): 0.45; R;: 18.70 min (C8); 'H NMR
(CDCIy) 6: 1.43 (s, 27H, (CH;); ‘Bu), 2.04-3.70 (broad s, 28H,
CH, DOTA (24H)/~NH-CH,-CH,-NH~(4H)), 2.52 (s, 2H,
CH), 4.73 (s, 4H, ~O-CH,), 6.73 (m, 2H, arom H4/NH), 7.10
(s, 2H, arom H2/H6), 7.11 (m, 1H, NH); “"C NMR (CDCl,) ¢:
27.9, 39.6, 50.0%, 55.6, 55.8, 56.2, 75.6, 78.4, 81.9, 106.4, 106.5,
136.4, 158.7, 167.2, 172.0, 172.4 (*broad signal: CH, DOTA);
MS analysis: caled for C;3Hg NGO, 826.48, found ES-MS 827.65
[M + HJ*; Elemental analysis: caled for C,;;HNgO,-K,SO, C
51.58, H 6.64, N 8.39 found C 52.05, H 6.54, N 8.04%.

tert-Butyl-2-(3,5-bis(2-(3,5-bis(prop-2-ynyloxy)benzamido)-
ethoxy)benzamido)ethylcarbamate (15). This compound was
synthesized as described for 11 using amine 10 (292 mg, 2.0 mmol)
and acid 8 (460 mg, 2.0 mmol). Compound 15 was obtained as a
pale yellow solid with 91% yield (1.46 g). Mp: 110 °C; R; (EtOAc—
hexane 4 : 1 v/v): 0.53; R;: 18.38 min (C8); '"H NMR (DMSO-d,)
0:1.37 (s, 9H, (CH;); Boc), 3.10 (m, 2H, ~NH-CH,-CH,~NH~),
3.28 (m, 2H, ~NH-CH,-CH,-NH~), 3.58 (s, 4H, CH), 3.65 (m,
4H, ~O-CH,-CH,-NH~), 4.17 (m, 4H, ~O-CH,-CH,-NH~),
4.85 (s, 8H, ~O-CH,), 6.72 (m, 1H, arom H4), 6.80 (m, 2H, arom
H2/H6), 6.90 (m, 1H, NH urethane), 7.05 (m, 2H, arom H4'), 7.15
(m, 4H, arom H2'/H6'), 8.44 (m, 1H, NH amide), 8.68 (m, 2H, NH
amide); "C NMR (DMSO-d) o: 28.0, 39.2, 55.9, 75.8, 75.9, 77.8,
79.6,104.7, 105.4, 105.9, 106.7, 135.9, 136.1, 157.2, 158.5, 159.5,
167.7, 167.8, 168.0, 168.1; MS analysis: calcd for C,,H,N,Oyy,
806.32, found ES-MS 807.65 [M + HJ*, 707.55 [(M-C;H;0,) +
H]*; Elemental analysis: caled for C,,H,N,O,, C 65.50, H5.75, N
6.94 found C 65.28, H 5.71, N 6.80%.

tert-Butyl-2,2',2"-(10-(2-(2-(3,5-bis(2-(3,5-bis(prop-2-ynyloxy)-
benzamido )ethoxy )benzamido )ethylamino)-2-oxyethyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetate (16). Compound 16
was synthesized as described for 13 starting from 15 (242 mg,
0.30 mmol). After workup, the crude product was purified by
column chromatography (eluents DCM-MeOH 98 : 2 v/v —
DCM-MeOH 9 : 1 v/v) to yield a white solid (227 mg, 60%).
Mp: 108-114 °C; R; (CH,Cl,-MecOH 9 : 1 v/v): 0.30; R;:
19.70 min (C8); '"H NMR (CDCl,) o: 1.45 (s, 27H, (CH;),
‘Bu), 2.04-4.50 (broad s, 36H, CH, DOTA (24H)/~NH-CH,-
CH,-NH~(4H)/~0-CH,-CH,~NH~(8H)), 2.55 (s, 4H, CH),
4.72 (m, 8H, ~O-CH,), 6.60 (m, 1H, arom H4), 6.70 (m, 2H,
arom H2/H6), 7.18-7.33 (m, 6H, arom H2'/H4'/H¢'), 7.80 (m,
2H, NH), 8.75 (m, 2H, NH); *C NMR (CDCl;) §: 27.9, 28.0,
38.8, 39.3, 39.7, 55.7, 55.9, 56.2, 66.5, 75.8, 76.0, 78.3, 82.0,
106.0, 106.3, 106.5, 106.7, 136.3, 136.8, 158.6, 159.4, 166.7,
166.9, 171.5, 172.3; MS analysis: calcd for Cy;HgNgOq, 1260.63,
found ES-MS 1261.75 [M + H]*; Elemental analysis: calcd for
C;HgiNO,6-H,SO, C 59.19, H 6.67, N 8.24 found C 59.60, H
6.82, N 7.71%.

N-¢-Azido cyclo(Arg-Gly-Asp-D-Phe-Lys) (19). Cyclic peptide
18 (200 mg, 0.33 mmol) was dissolved in zert-BuOH-H,O (5 mL;
1 : 1 v/v) and the pH was adjusted to 10 by the addition of
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1 N NaOH. To this solution were added: CuSO,-5H,O (8 mg,
0.03 mmol, 0.1 equiv) and a solution of triflic azide (587 mg,
3.3 mmol, 10 equiv) in CH,Cl, (freshly prepared from triflic
anhydride (555 pL, 3.3 mmol, 10 equiv) and NaN; (975 mg,
15 mmol, 4.5 equiv) in CH,CLL,-H,O (13 mL; 10 : 3 v/v).”
The obtained two-phase reaction mixture was firmly stirred for
16 h at room temperature. Then, the solvents were removed by
evaporation and the residue was mixed with fert~-BuOH-H,O and
subsequently lyophilized to yield 202 mg (97%) crude reaction
product. Pure azido peptide 19 was obtained in 21% yield (44 mg)
after purification by HPLC (C8). R; (CHCl;-MeOH-AcOH 90 :
20:3v/v/v):0.25; R;: 16.81 min (C4); R;: 17.33 min (CN); FTIR
(KBr) v: 2100 cm™'; "TH NMR (500 MHz, H,O-D,0 9 : 1 v/v,
293 K, 6.4 mM, pH 4): Arg, o: 1.43 (m, 2H, yCH,), 1.65/1.86
(double m, 2H, BCH,), 3.18 (m, 2H, 6CH,), 4.36 (m, 1H, oCH),
7.20 (t (J 5.8 Hz), 1H, 6NH), 8.04 (d (J 8.7 Hz), 1H, aNH); Gly,
0:3.49 (dd (J 4.5 Hz, J 14.8 Hz), 1H, aCH,), 4.21 (dd (J 7.7 Hz,
J 14.8 Hz), 1H, aCH,), 8.33/8.36 (dd, (J 4.7 Hz, J 7.4 Hz), 1H,
aNH); Asp, J: 2.63/2.66 (dd (J 6.7 Hz, J 16.4 Hz), 1H, BCH,),
2.79/2.83(dd (J 7.7Hz,J 16.4 Hz), 1H, BCH,), 4.73 (m, 1H, oCH),
8.12(d, (J 8.8 Hz), 1H, aNH); D-Phe, 0: 2.93/2.98 (dd (J 10.3 Hz,
J 13.2 Hz), 1H, BCH,), 3.07/3.10 (dd (J 5.9 Hz, J 13.2 Hz), 1H,
BCH,), 4.45 (m, 1H, aCH), 7.25 (d (J 7.3 Hz), 2H, arom H), 7.33—
7.38 (m, 3H, arom H), 8.42 (d (J 5.9 Hz), 1H, aNH); azido Lys,
0:0.95 (m, 2H, yCH,), 1.46/1.65 (double m, 2H, BCH,), 1.49 (m,
2H, 6CH,), 3.24 (t (J 7.1 Hz), 2H, ¢CH,), 3.85 (m, 1H, aCH), 8.44
(d (J 5.6 Hz), 1H, oNH); “C NMR (H,0-D,09:1v/v,293 K,
6.4 mM, pH 4): Arg, J: 29.8 yC, 30.0 BC, 43.3 6C, 55.2 aC, 176.0
aCO, 176.3 guanidino C; Gly, d: 46.3 aC, 172.9 aCO; Asp, J: 38.5
BC, 52.9 aC, 175.1 aCO, 178.6 BCO; D-Phe, d: 39.6 BC, 58.1 aC,
130.0 arom CH, 131.5 arom CH, 131.9 arom CH, 138.8 arom qC,
176.5 aCO; azido Lys, 0: 25.1 yC, 27.2 8C, 32.6 BC, 53.3 €C, 58.2
aC, 177.9 aCO; MS analysis: caled for C,;H; N, 05, 629.30, found
ES-MS 630.55 [M + HJ*, 652.70 [M + Na]*, 668.25 [M + K]*.

General procedure for the microwave-assisted click reaction.
2 The alkyne (1 equiv) and the azide (1.3 equiv per arm)
were dissolved in DMF-H,O. To this solution, CuSO,-5H,0O
(0.05 equiv) and Na-ascorbate (0.50 equiv) were added. The
reaction mixture was placed in a microwave reactor and irradiated
during 10-30 min at 100 °C. The cycloaddition was monitored on
TLC and LC-MS for completion of the reaction.

DOTA-conjugated monovalent cyclo|RGDfK] peptide dendrimer
(23). Alkyne 13 (5.5mg, 7.1 umol) and azido peptide 19 (6.0 mg,
8.1 umol, 1.1 equiv) were dissolved in DMF (500 pL) and
0.05 M Na-ascorbate (72 pL, 3.6 umol, 0.50 equiv) followed by
6 mM CuSO,-5H,0 (60 uL, 0.36 umol, 0.05 equiv) were added.
The reaction mixture was placed in the microwave reactor and
irradiated for 3 x 5 min at 100 °C. Then, the solvents were
removed under reduced pressure and the residue was dissolved
in tert-BuOH-H,0 1 : 1 v/v and lyophilized. The obtained fluffy
solid was dissolved in TFA-H,O (1 mL; 95 : 5 v/v) and stirred
for 4 h at room temperature. Subsequently, the reaction mixture
was concentrated in vacuo and the residue was redissolved in fert-
BuOH-H,O 1 : 1 v/v, lyophilized and purified by semi-prep HPLC
(C18) to give compound 23 in 13% yield (1.1 mg). R;: 10.3 min
(C18); MS analysis: calcd for CssH,oN;O,6, 1234.340 (M,,.), found
MALDI-TOF 1234.807 [M + H],..*.

DOTA-conjugated divalent cyclo]RGDfK] peptide dendrimer
(24). * Alkyne 14 (4.9 mg, 5.9 umol) and azido peptide 19
(11 mg, 14.8 umol, 1.3 equiv) were dissolved in DMF-2,6-lutidine
(1 mL, 7 : 3 v/v) and to this solution the following reagents were
subsequently added: CuOAc (1.8 mg, 14.7 umol, 2.5 equiv), Na-
ascorbate (5.9 mg, 29.8 umol, 5.1 equiv) and DIPEA (9.8 uL,
7.1 umol, 1.2 equiv). The obtained reaction mixture was heated
by microwave irradiation to 100 °C for 3 x 5 min. Then, the
solvents were removed under reduced pressure and the residue
was dissolved in tert--BuOH-H,O 1 : 1 v/v and lyophilized. The
obtained fluffy solid was dissolved in TFA-H,O (1 mL; 95:5v/v)
and stirred for 4 h at room temperature. Subsequently, the reaction
mixture was concentrated in vacuo and the residue was redissolved
in tert-BuOH-H,O 1 : 1, lyophilized and purified by semi-prep
HPLC (C18) to obtain compound 24 in 11% yield (1.3 mg). R;:
12.1 min (C18); MS analysis: calcd for CgH 50Ny O,,, 1918.067
(M,,.), found MALDI-TOF 1918.431 [M + H],..*.

DOTA-conjugated tetravalent cyclo|RGDfK] peptide dendrimer
(25). Alkyne 16 (3.8 mg, 3.0 umol) and azido peptide 19
(11 mg, 14.8 pmol, 1.2 equiv) were dissolved in DMF (500 uL)
and to this solution, 0.05 M Na-ascorbate (30 uL, 1.5 umol,
0.50 equiv) followed by 6 mM CuSO,-5H,0 (25 pL, 0.15 pmol,
0.05 equiv) were added. The obtained reaction mixture was heated
by microwave irradiation to 100 °C for 2 x 5 min. Then, the
solvents were removed under reduced pressure and the residue
was dissolved in tert-BuOH-H,O 1 : 1 v/v and lyophilized. The
obtained flufty solid was dissolved in TFA-H,O (1 mL; 95:5v/v)
and stirred for 4 h at room temperature. Subsequently, the reaction
mixture was concentrated in vacuo and the residue was redissolved
in tert-BuOH-H,O 1 : 1 v/v, lyophilized and purified by semi-
prep HPLC (C18) to give compound 25 in 36% yield (3.9 mg). R;:
11.6 min (C18); MS analysis: calcd for C,;3Ha N5, Oy, 3611.873
(M,.), found MALDI-TOF 3612.646 [M + H],..*.
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New types of porphyrin derivatives bearing “C-glycoside” moieties, either in 5,10,15,20- or in
5,15-meso-positions, were prepared and fully characterized. The presence of the glycosidic groups
imparts to the title macrocycles, besides an amphiphilic character, a clear tendency to form chiral
suprastructures upon solvent-driven self-aggregation in different aqueous—organic solvent mixtures.

Supra-assembly phenomena, in terms of the size and morphology of the resulting structures, as well as

their kinetics of aggregation, were studied by UV-visible, fluorescence, resonance light scattering (RLS),

and CD spectroscopy, indicating that the morphology of the aggregates depends strongly on the
structure of the porphyrin rings, and on the bulk conditions of aggregation.

Introduction

The control of the symmetry and chirality of important receptors
is a key issue in modelling natural pathway-mimics in the
chemical laboratory today and in nanodevice design tomorrow.
Supramolecular chemistry, as defined by Jean-Marie Lehn,! is the
“the chemistry beyond the molecules, bearing on the organized
entities of higher complexity that result on the association of two
or more chemical species held together by intermolecular forces.”

Generally, compounds in which the active bearer of property
(functiophore, pharmacophore, chromophore, and so on) is
conjugated with a vector such as a peptide,>* nucleotide,® borane,®
saccharide™ or combined moieties, are of great interest. The
introduction of a chiral hydroxylated vector, such as, for example,
a carbohydrate group, into a porphyrin frame, would impart to
such derivatives promising molecular recognition features, i.e.
hydrogen bonds, with appealing stereoselective properties brought
by the presence of carbon stereogenic centres.'”* Porphyrin—
carbohydrate conjugates, although based on different synthetic
philosophies, have been found to have important applications as
sensitizers in photodynamic therapy (PDT) for cancer treatment,
and for other therapeutic utilisation.”® Moreover, these derivatives
have been recognized to present other important features, such
as incorporation into cell membrane models,” interaction with
DNA and nucleotides® or electrochemical® properties, which
makes them suitable for utilization in catalysis****” or in analytical
chemistry.?®*
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The aim of our project is to implement into our supramolecular
synthon (a porphyrin building block) a chiral recognition and/or
discrimination feature/function. Hence, we adopted a very simple
philosophy entailing the functionalisation of the known porphyrin
platform by tailored, well-functioning chiral ligands with eas-
ily tunable properties such as, for example, steroids, peptides
or carbohydrates.?*3" A straightforward procedure would then
concern the construction of a porphyrin-saccharide conjugate,
where the “sugar” moiety is linked to the macrocycle in a meso-
position®3* with direct and robust covalent C-C bonds, which,
differing from the previously reported O-glycosidic bond, is stable
towards hydrolytic or enzymatic degradation. Furthermore, the
“sugar” moiety should impart to the resulting porphyrin platform
tunable polar/lipophilic properties, depending on the level of
protection and/or hydroxylation, and on the OH groups spatial
orientation (stereo- and regiochemistry). This issue would be
also of great importance for the development of biological-like
receptors, able to work in aqueous media.’3* Another important
point is that the presence of chiral appended functionalities (i.e.
sugar moieties) would impart to these substrates interesting stere-
oselective properties, in terms of, for example, chiral recognition,
self-recognition and aggregation (cf. ref. 19, for example).

Results and discussion

The synthetic part of this work exploited several attempts to
synthesize the meso-“C-glycosylated” porphyrins (“C-glycoside”
is a trivial name for a compound in which an oxygen atom of
the glycosidic bond is replaced by a methylene group. Similar
compounds in which the sugar moiety is directly connected with
more than one methylene unit are sometimes trivially called
pseudo-C-glycosides®*®). There are several papers reporting on the
synthesis of porphyrins with the “carbohydrate” moiety bonded
directly,*** either by a heteroatom*** or by a spacer.* To the best
of our knowledge, we present in this paper the first example of a
compound in which a “sugar moiety” is linked to the methylene
bridge of a porphyrin ring.
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Two basic strategies were used: one, leading to a porphyrin type
with all four meso-positions substituted with identical ligand (type
A), relies on direct cyclization of “sugar” aldehydes with pyrrole,
whereas the second, based on sequential construction from the
dipyrrylmethane precursors, yields to porphyrin derivatives with
5,15-meso-substitution pattern (type B).

As far as the former strategy is concerned, aldehydes 1 (ref. 40)
and 3 (ref. 41) were used as building blocks in direct condensation
with pyrrole in dichloromethane (Lindsey conditions*), to give A-
type meso-substituted porphyrins in very good 18 and 36% yields
(for 2 and 4, respectively, Scheme 1).

O .~
BnO - H
_
BnO “OBn  1.BFyEt,0 /CH,Cly
OBn 2.DDQ

(yield 18 %)
1

O w— CHO N
BnO . H
- .
BnO*" “OBn  1.BF3Et0 /CH,Cl,
OBn 2

Scheme 1 Reaction of aldehydes with pyrrole under catalysis with
BF;-Et,0.

The modular synthesis of B-type porphyrins was accomplished
by following a well-established 2 + 2 MacDonald type procedure:
dipyrryl derivatives 5 and 6 can be obtained by condensation of
aldehydes 1 and 3 with pyrrole in dichloromethane in the presence
of trifluoroacetic acid (TFA) in good yields, i.e., 49 and 84% for “D-
galacto” and “D-gluco” derivatives 5and 6, respectively (Scheme 2).
The products obtained are relatively stable and can be purified by
flash chromatography.

=
N N\ NH
0 .—CHO N o .
BnO BnO N I NH
BnO “OBn TFA B “OBn 7
nO
BnO CH,Cl BnO

; (yield 49 %)

0y
—CHO N

o 0
BnO )
BnO"’ “OBn TFA

OBn CH,Cl,

5
N\ NH
O
BnO - NH
BnO‘\ OBn
(yield 84 %) BnO

3 6

Scheme 2 Reaction of aldehydes with pyrrole under catalysis with TFA.

1.5, TFA, CH,Cl,
F CHO -
2. Et;N, DDQ
F .
F (vield 22 %)

Scheme 3 Condensation of dipyrrylmethane 5 with pentafluor-
benzaldehyde.

Hence the B-type porphyrin derivative 7 was prepared by
acid catalyzed (TFA) condensation of dipyrryl derivative 5 with
pentafluorbenzaldehyde in dichloromethane and subsequent in
situ DDQ oxidation, to yield porphyrin 7 in a good 22% yield
(Scheme 3). The pentafluorophenyl substitution was selected for
two reasons. Firstly, the moiety is very lipophilic and, thus, rather
different from a “carbohydrate” one (not considering different
binding possibilities). The second reason was the reactivity of the
fluorine in position of the C-4 of benzene ring, which is utilized
for substitution reactions and binding to the solid phase.

Similar reactions carried out on dipyrryl derivative 6 gave a
mixture of porphyrin derivatives with very similar structures, in
low yields. Spectral investigation (MS and NMR), gave good
evidence of the presence of porphyrin 8 as one of the main
components (Scheme 4), together with other porphyrinic material
with a larger MS (MALDI) ion peak at m/e 2085.72 (which had
typical a UV-vis absorption, too). Here, we were unable to get a
sufficient amount of the pure compounds and the reaction will be
the subject of further investigations—the details will be reported
elsewhere. It could be suggested that the compound is a porphyrin
with one pentafluorophenyl and three “C-glycosides”, obtained
by the scrambling phenomena described by Lindsey;* such a
compound should have the chemical formula: Cj; H;»;FsN,Oys,
with the exact mass: 2086.89.

F F
1.6, TFA, CH,Cl,
F CHo ———
2. Et;N, DDQ
F F

Scheme 4 Condensation of dipyrryl derivative 6 to porphyrin 8.

The best protocol to obtain porphyrin 7 selectively entails the
condensation of pentafluorphenyldipyrrylmethane 9 (ref. 44) with
sugar aldehydes 1 and 3, followed by treatment with DDQ. The
resulting reaction mixtures gave, in the case of starting aldehyde
1, porphyrin 7 in a very good 27% yield (Scheme 5). In the
case of aldehyde 3, however, the reaction showed an outcome
similar to that observed in the case of the reaction of the
pentafluorbenzaldehyde and dipyrryl derivative 6 discussed above.

Debenzylation of this kind of complex structure could be a real
problem."” However, we found that the only case of a successful
attempt was that entailing the simple hydrogenation of 7 over

This journal is © The Royal Society of Chemistry 2007
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1.1, TFA, CH,Cl,

- .

2. Et;N, DDQ

(vield 27 %)

Scheme 5 Condensation of pentafluorphenyldipyrrylmethane 9 to por-
phyrin 7.

palladium on charcoal, to give the fully hydroxylated derivative
10 in a 63% yield (Scheme 6). Characteristic UV-visible spectral
patterns are reported in Fig. 1. These unprotected (free-OH)
derivatives can be of importance for the preparation and the study
of sugar-based, water-soluble tetrapyrrolic macrocycles.

Hy, Pd(C)

—_—

MeOH, CH,Cl,
oBn  (yield 63 %)

Scheme 6 Deprotection of porphyrin 7.

The above-reported series of novel compounds were further
studied on the basis of their properties and potential use as
building blocks for more elaborate and functional architectures.

PS73Xr1publ.DSW

This latter issue can be of striking importance for the development
of supramolecular mimics of the enzyme machinery* of photosyn-
thetic bacteria, or for sensor applications. We recently reported, in
fact, that layered films of amphiphilic porphyrin derivatives are of
importance in the construction of selective solid-state sensors for
Hg** ions.*

The results show major differences in the chemical as well as
physico-chemical properties of the compounds prepared, even
at the same level of OH group protection, depending on the
specific structure of the glycosidic peripheral functionalisation.
Namely, several properties of compounds derived from “D-gluco”
precursors do differ from those from “D-galacto” ones, which can
be illustrated by their purification and reaction ability, ie., the
differences observed can be ascribed to the occurrence of specific
intermolecular interactions in solution. Chloroform solutions of
the “sugar” substituted pyrroles and porphyrins in fact gave
unexpected polarimetric measurements with rather high readings
even in quite dilute solutions, which became stable only after a
prolonged time (minutes to hours) from preparation, with no
other apparent chemical change detected. This finding can be
undoubtedly interpreted on the basis of the occurrence of self-
aggregation phenomena between porphyrin macrocycles and at
a lower level also in dipyrrole derivatives. We recently reported
that the self-aggregation of chirally-functionalized porphyrin
derivatives results in the formation of architectures characterized
by well-defined supramolecular chirality.” A similar behavior
can be surmised to be operative in this present case. In order
to shed more light on this important issue, a series of detailed
spectroscopic studies was carried out. For this initial study we
selected two candidates, i.e., porphyrins 2 and 7, which were found
to be the most promising in early investigations.*® Other molecules
are currently under study.

Absorbance
[,

4
3 ' I 54
/410t 589 647
‘ A
IR T |
B ! \ o 510
T4 220 /A S Ty
e S N \

I e - S S S RS N e s

0

[ EWETI SEETE FRTTI ANNTASRNTE RV RNRN] FRNTE FANN] FURNINNNTE FURTI FUNNE FRUTE FUUTEUNNIRNUTE FURTE SRNL RUNT SARTANT]

200 250 300 350 400 450

500 550 600 650 700 750 800

Wavelength (nm)

Fig.1 Typical UV-vis spectral pattern of porphyrin 10 in methanol, showing a Sorret band at 410 nm and Q-bands from both sides (dash-and-dot line

to dashed x5, to solid x40).
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The title porphyrins 2 and 7, differing in their peripheral
substitution pattern (the former being substituted by four “glyco-
sidic” groups, and the latter featuring two pentafluorophenyl rings
and two “glycosidic” moieties in mutually alternating positions)
would feature different properties, in terms of electronic and steric
effects, and consequently, different self-aggregation properties.
These tetrapyrrolic macrocycles show good solubility in either
chlorinated and polar aprotic solvents such as DMSO, DMF
and MeCN. The relative UV-visible spectra, at uM concentration,
show a narrow Soret band (A, 422 and 416 nm, in chloroform,
for 2 and 7, respectively) indicating the solubilisation of the
chromophores in the monomeric form. The hypsochromic shift
of porphyrin derivative 7 is safely ascribable to the electron
withdrawal effect of C,F; moieties.* The aggregation behavior
of the tetrapyrrolic macrocycles was studied in aqueous solvent
mixtures, namely DMSO-water, DM F-water and MeCN-water,
at different water proportions in uM concentrations. In all of
the mixtures investigated, a hypochromic effect of the electronic
bands was observed, ongoing through 0 to 100% water com-
position. A concomitant red shift of the absorption maxima is
also evidenced. This indicates the occurrence of solvent-driven
porphyrin aggregation, toward the formation of J-type, edge-
to-edge, supramolecular architectures.®® Evidently, the increasing
of solvent polarity steers the onset of hydrophobic (e.g., n—m)
interaction among the aromatic porphyrin platforms. These results
are graphically reported in Fig. 2, for the aggregation studies of
7 carried out in MeCN-H,O. The nature of solutions (true/non-
true; or solution/emulsion) was not examined.
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Fig. 2 UV-vis spectroscopic variation of 7; 1.3 uM, in MeCN-H,O
solvent mixtures (uppermost curve: 0-40% H,O; lowermost curve: 100%
H,0). Inset: “aggregation curves” for 2 (lower curve), and 7 (upper curve)
3.7uM, at T =298 K.

The intensity of the Soret bands is monitored upon changing
the composition of solvent (v/v). (The term “extinction” is more
appropriate than “absorbance” because of the presence of RLS
contribution to UV visible and CD bands. For a discussion on
this topic see ref. 51.) The solvent composition at which a sudden

intensity drop occurs can be noted as the “critical aggregation sol-
vent composition” (casc).” In this case, the term “casc” indicates
a solvent composition at which the aggregation process becomes
evident. At water compositions below this value, the aggregation
is too slow to be appreciated (or even does not occur), whereas
at higher values the aggregation is complete within the time of
mixing. At this particular solvent composition, a detailed kinetic
study can be conveniently carried out by means of conventional
techniques (see the Experimental section). Similar results, in terms
of spectral changes and “casc”, are observed at higher porphyrin
concentration, i.e., 3.6 pM. Similar trends are observed in different
aqueous solvent mixtures, namely DMSO-water and DM F-water.
However, in these latter solvents, aggregation promoted at H,O >
60% v/v occurs with some cloudiness of the solution, indicating
the formation of large, mesoscopic-sized porphyrin aggregates.
The aggregation experiments, as far as this explorative stage is
concerned, have then been focused on the case of MeCN-H,O
solvent mixtures, in which accurate conventional spectroscopic
studies can be safely carried out. Detailed studies on the effect of
different solvents are under investigation, and the results will be
reported elsewhere.

Aggregation of porphyrin derivative 2 shows the “casc” at
ca. 50% water content (Fig. 2, inset). The bis-pentafluorophenyl
derivative 7 shows some differences in aggregation behaviour.
Complete aggregation of the bis-pentafluorophenyl derivative 7
in fact occurs significantly at ca. 60% of water. This would be
interpreted on the basis of the presence of CyFs-groups, which
would be better solvated by H-bonding. Moreover, this latter
macrocycle features a less-extended aromatic electronic surface,
with respect to that of derivative 2, resulting in the one set of -
stacking interactions only at higher water proportions.

Fluorescence experiments confirm the formation of porphyrin
aggregates in water-rich solvent mixtures. It is well known that
porphyrin chromophores feature strong intensity emission in
the 600-700 nm range, with a decay time, 7, of about 12 ns.
In a typical experiment (A, = 518 nm; A, = 645 nm), the
emission of the porphyrin concerned (i.e., 7 or 2) is monitored
in aqueous MeCN, at [P] = 1.1 uM. The fluorescence is strongly
quenched upon increasing water proportion, indicating the for-
mation of strongly electronically-coupled, non radiative porphyrin
aggregates® (Fig. 3, inset). Remarkably, the drop in signal emission
occurs at the same solvent composition found by UV-visible
techniques, safely confirming the occurrence of the aggregation
phenomena.

The formation of large porphyrin aggregates is further corrob-
orated by resonance light scattering spectroscopy studies. This
relatively new technique,* which is based on the enhancement
of the scattering of light on the red edge of the Soret band,
is strongly dependent on the size of porphyrin aggregates, the
extent of electronic coupling between adjacent chromophores
and their molar extinction coefficients. Indeed, light scattering
experiments on aqueous MeCN solutions of either 2 and 7
show a gradual growth of the RLS signal on the Soret band
region of the aggregates (ca. 430 nm; see Fig. 3) on increasing
water proportion, with the intensity approaching a maximum
value above 60% H,O. RLS features at ca. 490 nm (Q visible
bands) are also detectable in the spectrum. The strong intensities
observed indicate the formation of large aggregates, typically 10*—
10° monomer units. (It has been reported that the minimum
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Fig. 3 RLS spectra of 2, 1.1 uM in various MeCN-H,O mixtures: (a)
0-35%, (b) 40%, (c) 45%, (d) 60% H,O. Trace (a) appears at near zero on the
plot. In the inset, the corresponding (a, top three traces)-(d) fluorescence
emission spectra are reported. The arrows indicate the spectral changes
upon increasing water proportion.

number of interacting chromophores needed to observe the RLS
effect is n > 25. See, for example ref. 55) It is worth noting that the
RLS spectra of porphyrin solutions in the monomeric form are
undetectable on the observed intensity scale.

Analogous results are observed in the case of the bis-
pentafluorophenyl derivative 7, with the notable difference that
this derivative shows, as expected, a maximum RLS effect at a
somewhat higher water : MeCN ratio. Moreover, the relative RLS
intensities, normalized by the relative molar extinction coefficients,
are less pronounced (ca. 67%), probably indicating the formation
of smaller aggregates.

Kinetic studies on the aggregation of title glycoporphyrins 2
and 7 have been performed in MeCN-H,O solvent mixtures.
The kinetics of aggregation can be carried out by conventional
hand-mixing techniques, and can be conveniently followed by
monitoring the decrease of Soret band intensity with time. In the
case of porphyrin 2 the kinetic experiments have been carried out in
al:1 MeCN-H,O mixture. In the case of the “less hydrophobic”
pentafluorophenyl derivative 7, the aggregation occurs, as already
evidenced in the preliminary solvent driven aggregation experi-
ments (vide supra), only at higher water proportions (i.e., >55%).
At lower water contents no aggregation is observed, even after a
prolonged time, as witnessed by the invariance of the UV-visible
spectral pattern of the porphyrin solutions.

It has been reported® that the aggregation process can be
quite dependent on either the initiation protocol, such as, for
example, the mixing order of solution components, and on the
ageing of the porphyrin stock solutions. In our case, using freshly
prepared solutions and the same order of mixing ensures good
reproducibility, as indicated in the Experimental section. However,
different mixing protocols gave similar results, although of lower
reproducibility, in terms of kinetic parameter values.

The experimental data points can be nicely fit by a so-called
“stretched exponential” equation (eqn (1)).”’

E = E, + AE[1 — exp(—(kt)")] (1)

In this equation E, represents the initial extinction at ¢ = 0,
AE = E_—E, is the difference between the initial extinction value
(t = 0) and that at 1+ = oo, k is the kinetic rate constant, and
n is the aggregation growth factor, related to the mean value of
binding sites available for aggregate growth process. This equation
is valid in the case of monodispersed systems,” in which large
clusters are formed by interaction between initial smaller clusters
(seeds) and monomers. In this case, known as diffusion limited
aggregation (DLA), the n factor is required to be <1. Notable
examples are reported in the aggregation of charged cyanine dyes
on charged polymeric templates, such as poly(vinylsulfonate).*® A
typical example is reported in Fig. 4, in which the close adherence
of the experimental points to the calculated curve fit can be
nicely evidenced. The quality of the fit is generally very good,
with R?> > 0.9996, and the calculated values for E. and E, are
always in excellent agreement with the experimental values. It
is worth mentioning that aggregation kinetics followed by RLS
spectroscopy gave similar results, in satisfactory agreement (Fig. 4,
inset; Table 1). This clearly indicates that these two techniques are
probing the same aggregation process.
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Fig. 4 Aggregation kinetics of 2 (3.7 x 10~ M; MeCN-H,O 50 : 50,
UV-vis spectroscopy). The full circles are the experimental points and the
continuous line represents the theoretical curve fit according to eqn (1).
Inset: corresponding kinetic plot, followed by RLS (see text).

Table 1 Kinetic parameters of the aggregation reaction of 2 and 7 “

Entry  [P/M Ko (2)/571° Ko (T)/s7 €

1 1.1 x 106 1.3 x 107 (0.62) 1.0 x 107 (0.39)
2 22%x10¢ 2.1 x 107 (0.60)

3 37x10°¢ 2.8 x 107 (0.64) 1.6 x 107 (0.42)
4 37x 107 2.7 x 107 (0.66)

5 3.7 % 107 1.2 x 1073 (0.76)¢

6 7.6 x 106 5.4 % 107 (0.61) 2.4 x 107 (0.40)
7 1.1 x 10 8.7 x 107 (0.67) 4.9 x 107 (0.45)

“T =298 K. The value of parameter n is reported in parentheses (see text).
Runs are in duplicate with uncertainties within 5%. ® In MeCN-H,O 50 :
50. ©in MeCN-H,O 45 : 55. 4 Protocol of preparation B. ¢ Followed by
RLS.
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The results, in terms of apparent aggregation rate constant
(koge, s7') and n values, are reported in Table 1. From inspection
of the table, it is evident that an increase of aggregation rate
is promoted by increasing the initial porphyrin concentration.
The porphyrin derivative 2 shows a higher rate of aggregation
with respect to the counterpart 7. This, again, can be related to
the different peripheral substitution pattern. This would infer a
different hydrophobicity of the macrocycles, producing a different
tendency to self-aggregation. Apparently, the more electron-
withdrawing C,Fs; moiety promotes a more favorable solvation,
resulting in a slower aggregation rate. The effect of the different
structural parameters reflects itself also in the mean n values. The
above kinetic studies gave mean values of 0.63 and 0.42, for2and 7,
respectively. Moreover, they are virtually independent, within the
experimental uncertainties, of the initial substrate concentration,
safely ruling out a change in aggregation mechanism upon varying
substrate concentration. Again, the differences found for the
values of n, although at the present stage of unstraightforward
interpretation, would be certainly related to the different structural
features. Addressed studies will be carried out to elucidate this
topic, and the results will be reported elsewhere.

Aggregation experiments, conducted at different ionic strengths,
have been further carried out in the case of both 2 and 7 derivatives,
and the results, in terms of aggregation constant values (k) and
parameter n, are reported in Table 2, and in graphical form in
Fig. 5.

The increase of ionic strength of the bulk medium (NaBr addi-
tion) promotes an increase of the aggregation rate, as it would be
expected for a self-interaction mainly promoted by the solvopho-
bic effect. Interestingly, the effect of the medium is quite similar
for the two derivatives, ruling out the occurrence of a specific
interaction of the ions with the polar porphyrin frames (Fig. 6).

Remarkably, the » values remain unchanged, within experi-
mental error, with respect to the values obtained in the case
of aggregation carried out in the absence of NaBr. This finding
would safely rule out a change in the aggregation mechanism. In
different case of aggregation of charged, water soluble, porphyrin
derivatives, namely tetrakis(sulfonatophenyl)porphine,® the addi-
tion of salts causes a change of mechanism, from DLA to DCCLA
(diffusion limited cluster—cluster aggregation). This effect has been
interpreted on the basis of specific ion-pairing (cation—anionic
porphine) interaction. In our present case (i.e., uncharged species),
the addition of salts results in an aspecific, general salt effect, which
apparently influences only the rate of self-interaction.

Table 2 Kinetic parameters of the aggregation reaction of 2 and 7 in the
presence of NaBr*

Entry [NaBr]/M kg (2)/871° Koge (7)/s7¢

1 0.0020 0.0041 (0.61) 0.0045 (0.43)

2 0.010 0.0087 (0.68) 1.2 x 1072 (0.39)
3 0.010 0.0090 (0.70)*

4 0.050 0.026 (0.63) 0.032 (0.42)

5 0.10 0.040 (0.67) 0.044 (0.46)

6 1.0 ¢ ¢

“[P]=3.7 x 107° M; T'= 298 K. In parentheses the value of parameter 7 is
reported (see text). Runs are in duplicate with uncertainties within 5%. * In
MeCN-H,0 50 : 50. ©in MeCN-H,0 45 : 55. 4 Protocol of preparation B.
¢ Too fast to be measured.
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Fig. 5 Kinetic constant values of 7 (O) and 2 (@) (7.3 x 10°° M;
MeCN-H,O0 50 : 50) as a function of ionic strength.
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Fig. 6 RLS spectra of 2 (3.7 uM in 50% aqueous MeCN, 7' = 298 K).
Full line: [NaBr] = 0.0 M; dashed line: [NaBr] = 0.010 M.

At a salt concentration higher than 0.1 M, the aggregation
became too rapid to be followed by conventional techniques.
Remarkably, in those latter cases, the aggregation results in an
evident opalescence of the solution. This is accompanied by
dramatic spectral changes, in which the absorption bands are
severely broadened, with non-zero extinction throughout the
visible range. Moreover, an anomalous B : Q band intensity ratio is
observed (see Fig. 7). This phenomenon is similar to that recently
reported in the case of formation of spermine-induced porphyrin
fractal J-aggregation, in which this unusual enhancement of light
scattering has been attributed to the formation of large porphyrin
aggregates behaving as metal particles.®'
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Fig. 7 UV-visible spectra of 2 in MeCN (solid line); in MeCN-H,O
[NaBr] = 0.0 M (dotted line) and in MeCN-H,O [NaBr] = 1.0 M (dashed
line).

RLS spectra of 2 and 7 (3.7 uM; 50% aqueous MeCN or
45% aqueous MeCN, respectively) show a reduction in scattering
intensities (Fig. 8), once performed in the presence of added salt
(NaBr, 0.010 M). This would indicate, in the first instance, that the
higher ionic strength, although promoting a faster aggregation,
results in self-assembled species characterised by a lower size
(lower number of components). This could be tentatively explained
in terms of a fine balance between two opposing effects, i.e., (i) a
general increase of the polarity of the bulk medium boosting a
faster aggregation by n—r interaction (hydrophobic effect) and,
concomitantly, (ii) the onset of electrostatic repulsion between the
Na* ions that surround the polar appended functionalities on the
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Fig. 8 RLS spectra of 2 and 7 (inset) (3.7 uM in 50% aqueous MeCN,
T =298 K) at [NaBr] = 0.0 M (solid line) and [NaBr] = 0.010 M (dotted
line).

tetrapyrrolic frames. This latter effect would become predominant
on increasing the size of the porphyrin aggregates.

Circular dichroism (CD) spectroscopy has been found to be
an excellent tool for the studies of porphyrin chiral aggregates.
The formation of chiral aggregates has been achieved by several
means. Seminal papers by Pasternack demonstrated the formation
of chiral porphyrin aggregates by templating with DNA, RNA, or
other chiral synthetic polymers.*? Supramolecular chirogenesis can
be induced in achiral porphyrin systems by metal coordination.®
Spontaneous chiral symmetry breaking has been achieved by
stirring effects in homoassociation of water soluble derivatives.**

We recently reported that the presence of a chiral functionality
on the molecular frame of amphiphilic porphyrin derivatives
steers the aggregation toward the formation of supramolecular
structures featuring supramolecular chirality. In light of the above
reports, the study of the aggregation of these title glyco-derivatives
certainly constitutes an intriguing task, not only from an academic
point of view, but also for practical, future applications.

CD experiments, carried out on porphyrins 2 and 7, reveal
that the aggregation results in the formation of intrinsically-chiral
assemblies, triggered by the presence of the sugar moieties (Fig. 9).
The aggregation results, in both of the cases, in a strong, negative
bisignate CD spectrum, indicating that the electronically-coupled
macrocycles are held in a mutual chiral conformation.
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Fig. 9 CD spectra of porphyrins (3.7 pM) in aggregative conditions.
(Solid line) 2 in H,O-MeCN 1 : 1; (dashed line) 7 in H,O-MeCN 55 : 45;
(dotted line) 7 H,O-MeCN 55 : 45, NaBr 0.010 M.

Remarkably, some differences in the CD spectral features can
be evidenced. Porphyrin 2 (solid line) give rise to a negative peak
at 2 426 nm ([0] = —1.2 x 10%) and a positive one at 1 416 nm
([0] = + 2.0 x 10%), with the “zero point” at 420 nm, whereas
7 aggregates present slightly shifted and somewhat more intense
spectral features with 4 427 nm ([0] = —2.3 x 10*) and 1 412 nm
(6] = + 2.2 x 10%), with the “zero point” at 420 nm (dashed
line). The stronger intensity of the spectral CD features of 7
should indicate the formation of porphyrin assemblies, although
of smaller size (RLS experiments), which are characterized by
a higher degree of asymmetry. Further important insights can
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be given by monitoring the evolution of CD signals during the
aggregation process. In both the cases of porphyrin 2 and 7, the
maximum CD intensity is reached during the very first part of the
process (i.e., within few minutes from solution preparation and
mixing), reaching a steady value after this initial period. This,
according to the proposed mechanism of aggregation (DLA),
would imply the fast formation of initial chiral smaller cluster,
slowly growing in size, with no further modification of the whole
chirality, during the subsequent growth, which is completed, in the
same experimental condition, within one-two hours after mixing
(UV-visible and RLS experiments).

Interestingly, the aggregation promoted in the presence of NaBr
(0.01 M) resulted in the formation of porphyrin suprastructures
characterised by a lower degree of asymmetry, as evidenced by
the lower intensities of relative CD spectral features (dotted
line, Fig. 9). This would indicate the formation of aggregates
characterized by a lower degree of supramolecular chirality.
Moreover, in the case of aggregation of 2, scarcely detectable CD
signals are obtained. The different CD intensities can be ascribed
to a different porphyrin—porphyrin geometrical orientation. It
has been stated, for the aggregation of related tetrapyrrolic
macrocycles, that the intensity of the CD signals are directly related
to the intrinsic asymmetry of the system, and not on the size of the
growing structures.® In earlier cases, reported by Pasternack et al.,
the formation of highly charged, water soluble, porphyrin-DNA
assemblies, occurred with dramatic variation of CD features (sign
inversion) upon changing the ionic strength of the medium. This
has been attributed to a change of conformation from a “face-
on” to “end-on” orientation of the aggregates. In our case this
effect, although not as great as the above reported, concerning the
aggregation between uncharged platforms, would be explained in
terms of the shielding effect of the Na* with the polar groups (Na*-
- -:OR; Na*- - -:F;C¢— ion—dipole interaction), that would result
in a less effective reading of the molecular information stored in
the stereogenic centers during the molecular recognition process.

All these findings would indicate the possibility of some tuning
and control of the final structural morphology and the electronic
properties of the investigated aggregates. (For a recent report
on the modulation of the tuning of supramolecular chirality of
self-assembled porphyrin systems by solvent modulation of n—7
stacking interactions, see ref. 67.) We recently reported a similar
behaviour (c¢f. ref. 47a) in the case of solvent driven aggregation
of amphiphilic chiral porphyrin derivatives. These results can
be of great importance in many areas of research, such as, for
example, the construction of artificial light-harvesting systems
(for some recent examples see ref. 68), supramolecular materials,*
optoelectronic devices,” and for the development of stercoselective
solid-state sensors, in which the chiral features of the receptors
are of crucial importance to chiral molecular recognition and
discrimination.™

Experimental

TLC was performed on HF,s, plates (Merck), detection by UV
light or by spraying with a solution of 5 g of Ce(SO,),(H,0),
in 500 ml 10% H,SO, and subsequent heating. Flash column
chromatography was performed on silica gel (MERCK, 100-
160 pm) in solvents, distilled prior to use. Optical rotations were
measured in chloroform solutions on a Rudolph Research Autopol

IV polarimeter at 25 °C and [a], values are givenin 10~' degcm? g
with concentration in 10 g 1-'. Routine UV spectra were recorded
on Varian Cary 50 UV-VIS spectrometer; wavelengths are given in
nm; molar absorptivity (&) is given in parentheses, in m* mol~'. IR
spectra (wavenumbers in cm ~') were recorded on a Perkin-Elmer
PE 580 spectrometer in CHCI; solutions (temperature 23 °C),
unless stated otherwise. '"H and “C NMR spectra were taken in
deuterochloroform (Aldrich, 99.8% D) on a Bruker AVANCE 500
(500.1 MHz for 'H and 125.8 MHz for *C) FT NMR spectrometer
at 300 K if not stated otherwise. As standard, the internal signal
of tetramethylsilane (6 0.0) for '"H and central line of solvent (6
77.0) for C spectra were used. Chemical shifts are presented in
ppm (0), coupling constants in Hz (J). Mass spectra were taken
on a Q TOF micromass spectrometer with direct inlet (ESI) or on
a ZAB-EQ (VG Analytical) instrument (FAB) with Xe ionization,
accelerating voltage 8 kV. Microanalysis was performed on an
elemental analyzer Perkin-Elmer 2400 Series IT CHNS/O.

All solvents used were of the highest degree of purity and used
as received. Porphyrin solutions for spectroscopic studies have
been prepared by using solvents of spectroscopic grade. Milli-
Q, Millipore, previously doubly distilled water, was used for the
preparation of porphyrin aqueous solutions.

Kinetic studies

Kinetic experiments were performed on a Perkin Elmer A18
spectrophotometer equipped with a thermostating apparatus, by
measuring the UV-visible spectroscopic changes (Soret B band)
of porphyrin derivatives with time. Porphyrin aqueous solutions,
suited for kinetic studies, were prepared as follows (protocol A).
Proper aliquots, of a millimolar stock solution in acetonitrile
(15150 uL), were added to 2.0 mL of acetonitrile in an 8 mL glass
vial. To this solution, 2.0 mL of water were then added and the
resulting solution was vigorously shaken. A 3 mL portion was then
transferred in a quartz cuvette and the relative UV-visible spectra
acquired. This procedure ensures a 50 : 50 H,O-MeCN (v/v)
final solvent composition, with final porphyrin concentrations
spanning the range of 1.1 to 11.1 x 10~® M. Values of k were
obtained by analysing the absorbance (extinction) vs. time data
points by a nonconventional kinetic treatment, earlier proposed
by Pasternack for a related case of the aggregation of porphyrin
derivatives on (bio)polymer templates.
The equation used is as follows:

E = E, + (Eiw — Eo)[1 — exp(—(kt)")] 2

where E, E,, E;; are the extinction values at time ¢, initially, and at
equilibrium, respectively. The kinetic parameters, k and n, where
obtained by nonlinear least-squares regression fit (Kaleidagraph®
program, Synergy Software, 2003) over hundreds of experimental
data points. Values obtained at different wavelengths (e.g., 450
nm) were similar, within experimental errors. Data reported are
the average values of at least two different runs.

A different protocol, entailing the simple addition of porphyrin
stock solution to a preformed H,O0-MeCN mixture (protocol
B) gave, although with a lower degree of reproducibility, similar
results. Attempts to perform kinetic runs at higher H,O-MeCN
solvent composition by standard routine equipment failed, as
the spectral pattern changes were too rapid to be conveniently
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followed. Studies by rapid-mixing methods are planned, and the
results will be reported elsewhere.

Analogous experimental protocols have been used in the case of
kinetic experiments run in the presence of NaBr. Proper aliquots
of a millimolar stock solution in acetonitrile (50 pL), where added
to a 2.0 mL of acetonitrile in an 8 mL glass vial. To this solution
2.0mL of NaBr solution in water were then added and the resulting
solution vigorously shaken and transferred in a quartz cuvette and
the relative UV-visible spectra acquired.

CD spectroscopic studies

CD spectra have been performed on a JASCO J-600, equipped
with a thermostatted cell holder, and purged with ultra-pure
nitrogen gas.

Resonance light scattering experiments

RLS experiments have been performed on a Spex Fluorolog
Fluorimeter. Spectra have been acquired, at 25 + 0.5 °C, in a
“synchronous scan” mode, in which the emission and excitation
monochromators are pre-set to identical wavelengths. Solutions
have been prepared by following the protocol used in the kinetic
experiments (protocol A).

Fluorescence spectroscopy experiments

Fluorescence, excitation spectra were recorded, at 25 4+ 0.5 °C, on
a Spex Fluorolog Fluorimeter.

5,10,15,20-Tetrakis(2,3,4,6-tetra-O-benzyl-o-D-galactopyranosyl-
methyl)porphyrin (2). Through the solution of pyrrole (33 ul,
0.48 mmol) and aldehyde 1 (ref. 40, 275 mg, 0.49 mmol) in
40 ml of dry dichloromethane Ar was bubbled for 10 min. Then
6 ul of BF;-Et,O was added as catalyst. The reaction vessel was
shielded from light and stirring under Ar at ambient temperature
was continued for 3 hours. Then, the reaction mixture was
transferred via canula into another flask with 118 mg of DDQ,
and the reaction mixture was stirred at room temperature for an
additional 12 hours. After this period silica gel was added and the
solvent was evaporated under vacuum.

The resulting powder was placed at the top of a short silica
gel column. Increasing polarity elution with light petroleum-—ethyl
acetate 4 : 1 gave porphyrin 2 (55 mg, 18%) as a dark brown—violet
amorphous solid. [a]® (¢ 9 x 1073) [alse = +910; [a]sy = +489;
[a]o = +311; [a]ess = +311. For C,H,5sN,O,, (2456.9) calculated:
78.21%C, 2.28% N; 6.48% H, found: 77.95% C, 2.02% N, 6.07% H.

5,10,15,20-Tetrakis(2,3,4,6-tetra- O-benzyl-a-D-glucopyranosyl-
methyl)porphyrin (4). Through the solution of pyrrole (36 pl,
0.52 mmol) and aldehyde 3 (ref. 41, 300 mg, 0.53 mmol) in 43 ml
of dry dichloromethane Ar was bubbled for 10 min. Then 7 pl of
BF;-Et,O was added as catalyst. The reaction vessel was shielded
from light and stirring under Ar at ambient temperature was
continued for 2 hours. Then, the reaction mixture was transferred
via canula into another flask with 128 mg of DDQ, and the
reaction mixture was stirred at room temperature for an additional
12 hours. After this period silica gel was added and the solvent was
evaporated under vacuum.

The resulting powder was placed at the top of a short silica
gel column. Increasing polarity elution with light petroleum, light

petroleum-—ethyl acetate 4 : 1 gave porphyrin 4 (120 mg, 36%) as a
dark brown—violet solid. [a]”® (¢ 2.8 x 107%) [alyzs = +720; [a]sss =
+267; [alp = +167; [a]e; = +133. For C,H,5xN,O, (2456.9)
calculated: 78.21% C, 2.28% N; 6.48% H, found: 77.84% C, 2.24%
H, 5.95% N.

2,6- Anhydro-1,3,4,5-tetra- O-benzyl-7,8-dideoxy-8,8-di-1H-
pyrrol-2-yl-p-glycero-L-galacto-octitol (5). Through the solution
of pyrrole (0.68 ml, 9.8 mmol) and aldehyde 1 (ref. 40, 270 mg,
0.48 mmol) in 16.2 ml of dry dichloromethane Ar was bubbled
for 10 min. Then 55 ul of TFA was added and a solution was
stirred in the dark at ambient temperature under Ar for 90 min.
The reaction was quenched by addition of a saturated aqueous
solution of NaHCO, and solid NH,CI.

The mixture was extracted with diethylether and the combined
organic layers were dried MgSOQ,, filtered and concentrated under
vacuum. The crude product was purified by flash chromatography
(light petroleum-—ethyl acetate 12 : 1) to give 160 mg (49%) of
dipyrrylmethane 5 as a dark brown solid. [a]* (¢ 5.6 x 107?) [a]ses =
—300; [alys = —200; [aliss = —183; [alsys = —67; [alp = —50;
[a]s6s = —50. For C,,H4N,Os5 (682.8) calculated: 77.39% C, 6.79%
H, 4.10% N; found: 76.98% C, 6.45% H, 3.61% N.

2,6-Anhydro-1,3,4,5-tetra- O-benzyl-7,8-dideoxy-8,8-di-1H-
pyrrol-2-yl-nD-glycero-L-gulo-octitol (6). Through the solution of
pyrrole (2.5 ml, 36.0 mmol) and aldehyde 3 (ref. 41, 640 mg,
1.13 mmol) in 15 ml of dry dichloromethane Ar was bubbled
for 10 min. Then 50 pl of TFA was added and a solution was
stirred in the dark at ambient temperature under Ar for 110 min.
The reaction was quenched by addition of a saturated aqueous
solution of NaHCO, and solid NH,CI.

The mixture was extracted with diethylether and the combined
organic layers were dried MgSO,, filtered and concentrated under
vacuum. The crude product was purified by flash chromatography
(hexane—ethyl acetate 12 : 1) to give 650 mg (84%) of dipyrryl-
methane 6 as a pale violet foam. [a]* (¢ 5 x 107%) [a]ys = —250;
[a)ios = —148; [aluzs = —110; [a]sss = —67; [a]p = —30; [a]ses = —30.
For C,,HysN,O5 (682.8) calculated: 77.39% C, 6.79% H, 4.10% N;
found: 76.99% C, 6.54% H, 3.59% N.

5,15-|Bis(pentafluorophenyl)]-10,20-|bis-(2,3,4,6-tetra-O-benzyl-
a-D-galactopyranosylmethyl)porphyrin 7. (i) To a solution of
dipyrrylmethane 5 (130 mg, 0.19 mmol) in 40 ml of dry dichloro-
methane was added a solution of pentafluorobenzaldehyde
(37 mg, 0.19 mmol) in 0.5 ml of dry dichloromethane via canula.
Then Ar was bubbled through the reaction mixture for 10 min.
Then TFA (18 pl, 0.19 mmol) was added as catalyst. The reaction
vessel was shielded from light and stirring was continued for
20 hours under Ar at ambient temperature. Then the triethylamine
(26 pl, 0.19 mmol) and DDQ (90.8 mg, 0.4 mmol) were added
and the reaction mixture was stirred at room temperature for an
additional 2 hours.

After this period, silica gel was added and the solvent was
evaporated under vacuum. The resulting powder was placed at the
top of a short silica gel column. Increasing polarity elution with
light petroleum, light petroleum-—ethyl acetate 4 : 1 gave porphyrin
7 (37 mg, 22%) as a dark brown-violet amorphous solid. [a]® (¢
3.8 x 107) [alss = —27730; [a]sis = —16798; [a]p = —14132;
[a]ess = —13 332 For C,,Hg, F((N,O,, (1715.7) calculated: 71.40%
C,4.93%H, 3.27% N, 11.07; found: 71.74% C, 5.48% H, 2.60% N.
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(i1) To a solution of dipyrrylmethane 9 (100 mg, 0.32 mmol)
(ref. 44) in 67 ml of dry dichloromethane was added a solution of
aldehyde 1 (182 mg, 0.32 mmol) in 0.5 ml of dry dichloromethane
via canula then Ar was bubbled though the reaction mixture for
10 min. Then TFA (31 pl, 0.32 mmol) was added as catalyst. The
reaction vessel was shielded from light and stirring under Ar at
ambient temperature was continued for 20 hours. Then the triethy-
lamine (44 pl, 0.32 mmol) and DDQ (152 mg, 0.67 mmol) were
added and the reaction mixture was stirred at room temperature
for an additional 3 hours. After this period silica gel was added and
the solvent was evaporated under vacuum. The resulting powder
was placed at the top of a short silica gel column. Increasing
polarity elution with light petroleum, light petroleum—ethyl acetate
4 : 1 gave porphyrin 7 (73 mg, 27%) as dark brown-violet solid of
the same properties as had (i).

5,15-|Bis(pentafluorophenyl)]-10,20-|bis-(a-D-galactopyranosyl-
methyl)porphyrin (10). To a solution of porphyrin 7 (100 mg,
0.058 mmol) in CH,Cl, 1 mland MeOH 2 m1 10% Pd(C) 90 mg was
added. The reaction mixture was stirred under H, (atmospheric
pressure) at ambient temperature for one night. After filtration,
silica gel was added and solvents were evaporated under reduced
pressure. The resulting powder was placed at the top of a short
silica gel column. Increasing polarity elution with CHCl;, CHCl;—
MeOH 2 : 1 gave porphyrin 10 (37 mg, 63%) as dark green
amorphous solid.

UV (MeOH) .. 410 (54600); 510 (5180); 543 (2340); 589
(1950); 647 (1970). '"H NMR 300 MHz (CD,OD): porphyrin
moiety —9.90 bs (4H), 9.05 bs (4H); sugar moiety —4.05-3.52
m (18H). C NMR 75 MHz (CD;0D): 151.17, 149.11, 145.19,
141.17, 137.73, 133.72, 129.79, 129.66, 71.51.71.12, 70.89, 70.67,
70.55,70.21, 69.97, 37.76. For C,sH3F1,N,O,, (exact mass 994.23)
MS (m/z, FAB): 995.0 M + H)*, 1011.1 (M + H,0)"*.
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Galactose-based phosphonate analogues of myo-inositol-1-phosphate and phosphatidylinositol have
been synthesized from methyl B-D-galactopyranoside. Michaelis—Arbuzov reaction of isopropyl
diphenyl phosphite or triisopropyl phosphite with a 6-iodo-3,4-isopropylidene galactoside afforded the
corresponding phosphonates. Deprotection of the diphenyl phosphonate afforded methyl
B-D-galactoside 6-phosphonate, an analogue of myo-inositol-1-phosphate. The diisopropyl esters of the
diisopropyl phosphonate were selectively deprotected and the corresponding anion was coupled with

1,2-dipalmitoyl-sn-glycerol using dicyclohexylcarbodiimide. Deprotection afforded a methyl
B-D-galactoside-derived analogue of phosphatidylinositol. The galactose-derived analogues of
phosphatidylinositol and myo-inositol-1-phosphate were not substrates for mycobacterial
mannosyltransferases (at concentrations up to 1 mM) involved in phosphatidylinositol mannoside
biosynthesis in a cell-free extract of Mycobacterium smegmatis. The galactose-derived phosphonate
analogue of phosphatidylinositol was shown to be an inhibitor at 0.01 mM of PimA
mannosyltransferase involved in the synthesis of phosphatidylinositol mannoside from
phosphatidylinositol, and a weaker inhibitor of the next mannosyltransferase(s), which catalyzes the

mannosylation of phosphatidylinositol mannoside.

Introduction

myo-Inositol-1-phosphate (IP) and phosphatidylinositol (PI) are
important metabolites in their own right and are elaborated to
a variety of products that play crucial signaling and structural
roles in biology.'? In mycobacteria, a group of pathogenic
bacteria that includes Mycobacterium tuberculosis, myo-inositol
is a precursor for PI, which leads to the structurally complex
phosphatidylinositol mannosides (PIMs) and lipoarabinomannan
(LAM), and other related molecules, all of which share a common
IP core (Fig. 1).>® The diacylglycerol lipid anchor of the PIMs
and LAM allows these conjugates to anchor into membranes
and their biosynthesis is compartmentalized within the plasma
membrane.® Both PIMs and LAM are potent immunogens and
modulators of the interactions of the tubercle bacillus and the
host immune system.” The early steps in the biosynthesis of PIMs
and LAM have now been described in considerable detail.” In
particular, one of the first steps in PIM and LAM biosynthesis,
the transfer of a mannosyl group from GDP-mannose to the 2-
position of PI to give PIM1 catalyzed by the mannosyltransferase
PimA, has been shown to be essential for mycobacterial survival
(Fig. 1).® Inhibition of this enzyme therefore could provide new
anti-tuberculosis drugs.
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T Electronic supplementary information (ESI) available: NMR spectra of
1-3,7, 8, 11-13; HRMS of 2. See DOI: 10.1039/b616450a

The successful exploitation of PimA as a drug target will require
the development of alternative substrates with which simpler
assays for PimA can be established, and the identification of in-
hibitors as lead compounds for further development. We therefore
became interested in the synthesis of a phosphonate analogue of
PI. Phosphonates are well-established as surrogates for phosphate
groups, yet are hydrolytically stable.*'* To this end we noted the
surprising stereochemical congruence of D-galactose and myo-
inositol (Fig. 1).I The 6-phosphonate derivative 1 of methyl -
D-galactoside is an analogue of IP, with the B-configuration of the
glycoside ensuring that the stereochemistry of the anomeric centre
matches that of the inositol. Elaboration of 1 to the corresponding
diacylglycerol derivative 2 would give an analogue of PI. Both 1
and 2 could be evaluated as potential substrates and inhibitors of
PIM biosynthesis.

Results and discussion

Our synthetic route to the galactose phosphonate 1 envisioned
the introduction of a phosphonate moiety using either Michaelis—
Arbuzov or Michaelis—Becker reactions of a protected galacto-
side equipped with a leaving group at C6. Substitution at C6
of galactose derivatives is notoriously difficult owing to steric
obstruction of nucleophiles by the axial C4 substituent.!’ The
poor reactivity of galactos-6-yl electrophiles can allow a variety of
side reactions to intervene including: intramolecular cyclizations
to 3,6-anhydro sugars, elimination reactions and, in the case

1 Vasella and co-workers have applied the stereochemical similitude of D-
galactose and myo-inositol to the synthesis of a phosphonate analogue of
myo-inositol 1,4,5-triphosphate.®®
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Fig. 1 Early steps in the biosynthesis of PIMs in mycobacteria. myo-Inositol is converted to phosphatidylinositol (PI), and then to phosphatidylinositol
mannoside (PIM1) and PIM2 by the GDP-mannose dependent mannosyltransferases PimA and an as-yet undefined mannosyltransferase(s), respectively.
R.,R’ = various acyl groups derived from palmitic, stearic, tuberculostearic and 12-methoxypropanoyloxystearic acids. 1 and 2 are D-galactose-derived

phosphonate analogues of myo-inositol-1-phosphate and PI, respectively.

of the Michaelis—Arbuzov reaction, rearrangement of trialkyl
phosphites to dialkyl alkylphosphonates. Indeed, preliminary
studies aimed at performing a Michaelis—Becker reaction of a
benzylated galactoside bearing an iodide or mesylate at C6, with
the anion of dibenzyl phosphonate, were not encouraging. Palcic
and co-workers have reported difficulties in the preparation of
iodide 3 from 4," observing only cyclization to the 3,6-anhydro
sugar 5.2 In our hands we found that treatment of the alcohol
4 with triphenylphosphine, iodine and imidazole in toluene at
90 °C afforded the iodide 3 in moderate yield (35%) (Scheme 1).
Also isolated was the same 3,6-anhydro sugar 5, arising from
intramolecular attack by the benzyl ether at O3, by way of a ring
inversion to the ' C, conformation encouraged by the establishment
of a favourable anomeric effect in that conformer. Such an
occurrence forecast difficulties in the Michaelis—Becker reaction.
In the event, treatment of either the iodide 3 or methyl 2,3,4-tri-
O-benzyl-6-methylsulfonyl-B-D-galactoside'® with the sodium salt
of dibenzyl phosphorous acid in THF at reflux or with dibenzyl
phosphorous acid/caesium carbonate/Bu,NI at 120 °C in DMF
resulted in no reaction. Higher temperatures lead only to the 3,6-
anhydro sugar 5. With these dissatisfying results an alternative
approach was planned that required careful choice of protecting
groups to ensure sufficient reactivity of the sugar electrophile

I~ I~
+ +
BnO _OH ) BnO//o\'_pph3 PhsP20 ,q\/ :
o 0} o g OMe
BnO OMe BnO OMe BnO._/_LO
1Cy BnO

BnO BnO

4 ‘cy
BnO |

OMe
e
Bnog&/OMe Bnow
BnO
5

BnO
3

Scheme 1  Reagents and conditions: (i) 1,, imidazole, triphenylphosphine,
toluene, 90 °C, 35% of 3, 57% of 5.

in a phosphonate substitution reaction, whilst at the same time
mitigating side reactions.

A 3,4-O-isopropylidene protecting group has been widely used
in substitution reactions at the 6-position of galactose.'™* The
cyclic acetal restricts ring inversion, preventing intramolecular
cyclization, and distorts the conformation of the carbohydrate
ring altering the position of the C4-axial substituent and thereby
opens up C6 to nucleophilic attack. However, even with an
3,4-O-isopropylidene group in place, Golding and co-workers
have reported that the Michaelis—Arbuzov reaction of 6-deoxy-
6-i0do-1,2:3,4-di-O-isopropylidene-a-D-galactose with trimethyl
phosphite occurs in poor yield, owing to the undesirable re-
arrangement of this reagent to dimethyl methylphosphonate.'*
These authors have pioneered the use the modified Arbuzov
reagents, methyl or isopropyl diphenyl phosphite, to afford
improved yields of the diphenyl phosphonates. When methyl
diphenyl phosphite was used, the reaction proceeded best under
vacuum to remove the methyl iodide by-product, which is a
reactive electrophile that can consume the phosphite reagent.'
In seminal studies, Nesterov and Arbuzov have reported that
isopropyl diphenyl phosphite is unreactive towards isopropyl
iodide at 200 °C,”* and Golding and co-workers have shown
this phosphite is a superior reagent for the Michaelis—Arbuzov
reaction with poorly electrophilic 6-iodo galactose derivatives.**
While Golding and co-workers have reported the synthesis
of isopropyl diphenyl phosphite from hexaethylphosphorous
triamide,"® we chose to use hexamethylphosphorous triamide
(HMPT) as a more economical starting material. Thus, phenol
and HMPT in dimethoxyethane at reflux afforded diphenyl N,N-
dimethylphosphoramidite, which was treated with isopropanol
and 1 H-tetrazole in dimethoxyethane to afford isopropyl diphenyl
phosphite (Scheme 2a). While this method was effective for the
synthesis of moderate amounts of isopropyl diphenyl phosphite,
for larger scale preparations a simpler route was desirable that
avoided the need for large amounts of HMPT and 1H-tetrazole.
A direct one-pot procedure was developed by treating phosphorus
trichloride with triethylamine and isopropanol, and then phenol,
to afford isopropyl diphenyl phosphite, isolated by distillation in
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Scheme 2 Reagents and conditions: (i) phenol, 1,2-dimethoxyethane,
reflux, 95%; (ii) isopropanol, 1 H-tetrazole, 1,2-dimethoxyethane, 75%; (iii)
PCl;, isopropanol, Et;N, Et,O, then phenol, 30%.

sufficient purity (Scheme 2b). The yield of our one-step process
(30%) is lower than the two-step approach but, owing to its
simplicity and the inexpensive nature of the reagents, is superior
and can be easily scaled to 10-20 g quantities.

With ample supplies of isopropyl diphenyl phosphite in hand,
we next turned to the Michaelis—Arbuzov reaction, with the
immediate aim of preparing the IP analogue 1 (Scheme 3).
The iodide 6 was synthesized from methyl B-D-galactopyranoside
according to the literature.””" Treatment of 6 with 5 equivalents
of isopropyl diphenyl phosphite at 180 °C afforded the diphenyl
phosphonate 7 in excellent yield (81%). Successful formation of
the phosphonate was revealed by P NMR, with a characteristic
signal at dp 20.63 ppm. Deprotection of 7 to afford the analogue
1 was achieved in three steps. Base-catalyzed transesterification
of the phenyl ester of 7 with benzyl alcohol, using the method of
Billington and co-workers,? afforded the dibenzyl phosphonate
8. Hydrolysis of the isopropylidene acetal of 8 with TFA—water,
and then debenzylation by hydrogenolysis (Pd/C), afforded the
galactose phosphonate IP analogue 1, isolated as the ammonium
salt after ion exchange chromatography (51%).

HO o
EOAND (N o
HO OMe —= O
OH BnO BnO

? Q -
(iii) O _P(OBn), (v) HO _PO,H NH,
oa/OMe Hogﬁ/OMe
BnO HO

Scheme 3  Reagents and conditions: (i) see ref. 17-19; (ii) ‘'PrOP(OPh),,
180 °C, 81%; (iii) BnOH, NaH, THF, 74%; (iv) a) TFA-H,O (9 : 1), b)
Pd/C, THF, H,0, 51%.

We next targeted the PI analogue 2. Our initial synthetic plan
considered a dehydrative coupling of a monobenzyl phosphonate
such as 9 with 1,2-dipalmitoyl-su-glycerol (Scheme 4). While
dipalmitoyl PI has not been isolated from mycobacteria, authentic
mycobacterial PIs and their derivatives are modified with long
chain acyl groups including palmityl, stearyl, tuberculostearyl and
12-methoxypropanoyloxystearyl groups, suggesting that the PI-
modifying enzyme PimA can tolerate unnatural combinations of
long chain acyl groups. In addition, PimA can act on PI from alter-
native sources such as soy-bean.?! Thus, the dibenzyl phosphonate
8 was monodebenzylated to afford 9 by prolonged treatment
with 2-mercaptobenzothiazole? or, preferably, by treatment with
DABCO at reflux in toluene.”® While 9 could be condensed with
simple alcohols such as 1-octanol under the agency of BOP or
DCC to give 10, even after extensive investigation we were unable

o |O'/OCSH17
P<
OBn
Qo i ONA_OMe
g 0, X 0Bn el BnO
o OMe (i) 10
BnO
9 no reaction

Scheme4  Reagents and conditions: (1) 2-mercaptobenzothiazole, Et'Pr, N,
DMEF, 94%; (ii) octanol, DCC, pyridine; (iii) 1,2-dipalmitoyl-sn-glycerol,
DCC, pyridine.

to effect efficient condensation with 1,2-dipalmitoyl-sn-glycerol
using any of a range of coupling reagents (BOP,** PyBOP*
HATU, DCC, EDC, triisopropylbenzenesulfonyl chloride? or
trichloroacetonitrile?”). This troublesome road block therefore
demanded an alternative approach. It was forecast that the
phosphonate 11 would act as a better electrophile than 9 in
condensations with the poorly nucleophilic 1,2-dipalmitoyl-sn-
glycerol. However, the selective debenzylation of the phosphonate
of 8 or, alternatively, the selective dephenylation of the diphenyl
phosphonates of 8, in the presence of a 2-O-benzyl ether, presented
a particular challenge.?® Therefore, we revisited our approach to
11 by way of the diisopropyl phosphonate 12, anticipating the
chemoselective cleavage of the isopropyl phosphonate esters using
TMSBr (Scheme 5).*! Treatment of the iodide 6 with triisopropyl
phosphite at 180 °C cleanly afforded the diisopropyl phosphonate
12 in excellent yield (87%). Cleavage of the isopropyl groups of 12
in the presence of the isopropylidene moiety proceeded without
incident by treatment of 12 with TMSBr and Et;N, affording the
anion 11. Confirming our predictions, 11 proved a much better
electrophile than the monoester 9: treatment of 11 with 1,2-
dipalmitoyl-sn-glycerol and DCC in pyridine gave the protected
galactose phosphonate 13. Finally, removal of the isopropylidene
group (TFA-H,0) and hydrogenolysis using Pd(OH), proceeded
without incident to afford the phosphonate 2 in 75% yield.

(RS Cl

BnO

Et3NH

3/0/\‘/\00(0)015*‘31

(i) Xog 0" OC(O)C1sHay (iv)
- o} -
0 OMe
BnO 13

Scheme 5 Reagents and conditions: (i) triisopropyl phosphite, 180 °C,
87%; (ii) TMSBr, Et;N, CH,Cl,, 92%; (iii) 1,2-dipalmitoyl-sn-glycerol,
DCC, pyridine, 59%; (iv) a) TFA-H,0 (9: 1), b) Pd(OH),, MeOH, EtOAc,
75%.

IP analogue 1 and PI analogue 2 were assessed for their ability to
act as substrates and/or inhibitors in a Mycobacterium smegmatis
cell-free system obtained by nitrogen cavitation of log phase cells.
This cell-free system is capable of the synthesis of PIMs, which
can be assessed using GDP-[’H]mannose as a mannosyl donor,
partitioning of lipophilic products into 1-butanol, and separation
of radiolabelled products by HPTLC (Fig. 2).¢ The products seen
are radiolabelled by ['H]mannosyl-transfer in the cell-free system,
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Fig. 2 HPTLC analysis of IP analogue 1 and PI analogue 2 as sub-
strates/inhibitors of M. smegmatis mannosyltransferases. M. smegmatis
cell lysates were incubated with GDP-[*H]mannose in the absence of any
analogue (lane 0) or the presence of different concentrations of either
PI analogue 2 or IP analogue 1. S = authentic PIM standards derived
from in vivo [*H]mannose labelling; A = Ac,PIM1; B = PPM, Ac,PIM2,
AcPIMI; C = AcPIM2; D = PIM1; E = PIM2; F = AcPIM5, AcPIMY';
G = AcPIMG6.* The abbreviations used are: Ac,PIM,, PIM species with x
(1 or 2) fatty acyl chains, linked to either the core a-1,2-linked Man or the
myo-inositol head group, and y Man residues; PPM, polyprenol (Css/Cs)
phosphomannose.

largely from an existing pool of the direct intermediates, rather
than by de novo synthesis from PI. In the absence of exogenously
added 1 or 2 (lane 0), a family of products are seen, which were
assigned as various PIMs and PPM based on previous studies (see
Fig. 2 legend).® At concentrations up to 1 mM neither 1 nor 2
acted as a substrate, with no additional products observed even at
the highest concentration tested (1 mM).

The same analyses allowed assessment of the ability of 1 and 2
to inhibit the formation of each of the individual PIMs, as each
labelled compound is formed largely from their direct precursors.
Careful inspection of the resulting chromatogram reveals a clear
reduction in the labelling of PIM1 (band D) and PIM2 (band
E) in samples treated with IP analogue 1. That this result does
not arise from an indirect effect of the detergent-like nature of 2
was shown in control experiments where the detergent octyl a-D-
mannoside was included in the cell free assay and resulted in no
observable change in the appearance of the spectrum of products
formed even at 1 mM (see ESIf). The IP analogue 1 thus appears
to be an inhibitor of PimA, the first mannosyltransferase in the
pathway of PIM biosynthesis (Fig. 1). The decrease in labelling of
PIM2 could reflect reduced levels of de novo-synthesized PIM1,
or inhibition of the second mannosyltransferase in the PIM
biosynthesis pathway.*>** This transfer, which may be catalyzed
by more than one mannosyltransferase, adds a mannosyl group
to the 6-position of myo-inositol in PIM1 and must therefore
recognize structural features of the IP core of PIMI, and the
IP analogue 1. In contrast, PI analogue 2 had less effect on
PIM1 biosynthesis, while partially inhibiting PIM2 biosynthesis
at concentrations up to 1 mM. Therefore it appears that PimA
distinguishes between endogenous PI and the PI analogue 2,
whereas the second mannosyltransferase does not.

Conclusions

In summary, we describe the synthesis of galactose-derived
phosphonate analogues of myo-inositol-1-phosphate and phos-

phatidylinositol. Notable steps include the introduction of the
phosphonate moiety using modified Michaelis—Arbuzov reagents
and a 6-iodo-3,4-isopropylidene-protected galactoside; the selec-
tive deprotection of a diisopropyl phosphonate in the presence of
a 3,4-O-isopropylidene group; and the DCC-mediated conden-
sation of the phosphonate 11 with 1,2-dipalmitoyl-sn-glycerol.
The IP analogue 1 and the PI analogue 2 were investigated
as substrates and inhibitors of PIM mannosyltransferases in a
mycobacterial cell-free system. Neither compound acted as a
substrate, demonstrating that these analogues are not effective
bioisosteres for native PI, and that these structural modifications
are too dramatic for recognition by PimA. The IP analogue 1 was
shown to be an effective inhibitor of PimA, the mannosyltrans-
ferase that catalyzes the synthesis of PIM1 from PI, and a partial
inhibitor of the mannosyltransferase that converts PIM1 to PIM2.
The PI analogue 2 was shown to be a weak inhibitor of this second
mannosyltransferase. Further analysis of the inhibition of both
mannosyltransferases by 1 and 2 will require the development of
improved assays for these two enzymes.

Experimental

Pyridine was distilled before use. Diethyl ether, 1,2-dimethoxy-
ethane and THF were dried over sodium before use. Reactions
were monitored using thin layer chromatography (TLC), per-
formed with Merck Silica Gel 60 F.s,. Detection was effected by
charring in a mixture of 5% sulfuric acid in methanol, vanillin stain
(6% vanillin, 1% H,SO, in EtOH), 10% phosphomolybdic acid in
EtOH, and/or visualising with UV light. Flash chromatography
was performed according to the method of Still et al using
Merck Silica Gel 60.3* Melting points were obtained using a
Reichert—Jung hotstage microscope (corrected). Optical rotations
were obtained using a JASCO DIP-1000 polarimeter (Melbourne,
Australia). [a], values are given in 10~' cm? g='. 'H, BC and
P NMR spectra were recorded using Unity Plus 400 or Inova
400 or 500 instruments (Melbourne, Australia). For *P NMR
spectra, 85% orthophosphoric acid (P NMR: ¢ 0.00 ppm)
was used as a reference. Elemental analyses were conducted by
C.M.A.S. (Belmont, Victoria). Refractive indices were obtained
on a Bellingham & Stanley refractometer (Melbourne, Australia).
Low resolution mass spectrometry was performed by Sioe See
Volaric (Melbourne University, Australia). High resolution mass
spectrometry was performed by Mr Hadi Loie on a Finnigan
hybrid LTQ-FT mass spectrometer (Thermo Electron Corp.).

Methyl 2,3,4-tri- O-benzyl-6-deoxy-6-iodo-p-D-galactoside 3 and
methyl 3,6-anhydro-2,4-di-O-benzyl-f-D-galactoside 5

A suspension of the alcohol 4% (233 mg, 501 umol), imidazole
(93.8 mg, 1.38 mmol) and triphenylphosphine (214 mg, 817 pmol)
in toluene (5 mL) was azeotropically dried (Dean-Stark). The
reaction mixture was cooled to 90 °C, iodine (210 mg, 829 pmol)
was added and the mixture was stirred under N,. After 40 min,
TLC indicated the formation of two compounds of lower polarity
than the starting material. The reaction was quenched with MeOH
(5mL) and then diluted to 100 mL with toluene, washed with water
(8 x 25 mL), Na,S,0; (0.25 M, 2 x 10 mL), dried (MgSO,) and
evaporated to yield a dark orange oil. The crude oil was purified by
flash chromatography (10-20% EtOAc/pet. spirits) to yield first
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the iodide 3 as an orange syrup (100 mg, 35%). Next to elute was
the 3,6-anhydro derivative 5 as a yellow syrup (101 mg, 57%).

Data for 3: mp 60.5-62.0 °C (colourless needles from petroleum
spirit); [a]5 +3.46 (¢ 0.305, CHCL;) (Found: C, 58.58; H, 5.38.
CyH;, OsI requires C, 58.55; H, 5.44); '"H NMR (400 MHz; CDCl;)
0 3.17 (1H, dd, Jss 7.2, Js5 9.8 Hz, H6), 3.29 (1H, dd, Js4 6.8, J¢
9.8 Hz, H6), 3.51 (1H, ddd, J,5s 0.8, Js, 6.8, 7.2 Hz, HS), 3.52
(1H, dd, J,; 9.6, J5, 2.9 Hz, H3), 3.57 (3H, s, OCH,), 3.80 (1H,
dd, J,, 7.7 Hz, H2), 4.01 (1H, dd, J;, 2.9, J,5 0.8 Hz, H4), 4.27
(1H,d, J,, 7.7 Hz, H1), 4.75,4.82,491 (4H, 3d, J 11.0, 11.8 Hz,
2 x PhCH,), 4.67, 5.04 (2H, 2 d, J 11.3 Hz, PhCH,), 7.23-7.42
(15H, m, Ph); *C NMR (100 MHz; CDCl;) § 3.08 (C6), 57.11
(OCH,;), 73.34, 73.86, 74.75, 75.02, 75.06, 79.04, 82.08 (C2,3,4,5,
3 x PhCH,), 104.67 (C1), 127.51-128.41, 138.15, 138.25, 138.61
(Ph).

Data obtained for 5 were in accordance with the literature.

N,N’-Dimethyl diphenylphosphoramidite

Hexamethylphosphorous triamide (10.0 mL, 55.0 mmol) was
added to a solution of phenol (10.4 g, 110 mmol) in dry 1,2-
dimethoxyethane (20 mL). The mixture was refluxed under a N,
atmosphere for 20 h, after which time TLC (1% KMnO, in H,0)
indicated conversion of the starting materials to a compound of
lower polarity. The solvent was removed by rotary evaporation,
and the residue was purified by distillation to afford N,N'-dimethyl
diphenylphosphoramidite as a colourless liquid (13.8 g, 96%); n¥
1.5698 (lit.* nY 1.5660); '"H NMR (400 MHz; CDCl;) 0 2.79 (6H,
d, Jup 9.6 Hz, 2 x CH;), 7.05-7.35 (10H, m, Ph); "C NMR
(100 MHz; CDCl,) ¢ 34.83 (d, Jene 82 Hz, 2 x CH3), 120.10 (d,
Jep 34 Hz, Ph), 120.74 (d, Jcp 27 Hz, Ph), 123.02, 124.25 (2s,
Ph), 129.54, 129.70 (2s, Ph), 151.61 (d, J¢p 15 Hz, Ph), 153.69 (d,
Jep 27 Hz, Ph); ¥'P (161.8 MHz; CDClL;) 6 139.02 (lit.*” 139.09 in
CHy).

Isopropyl diphenyl phosphite

Method A. 2-Propanol (1.88 mL, 24.6 mmol) was added drop-
wise to a solution of N,N’-dimethyl diphenylphosphoramidite
(6.43 g, 24.6 mmol) and 1H-tetrazole (3.35 g, 47.9 mmol) in 1,2-
dimethoxyethane (25 mL) at 0 °C. The mixture was stirred and
allowed to warm to r.t. After 7 h TLC (vanillin stain) indicated
conversion of the phosphoramidite to a material of lower polarity.
The solvent was evaporated and the solid residue was suspended
in a small amount of pet. spirits. The suspension was filtered
through a short plug of silica, and was washed with pet. spirits
(4 x 100 mL). Concentration of the eluant in vacuo afforded a
pale yellow liquid. The residue was distilled to afford isopropyl
diphenyl phosphite as a colourless liquid (5.13 g, 75%); n) 1.5369
(lit.” ng 1.5394); '"H NMR (500 MHz; CDCl;) ¢ 1.34 (6H, d,
J 6.0 Hz, 2 x CH;), 4.93 (1H, m, CH(CH5;),), 7.07-7.33 (10H,
m, Ph); *C NMR (125 MHz; CDCl;) ¢ 24.61 (d, Jcp 2.7 Hz, 2 X
CH,), 68.28 (d, Jcp 3.6 Hz, CH(CHj;),), 120.59, 120.67, 121.05,
121.12, 123.99, 124.64, 130.02, 130.09 (Ph), 152.79 (d, J¢p 7.4 Hz,
Ph); *'P (161.8 MHz; CDCl;) ¢ 129.82.

Method B. Triethylamine (48.0 mL, 346 mmol) followed by
isopropanol (4.50 mL, 58.8 mmol) in anhydrous ether (25 mL)
was added dropwise to a chilled solution of phosphorus trichloride
(5.00 mL, 57.3 mmol) in anhydrous ether (500 mL). The reaction

mixture was stirred at room temperature for 1 h, then a solution
of recrystallised phenol (10.8 g, 115 mmol) in anhydrous ether
(50.0 mL) was added dropwise to the reaction mixture. The
resultant mixture was stirred at room temperature overnight, then
filtered (Celite) and concentrated to produce a yellow oil. The
crude material was filtered through a plug of silica and eluted with
petroleum spirits (5 x 100 mL). The eluant was concentrated and
purified by vacuum distillation (120-126 °C at 5 Torr) to yield the
phosphite as a colourless liquid (4.74 g, 30%).

Methyl 2-O-benzyl-6-deoxy-6-diphenoxyphosphinyl-3,4-O-
isopropylidene-p-p-galactoside 7

The iodide 6" (1.61 g, 3.71 mmol) and isopropyl diphenyl
phosphite (5.13 g, 18.6 mmol) was heated at 180 °C for 4 days.
Unreacted phosphite was recovered by diluting the crude reaction
mixture with acetonitrile (50 mL) and washing with petroleum
spirits (12 x 50 mL). The petroleum phase was back-extracted with
MeCN (2 x 50 mL), and the combined petroleum extracts were
concentrated in vacuo. The crude phosphite (3.69 g) was distilled
for reuse. The MeCN extracts were evaporated to dryness to afford
a colourless solid. The solid was purified by flash chromatography
(20-60% EtOAc—pet. spirits) to afford the diphenyl phosphonate
7 as a colourless solid (1.62 g, 81%), mp 94-96 °C (EtOAc—pet.
spirits); [a]Z 22.7 (¢ 0.950, CHC;) (Found: C, 64.37; H, 6.09.
C,H3;04P requires C, 64.44; H, 6.15%); '"H NMR (400 MHz;
CDCl;) 0 1.30, 1.38 (6H, 25,2 x CHj;), 2.56 (1H, ddd, Js4 5.6, J4
16.0, Jyp 19.0 Hz, H6), 2.70 (1H, ddd, Js4 8.0, Jy;, 18.0 Hz, H6),
3.37-3.45 (1H, m, HS5), 3.47 (3H, s, OCH,), 4.19-4.32 (3H, m,),
4.27 (1H, d, J,, 8.0 Hz, H1), 4.79 (2H, ABq, CH,Ph), 7.15-7.39
(15H, m, Ph); *C NMR (100 MHz; CDCl;) ¢ 26.34, 27.72 (2 x
C(CH;),), 28.44 (d, Jesp 144.2 Hz, C6), 56.88 (OCH;), 68.04,
73.48, 75.28 (d, Jep 10.6 Hz), 78.99, 79.28 (C2,3,4,5,CH,Ph),
103.99 (C1), 109.96 (C(CH;),OCH;), 120.52-120.72 (2d, Ph),
125.26, 128.12, 128.24, 129.77, 129.84, 138.29, 150.25, 150.30,
150.33, 150.39 (Ph); P NMR (161.8 MHz; CDCl,) 6 20.63 (1P).

Methyl 2-O-benzyl-6-dibenzyloxyphosphinyl-6-deoxy-3,4-O-
isopropylidene-B-D-galactoside 8

Benzyl alcohol (distilled and stored over 3 A molecular sieves,
62.0 uL, 600 umol) and sodium hydride (60% in oil, 25.2 mg,
630 umol) were added to THF (2 mL) in a two-necked flask under
N,. This mixture was stirred until effervescence ceased, and then
the diphenyl phosphonate 7 (108 mg, 199 pmol) was added via
the second neck. After 5 min the reaction was quenched with
sat. aq. NH,Cl (2 mL) and the mixture was partitioned between
water and dichloromethane. The aqueous phase was separated and
re-extracted with dichloromethane (4 x 10 mL). The combined
organic extracts were then washed with H,O (2 x 25 mL) and
sat. aq. NaCl (25 mL), dried (MgSO,) and evaporated to afford
a crude brown syrup. The crude material was purified by flash
chromatography (40-80% EtOAc—pet. spirits) to yield the dibenzyl
phosphonate 8 as yellow crystals (83.3 mg, 74%). Recrystallisation
from EtOAc—pet. spirits afforded colourless needles, mp 73-74 °C;
[a]s 23.5 (¢ 0.495, CHCL,) (Found: C, 65.51; H, 6.63. C;H;;04P
requires C, 65.48; H, 6.56%); '"H NMR (500 MHz; CDCl;) ¢ 1.21,
1.32 (6H, 2 s, 2 x CHj;), 2.29-2.41 (2H, m, H6,6), 3.32 (1H, dd,
Ji, 8.0, J,5 7.0 Hz, H2), 3.44 (3H, s, OCH;), 4.01-4.10 (3H, m,
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H3.4,5), 4.14 (1H, d, J,, 8.0 Hz, H1), 4.76 (2H, dd, CH,Ph),
4.94-5.08 (4H, m, 2 x POCH,Ph), 7.30-7.37 (10H, m, Ph); *C
NMR (125 MHz; CDCL,) 6 26.20, 27.72 (2 x C(CH,),), 27.65
(C6), 56.83 (OCH,), 67.20-67.50 (m, 2 x POCH,Ph), 67.96 (C3),
73.45 (CH,Ph), 75.14 (d, C5), 78.84, 79.19 (C2,4), 103.80 (C1),
109.73 (C(CH,),), 127.54-128.61 (Ph), 136.08-136.22 (m, Ph),
138.23 (Ph); 'P NMR (161.8 MHz; CDCL,) 6 28.25.

Methyl 6-deoxy-6-dihydroxyphosphinyl-p-p-galactopyranoside,
ammonium salt 1

A solution of dibenzyl phosphonate 8 (193 mg, 0.339 umol) in
trifluoroacetic acid—water (9 : 1, 1.0 mL) was stirred for 40 min.
The solvent was evaporated by co-evaporation with toluene (4 x
2 mL) to afford a crude brown syrup. A suspension of the crude
syrup, Pd/C (10%, 40 mg) in THF-water (2 : 1, 30 mL) was
treated with H, for 18 h. The mixture was filtered (Celite), pyridine
(87 uL, 1.06 mmol) was added to the filtrate, and the solution
was evaporated to dryness to afford the pyridinium salt as pale
yellow syrup. Cyclohexylamine (0.39 mL, 3.39 mmol) in toluene
(5 mL) were added to the crude pyridinium salt and the mixture
was evaporated to dryness. Excess cyclohexylamine was removed
by co-evaporation with toluene (4 x 4 mL), yielding a colourless
solid. The crude material was purified by flash chromatography (7 :
2:1then2:2:1EtOAc-MeOH-H,O0), followed by size-exclusion
chromatography (Bio-Gel P2, 250 mM NH,HCO; buffer). The
buffer was removed by lyophilisation to afford a colourless fluffy
solid. This material was passed through an ion exchange column
(Dowex 50WX8-400, NH,* form) and freeze-dried to afford the
ammonium salt of 1 as a colourless, hygroscopic powder (54.8 mg,
51%); [aly —11.4 (c 0.71, H,0) (Found: C, 27.98; H, 6.72; N,
4.85. C;HsNOgP-1.5H,0 requires C, 27.82; H, 7.00; N, 4.63%);
"H NMR (400 MHz; D,0) ¢ 1.89-2.04 (2H, m, H6,6), 3.44 (1H,
dd, J,, 8.0, J,5 10 Hz, H2), 3.53 (3H, s, OCH};), 3.65 (1H, dd, J,3
10, J;, 3.2 Hz, H3), 3.85 (1H, m, H5), 3.92 (1H, d, J;, 3.2 Hz.
H4), 4.29 (1H, d, J,, 8.0 Hz, H1); "C NMR (100 MHz; D,0) §
23.91,24.41,29.13, 30.45, 48.97, 50.47, 57.18, 70.64, 71.54, 73.03,
103.67 (C1); *'P NMR (161.8 MHz; D,0) ¢ 22.03.

Methyl 2-O-benzyl-6-benzyloxyphosphinyl-6-deoxy-3,4-O-
isopropylidene-p-D-galactoside, pyridinium salt 9

A solution of dibenzyl phosphonate 8 (267 mg, 470 umol, 94 mM),
2-mercaptobenzothiazole (1.26 g, 7.36 mmol, final concentration
1.5 M) and ethyldiisopropylamine (1.3 mL, 7.6 mmol, 1.5 M) in
DMF (5 mL) was stirred at 50 °C under N, for 19 h. The solvent
was evaporated under reduced pressure, and the crude orange
solid was purified by flash chromatography (100% EtOAc then
7 :2:1 EtOAc-MeOH-H,O0) to afford a clear colourless glass
(248 mg). Pyridine (2 mL) was added to the glass, and the excess
solvent removed by rotary evaporation. The residue was dissolved
in MeOH and passed through an ion exchange column (Dowex
S0W X8-400, pyridinium form) to afford the pyridinium salt 9 as
a clear yellow syrup (247 mg, 94%); '"H NMR (500 MHz; CDCl;)
0 1.23, 1.32 (2 x 3H, 2 x s, C(CH;)), 2.27-2.42 (2H, m, H6,6),
3.37(1H, dd, J,, 7.0, J,; 7.0 Hz, H2), 3.45 (3H, s, OCH,), 4.08—
4.16 (3H, m, H3,4,5), 4.19 (1H, m, J,, 7.0 Hz, H1), 4.74-4.80
(2H, ABq, CH,Ph), 7.22-7.40 (10H, m, Ph), 7.60-7.70, 8.08-8.18,
8.65-8.80 (3 x m, pyr); "CNMR (125 MHz; CDCl;)§ 25.92,27.49

(C(CH,),), 28.57 (d, Jo» 138.1 Hz, C6), 56.32 (OCH.), 66.02 (d,
Jep2.0Hz, POCH,Ph), 68.33,72.88, 78.54, 79.06 (C2,3,4, CH,Ph),
75.02 (d, J5p 6.8 Hz, C5), 103.32 (C1), 109.10 (C(CH,),), 125.88,
127.11, 127.15, 127.51, 127.72, 127.81, 128.02, 137.10, 137.16,
137.99, 142.52, 143.19 (Ar); P NMR (161.8 MHz; CDCL,) o
30.64.

Methyl 2-O-benzyl-6-deoxy-6-diisopropoxyphosphinyl-3,4-O-
isopropylidene-B-D-galactoside 12

A mixture of the iodide 6 (603 mg, 1.39 mmol) and triisopropy-
Iphosphite (1.6 mL, 7.0 mmol) was stirred at 180 °C for 20 h,
whereupon TLC indicated complete conversion of the iodide to
a compound of higher polarity. The reaction mixture was cooled,
and the crude material purified by flash chromatography (80—
100% EtOAc—pet. spirits) to afford the phosphonate 12 as a
yellow syrup (569 mg, 87%), [a]2 25.5 (¢ 1.225, CHCL;); '"H NMR
(400 MHz; CDCl;) 6 1.29-1.33 (18H, m, 6 x CHj;), 2.16-2.34 (2H,
m, H6,6), 3.34 (1H, dd, J 6.0, 8.0 Hz, H3), 3.53 (3H, s, OCHy;),
4.04-4.15 (3H, m, H2,3,5), 4.18 (1H, d, J,, 8.0 Hz, H1), 4.66—
4.74 2H, m, 2 x CH(CH;),), 4.77 (2H, ABq, CH,Ph), 7.20-7.37
(5H, m, Ph); "C NMR (100 MHz; CDCl;) ¢ 24.23, 24.26, 24.31
(CH(CH,;),), 26.60, 27.98 (CHs;), 29.65 (d, Jeep 143.5 Hz, C6),
57.04 (OCHs;), 70.46, 70.66 (2d, Jcp 6.9 Hz), 68.53, 73.64, 75.41
(d, Jep 6.6 Hz), 79.14, 79.53 (C2,3,4,5, 2 x CH(CH;),,CH,Ph),
104.07 (Cl1), 109.88 (CMe,), 127.71, 128.31, 128.40, 138.51 (Ph);
P NMR (161.8 MHz; CDCl;) 6 25.01; HRMS (EST*, m/z) calc.
for C;;Hy;; NaOyP [M + Na]* 495.2118, found 495.2114.

Methyl 2-O-benzyl-6-deoxy-6-dihydroxyphosphinyl-3,4-O-
isopropylidene-B-D-galactoside, triethylammonium salt 11

TMSBr (280 nL, 2.16 mmol) was added to a solution of the diiso-
propyl phosphonate 12 (254 mg, 0.538 mmol) and triethylamine
(1.00 mL, 7.17 mmol) in dry dichloromethane (9 mL) at 0 °C
and the resultant mixture was stirred for 21 h. Additional TMSBr
(280 pL, 2.16 mmol) was added and stirring was continued for a
further 6 h. The reaction mixture was then concentrated in vacuo.
The residue was purified by flash chromatography (7 : 2 : 1 then
5:2:1 EtOAc-MeOH-H,0) to give the salt 11 as a yellow oil
(263 mg, 92%), [a]Z +22.6 (¢ 1.20, CHCI;); '"H NMR (400 MHz;
D,0)d 1.07 (OH, t, J 7.2 Hz, CH;CH,N), 1.15, 1.17 (2 x 3H, 2s,
C(CHs),), 1.84 (1H, dd, Js4 5.6, J4p 5.6 Hz, H6), 1.89 (1H, dd J5,4
5.6, Jsp 5.6 Hz, H6), 2.98 (6H, q, J 7.2 Hz, CH;CH,N), 3.17 (1H,
dd, J,,8.2,J,;8.2Hz, H2),3.37 (3H, s, OCH};), 3.95-4.01 (1H, m,
H5),4.07(1H, dd, J,; 6.0, J,,6.0 Hz, H3),4.17 (1H, d, J;, 5.2 Hz,
H4),4.22 (1H, d, J,, 8.4 Hz, H1), 4.59 (2H, s, CH,Ph), 7.18-7.26
(5H, m, Ph); “C NMR (100 MHz, CDCl;) 6 8.91 (CH;CH,N),
25.94, 27.58 (2C, C(CH,;),), 30.65 (d, Jesp 134 Hz, C6), 47.30
(CH;CH,N)), 57.54 (OMe), 69.74, 73.91, 78.91, 79.62 (C2,3,4,
CH,Ph), 76.62 (d, Jsp 7.3 Hz, C5), 103.39 (C1), 111.11 (C(CH,),),
129.07, 129.33, 129.60, 137.60 (4C, Ph); *'P NMR (161.8 MHz,
CDCl;) ¢ 25.46 (1P); HRMS (ESI-, m/z) caled for C,;H,;04P
[M — H] 387.1203, found 387.1201.

Methyl 2-O-benzyl-6-deoxy-6-[(2R)-2,3-dipalmitoyloxypropyl-
oxy|hydroxyphosphinyl-3,4-O-isopropylidene-B-D-galactoside 13

The phosphonate salt 11 (192 mg, 392 umol) was dried by co-
evaporation with pyridine (3 x 5 mL). Dipalmitoyl-sn-glycerol
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(223 mg, 392 umol) was then added and the reaction mixture dried
again by co-evaporation with pyridine (2 x 5 mL). The mixture
was dissolved in pyridine (8 mL), treated with DCC (809 mg,
3.92 mmol), and heated to 40 °C for 24 h. The reaction mixture was
then quenched with H,O (0.5 mL) and extracted with chloroform
(5 x 30mL). The combined organic extract was dried (MgSO,) and
concentrated in vacuo. The resulting residue was purified by flash
chromatography (100% EtOAc then 17 : 2 : 1 EtOAc-MeOH-
H,0) to give the protected PI analogue 13 as a colourless solid
(215 mg, 59%), mp 77-78 °C; [a]Z +22.2 (¢ 0.62, CHCI;) (Found:
C, 62.42; H, 9.19. C;,HyKO,,PH,O requires C, 62.75; H, 9.32%);
'H NMR (400 MHz; D,0) ¢ 0.87 (6H, m, CH; of palmitoyl),
1.18-1.34 (54H, m, palmitoyl sidechain, C(CH;),), 1.55 (4H, m,
CH,), 1.98-2.30 (6H, m, CH,C=0, H6,6), 3.32 (1H, m, H2), 3.52
(3H, s, OCH,;), 4.00-4.39 (8H, m, H1,3,4,5, 2 x CH, of glycerol),
4.75 (2H, s, CH,Ph), 5.22 (1H, br s, CH of glycerol), 7.20-7.40
(5H, m, Ph); "C NMR (100.5 MHz; CDCl;) ¢ 14.1, 22.67, 24.84,
2491, 26.34,27.82,29.18, 29.21, 29.36, 29.41, 29.58, 29.60, 29.67,
29.72, 31.91, 34.16 (d, Jeep 17.7 Hz, C6), 57.15 (OMe), 62.78,
69.15, 70.60, 73.29 (C2,3,4,CH,Ph), 79.31 (d, J¢sp 71.4 Hz, C95),
103.72(C1),109.51 (C(CHs;),), 127.42,127.92,128.14, 138.35 (Ph);
173.39, 173.67 (C=0); *'P NMR (161.8 MHz; CDCl;) 6 19.38 (P);
HRMS (ESI-, m/z) caled for C;,HyO,,P [M — H]~ 937.6164,
found 937.6171.

Methyl 6-deoxy-6-[(2R)-2,3-dipalmitoyloxypropyloxy]-
hydroxyphosphinyl-p-D-galactopyranoside 2

The protected PI analogue 13 (37 mg, 39 umol) was treated with
TFA-H,O (9 : 1, 1.0 mL) for 30 min then concentrated in vacuo
with co-evaporation with toluene to remove residual solvent. The
residue was dissolved in methanol-ethyl acetate (1 : 1, 8 mL),
treated with 10% Pd(OH), on carbon (40 mg) and shaken under
H, at 350 kPa for 24 h. The residue was filtered through Celite,
concentrated in vacuo and purified by flash chromatography (17 :
2 : 1 EtOAc-MeOH-H,O0) to give the PI analogue 2 as a yellow
oil (24 mg, 75%); '"H NMR (400 MHz; D,0) ¢ 0.88 (6H, m,
CHj; of palmitoyl), 1.25 (48H, m, palmitoyl sidechain), 1.58 (m,
CH,), 1.95-2.40 (6H, m, CH,C=0, Ho6), 3.50 (3H, s, OCHy;),
3.55-4.42 (9H, m, H1,2,3,4,5, 2 x CH, of glycerol), 5.23 (1H,
bs, CH of glycerol); 'P NMR (161.8 MHz; CDCl;) ¢ 21.83 (P);
HRMS (ESI-, m/z) calc. for C,,HgO,,P [M-H] 807.5382, found
807.5374.

Biochemical analysis using M. smegmatis cell-free system

M. smegmatis mc*155 was grown to mid-exponential phase at
37 °Cin 7H9 broth (Difco, Detroit, MI, USA), supplemented with
0.2% (w/v) glucose, 0.2% (v/v) glycerol and 15 mM NaCl. Bacteria
were harvested by centrifugation in mid-exponential growth and
washed twice with 50 mM Hepes/NaOH (pH 7.4). Pellets were
resuspended at 0.2 g of wet pellet per mL using a lysis buffer
containing 25 mM Hepes/NaOH (pH 7.4), 25% (w/v) sucrose,
2 mM EGTA and a cocktail of protease inhibitors (Roche). The
cells were subjected to three rounds of nitrogen cavitation (Kontes,
Vineland, NJ, USA) at 15 MPa with a 30 min equilibration
period before the release of pressure. Unlysed cells were removed
by centrifugation (2500g, 10 min) and the supernatant was
stored at —80 °C. The lysates were supplemented with 5 mM

MgCl, before incubation at 37 °C and addition of analogue
1 or 2 followed by GDP-[’H]Jmannose (6.3 Ci mmol™', final
concentration 9 mCi mL™") to initiate labelling. The labelling
reaction was terminated at the indicated time points by adding
chloroform—methanol (1 : 1, v/v, 6.7 vol.). After sonication, the
insoluble material was removed by centrifugation (15000 g, 2 min)
and the supernatant was dried under N,. Labelled lipids were
recovered by biphasic partitioning between water and 1-butanol
(1:2, v/v) and analysed by HPTLC developed in chloroform—
methanol-1 M ammonium acetate—13 M ammonia-water (180 :
140:9:9:23 v/v). Radiolabelled lipids were detected by treating
the HPTLC sheets with En*Hance (NEN Life Science Products,
Boston, MA, USA) and exposing them to a BioMax MR film
(Kodak, Rochester, NY, USA) at —80 °C.
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Since the discovery of Cu'-catalysed click chemistry, the field of peptidomimetics has expanded to
include 1,4-connected 1,2,3-triazoles as useful peptide bond isosteres. Here, we report the synthesis of
triazole-containing analogues of the naturally occurring tyrosinase inhibitor cyclo-[Pro-Val-Pro-Tyr]
and show that the analogues retain enzyme inhibitory activity, demonstrating the effectiveness of a

1,4-connected 1,2,3-triazole as a trans peptide bond isostere.

Introduction

In the pursuit of potential lead compounds that bind to thera-
peutically relevant targets, numerous classes of peptidomimetic
compounds have been developed to enhance the stability and
availability of short peptide fragments in vivo.! Although the
use of heterocyclic moieties in peptidomimetics has been widely
reported,? the application of 1,2,3-triazoles to this field has oc-
curred only recently, following the discovery of regioselective Cu'-
catalysed click chemistry in 2002.% 1,2,3-Triazoles show particular
promise as amide bond isosteres, given their favourable pharma-
cophoric properties* and facile synthesis from readily available’
azide- and alkyne-functionalised derivatives of chiral amino acids.
Recently, reports have surfaced describing the incorporation
of 1,2,3-triazoles into peptide nanotubes,® f-turn mimics,” pro-
tease inhibitors,¥® cyclopeptide analogues® and peptide chain
analogues.’ Although these results suggest that triazoles have
similar atom placement and electronic properties to those of a
transoid peptide bond,***!! no studies to date have analysed the
effects on binding affinity or enzyme inhibition resulting from
replacement of an amide bond in a natural product by a 1,2,3-
triazole.

To directly assess these effects, we selected a series of three
triazole analogues to the naturally occurring cyclotetrapeptide
cyclo-[Pro-Tyr-Pro-Val] (1), a potent tyrosinase inhibitor isolated
from L. helveticus™ (Scheme 1). All reported attempts to synthesise
1 failed to yield the natural product due to the problematic ring
closure step,”® but we obtained cyclo-[(L)Pro-(L)Val-y(triazole)-
(L)Pro-(L)Tyr] (2) in good yield via Cu'-catalysed click chemistry-
mediated macrocyclisation.* Herein, we report the synthesis of
two other triazole analogues (3 and 4, Scheme 1) and compare the
inhibitory activity of the three peptidomimetic compounds to that
of the natural cyclotetrapeptide.
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spectroscopic data for compounds 5, 6, 8,9, 12, 13, 18 and 19 and protocol
for the mushroom tyrosinase activity assay. See DOI: 10.1039/b616751a
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Results and discussion

Synthesis of triazole analogues 3 and 4 commenced with the prepa-
ration of the azido alkyne linear precursors via a modular, flexible
approach based on coupling reactions between amino acids and
their azido acid and amino alkyne counterparts. Construction
of N;-Tyr(OBn)-Pro-Val-Pro-C=CH 14, the linear precursor to
cyclotetrapeptide analogue 3, required dipeptides 8 and 12, which
could be obtained vie EDC-HOBt-mediated peptide coupling
between azido acid 6 and protected proline 7 and between proline
alkyne 10 and Boc-protected valine 11, respectively (Scheme 2).
Subsequent TFA-mediated tBu-Boc removal and block coupling
of the product dipeptide analogues gave linear precursor 14 in 62%
yield.

Synthesis of the linear precursor to cyclotetrapeptide analogue
4, which contains two triazole moieties in its backbone, began
with Cu'-catalysed alkyne-azide coupling of proline alkyne 15"
with valine azido acid 16. Conveniently, this reaction required
no protection for the free carboxylic acid and proceeded without
difficulty to yield Boc-Pro-y(triazole)-Val 17 (Scheme 3). Peptide
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K,CO;, CuSO,, MeOH, H,O, rt. ¢) BnBr, K,CO;,2: 1 = CHCl; : MeOH,
reflux.

coupling of 17 with deprotected proline alkyne 10 gave Boc-Pro-
y(triazole)-Val-Pro alkyne 18 in 73% yield over two steps. TFA
deprotection and peptide coupling with tyrosine azido acid 6
provided N;-Tyr(OBn)-Pro-y(triazole)-Val-Pro alkyne 20 in 45%
overall yield for the two transformations due to difficulties in
driving the coupling reaction to completion. Fortunately, sufficient
amounts of linear precursor 20 were obtained to enable direct
progression to cyclisation reactions.

Based on the optimised Cu'-catalysed click chemistry macrocy-
clisation conditions for cyclotetrapeptides,” cyclisation of azido
alkynes 14 and 20 provided rapid access to the two additional
analogues of cyclo-[Pro-Val-Pro-Tyr] (Scheme 4). In the case
of the cyclisation of azido alkyne 14, purification of protected
cyclotetrapeptide analogue 21 proved difficult due to low solubil-
ity, so cyclisation yields of approximately 50% were the highest
obtainable.

Cyclisation of azido alkyne 20 proved more difficult. While the
cyclisations leading to analogues 2 and 3 provided clean products
following column chromatography, purification of the product
from cyclisation of azido alkyne 20 afforded a complex mixture
of compounds, forcing us to precipitate the cyclic product from
an acetonitrile-water mixture, substantially lowering the yield.
Overall, however, cyclotetrapeptide analogue 22 was obtained in
an isolated yield of 36%.

Removal of the benzyl protecting groups in 21 and 22 via
catalytic hydrogenation yielded the desired analogues 3 and 4
in 91% and 90% yields, respectively (Scheme 4). Although the
cyclisation yields proved lower than expected from the previously
described optimised cyclisation conditions,” our methodology still
provided an efficient route to the desired products.
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With all the desired compounds in hand, the inhibitory effect of
cyclotetrapeptide analogues 2—4 on mushroom tyrosinase activity
was compared to that of the natural product’ via an in vitro
spectrophotometric assay (Table 1). Results indicate that all of the
triazole analogues not only retain inhibition activity, but in fact,
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Table 1 Biological activity of cyclotetrapeptide analogues compared with
the natural product

Compound Tyrosinase activity ICs,/mM*
cyclo-[Pro-Tyr-Pro-Val] 1.5

Triazole analogue 2 0.6

Triazole analogue 3 0.5

Triazole analogue 4 1.6

“ Concentration for 50% reduction in tyrosinase activity from mushroom
tyrosinase extract. ® Data taken from Ref. 12

cyclotetrapeptide analogues 2 and 3 both show an approximately
threefold increase in activity relative to the natural product. These
ICy, values put cyclotetrapeptide analogues 2 and 3 in the mid-
range of known naturally-occurring and synthetic inhibitors of
mushroom tyrosinase.'®

Conclusions

These results provide the strongest evidence to date that 1,4-
disubstituted 1,2,3-triazoles can serve as transoid amide bond
mimics in natural compounds without compromising biological
activity. Although previous studies on which this work is based
have elegantly shown the similar hydrogen-bonding properties of
transoid amide bonds and 1,2,3-triazoles,***!! the introduction
of a triazole into a natural product to determine direct effects
on biological activity provides an additional assessment of the
effects of the triazole incorporation into peptide backbones. This
study clearly demonstrates that analogues of an inaccessible nat-
ural product are readily available via Cu'-catalysed alkyne-azide
coupling and that these analogues show retention of biological
activity when compared with a parent cyclotetrapeptide.

Experimental
General notes

Oxygen- and moisture-sensitive reactions were carried out us-
ing standard Schlenk techniques under a nitrogen atmosphere.
Tetrahydrofuran and diethyl ether were freshly distilled from
sodium-benzophenone. Dry DMF and CH,Cl, were freshly dis-
tilled from CaH,. All commercially available reagents were used as
received, unless indicated otherwise. NMR spectra were recorded
in Fourier transform mode on a Bruker ARX 400 (‘H at 400 MHz,
C at 100 MHz) magnetic resonance spectrophotometer.'H NMR
spectra are reported as chemical shifts in parts per million (ppm)
downfield from a tetramethylsilane internal standard (0.00 ppm).
Spin multiplicity is described by the following abbreviations: s =
singlet, d = doublet, t = triplet, ¢ = quartet, m = multiplet,
dd = doublet of doublets, and br = broad. Coupling constants
(J) are reported in Hertz (Hz). *C NMR spectra are reported
as chemical shifts in ppm with the solvent resonance as the
internal standard (CDCl;: 77.07 ppm; MeOD: 49.00 ppm; MeCN-
dy: 118.26) and were recorded with complete heterodecoupling
as APT (attached proton test) spectra. Infrared spectra were
obtained from CDCI; solutions on a Bruker IFS 28 Fourier
Transform spectrometer (FTIR) and are reported in wavenumbers
(cm™). Fast atom bombardment (FAB) mass spectrometry was
carried out using a JEOL JMS SX/SX 102A four-sector mass

spectrometer, coupled to a JEOL MS-MP9021D/UPD system
program. Samples were loaded in a matrix solution (3-nitrobenzyl
alcohol) on a stainless steel probe and bombarded with xenon
atoms with an energy of 3 keV. During the high resolution
FAB-MS measurements a resolving power of 10000 (10% valley
definition) was used. MALDI-TOF mass spectra were recorded
on a Micromass TofSpec 2EC (Micromass, Whyttenshawe, UK).
Samples (50 pmol) were dissolved in EtOAc, mixed with a
concentrated solution of DHB in EtOAc and spotted directly on
the stainless steel MALDI target. Silver nitrate was used for the
ionisation of the molecules. Analytical TLC chromatography was
performed on 250 um silica gel 60 plates with 254 nm fluorescent
indicator. The mushroom tyrosinase (EC 1.14.18.1) used for the
bioassay was purchased from Sigma Chemical Co. (St. Louis, MO,
USA). Although mushroom tyrosinase differs somewhat from
other sources,' this fungal source was used for the experiment
because it is readily available. Enzyme inhibition was determined
on a ULTROSPEC 2100 PRO measuring dopachrome formation
at 470 nm for two minutes. All samples were first dissolved in
DMSO and used at ten times dilution. Each experiment was
carried out in triplicate and averaged.

(8)-1-((S)-2-Azido-3-(4-(benzyloxy)phenyl)propanoyl)-N-((S)-1-
((S)-2-ethynylpyrrolidin-1-yl)-3-methyl-1-oxobutan-2-
yl)pyrrolidine-2-carboxamide (14)

To a 25 cm® round-bottomed flask equipped with a CaCO; drying
tube and charged with Val-Pro alkyne 13 (0.2441 g, 0.714 mmol,
1.1 equiv.) in freshly distilled CH,Cl, (2.5 cm?®) was added DIPEA
(0.12 em?®, 0.714 mmol, 1.1 equiv.). After 10 min of stirring,
this solution was added to a 25 cm® oven-dried flask equipped
with a CaCOj; drying tube and charged with N;-Tyr(OBn)-Pro
9 (0.2813 g, 0.647 mmol, 1 equiv.), EDC (0.124 g, 0.647 mmol,
1 equiv.), HOBt (0.087 g, 0.647 mmol, 1 equiv.) and freshly distilled
CH,CI, (2.5 cm?). After 16 h, this solution was diluted with CHCl,
(20 cm?) and washed with H,O (1 x 20 cm?), satd aq NaHCO;
(1 x 20 cm®), and 1 N HCI (aq) (1 x 20 cm?). The combined
organics were then dried over Na,SO,, filtered, and concentrated
in vacuo to yield a yellow solid. The product was purified via flash
chromatography (75% EtOAc-PE) to afford N;-Tyr(OBn)-Pro-
Val-Pro alkyne 14 (0.2293 g, 0.4018 mmol, 62%) as a white solid.
'"H NMR (CDCl;, 400 MHz) 6 7.41-7.26 (m, 5H), 7.18-6.87 (m,
4H), 5.02 (m, 2H), 4.97-4.44 (m, 3H), 4.00-2.91 (m, 8H), 2.38-1.94
(m, 10H), 0.99-0.86 (m, 6H) ppm. *C NMR (CDCl;, 100 MHz) 6
170.1, 169.9, 169.8, 169.7, 169.5, 169.3, 169.2, 168.9, 168.7, 168.5,
168.4,168.2, 168.1, 167.9, 167.6, 156.9, 156.8, 135.9, 135.8, 135.7,
130.3,129.2,129.1, 127.8, 127.7, 127.6, 127.5, 127.2, 127.0, 126.9,
126.7, 126.5, 126.4, 126.3, 124.8, 114.2, 114.1, 114.0, 82.7, 82.0,
81.9, 81.7, 80.8, 71.7, 71.1, 69.2, 69.1, 68.9, 68.8, 60.7, 60.6, 60.2,
59.9, 59.7, 59.4, 59.3, 59.2, 58.6, 55.5, 55.0, 54.9, 54.8, 54.7, 54.6,
47.6,47.2,46.9, 46.8, 46.4, 46.2, 46.0, 45.8, 45.5, 45.4, 44.9, 36.2,
36.0, 35.5, 35.4, 35.3, 35.2, 34.9, 33.2, 33.1, 31.4, 31.3, 31.2, 30.9,
30.8, 30.7, 30.6, 30.3, 30.0, 29.9, 28.6, 27.5, 27.4, 27.2, 27.1, 26.8,
26.5,24.0, 23.8, 23.7, 23.5, 21.9, 21.5, 21.4, 18.7, 18.6, 18.3, 18.2,
17.1,17.0, 17.09, 16.9, 16.8, 16.7, 16.4, 16.2 ppm. IR 3301, 3218,
2966, 2873, 2243, 2106, 1684, 1650, 1632, 1510, 1429, 1379, 1339,
1303, 1234, 1179, 1107, 1015, 912 cm™". [a]¥ = —64.3 (¢ 1.96 in
CHCl,).
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(S)-2-(4-((S)-1-((S)-2-Azido-3-(4-(benzyloxy)phenyl)propanoyl)-
pyrrolidin-2-yl)-1H-1,2,3-triazol-1-yl)-1-((S)-2-ethynylpyrrolidin-
1-yl)-3-methylbutan-1-one (20)

To a 50 cm® round-bottomed flask equipped with a CaCO; drying
tube and charged with Pro-y(triazole)-Val-Pro alkyne TFA salt
19 (0.3254 g, 0.956 mmol, 1 equiv.) in freshly distilled CH,Cl,
(3 cm?) was added DIPEA (0.17 cm?, 0.956 mmol, 1 equiv.). After
10 min of stirring, this solution was added to a 50 cm® oven-
dried flask equipped with a CaCOj; drying tube and charged with
tyrosine azido acid 6 (0.313 g, 1.051 mmol, 1.1 equiv.), EDC
(0.183 g, 0.956 mmol, 1 equiv.), HOBt (0.129 g, 0.956 mmol,
1 equiv.) and freshly distilled CH,Cl, (7 cm?). After 16 h, this
red—orange solution was diluted with CHCl; (50 cm®) and washed
with H,O (I x 50 cm?), satd aqg NaHCO; (1 x 50 c¢m?®), and
1 N HCI (aq) (1 x 50 cm?®). The combined organics were then
dried over Na,SO,, filtered, and concentrated in vacuo to yield a
brown solid. The product was purified via flash chromatography
(33% EtOAc—PE) to afford N;-Tyr(OBn)-Pro-y(triazole)-Val-Pro
alkyne 20 (0.2552 g, 0.430 mmol, 45% over two steps) as a white
solid. 'H NMR (CDCl;, 400 MHz) ¢ 8.02-7.60 (m, 1H), 7.41-
7.28 (m, 5H), 7.13-6.76 (m, 4H), 5.38-4.66 (m, 3.6H), 4.29-4.26
(m, 0.4H), 3.94-2.79 (m, 8H), 2.64-1.66 (m, 10H), 1.09-0.98 (m,
3H), 0.74-0.66 (m, 3H) ppm. *C NMR (CDCl;, 100 MHz) ¢
169.2, 169.1, 169.0, 167.9, 167.0, 166.6, 166.3, 166.2, 165.8, 157.9
157.8,149.8, 149.4, 148.6, 148.1, 147.2, 137.0, 136.9, 136.8, 130.4,
130.2, 130.1, 128.6, 128.5, 128.4, 128.3, 128.2, 128.0 127.9, 127.7,
127.5,127.4,122.3, 121.5, 121.1, 120.9, 120.8, 120.4, 120.1, 119.9,
119.7, 119.3, 119.1, 115.1, 115.0, 114.9, 114.8, 83.3, 83.2, 83.1,
83.0, 82.3, 82.2, 81.4, 81.2, 74.0, 73.8, 73.2, 73.1, 73.0, 71.1,
70.9, 70.7, 70.6, 70.0, 69.9, 67.2, 67.1, 67.0, 61.2, 61.1, 61.0,
60.9, 60.8, 60.6, 60.4, 54.1, 53.9, 53.7, 53.6, 53.1, 52.9, 52.9, 52.8,
48.8, 48.7,48.6, 48.5, 48.1, 47.9, 47.8, 47.0, 46.9, 46.8, 46.7, 46.6,
46.4, 46.3, 46.2, 37.5, 37.3, 36.5, 36.4, 35.6, 34.3, 34.0, 33.9, 33.7,
33.6, 33.5, 33.3, 33.2, 33.1, 32.8, 32.7, 32.2, 32.0, 31.9, 31.8, 31.7,
31.6, 30.7, 30.6, 30.4, 29.6, 24.9, 24.8, 24.7, 24.6, 24.2, 24.0, 22.8,
22.7,22.1,21.9,21.8,19.4,19.3, 19.2, 19.0, 18.8, 18.7, 18.6, 18.5,
18.3, 18.2 ppm. IR 3300, 2968, 2876, 2246, 2102, 1654, 1610,
1583, 1510, 1427, 1390, 1299, 1238, 1177, 1153, 1109, 1045, 1016,
911, 810 cm~'. HMRS (FAB) Calculated for C;;H;N;O; (MH?):
595.3147; Found: 595.3145. [a]? = +5.1 (¢ 0.95 in CHCl;).

Bn-protected cyclic peptide 21

To a 100 cm® round-bottomed flask charged with alkyne azide 14
(0.033 g,0.0578 mmol, 1 equiv.) in toluene (58 cm) was added DBU
(0.026 cm?, 0.1735 mmol, 3 equiv.). The solution was degassed with
argon for thirty minutes and then heated to reflux while flushing
with argon. At reflux, CuBr (1.7 mg, 0.0116 mmol, 0.2 equiv.)
was added, and the solution was stirred at reflux under argon for
16 h. The mixture was then cooled to rt and poured through a
2 inch pad of Celite. The Celite pad was washed with CH,Cl,
(3 x 25 cm?®). The filtrate was concentrated in vacuo to provide a
blue—green oil. The product was purified via flash chromatography
(3% MeOH in CH,Cl,) to afford Bn-protected cyclic peptide 21
(0.0184 g, 0.0326 mmol, 56% yield) as a white solid. "H NMR
(CDCl;, 400 MHz) 6 7.41-7.30 (m, SH, OCH,Ph), 7.01 (d, J =
8.5 Hz, 2H, Tyr ArH), 6.88 (s, 1H, triazole CsH), 6.81 (d, J =
8.6 Hz, 2H, Tyr ArH), 5.72-5.68 (m, 0.67H, amide NH), 5.43-5.41

(m, 1H, Tyr C,H), 5.33 (d, J = 6.9 Hz, 1H, Pro C,H), 5.01-4.98
(m, 2H, OCH,Ph),4.23 (d, J =8.1 Hz, 1H, Pro C,H),4.01 (t, J =
9.0, 1H, Val C,H), 3.80-3.78 (m, 1H, one of two Pro NCH,), 3.69—
3.67 (m, 2H, Pro NCH,), 3.48-3.44 (m, 2H, one of two Pro NCH,
and one of two Tyr C,CH,), 3.35-3.32 (m, 1H, one of two Tyr
C,CH,), 2.46-2.41 (m, 1H, one of two Pro C,CH,), 2.31-1.78 (m,
8H, val C,CH, Pro C,CH,CH,, Pro C,CH,), 0.85(d, J = 6.6 Hz,
3H, one of two Val C,CH(CH5),), 0.79 (d, J = 6.8 Hz, 3H, one of
two Val C,CH(CH,;),) ppm. *C NMR (CDCl;, 100 MHz)d 169.4,
168.6, 165.5,156.9, 149.7, 135.8, 129.9, 127.5, 126.9, 126.7, 126.1,
120.8,113.7,68.9,62.7,61.2,56.6,54.3,47.3,45.4,36.4, 36.3, 32.6,
31.1, 31.0, 28.6, 20.7, 20.5, 18.0, 17.4 ppm. IR 3208, 2966, 2874,
1657, 1616, 1512, 1434, 1386, 1302, 1246, 1231, 1178, 1094, 1048,
1016,913 cm™'. HMRS (FAB) Calculated for C;,H;,N;O, (MH"):
571.3035; Found: 571.3033. [a]! = —146.1 (¢ 0.95 in CHCL,).

cyclo-|Pro-Tyr-y(triazole)-Pro-Val| 3

To a 50 cm® round-bottomed flask charged with Bn-protected
cyclic peptide 21 (55.0 mg, 0.0964 mmol, 1 equiv.) in MeOH (1 cm?)
and CH,Cl, (9 cm®) was added 10% Pd/C (27.5 mg). The resulting
mixture was subjected to a three-cycle of vacuum-H, and was
stirred at rt under a H, balloon for 16 h. The catalyst was then
removed by filtration through Celite, and the filtrate concentrated
in vacuo to afford a white solid. This solid was then dissolved in
a minimal volume of CH,Cl, and titrated with EtOAc. The white
solid was collected by filtration, yielding cyclic peptide 3 (42 mg,
0.0877 mmol, 91% yield). "H NMR (CDCl;-MeOD," 400 MHz)
0 6.87-6.85 (m, 3H, triazole C;H, Tyr ArH), 6.63 (d, J = 8.4 Hz,
2H, Tyr ArH), 6.14-6.10 (m, 0.4H, amide NH), 5.68 (t,J = 5.9 Hz,
IH, Tyr C,H), 5.26 (d, J = 7.2 Hz, 1H, Pro C,H), 4.18 (d, J =
8.2 Hz, 1H, Pro C,H), 3.99-3.96 (m, 1H, Val C,H), 3.69-3.65 (m,
3H, Pro NCH,), 3.44-3.39 (m, 3H, Tyr C,CH, and one of two
Pro NCH,), 2.42-2.39 (m, 1H, one of two Pro C,CH,), 2.13-1.77
(m, 8H, Val C,CH, Pro C,CH,, Pro C,CH,CH,), 0.81 (d, J =
6.5 Hz, 3H, one of two Val C,CH(CH),), 0.74 (d, J = 6.8 Hz, 3H,
one of two Val C,CH(CH),) ppm. "C NMR (CDCL;,-MeOD,"
100 MHz) 6 170.3, 170.1, 170.0, 166.5, 130.8, 126.3, 122.5, 115.0,
63.6, 62.2, 57.2, 55.2, 48.3, 46.6, 37.0, 33.4, 32.0, 31.7, 21.5, 21 .4,
19.0, 18.1 ppm. IR 3473, 2957, 2926, 1657, 1618, 1516, 1434, 1385,
1309, 1264, 1226, 1172, 1156, 1095 cm~'. HMRS (FAB) Calculated
for C,sH33NgO, (MH*): 481.2565; Found: 481.2563. [a]y = —175.5
(¢ 0.74 in CHCL,).

Bn-protected cyclic peptide 22

To a 100 cm® round-bottomed flask charged with azido alkyne
20 (0.0269 g, 0.0452 mmol, 1 equiv.) in toluene (45 cm®) was
added DBU (0.020 mI®, 0.1356 mmol, 3 equiv.). The solution was
degassed with argon for thirty minutes and then heated to reflux
while flushing with argon. At reflux, CuBr (1.3 mg, 0.0091 mmol,
0.2 equiv.) was added, and the solution was stirred at reflux under
argon for 16 h. The mixture was then cooled to rt and poured
through a 2 in pad of Celite. The Celite pad was washed with
CH,Cl, (3 x 20 cm?®). The filtrate was concentrated in vacuo
to provide a brown solid. The product was purified via flash
chromatography (3% MeOH in CH,Cl,) to afford a white solid.
This solid was then washed with 50% MeCN-H,O (5 cm®) to yield
protected cyclotetrapeptide analogue 22 (9.6 mg, 0.0161 mmol,

974 | Org. Biomol. Chem., 2007, 5, 971-975

This journal is © The Royal Society of Chemistry 2007





36% yield) as a white solid. '"H NMR (CDCl;, 400 MHz) 6 7.37-
7.26 (m, SH, OCH,Ph), 7.10 (d, J = 8.5 Hz, 2H, Tyr ArH), 6.95 (s,
1H, triazole CsH), 6.84 (d, J = 8.5 Hz, 2H, Tyr ArH), 6.45 (s, 1H,
triazole CsH), 5.56-5.53 (m, 1H, Tyr C,H), 5.26 (d, J = 7.2 Hz,
1H, Pro C,H), 5.06 (d, J = 7.2 Hz, 1H, Pro C,H), 4.99-4.97 (m,
3H, Val C,H and OCH,Ph), 3.73-3.31 (m, 6H, Pro NCH, and
Tyr C,CH,), 2.53-2.50 (m, 1H, Val C,CH), 2.31-2.28 (m, 2H,
Pro C,CH,), 1.97-1.76 (m, 6H, Pro C,CH, and Pro C,CH,CH,),
1.01 (d, J = 6.5 Hz, 3H, one of two Val C,CH(CH,),), 0.70 (d,
J = 6.8 Hz, 3H, one of two Val C,CH(CH;),) ppm. C NMR
(CDCl,;, 100 MHz) 6 181.1,166.7,166.2,159.2,150.4, 149.1, 138.2,
132.1, 129.9, 129.4, 129.3, 128.8, 120.5, 120.3, 116.2, 71.3, 69.0,
64.9, 56.6, 56.3, 48.4, 48.3, 39.4, 35.1, 35.0, 32.2, 31.0, 23.0, 22.0,
21.4, 19.6 ppm. IR 3136, 3100, 2960, 1653, 1539, 1510, 1432,
1369, 1345, 1306, 1262, 1221, 1175, 1019 cm™'. HMRS Calculated
for C;3;H3NgO; (MHY): 595.3147 (FAB) Found: 595.3145; (ESI)
Found: 595.32. [a]® = —35.9 (¢ 0.41 in CHCL,).

cyclo-|Val-y(triazole)-Pro-Tyr-y(triazole)-Pro] 4

To a 50 cm?® round-bottomed flask charged with Bn-protected
cyclotetrapeptide analogue 22 (33.2 mg, 0.0558 mmol, 1 equiv.)
in MeOH (0.5 cm) and CH,Cl, (4.5 cm®) was added 10% Pd/C
(50.0 mg). The resulting mixture was subjected to a three-cycle of
vacuum—H, and was stirred at rt under a H, balloon for 16 h. The
catalyst was then removed by filtration through Celite, and the
filtrate concentrated in vacuo to afford cyclotetrapeptide analogue
4 (25.3 mg, 0.05022 mmol, 91% yield) as a white solid. "H NMR
(CDCl;-MeOD, ' 400 MHz at 40 °C) 6 6.98 (s, 1H, triazole C;H),
6.95 (d, J = 8.4 Hz, 2H, Tyr ArH), 6.66 (d, J = 8.4 Hz, 2H, Tyr
ArH), 6.53 (s, 1H, triazole CsH), 5.54-5.51 (m, 1H, Tyr C,H), 5.22
(d, J =7.2Hz, 1H, Pro C,H), 5.06 (d, J = 7.1 Hz, 1H, Pro C,H),
5.00 (d, J =8.9 Hz, 1H, Val C,H), 3.76-3.74 (m, 2H, Pro NCH,),
3.62-3.58 (m, 2H, Pro NCH,), 3.37-3.34 (m, 2H, Tyr C,CH,),
2.52-2.49 (m, 1H, Val C,CH), 2.28-2.25 (m, 2H, Pro C,CH,),
2.00-1.77 (m, 6H, Pro C,CH, and Pro C,CH,CH,), 1.01 (d, J =
6.6 Hz, 3H, one of two Val C,CH(CH5),), 0.70 (d, / = 6.8 Hz, 3H,
one of two Val C,CH(CH,),) ppm. *C NMR (CDCl,-MeOD,"
100 MHz at 40 °C) ¢ 165.3, 165.0, 155.8, 148.7, 147.7, 130.3,
126.2, 119.4, 119.3, 115.2, 67.5, 63.5, 55.0, 54.8, 46.9, 46.8, 37.8,
33.5, 33.4, 30.6, 21.2, 20.4, 19.7, 17.9 ppm. IR 3106, 3059, 2962,
2925, 2875, 2244, 1731, 1633, 1538, 1511, 1432, 1379, 1344, 1299,
1260, 1177, 1086, 1021, 911, 860 cm~'. HMRS (FAB) Calculated
for C,sH;; N3O, (MH*): 505.2677; Found: 505.2676. [a]) = —87.7
(¢ 0.13 in DMF).
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Through parallel studies on peptides containing N°-
methanesulfonyl-lysine or N¢-acetyl-lysine, N°-methane-
sulfonyl-lysine as a replacement for N‘-acetyl-lysine was
shown i) not to compromise the binding affinity for a
bromodomain, ii) to confer resistance to human HDACS and
SIRT1 (two distinct protein deacetylases), and iii) to confer
only weak inhibition against human HDACS8 and SIRT1.
These results suggested N°-methanesulfonyl-lysine as a non-
hydrolyzable functional surrogate for N*-acetyl-lysine.

Protein post-translational reversible lysine N¢-acetylation and
deacetylation has been recognized as an emerging intracellular
signaling mechanism that plays critical roles in regulating gene
transcription, cell-cycle progression, apoptosis, DNA repair, and
cytoskeletal organization."* Acetyltransferase-catalyzed creation,
deacetylase-catalyzed destruction, and bromodomain-mediated
specific recognition of N*®-acetyl-lysine on proteins define the
central events of this signaling mechanism (Fig. 1)."* Anti-
cancer therapeutic potential can thus be expected by modulating
these events. Indeed, several inhibitors for the classical (or Zn**-
dependent) protein deacetylases are being evaluated in clinical tri-
als for their anti-cancer potential.* However, further mechanistic
details and therapeutic potentials of this signaling mechanism are
to be defined and revealed. Due to the fact that N¢-acetyl-lysine
serves as the key recognition motif of this signaling mechanism,
we reasoned that its analogs may help develop novel chemical
modulating strategies and modulators that could provide potential
therapeutics and chemical tools for a molecular dissection of
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this signaling mechanism. In this study, we developed the first
non-hydrolyzable (or intracellular protein deacetylase-resistant)
functional surrogate, i.e. N*-methanesulfonyl-lysine, for N¢-acetyl-
lysine regarding the bromodomain binding interaction (Fig. 2).
Similar to the well-established applications of non-hydrolyzable
analogs of phosphorylated tyrosine/serine/threonine,’ the avail-
ability of N°-methanesulfonyl-lysine will promote the develop-
ment of novel inhibitors of bromodomain—N°®-acetyl-lysine recog-
nition, whose chemical modulating strategies and modulators are
still under-developed as compared to other events involved in
this signaling mechanism.® Furthermore, the incorporation of N¢-
methanesulfonyl-lysine into proteins by protein engineering tech-
niques such as unnatural amino acid mutagenesis’ and expressed
protein ligation® should provide the constitutive phenotype of
protein acetylation, thus facilitating the functional examination
of this type of important protein post-translational modification.

H;C, CH
75N0
HN HN
.~‘H OH s‘H
_-OH
HoN H;N

N°-acetyl-lysine N°-methanesulfonyl-lysine

Fig. 2 Structural comparison of N¢-acetyl-lysine and N®-methane-
sulfonyl-lysine.

Our design of N-methanesulfonyl-lysine as a non-hydrolyzable
functional surrogate for N¢-acetyl-lysine was initially inspired by
previous literature reports demonstrating the resistance to pro-
teases and peptidases as a result of the sulfonamide replacement
for a peptide bond.® For our design, we also paid particular
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Fig. 1 Acetyltransferase-catalyzed creation, deacetylase-catalyzed destruction, and bromodomain-mediated specific recognition of N¢-acetyl-lysine on

proteins. Brd protein: bomodomain-containing protein.
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Scheme 1  Synthesis of N“-Fmoc-N*-methanesulfonyl-lysine.

attention to the bromodomain-N*-acetyl-lysine interactions be-
cause bromodomain-mediated specific recognition of N¢-acetyl-
lysine serves as one major function for the creation of N*-
acetyl-lysine on proteins. The bromodomain represents a family
of N*-acetyl-lysine binding protein modules that contain ~110
amino acid residues and are present in many chromatin-associated
proteins.* Bromodomains can bind to both lysine N*-acetylated
histone and non-histone proteins such as the human p53 tumor
suppressor protein.

The three-dimensional structures have been solved for four bro-
modomains either in complex with lysine N°-acetylated peptides
orin apo form, including those of CBP, PCAF, and GCNS5 proteins
by NMR and those of GCNS and TAF;250 proteins by X-
ray crystallography.***!° Together with biochemical studies, these
structural studies demonstrated that specific recognition of N®-
acetyl-lysine is a conserved function of all bromodomains found in
different proteins, and revealed the molecular details of the binding
interactions within the N¢-acetyl-lysine binding pocket. Besides
extensive hydrophobic interactions with the aliphatic portion of
the N®-acetyl-lysine side chain, two hydrogen bonding interactions
play a key role for the specific recognition of N¢-acetyl-lysine by a
bromodomain, i.e. those involving acetamide NH as the hydrogen
bond donor and acetamide C=0 as the hydrogen bond acceptor.'*
By replacing acetamide with methanesulfonamide, these two key
hydrogen bonding interactions should thus be maintained.

By employing the C-terminal peptide (amino acid residue 372—
389: H,N-KKGQSTSRHK-(K**)LMFKTEG-COOH) of the hu-
man p53 tumor suppressor protein as the template, N*-acetyl-
lysine and N°-methanesulfonyl-lysine were respectively substituted
for K*2, the N*-acetylation of which has been shown to recruit
the bromodomain of CBP, thus enhancing the transcriptional
activity of the p53 protein.?® Scheme 1 shows the synthesis of N*-
Fmoc-N¢-methanesulfonyl-lysine that was the building block for
incorporating N°-methanesulfonyl-lysine into a peptide sequence
by the Fmoc chemistry-based solid phase peptide synthesis
(SPPS)."

The resulting two peptides (i.e. the N°-acetyl-lysine-containing
and the N¢-methanesulfonyl-lysine-containing p53 peptides (pep-
tides 2 and 3, respectively)) were first evaluated, together with
the negative control peptide (i.e. the K**-containing p53 peptide
(peptide 1)), for their relative binding affinities for the CBP
bromodomain in an in vitro GST pull-down assay.’ Briefly, the
immobilized GST-bromodomain (onto the glutathione-agarose
beads) was incubated with different test peptides, and the peptides
retained on the immobilized GST-bromodomain after washing
were detected and quantified by reversed phase high pressure
liquid chromatography (RP-HPLC). Fig. 3 shows the three repre-
sentative HPLC chromatograms from one of the three independent
experiments. Although it is clear from Fig. 3 that only a modest
retention of peptides was observed, and, for the three independent
experiments, we obtained different HPLC peak areas for each
of the three test peptides (i.e. peptides 1, 2, and 3 in Fig. 3)
due to the use of different batches of GST-bromodomain with
different degrees of immobilization onto the glutathione-agarose
beads, nearly identical peptide retention ratios were obtained in
each of these three experiments, with the average peptide retention
ratio being 1.0 : (1.53 4+ 0.07) : (3.25 &+ 0.08) for peptides 1,
2, and 3 (mean =+ standard deviation, based on the integrated
peak areas from the three independent experiments). This result
should reliably demonstrate that peptides 2 and 3 showed greater
binding to the CBP bromodomain than peptide 1. This result
further suggested that N¢-methanesulfonyl-lysine can be employed
to replace N°-acetyl-lysine without a loss of binding affinity for
a bromodomain. It should be noted that peptides 1 and 2 were
used by us' and others’® previously for protein deacetylase assays
and/or X-ray crystallographical studies.

Peptides 1, 2, and 3 were further evaluated in protein deacetylase
assays to assess the resistance of peptide 3 to protein deacety-
lases (Fig. 4). Peptide 1 was used as the synthetic authentic
deacetylation peptide product, whereas peptide 2 was employed
as the positive control. As described previously,'”> human HDACS8
(histone deacetylase 8 named after its first discovered protein

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 892-896 | 893





3
< S04
E g\\
g 2001 | | ~— Peptide 1
< \
& 100 \
3
% » 7 s 2 T
R/ min
=
f
iE A
= |
E | [\ <a— Peptide 2
|
E 100+ | \\
3 o+ - R — —
- 2 o 23 2 30 N
R/ min

,
S -\
200~

Peptide 3 —» | |

UV(214nm) / mAU

R/ min

Fig. 3 Analytical RP-HPLC analysis of the GST pull-down assay to evaluate the relative binding affinities of peptides 1, 2, and 3 for the CBP
bromodomain. Left: three chromatograms denote the purified peptides 1, 2, and 3 (100 M each with essentially the same observed integrated peak areas).
The same amount of input was used for peptides 1,2, and 3in the GST pull-down assay. Peptide sequences are H,N-KKGQSTSRHKXLMFKTEG-COOH
with X = Lys (peptide 1), N¢-acetyl-lysine (peptide 2), and N*-methanesulfonyl-lysine (peptide 3). Right: three chromatograms denote peptides 1, 2, and
3 that were retained on the immobilized GST-bromodomain after washing. Retained peptides were detected by comparison with authentic samples and
the unbound peptides from the same incubation experiments. Peptide peak areas were obtained by integration with the Interactive Graphics software of

Varian Inc.'” Noise contributions were subtracted.

&

\

A

2
8

2 &«
<
E . 2h@RT
g -4— Peptide 2
=
S i Peptide 1 —
=2
Ou‘v— T T T
200 zs 250 215 300 zs

R¢/ min

20 10min @ 37 °C

Peptide 1 —#

Uv(214nm) / mAU

-4— Peptide 2

T T T
200 25 250 75

)
300 325

R/ min

Fig. 4 Protein deacetylase assays. A) Representative HPLC chromatograms from a HDACS assay; B) representative HPLC chromatograms from a
SIRT1 assay. All assays were performed in duplicate and essentially the same HPLC chromatograms were obtained for duplicates.

2 Peptide 1

<

525 * T e

= v

£ i

& R

S0 o

ﬁ P

>

16— — — —— -

b3 28 27 28 29 30 3

R,/ min

=

<

Ezs- : s

5 Peptide 2 — f\ s

£ / —

c o~

o PR

S

>

16+ ‘ : -

3 2’5 26 7 28 20 30 AN
Ri/ min

=

t

= Peptide 3 —» |

=25 f —

= / T

g -

. e

S =

3

16— ; - A =
% 2 b 28 2 30 31

R{/ min

D 400+

3 40

E.l 2h@RT

£

Em— Peptide 3 —p

>

>, '
200 25 250 s 300 325

R¢/ min

5 = 2h@37°C

<

£ 200

"E‘- = Peptide 3 —p

[

T w0

o

5 s

=]
Dr T T T T
200 ns 250 215 300 s

R/ min

894 | Org. Biomol. Chem., 2007, 5, 892-896

This journal is © The Royal Society of Chemistry 2007





substrate histone) and human SIRT1 (Sirtuin type 1) were chosen
as representative members respectively from the Zn?*-dependent
and the NAD"'-dependent subfamilies of protein deacetylase
enzymes.** Both peptides 2 and 3 were incubated for 2 h at room
temperature in the HDACS assays, but no product peptide (i.e.
peptide 1) formation from peptide 3 was detected (Fig. 4A). For
the SIRT1 assay, a 10 min incubation at 37 °C already resulted in
over 50% substrate turnover from peptide 2. However, no product
peptide 1 formation from peptide 3 was detected even after a 2 h
incubation at 37 °C (Fig. 4B). These results indicated that the N*-
methanesulfonyl-lysine replacement for N*-acetyl-lysine conferred
resistance to both HDACS and SIRT1, and suggested that this
replacement could confer resistance to both the Zn**-dependent
and the NAD*-dependent protein deacetylase enzymes because
the catalytic domains are highly conserved among members within
each of these two subfamilies of deacetylase enzymes.>

Peptide 3 was further evaluated as a potential inhibitor for
SIRT1- and HDACS8-catalyzed deacetylation of peptide 2 to
determine if the N°-methanesulfonyl-lysine replacement for N*-
acetyl-lysine could confer inhibition against protein deacetylase
enzymes. In our opinion, a weak inhibition could be advantageous
in furnishing a useful non-hydrolyzable functional surrogate
for N¢-acetyl-lysine with minimal side effects arising from the
inhibition of protein deacetylase enzymes because these enzymes
accept a plethora of intracellular proteins as their substrates.??
Peptide 3 was found to inhibit SIRT1 and HDACS with ICs, values
being ~1000 uM and ~450 uM, respectively. These ICs, values
indicated that peptide 3 only weakly inhibited SIRT1 and HDACS,
suggesting that the N°-methanesulfonyl-lysine replacement for
N¢-acetyl-lysine could have perturbed the binding at the SIRT1
active site (of note, the Ky, of peptide 2 for SIRT1 was measured
to be 48 uM, Fatkins and Zheng, unpublished results) and did
not furnish a transition state analog inhibitor for HDACS. This
latter suggestion is also consistent with the previously reported
inability of sulfonamide and tetrahedral phosphorus-containing
derivatives of suberoyl anilide hydroxamic acid (SAHA) to serve
as transition state analog inhibitors for the Zn?*-dependent pro-
tein deacetylase-catalyzed deacetylation reactions.’ These results
further suggested that the N°-methanesulfonyl-lysine replacement
for N¢-acetyl-lysine could only confer weak inhibition against both
the Zn**-dependent and the NAD*-dependent protein deacetylase
enzymes because, as stated above, the catalytic domains are highly
conserved among members within each of these two subfamilies
of deacetylase enzymes.>2

Taken together, the results in this study suggested that the
N¢-methanesulfonyl-lysine replacement for N°-acetyl-lysine i) did
not compromise the binding affinity for the bromodomain, ii)
conferred resistance to protein deacetylases, and iii) conferred only
weak inhibition against protein deacetylases. Furthermore, under
physiological conditions, the side chains of N°-methanesulfonyl-
lysine and N*-acetyl-lysine should both be present predomi-
nantly as the neutral species because the acetamide and the
methanesulfonamide have pK, values of ~15-16 and ~11-
12, respectively, for their ionizable NH’s."> Therefore, we have
identified N¢-methanesulfonyl-lysine as the first non-hydrolyzable
(or intracellular protein deacetylase-resistant) functional surro-
gate for N¢-acetyl-lysine. Future work will address the exciting
applications that the availability of this non-hydrolyzable analog
offers, especially in the following two specific areas.

1) The availability of this non-hydrolyzable analog will promote
the development of novel inhibitors of the bromodomain-N®-
acetyl-lysine recognition. The currently available biochemical and
structural studies for bromodomains demonstrated not only that
specific recognition of N°-acetyl-lysine is a conserved function
of all bromodomains, but also that individual bromodomains in
different proteins maintain selective recognition of their cognate
acetylated target sequences via specific recognition of those
amino acid residues surrounding N¢-acetyl-lysine.*>**'° Rationally
designed peptides that incorporate N*-methanesulfonyl-lysine will
thus be expected to be selective competitive inhibitors of the
bromodomain-N*-acetyl-lysine recognition suitable for cellular
studies. The availability of various types of protein transduction
domain (PTD) peptides'® should promote the cellular applica-
tions of peptide inhibitors by carrying them through cellular
membranes. This should be complementary to the approach
through structure-based chemical library screening that was
employed in the only two currently documented reports of
the inhibitors for bromodomain—N*®-acetyl-lysine recognition, i.e.
those for inhibiting PCAF and CBP bromodomains.® ii) The
incorporation of this non-hydrolyzable analog into proteins by
protein engineering techniques such as unnatural amino acid
mutagenesis’ and expressed protein ligation® should provide the
constitutive phenotype of protein acetylation, thus facilitating the
functional examination of this type of important protein post-
translational modification.
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A one-pot, effective synthesis of pyridines by a modified Krohnke procedure is described.
Polysubstituted annulated pyridines were synthesized in high yields by four-component, one-pot
cyclocondensation reactions of N-phenacylpyridinium bromide, aromatic aldehydes, acetophenones or
cyclic ketones in the presence of ammonium acetate and acetic acid, assisted by microwave irradiation.
In this procedure, cyclic ketones with two a-CH, groups yield annulated pyridines with additional
o-benzylidene groups, which are derived in situ from double aldol condensation of cyclic ketones with

two moles of aromatic aldehydes.

Introduction

The pyridyl heterocyclic core is a widespread sub-unit in numerous
natural products? and a versatile ligand in coordination and
supramolecular structures,** which consequently provides a strong
incentive for their synthesis. For a number of years polysubstituted
pyridines (or Krohnke pyridines) have been synthesized using
an enormous number of preparative approaches such as: [S +
1]-type Hantzsch synthesis from a 1,5-diketone and a nitrogen
derivative;>® [2 + 2 + 2]-type cobalt-catalyzed cyclization of
substituted acetylenes and nitriles;” [3 + 3]-type cyclization of chal-
cones and iminophosphoranes®; [4 + 2] reactions of unsaturated
imines with enolates;’ and [3 + 2 + 1]-type cyclization of a,f3-
unsaturated compounds with o-substituted ketones and a nitrogen
source.’ Among these approaches, the [3 + 2 + 1]-type is that
most frequently employed.! The efficiency of such pyridine ring
closures depends on the nature of the a-substituted group in the
ketone moiety, which acts as a leaving group in the aromatization
process. The two-step Krohnke synthesis’>** via condensation of
o,B-unsaturated ketones with pyridinium salts in the presence of
a mixture of ammonium acetate and acetic acid gives a variety
of polysubstituted pyridines and has distinct advantages over the
other routes.

Due to the aromatic character of the pyridine heterocycle, its
basicity, and the electron-attracting influence of the nitrogen atom,
pyridinium cations can behave as nucleophiles and 1,3-dipoles and
show a great variety of synthetic uses, such as in the reaction
with alkenes substituted with electron-withdrawing groups.'s™'®
Pyridinium cations with stronger electron-withdrawing carbonyl,
cyano and nitro groups increase the activity of the methylene group
and have much more versatile applications. N-Phenacylpyridinium
bromide in the presence of a base is known to undergo, for
example, Knoevenagel condensation with aldehydes,®* Michael
addition to o, B-unsaturated carbonyl compounds®** and dipolar
cycloaddition with activated alkenes.”® Therefore, it is worthwhile
investigating new types of reactions and synthetic applications
of this kind of salt with emphasis on multicomponent reactions

College of Chemistry & Chemical Engineering, Yangzhou University,
Yangzhou, 225002, China. E-mail: cgyan@yzu.edu.cn

(MCRs), which offer significant advantages and are increasingly
important in organic and medicinal chemistry. Herein we wish to
describe a simple but effective modification of the Krohnke syn-
thesis of pyridines in one-pot reactions of N-phenacylpyridinium
bromide with aromatic aldehydes and cyclic ketones under
microwave irradiation to give annulated pyridine derivatives.

Results and discussion

The typical Krohnke synthesis of pyridines is readily achieved
by heating a,B-unsaturated ketones and pyridinium salts in the
presences of a mixture of ammonium acetate and acetic acid
for several hours.!***2¢ However, the pyridinium salts and the
unsaturated ketones have to be synthesized first, so this method is
relatively expensive. It is generally recognized that chalcones are
casily formed from the condensation of aromatic aldehydes with
acetophenone under mild basic conditions, and in fact there have
been several studies”*® reporting the aldol condensation under
microwave irradiation with little or no solvent in the presence
of either an acidic or basic catalyst. Microwave irradiation is
very attractive for chemical applications and has become a
widely accepted non-conventional energy source for performing
organic synthesis.’** Compared with classical heating, microwave-
assisted organic synthesis is characterized by spectacular acceler-
ation, higher yields, milder reaction conditions and shorter reac-
tion times as well as allowing syntheses to become environmentally
benign, improving many processes.”*** We hypothesized that
aromatic aldehydes could react with acetophenone to give chal-
cones in situ by the microwave irradiation procedure described
above, and then react with pyridinium salts to accomplish
the Krohnke synthesis of 2,4,6-triarylpyridines. So, N-phenacyl-
pyridinium bromide 1 was used in the reaction with an equivalent
molar ratio of aromatic aldehydes 2 and acetophenones 3 in a
mixture of ammonium acetate and acetic acid (Scheme 1).

Under microwave irradiation, the five-component mixture re-
acted smoothly to give 2,4,6-triarylpyridines 4a—d in high yield
(84-92%).3" Here, the formation of 2,4,6-triarylpyridine is a typical
multicomponent domino reaction. The aromatic aldehyde first
reacts with acetophenone to form an o,B-unsaturated ketone,
which in turn reacts with N-phenacylpyridinium bromide to give a
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- NH,OAc/
HOA
O + AICHO + ArcOCH, _HOAC
N+ Ph
Br™ CH,COPh
1 2a—d 3a—-d

Ar
Jo!
~ S Ar

4a: Ar = p-CH3CgHy4, Ar' = Ph

4b: Ar = p-CICgH4 , Ar' = p-CH3CgHy
4c: Ar = p-CH30CgH,4, Ar' = Ph

N 4d: Ar = p-CICgH,, Ar' = m-NO,CgH,

4a-d

Scheme 1  One-pot synthesis of 2,4,6-triarylpyridines.

1,5-diketone derivative, which is cyclized with ammonia and finally
eliminates the pyridinium cation to form the triarylpyridine. So,
a two-step Krohnke synthesis of pyridines can be combined in
a one-pot reaction, and this method allows the introduction of
various substituted aryl groups into the 2-, 4- and 6-positions of
pyridine.

With the initial success of this reaction, we set out to determine
the scope and variability of the procedure. A variety of cyclic
ketones was used to replace the acetophenone in order to
prepare the annulated pyridine derivatives. Under the above-
mentioned microwave irradiation conditions, cyclohexanone
reacted smoothly and gave the 5,6,7,8-tetrahydroquinolines
with an additional 8-benzylidene group as the products 6a—f
(Scheme 2). Compounds 6a—f clearly result from the reaction of
the initially formed 2,6-bis(benzylidene)cyclohexanone, which is
derived in situ from a double aldol condensation of cyclohexanone
with two moles of aromatic aldehyde. Using a 1 : 1 molar ratio
of aromatic aldehyde to cyclohexanone still gives these products
but in lower yields. Cyclopentanone and cycloheptanone react
similarly to give the five- and seven- membered alicyclic fused
pyridines with an additional benzylidene group 6g—j and 6k,
respectively. It is worth mentioning that under microwave irradia-
tion, all aromatic aldehydes, even those bearing electron-donating
methyl or methoxy groups, form pyridine derivatives in high
yields. 1-Tetralone reacted with one mole of aromatic aldehyde to
form 2-benzylidene-1-tetralone. When this compound is used in
the above reaction, the expected 5,6-dihydrobenzo[/]quinolines
Ta—f (Fig. 1) were formed in 75-90% yield.

of i;wQ

NH4OAc/
_HOAc

CHZCOPh

Br~

1 5a-c 2a-f
6a-f: n=0, R=H, p-CHj, p-Cl, p-CH30, m-NO,, m-CH30-p-HO
6g-:n=1, R=H, p-CHj;, p-Cl, p-CH30
6k: n=2, R=p-Cl

Scheme 2 One-pot synthesis of annulated pyridines.

The structures of the polysubstituted and annulated pyridines
were characterized by IR, 'H and “C NMR spectroscopy, and
HPLC-MS analysis. It should be mentioned that the reaction
under microwave irradiation is very clean, and very small amounts
of by-products were detected. Therefore, the work-up procedure
involves only a simple filtration of the precipitate followed by
crystallization with alcohol. In all instances the products can

7a-f (R =H, p-CHs, p-Cl, p-CH30, m-NO,, m-CH;0-p-HO)

Fig. 1 1,2-Diaryl-5,6-dihydrobenzo[/]quinolines 7a—f.

be obtained with high purity, which give very good 'H and "*C
NMR spectra. Because there are at least three substituted phenyl
groups in each compound and these show very complicated mixed
signals in the aromatic region, it is very difficult to elucidate each
proton and carbon atom. In order to compare the results of the
classical heating with that of microwave heating, we also conducted
some reactions using classical heating methods. For example,
triarylpyridine 4b and fused pyridine 6a were prepared in 78%
and 84% yields by heating a mixture of five reaction components
at 90 °C for three hours. Similar yields were obtained by the
two heating methods, but the microwave heating needs shorter
reaction times and is therefore more convenient. The structures
of the fused pyridines were further confirmed by X-ray crystal
analysis of two representative compounds, 6b and 7b (Fig. 2,
Fig. 3 and Table 1). In 6b, the phenyl and 4-methylphenyl groups
at the 2- and 4-positions of the pyridine ring are twisted out of
the plane of the pyridine ring. In the fused cyclic six-membered
ring, which also has a 4-methylbenzyl group attached, there are

Fig.2 Molecular structure of compound 6b. Hydrogen atoms are omitted
for clarity.
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Table 1 Crystal data of compounds 6b and 7b. CCDC reference numbers 618866 (6b) and 628794 (7b). For crystallographic data in CIF or other

electronic format see DOI: 10.1039/b617256¢

6b b
Empirical formula C,)Hyy N Cs,,HyN,
Formula weight 401.53 694.88
Crystal system, space group Triclinic, P1 Triclinic, P1
a/A 10.0240(17) 10.7313(14)
b/A 10.7729(18) 10.8332(14)
c/A 11.1615(19) 17.189(2)
B/° 89.328(2) 101.774(2)
Volume/A3 1117.1(3) 1925.0(4)
Z 2 2
Calculated density/g cm™ 1.194 1.199
Absorption coefficient/mm™' 0.068 0.069
F(000) 428 736
Crystal size/mm 0.32 x 0.20 x 0.08 0.40 x 0.20 x 0.20
6 Range for data collection/® 2.02-25.00 2.20 to 25.00

Limiting indices

Reflections collected/unique
Completeness (%0)

Refinement method
Data/restraints/parameters
Goodness-of-fit on F?

Final R indices [/ > 201]

R indices (all data)

Largest difference peak and hole/e A-*

—11<h<ll,-12<k<l1l,-13<[<12
5834/3867 [Ri, = 0.0183]

98.4

Full-matrix least-squares on F>
3867/0/282

1.050

R1 =0.0487, wR2 = 0.1207

R1=0.0761, wR2 = 0.1358

0.181 and —0.177

—T<h<l12,-12<k<12,-20<1<20
10008/6674 [R;, = 0.0193]

98.2

Full-matrix least-squares on F>
6674/0/494

1.001

R1 =0.0619, wR2 = 0.1548

R1=0.1110, wR2 = 0.1796

0.621 and —0.142

membered ring in the 5,6-dihydrobenzo[/]quinoline core is also in
a screw-boat conformation.
With the assistance of microwave irradiation, a two-step

Fig. 3 Molecular structure of compound 7b.

three carbon atoms with sp?® hybridization and three carbon atoms
having sp® hybridization, and so the whole ring is best described
as having a screw-boat conformation. The asymmetric unit of
compound 7b contains two independent molecules with slightly
different conformations (Fig. 3). In each molecule of 7b, the
5,6-dihydrobenzo[/]quinoline core has a phenyl group at the 2-
position, which has come from N-phenacylpyridinium chloride,
and a 4-methyphenyl group at the 4-position, which has clearly
come from 4-methylbenzaldehyde. The central fused cyclic six-

Krohnke synthesis of pyridines is performed in a one-pot re-
action. The reaction proceeds as follows: aromatic aldehydes
react firstly with cyclic ketones to form doubly o,B-unsaturated
ketones (2-methylcyclohexanone and 1-tetralone could only give
mono-a,B-unsaturated ketones), which in turn react with N-
phenacylpyridinium bromide to give 1,5-diketone derivatives.
The latter is then cyclized with ammonia and finally eliminates
pyridinium cations to form annulated pyridines (Scheme 3).

o]
Ar—Hcﬁ/CH—Ar

o)

NH4OAC
+ 2ArCHO ——>

| AN
El/ Br
CH,COPh
Ar
NH4OAc/HOAc Py.
Ph" O O
CH-Ar CH-Ar

Scheme 3 The mechanism of formation of annulated pyridines.

Conclusion

In conclusion, we have described a simple and efficient one-pot
procedure for the generation of polysubstituted or annulated
pyridines with microwave assistance. The advantages of this
approach are as follows: the reaction procedure is convenient,
involves simple experimental procedures and product isolation,

This journal is © The Royal Society of Chemistry 2007
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and thus dispenses with extensive recrystallization or chromato-
graphic purification steps. Hence it is a useful modification and
addition to the existing methods. It is a four-component reaction
which allows the construction of relatively complicated nitrogen-
containing heterocyclic systems using simple starting materials.
The introduction of various substituted alkyl and aryl groups into
the 2-, 4- and 6-positions of pyridine is very easy. Further studies
aiming to extend the synthetic scope of this reaction, especially
using other N-substituted pyridinium salts, are currently under
way.

Experimental
Material and apparatus

Melting points were recorded on a hot-plate microscope appara-
tus. IR spectra were obtained on a Bruker Tensor 27 spectrometer
(KBr disc). '"H NMR spectra were recorded with a Bruker AV-600
spectrometer with CDCl; as solvent and TMS as internal standard.
HPLC-MS spectra were measured using a Fennigan LCQ Deca
XP MAX instrument. Pyridine, aromatic aldehydes, cyclic ketones,
1-tetralone and other reagents are commercial reagents and were
used as received. Solvents were purified by standard techniques.
N-Phenacylpyridinium bromide was prepared according to the
published method.” The progress of reaction was monitored by
TLC.

General procedure for the preparation of 2,4,6-triarylpyridines

To a 50 mL flask was added N-phenacylpyridinium bromide
(1.2 mmol, 0.280 g), aromatic aldehyde (1.0 mmol), aromatic
ketone (1.0 mmol), ammonium acetate (3.0 g) and acetic acid
(2.0 mL). The mixture was heated in a microwave for about 3—
4 minutes (130 W). After cooling, the reaction mixture was diluted
with water (50 mL) and the resulting precipitate was collected by
filtration. The crude product was recrystallized from ethanol to
give the pure solid sample for analysis.

4a: 2,6-Diphenyl-4-p-methylphenylpyridine. 53%. Mp 116-
118 °C. "H NMR (600 MHz, CDCl;) 6 8.31 (d, J = 7.2 Hz, 4H,
MeC¢H,), 7.98 (s, 2H, 3,5-PyH), 7.76 (d, J = 8.4 Hz, 2H, ArH),
7.42-7.63 (m, 8H, ArH), 2.54 (s, 3H, CHj;). "C NMR (600 MHz,
CDCl,) ¢ 157.5, 150.2, 139.6, 139.1, 136.1, 129.8, 129.0, 128.7,
127.2, 127.0, 117.0, 21.2. IR (KBr) v 3033(w), 2916(w), 1579(s),
1544(s), 1390(m), 1026(w), 814(s), 770(s) cm~'. Anal. calc. for
C,,HyN: C 89.68, H 5.96, N 4.36; found. C 89.50, H 5.62, N 4.28.

4b: 2-Phenyl-4-p-chlorophenyl-6-p-methylphenylpyridine. 58%.
Mp 122-124 °C. 'H NMR (600 MHz, CDCl;) ¢ 8.28, 7.76 (d,
d,J=17.8,4H, p-CIC,H,), 8.19 (d, J = 7.2 Hz, 2H, MeC4H,), 7.90
(s, 2H, 3,5-PyH), 7.54-7.62 (m, 7H, C¢H;, MeC,H,), 2.53 (s, 3H,
CH;). "C NMR (600 MHz, CDClL;) ¢ 157.7, 157.6, 148.8, 139.5,
139.2,137.6, 136.6, 135.1, 129.5, 129.3, 129.1, 128.7, 128 .4, 127.1,
127.0, 116.5, 116.4. IR (KBr) v 3033(w), 1600(s), 1542(s), 1493(s),
1383(m), 1093(m), 1014(m), 816(s), 772(s) cm~'. Anal. calc. for
C,,H;CIN: C 80.00, H 5.10, N 3.94; found. C 79.77, H 5.34, N
4.15.

4c: 2,6-Diphenyl-4-p-methoxyphenylpyridine. 82%. Mp 96—
98 °C."H NMR (600 MHz, CDCl;) 6 8.31,7.80 (d, d, J = 7.8 Hz,
4H, MeOC¢H,), 7.96 (s, 2H, 3,5-PyH), 7.81-7.80 (d, J = 7.8 Hz,

2H, 2C Hs), 7.63-7.53 (m, 6H, 2C,H;), 7.16-7.14(d, J = 8.4 Hz,
2H, 2C,H,), 3.98 (s, 3H, CH,). "C NMR (600 MHz, CDCl,)
5 160.6, 157.4, 149.8, 139.6, 131.2, 129.0, 128.7, 128.4, 127.2,
116.7, 114.6, 55.4. IR (KBr) v 3016(w), 2957(w), 2931(w), 1596(s),
1514(s), 1291(s), 1257(s), 1178(s), 1030(s), 840(s) cm™'. Anal. calc.
for Co,H,,NO: C 85.43, H 5.68, N 4.15; found. C 85.22, H 5.33, N
3.81.

4d: 2-Phenyl-4-p-chlorophenyl-6-m-nitrophenylpyridine. 63%.
Mp 168-170 °C. 'H NMR (600 MHz, CDCl;) ¢ 9.00, 8.55,
8.29 (s, br, s br, 3H, m-NO,C¢H,), 8.17 (d, 2H, J = 7.8 Hz,
p-CIC¢H,), 7.90, 7.87 (s, s, 2H, 3,5-PyH), 7.67-7.69 (m, 3H,
m-NO,C.H,, p-CIC;H,), 7.64-7.55 (m, SH, C¢Hs). "C NMR
(600 MHz, CDCl;)0 158.1,154.9,149.7, 148.8, 140.8, 140.8, 138.5,
136.8, 135.7, 133.1, 129.9, 129.7, 129.6, 129.5, 129.4, 128.9, 128.5,
127.2, 123.9, 122.0, 118.0, 117.0. IR (KBr) » 3074(w), 1659(w),
1601(s), 1521(s), 1493(m), 1087(m), 828(m), 770(m) cm™'. Anal.
calc. for C;;H,5sCIN,O,: C 71.41, H 3.91, N 7.24; found. C 71.36,
H4.17,N 7.11.

General procedure for the preparation of annulated pyridines

To a 50 mL flask was added N-phenacylpyridinium bromide
(1.2 mmol, 0.280 g), aromatic aldehyde (2.0 mmol), cyclic ketone
(1.0 mmol), ammonium acetate (3.0 g) and acetic acid (2.0 mL).
The mixture was heated in a microwave for about 2-4 minutes
(130 W). After cooling, the reaction mixture was diluted with water
(50 mL) and the resulting precipitate was collected by filtration.
The crude product was recrystallized from ethanol to give the pure
solid sample for analysis.

6a. 74%. Mp 140.0-142.0 °C. '"H NMR (600 MHz, CDCl;)
0 8.14 (d, J = 7.2 Hz, 1H, PhH), 7.74 (s, 1H, PyH), 7.60 (s, 3H,
PhH), 7.56 (d, 2H, J = 7.2 Hz, PhH), 7.50 (s, 3H, PhH), 7.45-7.41
(m, 5H, PhH, CH=), 3.21 (s, 4H, CH,). *C NMR (600 MHz,
CDCly) ¢ 161.5, 157.2, 146.9, 141.6, 139.8, 138.8, 138.0, 137.9,
136.9, 135.2,129.2, 129.1, 128.8, 128.6, 128.5, 128.5, 128.4, 128.2,
128.0, 127.1, 126.9, 126.7, 122.8, 122.0, 119.3, 29.4, 29.2, 28.2,
27.73. IR (KBr) v 3053(w), 2942(w), 1950(w), 1577(m), 1535(m),
1373(m), 1149(w), 920(w), 763(s) cm~'; MS: 359.67. Anal. calc. for
CyH, N: C90.22, H 5.89, N 3.89; found. C 89.79, H 5.71, N 3.75.

6b. 75%. Mp 114.5-146.0 °C. "H NMR (600 MHz, CDCl;)
0 8.15(d, 2H, J = 7.8 Hz, PhH), 7.74 (s, 1H, PyH), 7.60 (s, 1H,
ArH), 7.53-7.49 (m, SH, ArH), 7.46-7.43 (t, 1H, PhH), 7.33 (d,
2H, J =7.8 Hz, PhH), 7.28 (s, 1H, CH=), 7.24 (d, 2H, J = 7.8 Hz,
ArH), 3.22 (s, 4H, CH,), 2.46 (s, 3H, CH,), 2.41 (s, 3H, CHj;). °C
NMR (600 MHz, CDCl;) 46 139.3, 133.5,133.2,132.0, 130.2, 129.7,
129.5,129.4,129.2,129.2, 128.8, 128.7, 128.5, 128.3, 128.2, 128.1,
128.0, 127.2,127.1,126.9, 126.1, 29.2, 28.3, 21.3, 21.3. IR (KBr) v
2926(w), 1628(w), 1528(s), 1435(w), 1349(s), 1092(w), 904(w), 807
(w), 735(w) cm™'; MS: 387.73. Anal. calc. for C,,H,sN: C 89.88,
H 6.50, N 3.62; found. C 89.56, H 6.62, N 3.29.

6c. 80%. Mp 160.0-161.5 °C. "H NMR (600 MHz, CDCl,)
8.12 (d, J = 7.8 Hz, 1H, PhH), 7.68 (s, IH, ArH), 7.57 (s, 1H,
PyH), 7.52-7.47 (m, 7TH, ArH), 7.47-7.43 (m, 4H, ArH), 7.38—
7.36 (m, 3H, ArH), 7.30 (d, J = 8.4 Hz, 1H, CH=), 3.18 (s, 2H,
CH.); "C NMR (600 MHz, CDCL,) § 161.3, 157.4, 145.8, 141.9,
139.4, 137.1, 136.2, 135.0, 134.6, 132.6, 130.3, 130.2, 129.5, 129.0,
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128.8, 128.7, 127.1, 121.7, 119.1, 29.1, 28.1. IR (KBr) v 2916(w),
1634(m) 1597(m), 1491(s), 1359(w), 1239(w), 1091(m), 896(w),
824(m) cm™'; MS: 428.67. Anal. calc. for C,;H,,CL,N: C 75.71,
H 4.47, N 3.27; found. C 75.45, H 4.81, N 3.23.

6d. 70%. Mp 167.0-168.0 °C. '"H NMR (600 MHz, CDCl;)
0 8.13(d, J = 7.8 Hz, 1H, PhH), 7.68 (s, 1H, PyH), 7.63 (s, 1H,
ArH), 7.55-7.49 (m, 6H, ArH, PhH), 7.42 (d, J = 7.2 Hz, 1H,
PhH), 7.30 (d, J = 7.8 Hz, 1H, CH=), 7.03-6.98 (m, 2H, ArH),
6.95 (s, 2H, PhH), 3.88-3.84 (m, 6H, OCH,;), 3.18-3.11(m, 4H,
CH,). ®C NMR (600 MHz, CDCl;) § 161.7, 161.0, 159.8, 159.2,
158.6, 158.4,151.0, 146.4, 140.0, 139.4, 136.2, 134.6, 131.2, 131.0,
130.8, 130.5, 129.6, 129.5, 129.4, 128.7, 127.1, 122.2, 121.3, 118.3,
118.7, 114.1, 114.0, 113.9, 55.4, 55.3, 29.3, 29.1, 28.3, 27.8. IR
(KBr) v 3053(w), 2919(w), 1582(w), 1543(w), 1491(w), 1435(w),
1238(w), 1189(w), 1075(w), 1026(w), 917(w), 762(m) cm™'; MS:
419.67. Anal. calc. for C,yH,sNO,: C 83.03, H 6.01, N 3.34; found.
C 83.45, H5.69, N 3.57.

6e. 71%. Mp 150.0-152.0 °C. '"H NMR (600 MHz, CDCl;)
0 8.46 (s, 2H, ArH), 8.34 (d, J = 6.6 Hz, 1H, ArH), 8.16-8.12
(m, 3H, ArH), 7.92-7.88 (m, 2H, ArH), 7.81-7.79 (m, 1H, PhH),
7.74-7.73 (d, J = 7.2 Hz, 1H, PhH), 7.67 (s, |H, PyH), 7.59-7.54
(m, 3H, PhH), 7.48 (d, J = 6.0 Hz, 1H, CH=), 3.30-3.27 (d, 4H,
CH,). ®C NMR (600 MHz, CDCl;) 6 161.1, 161.1, 160.8, 157.9,
148.6, 144.7, 144.1, 143.9, 139.2, 135.3, 134.9, 134.0, 130.0, 129.5,
129.35,128.9,127.1,123.4, 123.1, 123.1, 121.6, 121.0, 119.5, 29.3,
29.1, 28.0, 27.6. IR (KBr) v 2926(w), 2834(w), 1603(m), 1509(m),
1456(w), 1364(w), 1243(s), 1176(m), 1029(m), 1029(m), 896(w),
823(m), 765(w) cm™'; MS: 449.40. Anal. calc. for C,;H;,)N;0,: C
72.15, H 4.26, N 9.35; found. C 72.09, H 4.68, N 9.10.

of. 73%.Mp 175-176 °C. '"H NMR (600 MHz, CDCl;) ¢ 8.15
(d, J = 7.2 Hz, 2H, PhH), 7.68 (s, 1H, PyH), 7.56 (s, 1H, ArH),
7.53-7.51 (m, 2H, PhH), 7.46-7.43 (m, 1H, ArH), 7.18 (d, J =
8.4 Hz, 1H, ArH), 7.13-7.12 (m, 2H, ArH), 7.07-7.06 (m, 2H,
ArH), 6.99 (d, J = 8.4 Hz, 1H, ArH), 5.79 (s, 1H, OH), 5.71 (s,
1H, OH), 3.98 (d, J = 6.64 Hz, 6H, OCH,), 3.22 (s, 4H, CH,); *C
NMR (600 MHz, CDCl,)6 146.7, 146.4, 146.1, 145.0, 130.6, 128.7,
128.7,127.1, 122.4, 121.5, 118.8, 114.7, 114.5, 112.0, 110.7, 56.1,
55.9, 29.1, 28.4; IR (KBr) v 2932(w), 2843(w), 1595(w), 1513(s),
1458(w), 1429(w), 1376(w), 1272(m), 1209(m), 1129(w), 901(w),
818(w), 774(w) cm™'; MS: 451.53. Anal. calc. for C,,H,;NO,: C
77.14, H 5.58, N 3.30. found. C 76.75, H 5.69, N 3.22.

6g. 75%. Mp 137.0-139.0 °C. '"H NMR (600 MHz, CDCl;)
0 8.30 (s, 1H, ArH), 8.14 (d, / = 7.8 Hz, 2H, PhH), 7.53 (s, 1H,
PyH), 7.50-7.47 (m, 6H, PhH), 7.43-7.37 (m, 6H, PhH), 7.28-7.24
(m, 1H, CH=), 2.95 (s, 2H, CH,), 2.76 (t, J = 6.0 Hz, 2H, CH,),
1.78 (t, J = 5.4 Hz, 2H, CH,). "C NMR (600 MHz, CDCl;) ¢
151.8,150.6, 148.4, 137.6, 137.5, 136.1, 134.0, 127.7, 126.9, 126.6,
126.6, 126.3, 126.0, 125.8, 125.7, 124.8, 124.6, 117.6, 26.1, 25.9,
21.0. IR (KBr) v 3053(w), 2942(w), 1577(m), 1535(m), 1373(m),
763(s) cm™'; MS: 373.67. Anal. calc. for C,sH,;N: C 90.04, H 6.21,
N 3.75; found. C 89.64, H 5.89, N 3.62.

6h. 78%. Mp 156.5-157.5 °C. 'H NMR (600 MHz, CDCL,)
§ 8.05 (s, 1H, PyH), 7.92 (d, J = 7.8 Hz, 2H, PhH), 7.30 (s, 1H,
PhH), 7.26 (t, J = 7.8 Hz, 2H, PhH), 7.19 (d, 3H, J = 7.8 Hz,
ArH, CH=), 7.06 (s, 4H, ArH), 7.00 (d, 2H, J = 7.8 Hz, ArH),

2.73 (s, 2H, CH,), 2.55 (t, J = 6.0 Hz, 2H, CH,), 2.22 (s, 3H,
CH,), 2.17 (s, 3H, CHs), 1.56 (t, 3H, J = 6.0 Hz, CH,); "C NMR
(600 MHz, CDCl;) 0 153.2,152.8,150.5, 138.7,137.7,136.8, 136.5,
135.5,135.4, 132.9, 129.7, 129.1, 128.8, 128.6, 127.7, 126.8, 28.2,
28.0, 23.1, 21.2; IR (KBr) v 3022(w), 2947(m), 2869(w), 1905(w),
1577(m), 1507(m), 1426(m), 1373(m), 1116(w), 912(w), 817(s),
768(m) cm~'; MS: 401.80. Anal. calc. for C; H,;N: C 89.73, H
6.78, N 3.49; found. C 89.55, H 6.60, N 3.58.

6i.  70%. Mp 164.0-166.0 °C. '"H NMR (600 MHz, CDCl;) ¢
8.30 (s, 1H, pyH), 8.14(d, J = 7.8 Hz, 2H, ArH), 7.53 (s, 1H, ArH),
7.50-7.47 (m, 5H, ArH), 7.43-7.37 (m, 5H, PhH), 7.28-7.24 (m,
1H,=CH), 2.95(s,2H, CH,),2.76 (t,J = 6.0 Hz, 2H, CH,), 1.78 (1,
J=35.4Hz,2H, CH,). *"C NMR (600 MHz, CDCl;)¢ 153.8,152.7,
139.6, 138.1, 129.7, 128.8, 128.7, 128.6, 128.4, 127.9, 126.9, 126.7,
119.8, 28.1, 27.9, 23.0. IR (KBr) v 2946(w), 1636(w), 1582(w),
1532(m), 1485(w), 1372(w), 1181(w), 1088(m), 1010(w), 911(w),
827(m), 769(w) cm~'; MS: 443.67. Anal. calc. for CxH,;CL,N: C
76.02, H 4.78, N 3.17; found. C 76.24, H 5.17, N 3.42.

6j. 75%. Mp 130.0-131.5 °C. 'H NMR (600 MHz, CDCl;) ¢
8.23 (s, 1H, ArH), 8.14 (d, J = 7.2 Hz, 2H, PhH), 7.50-7.45 (m,
4H, ArH), 7.40 (t, J = 7.2 Hz, 1H, PyH), 7.32 (d, J = 7.8 Hz,
2H, PhH), 7.04-6.92 (m, 5H, ArH, PhH, CH=), 3.87-3.82 (m,
6H, OCH,;), 2.94 (s, 2H, CH,), 2.78 (s, 4H, CH,), 1.78 (s, 2H,
CH,). "C NMR (600 MHz, CDCl;) 6 159.4, 158.4, 153.8, 152.9,
150.0, 139.7, 134.6, 132.0, 131.1, 130.8, 130.0, 128.9, 128.6, 127.3,
126.8, 119.5, 113.8, 113.6, 55.4, 55.3, 28.3, 28.0, 23.1. IR (KBr) v
2930(w), 2930(w), 2833(w), 1607(m), 1508(m), 1438(w), 1381(w),
1381(w), 1291(w), 1347(s), 1174(m), 1111(w), 1032(m), 885(w),
834(w), 766(w) cm™'; MS: 433.53. Anal. calc. for C; H,,NO,: C
83.11, H 6.28, N 3.23; found. C 82.87, H 5.91, N 3.02.

ok. 73%. Mp 153.5-155.5 °C. "H NMR (600 MHz, CDCl;) ¢
8.03 (d, 2H, J = 7.2 Hz, PhH), 7.47 (s, 1H, PyH), 7.45-7.41 (m,
6H, ArH), 7.37 (t, / = 7.2 Hz, 1H, =CH,), 7.32 (d, J = 8.4 Hz,
2H, ArH), 7.26 (d, J = 7.8 Hz, 2H, ArH), 7.10 (s, 1H, PhH), 2.76—
2.67 (m, 4H, CH,), 1.86-1.75 (m, 4H, CH.). *C NMR (600 MHz,
CDCl,) 6 160.6, 153.2, 148.0, 143.2, 138.3, 137.4, 135.2, 133.0,
131.6, 129.8, 129.6, 129.5, 129.2, 129.1, 127.8, 127.7, 127.7, 127.6,
127.0, 125.9, 119.1, 28.6, 26.9, 25.7. IR (KBr) v 3447(m), 3044(m),
2931(m), 2858(w), 1573(m), 1538(m), 1488(s), 1452(m), 1418(m),
1376(m), 1223(w), 1087(s), 1011(m), 877(m), 764(m) cm~'; MS:
455.80. Anal. calc. for C,oH,;CLLN: C 76.32, H 5.08, N 3.07; found.
C76.14, H 5.28, N 3.51.

General procedure for the preparation of
5,6-dihydrobenzo|/]quinolines

To a 50 mL flask was added N-phenacylpyridinium bromide
(1.2 mmol, 0.280 g), aromatic aldehyde (1.0 mmol), 1-tetralone
(1.0 mmol), ammonium acetate (3.0 g) and acetic acid (2.0 mL).
The mixture was placed in a microwave and heated for about 2—
4 minutes (130 W). After cooling, the reaction mixture was diluted
with water (50 mL) and the resulting precipitate was collected by
filtration. The crude product was recrystallized with ethanol to
give the pure solid sample for analysis.

7a. 81%, Mp 123.0-124.0 °C. 'H NMR (600 MHz, CDCl,)
8.58(d,J = 7.8 Hz, 1H, ArH), 8.17 (d, 2H, J = 7.2 Hz, PhH), 7.59
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(s, 1H, PyH), 7.48 (t, J = 7.8 Hz, 4H, ArH), 7.44-7.39 (m, 5H,
ArH, PhH),7.32(t,/ =7.2Hz, 1H, ArH), 7.21 (d,J =7.2Hz, IH,
PhH), 2.95 (t, J/ = 7.8 Hz, 2H, CH,), 2.90 (s, 2H, CH,). *C NMR
(600 MHz, CDCl)0 154.4,152.6,149.3,139.6, 139.4,138.2,135.3,
129.1, 128.9, 128.8, 128.7, 128.5, 128.0, 127.5, 127.1, 126.9, 125.8,
112.0, 28.2, 25.3. IR (KBr) v 3060(w), 3030(w), 2941(w), 2841(w),
1957(w), 1544(m), 1418(m), 1377(m), 1227(m), 1028(w), 834(w),
760(s) cm™'; MS: 333.73. Anal. calc. for C,sH;yN: C 90.06, H 5.74,
N 4.20; found. C 89.71, H 5.88, N 4.17.

7b.  85%. Mp 153.8-155.4 °C. '"H NMR (600 MHz, CDCl;) 6
8.63 (s, IH, ArH), 8.23 (s, 2H, PhH), 7.64 (brs, 1H, PyH), 7.53 (d,
J =4.2 Hz, 2H, PhH), 7.46 (s, 2H, ArH), 7.35 (s, SH, ArH), 7.28
(s, 1H, PhH), 2.99 (s, 2H, CH,), 2.90 (s, 2H, CH,), 2.49 (s, 3H,
CH;). "C NMR (600 MHz, CDCl;) 6 154.4, 152.3, 149.3, 139.7,
138.3,137.9, 136.4, 136.3, 129.3, 129.2, 129.1, 128.8, 128.1, 127.5,
127.1, 126.9, 125.8, 120.1, 28.2, 25.4, 21.4. IR (KBr) v 3032(w),
2928(w), 1906(w), 1581(m), 1542(m), 1506(m), 1419(m), 1376(s),
1225(w), 1029(m), 821(m), 748(vs) cm~'; MS: 347.67. Anal. calc.
for C,sH, N: C 89.88, H 6.09, N 4.03; found. C 89.80, H 6.35, N
3.81.

7e. 82%. Mp 137.2-138.0 °C. '"H NMR (600 MHz, CDCl;) 6
8.57(d,J =7.2Hz, 1H, ArH), 8.16 (d, J = 7.8 Hz, PhH), 7.54 (s,
1H, PyH), 7.50-7.45 (m, 4H, ArH), 7.41 (t, J = 7.2 Hz, 2H, PhH),
7.34 (d, J = 7.2 Hz, 3H, ArH), 7.22 (d, J = 7.2 Hz, 1H, ArH),
2.90-2.86 (m, 4H, CH,) “*C NMR (600 MHz, CDCl;) ¢ 154.6,
152.8, 148.1,139.4, 138.1, 137.7, 135.1, 134.2, 130.2, 129.2, 128.9,
128.7 127.8,127.5,127.2, 126.8, 125.8, 119.7, 28.1, 25.3. IR (KBr)
v 3032(w), 2936(w), 2846(w), 1906(w), 1597(m), 1542(m), 1488(s),
1419(m), 1376(m), 1272(w), 1088(m), 830(s), 748(vs) cm~'; MS:
367.67. Anal. calc. for C,sH;CIN: C 81.62, H 4.93, N 3.81; found.
C81.47, H5.15, N 3.62.

7d. 80%, Mp 104.5-105 °C. '"H NMR (600 MHz, CDCl;) ¢
8.57(d,J =7.8Hz, 1H, ArH), 8.18 (d, / = 8.4 Hz, 2H, PhH), 7.58
(s, 1H, PyH), 7.48 (t,J = 7.8 Hz, 2H, PhH), 7.40 (t, / = 7.8 Hz, 2H,
ArH), 7.34-7.31 (m, 3H, ArH), 7.22 (t, J/ = 7.2 Hz, 1H, ArH), 7.01
(d, J =7.8 Hz, 2H, ArH), 3.87 (s, 3H, OCH,), 2.95 (t, / = 7.8 Hz,
2H, CH,), 2.90 (s, 2H, CH,) *C NMR (600 MHz, CDCl;) ¢ 159.5,
154.4,152.6, 149.0, 139.7, 138.2, 136.3, 131.6, 130.1, 129.0, 128.7,
128.0, 127.5, 127.0, 126.8, 125.8, 120.1, 114.0, 55.4, 28.2, 25.4. IR
(KBr) v 3064(w), 3035(w), 2936(w), 2831(w), 1894(w), 1651(m),
1542(m), 1507(vs) 1418(m), 1375(m), 1243(vs), 1030(m), 834(m),
747(s) cm™'; MS: 363.53. Anal. calc. for C,sH, NO: C 8592, H
5.82, N 3.85; found. C 85.65, H 5.90, N 3.74.

Te. 82%, Mp 150.1-151.7 °C. "H NMR (600 MHz, CDCl;) ¢
8.57 (d, 1H, J = 7.8 Hz, ArH), 8.30 (s, 2H, ArH), 8.17 (d, J =
7.8 Hz, 2H, PhH), 7.74 (d, J = 7.8 Hz, 1H, ArH), 7.68 (t, J =
7.8 Hz, 1H, ArH), 7.57 (s, 1H, PyH), 7.50 (t, J = 7.8 Hz, 2H,
PhH), 7.43 (m, 2H, ArH), 7.35 (t, J = 7.2 Hz, 1H, ArH), 7.23 (d,
1H, J = 7.8 Hz, ArH), 2.89 (s, 4H, CH,). "C NMR (600 MHz,
CDCl;) 0 154.9, 153.1, 148.4, 146.7, 141.0, 139.1, 137.9, 134.8,
129.6, 129.4,129.0, 128.7, 127.5, 127.5, 127.2, 126.8, 125.9, 123.8,
123.0, 119.4, 28.0, 25.2. IR (KBr) v 3067 (w), 2942(w), 1604(w),
1572(w), 1525(vs), 1432(w), 1416(w), 1383(m), 1347(s), 1282(w),
1090(w), 902(w), 774(m). MS: 378.67. Anal. calc. for C,sH, NO:
C 79.47, H4.79, N 7.40; found. C 79.21, H4.91, N 7.11.

7f. 81%. Mp 178.3-178.9 °C. '"H NMR (600 MHz, CDCl;)
8.56(d,J =7.8Hz, 1H, ArH), 8.17(d, J = 8.4 Hz, 2H, PhH), 7.58
(s, 1H,PyH), 7.48 (t,J = 7.8 Hz,2H, PhH), 7.40 (d, J = 7.8 Hz, 2H,
ArH),7.32(t,J =7.8Hz, 1H, ArH), 7.22(d, J = 7.8 Hz, 1H, ArH),
7.03(d,J =7.8 Hz, 1H, ArH), 6.90 (t, J = 7.8 Hz, 2H, ArH), 5.77
(s, 1H, OH), 3.91 (s, 3H, OCH;), 2.95 (t,J/ = 7.2 Hz, 2H, CH,), 2.85
(t, J = 7.2 Hz, 2H, CH,). "C NMR (600 MHz, CDCl;) ¢ 153.3,
151.5,148.1, 145.4, 144.6, 138.6, 137.1, 134.2, 130.3, 127.9, 127.6,
127.5,126.9,126.32,126.0,125.7,124.7,121.0, 118.9, 113.3, 110.4,
55.0, 27.1, 24.3. IR (KBr) v 2931(w), 1601(w), 1538(w), 1513(s),
1466(w), 1416(m), 1384(s), 1267(w), 1242(w), 1197(m), 1121(w),
1079(w), 1030(m), 887(w), 821(w), 745(m) cm~". MS: 379.67. Anal.
calc. for C,oH, NO,: C 82.30, H 5.58, N 3.69; found. C 81.89, H
5.75,N 3.47.
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There is a growing need in organic synthesis for efficient methodologies for the asymmetric synthesis of
quaternary carbon centres. One of the most attractive and straightforward methods focuses on the use
of asymmetric catalysis for the addition of various types of nucleophiles on prochiral ketones and
ketimines. A view of the literature from this growing area of research will be presented in this review,
with an emphasis on the pioneer works and milestones brought by the main players in this field.

Introduction

One of the major challenges in organic methodology focuses on
the enantioselective construction of quaternary carbon centres.
Indeed, there is a growing need for efficient methods as there are
many examples of naturally occurring and pharmaceutical drugs
(such as Efavirenz and Tripanavir, two enzyme inhibitors used in
the treatment of AIDS) that display one or more tetrasubstituted
centres in their structures (Fig. 1).

This need for new methodologies has already been well-fulfilled
by many groups of chemists through the applications of classical
reactions such as the Diels—Alder reaction, the Heck reaction
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or palladium catalyzed allylic alkylation.! One straightforward
access to chiral quaternary centres that adds nicely to the existing
methods relies on the asymmetric addition of nucleophiles on
ketones and ketimines and will be described here. However, the
goal of this article is not to review the full literature of this area
of research, but to highlight the concepts, milestones and most
efficient methods developed over recent years.

The nucleophilic addition of organometallic reagents on ketones
has always been a major challenge in organic synthesis method-
ology as this class of substrates suffers from many drawbacks
such as the poor electrophilic character of the carbonyl group.
Furthermore, competitive enolisation and reduction of the ketones
are often encountered as main side reactions, especially in the
case of sterically hindered substrates. The problem becomes even
more challenging when chirality has to be introduced as the
binding properties of ketones to the Lewis acidic atom of the
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Fig. 1 Selected examples of molecules (naturally occurring and artificial) bearing a chiral quaternary centre.

organometallic reagent are usually poor, and also by the fact that
discrimination between the two prochiral faces of the carbonyl
is made more challenging due to the greater similarity of the
two substituting groups on the carbonyl compared to aldehydes
(Fig. 2).

OH Nu

@< Q<.

Fig. 2 Schematic representation of the addition of a nucleophile on the
prochiral faces of a ketone.

From those basic considerations, it is not surprising to see that
although various catalytic systems have been designed during the
past 25 years for the enantioselective addition of organometallic
reagents on aldehydes, the development of such methodology for
the case of ketones and ketimines became an emerging area of
research only recently. However, it will be shown that the accu-
mulated experience on the asymmetric addition of organometallic
reagents on aldehydes has finally opened new successful routes for
the introduction of ketones and ketimine substrates in this class
of reactions.

Asymmetric addition of carbon-based organometallic nucleophiles
on ketones and ketimines

The breakthrough in this area came in 1998 when Dosa and
Fu reported the first example of the asymmetric addition of
diphenyl zinc to ketones (Scheme 1).2 The modification of Noyori’s
catalytic system with an excess of methanol allowed the addition
of diphenyl zinc to aromatic and aliphatic ketones with fair to
excellent enantioselectivities (up to 91% ee). It was postulated that

o PhyZn
15 mol% (+)-DAIB HO, v\\Ph
Me ——— Me
150 mol % MeOH
PhMe, r.t. 72 % ee
Me,N
HO
(+)-DAIB

Scheme 1 Dosa and Fu’s breakthrough in the asymmetric addition of
organometallic reagents on ketones.

a mixed aryl alkoxide reagent was formed as the active nucleophile
and reacted to the ketone via a similar mechanism demonstrated
by Noyori in the case of aldehydes.

Another milestone in this area was published in the same year
by the group of Yus who reported the first addition of dialkylzinc
reagents to ketones promoted by a hydroxysulfonamide-titanium
catalyst.®* This type of titanium-based catalyst was also already
well-known for the asymmetric addition of diorganozinc reagents
to aldehydes but a careful optimisation of the structure of the chiral
ligand and the reaction parameters allowed enantioselectivities
over 90% ee on model ketones to be reached (Scheme 2). A catalytic
cycle based on similar catalytic systems designed for aldehydes
was proposed in the initial report and relies on the formation of
an alkyl dititanium as the active species, one titanium acting as
a Lewis acid to bind the ketone and the second bearing the alkyl
group to be transferred on the carbonyl. This first generation
of catalytic system soon inspired other groups for the design
of improved ligands and the major amelioration was reported
in 2002 by the group of Walsh* and in 2005 by the group of
Yus.®> The most successful ligand L2 was designed in order to
bring an increased constrained geometry and showed in most
cases improved reactivity as the ligand loading could be reduced
down to 2 mol% while retaining high enantioselectivity for the
addition of diorganozinc reagents to ketones. This bissulfonamide
structure was also used by Yus and co-workers to study various
chiral ligands,>® which finally gave an optimised second generation
catalyst with ee’s >90% for the alkylation reaction. The latter
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1998: Yus' first generation catalyst: 20 mol % L1, CaH,, PhMe, 4 °C, 4 d, 71 % yield, 86 % ee
2002: Walsh's catalytic system: 2 mol % L2, PhMe, r.t., 29 h, 71 % yield, 96 % ee

2005: Yus' second generation catalyst: 5 mol % L3, PhMe, 25 °C, 120 h, 65 % yield, >99 % ee
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0,5— NH HN—SO, E
MeO

Scheme 2 Asymmetric alkylation of ketones with diethylzinc developed by the groups of Yus and Walsh.

was also successfully applied to the asymmetric vinylation and
phenylation of ketones.

The concept of bifunctional catalysis* developed by Noyori
et al. for the enantioselective addition of dialkylzinc to aldehydes
was used by the group of Kozlowski for the design of new
ligands for the asymmetric addition of diethylzinc to a-ketoesters
(Scheme 3).” The new salen ligand bearing amines as pendants
were used in combination with titanium(1v) isopropoxide to
generate a titanium salen complex which is postulated to act as
a Lewis acid for the activation of the ketone while the amine
pendant would activate the organometallic nucleophile. Good
enantioselectivities were obtained for a range of o-ketoesters
and it was also noticed that the use of an excess of titanium
isopropoxide (70 mol%) allowed an increase in the ee’s in most
cases. This notion of multimetallic catalysis for the asymmetric
addition of diorganozinc to o-ketoesters was also used by the
groups of Shibasaki,® Pedro® and Hoveyda' using the following
chiral ligands (Fig. 3).

HO, S
)H(OR EtyZn, 10 mol % L* AFNOR
o 10-70 mol % Ti(O-iPr)s )
PhMe, 40 °C
Ar=Ph, R =Me

10 mol % (Ti) 78 % ee
70 mol % (Ti) 88 % ee

o O
Scheme 3  Kozlowski’s conception of chiral bifunctional ligands.

Only one example of the asymmetric alkylation of ketimine
has been reported and it is based on the use of a family of
diphosphine mono oxide—copper catalysts developed by the group
of Charette (Scheme 4)." The catalytic system previously used for
the enantioselective addition of diorganozinc reagents on activated

HO,
/ Ph
K N B'A:.,kPh o)
) OH JPh
Ph HO  HN

Shibasaki et al. (2003)

\Ej\A /\WN%NH nBu

Hoveyda et al. (2005)

Pedro et al. (2006)

a1

IR

Fig.3 Chiralligands developed for enantioselective alkylation of ketones.

0
fpn 10 mol % Cu(OTf), L’P“
HN”' “Ph 5% BozPHOS HN" P
t EtZn 0
ar okt PhMe, 0°C, 16h  p e
[ CFs

N 91-97 % ee

@iQ
)
Scheme 4 Charette’s asymmetric alkylation of trifluoromethyl ketimines
with diethylzinc.

= BozPHOS

aldimines' did not give any addition products when it was tested
on simple aryl methyl ketimines. However, the more reactive
trifluoromethyl ketimines bearing a diphenylphosphinoyl group,
generated in situ from the corresponding ethoxy hemiaminal, gave
the corresponding addition adducts with high enantioselectivities.

Extensive applications of ligand L2 were also reported by
Walsh’s group for the asymmetric addition of various classes
of carbon-based nucleophiles on ketones.”* Some representative
examples are displayed in Scheme 5. The catalytic system using L2
is especially reactive toward aryl alkyl ketones and a,-unsaturated
ketones. The range of nucleophile was also extended from simple
ethyl and methyl groups to functionalised alkyl groups, aryl,

This journal is © The Royal Society of Chemistry 2007
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Scheme 5 Walsh’s catalytic method for the asymmetric addition of
functionalised organometallics to ketones.

vinyl and dienyl groups with high enantioselectivities. A recent
report from the group was focused toward the optimisation of
the catalytic systems and showed that concentrated or solvent-free
conditions allowed the use of only 1 mol% of the chiral ligand while
retaining reasonable reaction times and high enantioselectivities.'¥

An elegant strategy for the asymmetric rhodium catalyzed
dienylation of a-ketoesters was also recently reported by the
group of Krische (Scheme 6).'* Conjugated enynes are used
as pronucleophiles for the introduction of the dienyl group in
the presence of a Walphos rhodium(1) catalyst for the hydrogen
mediated coupling on ketones. The adducts are isolated with
high enantiomeric excesses and can be easily transformed by
simple reactions to yield chiral a-hydroxy esters bearing a chiral
tertiary alcohol centre. This catalytic method was later applied
to heteroaromatic aldehydes and ketones with high (>90%)
enantioselectivities.'*

g eI
R/ "Ry * or
=
Buasn/\/
Tagliavini et al.(1999)
OO TiICI(0-Pr),
20 mol % OH +
OH P
SOl tay
—> 3565%ee
Loh et al. (2005)
20 mol % M e

OH

—

80-92 % ee

2 mol % Rh(COD),OTf

Ri 1 mol % PhyCCO,H fof
S // o PNy 2! _ P s
Hz, 2 mol % Walphos -, OR
. DCE, 60 °C Rz OH
o 88-93 % ee

WalPhos Ar = 3,5-xylyl

Scheme 6 Krische’s asymmetric dienylation of o-ketoesters.

Another classical class of carbon-based nucleophiles for the
addition on carbonyls and imines, allyl metal reagents, have been
widely used in asymmetric synthesis due to the ease of preparation
of the reagents and the high value in synthesis of the homoallylic
alcohols and amines resulting from such processes.”* During the
past 6 years, several groups reported the adaptation of classical
catalytic systems originally designed for the enantioselective
allylation of aldehydes to the case of ketones with moderate to
high enantioselectivities. Most of the catalyst reagents are based
on the use of binol and its derivatives as the chiral ligand and
some selected examples are represented in Scheme 7. An early
report from the group of Tagliavini showed that one of the oldest
chiral Lewis acid catalysts initially designed for the asymmetric
allylation of aldehydes with allylstannane reagents could be used
for ketones with moderate enantioselectivities.'® The use of the
more reactive tetraallyl tin allowed high conversions of the starting
ketones to the chiral tertiary homoallyl alcohols to be achieved in
fair to good yields. A metal-free procedure was later reported
by Woodward ef al. who used monothio binol as a soft chiral
base to promote the direct allyl transfer of mixtures of tetraallyl
stannanes and triallyl stannanes (bearing either alkyl or chloride
substituents) to ketones with fair to high enantioselectivities."”
The optimised procedure involves the addition of 0.4 equivalent of
water, which inhibits side reactions leading to the racemic adducts.
Loh et al. reported the preparation of a chiral binol-indium(1ir)

cat* R'w"l\/\

_— R,

Woodward et al. (2002)
with

20 mol % OO SH Sn

{~F
OH
O™ e,

mixture
—> 30-92%ee
Maruoka et al. (2003)
PR RO .
(bino)—Ti~@oR Ro/‘lz'l—(bmol)
30 mol % H :
TrHN NHTr
—> 50-92%ee

Scheme 7 Catalytic strategies developed for asymmetric allyl nucleophile transfer on ketones with binol type ligands.
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bromide Lewis acid which gave fair to high enantioselectivities (up
to 92%) for the asymmetric transfer of allyltributyl stannane on
various ketones, including one example on an aliphatic ketone."
A Dbis titanium chiral Lewis acid was also described by the group
of Maruoka for the same reaction.” In that case, two titanium
atoms, each bearing a binol ligand, are brought together by an
assembling ligand to give a bimetallic chiral catalyst. This chiral
complex gave high enantioselectivities for simple aromatic ketones
but gave somewhat lower efficiencies when simple unsaturated and
aliphatic ketones were tested (ee up to 54%).

An optimisation of Tagliavini’s titanium-binol catalyst was
recently reported by Walsh e al. for the asymmetric transfer
of tetraallyl stannane to ketones (Scheme 8).* The authors
observed the beneficial effect of added isopropanol on the catalytic
efficiency (enantioselectivity) of the chiral complex prepared by
mixing the binol ligand and titanium isopropoxide. The role of
isopropanol has not been yet elucidated but the new procedure
could be generalised to various families of prochiral substrates,
including aliphatic, aromatic, heteroaromatic and unsaturated
ketones, yielding the corresponding homoallylic alcohols with
high enantioselectivities. This strategy was recently applied with
success to the asymmetric methallylation of ketones using Hg-binol
as a chiral ligand.”

=
SHN) 4
(o} 20-30 mol % binol OH
20-30 mol % Ti(O'Pr) l\/\
R Ry _20-30 mol % THOPny Ry B

20 equiv. ‘PrOH Ry

DCM, r.t.
ee'sup to 99 %

Ho, i\// do/(\/
’ 0 ’ Me
\

95% ee

HQ, 7 HO, 7

g n-pent

84% ee

~” ~Ph

94 % ee 96 % ee

Scheme 8 Walsh’s optimised procedure for the asymmetric allylation of
ketones with tetraallyl stannane.

o} /\/Si(OMe)s
Rﬂ)l\ R, * o
/
/\/B\O
Shibasaki et al (2004).
Pri 3 mol % CuF»:2H20
4.5 mol % La(O'Pr)3
DMF, -40°C

L
7&

6 mol %

67-91 % ee

—

The asymmetric allylation of ketones was also recently studied
by the groups of Shibasaki** and Yamamoto?® using soft transition
metal-chiral diphosphine complexes as catalysts (Scheme 9).
Shibasaki et al. used allyl boronates as nucleophiles for the allyl
transfer on aliphatic and aromatic ketones with fair to high
enantioselectivities when a chiral copper complex was used as
a catalyst. Intensive optimisation on the catalytic system led the
authors to select 'Pr-DuPHOS as a chiral ligand and a diphosphine
copper(1) fluoride complex is supposed to be generated as the active
catalytic species in the reaction mechanism. The fluoride ligand
on copper is also essential for catalytic activity and is supposed
to activate the nucleophile by formation of a boronate complex,
which will in turn allow the transfer of the allyl group to the copper
atom. The addition of La(O'Pr); as a Lewis acid accelerates the
reaction, presumably by participation in the transmetallation step
that leads to the active allylcopper species. This catalytic system
was also applied to the first example of crotylation of ketones with
modest syn—anti diastereoselectivities and high ee’s for the isomers
(ee’s up to 93%). Yamamoto et al. later reported the application
of a chiral silver catalyst, previously optimised for the asymmetric
allylation of aldehydes, to the enantioselective allyl transfer to
ketones. Reactive trimethoxy allyl siloxane nucleophiles were used
with a difluorphos-silver(1) fluoride catalyst and could be used
on a wide range of prochiral ketones, yielding the corresponding
homoallylic alcohols with high enantioselectivities, and could also
be applied to crotyl siloxane nucleophiles.

The copper-based chiral catalyst devised by Shibasaki et al.
for the asymmetric allylation of ketones was recently adapted
to ketimines and represents the first example of asymmetric
catalysed allylation of this class on unreactive substrates.** High
enantioselectivities were reached with a cyclopentyl derivative
of the DuPHOS family and the use of LiO'Pr and -BuOH as
additives proved necessary to reach good reactivity (Scheme 10).
Mechanistic studies showed that the lithium alkoxide played
an important role in the catalytic cycle by participating in the
transmetallation step and thus increasing the concentration of the
allyl copper nucleophile in the reaction media.

The synthesis of propargyl tertiary alcohols by direct nucle-
ophilic addition of metal acetylides to ketones was pioneered by
the group of Thompson and Corley from the Merck company who

AgorCu

based catalysts R>

Yamamoto et al. (2005)

0

>

F o PPh,
e PPh,
F><o O

5 mol %

5 mol % AgF

1 equiv. MeOH

o~ Si(OMe);

THF, -78 °C

78-96 % ee

—

Scheme 9 Shibasaki’s and Yamamoto’s stategies for asymmetric allyl transfer on ketones.
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Scheme 10 Shibasaki’s catalytic procedure for the asymmetric allylation
of ketimines.

reported an efficient stoichiometric system for the preparation of
a precursor of Efavirenz (Scheme 11). The addition of the lithium
anion of cyclopropyl acetylene mediated by a stoichiometric
amount of the lithium salt of a nor-ephedrine ligand derivative
on a PMB protected trifluoromethyl ketone, gave the correspond-
ing tertiary alcohol with enantioselectivities reaching 98% after
optimisation and gave a straightforward access to Efavirenz.”
The reaction mechanism and the nature of the active nucleophilic
species was investigated by NMR spectroscopy and gave evidence
for the involvement of a mixed 2 : 2 ligand-acetylide tetramer in the
reaction pathway leading to the chiral tertiary alcohol.*® An im-
proved procedure involving organozincate nucleophiles was later
reported by a group from the same company.”” They generated
the zinc aminoalkoxide nucleophile by reacting dimethylzinc, an
alcohol and the magnesium halide acetylide on the chiral ligand.
This procedure allowed them to use the unprotected anilino ketone
and only a stoichiometric amount of the cyclopropylacetylide. It
was successfully scaled up to multi-kilogram scale and was applied
to the production of Efavirenz. Although those two examples are
not catalytic in both metal and ligand, they represent a major
milestone for the asymmetric addition of acetylenes to ketones

Thompson, Corley et al. (1995)

: FiC
N

and most probably inspired the following research in this field for
the discovery of efficient catalytic systems.

The use of substoichiometric amounts of chiral ligands for
the asymmetric alkynylation of ketones was pioneered in 2003
by Cozzi (Scheme 12).2** An excess of dimethylzinc was added
to a mixture of the ketone substrate, an alkyne pronucleophile
and a catalytic amount of a chiral salen ligand to generate the
zinc acetylide nucleophile and a zinc salen catalyst. The author
reasoned that the zinc salen complex could act as a bifunctional
catalyst by activating the ketone through coordination to the zinc
atom and also by activating the zinc alkynide by coordination to
the oxygen atom of the zinc bisphenolate complex. Good reactivity
was reached with a 20 mol% amount of the salen ligand with
enantioselectivities up to 81%. Moreover, this catalytic system
could be used with both aromatic and aliphatic ketones. This first
example was soon followed by many other examples which used
similar concepts (chiral ligands such as binol, amino alcohols and
amino alcohol derivatives in combination with a metal source
based on zinc, aluminium, and titanium).* Those works will
not be discussed here but often gave high enantioselectivities for
the corresponding propargyl tertiary alcohols arising from the
addition of the metal acetylide to various ketones.

Ry—=——H
o MeyZn OH Ry
)J\ 20 mol % salen /kuﬁ/
R Me PhMe, r.t. R{” Me
R"=Anyl, Alkyl R2= Ph, TMS, CH,CI 53-81 % ee

Scheme 12 Cozzi’s pioneer work on alkynation of ketones.

OH
96-98 % ee

Tan et al. (1999)

OH 1/ZnMe, o~
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©/'\f 2 /ROH
Me 3 [>—=Mgal

e}
cl
Ro_© / \CEJ\C&
Zn NH,
e
Me

H
OMe
F3C \\///A
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NH,
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Scheme 11  Strategies developed by Merck groups for the asymmetric synthesis of Efavirenz precursors by asymmetric addition of chiral metal acetylides

to prochiral trifluoromethyl ketones.
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Asymmetric addition of cyanide-based nucleophiles to ketones

In regard to the synthetic utility of chiral tertiary cyanohydrin
compounds to access a number of key chiral building blocks,
time and effort have been dedicated to the development of
efficient asymmetric and catalytic cyanosilylation methodologies
applicable to ketones.** Despite pioneer work by the group
of Belokon using a bimetallic titanium salen complex,** the
first useful catalytic system for the asymmetric cyanosilylation
of prochiral ketones with a broad application was masterfully
developed by Shibasaki er al. in 2000.>* Based on studies on
the asymmetric addition of trimethylsilylcyanide on aldehydes,
it was proposed that Ti(O'Pr), in combination with the D-glucose
derived ligand L4 as a chiral scaffold was an efficient catalyst
system for this transformation. A range of aliphatic and aromatic
chiral tertiary cyanohydrins with enantioselectivities of up to 92%
were indeed obtained with 10 mol% of the 1 : 1 metal-ligand
complex Ti(O'Pr),~L4 (Table 1, entry 1). From NMR studies and
labelling experiments, it was deduced that the actual catalyst bears
one cyanide ligand bound to the metal and that the cyanide unit
is transferred from TMSCN itself. Control experiments revealed
that the presence of the phosphine oxide moiety of L4 plays
a primordial role on the activity and enantioselectivity of the
process. From these observations, it was therefore postulated
that this transformation proceeds via a bifunctional mechanism
in which the ketone and TMSCN are respectively activated by
the Lewis acid nature of the titanium metal and the Lewis base
character of the phosphine oxide entity. The particular efficiency
of the catalyst system relies on its ability to simultaneously activate
both the nucleophile and the electrophile in a high enantiofacial
discriminative manner.**

Working on the synthesis of (S)-camphothecin and its ana-
logues, potential agents for the treatment of solid tumors, the
groups of Curran and Shibasaki further improved the activity and
enantioselectivity of the catalytic system by switching the early
transition metal for a lanthanide.* The best results for a variety of
aromatic and o,-unsaturated ketones were obtained with a 1 :2

combination of Gd(O'Pr); and chiral ligand L4 (Table 1, entry 2).
On the basis of mechanistic studies, the active catalytic species
was proposed to be bimetallic in which 2 gadolinium metals were
linked through one chiral ligand L4. Contrary to the previous
Ti(O'Pr),—L4 complex, one of the lanthanide metal cyanides was
the actual nucleophile, the secondary lanthanide centre acting as
a Lewis acid. In this case, the role of the phosphine oxide was to
increase the nucleophilic character of the metallic cyanide. It is
worth mentioning that these 2 catalysts are complementary: both
enantiomers of the chiral tertiary cyanohydrins can be obtained
using either Ti(O'Pr), or Gd(O'Pr); in conjunction with the
single enantiomer of chiral ligand L4. Theses methodologies were
applied to the preparation of key intermediates in the synthesis of
pharmaceutical compounds such as (S)-oxybutynin, fostriecin or
triazole antifungal agents.’

In 2002, the groups of Snapper and Hoveyda reported an effi-
cient aluminium-based catalyst associated to a modular peptidic
chiral ligand such as L5 for the catalytic asymmetric addition of
trimethylcyanide to ketone substrates.’” Stimulated by their works
on the development of efficient catalytic asymmetric carbon—
carbon bond formation reactions, promoted by peptide based
chiral ligands ligated to transition metal, a variety of peptide
ligand-metal combinations were screened. Ligand L5-Al(O'Pr),
was identified as the best combination. Using 10 to 20 mol%
of AI(O'Pr); and L5 with 20 mol% of MeOH, a wide range
of aromatic, aliphatic, unsaturated and even propargylic ketones
were indeed converted into tertiary cyanohydrins in high chemical
yields and with enantiomeric excesses reaching 95% (Table 1, entry
3). The presence and the stereochemistry of the glutamine-derived
moiety as well as the addition of MeOH were essential for the high
efficiency of the system.

Inspired by the effectiveness of chiral oxazaborolidinium salts to
catalytically promote the enantioselective addition of TMSCN to
aldehydes, Corey and Ryu successfully extended the application of
these salts to the asymmetric cyanosilylation of methyl ketones.*®
The employment of 10 mol% of chiral salt L6 and 10 mol% of
MeP(O)Ph, as a co-reactant allowed the preparation of aromatic

Table 1 Enantioselective cyanosilylation of a model substrate, acetophenone catalysed by metal-based catalytic systems

o

©)J\ +  TMSCN

Ph o H o
it MeO X N\)J\ OMe
N N
I . - H/\n/
HO o = 0
> 1\
07" “NHTr

0
HO

Catalytic system
_
Solvent, T°C, ¢t

TMSO, CN

"

L4 L5 L6 Ar = O-tolyl L7

Entry  Year  Research group Catalytic system Solvent T/°C 1t Yield (%) Ee (%) (conf.)
1 2000  Shibasaki et al. 10 mol% Ti(O'Pr), + 10 mol% L4 THF -30 36h 85 92 (R)

2 2001 Curran and Shibasaki et al. 5 mol% Gd(O'Pr); + 10 mol% L4 THF —40 2h 92 92 (S)

3 2002 Hoveyda et al. 10 mol% AI(O'Pr); + 10 mol% L5 +  Toluene —78 48h 84 91 (R)

20 mol% MeOH
4 2005  Corey et al. 10 mol% L6 + 10 mol% MeP(O)Ph,  Toluene 25 14d 77 83 (R)
5 2006 Feng et al. 30 mol% Ti(O'Pr), + 30 mol% L7 CH,Cl, —45 100h 77 92 (R)
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and aliphatic ketone cyanohydrins with moderate to high yields
and ee values despite long reaction times (Table 1, entry 4). The
success of these catalysts relied on a well-organised transition state
involving 1) a strong attractive interaction between one of the
electron-rich methyl substituents of L6 and the carbonyl bond of
the ketone substrate, and 2) a stabilising hydrogen bond between
the oxygen of L6 and a a-hydrogen atom of the substrate. As in
the case of the aldehydes, the role of MeP(O)Ph, is to generate a
more reactive intermediate (MePh,P(OTMS)(NC)) than TMSCN
itself.

Encouraged by their early works on the use of chiral bifunctional
titanium-based catalysts for the asymmetric cyanosilylation of
ketones,** Feng et al. developed a new titanium-chiral ligand
L7 combination to access chiral tertiary cyanohydrins (up to
94% ee) in a catalytic manner (Table I, entry 5). The new
ligand is easily accessible via a 2-step synthesis from commercially
available reactants. Mechanistically, the authors proposed a dual
activation mode similar to the one observed with Shibasaki’s
catalyst (Ti(O'Pr),~Ld4). In this case, the nitrogen functionality
of one of the proline entities plays the role of the phosphine oxide.

In 2001, Deng and Tian applied for the first time the concept of
chiral Lewis-base catalysis to the enantioselective cyanosilylation
of ketones.* Using readily available modified cinchona alkaloids
as chiral base ligands, they reached tremendous results (up to
97% ee) for the asymmetric addition of methyl cyanoformate
to a wide range of acyclic and cyclic dialkyl ketones. Both
enantiomers of the corresponding product could be obtained in
high ee values from either dihydroquinidine or dihydroquinine-
based modified cinchona alkaloids (Table 2). The remarkable
feature of this chiral catalytic system is its singular capacity
to transform cyclic and sterically hindered dialkyl ketones into

Table 2 Modified cinchona-alkaloid-catalysed enantioselective cyana-
tion of cyclic dialkyl ketones developed by Deng ez al. (2001)

o Et0,CO, CN
CHCly ,
+ NCCOjEt ————
-24°C
)n )I’!
O  DHQD O  DHQ
O  DHQD O DHQ
L8 L9

OMe

OMe

DHQD DHQ
n Catalyst Mol (%) t/d Yield (%) Ee (%)
1 L6 15 4 76 95 ()
1 L7 15 2 66 97 (+)
2 L6 30 54 53 92 (—)
2 L7 20 4 62 91 (+)
*T=-12°C

tertiary cyanohydrins in an enantioselective manner. Two years
later, the same research group broadened the substrate scope of
these catalysts to aromatic, conjugated and unconjugated acetal
ketones to afford the corresponding compounds with 90-97%
ee.*” An example of the application of this methodology to the
construction of a useful building block bearing a tetrasubstituted
carbon centre is represented in Scheme 13. The usefulness of this
approach was also illustrated in target-oriented synthesis.**

o NC, OTMS
2mol % L9
O"Pr O"Pr
PR TMSCNs0°C  Ph O
O"Pr CHCls, 16 h O"Pr

93 % yield, 91 % ee
NHCbz

_— OH

Ph7 X Z CO,Et
66 % yield (4 steps), 90 % ee

Scheme 13 Example of a useful chiral building block synthesised by
asymmetric Lewis base-catalysed cyanosilylation (Deng et al. 2003).

Recently, the group of Jacobsen exploited an alternative ap-
proach to the well-known metal-based Lewis acid for the activa-
tion of the electrophilic ketones towards asymmetric trimethylsi-
lylcyanation addition (Scheme 14). This approach relied on a
hydrogen bonding activation mode* similarly found in enzymatic
systems. After careful optimisation of the catalyst structure and
reaction parameters (solvent, temperature, additive), a variety of
aromatic, heteroaromatic and unsaturated ketones were converted
in high yields (87-96%) and enantioselectivities (§9-98% ee) into
the corresponding cyanohydrin trimethylsilyl ethers with 5 mol%
of chiral thiourea catalyst L10 in the presence of alcohol additive
(100 mol%) and TMSCN.® In these conditions, dialkyl ketones
were however obtained in low yields and enantiomeric excesses.
The authors noted that the presence of the Bronsted basic tertiary
amine functionality in L10 is essential for the activity of the present
system and therefore suggested a dual activation mechanism.

o) TMSO, CN
Catalytic system S
+ TMSCN .
Solvent, T°C, ¢
;BU N Jacobsen's catalytic system (2005):
Mesz/'\N)j\N“-- 5 mol % L10, 100 mol % CF3CH,OH,
H H CH,Cl,, -78 °C, 24 h,
o) NPr, o vi o
L10 96 % yield, 97 % ee
NH,

Feng's catalytic system (2005):
30 mol % L11, 50 mol % ‘PrOH, THF,
-45°C, 24 h, 96 % yield, 94 % ee

e

L1

Scheme 14 Enantioselective cyanosilylation of acetophenone catalysed
by chiral thiourea and organic salt catalysts.

Simultaneously to the Jacobsen’s report, Feng and co-workers
disclosed the asymmetric cyanosilylation of ketones catalysed by a
chiral organic salt (Scheme 14).* Screening experiments revealed
that L-phenylglycine sodium salt L11 (30 mol%) was an efficient
catalyst to promote the formation of tertiary cyanohydrins in
high yields (77-96%) and enantiomeric excesses (90-97%) from
aromatic, heteroaromatic and unsaturated ketones. Moderate ec

880 | Org. Biomol. Chem., 2007, 5, 873-888

This journal is © The Royal Society of Chemistry 2007





values were nonetheless observed with aliphatic substrates as in the
case of Jacobsen’s system. It is worth noting that the lithium and
potassium analogues of L11 gave both racemic products and that
the primary amine entity of the salt was essential to achieve high
chemical yields and ee’s. A hypervalent silicon intermediate via
coordination of the chiral organic salt to TMSCN was proposed
as an active species.

Asymmetric addition of cyanide-based nucleophiles on ketimines

Despite intensive research into the development of highly efficient
processes for the catalytic asymmetric Strecker-type reaction of
aldehydes,” only few reports have been devoted to ketimine
substrates.* This is unanticipated considering the potential of
this approach for the preparation of chiral o,a-disubstituted o-
amino acids, important building blocks for the pharmaceutical
industry. Nevertheless, the breakthrough in this area came in 2000
from the group of Jacobsen which described for the first time,
a highly enantioselective addition of HCN to ketimines.*” This
reaction was catalysed by readily accessible and recyclable Schiff
base catalysts discovered earlier for the asymmetric Strecker-type
reaction of aldehyde through a lead optimisation strategy by a
parallel library synthesis.* With 2 mol% of chiral urea catalyst
L12, aryl methyl ketimines and zerz-butyl ketimine were converted
into the corresponding Strecker adducts in high yields and enan-
tioselectivities (up to 95% ee) (Scheme 15). In some cases, simple
recrystallisation techniques afforded the product with ee up to
>99.9%. The catalyst can be easily recovered by chromatography
and reused without significant loss of selectivity. Studies into the
nature of the catalyst—substrate interaction revealed that the two
hydrogen atoms on the urea moiety were essential for catalyst
activity and that the substrate was bound to L12 via its Z-isomer.
Fine-tuning of the electronic properties of the active site as well as
the steric bulk of the amide functionality led to the development
of the second generation of catalyst L13.# On the two-reported
substrates, phenyl methyl and fert-butyl methyl ketimines, better
enantioselectivities were observed with the second generation of

catalyst.
/\©\ NC HN—;

First generation catalyst (2000): 2 mol % L12, -75 °C, 97 % yield, 92 % ee
Second generation catalyst (2002): 1 mol % L13, -78 °C, 96 % ee

Ive

Na

Catalyst

Toluene

R! Bu
YL”
H

L12 X=0,R"=H,R?=Bn HO
L13 X=S,R'=Me, R2=Me
By OCOBu

Scheme 15 Enantioselective Strecker-type reaction catalysed by Jacob-
sen’s first and second generations of chiral Schiff base catalysts.

In 2001, Shibasaki et al. described the first catalytic and
highly enantioselective Reissert-type reaction of I-substituted
isoquinolines.® For this purpose, a bifunctional catalyst based on
early findings on the asymmetric catalytic cyanosilylation of alde-
hydes was investigated. Fine-tuning of the Lewis acid character of

the catalyst (counterion TfO~ and bromide substituents at the 6,6'-
positions) allowed L14 to be identified as an efficient chiral Lewis
acid catalyst for the Reissert-type reaction of a variety of 1-alkyl
and l-aryl isoquinolines into the corresponding products with
yields and ee’s ranging from 59 to 98% and 73 to 95%, respectively

(Scheme 16).
N
N 2 5mol% L14
~
TMSCN (2 equiv.) Y
59-98% vyield, 73-95% ee

R C,H;0COCI (1.8 equiv.)
CH,Cl,, -40°C, 48h
R = alkyl, aryl
Br
OPh,P OO
o)
TIO-AI

(0]
OPh,P. ‘O
Br

L14

Scheme 16 First report of a catalytic enantioselective Reissert-type
reaction from Shibasaki ez al. (2001).

In view of the success of the Gd(O'Pr);—L4 combination as an
efficient catalytic system for the enantioselective cyanosilylation of
ketones, the group of Shibasaki proposed to apply this system to
the asymmetric addition of trimethylsilylcyanide onto ketimines.
Screening experiments (imine protecting group, lanthanide metals,
ligands, metal-ligand ratios), led to the discovery of a gen-
eral catalytic method in terms of substrate generality for the
enantioselective Strecker-type reaction of ketimines. Indeed, a
catalytic amount of Gd(O'Pr); in conjunction with L15, bearing
electron-withdrawing substituents on the catechol allowed the
transformation of aryl methyl, alkyl methyl and a,B-unsaturated
N-diphenylphosphinoyl ketimines into the corresponding adducts
in high to moderate yields and enantioselectivities (up to 95%
ee) (Table 3, entries 1-3).5' Significant improvement in terms of
enantioselectivity, yield, catalyst activity and substrate scope were
accomplished with the addition of a stoichiometric quantity of 2,6-
dimethylphenol as a protic source.”* Representative examples are
displayed in Table 3 (entries 4-7). The authors analysed the struc-
ture of the catalyst by ESI-MS technique and proposed that the
role of the protic additive was to tune the structure of the catalytic
species into one more active and enantioselective. This improved
catalytic system was also applied to the catalytic total synthesis
of (+)-lactacystin, a potent and selective proteasome inhibitor.%
The use of a catalytic amount of TMSCN in combination with
a stoichiometric amount of HCN allowed a decrease in catalyst
loading as low as 0.1 mol%.*

The group of Vallée also reported the asymmetric addition
of TMSCN to acetophenone-derived ketimine catalysed by a
Sc(Binol),Li heterobimetallic complex (10 mol%) with high enan-
tioselectivity (95% ee).**

Asymmetric addition of nitromethane to ketones

The catalytic asymmetric Henry-type reaction (nitroaldol reac-
tion) is a powerful method to straightforwardly access key inter-
mediates for the preparation of valuable chiral buiding blocks such
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Table 3 Enantioselective Strecker-type reaction of N-diphenylphosphinoyl ketimines catalysed by Shibasaki’s bifunctional Lewis acid/Lewis base

catalyst

Gd(OiPr)y/L15 (1:2)

—

TMSCN (1.5 equiv.) R
CoHsCN, -40°C

Entry R Gd(O'Pr); (mol%) t/h Yield (%) Ee (%)
Initial catalytic system (2003): GA(O'Pr);-L15 (1 : 2) 1 Ph 2.5 24 94 95

2 CsH,, 5 65 73 72

3 CsH,,CHCH 5 52 99 88
Improved catalytic system (2004): Gd(O'Pr);-L15 (1 :2) + 4 Ph 2.5 2 98 97
2,6-dimethylphenol (100 mol%)

5 CsH,, 5 2 96 93

6 CsH,,CHCH 5 2 94 94

7 3-Thienyl 2.5 1.3 98 99

as o-hydroxy-carboxylic acids or 1,2-amino-alcohols. In the last
few years, significant progress in the field of catalytic asymmetric
Henry-type reactions of aldehydes has been achieved. So far,
and to the best of our knowledge, only three research groups have
however reported the application of such a reaction to ketones,
essentially a-ketoesters.

In 2001, the group of Jorgensen described the first catalytic
enantioselective Henry-type reaction to o-ketoesters. The re-
action was catalysed by Cu(OTf), in conjunction with chiral
bis(oxazoline) ligand L16 and in the presence of Et;N as a
Bronsted base.’® A variety of aryl and alkyl a-ketoesters were
converted into B-nitro-o-hydroxyesters in high yields and with
ee values of up to 94% with 20 mol% of the combination
[Cu(OTY),, L16, Et;N] (Scheme 17). B,y-Unsaturated o-ketoesters
were poor substrates in terms of enantioselectivity. It was shown
that the enantioselectivity was dependent on the amount of
base. Three years later, Xu et al. replaced the ligand L16 by
C,-symmetric tridentate bis(oxazoline) or bis(thiazoline) ligand
L17 and observed a decrease in yield and ee in the addition
of nitromethane to ethyl pyruvate.>™ This group also reported

0 + MeNO, Catalytic system HO, NO,
CO,Et R”* “CO,Et
O\A/O Jorgensen catalytic system (2001):
S/'N N'\) 20 mol % [Cu(OTf),, L16, Et;N]
& L:’Bu R =aryl, alkyl
46-99% yield, 57-94% ee (R)
L16
Xu catalytic systems (2004):
20 mol % [Cu(OTf),, L17, EtzN], CH,Cl,
R =CHg, 29 % yield, 82 % ee (S)
50 mol % Et,Zn, 20 mol % L17
R’ R' R =aryl, alkyl
36-97 % yield,13-85 % ee (R)
L17X=0,S

Scheme 17 Copper(il)-based catalytic systems developed for the enan-
tioselective Henry-type reaction to a-ketoesters.

an interesting inversion of the absolute configuration of the
product governed by the metal. Using either Cu(OTf), or ZnEt, in
conjunction with the same (S,S)-bis(oxazoline) or bis(thiazoline)
ligand, both enantiomers of the Henry-type adducts can be
obtained (ee <85%) (Scheme 17).

In terms of enantioselectivity and substrate generality, the true
breakthrough in this area came from the group of Deng in 2006,
who reported the first efficient and highly enantioselective Henry-
type reaction on ketones catalysed by cinchona alkaloid ligands.*®
In light of the successes achieved earlier with chiral C6'-OH
cinchona alkaloid ligands in diverse asymmetric Michael-type
addition reactions,” Deng et al. investigated this class of organic
catalysts in the asymmetric Henry-type reaction of o-ketoesters.
Remarkable yields (8§7-98%) and enantioselectivities (93-97% ee)
were attained for a wide range of aryl, alkyl and alkenyl o-
ketoesters with only 5 mol% of catalyst L18 or L19 (Scheme 18).
Worth noting were the high results obtained with challenging
substrates such as alkenyl o-ketoesters (92-99% yield, 95-97%
ee) and electron-rich o-ketoesters (Scheme 18, R = 4-MeO, 85%
yield, 97% ee). The authors observed that the enantioselectivity
was dependent on the substituent of the oxygen at the C4' position
and that a free-hydroxyl moiety at the C6’ was necessary to reach
high enantiomeric excesses.

o o HO NO,
)J\ + MeNo, SMmol%Li8orLis [
R” CO,E CH,Cly, -20 °C R CO,E

R = alkenyl, electron-rich aryl, alky! L18 87-98 % yield, 93-97 % ee

L19 86-99 % yield, 93-97 % ee

4 N \ N

L18 L19

Scheme 18 Cinchona alkaloid-catalysed enantioselective Henry reaction
of a-ketoesters developed by Deng et al. (2006).
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Asymmetric addition of silyl/metal enol(ate) to ketones

The asymmetric aldol addition reaction is one of the most
fundamental carbon—carbon bond-forming reactions for the
stereoselective construction of chiral alcohols. Despite an array
of catalytic asymmetric aldol processes targeting aldehydes as
acceptors,® not many reports have been devoted to ketones as
precursors for the construction of chiral tertiary alcohols.

Seminal work in this research domain appeared in 1997 from
the group of Evans, which published the first catalytic enantiose-
lective Mukaiyama-type aldol reaction between o-ketoesters and
enolsilanes (Scheme 19).*" Encouraged by their earlier findings
on the use of C,-symmetric bis(oxazoline) copper(ll) complexes
as efficient chiral Lewis acid catalysts for the asymmetric aldol
reaction of aldehydes, Diels—Alder and ene reactions,®! the Evans
group explored the potential of these complexes to catalyse
the Mukaiyama-type aldol reaction of chelating substrates, o-
ketoesters. Chiral bis(oxazoline) ligands, copper counterions,
solvents and reaction temperature were surveyed to identify the
best parameters for this transformation. From these screenings,
a 10 mol% amount of copper(il) complex L20 was found to
catalyse the aldol reaction between alkyl-substituted o-ketoesters
and substituted (R* # H) and non-substituted silyl thioketene
acetals (R? = H) in high yields and enantioselectivity (93-99% ece)
(Scheme 19). The best results were respectively obtained in THF
and CH,ClI, for substituted and non-substituted silyl thioketene
acetals. With the latter, the process was highly diastereoselective
in favour of the syn isomer for a range of substrates (d.r. ranging
from 90 : 10 to 98 : 2). Both (E) and (Z)-silyl ketene acetal isomers
afforded the same syn product isomer.

Based upon silyl cross-over experiments that highlight the
intermolecular nature of the silyl transfer step, the authors
discovered that the reaction rate was considerably increased by
the addition of a stoichiometric amount of TMSOTf. Mecha-
nistically, the stereochemical induction can be rationalised by
nucleophilic attack of the silyl ketene acetal to a distorted square
planar copper—substrate complex via an open transition state.
This catalytic system was also efficient for the enantioselective
Mukaiyama-type aldol reaction of a challenging substrate such
as a prochiral diketone (R' = Et, Scheme 19). For both classes
of substrates, a-ketoesters and diketones, the anti aldol adduct
could be obtained using (pybox) tin(ir) complex L21 instead of
L20 (Scheme 19).%

Pagenkopf et al. replaced the rert-butyl susbtituents of L20
by o-alkoxyaryl group and developed a new class of chi-
ral bis(oxazoline)-copper(l1) complexes.®® These new complexes

Me OH Q

provided higher enantioselectivities than L.20 for the aldol reaction
between silyl dienolate and aryl- and alkyl-substituted a-ketoesters
(up to 91% ee compared to 74% ee with L20).

In 2004, the group of Bolm described a highly enantioselective
copper(il)-catalysed Mukaiyama-type aldol reaction between -
alkyl substituted o-ketoesters and enolsilanes using C,-symmetric
benzene-bridged aminosulfoximines as chiral ligands.®** Optimi-
sation of the ligand structure and the reaction conditions revealed
that a 10 mol% mixture of Cu(OTf), and L22 in THF allowed the
reaction to perform in high yields (up to 90%) and with excellent
ee values (up to 99%) in the presence of a fluorinated alcohol
as an additive (Scheme 20).%* The additive increases significantly
the rate of the reaction with no effect on the enantioselectivity.
These results were of the same order of magnitude as those
obtained with C,-symmetric bis(oxazoline) copper(i1) complexes
(R? = OMe, R! = Me, Scheme 19). More recently, Snapper and
Hoveyda et al. disclosed the successful use of highly modular
amino acid-based chiral ligands in the silver(1)-catalysed enantios-
elective Mukayaima-type aldol reaction between ketone-derived
enolsilanes and o-ketoesters.®® The [AgF,-L23] catalytic system
was highly efficient, in terms of yield and enantioselectivity, for
n-alkyl, a-branched alkyl and alkenyl substituted ketoesters, and
less effective for aryl substituted substrates (Scheme 20). Contrary
to the copper(ii)-based catalytic systems developed by the groups
of Evans and Bolm, this silver(i1)-based system requires simple
laboratory techniques without air and moisture exclusion.

o]

RO%W .
[¢]

R! OH O

RO S
Ph
(0]

OoTMS Catalytic

—_—

Ph system

Bolm catalytic system (2004):
10 mol % Cu(OTf),, 10 mol % L22

Q i
ipr NH  N=S<p
We CF3CH,OH (120 mol %)
PrL22  R'= Me, Et (CH,),Ph 78-90 % yield, 89-99 % ee

iPr

Bu o] .
~ H\)k Hoveyda catalytic system (2006):
l N N Y NHBu 10 mol % AgF,, 10 mol % L23
_N 0 Bn
L23
Me

R' = n-alkyl and a-branched alkyl, alkenyl 90-98 % yield, 87-96 % ee
R'= Ph, 2-thienyl, 93-95 % yield 60-72 % ee

Scheme 20 Copper(11) and silver(11)-catalysed enantioselective Mukaiya-
ma-type adol reaction between o-ketoesters and enolsilanes.

HO Me O

Rl 1-10 mol % L20 . OoTMS 10 mol % L21 RU
SBu — R - SBu
THF or CH,Cl,, -78 °C ZstBu CH,Cly, -78 °C
o R ) o R
RZ

88 % vyield, dr erythro:threo 3:97 o o R'= OMe, R2=Me N 84 % yield, dr erythro:threo 99:1

99% ee threo | | | _ 99 % ee erythro

O N Q
NN~ oo \)
85 % yield, regioselectivity 98:2, By /Cu\ :'Bu R'=Et, R2=Me N—Sn\—N / regioselectivity 97:3
dr erythro:threo 3:97, 97 % ee TO  OTf Ph TO  OTf %’h dr erythro:threo 99:1, 98 % ee erythro

threo

95 % yield, 99 % ee L20

R'=0OMe, R?=H

L21

Scheme 19 Diastereoselectivity switch in the enantioselective Mukaiyama-type aldol reaction on a-ketoesters and diketones controlled by chiral Lewis

acid catalysts.
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Recently, organocatalysed asymmetric direct aldol reactions of
a-keto esters,® acids®® and phosphonates® with ketones were
also reported.®”” These successful accounts, catalysed by L-proline
L.24a and L-proline-derived molecules L24b—c afforded the corre-
sponding chiral tertiary o-hydroxy esters, acids or phosphonates
in moderate to high yields and enantioselectivities (Scheme 21).

I}
0] HO: CO,R O HO COH O HO P(OR),
R! /U\)\R1 MR1

R2

30 mol % L24a 20 mol % L24b 20 mol % L24a or L24c

R =aryl R" = aryl, heteroaryl, alkyl RZ = H, Me, OMe
45-89 % yield 75->99 % yield R'= aryl, alkyl, alkeny!
d.r=>20:1 92-96 % ee 32->94 % yield

96->99 % ee
(Maruoka et al. 2005)

71->99 % ee

(Gong et al. 2006) (Zhao et al. 2006)

L24aR=H X
{ < P
N~ TCOR  L2apRr=¢"N" °N
N H
L24c R = NH,

Scheme 21 Chiral tertiary a-hydroxy esters, acids and phosphonates
prepared by enantioselective direct aldol reactions catalysed by L-proline
and L-proline-based molecules.

In 2002, Denmark et al. focused on an alternative approach
to develop a general method for the catalytic asymmetric aldol
reaction to unactivated ketones.®® This approach relied on the use
of chiral Lewis base catalysts to promote the reaction, a concept
that the same group previously employed in the enantioselective
allylation and aldolisation reactions of aldehydes.®” Screening
experiments with different chiral Lewis basic promoters brought
into light chiral bis N-oxide L25 as a competent catalyst for the
catalytic asymmetric aldol reaction between the highly reactive
trichlorosilyl ketene acetal of methyl acetate and ketones. Excellent
yields (84-97%) of aldol adducts were obtained from aryl,
alkyl, alkenyl and alkynyl substituted ketones. Better asymmetric
inductions were however observed with aryl, alkenyl and alkynyl
substituted ketones (up to 82% ee) than with alkyl, methyl ketones
(up to 43%ee) (Scheme 22). The authors reasoned that 2 molecules
of Lewis base catalyst coordinate to the silicon atom to generate a
reactive hypervalent silicate intermediate, which can then activate

iy OSICls 46 moio% L25
R

(0] OH O
R! R2 )\OMG CH,Cly, -20 °C R1M0Me

Aryl alkyl ketones, alkenyl and alkynyl ketones 87-96 % yield, 8-82 % ee
Alkyl methyl ketones 84-97 % yield, 20-43 % ee

L25

Scheme 22 Enantioselective aldol reaction between trichlorosilyl ketene
acetal and ketones catalysed by a chiral bis N-oxide Lewis base catalyst
developed by Denmark ez al. (2002).

the ketone. Due to the similarity with the Lewis base-catalysed
aldol reaction of aldehydes, this reaction was proposed to proceed
through a closed transition-state.

The first report of a catalytic enantioselective Mukaiyama-
type aldol reaction to simple ketones appeared from the group
of Shibasaki in 2005.° Preliminary work on the develop-
ment of a general method for the catalytic aldol reaction be-
tween trimethylsilyl ketene acetates and ketones showed that
CuF(PPh;);-2EtOH and a stoichiometric amount of (EtO);SiF
additive was an efficient catalytic system to promote this
transformation.” From this observation, Shibasaki et al. inves-
tigated a series of chiral diphosphine ligands to turn this system
into an asymmetric version. Nevertheless, disappointing outcomes
with available diphosphine-type ligands led the research group
to design new chiral C,-symmetric bidentate phosphine ligands.
Even so, the best enantiomeric excess reported was 66% with the
bis(diphenylphospholane) ligand L.26 bearing a wide bite angle
and the cyclohexyl methyl ketone as a substrate (Scheme 23).
Mechanistic studies pointed out that the copper enolate inter-
mediate, generated by dynamic ligand exchange between silicon
and copper, was the reactive nucleophile in this process.

o OTMS OH O

J\ . Catalytic /)\/U\
17 SR2 OMe system R1Rz OMe

_—

R

First generation catalytic system A (2005):
2.5 mol % CuF(PPhg); ,EtOH, 5 mol % L26
120 mol % (EtO);SiF, THF, 4 °C

Ph Ph
BEae
?:’h L26 Ph

Second generation catalytic system B (2006):
2.5 mol % CuF(PPhj3); ;EtOH, 4 mol % L27
200 mol % (EtO);SiF, 10 mol % PhBF;K,
DME, -20 °C orr.t

Acetophenone
91 % yield, 60 % ee (S)

Cyclohexyl methyl ketone
78 % yield, 66 % ee

Aryl alkyl ketones
88-95 % yield, 97-92 % ee

Alkyl methyl ketones
73-93 % yield 79-84 % ee
Cy,P,

N"Bu,

L27

Scheme 23 Enantioselective Mukaiyama-type aldol reaction of ketones
catalysed by Shibasaki’s first and second generation catalytic systems.

Later on, the same research group improved the efficiency
of the methodology in terms of yield, enantioselectivity and
substrate scope.” For this, Shibasaki ez al. performed a screening
of diverse taniaphos-based ligands bearing cyclohexyl moieties
at the phosphorus atoms and different alkyl substituents on the
amine entity. Various additives and ratios of (EtO),SiF were
also tested. From these studies, it was identified that L27, with
10 mol% of PhBF;K and 200 mol% of (EtO),;SiF as additives,
was the best ligand for the copper(l) fluoride-catalysed aldol
reaction between trimethylsilyl ketene acetal of methyl acetate and
cyclohexyl methyl ketone, affording aldol adduct in 89% yield and
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77% ee. Under these optimised conditions, an array of tertiary
B-hydroxy esters were synthesised in high yields (88-95%) and
enantioselectivites (97-92% ee) from aryl alkyl ketones. Adducts
from alkyl methyl ketones, that were poor substrates for the chiral
bis N-oxide Lewis base catalysed aldol reaction (Scheme 22), were
even achieved with practical ee values (79-84%) (Scheme 23).

This second generation of catalytic system (B) was also highly
efficient for the diastereo- and enantioselective Mukaiyama-type
aldol reaction between propionate-derived enol silane and ace-
tophenone (Scheme 24). It is worth noting that the diastereomeric
ratio and the enantiomeric excesses of both erythro and threo
isomers were weakly sensitive to the ratio of (£) and (Z)-silyl
ketene acetals.

[¢] OTMS HO Me O
Catalytic B
* (7 "OMe systemB Y OMe
rt Me
E:Z=551 96 % yield, dr erythro:threo 80:20
91 % ee erythro; 75 % ee threo
EZ=13 58 % yield, dr erythro:threo 86:14

94 % ee erythro; 78 % ee threo

Scheme 24 Diastereo- and enantioselective Mukaiyama-type aldol reac-
tion between propionate-derived enol silane and acetophenone catalysed
by Shibasaki’s second generation catalytic system (2006).

Early in 2005, the group of Campagne published the first
examples of the application of vinylogous Mukaiyama-type aldol
reaction on ketones in a catalytic and asymmetric manner
(Scheme 25).” In this report, the use of Cu(OTf),~L28-TBAT
as a catalytic system was stimulated by the excellent results
achieved earlier on aldehyde substrates from Carreira and co-
workers initially,’* and Campagne et al. later.” As in the case
of aldehydes with y-substituted silyl dienolates,” the reaction of
linear silyl dienolate with ketones afforded the corresponding a,[3-
unsaturated lactones in moderate to high yields. The process was
highly efficient for the preparation of enantiomerically enriched
chiral lactones bearing a tetrasubstituted carbon centre from alkyl
methyl ketones (yields and ee’s ranging from 39 to 81% and 87
to 93% respectively). Aryl methyl ketones were however poorer
substrates in this process (Scheme 25). As evidenced by Carreira
et al. in the case of aldehydes,™ a copper enolate intermediate
might be speculated as the reactive species.

10 mol % Cu(OTh, o
/\/OEMS j’\ 11 mol % L28 o
. _Tmoetes |
NF OMe R'" TRZ 20 mol % TBAT . |
THF, 1t Rz

Aryl alkyl ketones
Alkyl methyl ketones

19-73 % yield, 39-81 % ee
39-81 % yield, 87-93 % ee

Scheme 25 Enantioselective copper-catalysed vinylogous Mukaiyama—
type aldol reaction between silyl dienolate and ketones developed by
Campagne et al. (2005).

The catalytic systems reported so far for the aldol-type reaction
to ketones involve pre-activation of the nucleophilic partners
in an independent step, under the form of a silyl enolate
derivative. An alternative strategy to this two-step procedure is
to generate in situ the silyl or metal enolate via a tandem conjugate
reduction—aldolisation reaction between o, -unsaturated carbonyl

compounds and ketones with hydrosilane as the reducing agent.
This approach was successfully employed in the catalytic asym-
metric reductive aldol reaction between o,B-unsaturated esters
and aldehydes.” In 2005, the first disclosure of the use of such
a strategy to construct chiral tertiary B-hydroxy esters was made
by the group of Lam.” This group reported a diastereco- and
enantioselective intramolecular reductive aldol reaction between
o,B-unsaturated esters, ketones and hydrosilane catalysed by a
copper complex”™ with axially chiral biaryl diphosphine ligands.
Despite high diastereoselectivities, yields and ee values were
moderate (51-79% and 49-83% respectively). Soon after, the
groups of Shibasaki” and Riant* independently reported the
first asymmetric intermolecular version of this three-component
strategy®! on ketonic acceptors.

Shibasaki et al. examined the asymmetric reductive aldol
reaction between methyl acrylate and acetophenone catalysed
by a catalytic amount of CuF(PPh;);-2EtOH associated to 3
different chiral diphosphine ligands, in the presence of (EtO),SiH
as a reducing agent.” The best combination of yield, diastereo-
and enantioselectivity was obtained with tol-BINAP ligand L28
(Scheme 26). Switching the hydride source (EtO);SiH for pina-
colborane led to similar results. This observation suggests that the
actual nucleophile was a copper enolate intermediate rather than
a silyl enolate.

o] (o]
Catalytic HO :‘Me
+ ‘ OMe system H OMe
Me
O Shibasaki catalytic system (2006):

PAr; 2.5 mol % CuF(PPhg); ,EtOH, 5 mol % L28

O PAr,

L28 Ar = toly!

.

(Et0)3SiH (1.6 eq.), THF, 0°C, 12h
100 % vyield, dr erythro:threo 55:45
29 % ee erythro; 1 % ee threo

CyaR Riant catalytic system (2006):

-, O 1 mol % CuF(PPhg); ;MeOH, 1 mol % L29
CyP™ g PhSiH; (1.4 eq.), toluene, -50 °C, 1h
NMe, 98 % yield, dr erythro:threo 92:8
95 % ee erythro; 72 % ee threo

0

L29 aryl methyl and heteroaromatic ketones
31-98 % vyield, dr 80:20-96:4, 82-95 % ee

Scheme 26 Diastereo- and enantioselective copper-catalysed domino
reduction—aldol reaction between methyl acrylate and acetophenone.

The group of Riant investigated the use of chiral diphosphine-
modified copper fluoride as a catalyst for the stereoselective
reductive aldol reaction between methyl acrylate and aromatic
ketones with phenylsilane as a reducing agent.* After optimisation
of the parameters of the reaction (copper(l) source, solvent,
temperature) between methyl acrylate and acetophenone using
a chiral Roche ligand, a screening of diverse chiral biaryl and
ferrocenyl-based diphosphine ligands was performed under the
optimised conditions (CuF(PPh;);-2MeOH, toluene, —50 °C).
Among them, taniaphos-type ligands, and particularly L29, were
the most efficient in terms of diastereo- and enantioselectivities.
Indeed, the domino process between methyl acrylate and aceto-
phenone catalysed by 1 mol% of CuF(PPh;);-2MeOH-L29, in
the presence of phenylsilane, afforded the aldol adduct in a high
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2.5 mol % CuF(PPhg)3 ,EtOH
CO,Me

5 mol % L30
Pinacolborane

d.r=10:1, 90 % yield, 84 % ee

ArgP,
aryl and cinnamy! -,
methyl ketones ArP Fe
d.r= 6:1-10:1 NR,
86-90 % yield <
67-84 % ee

Ar = 3,5-xylyl; NR; = morpholine

L30

2.5 mol % CuOAc
5 mol % L31

-_ -

5 mol % PCy;
Pinacolborane

R =Me, Et v =25:1, 96 % yield, 99 % ee

PAr, aryl, alkyl, and alkenyl

0 PAr, methyl ketones
(@] g

y:a = 3:1-30:1
70-97 % yield, 84-99 % ee
Ar = 4-Me0-3,5-Bu-Ph

L31

Scheme 27 Copper source/ligand effect on the regioselectivity of the asymmetric copper(1)-catalysed reductive aldol reaction of allenic esters to ketones

(Shibasaki et al. 2006).

diastereomeric ratio of 92 : 8 in favor of the erythro isomer and
with a high enantiomeric excess of 95% for the major isomer
(Scheme 26). The catalyst loading can be reduced to 0.1 mol%
without a significant variation of the level of diastereocontrol,
despite a slight decrease in the enantioselectivity (to 87% ee).
The authors noted an inversion of absolute configuration for the
erythro isomer when the groups on the phosphorus atoms of L.29
were changed from cyclohexyl to phenyl substituents. A variety
of aromatic and heteroaromatic ketones participate successfully
in the tandem reaction with methyl acrylate. For the range of
substrates considered, the diastereo- and enantioselectivtity of the
reaction were moderate to high with dr and ee for the erythro
compound ranging from 80 : 20-96 : 4 and 82-95% respectively.

In a preliminary study, Shibasaki et al. had extended the
potential of the copper(1) fluoride-catalysed tandem methodology,
described previously, to allenic esters as pre-nucleophiles and
pinacolborane as a reducing agent.” Despite moderate y—a regios-
electivity, excellent enantioselectivity and acceptable diastereose-
lectivity were however obtained for the yand aisomers respectively,
using CuF(PPh;);-2EtOH-L31 as a catalyst. Very recently, the
regioselectivity was improved for the reductive aldol reaction
between allenic ester (R = Et) and acetophenone by employing
CuOAc as a copper source and adding achiral basic phosphine
PCy; (Scheme 27, right side).?* Indeed, a y-o regioselectivity of
25: 1 was obtained for the predominant cis isomer, isolated in 96%
yield and with an enantiomeric excess of 99%. Similar trends were
observed for a variety of aryl, alkenyl and alkyl methyl ketones:
range values of yields, regioselectivities and enantioselectivities are
displayed in Scheme 27. During the optimisation stage, a change
in the regioselectivity in favour of the a isomer was noted when
taniaphos-type ligands were employed. Fine-tuning of the ligand
structure led to the synthesis of ligand L30 with a morpholine
moiety and xylyl groups on the phosphorus atoms. This ligand
in combination with CuF(PPh;);-2EtOH catalysed the tandem
reaction between acetophenone and allenic ester (R = Me) in high
yield (90%), good ee value (84%) and moderate diastereoselectivity
(dr =10: 1) (Scheme 27, left side). This change of regioselectivity,
controlled by the ligand, was also observed with other aryl
and cinnamyl methyl ketones (Scheme 27). Under these catalytic
conditions, these substrates gave the corresponding adducts with
excellent stereoinduction. No account to rationalise this behaviour
has yet been provided.

Conclusion

This short review emphasizes the milestones and recent develop-
ments in the fascinating and highly challenging area of asymmetric
catalysis. An obvious observation shows that the expertise gained
in the field of asymmetric addition of nucleophiles to aldehydes
has often guided the researchers to apply such successful catalytic
systems to the cases of ketones and ketimines. This often resulted
in good enantioselections, albeit poor catalytic efficiencies. More
recent reports show that the design of new chiral catalysts has
become more and more targeted toward ketonic substrates and,
thus shows a fast evolution in this area of catalysis. However,
this review also shows that, regardless of all the work already
performed, there is much room for further improvement and new
discoveries. One aspect concerns for instance the high catalyst
loading still required in much of the reported systems, although a
few very active catalytic systems have yet been optimised. Another
aspect concerns the most challenging substrates, such as ketimines,
for which there are still very few successful examples in the
literature.

Note added in proof: as this field of research is rapidly expand-
ing, some relevant work regarding asymmetric allylboration® and
nitroaldol (tertiary nitroaldol resolution®) reactions on ketones,
Mannich® and Strecker® type reactions on ketimines, alkenylation
and arylation of trifluoromethylketones®” and isatins® have been
reported since the completion of this manuscript.
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Two nitroxide methanofullerenes was synthesized for the first time, and their structures and biological
activities studied. It was shown by X-ray single crystal analysis that the methanofullerene with two
nitroxide groups forms a 1 : 2 inclusion complex with chloroform and has a nearly tetrahedral
(diamond-like) arrangement of fullerene—fullerene interactions in the crystal. For the first time, it has
been found that malonate nitroxide methanofullerene in combination with the known anticancer drug
cyclophosphamide (CPA) shows high antitumor activity against leukemia P-388.

Introduction

Functionally substituted fullerene derivatives are of interest since
it is possible to use them to obtain both biologically active
substances and new materials for nanotechnology. The presence of
the fullerene core allows the design of molecules containing units
designed to give particular properties.

Numerous investigations in recent years have revealed that
fullerenes exhibit various types of biological activity.""! Fullerenes
can be used for the photodynamic therapy of tumors,' can exhibit
antiviral activity against human immunodeficiency virus,*’ and a
fullerene—paclitaxel complex has substantial antitumor activity.® It
has been shown that fullerenes possess a high degree of penetration
through cellular membranes, and localize preferentially in the
mitochondria.”™ It has been proposed that fullerenes can be used as
drug delivery agents, in particular, as a vector for anticancer drug
delivery directly into the tumor. Water-soluble fullerene derivatives
have been found to exhibit considerable antioxidant activity.'*!

There have been several studies into the synthesis and study of
nitroxide fullerene derivatives, mainly fulleropyrrolidines,'** but
it is interesting to note that there has been practically no work into
the synthesis of nitroxide methanofullerenes.'”® Methanofullerenes
are, from the point of view of synthesis, one of the most developed
classes of organic fullerene derivatives.'™® The fullerene core
in methanofullerenes usually contains 1-4 nitroxide groups, but
can contain more. Methanofullerenes with such a high content
of nitroxide radicals are possible high-spin organomagnetics.
We have previously shown that pulsed photoexcitation of a
new fullerene-linked bis-nitroxide gave a compound with a well-
resolved transient EPR spectrum, assigned to an excited quintet
spin state generated by spin-coupling of the nitroxides and the
fullerene excited triplet.’**® The synthesis, structure and biological
activity of nitroxide methanofullerenes 2 and 4 has not been
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previously described. In this paper, the synthesis, structure and
biological activities of methanofullerenes containing one or two
nitroxide fragments are reported.

Results and discussion

Compounds 2 and 4 were synthesized by a Bingel-Hirsch
reaction”’ by the reaction of fullerene and the corresponding
nitroxide ethers of malonic acids 1 and 3 (obtained from TEMPOL
and the chloroanhydrides of these acids according to a literature
procedure®). These reactions proceed in the presence of tetra-
bromomethane (CBr,) and 1,8-diazabicyclo-[5.4.0]-undec-7-ene
(DBU) to give the nitroxide methanofullerenes 2 and 4 (Scheme 1).

Compounds 2 and 4 were isolated by column chromatography
onsilica gel and identified by UV, IR, *C NMR, ESR methods and
by single-crystal X-ray diffraction analysis. The compositions of
all compounds were confirmed by MALDI-TOF mass spectrome-
try. The mass spectra of compounds 2 and 4 contain molecular ion
peaks at m/z 1005.08 (calculated 1004.99) and 1131.21 (calculated
1131.18), respectively. The purity of compounds 2 and 4 was
checked by HPLC data (Fig. 1).

bis-adducts

T

Absorbance

L AL

4 6 8 10
Time/min

=
~

Fig. 1 HPLC data for the reaction mixture (top) and pure compound 4
(bottom). Chromatographic conditions: C 4 reversed-phase column (250 x
4.6 mm, Partisil-5 ODS-3), toluene-MeCN (1 : 1, v/v) as the eluent, UV
detection at A = 328 nm.
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Scheme 1  Synthesis of compounds 2 and 4.

The UV spectra of compounds 2 and 4 have characteristic
absorption bands at 256, 327, 429, 493 and 696 nm. The
absorption band at 429 nm indicates the formation of [6,6]-closed
monoadducts. The IR spectra of these compounds have absorp-
tion bands at 527 and 1428 cm™' (characteristic for vibrations of
the fullerene cage), at 1745 cm™' (C=0 groups), and a series of
other bands corresponding to stretching vibrations of the attached
fragments.

The '"HNMR spectra of 2 and 4 are not informative, as signals of
all protons are paramagnetically broadened owing to the presence
of nitroxide radicals. In the *C NMR spectra of these compounds
the signals of sp? carbon atoms of the fullerene cage are observed in
the 136-144 ppm region. The signals of the sp*-hybridized carbon
atoms of the fullerene cage are observed at ¢ 70.42 (2) and 70.80
(4). The weak broadened signals due to the C(61) atom of the
methano fragment appear at 55.64 (2) and 54.96 ppm (4).

The presence of the nitroxide fragments in the synthesized
compounds 2, 3 and 4 was also confirmed by ESR spectroscopy
(Fig. 2). The initial TEMPOL and nitroxide methanofullerenes
2, 3 and 4 in the solid state, taken in equimolar amounts,
are characterized by singlets with integrated intensities close
to theoretical ratio 1 : 1 : 2 : 2, and widths 0.93, 1.30 1.40
1.20, mT, respectively. The intermolecular magnetic exchange
interactions are strong for the more magnetically concentrated
TEMPOL. Compounds 2 and 4 in solid state do not exhibit their
biradical nature at room temperature. Magnetic intramolecular
exchange with J ~ ay is observed in toluene solutions of compound
4 (Fig. 3).

Crystal structure of 4

Single crystals of 4 were obtained by the evaporation of a
chloroform solution. The single-crystal X-ray diffraction pattern

TEMPOL

Fig. 2 EPR spectra of TEMPOL and compounds 2, 3 and 4 in the solid
state at 295 K.

2mT

Fig.3 EPR spectrum of compound 4 in toluene solution (¢ =1 x 10~ M)
at 295 K.

showed that it forms a 1 : 2 inclusion complex with chloroform
(Fig. 4). In the crystal, the Cg H3,N,O¢ molecule is situated on
a two-fold axis, which is aligned with the center of gravity of the

This journal is © The Royal Society of Chemistry 2007
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Fig. 4 ORTEP view of the molecular structure of compound 4. Dis-
placement ellipsoids are drawn at the 30% probability level. H atoms
are represented by circles of arbitrary size. Selected bond lengths and
angles are: N(37)-O(37) 1.276(7), N(37)-C(36) 1.486(10), N(37)-C(38)
1.498(11), C(1)-C(2) 1.513(9), O(32)-C(32) 1.218(9), C(1)-C(32) 1.481(9),
0(33)-C(32) 1.266(9), O(33)-C(34) 1.467(8) A; C(2)-C(1)-C(2) 62.5(6)°,
C(32)-C(1)-C(2) 120.2(5)°.

fullerene fragment and the C(1) position of the methano fragment;
the nitroxide groups are directed away from the fullerene fragment.

The methanofullerene molecules are linked by two chloro-
form molecules by C-H - - - O intermolecular interactions between
H(44) of the solvate molecule and O(37) of the nitroxide group
(H(44)---O(37) = 2.22 A,; C(44)-H(44) - - - O(37) = 160°).

The supramolecular structure of compound 4 in the crystal
is apparently determined mainly by the fullerene—fullerene in-
teractions. In spite of the presence of large substituents in the
methanofullerene and solvate molecules in the crystal of 4, which
hinders such interactions, the fullerene fragments are closely
packed with two slightly different fullerene environments, each
fullerene molecule having four neighbors.

Interactions between the aromatic ring systems of methano-
fullerene molecules result in the formation of continuous zigzag
chains along the crystallographic b axis (fig. 5). These chains are
located in the bc plane of the unit cell, with a distance between the
fullerene centroids of 10.14 A, and an angle between the centroids
of the three fullerene fragments of 116.2°. This distance is close
to that of pure Cq, crystals (9.94 A).““ The fullerene molecules
in zigzag chains with five- and six-membered rings are assembled
facing each other. The distance between the centers of the nearest
aromatic 5- and 6-rings of the fullerene fragments is 4.00 A, and
the dihedral angle is 37.7°; the shortest carbon—carbon distance,
C(7)---C(8) and C(8)---C(7), is 3.30 A (symmetry operation
l—x,—y,2—2).

Two other neighboring fullerene fragments are arranged along
the diagonal to the ac plane with a centroid-to-centroid distance
of 10.08 A and an angle between centroids of 138.5°. Fullerene—
fullerene interactions also form continuous zigzag chains in the
ac plane. The distance between the centers of interacting 5-
and 6-membered aromatic rings of the fullerene fragments is
4.15 A, and the dihedral angle is 38.0°; the shortest carbon—

Fig. 5 Projection on the bc plane showing the zigzag fullerene arrange-
ment in crystalline 4. H atoms are omitted for clarity. Dashed lines indicate
the fullerene—fullerene interactions.

carbon distance, C(23)- - C(23)’, is 3.10 A (symmetry operation
2 —x, —1—y, 2—2z). It has recently been shown®” that in Cq,
intercalation complexes the zigzag arrangement of fullerenes
encourages fullerene—fullerene interactions more strongly than in
their linear counterparts.

In general, the indicator for fullerene—fullerene interactions is
any centroid-to-centroid distance being close to 10.0 A (vdW
diameter of Cg is 10.18 A). From this point of view, the
methanofullerene molecules have a nearly tetrahedral environment
in the solid state (Fig. 6), with the angles between fullerene
centroids of 100.3, 100.3, 101.2, 101.2, 116.2 and 138.5° resulting
in a diamond-like supramolecular structure.

Fig. 6 Diamond-like arrangement of the methanofullerene molecules in
the crystal of 4. Dashed lines indicate the fullerene—fullerene interactions.
H atoms are omitted.

The solvate molecules are distributed in the cavities of the
supramolecular structure in such a manner that close contacts
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between the chloroform molecules (including CI - - - Cl contacts)
are not detected. Such mutual arrangement of the molecules in
crystalline 4 leads to a high packing coefficient (68.8%).

Biological activity of compounds 3 and 4

‘We have previously shown that functionalized fullerene derivatives
are more reactive towards free organic radicals than free Cg,.2**
In this regard, nitroxide methanofullerenes are of special interest,
as the fullerene cage and the nitroxide fragment can be used both
as radical traps, and spin-labels.?

In modern tumor chemotherapy, anticancer drugs are often
used at high doses, which induces severe side effects. Therefore,
the search for methods of increasing tumor chemotherapeutic
sensitivity and protecting normal tissues is of great importance.
Nitroxide radicals are of prime interest for the protection of
normal cells and tissues from the toxic side effects of cytostatics, >
since, being powerful antioxidants, they can normalize the level of
cytochrome P-450 in the liver and protect the cells against toxic
products.’

It is predicted that compounds containing fullerene and ni-
troxide radical moieties could be used as modifiers of biological
reactions (MBR) for anticancer chemotherapy.*** Based on this
literature data, we have studied the anticancer activity of the
nitroxide malonate 3 and nitroxide methanofullerene 4.

An experimental tumor model, leukemia P-388, was used for the
evaluation of the therapeutic activity of compounds 3 and 4. These
compounds were injected in combination with the anticancer drug
cyclophosphamide (CPA).

0 N(CH,CHQ)
\ yASAD))
va

/
N \O-HZO
CPA

Leukemia P-388 (10° cells) was transplanted intraperitoneally
into male BDF, mice. The number of recovered mice (alive after
60 days) and the increase of the average life span (ILS%) of
treated mice compared to a control group were used as criteria
of therapeutic efficacy. Compound 3 was dissolved in 10% ethyl
alcohol, and compound 4 was dissolved in Tween-80 (10%).
Compounds 3 and 4 were injected subcutaneously into the mice
on days 1-7 after tumor transplantation, and a solution of CPA in
water was injected subcutaneously into the mice on days 1 and 6
after tumor transplantation. The mice were observed for 60 days;
the results are shown in Fig. 7 and Table 1.

No tumor-bearing mice survived after the injection of cy-
clophosphamide, 3, or 4 individually. However, treatment of mice
with cyclophosphamide in combination with 3 or 4 resulted in
the survival of 20% and 70% animals, respectively. The surviving
animals had no symptoms of leukemia. It should be noted that the
use of fullerene 4 produced a greater therapeutic benefit than 3.
Similar effects were obtained when ILS% was used as a criterion
of treatment efficiency (Table 1).

Conclusion

Two nitroxide methanofullerenes, demonstrating the properties
of bis- and poly-centric radical traps in a living body, were
synthesized for the first time. The presence of the fullerene

Table 1 Combined activity against leukemia P-388by cyclophosphamide
(CPA) and complexes CPA + 3 and CPA +4

Drug Single dose/mg kg™! ILS (%)
Control — 0
CPA 30 219
3 50 0
4 200 0
CPA+3 30 + 50 252
CPA +4 30 + 200 325
-
50 ~ ~
& 40+
g .|
z 30
3
(7] e
201
1047
NEr O S 4

1 2 3 4 5

Fig. 7 Increase of sensitivity of leukemia P-388 to treatment with
cyclophosphamide and 3 or 4. Column 1: 30 mg kg' of CPA. Column 2:
50 mg kg™' of 3. Column 3: 200 mg kg~' of 4. Column 4: CPA + 3 (the
same doses). Column 5: CPA + 4 (the same doses). Each group comprised
10 animals.

cage and nitroxide radicals in one of the molecules allowed
their protective action on leukemia P-388-bearing animals to be
revealed, when applied in combination with the anticancer drug
cyclophosphamide. The results obtained suggest that nitroxide
fullerene derivatives are promising modifiers of biological reaction
for tumor chemotherapy. These new fullerene derivatives are also
candidates for pharmacokinetic studyies in vivo by means of ESR
spectroscopy.

Experimental

Analysis by HPLC was carried out on a Gilson chromatograph
equipped with a UV detector (C4 reversed-phase column, Partisil-
5 ODS-3; toluene-MeCN 1 : 1 (v/v) as the eluent). Organic
solvents were dried and distilled before use. Cy of 99.9% purity
(produced by the G. A. Razuvaev Institute of Organometallic
Chemistry of the Russian Academy of Sciences, Nizhny Nov-
gorod) was used. The starting nitroxide compounds 1 and 3
were prepared according to literature procedures.?? All chemical
operations were carried out under dry argon.

UV spectra were recorded on a Specord M-40 spectrophotome-
ter in CH,Cl,. IR spectra were measured on a Bruker Vector 22
Fourier-transform spectrometer (KBr pellets). 'H and *C NMR
spectra were recorded on Bruker MSL-400 (400.00 MHz for 'H
and 100.6 MHz for “C) and Bruker Avance-600 (100.57 MHz for
13C and 600.00 MHz for 'H) spectrometers in CDCl; at 30 °C. The
ESR spectra were recorded using an SE/X-2544 (Radiopan)
ESR spectrometer. Mass spectra were obtained on MALDI-TOF
instrument (Dynamo Thermo-BioANALYSIS) using trihydrox-
yanthracene as the matrix.
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61-0-Methyl-0-(2',2',6',6'-tetramethyl-4'-
oxypiperidinyloxyl)ethoxycarbonyl-61-methano-[60]-fullerene (2)

DBU (0.137 g, 0.9 mmol) was added to a mixture of Cg (0.216 g,
0.3 mmol), CBr, (0.149 g, 0.45 mmol) and 1 (0.128 g, 0.45 mmol)
in 200 ml toluene under argon at room temperature. The reaction
mixture stirred for 5 h at temperature 25° C. The mixture was
then washed with water (3 x 30 ml) and purified by column
chromatography on SiO, (silica gel Merk 60). Unreacted C,,
(0.034 g) was obtained after elution by toluene-hexane (1 : 3).
Compound 2 was isolated by elution with toluene-CH;CN (40 :
1). Yield: 0.114 g (37.9% based on consumed Cq). MALDI-TOF
MS, found: m/z 1005.08 [M*], 959.98 [M* — 3CHs]; calculated:
1004.99; UV-Vis (CH,Cl,), A,,./nm: 258.0, 325.0, 430.0, 494.0,
696; FTIR (KBr), v/em™': 526, 675, 709, 743, 837,972, 1004, 1059,
1179, 1219, 1363, 1425, 1461, 1636, 1740, 2851, 2922, 2971; “C
NMR (C¢Dg + CDCl,): 13.01, 20.18, 55.64, 70.42, 95.32, 136.90,
138.48, 140.45, 141.07, 141.42, 142.28, 142.35, 142.47, 143.14,
143.84, 143.95, 144.09, 144.16, 144.33, 144.48, 144.61, 162.02
(C=0).

61-Bis-(0-2',2',6' ,6'-tetramethyl-4'-oxypiperidinyloxyl)carbonyl-
61-methano-[60]-fullerene (4)

Compound 4 was obtained from fullerene Cy, (0.216 g, 0.3 mmol),
bis-0-(2,2,6,6-tetramethylpiperidinyl-4-oxyl)malonate 3 (0.185 g,
0.45 mmol), CBr, (0.149 g, 0.45 mmol) and DBU (0.137 g,
0.9 mmol) in toluene (200 ml) using the conditions described
above. Yield: 0.096 g (34% based on consumed C,). MALDI-
TOF MS, found: m/z 1131.21; calculated: 1131.18; UV-Vis
(CH,CL,), Anu/nm: 256.0, 327.0, 429.9, 493.0, 699; FTIR (KBr),
v/em™': 527, 577, 672, 707, 740, 813, 837, 961, 1006, 1058, 1176,
1230, 1267, 1362, 1428, 1462, 1636, 1745, 2854, 2924, 2963; “C
NMR (CDCl;): 54.96, 63.24, 70.80, (sp® carbons), 95.71, 135.81,
137.18, 138.35, 138.44, 140.33, 140.40, 141.23, 141.56, 142.32,
142.40, 143.24, 144.05, 144.27, 144.37, 144.48, 144.65, 162.69
(C=0).

Crystal data for4. This was collected on a CAD 4 diffractome-
ter (graphite-monochromated CuKo radiation, A = 1.54184 A),*
and the structure solved by direct methods using SIR.* Full-
matrix least-squares refinement on F? was performed using
SHELXL-97* with anisotropic displacements for non-H atoms.
All hydrogen atoms were placed in idealized positions and refined
using the riding model. Illustrations were generated using Platon.*
CgHyuN,O4-2(CHCI;), M 1369.84 g mol ™', black prism of dimen-
sions 0.24 x 0.20 x 0.18 mm’, monoclinic, space group C2/c,
a = 25.403(9), b = 17.845(4), ¢ = 17.218(4) A, f = 132.092)°,
V =5792(3) A, T =293 K, Z =4, u(CuKa) 32.52 cm™', d,. =
1.57(1) g cm™. 9464 reflections measured, 5631 unique (R, =
0.221), 984 observed with F,,, > 40(F ), 442 parameters. The final
R1(F*) was 0.0579 (>201) and wR2(all data) = 0.1923. CCDC
reference number 630090. For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b617892h.
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This paper reports the synthesis of dendrons containing a spermine unit at their focal point. The
dendritic branching is based on L-lysine building blocks, and has terminal oligo(ethyleneglycol) units
on the surface. As a consequence of the solubilising surface groups, these dendrons have high solubility
in solvents with widely different polarities (e.g., dichloromethane and water). The protonated

spermine unit at the focal point is an effective anion binding fragment and, as such, these dendrons are
able to bind to polyanions. This paper demonstrates that polyanions can be bound in both
dichloromethane (using a dye solubilisation assay) and in water (competitive ATP binding assay). In
organic media the dendritic branching appears to have a pro-active effect on the solubilisation of the
dye, with more dye being solubilised by higher generations of dendron. On the other hand, in water the
degree of branching has no impact on the anion binding process. We propose that in this case, the
spermine unit is effectively solvated by the bulk solvent and the dendritic branching does not need to
play an active role in assisting solubility. Dendritic effects on anion binding have therefore been
elucidated in different solvents. The dendritic branching plays a pro-active role in providing the anion

binding unit with good solubility in apolar solvent media.

Introduction

Dendrimers and dendrons make a vital contribution to the field
of nanochemistry as a consequence of their unique structural
features.! In particular, the inherent branched structures of
dendritic molecules can be exploited in the field of molecular
recognition to achieve intriguing binding phenomena.* The mul-
tiple surface groups of dendritic molecules are able to amplify
binding strengths by multivalency phenomena.® On the other
hand, binding at the encapsulated core (or focal point) of a
dendritic structure takes place in a unique micro-environment,
which can have a direct impact on the binding event.* This mimics
the way in which the three-dimensional peptidic architecture places
the active site of an enzyme in a well-defined local environment.®

Over recent years, anion binding has developed into a key
area of supramolecular chemistry,® as a consequence of the wide-
ranging importance of anions in environmental and biological
processes. Whilst binding anions in organic solvents is relatively
widespread, anion binding in water is less common and requires
specific solutions. The most successful strategies involve the
use of transition metal based receptors,” which bind anions
through dative bond formation, or protonated polyamines,® which
bind anions using a combination of electrostatics and hydrogen
bonding.

Perhaps surprisingly, dendritic receptors for anions remain rel-
atively unexplored. Dendrimers with metallocene-functionalised
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surfaces have been investigated by the groups of Astruc and
Kaifer.” These multivalent anion receptors were demonstrated to
be capable of binding multiple anions in organic media, and ex-
hibited dendritic amplification of their ability to electrochemically
sense the anionic target. We used a similar anion binding strategy
within a dendrimer, only located the metallocene unit at the core,
rather than on the surface. We demonstrated that in this case, the
branching inhibited the magnitude of electrochemical response
to halide anions.’ Vogtle and co-workers prepared polyvalent
dendritic ureas, which were able to extract multiple oxo-anions
from water into an organic phase."" The groups of van Koten and
Stoddart prepared dendrimers with internal quaternised amines,
which were able to bind anions in organic media."”* They used
anionic dyes to demonstrate that binding had taken place. There
have also been a number of studies of dendrimers containing
multiple protonated amines which have been shown to effectively
internalise anionic dyes."

As part of a wider program investigating supramolecular
dendrimer chemistry," we recently employed spermine groups
on the surface of dendrons, in order to achieve ultra high-
affinity DNA binding in water.” Spermine is a simple polyamine
used extensively by biological systems as a nucleic acid binder.'
Protonated polyamines such as spermine, although good anion
receptors in aqueous media, are usually ineffective in apolar media
due to their poor solubility. We became interested in employing
spermine at the focal point of a dendron. We reasoned that
with an appropriate choice of dendritic framework, we could
generate highly soluble spermine derivatives, which would operate
in solvent media with widely different polarities—for example,
both water and organic media. This paper reports the results of
our initial investigations into this anion binding strategy.
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Results and discussion
Synthesis

We targeted first and second generation L-lysine based dendritic
structures G1 and G2, and model system G0, each of which has an
anion binding spermine unit at the focal point and oligo ethylene
oxide surface group(s) (Scheme 1). We chose these surface groups
because they provide solubility across a broad range of solvents
and furthermore, do not have any innate affinity for anions. It
is worth noting that the dendrons are wholly constructed from
biocompatible building blocks.

The synthesis of these dendrons was achieved using a diver-
gent strategy (Scheme 1). To synthesise non-dendritic control
receptor GO, tri-Boc protected spermine 1 was made according
to a methodology published by the Blagbrough group,” and
coupled to 2-(2-(2-methoxyethoxy)ethoxy)acetic acid (2) using
DCC and HOB to yield GO-Boc. The Boc protecting groups were
subsequently removed from the spermine unit using HCI gas in
methanol to provide GO. To synthesise G1, Z-protected lysine 3
was coupled with protected spermine 1 using DCC methodology
to yield compound Z-4. Removal of the Z protecting groups from
the product with palladium hydroxide on carbon and ammonium
formate gave key intermediate 4. Coupling of 4 with acid 2 gave
compound G1-Boc, and subsequent removal of the Boc groups
with HCI gas in methanol provided receptor G1 in a good overall
yield of 41% (four steps). To synthesise G2, intermediate 4 was
coupled with Z-protected lysine 3 to give compound Z-5. The
product had the Z protecting groups removed using Pd(OH), and

Boc
HzN/v\N/v\,N\/\,NHBm: 1
Boc

ammonium formate to give compound 5. Coupling compound
5 with acid 2 gave compound G2-Boc, which subsequently had
the Boc protecting groups removed using HCI in methanol. This
sequence gave receptor G2 in a good overall yield of 27% (six steps)
from commercially available starting materials. The compounds
were characterised using all the usual spectroscopic methods, and
full data can be found in the Experimental section.

Anion binding in organic media

We developed assays to probe the potential of these receptors in
both organic and aqueous media. In common with other studies
of anion binding in organic media which use dendritic hosts,"? we
decided to use a dye solubilisation assay to probe the affinity of
these hosts for anions.

We chose this strategy in preference to NMR titration methods
as the N*—H protons were not readily observed and the other
protons in the receptor did not give rise to significant shifts. This is
partly a consequence of the fact that the protonated spermine unit
in these receptors already has chloride counteranions associated
with it, and consequently all anion binding experiments are
effectively competition experiments. We therefore decided to use
a highly charged anionic guest in order to maximise the binding
interaction. However, as highly charged anions are not soluble in
organic media, it was necessary to employ a solubilisation assay
approach.

Aurin tricarboxylic acid is a powerful inhibitor of cellular pro-
cesses that are dependent on the formation of protein nucleic acid

a b o} ; Hz 7
* o l pe—— /O\/\OA\/O\/ILN’\/\N’\/\/N\/\/NHS
O~ Oy 2 G0-Boc H Ha
co 3Cl
ZHN
3 1 2
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HzN Z4 ih a b NA\/\N/\/\,N\/\,NH;?,
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- ¥
A~ | — iy
HzN o G2-Boc o Sﬁ
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Scheme 1 Synthesis of dendritic anion binders G0, G1 and G2. (a) DCC, HOBt, Et;N, DCM; (b) HCl,,, MeOH; (c) DCC, HOBt, Et;N, DCM;

(d) Pd(OH),/C, HCOONH,, EtOH.
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complexes,'® and is commercially available as the tri-carboxylate
anion (Fig. 1). This polyanion is soluble in water, but not in organic
media such as dichloromethane (DCM). Our receptors have good
solubility in DCM as a consequence of the oligo-ether surface
groups. We therefore decided to probe the ability of our receptors
to solubilise aurin tricarboxylate into this apolar solvent.

i .o

(7 -
©o,c I co?
HO ‘ i OH

Aurin tricarboxylate

(ammaonium salt) NH;
N =
e 8 & (1)
©0-P-0-P-0-P-0 N
R © P KO?
H
OH H

Adenosine triphosphate (ATP)

Fig. 1 Structures of anions investigated in this paper.

Solid aurin tricarboxylate (as its tri-ammonium salt) was
suspended in a 1 mM solution of the anion receptor (dissolved
in DCM) and stirred for 24 h.” The mixture was then filtered
to remove excess dye, and the solution analysed by UV-Vis
spectrometry. Fig. 2 provides a visual assessment of the degree
of dye solubilisation in each case and a quantitative measure is
given in Table 1 (normalised with respect to the solubilisation
caused by GO0). In the absence of receptor, effectively no dye was
solubilised into DCM; however, in the presence of the receptors
solubilisation occurred. The extent of solubilisation increased in
the order GO < G1 < G2. There is, therefore, a clear dendritic
effect on the uptake of the anionic dye into organic solvent.

Fig. 2 Solutions resulting from the solubilisation study performed with
GO0, G1 and G2 (each 1 mM) in dichloromethane solution with aurin
tricarboxylate (ammonium salt).

Table 1 Solubilisation of aurin tricarboxylate into dichloromethane as
assessed by UV-Vis spectrometry using absorption at 4., (522 nm) and
normalised relative to the uptake exhibited by compound GO

Host Degree of solubilisation
None (DCM alone) 0.02
GO 1.00
Gl 1.81
G2 3.64

We have previously demonstrated that interactions between
protonated amines and carboxylate anions play an essential role in
the solubilisation of aurin-based dyes by dendritic systems.'® We
propose that in this case, the dendritic effect is a consequence of
the dendritic branching, which is compatible with organic solvents
such as DCM. Indeed, without the presence of this dendritic
branching, the highly charged spermine unit would not be soluble
in the solvent (DCM) in the first place, as protonated spermine is
not compatible with low-polarity media. Consequently, the ability
of the dendritic branching to interact favourably with the solvent
enhances the solubility of the overall complex and thus higher
generation systems are better able to solubilise the dye.

There is also the possibility of secondary interactions between
the anionic dye and hydrogen bonding amide groups in the
dendritic branching, which will enhance the degree of uptake—
such interactions are well-known in the literature.?

Furthermore, it should be noted that the ether units in the
dendritic branches may interact with the NH,* cation and further
enhance the solubilisation process. However, these ether units also
have the potential to interact with the protonated spermine unit at
the focal point of the dendron itself, and so we do not believe that
ether—NH,* interactions provide the main driving force behind the
solubilisation event.

Anion binding in water

We then decided to determine whether our receptors would operate
in aqueous solution. We chose to probe the interaction between
our polyanionic receptors and adenosine triphosphate (ATP),
a biologically-relevant phosphate polyanion. In 1977, Nakai
and Glinsmann developed a simple and innovative competition
assay to determine the binding between protonated amines and
ATP and we applied their methodology in this study.?® Their
method involves placing a constant amount of ATP and cationic
resin (Dowex AG1-X2) in tris-chloride buffered water (pH 7.5).
Various amounts of soluble receptor are then added. The receptor
competes with the solid cationic resin for binding the ATP, and the
residual amount of ATP in the solution, which can be determined
by UV-Vis spectrometry, reflects the affinity of the receptor for
ATP. The Igarashi group have since published minor modifications
to handling the data from this procedure.”? We applied both data-
handling approaches to investigate ATP binding in water at pH 7,
and for the purposes of comparison also determined the binding
of spermine and spermidine (Fig. 3) to the target anion.

HzN/\/\N/\‘/\”NHz Spermidine
H

H
HQN/'\/\N/\/\/N\/‘\/NHZ Spermine
H

Fig. 3 Structures of spermidine and spermine.

Importantly, the binding constants for spermine and spermi-
dine, generated using the assumption of 1 : 1 binding with the
polyanion, were in good agreement with the data in the literature,
validating our use of the assay (Table 2). We then investigated the
performance of receptors GO—G2 in this assay. It is clear from the
data that receptors GO, G1 and G2 show very similar affinities for
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Table 2 Log K values determined for ATP binding with the receptors at
pH 7 in tris-buffered water using competitive binding assay and assuming
a 1 : 1 binding model using methods from ref. 21 and 22

Host Log K* Log K*
Spermine 4.06 3.76
Spermidine 3.08 3.22
GO 2.80 3.28
Gl 2.74 3.28
G2 2.82 3.37

ATP as spermidine. Although our receptors contain four nitrogen
atoms, they are actually more similar to spermidine than spermine,
as one of the four nitrogen atoms has been converted to an
amide and thus cannot be protonated. Therefore the similarity
in behaviour to spermidine is to be expected.

Furthermore, it is clear that receptors G0-G2 all give similar
degrees of binding, irrespective of the extent of functionalisation.
This indicates that the dendritic branching does not inhibit the
ability of the polyamine unit at the focal point to bind ATP
anions in water. Furthermore, it indicates that in water, unlike
in organic media, the dendritic branching does not assist the
anion binding process. In aqueous solution, the polar dendron
structure and the spermine binding unit will both be heavily
solvated, and we propose it is therefore unable to generate a specific
microenvironment at the core. In addition, the affinity of neutral
amides for anions is limited in polar media, and there will be
no additional anion binding within the dendritic framework. For
this reason, we argue there is no dendritic effect in water and the
binding afforded by the protonated (solvated) polyamine unit is
unaffected by dendritic functionalisation.

Conclusions

In summary, we have demonstrated that these new dendritic
structures enable anion binding to be achieved by the same
receptor in solvent media with large difference in polarities (DCM,
¢ =09.1, H,0, ¢ = 80). The dendritic branching plays a pro-active
role in enhancing the solubility of the system in apolar media. The
dendritic structure has a direct impact on the binding in organic
media where it can help ensure the charged spermine unit and
its charged guest remain compatible with the surrounding apolar
solvent. The more extensive the dendritic branching, the more able
it is to solubilise the charged complex, and hence higher generation
systems cause enhanced uptake of the dye—a ‘dendritic effect’.”
However, there is no dendritic effect in water, where the whole
structure will be largely solvated and the branching will have less
impact on the charged binding unit. We propose that these systems,
which are compatible with a broad range of solvent systems may
have future potential as anion transport agents. Furthermore,
the incorporation of additional functionality into the dendritic
structures may enable the development of medically-relevant anion
complexation agents.

Experimental

Materials and methods

Silica column chromatography was carried out using silica gel
provided by Fluorochem Ltd. (35-70 w). Thin layer chromatogra-

phy was performed on commercially available Merck aluminium
backed silica plates. Preparative gel permeation chromatography
was carried out using a 2 m glass column packed with Biobeads
SX-1 supplied by Biorad, or a shorter length column (0.5 m)
packed with Sephadex LH-20. Proton and carbon NMR spectra
were recorded on a Jeol 400 spectrometer ('"H 400 MHz, “C
100 MHz). Samples were recorded as solutions in CDCIl; and
chemical shifts (0) are quoted in parts per million, referenced
to residual solvent. Coupling constant values (J) are given in
Hz. DEPT experiments were used to assist in the assignment
of BC NMR spectra. Melting points were measured on an
Electrothermal IA 9100 digital melting point apparatus and are
uncorrected. Positive ion electrospray mass spectra were recorded
on a Finnigan LCQ mass spectrometer. Positive ion fast atom
bombardment mass spectra were recorded on a Fisons Instru-
ments Autospec mass spectrometer, with 3-nitrobenzyl alcohol as
matrix. Polyethylene glycols and/or polyethylene glycol mono-
methyl ethers were used as calibrants for HRMS determinations.
The isotope distribution observed for mass spectral ions of
the larger molecules is consistent with data calculated from
isotopic abundances. Infra-red spectra were recorded using an
ATI Mattson Genesis Series FTIR spectrometer.

Compound 1 was synthesised according to the methodology
previously published by Blagbrough and co-workers.”” Com-
pounds 2 and 3 were commercially available. The full synthetic
methodology and characterisaton data for GO can be found in the
supplementary information of our previous publication.'s

Synthesis and characterisation

Compound Z-4. Compound 1 (4.0 g, 8.75 mmol, 1.1 eq.) and
compound 3 (3.63 g, 8 mmol, 1 eq.) were dissolved in EtOAc
(100mL). DCC (2.48 g, 12 mmol, 1.5eq.), HOBt (1.62 g, 12 mmol,
1.5 eq.) and Et;N (1.21 g, 12 mmol, 1.5 eq.) were added and
the mixture was placed in an ice bath for 1 h and then left
to stir at rt for 2 d. Dicyclohexylurea (DCU) was removed by
filtration, and the solvents removed by rotary evaporation. The
crude product was purified by silica column chromatography (70 :
30 cyclohexane-EtOAc), a white solid was recovered (5.56 g,
62%). '"H NMR (CD;0D, 400 MHz) ¢,; 7.28-7.13 (10H, m, CH
aromatic), 6.98-6.87 (1H, br m, NH amide), 6.54-6.39 (3H, br m,
NHBOC, NHZ), 497 (2H, s, OCH,Ph), 4.94 (2H, s, OCH,Ph),
3.90 (1H, dd, J = 5.2, 8.9 Hz, COCH(R)NH), 3.28-3.14 (14H,
br m, CH,N), 3.11 2H, t, J = 6.6 Hz, CH,N), 3.01 2H, t, J =
7.3 Hz, CH,N), 1.71-1.53 (4H, br m, CH,CH,NH), 1.50-1.21
(37H, br m, (CH5);C, CH,CH,NBOC, CH,); *C NMR (CD;0D,
100 MHz) d. 175.12 (CONH, amide), 158.92, 158.41, 157.78
(CONBoc x 2, CONHBoc, CONHZ x 2, overlapping), 138.43,
138.15, 129.47, 129.44, 128.75 (Ar-C, overlapping), 80.92, 79.93
(C(CH;); x 3, overlapping), 67.67, 67.31 (CH, benzylic), 56.01
(COCH(R)NH), 46.56, 46.37, 41.81, 40.66, 38.23, 37.61, 37.30,
30.46 (CH,, overlapping), 28.78 ((CH;);C x 9, overlapping),
27.64, 2541, 24.09 (CH,CH,N, overlapping); IR (KBr disc)
Vmx €M~' 3444, 3336 (NH), 1600 (C=0), 1639 (C=0), 1600
(C=0), 1580, 1552 (CONH, amide 2), 1509, 1251 (OCONH
carbamate); ESI-MS (m/z) calculated value for C,;H;;N,O,,
898.5: (ES*) found 921.4 (M + Na]*, 100%); HR-FAB calculated
value for C,H,NO; Na 921.5313: found 921.5316; R; 0.13
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(70 : 30 EtOAc-hexane, ninhydrin stain); m.p. 52-54 °C; [a]*
—5.1 (¢ = 1.0, CH;OH).

Compound 4. Compound Z-4 (5.0 g, 5.5 mmol, 1 eq.),
ammonium formate (1.0 g, 16.5 mmol, 3 eq.) and palladium
hydroxide on carbon (20 wt%, wet) (0.35 g, 2.75 mmol, 0.5 eq.)
were refluxed in ethanol (100 mL) for 48 h. The mixture was
allowed to cool to room temperature and filtered over celite to
remove the solids, and the solvents were removed on a rotary
evaporator. The mixture was dissolved in DCM (50 mL), washed
with conc. NH,OH and brine, dried over MgSO,, and the solvents
removed on a rotary evaporator. A light yellow viscous oil was
recovered (3.05 g, 88%). '"H NMR (CD;0D, 400 MHz) J,; 6.71—
6.69 (1H, br m, NH amide), 5.62-5.60 (1H, br m, NHBOC),
3.60 (1H, dd, J = 5.2, 8.9 Hz, COCH(R)NH), 3.29-3.15 (10H,
br m, CH,N), 3.16 2H, t, J = 6.6 Hz, CH,NH), 2.73 (2H,
t, J = 7.3 Hz, CH,NH,), 1.71-1.53 (4H, br m, CH,CH,N),
1.50-1.21 (37H, br m, (CH;);C, CH,CH,NBoc, CH,); "C NMR
(CD;0D, 100 MHz) d. 177.03 (CONH, amide), 157.60, 155.63
(CONBoc x 2, CONHBoc, overlapping), 79.77, 79.72, 78.70
(C(CH;);), 54.96 (COCH(R)NH), 47.76, 47.55, 44.313, 41.04,
37.56, 35.32, 34.92, 32.30, (CH,, overlapping), 27.45 ((CH;),C x
9, overlapping), 25.65, 22.72 (CH,CH,N, overlapping); IR (KBr
disc) v cm~! 3443, 3336 (NH), 1638 (C=0), 1553 (CONH, amide
2), 1509, 1251 (OCONH carbamate); ESI-MS (m/z) calculated
value for C;;H,,N¢O; 630: (ES*) found 653 ((M + Na]*, 100%).
HR-FAB calculated value for C;H,N¢O,Na 653.4578: found
653.4568.

Compound G1-Boc. Compound 4 (0.30 g, 0.6 mmol, 1 eq.)
and carboxylic acid 2 (0.24 g, 0.2 mL, 1.32 mmol, 2.2 eq.) were
dissolved in DCM (75 mL). DCC (0.30 g, 1.5 mmol, 2.5 eq.),
HOBt (0.202 g, 1.5 mmol, 2.5 eq.) and Et;N (0.15 g, 1.5 mmol,
2.5 eq.) were added and the mixture was placed in an ice bath for
1 h and then left to stir at rt for 2 d. Dicyclohexylurea (DCU)
was removed by filtration, and the solvents removed by rotary
evaporation. The crude product was purified by preparative gel
permeation chromatography (MeOH, Sephadex), a clear oil was
recovered (0.42 g, 0.45 mmol, 75%). "HNMR (CD;0D, 400 MHz)
Oy 7.99-7.83 (2H, br m, NH amide), 7.06-7.02 (1H, br m, NH
amide), 6.46-6.36 (1H, br m, NHBOC), 4.23 (1H, dd, J = 5.2,
8.9 Hz, COCH(R)NH), 4.01-3.89 (4H, br s, OCH,CONH), 3.80—
3.40 (16H, br m, OCH,), 3.35-3.30 (6H, br s, OCH;), 3.28-3.14
(10H, br m, CH,N), 3.13-3.09 (2H, t, / = 6.6 Hz, CH,NH),
3.06-2.95 (2H, t, J = 7.3 Hz, CH,NH), 1.71-1.53 (4H, br m,
CH,CH,N), 1.52-1.22 (37H, br m, (CH,);C, CH,CH,N, CH,);
“C NMR (CD;OD, 100 MHz) d. 173.78, 172.60 (CONH x 3,
amide, overlapping), 158.92, 157.78 (CONBoc x 2, CONHBoc,
overlapping), 80.87, 79.93 (C(CH;); x 3, overlapping), 71.56,
71.37, 71.36, 71.34, 71.28 (CH,O, overlapping), 59.11 (OCH;),
55.25 (COCH(R)NH), 46.56, 46.37, 41.81, 40.66, 38.23, 37.61,
37.30, 30.08 (CH,, overlapping), 28.78 ((CH;);C x 9, overlap-
ping), 27.64, 25.41, 24.32 (CH,CH,N, overlapping); IR (KBr
disc) v, cm™' 3444, 3336 (NH), 1641 (C=0), 1553 (CONH,
amide 2), 1509 (CONH, carbamate), 1366 (ether), 1251 (C-O,
carbamate). ESI-MS (m/z) calculated value for C;sHgN;OsNa
973.6 (100.0%), 974.6 (50.2%), 975.6 (16.5%): (ES*) found 973.5
(100%), 974.5 (48.2%), 975.5 (12.4%); R; 0.61 (70 : 30 EtOAc-
hexane, ninhydrin stain); [a]3* —5.2 (¢ = 1.0, CH;OH).

Anion receptor G1. Compound G1-Boc (0.060 g, 0.79 mmol)
was dissolved in MeOH (150 mL) and gaseous hydrogen chloride
was bubbled through for 30 seconds. The reaction was allowed to
stir for 2 h, after which time the solvent was removed under reduced
pressure, and a white solid was recovered (0.39 g, 81%). Yield
calculated for HCl salt, FW: 760. '"H NMR (CD;0D, 400 MHz)
on 7.99-7.83 (2H, br m, NH amide), 7.06-7.02 (1H, br m, NH
amide), 4.23 (1H, dd, J = 5.3, 8.9 Hz, COCH(R)NH), 4.01-3.89
(4H, brs, OCH,CONH), 3.70-3.40 (16H, br m, OCH,), 3.35-3.30
(6H, brs, OCH}), 3.28-3.14 (10H, br m, CH,N), 3.15-2.93 (4H, br
m, CH,NH), 2.05-1.27 (14H, br m, CH,CH,N (amide), CH,); *C
NMR (CD;0D, 100 MHz) o, 174.25, 174.19, 173.96 (CONH x
3),73.07,71.56, 71.03, (CH,O, overlapping), 59.38 (OCHj;), 53.25
(COCH(R)NH), 39.34, 37.61, 37.30, 32.03, 30.32, 28.38, 24.50,
24.45 (CH,, overlapping); TR (KBr disc) vy, cm™' 3444, 3336
(NH), 1641 (C=0), 1604, 1553 (CONH, amide 2), 1366 (O—
CH,;, ether); ESI-MS (m/z) calculated value for C;H,N¢OyNa
673.5 (100.0%), 674.5 (33.5%): (ES*) found 673.5 (100.0%), 674.5
(30.5%); [aly? —5.3 (¢ = 1.0, CH,OH).

Compound Z-5. Compound 4 (1.25 g, 1.94 mmol, 1 eq.) and
compound 3 (1.76 g, 4.26 mmol, 2.2 eq.) were dissolved in DCM
(100 mL). DCC (0.88 g, 4.26 mmol, 2.2 eq.), HOBt (0.58 g,
4.26 mmol, 2.2 eq.) and Et;N (0.43 g, 0.59 mL, 4.26 mmol, 2.2 eq.)
were added and the mixture was placed in an ice bath for 1 h
and then left to stir at rt for 2 days. Dicyclohexylurea (DCU)
was removed by filtration, and the solvents removed by rotary
evaporation. The crude product was purified by preparative gel
permeation chromatography (Biobeads, 90 : 10 DCM-MeOH),
a tacky white solid was recovered (2.26 g, 82%). 'H NMR
(CD;0D, 400 MHz) oy 7.81-7.70 (2H, br m, NH amide), 7.28—
7.13 (20H, m, CH aromatic), 6.71-6.69 (1H, br m, NH amide
Gl1), 6.63-6.33 (SH, br m, NHBOC, NHZ), 5.05-4.92 (8H,
m, OCH,Ph), 4.25 (1H, dd, J = 4.5, 9.1 Hz, COCH(R)NH),
4.09 (1H, dd, J = 54, 8.5 Hz, COCH(R)NH), 4.00 (1H, dd,
J =52, 9.1 Hz, COCH(R)NH, 1H), 3.28-3.14 (16H, br m,
CH,N), 3.01 (2H, t, J = 7.3 Hz, CH,NH), 1.86-1.04 (53H, br
m, CH,, CH;); "C NMR (CD;OD, 100 MHz) 6. 175.72, 174.78,
173.69 (CONH, amide), 159.55, 159.04, 158.04 (CONHBoc,
CONBoc x 2, CONHZ x 4 overlapping), 138.62, 138.58, 129.93,
129.37 129.23 (Ar-C, overlapping), 81.14, 80.15, (C(CH;); x 3,
overlapping), 67.96, 67.91, 67.47 (Ar—CH,, overlapping), 55.85,
55.77(COCH(R)NH x 3, overlapping), 46.56,46.37,41.39, 39.93,
32.86,32.52, 32.34, 30.42 (CH,N, overlapping), 28.74 ((CH,),C x
9, overlapping), 27.64, 25.41, 23.93 (CH,CH,N, overlapping);
IR (KBr disc) vy, cm™' 3441, 3330 (NH), 1638 (C=0), 1600,
1580 (aromatic), 1553 (CONH, amide 2), 1509, 1251 (OCONH,
carbamate); ESI-MS (m/z) calculated value for C;sH,,,N,,0;Na
1445.8 (100.0%), 1446.8 (83.0%), 1447.8 (40.6%): (ES*) found
1445.5 (100%), 1446.6 (70.0%), 1447.8 (30.0%); R; 0.37 (90 : 10
DCM-MeOH, ninhydrin stain); m.p.: 138-140 °C; [a]})* —9.4 (¢ =
1.0, CH;OH).

Compound 5. Compound Z-5 (2.0 g, 1.40 mmol, 1 eq.),
ammonium formate (0.53 g, 8.4 mmol, 6 eq.) and palladium
hydroxide on carbon (20 wt%, wet) (0.90 g, 0.71 mmol, 0.5 eq.)
were refluxed in ethanol (100 mL) for 48 h. The mixture was
allowed to cool to room temperature and filtered over celite to
remove the solids, and the solvents were removed on a rotary
evaporator. The mixture was dissolved in DCM (50 mL), washed
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with conc. NH,OH and brine, dried over MgSQO,, and the solvents
removed on a rotary evaporator. A hygroscopic waxy orange solid
was recovered (1.02 g, 82%). '"H NMR (CD;0OD, 400 MHz) oy
7.80-7.73 (2H, br m, NH amide G2), 6.71-6.69 (1H, br m, NH
amide G1), 6.31-6.23 (1H, br m, NHBOC), 4.70-4.50 (8H, br m,
NH,), 429-4.04 (3H, br m, COCH(R)NH, overlapping), 3.28—
3.14 (12H, br m, CH,N), 3.01 (2H, t, J = 6.5 Hz, CH,NH), 2.65
(4H, t, J = 7.3 Hz, CH,NH,), 1.86-1.04 (53H, br m, CH,, CH,);
BCNMR (CD,0D, 100 MHz) d. 175.73, 174.88, 173.64 (CONH,
amide), 159.55, 159.03 (CONBoc x 2, CONHBoc, overlapping),
80.95, 80.91, 79.90, (C(CH;);), 56.21, 56.18 (COCH(R)NH x 3,
overlapping), 42.32, 33.61 (CH,, overlapping), 28.81 ((CH;);CO x
9, overlapping), 29.53, 27.64, 25.41, 23.93 (CH,CH,N, overlap-
ping); IR (KBr disc) vy, cm™' 3431, 3330 (NH), 1639 (C=0),
1553 (CONH, amide 2), 1509, 1251 (OCONH carbamate); ESI-
MS (m/z) calculated value for C,;;HgN,,O, 887: (ES*) found 910
(IM + NaJ*, 100%); [a]%* —20.7 (¢ = 1.0, CH;OH).

Compound G2-Boc. Compound 5 (0.35 g, 0.4 mmol, 1 eq.)
and acid 2 (0.36 g, 0.3 mL, 2 mmol, 5 eq.) were dissolved in DCM
(50 mL). DCC (0.41 g, 2 mmol, 5 eq.), HOBt (0.27 g, 2 mmol,
Seq.)and Et;N (0.2 g, 2 mmol, 5 eq.) were added and the mixture
was placed in an ice bath for 1 h and then left to stir at rt for
2 d. Dicyclohexylurea (DCU) was removed by filtration, and the
solvents removed by rotary evaporation. The crude product was
purified initially by preparative gel permeation chromatography
(MeOH, Sephadex), and subsequently by silica column chro-
matography (90 : 10, DCM-MeOH), a clear oil was recovered
(0.44 g, 0.29 mmol, 73%). '"H NMR (CD;0D, 400 MHz) 6, 8.12—
7.81 (6H, br m, NH amide), 7.06-7.02 (1H, br m, NH amide),
6.55-6.36 (1H, br m, NHBOC), 4.35 (1H, dd, J = 5.6, 8.7 Hz,
COCH(R)NH), 4.27 (1H, dd, J = 5.2, 9.1 Hz, COCH(R)NH),
4.16 (1H, dd, J = 5.2, 9.1 Hz, COCH(R)NH), 4.01-3.80 (8H, br
m, OCH,CONH), 3.80-3.40 (32H, br m, OCH,), 3.35-3.30 (12H,
brs, OCHS5), 3.28-3.14 (14H, br m, CH,N), 3.13-3.09 2H, t, J =
6.6 Hz, CH,NH), 3.01 (2H, t, J = 7.3 Hz, CH,NH), 1.71-1.16
(53H, br m, CH,, CH;). *C NMR (CD;0D, 100 MHz) 6. 173.62,
172.59, 172.54 (CONH x 7, amides, overlapping), 159.32, 157.87
(CONBoc x 2, CONHBoc, overlapping), 80.91, 79.90 (C(CH,); x
3, overlapping), 72.91, 71.39, 71.37, 71.34 (CH,O, overlapping),
59.17 (OCH,), 55.25, 55.02 (COCH(R)NH, overlapping), 46.58,
46.37, 41.83, 40.65, 39.68, 39.65, 38.23, 37.61, 37.30, 30.13 (CH,,
overlapping), 28.81 ((CHj;),;C x 9, overlapping), 24.31 (CH,CH, N,
overlapping); IR (KBr disc) vy, cm™' 3444, 3341 (NH), 1659
(C=0), 1538 (CONH, amide 2), 1509 (CONH, carbamate),
1366 (O—CH;, ether), 1250 (OCONH, carbamate); ESI-MS (m/z)
calculated value for C; H;3N;O,sNa 1549.9 (100.0%), 1550.9
(79.3%), 1551.9 (36.2%): (ES*) found 1549.7 (100.0%), 1550.7
(71.8%), 1551.8 (30.6%); also found [C; H 3 N,,0,5Na,]**, with
peaks at 786.2 (15.1% of the M*), and others at 786.7 (77% of
the M?*), 787.2 (38% of the M?*); R; 0.25 (90 : 10 DCM-MeOH,
ninhydrin stain); [a]3® —9.2 (¢ = 1.0, CH;OH).

Anion receptor G2. Compound G2-Boc (0.196 g, 0.79 mmol)
was dissolved in MeOH (150 mL) and gaseous hydrogen chloride
was bubbled through for 30 seconds. The reaction was allowed to
stir for 2 h, after which time the solvent was removed under reduced
pressure, and a white solid was recovered (0.170 g, 0.79 mmol,
100%). Yield calculated for HCI salt, FW: 1336. 'H NMR
(CD;0D, 400 MHz) 6y 8.14-7.80 (6H, br m, NH amide), 7.06-7.02

(1H, br m, NH), 4.35 (1H, dd, J = 5.6, 8.7 Hz, COCH(R)NH),
427 (1H, dd, J = 5.2,9.1 Hz, COCH(R)NH), 4.16 (1H, dd, J =
5.2,9.1 Hz, COCH(R)NH), 4.10-3.80 (8H, br m, OCH,CONH),
3.80-3.40 (32H, br m, OCH,), 3.35-3.29 (12H, br s, OCH), 3.28—
3.14 (10H, br m, CH,N), 3.13-2.95 (4H, br m, CH,NH, 8H),
2.11-1.14 (26H, br m, CH,); *C NMR (CD;0OD, 100 MHz) J.
173.63, 172.59, 172.53 (CONH x 7, amides, overlapping), 72.65,
71.72, 71.37, 71.11 (CH,O, overlapping), 58.94 (OCHs;), 55.23,
54.99 (COCH(R)NH, overlapping), 39.34, 37.61, 37.35, 32.03,
30.87,29.78 28.38, 24.50, 24.45 (CH,, overlapping); IR (KBr disc)
Vmx €M7 3444, 3336 (NH), 1641 (C=0), 1602 (NH,*, NH;*),
1553 (CONH, amide 2), 1366 (O-CHj;, ether); ESI-MS (m/z)
calculated value for CssH; (N ;O sNa 1249.8 (100.0%), 1250.8
(62.6%), 1251.8 (25.4%): (ES*) found 1249.8 (100.0%), 1250.8
(65.5%), 1251.8 (20.5%); also found [CssH,;(N,,OsNa,]**, with
a peak at 637.0 (10% of the intensity of the M* ion). [a]3® —2.34
(c=1.0, CH;OH).
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This paper describes two approaches for the synthesis of a crossed alkene-bridged mimic of the
thioether ring system of the nisin Z DE-fragment. The first approach comprised the stepwise total
synthesis featuring a cross metathesis and a macrolactamization on a solid support followed by a
ring-closing metathesis in solution. Via this route the title compound was obtained in an overall yield of
7% (85% on average for 16 reaction steps). In the second approach, the linear precursor peptide was
subjected to ring-closing metathesis and the bicyclic peptide with the correct side chain connectivity
pattern was obtained in yields up to 95%. The preferred formation of the bicyclic crossed alkene-bridged
mimic of the DE-ring suggests a favorable pre-organization of the linear precursor peptide.

Introduction

The antimicrobial peptide nisin Z belongs to the lantibiotics
which form an important natural class of antibiotics." A general
feature of the lantibiotics is the presence of lanthionine residues
as the cyclic constraint to give the peptide its specific bioactive
conformation (Fig. 1).> The lanthionine moiety is introduced
via an enzymatically-assisted,® posttranslational modification via
a chemoselective Michael-addition of a cysteine residue toward
a dehydrated serine (dehydroalanine, Dha) or a dehydrated
threonine (dehydrobutyrine, Dhb) residue to give the lanthionine
(Lan) or the 3-methyllanthionine (MeLan) moiety, respectively
(Fig. 2).*

The lanthionine moiety or thioether (sulfide) bridge as a natural
constraint in bioactive peptides can be replaced by an alkene-
or alkyne-bridge in order to increase the metabolic stability of
the newly designed peptide-derived antibiotics. Recently, it was
shown by us that such thioether bridges could successfully be
replaced by either alkene/alkyne-bridges or by a combination of
both alternative conformational constraints.>*

In the DE-ring system of nisin the amino acid side chains cross
each other (connectivity pattern: [1—4], [3—6]) implying that an
alkene mimic of this ring system may be difficult to synthesize.” The
most straightforward route towards the crossed alkene-bridged
DE-ring mimic is a direct synthesis from the linear peptide RCM-
precursor containing the required allylglycine residues. However,
it was assumed that this approach may result in a complex reaction
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mixture of three bicyclic products, in addition to monocyclic in-
termediates, starting material and alkene-isomerization products.
From such a mixture the desired product would have be isolated
and its structure proven, a non-trivial task.

Hence, a step-wise approach was developed; it was consid-
ered that this would more likely lead to the desired crossed
alkene-bridged DE-ring mimic. The planned route featured cross
metathesis® and macrolactamization reactions on a solid support,
followed by a RCM reaction in solution. As such this represents the
first example of RCM being applied for the synthesis of a crossed
alkene-bridge®'® to obtain mimics of thioether-bridges containing
lantibiotics.

Results and discussion

The envisaged route (Scheme 1) started by attachment™ of Fmoc-
Alg-OH to plain Argogel® (resin 1), enabling the determination of
the loading."? The Fmoc group was replaced by a Boc functionality
(resin 2) to introduce orthogonality of the protecting groups (vide
infra). Then, the putative alkene-bridge of ring E was synthesized
by a cross metathesis in the presence of 2nd generation Grubbs’
catalyst’® (Fig. 3) in 1,1,2-trichloroethane at 60 °C with Fmoc-
Alg-OH and resin 2.

Fortunately, it was found that protection of the carboxyl moiety
of the Fmoc-protected allylglycine residue was not required, since
this would complicate the synthesis substantially. At this stage of
the synthesis (resin 3), a third orthogonal protecting group was
necessary. Therefore, after removal of the Fmoc group, azidoala-
nine hydroxysuccinimide ester (N;-Ala-ONSu) was coupled, in
which the azide was a masked amino group, orthogonal to the
Fmoc and Boc-group.'* This enabled us to complete the peptide
sequence of ring E (resin 4—6). The advantage of succinimide
esters in this and the next steps is that they can be used in the
presence of a free carboxylic acid moiety. Next, acidolysis of the
Boc-group by TFA was followed by coupling of Fmoc-Asn(Trt)-
ONSu. After removal of the Fmoc-group (resin 5), Fmoc-Alg-
ONSu was coupled to obtain resin 6.
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Fig. 1 Amino acid sequence of nisin Z and its alkene-bridged mimic, the crossed DE-ring system is shown in more detail.
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Fig. 2 Structures of the (25,6 R)-lanthionine and (25,3S,6R)-3-methyllanthionine moieties and their corresponding alkene-bridged mimics formed by
(S)-2-amino-4-pentenoic acid, (R)-2-amino-4-pentenoic acid and (2R,3 R)-2-amino-3-methyl-4-pentenoic acid. (Note: The stereochemistry of the chiral
centers is the same, their R/S configuration designations are opposite due to the CIP rules.)
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Fig. 3 Structures of the first (I) and second (II) generation Grubbs’
ring-closing metathesis catalyst.

Now, the sequence of the E-ring (resin 6) was completed and
at this stage, the Fmoc group was removed followed by extensive
washing with DIPEA to remove any residual piperidine in order to
avoid truncation resulting from formation of a piperidinyl amide.
Lactamization between residues Alg3 and Alg4 to complete ring E
was performed on the resin with HATU-HOAt-DIPEA in DMF*
which resulted in resin 7. Reduction of the azide functionality
under Staudinger conditions gave the free amine.'* Finally, Boc-
Alg-OH was coupled with BOP-DIPEA and then the resulting
resin was treated with a catalytic amount of KCN in methanol to
give the monocyclic fully protected peptide ester 8 in 11% overall
yield after purification (86% on average per reaction step).

The correct side chain to side chain connectivity of ring E was
confirmed by NMR analysis and the correct fragmentation pattern
was found by mass analysis (LCES-TOF MS-MYS) (Fig. 4).'¢

Peptide 8 was treated with 2nd generation Grubbs’ catalyst to
give the desired bicyclic peptide 9 in 50% yield. NMR analysis ('H-

500 MHz, COSY, TOCSY and ROESY) in combination with MS-
MS experiments proved that the correct ring structure was formed
and thus that the previously introduced alkene bridge of the E-ring
was not converted into different metathesis products. Based on
their distinct spin system, Ala2 and Asn5 could be assigned in first
instance (Fig. 5A, upper and middle panel). Furthermore, three
ROE:s (Fig. 5A, lower panel) were visible which provided sequen-
tial assignments. ROE-1 is a cross peak between the NH of Ala2
and the aCH of Algl, ROE-2 is a cross peak between the NH of
Alg4 and the aCH of Alg3, and ROE-3 is a cross peak between the
NH of Alg6 and the aCH of Asn5 (Fig. 4). The TOCSY data (the
whole spectrum is given in Fig. 1 of the Supporting Informationy)
proved the correct side chain connectivity pattern (Fig. 5B).

Since we had now the desired bicyclic 9 as a reference available,
it was possible to evaluate the feasibility of the ‘straightforward’
approach using linear precursor peptide 10 directly in RCM
(Scheme 2).

Protected peptide 10 was obtained after solid phase peptide syn-
thesis using Fmoc—'Bu protocols followed by purification in 69%
yield. This peptide was now treated with 2nd generation Grubbs’
catalyst. After 2 h a sample was taken from the reaction mixture
and the catalyst was immediately removed by filtration over a small
silica plug. The remaining reaction mixture was refluxed overnight
after addition of more catalyst. First, the reaction intermediates in
the sample were analyzed and purified by HPLC and characterized
by LCES-TOF MS-MS." The observed mass in combination with
the obtained fragmentation pattern enabled the elucidation of the
structure of the formed monocylic intermediates.
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MS/MS fragmentation pattern of 8:

Proton-proton interactions (ROESY/TOCSY spectra) of 9:
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Fig. 4 MS-MS fragmentation pattern of peptide 8'® and the observed y-proton and ROESY sequential connectivities evidencing the correct bicyclic
structure of 9.
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Scheme 2 Intermediates in the one step double ring-closing metathesis pathway of the alkene bridged DE-ring mimic. (Note: Before the peptide could
be characterized by MS-MS, both protecting groups (Boc and Trt) were removed by treatment with TFA. This treatment is represented by (2. TFA) and

is carried out for analysis purposes only (also in Schemes 3 and 4).)

Theoretically, six monocyclic intermediates could have been
formed, however, only four (8, 11-13) corresponding to the [3,6],
[1,4], [4,6] and [1,6] RCM products were found (Scheme 2).
Remarkably, the [1,3] RCM-product was not observed, whereas
the [4,6] RCM product was. Absence of the [3,4] RCM product

might be explained by reluctance of the trans-amide bond to
assume a cisoid geometry necessary for the eight membered ring
of this product.!” The unique fragmentation pattern of each RCM-
product enabled unambiguous determination of the position of the
cyclic constraint.'® The ratio of product formation 8 : 11 :12: 13
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Fig. 5 (A) The upper panel (CBH-NH cross-peaks) and middle panel
(CaH-NH cross-peaks) are expansions of the TOCSY spectrum of bicyclic
peptide 9. The lower panel is a part of the ROESY spectrum of bicyclic
peptide 9. The observed sequential Co /-NH connectivities are indicated.
(B) Expansion of the TOCSY spectrum of bicyclic peptide 9 showing the
y-proton connectivities of Algd-Algl and Alg3-Alg6 which proves the
bicyclic structure of 9.

was found to be circa 1 : 4 : 1 : 2 and thus the reaction
mixture contained approximately 60% of the desired intermediates
8 and 11. A pure statistical distribution—assuming the formation
of six possible RCM-products—would only have resulted in
formation of approximately 33% of 8 and 11. Molecular mechanics
calculations were in agreement with the preferential formation of
8 and 11, since the energy of these intermediates appeared to be
significantly lower."

Next, the products obtained after refluxing overnight were
isolated and purified. Only two of the three possible bicyclic
compounds—based on the formed monocyclic compounds in
the reaction mixture sample—were observed. Both monocyclic
products 8 and 11 cyclized to the desired bicyclic product 9.
Intermediate 12 cyclized to product 14 i.e. the [1,3]-[4,6] product.
Not unexpectedly, (vide supra) [1,6] product 13 was not converted
to a bicycle, since this would require formation of a [3.4] cycle,
which is probably difficult. Thus, the desired bicyclic product was
obtained in 72% yield as compared to only 19% of one other
bicyclic product (14). The preferred formation of monocyclic
products 8 and 11 and the ensuing bicyclic product hints at a
favorable pre-organization of the linear peptide for formation the
DE-ring alkene mimic, which in view of their ring size (two 14-
membered rings) might be close to an o-helical structure.? Tt is
tempting to speculate that this pre-organization might also play a
role in construction of the natural DE-ring system in nisin itself.

The natural DE-ring is a pair of (2S5,3S,6R)-3-methyllanthio-
nine with a crossed side chain to side chain connectivity pattern
(Fig. 1 and 2). This implies that the stereochemistry of each
amino acid forming the 3-methyllanthionine moiety corresponds
to that of (25,3S)-threonine (= D-Thr) and (R)-cysteine (= L-Cys).
Along these lines, two additional mimics of the DE-ring have been
designed, the first one, bicyclic peptide 17 (Scheme 3), has the same
stereochemistry as nisin at the o-position and is therefore derived
from D-allylglycine at residues 1 and 3. The second one, bicyclic
peptide 21 (Scheme 4), has in addition the same stereochemistry
at the B-position ((2R,3R)-2-amino-3-methyl-4-pentenoic acid =
D-Alg(R-BMe)(D-Amp) as nisin at residue 1 and 3).*!

Precursor peptide 15 with D-allylglycine residues at position 1
and 3 respectively, was synthesized on the solid phase in 90%
yield (Scheme 3). This peptide was treated with 2nd generation
Grubbs’ catalyst and after 2 h a sample was drawn, purified over
silica gel and analyzed by MS-MS. The remaining reaction mixture
was refluxed for additional 16 h after addition of more catalyst.
Mass analysis of the sample showed a single peak apparently
corresponding to a bicyclic peptide with crossed side chains, since
MS-MS did not result in peptide fragment ions. On HPLC, three
major peaks could be identified which converged into one single
peak after hydrogenolysis of the sample. NMR analysis proved the
homogeneity of the hydrogenated sample. These results suggested
that ring-closure of 15 resulted in a mixture of, at least, three
cis/trans isomers of a single bicyclic peptide.

Also with this bicyclic peptide 17, '"H TOCSY and ROESY
experiments were performed to determine the connectivity pattern
of the side chains (see Fig. 2 of the Supporting InformationZ).
Three ROEs (Fig. 4) (different from those found in 9) provided
sequential assignments. ROE-1 is a cross peak between the NH of
Ala2 and the aCH of D-Algl, ROE-2 is a cross peak between the
NH of D-Alg3 and the aCH of Ala2, and ROE-3 is a cross peak
between the NH of Alg6 and the aCH of Asn5. The TOCSY data
proved the correct side chain connectivity pattern (see Fig. 3 of the
Supporting Informationf). Thus, from these experiments it can be
concluded that RCM of 15 resulted predominantly (>95%) in the
desired bicyclic peptide 17 in less than 2 h reaction time (Fig. 4).

As an additional proof, precursor peptide 15 was also treated
with the Ist generation Grubbs’ catalyst* (Fig. 3). After 2 h, an
aliquot of the reaction mixture was analyzed (while the remaining
reaction mixture was refluxed overnight after the addition of
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Scheme 3 RCM-intermediates starting from peptide 15.

more catalyst) and only two products were identified: monocyclic
intermediate 16 and bicyclic peptide 17 (Scheme 3). However,
after refluxing overnight, both peptides were still present in a
ratio 16 : 17 of 1 : 2. Apparently, ring-closing with the less
reactive 1st generation Grubbs’ catalyst did not result in complete
conversion. Moreover, monocyclic intermediate 16, corresponding
to RCM product [1,4], is probably preferred since this intermediate
product was also predominantly formed in the double ring-closing
metathesis reaction of peptide 10 (Scheme 2).

Finally, precursor peptide 18 was synthesized in which (2R,3 R)-
2-amino-3-methyl-4-pentenoic acid® (D-Alg(R-BMe); D-Amp)
was incorporated at positions 1 and 3 (Scheme 4) correspond-
ing to the stereochemistry of the o- and B-carbons in the 3-
methyllanthionine residue of native nisin Z.

Treatment of peptide 18 with 2nd generation Grubbs’ catalyst
resulted predominantly in the formation of monocyclic peptide
19 (>90%) with the incorrect [4,6] connectivity pattern and
the desired, correctly folded [3,6] monocyclic intermediate was
isolated in only 5%.

Preference for the formation of 19 can be explained by the
reduced steric hindrance in the RCM reaction, since in formation
of either the [1,4] or [3,6] RCM product a B-substituted allylglycine
derivative has to be incorporated. The decreased reactivity of B-
substituted allylglycine compared to allylglycine in RCM has been
recently described in the literature.** Longer reaction times did not
change the outcome of this one step double ring-closing metathesis
pathway. Monocyclic intermediate 19 did not react further since

two B-substituted allylglycine residues were sterically too hindered
for any subsequent RCM reaction. However, correctly folded
intermediate product 20 was converted into bicyclic peptide 21,
unfortunately, this product was formed in very small amounts
(as judged by LC-MS-MS) which hampered isolation and further
analysis and characterization.

To address the issue whether an alkene-bridge is a good mimic
of the thioether moiety of the lanthionine functionality, modeling
studies using MacroModel® were carried out. The conformational
search for obtaining the global minimum of compounds 9, 17
and 21 was carried out in chloroform since, the ring-closing
metathesis reactions as well as the NMR experiments were carried
out in comparable apolar solvents. From each structure the energy
content (kJ mol™!) of the global minimum of the E.E; E.Z; Z E
and the Z,Z geometry of the double bond was calculated and are
shown in Table 1.

In compound 9, with all-L stereochemistry of the peptide
backbone, the order of energy content was: Z,Z ~ E.Z < E.E
& Z,E. In the case of compound 17, with the same backbone
stereochemistry as nisin, this rank order was found to be exactly
reversed: Z,E < E,E K E,Z < Z,7Z. Not unexpectedly, if 17 was
compared with compound 21, with the same backbone and side
chain stereochemistry as nisin, the order of energy content of the
four E/Z conformers was nearly identical: Z,F < E.E~ Z,7Z ~
EZ

In contrast to formation of 9, ring-closing metathesis leading to
17 was very fast and efficient since no side products with undesired

This journal is © The Royal Society of Chemistry 2007
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Scheme 4 RCM-intermediates starting from peptide 18.

Table 1 Modeling studies using MacroModel® of the bicyclic alkene-
bridged DE-ring mimics of nisin

Compound* Double bond geometry Energy (kJ mol™")
9 EE 291.8
9 EZ 286.2
9 Z,E 298.5
9 zZ,Z 285.9
17 EE 263.2
17 EZ 276.1
17 Z,E 261.3
17 z,Z 279.8
21 EE 312.1
21 EZ 314.6
21 Z,E 299.9
21 z,7 313.5
Native nisin DE — 298.1

“The conformational search to obtain the global minimum was carried
out with N“-acetylated hexapeptide methyl ester derivatives with a free
asparagine side chain.

different side-chain to side-chain connectivities were found. In
general, the energy content of the isomers of 17 were significantly
lower than those of 9 (261.3 respectively 285.9 kJ mol~") which
may partially explain the faster and more selective RCM reaction.

Thereis a good superimposition of the lowest energy conformers
of each RCM product (9(Z,2), 17(Z,E) and 21(Z,E)) with the
DE-ring system of native nisin as is shown in Fig. 6. The overlay

was based on the superimposition of carbon atoms oCl1, aC3,
aC4 and aC6 of each derivative. The following RMS-values were
calculated: 9(Z,Z)-native nisin DE: 0.79 A, 17(Z,E)-native nisin
DE: 1.27 A and 21(Z,E)-native nisin DE: 1.43 A. These results as
well as the overall view of the superimposition may imply that an
alkene-bridge is at least a reasonable mimic of a thioether moiety.

9(Z,2)/native DE

17(Z,E)/native DE

anirﬂ,]ﬁm (0? mﬂoﬂ\

21(Z,E)/native DE

‘NHH

Is} /L___‘_i‘ _—
s
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N
— CONH;

Fig. 6 Superimposition of the lowest energy conformers of bicyclic
alkene-bridged mimics 9, 17 and 21 with the native DE-fragment. The
overlay was based on the superimposition of carbon atoms aCl, aC3, aC4
and aC6 of each derivative.
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In conclusion, we have prepared three alkene-bridged mimics
of the structurally most challenging part of the nisin Z sequence
comprising the DE-ring system. The stepwise total synthesis
featuring a cross metathesis and a macrolactamization on the solid
support followed by a ring-closing metathesis in solution resulted
in the first DE-ring mimic (all-L stereochemistry) with an overall
yield of 7% (85% on average for 16 reaction steps). In view of
the complexity of the products, this approach was an absolute
prerequisite for obtaining the necessary reference compound in
order to evaluate whether RCM of linear peptide RCM-precursors
would also lead to the desired mimics. Indeed, it was found that
there was a preferred formation of the intermediate monocyclic
mimic, resulting in a preferred formation of the bicyclic alkene
mimic (all-L stereochemistry), which might be explained by
invoking a certain degree of pre-organization of linear peptide
RCM-precursor. This was further evidenced by two additional
ring-closing metathesis reactions. A second DE-ring mimic was
synthesized, addressing the same backbone-stereochemistry as in
native nisin, and this peptide was found to undergo the double
RCM reaction leading to a single compound with the correct
[1—4], [3—6] side chain connectivity pattern with an increased
overall yield (95%) compared to the all-L derivative. However, the
precursor peptide corresponding to the stereochemistry of the o-
and B-carbons in the 3-methyllanthionine residues of the native
DE-ring system in nisin Z, cyclized only in trace amounts into a
third DE-ring mimic since the B-substituted allylglycine residues
were sterically too hindered for efficient RCM reaction.

Experimental

For general methods and procedures and details of the computa-
tional modeling, see the Supporting Informationj.

Cross metathesis reaction

ArgoGel-OH resin was loaded with Fmoc-Alg-OH using the
method of Sieber."! The Fmoc group enabled determination of the
loading and also the efficiency of the coupling reaction.’* Fmoc-
Alg-O-ArgoGel® (0.36 mmol g, 0.7 g, 0.25 mmol) was washed
with DCM (3 x 10 mL, 2 min) and DMF (3 x 10 mL, 2 min).
The Fmoc group was removed by treatment with 20% piperidine
in DMF (3 x 10 mL, 8 min) and the resin was subsequently
washed with DMF (3 x 10 mL, 2 min), DCM (3 x 10 mL, 2 min)
and DMF (3 x 10 mL, 2 min). Reprotection of the free amine
was performed with Boc,O (764 mg, 3.5 mmol) in DMF (10 mL)
in the presence of DIPEA (1.2 mL, 4.7 mmol) for 2 h at room
temperature. The deprotection—reprotection steps were monitored
with the Kaiser test.?® The resin containing Boc-Alg-O-ArgoGel
was washed with DMF (3 x 10 mL, 2 min), and DCM (3 x 10 mL,
2 min). The obtained resin was swelled in 1,1,2-trichloroethane
(20 mL), Fmoc-Alg-OH (768 mg, 2.28 mmol) was added and the
reaction mixture was purged with N, at 60 °C for 20 min. Then,
2nd generation Grubbs’ catalyst (129 mg, 0.16 mmol) was added
and the obtained reaction mixture was allowed to react overnight
at 60 °C under a nitrogen atmosphere. Subsequently, the resin was
washed with DCM (6 x 10 mL, 2 min) and diethyl ether (3 x
10 mL, 2 min) and dried under vacuum. The yield of the cross-
metathesis reaction was calculated from an Fmoc determination*?
and was found to be 56% (0.20 mmol g7).

Synthesis of the monocyclic peptide 8
(Boc-Alg’-Ala’-cyclo(3— 6)[Alg’-Alg’-Asn(Trt)’-Alg’]-OMe)

The resin loaded with the cross-metathesis product (0.7 g,
0.14 mmol) was washed with DCM (3 x 10 mL, 2 min) and DMF
(3 x 10mL, 2 min), subsequently, the Fmoc group was removed by
treatment with 20% piperidine in DMF (3 x 10 mL, 8 min) and the
resin was washed with DMF (3 x 10 mL, 2 min), DCM (3 x 10mL,
2 min) and DMF (3 x 10 mL, 2 min). The resin was suspended
in DMF (15 mL) and N;-Ala-OSu'?* (80 mg, 0.68 mmol) was
coupled to the free amine in the presence of DIPEA (215 puL,
1.2 mmol). After 2 h the resin was washed with DMF (3 x 10 mL,
2 min) and DCM (3 x 10 mL, 2 min), and the resin was suspended
in TFA-DCM (10ml, 1: 1 v/v) for 20 min to remove the Boc group.
Subsequently, the resin was washed with DCM (6 x 10 mL, 2 min),
DIPEA-DCM (1:9v/v;3 x 10mL, 2min)and DCM (3 x 10mL,
2 min). Then, Fmoc-Asn(Trt)-OSu (695 mg, 1.0 mmol) in DMF
(10 mL) followed by DIPEA (215 uL, 1.2 mmol) were added. After
1 h the coupling was complete according to the Kaiser test. The
resin was washed with DMF (3 x 10 mL, 2 min), DCM (3 x
10 mL, 2 min) and DMF (3 x 10 mL, 2 min) and the Fmoc group
was removed with piperidine in DMF (1:4v/v; 3 x 10 mL, 8 min).
After washing with DMF (3 x 10 mL, 2 min), DCM (3 x 10 mL,
2 min) and DMF (3 x 10 mL, 2 min), Fmoc-Alg-ONSu (438 mg,
1.0 mmol) was coupled for 1 h. After Fmoc removal and washing of
the resin, an extra washing step with DIPEA-DMF (1:9 v/v; 3 x
10 mL, 2 min) was carried out to remove any residual piperidine
salt. The macrocyclization was carried out with HATU? (176 mg,
0.46 mmol), HOAt* (63 mg, 0.46 mmol) in the presence of DIPEA
(241 pL, 1.4 mmol) in DMF (10 mL) in 16 h at room temperature
to obtain the ring E. The resin was washed with DMF (5 x 10 mL,
2 min) and all remaining free amines were acetylated with acetic
anhydride (47 uL, 0.5 mmol) with pyridine (81 pL, 1.0 mmol)
as base in DMF (5 mL) for 30 min subsequently followed by
extensive washing of the resin with DMF (3 x 10 mL, 2 min),
DCM (3 x 10 mL, 2 min), DMF (3 x 10 mL, 2 min) and dioxane
(3 x 10 mL, 2 min). The N-terminal azide was converted into the
corresponding amine by treatment with trimethylphosphine (1 M
in toluene; 1.5 mL, 1.5 mmol) in dioxane-H,O (4 : 1 v/v) for 1 h.
Then, the resin was washed with dioxane (6 x 10 mL, 2 min), DCM
(3 x 10 mL, 2 min) and DMF (3 x 10 mL, 2 min) followed by
the addition of Boc-Alg-OH (151 mg, 0.7 mmol), BOP (310 mg,
0.7 mmol) and DIPEA (244 uL, 1.4 mmol) in DMF (10 mL).
After 1 h, the resin was washed with DMF (3 x 10 mL, 2 min),
DCM (3 x 10 mL, 2 min), DMF (3 x 10 mL, 2 min) and MeOH
(3 x 10 mL, 2 min). The peptide was cleaved from the resin by
a catalytic amount KCN in methanol (15 mL) during 16 h. The
resin was filtered and washed with methanol (3 x 10 mL). The
filtrate was concentrated in vacuo and the residue was purified by
column chromatography with DCM-MeOH as eluent (97 : 3 —
9:1v/v) followed by preparative HPLC to yield 16.1 mg (overall
yield 11%, average yield per step: 86%) of pure monocyclic peptide
8. R;: 0.51 (DCM-MeOH 9 : 1 v/v)®; R.: 18.1 min; EI-MS: m/z
920.75[M + H]*,942.90 [M + Na]*, 820.65[(M — C;H;0O,) + H|*;
'"H NMR (CDCl,-CD;OH 14.5 : 1 v/v at 283 K, 500 MHz):
o Algl: 5.62 (m, 1H, yCH), 542 (d (J 6.99 Hz), 1H, NH),
5.06 (m, 2H, 6CH,), 4.09 (m, 1H, aCH), 2.45 (m, 2H, BCH,),
1.41 (s, 9H, (CH;);-Boc); Ala2: 7.44 (d (J 6.99 Hz), 1H, NH),
4.34 (m, 1H, aCH), 1.28 (d (J 7.02 Hz), 3H, BCH;); Alg3: 7.62
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(d (J 6.99 Hz), 1H, NH), 5.18 (m, 1H, yCH), 4.36 (m, 1H, aCH),
2.50/2.36 (double m, 2H, BCH.,); Alg4: 7.83 (d (J 8.0 Hz), 1H,
NH), 5.62 (m, 1H, yCH), 5.06 (m, 2H, 8CH,), 4.26 (m, 1H, aCH),
2.46 (m, 2H, BCH,); Asn(Trt)5: 7.82 (d (J 6.99 Hz), IH, CONH),
7.62 (s, 1H, CONHTrt), 7.30-7.15 (br m, 15H, arom H Trt), 4.70
(m, 1H, aCH), 3.11/2.46 (double m, 2H, BCH,); Alg6: 6.87 (d (J
7.5 Hz), 1H, NH), 5.18 (m, 1H, yCH), 4.83 (m, 1H, aCH), 3.72 (s,
3H, COOCHj3), 2.60/2.09 (double m, 2H, BCH,).

Synthesis of the bicyclic peptide 9 (Boc-bicyclo(1—4,3— 6)[Alg’-
Ala’-Alg’-Alg?-Asn(Trt)’-Alg’]-OMe)

Peptide 8 (7 mg, 8 umol) was dissolved in DCM (3 mL) and
refluxed in a nitrogen atmosphere during 30 min then followed by
the addition of 2nd generation Grubbs’ catalyst (1 mg, 1.1 pmol)
and the reaction mixture was allowed to react for 4 h. The
solvent was removed in vacuo and the residue was purified by
column chromatography with DCM-MeOH as eluent (97 : 3 —
9 : 1 v/v) to obtain bicyclic peptide 9 in 50% (4 mg) yield. R
0.42 (DCM-MeOH 9 : 1 v/v); R;: 17.1 min; EI-MS: m/z 892.80
[M + HJ, 915.60 [M + Na]*; '"H NMR (CDCl;-CD;OH 14.5 :
1 v/vat283 K, 500 MHz): d Algl: 5.77 (d, 1H, NH), 5.40 (m, 1H,
vCH), 4.18 (m, 1H, oCH), 2.53/2.37 (double m, 2H, BCH,), 1.45
(s, 9H, (CH;);-Boc); Ala2: 7.86 (d, 1H, NH), 4.21 (m, 1H, aCH),
1.35 (double d (J 7.02 Hz), 3H, BCH,); Alg3: 7.32 (d, 1H, NH),
5.32 (m, 1H, yCH), 4.15 (m, 1H, aCH), 2.53/2.21 (double m, 2H,
BCH,); Alg4: 8.10 (d, 1H, NH), 5.48 (m, 1H, yCH), 4.30 (m, 1H,
oCH), 2.68/2.06 (double m, 2H, BCH,); Asn(Trt)5: 7.94 (d, 1H,
CONH), 7.57 (s, IH, CONHTrt), 7.31-7.18 (br m, 15H, arom H
Trt), 4.82 (m, 1H, aCH), 3.23/2.51 (double m, 2H, BCH,); Alg6:
6.73 (d, 1H, NH), 5.12 (m, 1H, yCH), 4.84 (m, 1H, aCH), 3.75 (s,
3H, COOCH,), 2.67/1.96 (double m, 2H, BCH,).

Boc-Alg’-Ala?-Alg’-Alg?-Asn’ (Trt)-Alg’-OMe (10)

Peptide 10 was synthesized on an Applied Biosystems 433A
peptide synthesizer using the FastMoc protocol® on Fmoc-Alg-
0O-ArgoGel® on a 0.25 mmol scale. Each synthetic cycle consisted
of N*-Fmoc removal by a 10 min treatment with 20% piperidine in
NMP, a 6 min NMP wash, a 45 min coupling step with 1.0 mmol
of preactivated Fmoc amino acid in the presence of 2 equivalents
DIPEA, and a 6 min NMP wash. N“-Fmoc amino acids were
activated in situ with 1.0 mmol HBTU-HOBt* (0.36 M in NMP)
in the presence of DIPEA (2.0 mmol). The peptide was detached
from the resin by treatment with a catalytic amount of KCN in
MeOH. After washing the resin with MeOH (3 x 10 mL) the
filtrate was concentrated in vacuo and the residue was purified by
column chromatography with DCM-MeOH as eluent (97 : 3 —
9 :1v/v) to yield 187 mg (69%) of the linear peptide 10. R
0.57 (DCM-MeOH 9 : 1 v/v); R;: 18.9 min; EI-MS m/z 948.65
[M + H]", 970.70 [M + Na]*; '"H NMR (CDCl;-CD;OH 14.5 :
1 v/v at 283 K, 500 MHz): 6 Algl: 5.67 (m, 1H, yCH), 5.50 (d (J
6.99 Hz), 1H, NH), 5.07 (d (/ 11.5 Hz), 2H, 6CH,), 4.06 (m, 1H,
aCH), 2.48/2.31 (double m, 2H, BCH,), 1.44 (s, 9H, (CH;);-Boc);
Ala2: 7.55 (d (J 6.99 Hz), |H, NH), 4.22 (m, 1H, a«CH), 1.28 (d
(J 7.02 Hz), 3H, BCHs;); Alg3: 7.43 (d (J 6.99 Hz), 1H, NH), 5.67
(m, 1H, yCH), 5.07 (d (J/ 11.5 Hz), 2H, 6CH,), 4.21 (m, 1H, oCH),
2.56/2.43 (double m, 2H, BCH,); Alg4: 7.34 (d (J 6.99 Hz), 1H,
NH), 5.67 (m, 1H, yCH), 5.07 (d (J 11.5 Hz), 2H, 3CH,), 4.35

(m, 1H, aCH), 2.53/2.31 (double m, 2H, BCH,); Asn(Trt)5: 7.90
(s, IH, CONHTrt), 7.69 (d, 1H, CONH), 7.27-7.19 (br m, 15H,
arom H Trt), 4.74 (m, 1H, aCH), 2.88/2.78 (double m, 2H, CH,);
Alg6: 7.55(d (J 6.99 Hz), 1H, NH), 5.67 (m, 1H, yCH), 5.07 (d (J
11.5 Hz), 2H, 8CH,), 4.47 (m, 1H, aCH), 3.70 (s, 3H, COOCH;),
2.46/2.42 (double m, 2H, BCH,).

Boc-D-Alg’-Ala’-p-Alg?-Alg’-Asn’(Trt)-Alg’-OMe (15)

Peptide 15 was synthesized on an Applied Biosystems 433A
peptide synthesizer using the FastMoc protocol® on Fmoc-Alg-
0O-ArgoGel® on a 0.25 mmol scale as described for 10. Peptide
15 was purified by column chromatography with DCM-MeOH as
eluent (95 : 5 v/v) to yield 224 mg (90%). R;: 0.57 (DCM-MeOH
9:1v/v); R:35.9 min*; EI-MS m/z948.55[M + H]*,970.70 [M +
Na]*; '"H NMR (CDCI1,-CD;OH 14.5: 1 v/v at 283 K, 500 MHz):
0 D-Algl: 5.93/5.73 (m, 1H, yCH), 5.75 (m, 1H, NH), 5.14/5.01
(double m, 2H, 6CH,), 4.14 (m, 1H, aCH), 2.52/2.17 (double m,
2H, BCH,), 1.44 (s, 9H, (CH;);-Boc); Ala2: 7.54 (m, 1H, NH), 4.14
(m, 1H,aCH), 1.23(d (J 7.02 Hz), 3H, BCH,); D-Alg3: 7.54 (m, 1 H,
NH), 5.93/5.73 (double m, 1H, yCH), 5.14/5.01 (double m, 2H,
S8CH,), 4.14 (m, 1H, aCH), 2.52/2.17 (double m, 2H, BCH,); Alg4:
7.54 (m, 1H, NH), 5.93/5.73 (double m, 1H, yCH), 5.14/5.01
(double m, 2H, 8CH,), 4.14 (m, 1H, aCH), 2.52/2.17 (double m,
2H, BCH,); Asn(Trt)5: 7.96 (d, 1H, NH), 7.88 (s, lH, CONHTrt),
7.27-7.17 (br m, 15H, arom H Trt), 4.72 (m, 1H, aCH), 2.71 (m,
2H, BCH,); Alg6: 7.62 (d, 1H, NH), 5.93/5.73 (double m, 1H,
yCH), 5.14/5.01 (double m, 2H, 6CH,), 4.44 (m, 1H, aCH), 3.70
(s, 3H, COOCH,), 2.52/2.17 (double m, 2H, BCH,).

Synthesis of the bicyclic peptide 17 (Boc-bicyclo(1—4,3— 6)[D-
Alg’-Ala’-p-Alg’-Alg?-Asn(Trt)’-Alg’]-OMe)

Peptide 15 (67 mg, 70 umol) was dissolved in 1,2-dichloroethane
(25 mL) and heated to 60 °C in a nitrogen atmosphere during
30 min then followed by the addition of 2nd generation Grubbs’
catalyst (11 mg, 13 pmol) and the reaction mixture was allowed
to react for 2 h. A sample was taken from the reaction mixture
and the catalyst was immediately removed by filtration over a
small silica plug. The remaining reaction mixture was allowed to
react overnight after addition of more catalyst (7 mg, 8 pmol).
The solvent was removed in vacuo and the residue was purified by
column chromatography with DCM-MeOH as eluent (97 : 3 —
9 : 1 v/v) and isolated in 80% yield (50 mg). Ry 0.53 (DCM-
MeOH9: 1 v/v); R;: 27.3 min*'; EI-MS m/z 892.8 [M + H]*,915.5
[M + Na]*; '"H NMR (CDCL;,-CD;OH 14.5 : ml v/v at 283 K,
500 MHz): 0 D-Algl: 6.52 (br s, 1H, NH), 5.45/5.32 (double m,
1H, yCH), 4.44 (m, 1H, oCH), 2.73/2.27 (double m, 2H, BCH,),
1.51 (s, 9H, (CH;);-Boc); Ala2: 7.01 (br s, 1H, NH), 4.01 (m, 1H,
aCH), 1.05 (d (J 7.02 Hz), 3H, BCHj;); p-Alg3: 8.00 (m, 1H, NH),
5.22/4.69 (double m, 1H, yCH), 4.57 (m, 1H, aCH), 2.73/2.02
(double m, 2H, BCH,); Alg4: 6.66 (d (J 6.99 Hz), 1H, NH),
5.45/5.32 (double m, 1H, yCH), 4.57 (m, 1H, aCH), 2.80/2.26
(double m, 2H, BCH,); Asn(Trt)5: 8.00 (m, 1H, NH), 7.58 (s, 1H,
CONHTrt), 7.25-7.18 (br m, 15H, arom H Trt), 4.78 (m, 1H,
aCH), 3.24/2.87 (br m, 2H, BCH,); Alg6: 6.72 (d (J 6.99 Hz), 1H,
NH), 5.22/4.69 (double m, 1H, yCH), 4.68 (m, 1H, aCH), 3.74 (s,
3H, COOCH,), 2.54/2.01 (double m, 2H, BCH,).
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Boc-D-Alg(R-pMe)’-Ala’-p-Alg(R-fMe)’-Alg?-Asn’ (Trt)-Alg’-
OMe (18)

Peptide 18 was obtained with a yield of 82% (210 mg). R;: 0.64
(DCM-MeOH 9 : 1 v/v); R;: 18.9 min; EI-MS m/z 976.8 [M +
HJ*, 999.55 [M + Na]*; '"H NMR (CDCl;-CD,OH 14.5 : 1 v/v
at 283 K, 500 MHz):0 D-Alg(R-pMe)l: 5.70/5.56 (double m, 1H,
yCH), 5.46 (d (J 6.99 Hz), 1H, NH), 5.11/5.03 (double m, 2H,
6CH,), 4.04 (m, 1H, aCH), 2.81/2.36 (double m, 1H, BCH), 1.44
(s, 9H, (CH;);-Boc), 1.06 (d (J 6.87 Hz), 3H, Y CH,); Ala2: 7.87 (d
(J6.99 Hz), IH, NH), 4.32 (m, 1H, aCH), 1.26 (d (J 7.02 Hz), 3H,
BCH,;); p-Alg(R-BMe)3: 7.32 (d (J 6.99 Hz), 1H, NH), 5.70/5.56
(double m, 1H, yCH), 5.11/5.03 (double m, 2H, 6CH,), 3.89 (m
1H, aCH), 2.81/2.36 (double m, 1H, BCH), 0.99 (d (J 6.87 Hz),
3H, y'CH;); Algd: 7.45(d (J 6.99 Hz), 1H, NH), 5.70/5.56 (double
m, 1H, yCH), 5.11/5.03 (double m, 2H, 6CH,), 4.42 (m, 1H, aCH),
2.81/2.36 (double m, 2H, BCH,); Asn(Trt)5: 7.90 (d (J 6.99 Hz),
1H, NH), 7.87 (s, 1H, CONHTrt), 7.28-7.18 (br m, 15H, arom
H Trt), 4.71 (m, 1H, aCH), 2.93 (m, 2H, BCH,); Alg6: 7.60 (d
(J 6.99 Hz), 1H, NH), 5.70/5.56 (double m, 1H, yCH), 5.11/5.03
(double m, 2H, 6CH,), 4.42 (m, 1H, aCH), 3.70 (s, 3H, COOCH,),
2.81/2.36 (double m, 2H, BCH,).
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A short protocol for the practical scale synthesis of several
o-borono-o-amino acids is described via the alkylation of
benzophenone glycinimines with various electrophiles.

Boronic acids —-B(OH), often function as inhibitors for various
enzymes due to their unique electronic and physicochemical
properties.! The pK, values and stereo-electronics of boronic
acids are similar to those of carboxylic acids. Aminoboronic
acids mimic natural amino acids and act as bioisosteres in many
biochemical reactions. The mechanism of action is believed to be
the nucleophilic attack of an enzyme on to the electron deficient sp?
boron of boronic acid, resulting in the sp® hybridized boron “ate”
complex.'? While the carboxylic acid-enzyme tetrahedral complex
is unstable, the corresponding boronic acid—enzyme “ate” complex
is highly stable resulting in the inhibition of the enzyme (Fig. 1).

R_B/OH Enzyme HO\ S:Enzyme o Enzyme O>\Enzyme
\ — R/B\OH
OH @ OH R @ OH
Stable "ate" complex Unstable

1,n=1
Mo on 1"
HO B 2a-d, n=3-6

NH, OH w-Borono-a-amino acids

Fig. 1 Binding of boronic acids with enzymes.

It is well established that w-borono-o-amino acids (1, 2a—d,
Fig. 1) act as potent inhibitors of several enzymes such as serine
protease, arginase, dihydroorotase and dipeptidyl peptidase.’
There have been numerous reports in the literature about the utility
of aminoboronic acids as pharmaceutical agents e.g. Velcade® 3,
Talabostat 5, etc. (Fig. 2).*

NH.HCI OH
B
H /V\r ~OH
\/ \OH
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Fig.2 Aminoboronic acids as pharmaceutical agents.
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Owing to the general importance of aminoboronic acids in
various areas of medicinal chemistry, and also their being the pre-
cursors in our ongoing project involving the synthesis of boronic
acid based folate antagonists, we required multigram quantities of
o-borono-a-amino acids. However, the current procedures avail-
able for preparing aminoboronic acids are somewhat limited for
large scale applications.® Hence highly tunable, inexpensive, and
practical procedures for the synthesis of aminoboronic acids are
highly desirable. We envisaged that the alkylation of glycinimine
Schiff base 6, with halomethyl boronate electrophiles 7a—b should
provide protected aminoboronates that upon acidic hydrolysis
could readily afford B-boronoaspartic acid 1.* In addition, we
also envisioned that the glycine esters alkylated at the a-position
with terminal alkenyl groups upon hydroboration and subsequent
hydrolysis should provide the remaining ®-borono-g-amino acids
2a—d. Our results on the synthesis of ®-borono-a-amino acids are
described below.

We initiated the synthesis of B-boronoaspartic acid 1 with
the preparation of halomethylboronates 7a—b. Bromomethyl
pinanediolboronate 7a was prepared by the reaction of dibro-
momethane with triisopropylborate in the presence of "BuLi
and TMSBr, followed by transesterification with pinanediol.”
a-lodomethylpinacol boronate 7b was synthesized by the reac-
tion of B-isopropoxypinacolboronate with lithiated CH,I,.”” The
alkylation of benzophenone glycinimine 6 with both 7a and 7b
provided the unstable intermediates 8a—b. Heating 8a—b with 6
N HCI at 70 °C led to the simultaneous hydrolysis of the ‘butyl
ester to carboxylic acid, benzophenone imine to the amine, and
the pinacol/pinanediolboronate to the boronic acid. Washing with
CH,Cl, to remove the organic by-products such as benzophenone,
and pinanediol/pinacol, followed by concentration of the aqueous
layer and trituration with acetone provided the B-boronoaspartic
acid 1 as a white hygroscopic powder. The reaction with the
more stable pinanediolboronate 7a provided higher yield (80%) as
compared with the relatively unstable pinacolboronate 7b (72%)
(Scheme 1).

OBU |—

O'Bu 7°c 1 Ng-OH
_/ B
N=CPh; 6 8a-b |

80% (from 7a) |
Scheme 1 Synthesis of B-borono-o-aspartic acids.

\\-O Br
' B /" LiHMDS Ph\rpho o o @
| HaN
N 5y | ENHC! oH

72% (from7b)  OH

After accomplishing the synthesis of f-boronoaspartic acid 1,
we embarked upon the synthesis of the other @-borono-o-amino
acids 2a—d. We chose commercially available and inexpensive
w-halo-1-alkenes 9a—d as the electrophiles for the alkylation of

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 889-891 | 889





glycinimine. The requisite a-substituted glycine esters 10a—d were
obtained via the alkylation of Schiff base 6 with various ®-
bromo-1-alkenes (9a—d) in very good yields. Pinacolborane 11 was
chosen as the hydroborating agent because of its relative inertness
towards several functional groups for achieving chemoselective
hydroboration. Moreover, the corresponding pinacolboronates
obtained via hydroboration are also air-stable and can be readily
chromatographed over silica gel without decomposition or hy-
drolysis. Hydroboration of alkenes with pinacolborane proceeds
very slowly even at elevated temperatures. However, the rate of
hydroboration can be tremendously increased by the addition of
transition metal catalysts.® Accordingly, hydroboration of these
terminal olefins 10a—d with pinacolborane 11 was performed in
the presence of Wilkinson’s catalyst. To our delight, hydroboration
proceeded with utmost ease and the corresponding pinacol-
boronates 12a—-d were obtained in high regioselectivity favoring
the terminal position of the olefin. Hydrolysis of the resulting
boronates by heating with 6 N HCI, followed by trituration
with acetone provided the ®-borono-g-amino acids 2a—d as white
hygroscopic solids (Scheme 2). As compared with the previous
synthesis of these ®-borono-a-amino acids, the current protocol is
operationally simple and readily assembles the boronic acids in 3
steps in an overall yield of 40-45% starting from the glycinimine
Schift base. We were able to demonstrate the robustness of the
protocol via the synthesis of multigram quantities of B-borono
aspartic acid 1 as well as y-boronoarginine 2a.

By 10c, n =3, 65%

0 Ph._ _Ph
W n o 10a,n=1,72%
N\)kotBu g e, le/ 10b, n = 2, 62%
0
[CNgZ4

6 nBuLi, THF 10d, n = 4, 68%
Pho_ _Ph o o
o | 9 Cl H3N

/ OH
H—E N 6N HCI

\ E oBu ——— an _OH
1 O n 70 °C, 4h B

( B

~ |
OH

?ﬂ(FPPh3)3C" 12a,n=1 2a,n =1, 61% (for 2 steps)

12b,n=2 2b, n =2, 64% (for 2 steps)

12¢,n=3 2¢, n = 3, 62% (for 2 steps)
12d,n=4 2d, n = 4, 65% (for 2 steps)

Scheme 2 Synthesis of ®-borono-¢-amino acids.

In conclusion, we have developed a preparative scale procedure
for the synthesis of B-boronoaspartic acid via the alkylation of
benzophenone glycinimine Schiff base with halomethyl boronates.
We have also developed a simple and practical procedure for the
synthesis of various other ®-borono-a-amino acids via the alkyla-
tion of benzophenone glycinimine with bromoalkenes, followed by
catalytic hydroboration with pinacolborane and hydrolysis. As the
chemical tolerance of pinacolborane towards several functional
groups is well precedented, the present methodology provides
an opportunity for the synthesis of several boronated analogs of
amino acids. Given the simple experimental techniques, inexpen-
sive starting materials, and the importance of aminoboronic acids,
we believe that the present methodology would be highly amenable
for large scale synthesis and would attract the attention of organic
and medicinal chemists.

Experimental
Synthesis of B-boronoaspartic acid 1

To a stirred solution of benzophenone glycinimine 6 (5.90 g,
20 mmol) in THF, was added LIHMDS (22 mL, 22 mmol, 1 M so-
lution) at —78 °C followed by o-bromomethylpinanediolboronate
7a (6.56 g, 24.0 mmol) dissolved in 10.0 mL THF and stirred for
5 h. The reaction mixture was worked up with ether and water.
The combined organic layers were dried (MgSQO,), concentrated,
and the complete hydrolysis of the crude mixture was achieved
by heating at 70 °C for 4 h in the presence of 6 N HCI (40 mL).
The organic by-products were removed by washing the aqueous
layer repeatedly with CH,Cl, (3 x 40 mL). The aqueous layer
was concentrated in vacuum at 40 °C to afford a white powder.
Trituration with acetone and CH,Cl, provided 2.72 g of pure -
boronoaspartic acid 1 in 80% overall yield. '"H-NMR (500 MHz,
D,0): ¢ 4.17 (1H, dd, J 7.0 and 9.7), 1.37 (1H, dd, J 7.0 and
14.9), 1.20 (1H, dd, J 10.0 and 15.0); *C-NMR (125 MHz, D,0):
0175.2,52.5, 18.7 (br); ESI-MS: 191 [M — H + Na)*, 100%]*.

Synthesis of ®-borono-a-amino acids

Pinacolborane 11 (0.86 mL, 6 mmol) was added to a solution
of Wilkinson’s catalyst (277 mg, 0.3 mmol, 5 mol%) in 10 mL
dry THF and stirred for 30 minutes. Alkene 10¢ (1.6 g, 4 mmol)
was added slowly and stirred overnight. The reaction mixture
was worked up with ether and water. The organic layer was
concentrated in vacuo and the residue was heated at 70 °C for
4 h in the presence of 6 N HCI (20 mL) so as to affect complete
hydrolysis. Work up with CH,Cl, to remove organic by-products
and concentration of the aqueous layer in vacuo at 40 °C yielded
a white powder. Trituration with acetone provided 0.56 g (62%
combined yield for two steps) of the aminoboronic acid 2¢. 'H-
NMR (500 MHz, D,0): 6 3.82 (1H, t, J 6.2), 1.70-1.90 (2H, m),
1.05-1.45(6H, m), 0.77 (2H, t, J 7.9); "C-NMR (125 MHz, D,0):
0172.4,53.6,31.4,30.1,28.1, 24.0, 17.0; ESI-MS: 244 [M + H +
H,0)*, 100%], 226 (M + H)*.
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Carbohydrate modification is a common phenomenon in nature. Many carbohydrate modifications
such as some epimerization, O-acetylation, O-sulfation, O-methylation, N-deacetylation, and
N-sulfation, take place after the formation of oligosaccharide or polysaccharide backbones. These
modifications can be categorized as carbohydrate post-glycosylational modifications (PGMs).
Carbohydrate PGMs further extend the complexity of the structures and the synthesis of carbohydrates
and glycoconjugates. They also increase the capacity of the biological regulation that is achieved by
finely tuning the structures of carbohydrates. Developing efficient methods to obtain structurally
defined naturally occurring oligosaccharides, polysaccharides, and glycoconjugates with carbohydrate
PGMs is essential for understanding the biological significance of carbohydrate PGMs. Combined with
high-throughput screening methods, synthetic carbohydrates with PGMs are invaluable probes in
structure—activity relationship studies. We illustrate here several classes of carbohydrates with PGMs
and their applications. Recent progress in chemical, enzymatic, and chemoenzymatic syntheses of these
carbohydrates and their derivatives are also presented.

Introduction tide and seminolipid efc.), and are believed to play important
roles in specific molecular recognition processes.! Furthermore,
Structural modification of carbohydrates is a common phe- modifications of sialic acid monosaccharides, such as sulfation,
nomenon in nature. For example, sulfated carbohydrates are phosphorylation, methylation, acetylation, and lactylation, lead
presented in a number of proteoglycans (glycosaminoglycans), {4 the observation of more than 50 different sialic acid forms in
glycoproteins (e.g. selectin ligand, HNK-1 epitope, and oligosac- nature.” These widely observed sialic acid modifications are also
charides of pituitary hormones ezc.), and glycolipids (e.g. sulfa-  considered to be closely related to their biological functions.

In vertebrates, the sulfation of carbohydrates on proteoglycans,
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glycosidic bond. These processes can therefore, be described as
carbohydrate post-glycosylational modifications (PGMs), analo-
gous to the term of commonly known protein post-translational
modifications (PTMs).

Little is known about the structure—activity relationship (SAR)
of carbohydrate PGMs, due to technical difficulties in analyzing
natural presence of these structures and challenges in obtaining
homogeneous forms of these compounds. With currently available
advanced analytical methods, the natural presence of structurally
modified carbohydrates is being elucidated more precisely. Much
attention has been paid to obtaining structural defined naturally
occurring carbohydrates with PGMs and to elucidating the
biological significance of these structures.

Chemical, enzymatic, and chemoenzymatic approaches have
been developed for the synthesis of structurally defined com-
plex carbohydrates and glycoconjugates, including those with
carbohydrate PGMs. These compounds are essential probes
for illustrating the structure determinants of the substrates or
ligands for carbohydrate-recognizing enzymes or proteins. They
are also critical to answer the fundamental questions on the
biological significance of carbohydrate modifications in nature,
their biosynthetic and degradation pathways in vertebrates and
pathogenic bacteria, and their involvement in the normal and
pathological physiology of humans and other animals.

Sialic acids

Sialic acids (2-keto-3-deoxynonulosonic acids) are a family of
negatively charged 9-carbon sugars that have been predominantly
found as the outermost carbohydrate units on glycoproteins and
glycolipids of vertebrates, or as components of polysaccharides in
certain types of bacteria.?

Sialic acids have a great structural complexity in nature
and more than 50 structurally distinct sialic acid forms have
been found. Based on three basic sialic acid forms: N-acetyl-
neuraminic acid (Neu5Ac), N-glycolylneuraminic acid (Neu5Gc),
and deaminoneuraminc acid (KDN), single or multiple modifica-
tions can take place at the hydroxyl groups on C-4, C-5, C-7, C-8,
and/or C-9 positions, including O-acetylation and less frequent O-
lactylation, O-methylation, O-sulfation, and O-phosphorylation
(Fig. 1).2

R*0

R5O pRs COZ-
- 07~0-R
RZ
R'O
R'=H, or acetyl;

R2 = NHAc, OH, NH-glycolyl, or their derivatives;

R3 = H, or acetyl;

R*=H, acetyl, sulfate, or methyl;

RS=H, acetyl, lactyl, or phosphate;

R = molecules containing Gal(NAc) at the non-reducing end.

Fig. 1 Naturally occurring sialosides.

Sialic acid-containing structures play vital roles in a variety of
physiological and pathological processes in vertebrates, such as
cellular recognition and communication.” They are also believed
to be important virulence factors in bacteria, used by bacteria to
mimic sialylated host cell surface carbohydrate structures to evade
detection and attacking by the immune defense mechanisms of the

host. Modifications of sialic acids are species- and tissue-specific,
they are developmentally regulated and believed to be closely
related to their biological functions, such as immunogenicity,
inflammation, bacterial or viral infection, tumor growth, and
metastasis. For example, O-acetylation of bacterial polysaccha-
rides seems to alter host immune responses® and may have great
impact on host innate response, immunogenicity, and disease
pathogenesis.* Acetylation at C-9 OH group of sialic acid has
been shown to enhance the activation of the alternate complement
pathway of complement.?* The 9-O-acetylated sialic acids on the
host cell surface are necessary for the binding and subsequent
invasion of influenza C viruses® but prevent the attachment of
malaria parasites® and that of influenza A and B viruses.” Mouse
hepatitis virus strain S is specific to 4-O-acetylated NeuSAc
(Neud,5Ac,).>8 Gangliosides, especially GD3, with Neu5,9Ac,
as terminal sugar are considered as tumor-associated antigens
or differentiation markers.*3° 4-0-Acetyl-GM3 has also been
detected in human colon carcinomas.’ Loss of O-acetylation of
sLe* in human colon cancer facilitates metastasis.* Modifications
on sialic acids usually lead to the reduction or even resistance
of sialidases or trans-sialidases."” Most sialic acid modifications
reported to date have been found in vertebrates and only a few
have been found in bacteria.'

Sialic acid modifications, such as O-acetylation, O-methylation,
O-lactylation, and O-sulfation, are believed to take place after
the synthesis of sialoglycoconjugates in mammalian,*'* Group C
meningococci,'* and E. coli,” although O-acetylation is believed to
occur on free NeuSAc in the biosynthesis of GBS (Group B Strep-
tococcus or Streptococcus agalactiae) capsular polysaccharide (a
major virulence factor and the active principle of vaccines in phase
IT trials).* Only a few enzymes involved in the sialic acid modifi-
cations have been discovered. For example, 9-O-acetyltransferase
has been found in rat liver,” bovine submandibular gland,'® and
E. coli K1;*'7 4-O-acetyltransferase has been found in guinea pig
liver®® and equine submandibular gland;* the enzyme catalyzing
the transfer of methyl groups from S-adenosylmethionine to the
C8 hydroxyl group of sialic acid (sialic acid 8-O-methyltransferase)
has been identified in starfish 4. rubens.® Recently, the gene
encoding polysialic acids O-acetyltransferase neuO has been
identified in E. coli K1.2' A soluble sialate 9-O-acetyltransferase
having high specificity for terminal 02,8-linked sialic acid has
been cloned from Campylobacter jejuni.® Gene neuD in Group
B Streptococcus (GBS) and E. coli K1 has also been identified to
encode a sialic acid O-acetyltransferase which is also involved in
the sialylation of capsular polysaccharides,” although this enzyme
may acetylate free sialic acid monosaccharide* and the process
cannot be considered as carbohydrate PGM.

As a result of the increased recognition of the biological
importance of sialic acid containing structures in both eukaryotes
and prokaryotes, considerable efforts have been placed on chem-
ical, enzymatic, and chemoenzymatic synthesis of structurally
defined sialic acid-containing carbohydrates and their derivatives.
Earlier attempts, however, have been focused on obtaining non-
natural sialic acid derivatives and a limited number of naturally
occurring sialic acid-containing structures with or without sialic
acid modifications (e.g. NeuSAc, Neu5Gc, KDN, Neu5,9Ac,
NeuSAc9Lt, NeuSAc8Me, and Neu5Gc8SO;).» Recently, our
group has started the systematic synthesis of libraries of 02,3-
and 02,6-linked sialosides containing naturally occurring sialic
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acid modifications using a highly efficient and convenient one-
pot three-enzyme chemoenzymatic approach established in our
laboratory.®* In this method, sialic acid modifications can
be chemically or enzymatically introduced at an early stage,
onto ManNAc and mannose which can be considered as six
carbon precursors for sialic acids. These ManNAc and mannose
derivatives can then be directly converted to naturally occurring
sialosides in one-pot using three enzymes, including a sialic acid
aldolase, a CMP-sialic acid synthetase, and an ¢2,3- or an ¢2,6-
sialyltransferase (Scheme 1). Taking advantage of the relaxed
substrate specificity of all the enzymes involved in the synthesis,
the approach can be used for convenient preparation of struc-
turally defined naturally occurring sialosides and their non-natural
derivatives. ManNAc derivatives have also been synthesized and
used to introduce non-natural sialic acid derivatives onto the cell
surface by cultured cells and living animals.*¥ This metabolic
engineering approach provides an efficient method to introduce
chemical handles for detecting or further elaborating sialic acid-
containing molecules in living systems.

2 1 3
OR R Pyruvate R4 OR o QR2 OH
— -—— = -
RIS Aldolase WCOz
OR® OH HO
Man(NAc) CTP
derivatives

2+ | CMP-sialic acid
Mg synthetase

PPi
Acceptor 3
{ R°Q orR2  OCMP

3

R/ OR ™ giar R €Oz
HO HO
Sialosides

R' = NHAc, OH, NH-glycolyl or their derivatives;
R2 = H, Ac, or other functionalities;

R3 = H, Ac, Me, or other functionalities;

R4=H, Ac, lactyl, or other functionalities.

Scheme 1 One-pot three enzyme synthesis of naturally occurring sialo-
sides with sialic acid modifications.

Glycosaminoglycans

Glycosaminoglycans (GAGs), including hyaluronic acid (HA),
chondroitin sulfate (CS), dermatan sulfate (DS), keratan sul-
fate (KS), and heparan sulfate (HS)/heparin (HP), are linear
polysaccharides composed of modified or non-modified repeat-
ing disaccharide units containing a hexosamine.”’ They play
important roles such as regulation of development, angiogene-
sis, axonal growth, cancer progression, microbial pathogenesis,
and anticoagulation.”” Except for HA which contains non-
modified repeating units of GIcAB1,3GlcNAcB1,4 disaccharide,
the formation of all other GAGs involves post-glycosylational
modifications (PGMs) of polysaccharide backbones formed by
glycosyltransferase-catalyzed glycosylation reactions, including
single or multiple sulfation and/or epimerization (Table 1).

The biosynthesis of CS involves the formation of the polysac-
charide backbone containing GlcAB1,3GalNAcB1,4 (GIcA, glu-
curonic acid; GalNAc, N-acetylgalactosamine) repeating disac-
charide units followed by sulfation at the hydroxyl group at C-4,
C-6, or both C-4 and C-6 on GalNAc and/or sulfation at C-2
hydroxyl group of GlcA.*®

The polysaccharide backbone formation of DS is the same
as that for CS. An additional C-5 epimerization step after the
glycosylation that epimerizes GIcA to IdoA, however, is included
in the biosynthesis of DS. The epimerization also results in the
linkage change from GIcAB1,3 to IdoAal,3. Sulfation occurs
afterwards to give C-4 sulfated GalNAc with or without C-2
sulfation of IdoA.*

KS biosynthesis is achieved by the formation of polysacch-
aride backbone (poly N-acetyllactosamine) consisting of Galfl,
4GIcNACcBL,3 (Gal, galactose; GIcNAc, N-acetylglucosamine)
repeating disaccharide units, followed by single or di-sulfation
to form GalPB1,4GIcNAc(6S)B1,3 or Gal(6S)B1,4GlcNAc(6S)B1,3
structures.*

The biosynthetic processes for heparan sulfate (HS) and
heparin are essentially the same except that heparin has a
higher level of sulfation per disaccharide repeating unit and
a higher iduronic acid content. Their biosynthesis is complex
and several enzymes are involved sequentially in modifying
the polysaccharide backbone (GIlcAB1,4GlcNAcal,4), formed
by glycosyltransferase-catalyzed glycosylations. These PGMs in-
clude: 1) N-deacetylation and N-sulfation of GlcNAc residues
to form N-sulfoglucosamine (GIcNS) residues catalyzed by bi-
functional N-deacetylase/ N-sulfotransferases (four isoforms have
been found); 2) C5-epimerization of GIcA residues (at the non-
reducing neighbor to GIcNS) to form IdoA residues catalyzed by
a GIcA C5-epimerase; 3) 2-O-sulfation of IdoA and GIcA residues
to form IdoA(2S) and GIcA(2S) respectively catalyzed by a 2-O-
sulfotransferase; 4) 6-O-sulfation of GIcNAc and GIcNS catalyzed
by 6-O-sulfotransferases (three isoforms have been found) and
occasionally 3-O-sulfation of GlcN and GIcNS residues catalyzed
by 3-O-sulfotransferases (seven isoforms have been found).*
All of these post-glycosylational modification processes in the
heparan sulfate/heparin biosynthesis modify only partial residues
in the polysaccharide backbone, thus lead to the complexity and
heterogenecity of the produced HS and heparin molecules.

The inherent chemical heterogeneity and diversity of GAGs
challenge the clear understanding of their structure-activity
relationship and accurate defining of their chemical structures.
Nevertheless, great progress has been made in recent years,
including the development of chemical and enzymatic synthetic
strategies, efficient and high-throughput assay formats, and ana-
lytic methodologies.

Extensive studies have been carried out for HS/heparin due to
their important roles in regulating cancer growth, blood coagula-
tion, inflammation, assisting viral and bacterial infections, and cell
differentiation. Heparin, the most commonly used anticoagulant
drug, can be considered as a special form of HS with higher
levels of sulfation and iduronic acid content.’" Currently available
evidence indicates that the interaction of HS/heparin and different
biologically important proteins (e.g. growth factors, antithrombin)
is specific and is closely related to the structure, such as sulfation
pattern, sequence, as well as IdoA and sulfate contents, of the
HS/heparin. For example, a pentasaccharide sequence HexA-
GIcN(NS)-HexA-GIcN(NS)-IdoA(2S) (Fig. 2a) has been identi-
fied to be specific for fibroblast growth factor 2 (FGF2) binding,*
another pentasaccharide sequence of heparin GIcN(6S)-GlcA-
GIeN(NS,3S)-IdoA(2S)-GIcN(NS) (Fig. 2b) is responsible for
antithrombin III (AT-III, a serine protease inhibitor that blocks
thrombin and factor Xa in the coagulation cascade) binding,*
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Table 1 GAGs and their repeating units

GAGs Repeating units

Structures of repeating units

a) Hyaluronic acid (HA) GIcABL,3GIcNAcp1,4

b) Chondroitin sulfate (CS) GlcA(no S or 2S)B1,3GalNAc(4S, 6S,

or 4,6S,)p1,4

¢) Dermatan sulfate (DS) IdoA(no S or 2S)al,3GalNAc(4S)p1.4

d) Keratan sulfate (KS) Gal(no S or 65)B1,4GlcNAc(6S)B1,3

e) Heparan sulfate(HS)/
heparin (HP)

GlcA(no S or 2S)B1,4[or IdoA (no S
or 2S)al,4]GlcNAc(or GIcNS)(with
38, 68, or 3,6S,)al,4

0%

"nmﬁ

NHAc

ELRZO/k/

R4

0%

NHAc
CS-A R'=R2=R*=H,R*=S03 CS-E R'=R?=H,R®*=R*=S0y
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Fig. 2 Heparin sequences of therapeutic significance.

although a longer sequence (14-20 saccharide units) is required to
accelerate the AT-IT1I-thrombin interaction and inhibit thrombin
activity.** Based on the structure of the AT-binding pentasaccha-
ride, a new synthetic pentasaccharide anticoagulant under the
trade name of Arixtra was approved by the FDA (Fig. 2¢).** A
synthetic hexadecasaccharide (SR123781) that displays excellent
anticoagulant activity against thrombin in vitro and in vivo was
produced (Fig. 3).* A low molecular weight heparin mimetic, PI88
(Fig. 2d), is under phase II clinical trials to treat herpes simplex
viral infections.* It is also a potential anticancer drug that inhibits
the activity of heparanase in facilitating tumor metastasis.?***
Nevertheless, the detailed structures and specific sequences of
HS/heparin that interact with many other proteins, such as other
growth factors, chemokines, and annexins, are currently unclear.?®

Traditional methods of purifying oligosaccharides after enzy-
matic digestion of GAG chains have provided useful quantities of
HS/heparin oligosaccharides for early structure-activity relation-
ship studies.®

Information on biochemical characterization and understand-
ing of HS/heparin biosynthetic enzymes and the availability of
their gene sequences led to the successful enzymatic synthesis
of some active HS/heparin sequences using Escherichia coli K5
capsular polysaccharide.** More recently, multimilligram scale
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Fig. 3 Structure of synthetic hexadecasaccharide SR123781A.

enzymatic synthesis of bioactive HSs that can bind to antithrom-
bin, FGF2, or herpes simplex virus glycoprotein D was achieved,
using completely desulfated and N-sulfated heparin followed by
multiple O-sulfation catalyzed by immobilized recombinant HS
O-sulfotransferases with the regeneration of activated sulfo donor
3'-phosphoadenosine 5'-phosphosulfate (PAPS).*

A chemoenzymatic approach has also been developed as
an alternative for the synthesis of heparin-like polysaccharide
with anticoagulant activity using purified Escherichia coli K5
capsular polysaccharide followed by C-5 epimerization, chemical
persulfation, and subsequently selective desulfonation.*

Although challenging, a variety of chemical methods have been
developed for the synthesis of structurally defined HS/heparin
oligosaccharides and their analogs.* These include target-oriented
synthesis,**»* modular synthesis,** and solid-phase synthesis.*
Libraries of chemically synthesized HS/heparin oligosaccharides
have been used to generate carbohydrate microarrays for the
studies of HS/heparin—protein interactions.” A novel di-sulfated
monosaccharide IdoA(2S,4S) has been found to be able to bind
FGF-1. This information may help to design novel angiogenic
inhibitors with anticancer properties.*

Currently available methods provide the access to a range of
defined HS/heparin oligosaccharide sequences, but not to all
possible oligosaccharide sequences. Furthermore, the chemical
synthetic yields decrease dramatically with the increase of the
length of the target molecules. Obtaining defined structures longer
than hexasaccharides remains to be a major challenge for chem-
ical synthesis. Enzymatic approaches relying on polysaccharide
modification inevitably lead to inherent heterogenecity of the
products formed. An effective method to obtain structurally
defined polysaccharides or large oligosaccharides is still lacking.

CS proteoglycans are located on cell surfaces and distributed
in various human tissues, having various important biological
activities such as cell migration, recognition, morphogenesis, and
signal transduction. CSs have been classified into five categories
(CS-A, C, D, E, K) according to the sulfation patterns of
the repeating disaccharide units (Table 1b). CSs with different
sulfation patterns have been known to participate in specific
physiological functions. For example, the squid cartilage CS-E
[GIcAB1,3GalNACc(4S,65)B1.,4] has been found to interact with
various heparin-binding growth factors.* CS octa or larger
oligosaccharides with at least three continuous CS-E sequences
have been shown to bind to type V collagen.®

Purified squid N-acetylgalactosamine 4-sulfate 6-O-sulfo-
transferase (GalNAc4S-6ST) has been used in enzymatic
synthesis of CS-E from CS-A [GIcAB1,3GalNAc(4S)B1.4],
converting half of GalNAc(4S) residues to GalNAc(4S,6S)
residues.’ This enzyme can also catalyze the synthesis of
oversulfated DS IdoAal,3GalNAc(4S,6S)B1,4 units when DS
IdoAal,3GalNAc(4S)B1,4 is used as the substrate.

Chemoenzymatic synthesis of structurally defined CS has been
achieved by hyaluronidase-catalyzed polymerization of synthetic

sulfated disaccharide oxazoline. For example, hyaluronidase from
ovine tests or bovine tests afforded synthetic CS of molec-
ular weights ranging from 4000 to 18400 with exclusively
GalNACc(4S) units.”

Chemical synthesis of structurally defined CS oligosaccha-
rides has been reported.® More recently, a convergent syn-
thetic approach to CS-E [GIcAB1,3GalNAc(4S,6S)p1.,4], CS-C
[GIcAB1,3GalNAc(6S)B1.,4], CS-A [GlcAP1,3GalNAc(4S)B1.4],
and non-natural CS-R [GIcAB1,3GalNAc(2S,3S)p1,4] oligosac-
charides was described.>*

DS plays a similar role as CS in cellular processes and it
serves as a co-factor for several growth factors and a mediator
for FGF-2 response. The hexasaccharide sequence in DS that
specifically binds to heparin co-factor II has been postulated
as [IdoA(2S)al,3GalNAc(4S)B1,4];. Lately a longer nonasac-
charide DS fragment containing four disacccharide sequences
of IdoA(2S)al,3GalNAc(4S)B1.,4 has also been identified as the
active site of DS for heparin co-factor I1.** Enzymatic approaches
using N-acetylgalactosamine 4-sulfatase (arylsulfatase B) have
been applied in the de-sulfonation of 4S of the non-reducing
terminal GalNAc residue of DS disulfated trisaccharide to af-
ford monosulfated trisaccharide, which can be further converted
to monosulfated disaccharide IdoAal,3GalNAc(4S) using N-
acetylhexosaminidase to provide a substrate for a-L-iduronidase
(Scheme 2).5” Chemical synthesis of DS oligosaccharides has also
been reported in the last decade.®® As L-IdoA is considered as
a poor acceptor in the glycosylation with D-GalN donors, the
strategy of using L-IdoA derivatives instead of L-IdoA as acceptors
is often adopted in the synthesis of DS oligosaccharides.®®

080
HO
‘0380 OHOL}o 0\&‘3““
H
HO goz o AcHN O
HO
AcHN
Arylsulfatase B
8042'
0380
OH
HO o9 Yo OH
o0 5 AcHN
HO HO

AcHN

Scheme2 Enzymatic de-sulfation of oligosaccharide with arylsulfatase B.

Found in the cornea, various types of cartilage and brain,
KS plays important roles in corneal transparency, nerve growth
cone guidance, and cell adhesion.® Structural changes in KS are
found in response to some human diseases. For instance, the lack
and reduction of sulfation in corneal KS are closely associated
with type T and type IT macular corneal dystrophies.®® Also,
the change of sulfation contents in synovial fluid KS is clearly
correlated with the severity of osteoarthritis.®® KS differs from
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other GAGs by containing a nonacidic residue. This simplifies its
chemical synthesis since there is no demand of elaborating C-6
to generate a carboxylate group. Chemical synthesis of defined
KS oligosaccharides has been achieved.®> A chemoenzymatic
approach has also been developed for the synthesis of KS-derived
di- and tetra-saccharides by keratanase II-digestion of shark
cartilage followed by subsequent chromatography and selective
desulfonation.®

Other carbohydrates with PGMs

Other than as important modifications on some sialic acid
structures and most glycosaminoglycans, sulfation of carbohy-
drates has also been observed in some glycoproteins and glycol-
ipids as PGMs. Carbohydrate structures with 3'-sulfo-galactose
have been found in both N- and O-linked glycans of glyco-
proteins. Compared to their un-sulfated sialylated structures,
3-sulfo-Le* Gal(3S)B1,4(Fucal,3)GIlcNAc-R and 3'-sulfo-Le*
Gal(3S)B1,3(Fucal,4)GlcNAc-R (Fig. 4a) have been shown to be
more potent ligands for both L- and E-selectin.®* Furthermore,
6-O-sulfo sialyl Le* Neu5Aca2,3GalP1,4(Fucal,3)GlcAc(6S) has
been identified by staining lymph nodes with specific mon-
oclonal antibodies G72 and G152. Enzymatic syntheses of
3'-sulfated Lewis epitopes have been achieved by the recently
cloned sulfotransferases including Gal3ST-2 and Gal3ST-3.%
Several 6-O-sulfotransferases that transfer sulfate from PAPS to
the C-6 hydroxyl group of GlcNAc have been identified.”” Total
syntheses of sulfated Le* and Le*-type oligosaccharide selectin
ligands have also been obtained by chemical approaches.®® Three
sulfated variants of the sialyl Le* sequence (Fig. 4b) have been
chemically synthesized and used in selectin binding assays.*
Among them, 6-sulfo-sialyl Le* Neu5Aca2,3Galf1,4(Fucal,3)-
GlcAc(6S) is the preferred ligand for L-selectin; 6'-sulfo-sialyl
Le* Neu5Aco2,3Gal(6S)B1,4(Fucal,3)GlcAc does not show a
signal of binding; and ¢,6-disulfo-sialyl Le* Neu5Aca2,3Gal(6S)-
B1,4(Fucal,3)GlcAc(6S) shows an intermediate signal of
binding.”

a) Sulfated lewis X (LeX)

OH
Ho;,so&v /&/ Eﬁ
H0380 AcHN

HO
3'-sulfo Le* 3'-sulfo Le?

b) Sulfated S|aIyI lewis X (Sialyl LeX)

HO OH
6-sulfo sialyl Le* R'=SO0;H,R?=H
6'-sulfo sialyl Le* R'=H, R2=S03H

6, 6'-disulfo sialyl Le* R'=R2=S03H

Fig. 4 Structures of sulfated sialyl Le* and sulfated Le*/Le".

Epimerization can also be considered as one type of
PGM. Other than the glucuronic acid C5-epimerase activity
mentioned in the biosynthesis of some glycosaminoglycans such
as DS and HS/heparin, C5-mannuronan epimerase catalyzing the
formation of o-L-guluronic acid residues from (-D-mannuronic
acid residues is involved in the biosynthesis of linear polysac-
charide alginate in brown seaweeds and certain bacteria. Both
these C5-epimerization processes take place at the polymer level.
A family of seven Ca’-dependent epimerases (AlgEl-7) has
been identified in Azotobacter vinelandii. Different enzymes can
introduce different distribution patterns of guluronic acid residues
in the alginate polymer, contributing to different degrees of
flexibility of the polysaccharides.”

Summary and perspective

The diversity of carbohydrate structure and function is
truly extraordinary. Carbohydrate post-glycosylational modifica-
tions (PGMs), including sulfation, acetylation, phosphorylation,
methylation, lactylation, epimerization, and others represent a
major source of carbohydrate variation and extend the complexity
and the information that is controlled by carbohydrate structures.
Understanding the mechanism and the significance of naturally
occurring carbohydrate structural diversity may facilitate the
discovery and development of new therapeutics for human diseases
such as cancer, inflammatory, infectious, and others.

Significant progress has been made over the past two decades in
obtaining homogeneous structurally defined carbohydrates with
PGMs. Challenges still exist. Future work in this area should be
devoted to further characterizing natural occurrence of carbo-
hydrates with PGMs and developing novel synthetic strategies,
including chemical, enzymatic, and chemoenzymatic approaches,
for the synthesis of complex, structure-defined carbohydrates
with PGMs. Assay development, including the development
of a high-throughput screening method, for understanding the
biological roles of carbohydrate PGMs is equally important.
Furthermore, identifying, obtaining, and characterizing carbohy-
drate biosynthetic enzymes with flexible substrate specificity and
enzymes that are responsible for PGMs will greatly facilitate the
chemoenzymatic and enzymatic synthesis of naturally occurring
carbohydrates with PGMs. Biochemical characterization and
protein X-ray crystal structure based studies will also offer a better
understanding of enzyme mechanism and supply a foundation
for site-directed mutagenesis. Directed evolution is an alternative
strategy to provide tailor made enzymes for chemoenzymatic and
enzymatic synthesis.
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Palytoxin, one of the most toxic non-peptide substances,
formed an associated dimer of 5 nm length in aqueous
solution.

Natural toxins with high specificity to their molecular targets
have been contributing greatly to the study of the chemical biology
of ion channels. A huge natural product palytoxin [Fig. 1, PTX
(1): MW 2680, LDy, value of 450 ng kg~' against mice],' isolated
from marine organisms, is a typical example, and has an entirely
unique function of converting Na/K pumps into non specific ion
channels.?
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Conformational analysis generally gives important information
on the action mechanism of biologically active natural products.
X-Ray crystallographic analysis and NMR are usually good means
to obtain the information. However, application of these methods
to palytoxin meets difficulties, due to the non-crystalline nature of
the compound, and heavy overlaps of signals in the NMR spectra
due to its size.?

We have investigated the molecular shapes of palytoxin (PTX)
and acetylpalytoxin [NAcPTX (2)]* by X-ray small-angle scat-
tering (SAXS). Small-angle X-ray scattering data reflect the
time and ensemble average of molecular solution conformations.
Palytoxin has an exceptionally large molecular weight for a natural
product, but is actually too small to obtain a sufficient scattering
intensity. Therefore, there was no precedent that used SAXS for a
structural analysis of a natural product in solution. We overcame
the problem by use of a synchrotron X-ray source and by a
suitably designed SAXS camera.’ The present paper describes
representative conformation models that fit the SAXS data for
PTX and NAcPTX.

We started with measurements of NAcPTX. All SAXS mea-
surements were performed at the beamline BL45XU at SPring-
8, Hyogo, Japan. The radius of gyration (R,) and zero-angle
scattering intensity (/(0)/C) of NAcPTX were estimated based

1T:R=H
palytoxin (PTX)

Fig. 1

o]
2:R= gg)l\

N-acetylpalytoxin (NACPTX)

Structures of PTX (1) and NAcPTX (2). C-1: Carboxylic acid terminal, C-115: amino terminal C-21-C-40 hydrophobic portion.
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on the Guinier approximation (Fig. 2A). The concentration-
scaled zero-angle scattering intensity, 1(0)/C, is proportional
to molecular weight. The molecular weight of NAcPTX was
estimated to be 2600 based on the 7(0)/ C values of NAcPTX and
cytochrome C® (Fig. 2B). Since the molecular weight of NAcPTX
(Ci51HsN;O0s5) is 2722, NACPTX was considered to exist as a
monomer in solution. The experimental R, of 11.6 A was greater
than that of a hypothetical random flight chain (R, = 6.6 A) and
much smaller than that of an extended straight chain (R, = 49 A).
The NAcPTX chain appears to be more rigid than a hypothetical
random flight chain. Based on the distance distribution function
(P(r)), the maximum distance (D,,,,) of NACPTX was about 35 A
(Fig. 3).

In(I(S))

0 100 200 300 400

S (10°AD)
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0 2 4 6
Conc. C (mg/ml)
Fig. 2 (A) $? vs. In(Z(S)) plot and 7(0)/C of PTX and NAcPTX. S is
the function of the scattering angle, S = (2sin 0)/4; 20 is the scattering
angle; /4 is the wavelength of the incident X-ray. PTX and NAcPTX are
indicated as open circles and closed squares, respectively. The plot of PTX
was shifted by 0.5 for clarity. (B) Concentration-dependence of forward

scattering, 1(0)/C. C is the concentration of the solute (mg mL"). The
figure legends are the same as above.
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Fig. 3 Distance distribution functions, P(r), of PTX (circles) and
NACPTX (squares) were calculated with GNOM.”

To investigate how NAcPTX extended in solution, we simulated
low-resolution models of NAcPTX from SAXS profiles by using a

modeling method with a chain-like ensemble of dummy residues.”
The models that showed a good fit to the SAXS data were
collected, and a representative model is shown in Fig. 4. These
models should represent an average character of the solution
structure of NAcPTX. The model (Fig. 4) measured 30.6 x 23.4 x
13.0 A. It had an overall horseshoe-like shape, and half of the
mass of the model was concentrated on one edge. This model is
consistent with the chemical structure: the hydrophobic portion
and the carboxylic acid terminus of PTX were expected to be
folded in part® and the mass-concentrated bottom edge (Fig. 4) of
the bead model would correspond to these regions.

Fig. 4 A low-resolution model of NAcPTX in solution based on
dummy-residues modeling using GASBOR.” Among the 10 best-fit models
(dotted with different colors), the model with the most common feature
was taken as the representative model (solid red). (see Supporting
Informationt) The figure was prepared using VMD.” The mass is
concentrated along the bottom edge.

Similarly, SAXS measurements were performed for PTX. The
molecular formula of PTX was determined to be 5700 from its
1(0)/C value’ (Fig. 2B). Since the molecular weight of PTX
(Ci20H23N504,) 1s 2680, PTX was considered to exist as a dimer in
solution. The R, and D,,,, values were 17.7 Aand50A, respectively
(Fig. 2A, Fig. 3).

A low-resolution model was also simulated for PTX, and the
result is shown in Fig. 5. This representative model had an overall
shape of a prolonged oblate. It measured 52.3 x 22.0 x 15.1 A. The
dimension of the PTX model only differed from that of NAcPTX
with regard to the long axis. This model appeared to indicate an
associated dimer, in which each PTX units exists in a similar shape
with NAcPTX.

Fig. 5 Low-resolution models of PTX in solution based on dummy
residue modeling using GASBOR.” The visualization method used is the
same as that in Fig. 4.

Due to the limited resolution of SAXS, we could not determine
the mode of interactions between the two PTX molecules at the
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interface in the dimer. However, the only chemical difference
between PTX and NAcPTX exists at a terminus, and thus electro-
static interaction through the amino group would be involved in
the association at the interface.

In conclusion, we discovered that palytoxin formed an associ-
ated dimer in aqueous solution, and that a single site acetylation
of a terminal unbinds the associated dimer. At the same time,
the acetylation of PTX’s amino terminus has been known to
decrease its bioactivity to ca. 1/100.® Correlation between the
dimer formation in water and the biological activity of palytoxin
remains to be investigated, however, the results obtained from this
study should be useful for elucidation of the molecular mechanism
of action of palytoxin.

This work was supported, in part, by Grants-in Aid for Creative
Scientific Research (16GS0206) from MEXT, Japan. H.A. is also
indebted to PRESTO, JST for support.
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