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Several peptidomimetic macrocycles containing a pyridine spacer and ring sizes ranging from 15 to 17
have been efficiently synthesized starting from valine and phenylalanine. The complexes formed have

been investigated by potentiometry and NMR. Log K values show that phenylalanine derivatives 8 are
consistently more stable than valine derivatives 7, whilst macrocycles with ring sizes of 16 members are

the most appropriate for the complexation. The NMR data, in combination with molecular modeling,

allow rationalization of the structure of the complexes formed and the participation of the aromatic

rings from the side chain of phenylalanine in -Ag* interactions to be discarded.

Introduction

The design and synthesis of novel supramolecular ligand archi-
tectures is closely connected to promising application options in
different areas.! Up to now, a large number of macrocyclic and
spherical ligands as well as their open-chain counterparts have
been synthesised and characterised and applications found in sep-
aration processes, sensing and analyte detection, materials science,
catalysis, biomedical uses and development of nanoscopic devices.?
One important topic in supramolecular chemistry, originating
from a biomimetic approach, has been the use of aromatic units
of different kinds to build up complex molecular architectures
and supramolecular assemblies characterised by m-electronic
interactions.® In this context, polyazacyclophanes represent a very
interesting class of macrocyclic receptors being able to interact
with either cationic or anionic guests.* One of the most attractive
structural features of polyazamacrocycles and, in general, of
receptors containing amine groups, is the possibility of using the
nitrogen atoms to introduce sidearms of different classes. Those
sidearms can substantially affect the properties of the receptor,’® in
particular when they contain additional donor functionalities or
its introduction changes the lipophilic/lipophobic balance.®
Silver(1) complexes of organic ligands derived from arene donors
have a large potential for the construction of organometallic solid-
state devices such as electrical conductors, photoactive switches,
chemical sensors, efc.” The highly active field of the synthesis of
novel families of compounds containing aromatic units, including
diarylalkanes (-alkenes and -alkynes), cyclophanes, deltaphanes,
cylindrophanes, ezc. provides the desired molecular diversity for
this purpose.®*® The use of the appropriate arene ligands contain-
ing several aromatic subunits gives the possibility of assembling
silver(1) in complex architectures in which the metal centre can
form part of a polymeric linear structure or be encapsulated within
a 3D network.” Additionally, metal complexes that contain
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Ag(11) and possess sufficient stability in vivo, have a high potential
for being used in chemotherapy treatments.'

Here we present our studies directed to the preparation of
several peptidomimetic polyazapyridinophanes and the study of
their complexes with Ag(1) revealing that aromatic side groups
in the constituent aminoacids can have a significant role in
determining the stability of such complexes, even if those aromatic
rings are not directly involved in the coordination to the metal.

Results and discussion
Synthesis of receptors

The synthesis of peptidomimetic cyclophanes such as 1 and 2
has been recently described by our group and takes place very
efficiently owing to the high degree of preorganization of open-
chain pseudopeptidic precursors 5. Preliminary studies have
shown, however, that compounds such as 1 and 2, under neutral
conditions, do not have a high affinity for metal cations for the
limited number of strong donor atoms available for coordination.

Thereby, the substitution of the benzene aromatic ring in 1 or
2 by a 2,6-substituted pyridine ring could greatly contribute to
improve the stability of the resulting metal complexes.

RI:;\ IR
NH  HN
0 O 1 R=CH(CH,),
2 R = CH,Ph
n-2 n=23456
Chart 1

Accordingly, the synthesis of the corresponding macrocyclic
pyridinophanes (7 and 8) was carried out following the general
procedure used for the preparation of 1-2 and related systems
(Scheme 1).1314
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Scheme 1 (i) DCC, N-hydroxysuccinimide, THF; (ii) H,N(CH,),NH,,
DME; (iii)) HBr/AcOH; (iv) aq. NaOH, (v) 2,6-bis(bromomethyl)-
pyridine, K,CO;/CH;CN.

Table 1 Results obtained for the synthesis of polyazapyridinophanes

Entry Compound n R Yield (%)
1 Ta 2 CH(CH,), 62
2 7b 3 CH(CH,), 50
3 Tc 4 CH(CH;), 63
4 8a 2 CH,Ph 62
5 8b 3 CH,Ph 56
6 8c 4 CH,Ph 65

“Yields refer to isolated products after chromatographic purification.

As can be seen in Table 1, the different pyridinophanes were
obtained, as pure compounds after chromatographic purification,
in 50-65% yields, bearing in mind that purification step responsible
for a significant decrease in the final yields. Nevertheless, these
yields are comparable to those obtained for related systems such
as 1, and the synthetic methodology does not require the use of
high dilution techniques. This is in good agreement with the fact
that the U-turn preorganization of the open-chain compounds 5
and 6 seems to be at the origin of this easy macrocyclization.™

According to the goals of our work, we considered two main
structural variations for the design of macrocyclic receptors 7 and
8. First, three different sizes were selected for the macrocyclic
cavity through a variation in the number of methylene groups in
the central aliphatic spacer. Thus, the synthesized pyridinophanes
contained 15 (n =2, 7aand 8a), 16 (n =3, 7b and 8b) and 17 (n =
4, 7c and 8c) membered rings. The second point for molecular
diversity was the nature of the side chain. In this regard, the two
starting amino acids selected were valine and phenylalanine, as
this provides a macrocyclic species of C, symmetry containing
either aliphatic (R=CH(CHs;),, 7) or aromatic (R=CH,Ph, 8) side
chains. This could allow us to explore the possible participation

of the aromatic side-chains in the three-dimensional coordination
to the metal center through r interactions.'

In order to gain some information on the geometrical constrains
in the involvement of the phenyl groups of the side chains in the
coordination to a metal center sitting in the cavity, we carried out
different theoretical calculations. In this context, three different
basic conformations can be considered as defined in figure 1. For
the in—in conformation, the two phenyl rings are expected to be
bent towards the macrocyclic ring. According to the C, symmetry
of the molecule, each one of the aromatic rings should be situated
on opposite sides of the cavity to provide a complete encapsulation
of a metal cation sitting in the cavity. For the in—out conformation,
only one aromatic ring is bent over the cavity, while the second
one is pointing outwards. Finally, for the third conformation, our—
out, both phenyl rings are pointing outwards, not providing any
possible interaction with a metal cation in the macrocyclic cavity.

B
=~ =

Fig.1 General description of the three different phenyl rings dispositions
around the cavity of the ligand (in—in, in-out, out—out).

Monte Carlo random conformational search (MMFF94 force
field as implemented in Spartan Pro) showed that these receptors
are very flexible, as confirmed by the large number of minima
obtained. However, some interesting trends can be pointed out.
Although the most favorable conformations for the phenylalanine
derivatives set the side chains pointing out of the macrocyclic
cavity, some conformers with this Ph residue folded to the
main cyclic structure are also energetically accessible. Thus, for
compound 8b (n = 3) the lowest energy minimum as well as
the one with the folded residue are depicted in figure 2. The
computed difference of energy is only 0.9 kcal mol~!, supporting
the theoretical possibility of coexisting populations of these
conformations at room temperature. Besides, if some additional
stabilization were acting, such as m-cation interactions, it would
be clearly easy to obtain conformations of this kind.

Fig. 2 Minimum energy conformers: in—out (left) and out—out (right) for
compound 8b.

Study of the interaction with Ag*. Potentiometric studies

Taking the former considerations into account, the interaction
of receptors 7 and 8 with the Ag* cation was studied by poten-
tiometric titrations using a Ag* ion selective electrode. The low
solubility of some of the ligands precluded an accurate analysis of
the complexes formed in water. Nevertheless, conditional stabililty
constants for Agl. complex formation could be determined in
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Table 2 Logarithms of the stability constants for the formation of the
AgL complexes for ligands 7 and 8 in MeOH, determined at 298.1 K in
0.05 M (C,H;),NCIO,

Ligand n R Log K*
Ta 2 CH(CHs;), 5.68(3)
b 3 CH(CH;), 5.82(2)
Tc 4 CH(CH,), 5.50(2)
8a 2 CH,Ph 6.46(3)
8b 3 CH,Ph 6.55(2)
8c 4 CH,Ph 5.72(3)

“Standard deviation on the last significant figure are given in parenthesis.

MeOH. Table 2 gathers the values for the stability constants
determined in MeOH at 298.1 K in 0.05 M (C,H;),NCIO,.

The emf measurements excluded the formation of complexes
with stoichiometries differing from the 1 : 1 ligand : metal ratio.
The same conclusion was obtained with ESI-MS experiments. In
all cases, the only peaks detected correspond to the formation of
the corresponding Ag*-L complexes with no indication for the
formation of complexes with other stoichiometries.

According to the data in Table 2, it can be observed that, in both
cases, valine and phenylalanine derivatives, the highest stability
constants are obtained for the macrocyclic receptors that possess
a 16 membered ring (7b and 8¢, n = 3), even if differences with
receptors having other ring sizes are small in some cases. On the
other hand, it seems that the presence of the aromatic side groups
(8, R=CH,Ph) provides an additional stabilization factor for the
complexes formed. The magnitude of this stabilization, almost
an order of magnitude for receptors 8a and 8b, could suggest
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that some kind of m-cation interactions are involved in complex
formation.

NMR studies

In order to analyse this possible participation of aromatic rings
in more detail, an NMR analysis of the corresponding complexes
was undertaken. In this regard, the '"H and "N NMR spectra of
AgL species in CD;0D were recorded and studied.

In the case of the "N NMR spectroscopy, all the assignments
were made on the basis of 2D "H-"*N correlation experiments
(gHMBC pulse sequence).’® Fig. 3 shows the long range 'H-"N
correlation spectra obtained for different L : Ag* stoichiometries
using compound 7c as the ligand and AgNO; as the source for the
silver(1) ion. The assumed atom numbering for H and N signals is
depicted in figure 4.

HP2
_ HP1
NZ\\ S | ] 4
),_NH £1HN2 34'

Fig. 4 Structure of 7¢ with the corresponding atom numbering.

As can be seen in the figure, only three different signals, corre-
sponding to the three different kinds of nitrogen atoms: pyridine

N1 7 N3 N2

H3 !;s’w:f;T - I GD

H2— 1T ies &
H1 2
H— T

=100 =120 =140 =160 =184 =200 -220 -240 -260 -280 -3B0 320 -M40
Fi (ppm)

=88 =190 =120 =140 =168 ~18% =200 =220 -Z40 -Z60 -280 ~3MR -320 340
Ti (ppm)

Fig. 3 Long range 'H-""N correlation spectra (HMBC) obtained in CD;OD for 7¢-AgNO; at different ligand : metal ratios: (a) 1: 0, (b)2: 1, (c) 1: 1,

d1:2.
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(N1), amine (N2) and amide (N3) are observed for all complex-
ation stages. This indicates that complexation—decomplexation
equilibria are fast on the NMR time scale. The peak at ca. —80 ppm
for the free ligand can be assigned to the nitrogen atom from
the pyridine subunit (N1). During complexation, this signal is
shifted more than 20 ppm upfield and reaches a shift value of
almost —105 ppm when the complexation ratio is 1 : 1. No further
changes in this shift were observed when an excess of Ag* ions
was added, confirming the 1 : 1 stoichiometry of the complexes
formed. Only very small changes are detected, however, for the
signals corresponding to the other nitrogen atoms. Signals for the
amine nitrogen (N2) appear at —346 and —348 ppm, while the
ones for the amide nitrogen (N3) are observed at —263 ppm for
the free ligand and are upfield shifted to —258 ppm when the
complex is formed. This indicates that only the pyridine nitrogen
atom (N1) is directly involved in the coordination to the silver
cation. Participation of the amide groups seems to occur, but data
suggest that this should happen through the involvement of the
oxygen carbonyl atoms. Accordingly, *C NMR spectra of silver
complexes showed a downfield shift of the carbonyl signals (Ad 2.2
and 0.7 ppm for 7¢c-Ag and 8a-Ag, respectiveley) supporting this
proposal for the mode of interaction. The NMR data also reveal
that deprotonation of the N-H amide group does not take place.
Similar trends were observed for the other macrocycles studied.

The '"H NMR spectra also provided some interesting informa-
tion. A representative example is given in Fig. 5 which shows the
"H NMR spectra in CD;O0D for the free ligand 7¢ (lower trace)
and its 1 : 1 complex with Ag(NO;) (upper trace).

AN

al |
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80 70 80 50 40 20 20 10
ppm (F1)

Fig. 5 'H NMR spectra for the free (a) and complexed (b) (1 : 1
ligand:metal ratio) 7¢ in CD;0OD.

In the region corresponding to the pyridine protons, all of the
investigated compounds showed a downfield shift of both signals
(HP1 and HP2) (AJ 0.15-0.25 ppm) upon complexation. A more
significant downfield shift was even observed for the benzylic like
protons H1 and H1' that in the free ligand (for 7c) appear as two
doublets at 3.6 and 4.0 ppm and experience downfield shifts of
0.25-0.45 ppm when the complex is formed.

Less distinct trends are observed for the other protons, but
the presence of a rather rigid structure for the complex is clearly
indicated by the comparison of the spectra of L and AgL species.
Thus, for 7¢, a splitting of some of the signals is observed for

the complex. This is particularly significant for the methyl signals
of the isopropyl group (Ad = 0.14 ppm) and for protons H5 on
the butylenic spacer (Ad = 0.34 ppm). Even for HI and H1" the
anisochrony is incremented in the complex (Ad = 0.09 ppm). In
the case of HS, one of the resulting signals remains essentially
unshifted, whilst the second one is more shielded, shifting from
ca. 3.2 t0 2.9 ppm. Also protons H6 show a clear shielding in the
complex shifting from about 1.5 to about 1.2 ppm, but in this case
no splitting is observed, perhaps because of the partial overlapping
with the signal corresponding to one of the methyl groups. Most
likely, the shielding of some of the butylenic protons takes place
as a consequence of the involvement of amide oxygen atoms in the
coordination to the metal that locates the electron density of the
carbonyl group in close proximity of those hydrogen atoms.

In the case of the macrocycles 8 derived from phenylalanine,
having phenyl groups at the side chain, the NMR did not provide
any indication of the involvement of this aromatic ring in the
coordination to the metal centre. As can be observed in Fig. 6, for
8c, a significant downfield shift is observed, in the aromatic region
for pyridine protons HP1 and HP2, but the shifts corresponding
to the protons of the aromatic side chain remain essentially
unchanged. The same is observed in the case of the *C NMR
spectra. No changes in the signals corresponding to the phenyl
group are detected when the complex is formed.

Hp2 HP1
C

N

T T T
0 750 7.00

o0
Pom )

Fig. 6 Aromatic region of the '"H NMR spectra of compound 8¢ as free
ligand (a) and in the presence of AgNO; for2: 1 (b)and 1 : 1 (c) L : metal
ratios, in CD;0D.

For a proposal of the Ag complex with the peptidomimetic
macrocycle, some molecular modeling has been also undertaken.
The optimized geometry at the HF/3-21G* level of theory for a 16-
membered ring receptor is shown in figure 7. As side chains seem
not to directly interact with the cation, they have been omitted
for computational simplicity. A nitrate counterion has been used
for completing the coordination sphere of the metal center.
Interestingly, the Ag atom is very close to the pyridine nitrogen as
well as to the amide carbonyls, but not to the benzylic nitrogens,
supporting the observed "N chemical shift changes. In addition
to that, the carbonyl groups set their anisotropy cones pointing
to HS protons, suggesting an explanation for the shielding of one
of the corresponding diastereotopic protons on that position. The
optimized geometry set the metal atom on top of the macrocyclic
main plane, almost equidistant to pyridine nitrogen and amide
carbonyls (see distances in figure 7). This arrangement would make
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Fig.7 Proposed model of coordination of Agcation to 16-membered-ring
pepetidomimetic pyridinophane (HF/3-21G*). Selected distances to the
metal centre (dashed lines) are given in angstroms.

both faces of the receptor chemically inequivalent, suggesting
an explanation for the increased anisochrony of diasterotopic
methylene signals upon complex formation. Finally, space filling
view of the optimized geometry showed how the Ag cation fits
nicely inside the 16-membered ring macrocyclic cavity.

Conclusions

C, symmetric macrocyclic peptidomimetics can be easily and
efficiently synthesised according to our general methodology.
Those ligands are able to form some interesting 1 : 1 complexes
with Ag* in CH;OH that involve the coordination of only the
pyridine nitrogen atoms. Neither the amine nor the amide nitrogen
atoms seems to participate in the coordination to the metal cation.
Instead, the oxygen atoms of the amide moiety are properly located
to participate in the coordination to silver, so that complexation
takes places without deprotonation of the amide hydrogen atom.
As could be expected, the strength of the complexes formed
is dependent on the size of the macrocyclic cavity. For both,
valine and phenylalanine derivatives (7 and 8 respectively) the
16 member macrocyclic ring size is the most suited for complex
formation. Nevertheless, differences observed in log K values,
between macrocycles with ring sizes of 15, 16 and 17 members,
are small. More significant, almost one order of magnitude in
some cases, are the variations in log K values detected when the
isopropyl substituent at the side chain is changed to phenyl. NMR
experiments ruled out the direct participation of phenyl groups
through m-cation interactions. In this regard, those differences
could be related to the different roles that both substituents may
play in either defining the solvation spheres of the ligands and
complex cations or affecting the steric environment about the
macrocycle cores.

Experimental
General procedure for the preparation of the macrocycles

All of the bis(aminoamide) derivatives (5a—¢ and 6a—c) used
throughout our synthetic sequence were obtained as previously
described. "

Synthesis of 7a. Compound 5a (0.5 g, 1.29 mmol), anhy-
drous K,CO; (1.77 g, 12.9 mmol), tetrabutylammonium bromide
(0.210 g, 0.65 mmol) and 2,6-bis(bromomethyl)pyridine (0.335 g,
1.29 mmol) were placed in a flask containing dry CH;CN (175 mL)
and were refluxed for 12 h under argon atmosphere. The reaction
mixture was filtered and the solvent was evaporated under reduced
pressure. The crude product was dissolved in CHCl; (50 mL)
and extracted with aqueous 0.01 M NaOH (3 x 50 mL). The
organic phase was dried over anhydrous MgSO, and the solvent
was evaporated under reduced pressure. The product was purified
by silica flash chromatography using MeOH/CH,Cl, (1 : 40) as the
eluent to give 0.437 g of 3a in the form of a white solid. Yield 62%;
mp. 190-192 °C; IR (KBr) v 3300, 3087, 2952, 1634, 1551 cm™'; 'H
NMR (500 MHz, CD;0D) ¢ 0.93 (d, 6H, J = 6.9 Hz), 0.99 (d,6H,
J =6.9 Hz), 2.04 (m, 2H), 2.98 (d, 2H, J = 5.5 Hz), 3.22 (m, 4H),
3.647 (d, 2H, J = 13.5 Hz), 4.07 (d, 2H, J = 13.5 Hz), 7.25 (d,
2H, J = 7.7 Hz), 7.88 (t, IH, J = 7.7 Hz); *C NMR (125 MHz,
CD;0D)J 18.5,19.8, 32.6, 32.6,40.2, 55.9, 56.0, 56.1, 69.9, 122.8,
122.9, 138.5,138.7, 161.0, 177.3; ESI-MS m/z = 362.3 (M + H"),
384.2 (M + Na*). Anal. Calcd. for C,y,H; N;O, C, 63.1; H, 8.6; N,
19.4. Found C, 62.7; H, 9.0; N, 19.2.

Synthesis of 7b. This compound was obtained as described
above starting from 5b. Yield 50%; mp. 221-224 °C; IR (KBr) v
3288, 3074, 2952, 1634, 1538 cm™'; '"H NMR (500 MHz, CD,0D)
00.967 (d, 6H, J = 6.8 Hz), 0.99 (d, 6H, J = 6.8 Hz), 1.66 (m, 2H),
1.99 (m, 2H, 2.95(d, 2H, J = 5.9 Hz), 3.12 (m, 2H), 3.22 (m, 4H),
3.65(d, 2H, J = 14.1 Hz), 4.06 (d, 2H, J = 14.1 Hz), 7.29 (d, 2H,
J =177 Hz), 771 (t, 1H, J = 7.7 Hz); “C NMR (125 MHz,
CD;O0D) o 18.9, 19.8, 29.8, 32.5, 37.2, 55.4, 55.4, 70.0, 122.5,
122.6, 138.8, 139.0, 160.8, 176.9; ESI-MS m/z = 376.2 (M + H").
Anal. Calcd. for C,)H;;N;O, C, 64.0; H, 8.9; N, 18.7. Found C,
64.2; H,9.3; N, 18.7.

Synthesis of 7c. This compound was obtained as described
above starting from Sc. Yield 63%; mp. 228-231 °C; IR (KBr) v
3299, 3076, 2957, 1638, 1549 cm™~'; '"H NMR (500 MHz, CD,0OD)
00.98(t, 12H, J = 7.3 Hz), 1.47 (m, 4H),2.00 (m, 2H), 2.92 (d, 2H,
J =5.8 Hz), 3.20 (m, 4H), 3.68 (d, 2H, J = 14.2 Hz), 4.01 (d, 2H,
J=142Hz),7.36 (d, 2H, J = 7.7 Hz), 7.73 (t, |H, J = 7.7 Hz);
BCNMR (125 MHz, CD;0D) 6 17.8, 19.9, 26.3, 31.2, 38.1, 55.4,
68.9, 121.0, 137.5, 159.3, 173.0; ESI-MS m/z = 390.0 M + H*),
412.5 (M + Na*); Anal. Calcd. For C,;H3sN;O, C, 64.8; H, 9.1;
N, 17.9. Found C, 64.6; H,9.4; N, 17.5.

Synthesis of 8a. This compound was obtained as described
above starting from 6a. Yield 62%; mp. 173-175 °C; IR (KBr) v
3290, 3085, 2930, 1634, 1552 cm™~'; '"H NMR (500 MHz, CD,0D)
0 2.78 (m, 2H), 3.08-3.22 (m, 6H), 3.43 (dd, 2H, J = 5.8, 8.2 Hz),
3.61(d, 2H, J = 13.5 Hz), 3.88 (d, 2H, J = 13.5 Hz), 7.14 (d, 2H,
J = 17.7 Hz), 7.22-7.28 (m, 10H), 7.63 (t, 1H, J = 7.7 Hz); “C
NMR (125 MHz, CD,;0D) ¢ 40.1, 54.6, 65.2, 122.9, 127.76, 129.6,
130.2, 138.8, 139.1, 160.5, 176.5; ESI-MS m/z = 458.5 (M + H"),
480.5 (M + Na*); Anal. Calcd. For C,;H; N;O, x H,O C, 68.2;
H, 7.0; N, 14.7. Found C, 68.6; H, 7.3; N, 14.7.

Synthesis of 8b. This compound was obtained as described
above starting from 6b. Yield 56%; mp. 176-178 °C; IR (KBr) v
3311, 3080, 2953, 1635, 1546 cm™'; 'H NMR (500 MHz, CD;0D)
0 1.58 (s, 4H), 2.84 (m, 2H), 2.94-317 (m, 10H), 3.47 (m, 2H), 3.66
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(d, 2H, J = 14.1 Hz), 3.90 (d, 2H, J = 14.1 Hz), 7.16-7.30 (m,
12H), 7.66 (t, 1H, J = 7.7 Hz); *C NMR (125 MHz, CD;0D) ¢
29.0,37.6,40.1,54.2, 64.8,122.8,127.8, 129.6, 130.4, 139.1, 160.2,
176.0; ESI-MS m/z = 472.2 (M + H*), 494.2 (M + Na‘); Anal.
Calcd. For C,sH43N;O, C, 71.3; H, 7.1; N, 14.9. Found C, 71.4; H,
7.2; N, 14.9.

Synthesis of 8c. This compound was obtained as described
above starting from 6c¢. Yield 65%; mp. 192-196 °C; IR (KBr) v
3306, 3078, 2942, 1634, 1557 cm™'; "H NMR (500 MHz, CD,0D)
0 1.42 (br, s 4H), 2.82 (m, 2H), 3.06 (m, 2H), 3.40 (m, 2H) 3.64
(d, 2H, J = 14.1 Hz), 3.88 (d, 2H, J = 14.1 Hz), 7.18 (d, 2H,
J = 1.7 Hz), 7.22-7.30 (m, 10H), 7.65 (t, 1H, J = 7.7 Hz); “C
NMR (125 MHz, CD,0OD) § 27.2, 39.2, 40.2, 54.3, 65.1, 122.0,
127.7, 129.4, 130.2, 138. 8, 139.0, 160.2, 175.9; ESI-MS m/z =
486.3 (M + H*), 508.2 (M + Na*); Anal. Calcd. For C,sH;;N;0O,
C,71.7; H,7.3; N, 14.4. Found C, 71.8; H, 7.4; N, 14.4.

NMR Measurements

The 'H, and "*C spectra were recorded on Varian INOVA 500
spectrometer operating at 500 MHz for 'H and 125.75 MHz for
BC. The NMR experiments involving "N were recorded on a
Varian INOVA 500 spectrometer equipped with a 5 mm tunable,
broadband, inverse-detection probe. The spectrometer operates
at 500 MHz for 'H, and 50.7 MHz for “N. The spectra were
determined at 30 °C. Neat nitromethane was used as reference
(0 ppm) to calculate "N chemical shifts. 'H-"N HMBC-type
correlation experiments were recorded using the gHMQC Varian
pulse sequence setting up the experiment for long-range couplings.
The studies were carried out in solutions containing 5-15 mg of
the ligands dissolved in 0.6 mL of the corresponding deuterated
solvent.

EMF measurements

The potentiometric titration were carried out at 298.1 + 0.1 K us-
ing 0.05 M (C,H;),NCIO, in MeOH as the supporting electrolyte.

Before each measurement the Nernst’s equation was verified in
the following system:

Ag’10.01 M AgNO; (MeOH) + 0.04 M (C,H;),NCIO, (MeOH)
| 0.05 M (C,H;),NCIO, (MeOH) || ¢, + (MecOH)
+0.05 M (C,Hs),NCIO, (MeOH) ||Ag’

The specific measurements were performed in the system:

Ag’10.01 M AgNO; (MeOH) + 0.04 M (C,H;),NCIO, (MeOH)
1 0.05 M (C,H;),NCIO, (MeOH) || ¢*, (MeOH) + ¢y,
+ (MeOH) + 0.05 M (C,H;),NCIO, (MecOH) |Ag’

where ¢°, is the concentration of the ligand at the beginning of the
titration, and c,, is the concentration of the standard solution of
silver ion.

Three series of the measurements were performed for three
different ligand concentrations ¢°;, which ranged from 5 x 10~*
to 5 x 107 M. The results reproducibility was &+ 0.20 mV. The
values of formation constants were computed by means of the
MINIQUAD program,'” and the program based on the BEST
algorithm."

Molecular modeling

For the molecular modeling studies, a PC version of Spartan Pro
program was used. To obtain the minima of energy, the conformer
distribution calculation option available in Spartan Pro was used.
With this option, an exhaustive Monte Carlo search without
constraints was performed for every structure. The torsion angles
were randomly varied and the obtained structures fully optimized
using the MMFF94 force field. Thus, 100 minima of energy within
an energy gap of 10 kcal mol~' were generated. These structures
were analyzed and ordered considering the relative energy, being
the repeated geometries eliminated. For the Ag complex, the
geometry was fully optimized at the HF/3-21G* level of theory
implemented in Spartan Pro. Frequencies analysis showed that it
is a minimum of energy.
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The synthesis of a series of chiral nonracemic and C,-symmetric 2,2'-bipyridyl ligands (R = Me, i-Pr

and Ph) as well as the syntheses of the corresponding unsymmetric 2,2'-bipyridyl ligands (R = Me and
Ph) is described. These bipyridyl ligands were prepared, in a notably direct and modular fashion, from
the readily available and corresponding 2-chloropyridine acetals (R = Me, i-Pr and Ph). The bipyridyl
ligands were evaluated in copper(1)-catalyzed cyclopropanation reactions of styrene with the ethyl and

t-butyl esters of diazoacetic acid. The stereoselectivities, as well as the yields of the cyclopropanation
reactions, were dependant on the ratio of the bipyridyl ligands and copper triflate that was employed.
The best result was obtained in the asymmetric cyclopropanation reaction of styrene and fert-butyl
diazoacetate with the C,-symmetric bipyridyl ligand (R = i-Pr). This afforded the corresponding
trans-cyclopropane in good diastereoselectivity (4 : 1) and in moderate enantioselectivity (44% ee). The
X-ray structure determination of a complex formed between the C,-symmetric 2,2-bipyridyl ligand (R
= Ph) and copper(1) chloride showed that two bipyridyl ligands had coordinated to the copper(1) ion.
This information, along with the results of a series of cyclopropanation reactions and NMR data, led to
the conclusion that the 2,2'-bipyridyl ligands had the propensity to form catalytically inactive
bis-ligated copper(1) species in solution that were in equilibrium with catalytically active copper(1)
triflate and the desired mono-ligated copper(1) species. Moreover, it was observed that the complex of
the bipyridyl ligand (R = Ph) and copper(1) chloride had a particularly large optical rotation (sodium
D-line). The maximum positive optical rotation was subsequently found to be +1.1 x 10* at 304 nm and

the maximum negative optical rotation was —1.3 x 10* at 329 nm.

Introduction

We have recently established a new design concept for the efficient
and modular construction of chiral nonracemic auxiliaries, ligands
and catalysts for use in asymmetric synthesis.! These novel chiral
directors can be prepared from functionalized indan-1-one deriva-
tives (as well as their heterocyclic analogues) and a series of chiral
nonracemic C,-symmetric 1,2-diols by experimentally simple acid-
catalyzed condensation reactions. In this paper, the synthesis of
a series of chiral nonracemic and C,-symmetric 2,2'-bipyridyl
ligands 1a—c (R = Me, i-Pr and Ph) as well as the syntheses of the
corresponding unsymmetric 2,2’ -bipyridyl ligands 2a-b (R = Me
and Ph) is described (Fig. 1).2 The bipyridyl ligands were prepared
from the corresponding 2-chloropyridine acetals 3a—¢ (R = Me, i-
Pr and Ph) and were evaluated in copper(1)-catalyzed asymmetric

Department of Chemistry, Simon Fraser University, 8888 University Drive,
Burnaby, British Columbia, Canada V5A4 1S6. E-mail: pwilson@sfu.ca;
Fax: 1604 291-3765; Tel: 1604 291-5654

T Electronic supplementary information (ESI) available: General ex-
perimental details, detailed experimental procedures and full product
characterization data for all of the additional compounds synthesized.
An experimental procedure for the preparation and crystallization of the
bis-2,2"-bipyridyl ligand copper(1) chloride complex 18. 'H and “C NMR
spectra for compounds 1a—c¢, 2a-b and 10-15 as well as for the complex
18. See DOI: 10.1039/b513286j

i M. P. A. L. performed all of the synthetic work and obtained all of the
compound characterization data described herein. N. D. D. determined the
X-ray crystal structure of the bis-2,2"-bipyridyl ligand copper(1) chloride
complex 18.
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Fig. 1 Chiral nonracemic 2,2'-bipyridyl ligands 1a—¢ (R = Me, i-Pr and
Ph) and 2a-b (R = Me and Ph). * The compound used in the following
study was the enantiomer of that indicated in the figure.

cyclopropanation reactions of styrene with the ethyl and -butyl
esters of diazoacetic acid. The observations and conclusions made
in this detailed study are of significance for the future design,
synthesis and application of new chiral nonracemic ligands in
transition metal-catalyzed asymmetric processes.

We have previously reported the six-step synthesis of the
precursors to the chiral nonracemic ligands described in this
paper, the 2-chloropyridine acetals 3a—¢ (R = Me, i-Pr and
Ph), from the known 2-hydroxypyridine 4 (Scheme 1).>* Thise
2-hydroxypyridine was readily prepared on a multi-gram scale
(from cyclopentanone, ethyl acetoacetate and ammonium ac-
etate) and converted to the 2-chloropyridine 5 on heating with
phenylphosphonic dichloride. Subsequent oxidation with 30%
aqueous hydrogen peroxide afforded the corresponding pyridine
N-oxide that was converted to the acetate 6 on heating with acetic
anhydride. Hydrolysis of the acetate 6 with lithium hydroxide

This journal is © The Royal Society of Chemistry 2006
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Scheme 1 Synthesis of the chiral nonracemic 2-chloropyridine acetals
3a—c (R = Me, i-Pr and Ph). Reagents and conditions: (i) PhP(O)Cl,,
160 °C, 16 h, 83%; (ii)) H,0O,, H,0, AcOH, 80 °C, 16 h; (iii) Ac,O, room
temperature, 1 h then 100 °C, 4 h, 60% (over two steps); (iv) LIOH, THF,
H,0, room temperature, 16 h, 94%; (v) (COCl),, DMSO, CH,Cl,; NEt;,
—78 °C to room temperature, 90%; (vi) p-TsOH (cat.), benzene, reflux,
16 h, 85% (3a), 89% (3b), 79% (3¢). * The compound used in this study
was the enantiomer of that indicated in the scheme.

afforded the corresponding alcohol 7 and subsequent Swern
oxidation afforded the 2-chloroketone 8.° The 2-chloropyridine
acetals 3a—c¢ (R = Me, i-Pr and Ph) were then prepared in
good yield on condensation of the 2-chloroketone 8 with the
corresponding chiral nonracemic C,-symmetric 1,2-diols 9a—c
(R = Me, i-Pr and Ph) by heating these reaction partners at
reflux in benzene with a catalytic amount of para-toluenesulfonic
acid.

Results and discussion
Synthesis of the 2,2'-bipyridyl ligands

The chiral nonracemic and C,-symmetric 2,2'-bipyridyl ligands
la—c (R = Me, i-Pr and Ph) were prepared from the corresponding
2-chloropyridine acetals 3a—c by a nickel(0)-mediated homocou-
pling reaction upon heating in tetrahydrofuran with dibromo-
bis(triphenylphosphine)nickel(11), zinc dust and tetraethylammo-
nium iodide (Scheme 2).” The reactions of the 2-chloropyridine
acetals 3b—c (R = i-Pr and Ph) both afforded the corresponding
2,2'-bipyridyl ligands 1b—c in good yield (72 and 73%, respectively).
However, in the case of the reaction of the 2-chloropyridine
acetal 3a (R = Me), a significant amount of the reductively
dehalogenated product 10 (35% yield) was obtained along with the
desired and corresponding 2,2'-bipyridyl ligand 1a (41% yield).

Me - _ Me
S i / \Y S
| — N A |
A N/ cl 8 o Lot N/
o]
0 o 9@ "o Jp
R Me =
R R e
3a, R = Me* 1a, R = Me* 10
3b, R = i-Pr 1b, R = j-Pr
3c,R=Ph 1¢, R=Ph

Scheme 2 Synthesis of the chiral nonracemic and C,-symmetric
2,2'-bipyridyl ligands 1a—c (R = Me, i-Pr and Ph). Reagents and conditions:
(i) NiBr,(PPhs),, Zn, Et,NI, THF, 60 °C, 72 h, 41% (1a) and 35% (10), 72%
(1b), 73% (1¢). * The compound used in this study was the enantiomer of
that indicated in the scheme.

The chiral nonracemic and unsymmetric 2,2'-bipyridyl ligands
2a-b (R = Me and Ph) were prepared from the correspond-
ing 2-chloropyridine acetals 3a and 3¢ by palladium-catalyzed
Stille coupling reactions with 2-(tri-n-butylstannyl)pyridine

Me,
Me — —
N ~ W
. | _ + n—BuﬁnO _—
o~ X. "N" ¢l N o o
\\(0 \/k
R\“ < R
R R
3a, R = Me* 2a, R = Me*
3c,R=Ph 2b, R=Ph

Scheme 3 Synthesis of the chiral nonracemic and unsymmetric
2,2'-bipyridyl ligands 2a-b (R = Me and Ph). Reagents and conditions:
(1) 5 mol% Pd,dba;, 10 mol% P(z-Bu);, CsF, dioxane, reflux, 24 h, 72%
(2a), 83% (2b). * The compound used in this study was the enantiomer of
that indicated in the scheme.

(Scheme 3).%° In the first instance, it was found that these 2-
chloropyridine acetals reacted exceedingly slowly under stan-
dard Stille coupling reaction conditions, when tetrakis(triphenyl-
phosphine)palladium(0) was employed as the catalyst on heating
at reflux in benzene or toluene with potassium carbonate.'
However, the coupling reactions proceeded smoothly on employ-
ment of the conditions recently reported by Fu and co-workers
to afford the unsymmetric 2,2’-bipyridyl ligands 2a-b in good
yield (72 and 83%, respectively)."! These reaction conditions
involved heating a mixture of the 2-chloropyridine acetals 3a
and 3c with 2-(tri-n-butylstannyl)pyridine and anhydrous cesium
fluoride in dioxane at reflux in the presence of catalytic amounts
of tris(dibenzylideneacetone)dipalladium(0) and tri-z-butyl phos-
phine.

The direct and modular synthesis of the C,-symmetric 2,2'-
bipyridyl ligands 1a—¢ (R = Me, i-Pr and Ph) and the unsymmetric
2,2'-bipyridyl ligands 2a-b (R = Me and Ph) further demonstrated
the versatility of the corresponding 2-chloropyridine acetals 3a—
¢ as building blocks for the construction of new chiral ligands.?
However, the formation of a significant quantity of the reductively
dehalogenated product 10 in the nickel(0)-mediated homocou-
pling reaction of the 2-chloropyridine acetal 3a (R = Me) was
problematic because it occurred in the last step of the synthetic
sequence, after the valuable chiral portion of the molecule had
been installed. In order to circumvent this problem, it was
decided to prepare the corresponding 2-bromopyridine acetal 15
(Scheme 4). In this case, it was considered that the higher reactivity
of a pyridyl-bromide bond would lead to an improvement in
the yield of the desired 2,2'-bipyridyl ligand 1a (R = Me). The
lower reactivity of aryl-chloride bonds relative to aryl-bromide
bonds in metal-catalyzed coupling reactions is generally attributed
to their reluctance to undergo oxidative addition to the metal
catalyst."”? This is in agreement with the bond dissociation energies
of aryl halide bonds [at 298 K, Ph—Cl (96 kcal mol™') > Ph-
Br (81 kcal mol™")]."* The mechanism by which reduction of the
aryl-chloride bond occurred, in the case of the reaction of the 2-
chloropyridine acetal 3a (R = Me), is not obvious. However, if this
coupling reaction proceeds via radical intermediates, the reaction
solvent (tetrahydrofuran) or the reagent (tetraethylammonium
iodide) could have acted as sources of the hydrogen atoms as this
reaction was performed under strictly anhydrous conditions. The
observation that the reduction process only occurred during the
homocoupling reaction of the 2-chloropyridine acetal 3a (R =
Me) can be attributed to the fact that this is a less sterically
encumbered molecule and so it is presumably more reactive than
the 2-chloropyridine acetals 3b,c (R = i-Pr and Ph).
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Scheme 4 Synthesis of the C,-symmetric 2,2'-bipyridyl ligand 1a (R =
Me) from the 2-bromopyridine acetal 15. Reagents and conditions: (i)
PBr;, reflux, 12 h, 52%; (i) H,0,, H,0, AcOH, 80 °C, 16 h; (iii) Ac,0,
room temperature, 1 h then 100 °C, 4 h, 54% (over two steps); (iv) LiOH,
THF, H,0, room temperature, 16 h, 95%; (v) (COCl),, DMSO, CH,Cl,;
NEt;, —78 °C to room temperature, 90%; (vi) (2R,3R)-2,3-butanediol 9a,
p-TsOH (cat.), benzene, reflux, 20 h, 89%; (vii) NiBr,(PPh;),, Zn, Et,NI,
THF, 60 °C, 72 h, 83%.

The 2-bromopyridine acetal 15 was prepared in a similar
manner as to that used in the preparation of the corresponding
2-chloropyridine acetal 3a (R = Me). This involved conversion
of the 2-hydroxypyridine 4 to the 2-bromopyridine 11, in reason-
able yield, on heating with phosphorus tribromide. Subsequent
treatment of the 2-bromopyridine 11 with 30% aqueous hydrogen
peroxide in glacial acetic acid at 80 °C for 16 h afforded the
corresponding pyridine N-oxide. This compound was then heated
in acetic anhydride to afford the acetate 12 in good overall

yield (54%, over two steps). Hydrolysis of the acetate 12 with
lithium hydroxide afforded the corresponding alcohol 13 that
was efficiently oxidized under Swern conditions to afford the
2-bromoketone 14. Condensation of this 2-bromoketone with
(2R,3R)-2,3-butanediol 9a (R = Me) in the presence of a catalytic
amount of p-toluenesulfonic acid monohydrate in benzene at
reflux afforded the 2-bromopyridine acetal 15 in high yield
(89%). This acetal was then subjected to the nickel(0)-mediated
homocoupling reaction to afford the 2,2'-bipyridyl ligand 1a (R =
Me) in good yield (83%). In this case, and as anticipated, none of
the reductively dehalogenated product 10 was detected.

Evaluation of the bipyridyl ligands

With a series of three chiral nonracemic and C,-symmetric
2,2'-bipyridyl ligands la—¢ (R = Me, i-Pr and Ph) as well as
two unsymmetric 2,2'-bipyridyl ligands 2a-b (R = Me and Ph)
in hand, the evaluation of these ligands in copper(l)-catalyzed
asymmetric cyclopropanation reactions of styrene with the ethyl
and t-butyl esters of diazoacetic acid 16a-b (R = Et and #-Bu) was
undertaken (Table 1). These catalytic reactions were performed
under a standard set of reaction conditions.** Of note, the study
of copper(1)-catalyzed asymmetric cyclopropanation reactions of
styrene and diazoacetates constitutes a standard (“benchmark”)
method for the evaluation of new chiral nonracemic 2,2'-bipyridyl
ligands.>*

The active copper catalysts in these reactions were generated
by reduction of the complexes formed between 1.25 mol% of
copper(1) triflate and 1.3 or 2.6 mol% of the 2,2’-bipyridyl ligands
la— and 2a-b with phenylhydrazine." In all cases, the solutions
of the copper(i1) complexes formed between copper(1n) triflate and
the bipyridyl ligands were light green in colour that turned deep red

Table 1 Asymmetric copper(1)-catalyzed cyclopropanation reactions of styrene with the ethyl and #-butyl esters of diazoacetic acid 16a-b (R = Et and

t-Bu)

CO,R 1.25 mol % Cu(OTf),,
P 1.3-2.6 mol % ligand (L*, 1a—c and 2a-b), COR
Nz 16a-b 1.5 mol % PhNHNH,, CH,Cl,, rt, 15 h
+_ Ph‘“’
P 17a-b
Entry L* R L*: Cu Ratio Product” trans : cis Ratio® Yield (%) Ee (%)?
1 1a Et 1:1 ent-17a 3:2 55 9
2 1a t-Bu 1:1 ent-17b 4:1 67 7
3 1a Et 2:1 ent-17a 1:1 48 24
4 la t-Bu 2:1 ent-17b 7:3 47 38
5 1b Et 1:1 17a 7:3 62 25
6 1b t-Bu 1:1 17b 4:1 59 44
7 1b Et 2:1 17a 7:3 53 34
8 1b t-Bu 2:1 17b 3:1 57 42
9 1c Et 1:1 (£)-17a 3:2 58 0
10 1c Et 2:1 — — 0 —
11 2a Et 1:1 ent-17a 3:2 75 2
12 2b Et 1:1 17a 3:2 74 3

“The absolute stereochemistry of the frans- and cis-diastereoisomers of cyclopropane reaction products were determined by comparison of the optical
rotations with literature values.” ® The ratios of the trans- and cis-diastereoisomers of the cyclopropane reaction products were determined by analysis
of the "H NMR spectra (400 MHz, CDCI,) of the crude reaction mixtures. ¢ Combined yields of the chromatographically separated rans- and cis-
cyclopropane reaction products. ¢ The enantioselectivities were determined by analytical chiral HPLC (Daicel Chiralcel OD column) following reduction
of the trans-cyclopropane reaction products to the corresponding primary alcohol with lithium aluminum hydride.
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instantaneously when phenylhydrazine was added to the reaction
mixture. This indicated that reduction to the copper(1) complexes
had occurred. The asymmetric cyclopropanation reactions were
carried out at room temperature in dichloromethane and involved
the slow addition (over ca. 3 h) of the ethyl and z-butyl esters of
diazoacetic acid 16a-b (R = Et and #-Bu) to a solution of 2.2
equivalents of styrene and the preformed catalyst. It was found
that both the yields and stereoselectivities of the cyclopropanation
reactions were highly dependant on which bipyridyl ligand was
employed as well as on the ratio of the ligand and copper (1) triflate.

The reaction of styrene with ethyl diazoacetate 16a (R = Et)
using a 1 : 1 ratio of the bipyridyl ligand 1a (R = Me), that was
derived from (2R,3R)-2,3-butanediol 9a, and copper(n) triflate
afforded the cyclopropane ent-17a in a trans : cis ratio of 3 :
2 and in low enantioselectivity (9% ee) (Table 1, entry 1).'
Employment of the larger reaction substrate, 7-butyl diazoacetate
16b (R = #-Bu) (under identical reaction conditions), afforded
the cyclopropane ent-17b in an improved trans : cis ratio (4 : 1).
However, the enantioselectivity of the reaction remained low (7%
ee) (Table 1, entry 2). The absolute stereochemistry of the major
trans-cyclopropane reaction products ent-17a-b (R = Et and ¢-
Bu) were determined to be (1R,2R) and the corresponding minor
cis-cyclopropane reaction products ent-17a-b were determined to
be (15,2R) by comparison of the optical rotations with literature
values.”” These initial results led to the consideration that the
bipyridyl ligand 1a was not completely bound to the copper(1)
salt (or that a bis-ligated copper(1) species had formed which
would imply that copper() triflate was present in the reaction
mixtures).”® Thus, to attempt to improve the stereoselectivities of
these initial experiments, the above reactions were repeated using
a2 : 1 ratio of the bipyridyl ligand 1a and copper(11) triflate. It was
found that the reactions, with ethyl and #-butyl diazoacetate 16a-b,
afforded the corresponding cyclopropanes ent-17a-b in improved
enantioselectivities (24 and 38% ee, respectively) (Table 1, entries
3 and 4). Similar trends were observed on evaluation of the
pseudo-enantiomeric bipyridyl ligand 1b (R = i-Pr) that was
derived from (1S5,2S)-1,2-diisopropyl-1,2-ethanediol 9b. The use
of a 1: 1 ratio of the bipyridyl ligand 1b and copper(1) triflate, in
the cyclopropanation reaction of styrene with ethyl and z-butyl
diazoacetate 16a-b, afforded the corresponding cyclopropanes
17a-b in higher enantioselectivities (25 and 44% ee, respectively)
(Table 1, entries 5 and 6). Of note, and as was expected for these
latter reactions with this pseudo-enantiomeric bipyridyl ligand, the
major trans-cyclopropanes 17a-b (R = Et and 7-Bu) had (15,2S5)
stereochemistry and the corresponding minor cis-cyclopropanes
17a-b had (1R,2S) stereochemistry.”” The use of a 2 : 1 ratio of the
bipyridyl ligand 1b and copper(11) triflate with ethyl diazoacetate
16a resulted in a further improvement in the enantioselectivity of
the reaction (34% ee) (entry 7). However, the enantioselectivity of
the reaction remained essentially the same (42% ee) when #-butyl
diazoacetate 16b was employed as the reaction substrate (Table 1,
entry 8). This is in contrast to what was found for the bipyridyl
ligand 1a (R = Me) when the latter set of reaction conditions was
employed.

Particularly interesting and surprising results were obtained
when the (15,25)-1,2-diphenyl-1,2-ethanediol 9c derived bipyridyl
ligand 1c¢ (R = Ph) was employed in these cyclopropanation
reactions. Employment of a 1 : 1 ratio of the bipyridyl ligand 1¢ and
copper(1) triflate in the reaction of styrene with ethyl diazoacetate

16aresulted in the isolation of the cyclopropane (4)-17a in racemic
form (Table 1, entry 9). This was a surprising result in that it was
expected that the ligand 1c¢ (R = Ph) would be the most efficient
chiral director in view of the relatively large size of the cyclic acetal
moiety. Moreover and remarkably, no reaction occurred when the
above reaction was repeated with a 2 : 1 ratio of the bipyridyl
ligand 1c and copper() triflate (Table 1, entry 10).

The unsymmetric 2,2'-bipyridyl ligands 2a-b (R = Me and Ph)
were also evaluated in the cyclopropanation reaction of styrene
with ethyl diazoacetate 16a. In these instances, on employment of
a 1 : 1 ratio of the bipyridyl ligands 2a-b and copper(11) triflate,
the cyclopropanes ent-17a and 17a were isolated in good yield but
in very low enantiomeric excess (2 and 3%, respectively) (Table 1,
entries 11 and 12). The low enantioselectivities obtained here are
presumably due to the lack of sufficient steric bulk on one side of
these ligands and so no further experiments were conducted.

Crystallographic studies of the bis-2,2'-bipyridyl ligand copper(1)
chloride complex (18)

In order to probe the structure of the species involved in the
asymmetric cyclopropanation reactions with the C,-symmetric
2,2-bipyridyl ligands 1la—¢ (R = Me, i-Pr and Ph), a crystallo-
graphic study was undertaken.§ The bipyridyl ligand 1c¢ (R = Ph)
was selected for this study in light of the interesting results that had
been obtained in this case. Due to the air and moisture sensitivity of
copper(1) triflate complexes, the corresponding copper(1) chloride
complex of the bipyridyl ligand 1¢ was prepared. This involved the
reaction of equimolar quantities of the ligand 1c¢ and anhydrous
copper(1) chloride in a mixture of ethanol and dichloromethane (1 :
1). Bright red X-ray quality crystals of the resultant complex 18,
which was formed quantitatively, were obtained by recrystalliza-
tion from a mixture of ether and dichloromethane (1 : 1) on slow
evaporation of the solvent. Analysis of the X-ray data revealed
that two bipyridyl ligands were coordinated, in a geometry that
was somewhat distorted from tetrahedral, to the copper(1) centre.
In addition, the chloride counterion that had been displaced
from the coordination sphere of the complex had combined with
the remaining copper(l) chloride to form a copper(1) dichloride
counterion (CuCl,7)."” An ORTEP representation of complex 18
is shown below (Fig. 2). Around the copper(1) centre, the following
bond angles were determined: N1-Cul-N2 = 82.2° and N2-Cul-
N1* = 131.2°. The N1-Cul bond length was 2.057 A and the
N2-Cul bond length was 2.052 A .20

Mechanistic aspects of the cyclopropanation reactions

Based on the above structure determination, the results of the
cyclopropanation reactions (i.e. the dependence of the enantios-
electivity of reaction as a function of the ratio of the bipyridyl
ligand and copper reagent employed in the process) can be
rationalized. It is proposed that the bipyridyl ligands 1la—¢ (R =
Me, i-Pr and Ph) have the propensity to form bis-ligated copper(1)
complexes in solution and that an equilibrium is established
between copper(1) triflate, the mono-ligated copper(1) triflate
complexes 19, and the bis-ligated copper(l) triflate complexes
20 (Fig. 3). The latter bis-ligated complexes 20 are presumably

§ CCDC reference number 293622. For crystallographic data in CIF
format see DOI: 10.1039/b513286j
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Fig. 2 ORTERP representation of the bis-2,2'-bipyridyl ligand copper(1)
chloride complex 18. The thermal ellipsoids are drawn at a 25%
probability level and the atoms of the incorporated solvent molecule
(dichloromethane) as well as the hydrogen atoms have been removed for
clarity.

Me, Me
L NV U
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Fig. 3 Proposed equilibrium established in solution between copper(1)
triflate and the C,-symmetric 2,2'-bipyridyl ligands (L*).

inactive cyclopropanation catalysts since all coordination sites
on the copper centre are blocked. However, copper(l) triflate
and the mono-ligated copper(1) triflate complexes 19 would be
active catalysts and so the enantioselectivities observed in the
cyclopropanation reactions are a result of the relative rates of
catalysis by these two species.” It is also possible that the desired
mono-ligated copper(1) triflate complexes 19 [derived from the C,-
symmetric 2,2'-bipyridyl ligands 1a—b (R = Me and i-Pr)] could be
very effective chiral directors in asymmetric cyclopropanation re-
actions. However, in the cases that were studied, the free copper(1)
triflate in solution had compromised the overall enantioselectivity
of the reactions. In the case of the bipyridyl ligand 1c¢ (R =
Ph), the results of the cyclopropanation reactions suggested that
the corresponding bis-ligated complex was the major complex in
solution. This conclusion is further supported by the fact that
the '"H and “C NMR spectra of the bis-2,2-bipyridyl ligand
copper(I) chloride complex 18 in deuterated chloroform were well-
resolved and no free ligand was observed. Thus, when a 1 : 1
ratio of the ligand 1¢ and copper(n) triflate was employed in the
cyclopropanation reaction, the two species in solution would have
been catalytically active copper(1) triflate and the corresponding
catalytically inactive bis-ligated complex 20. This would account
for the fact that the cyclopropane reaction product (+)-17a was
isolated in racemic form. When the cyclopropanation reaction
was performed with a 2 : 1 ratio of the ligand 1¢ and copper(ir)
triflate, the copper ions would have been entirely sequestered as the

corresponding bis-ligated complex 20. This would account for the
additional fact that the cyclopropanation reaction was completely
shut down in this instance. The relative kinetic and thermodynamic
stability of this particular complex could be the result of favourable
n—m interactions (between one of the phenyl rings of each of the
four chiral acetal moieties and both aromatic rings of the two
bipyridyl moieties) or that the two bipyridyl ligands are rigidly
interlocked once they are positioned around the copper ion (see
Fig. 2).

Optical rotary dispersion spectrum of the bis-2,2'-bipyridyl ligand
copper(1) chloride complex (18)

In the process of obtaining full spectroscopic data for the bis-
2,2'-bipyridyl ligand copper(1) chloride complex 18, it was noted
that this compound had a particularly large specific rotation
([a]® —1300 [¢ 0.0030, chloroform]). Pfaltz and co-workers have
reported a similar optical rotation ([a]33 —1574 [c 0.01, ethanol])
for a bis-ligated copper(i) semicorrin complex.'® This result led
us to record an optical rotary dispersion spectrum on a dilute
solution of the complex 18 (1.9 x 10~ M) in chloroform (Fig. 4).
Remarkably, the maximum positive specific optical rotation was
+1.1 x 10* at a wavelength of 304 nm and the maximum
negative specific rotation was —1.3 x 10* at 329 nm. To put these
values in context, the classic hydrocarbons—the helicenes—have
extraordinarily high specific rotations ([a]) that range from 3640
for [6]-helicene to 9620 for [13]-helicene.”? A UV-vis spectrum of
the complex 18 was also recorded. Strong absorptions at 287 nm
(e=38x10*M'cem™),309(¢=3.9 x 10* M~'cm™')and 472 nm
(6=6.2 x 10° M~ cm™") were observed. The absorbance at 472 nm
is in the blue-visible region of the electromagnetic spectrum which
accounts for the intense red colour of the complex.
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Fig. 4 Optical rotary dispersion spectrum of the bis-2,2'-bipyridyl ligand
copper(1) chloride complex 18. The spectrum was recorded at 20 °C in
chloroform [¢ 0.0030 (g per 100 mL)].

Stereochemical interpretation of the asymmetric cyclopropanation
reactions

The stereochemical outcome of the asymmetric cyclopropanation
reactions of the copper(l) complexes of the C,-symmetric 2,2'-
bipyridyl ligands 1a-b (R = Me and i-Pr) can be rationalized
in terms of the minimization of steric interactions between the
reacting species. A schematic representation, that depicts the
proposed low and high energy modes for the reaction of styrene
with the copper—carbenoid intermediates [for the bipyridyl ligand
1la (R = Me) and the diazoacetates 16a-b (R = Et and 7-Bu)]
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that would lead to the four possible stereoisomeric cyclopropane
reaction products, is shown below (Fig. 5).

(®) ()
Ph Ph
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Fig. 5 Rationalization of the stereochemical outcome of the asymmetric
cyclopropanation reactions of styrene and the diazoacetates 16a-b (R =
Et and #-Bu) with the C,-symmetric 2,2-bipyridyl ligand 1a (R = Me).

The lower energy mode would result from minimization of
steric interactions between the substituents (R) of the chiral
acetal moieties and styrene. In addition, the favoured approach
of styrene (from the accessible front face of the complex, as
drawn) along reaction pathway (a) would lead to the major
trans-cyclopropane reaction products (1R,2R)-17a-b (due to
minimization of additional interactions with the ester moiety).
Conversely, approach along reaction pathway (b) (again from
the front face of the complex) would lead to the minor cis-
cyclopropane reaction products (1S,2R)-17a-b. Approach from
the front face of the complex along reaction pathways (a) and
(b) in the higher energy mode would lead to the enantiomeric
major trans-cyclopropane reaction products (1S,2S5)-17a-b and
the minor cis-cyclopropane reaction products (1R,2S5)-17a-b.
In this mode, the steric interactions between the substituents
(R) of the chiral acetal moieties and styrene are more severe.
Moreover, from this schematic representation, the relationship of
the observed diastereoselectivity of the reaction to the size of the
ester moiety can also be realized.

Conclusions

The direct and modular synthesis of a series of chiral nonracemic
and C,-symmetric 2,2'-bipyridyl ligands 1a—¢ (R = Me, i-Pr and
Ph) as well as the syntheses of the corresponding unsymmetric 2,2'-
bipyridyl ligands 2a-b (R = Me and Ph) from the 2-chloropyridine
acetals 3a—c¢ (R = Me, i-Pr and Ph) have been developed. These
bipyridyl ligands were evaluated for use in asymmetric synthesis
in copper(1)-catalyzed cyclopropanation reactions of styrene with
the ethyl and #-butyl esters of diazoacetic acid 16a-b (R = Et
and ¢-Bu). The catalytic species in these reactions were generated
by reduction of the complexes formed between 1.25 mol% of
copper(1l) triflate and 1.3 or 2.6 mol% of the bipyridyl ligands
with phenylhydrazine in dichloromethane. It was found that the
stereoselectivities, as well as the yields of the reactions, were
dependant on the ratio of the bipyridyl ligands and copper(ir)
triflate employed. The best result was obtained in the asymmetric
cyclopropanation reaction of styrene with z-butyl diazoacetate
16b (R = ¢-Bu) when the C,-symmetric bipyridyl ligand 1b

(R = i-Pr) was employed. This afforded the corresponding
trans-cyclopropane reaction product 17b (R = ¢-Bu) in good
diastereoselectivity (4 : 1) and in moderate enantioselectivity
(44% ee). An X-ray structure determination of the complex 18
formed between the C,-symmetric 2,2’ -bipyridyl ligand 1c¢ (R =
Ph) and copper(1) chloride showed that two bipyridyl ligands had
coordinated to the copper(1) ion. This information, along with
the results from the cyclopropanation reactions and NMR data,
led to the conclusion that the 2,2'-bipyridyl ligands la—<¢ (R =
Me, i-Pr and Ph) had the propensity to form catalytically inactive
bis-ligated copper(1) species in solution that were in equilibrium
with catalytically active copper(1) triflate and the desired mono-
ligated copper(1) species. It was also inferred that the mono-
ligated copper(1) species could possibly be very selective in the
asymmetric cyclopropanation reactions and that the observed
enantioselectivities were significantly eroded by free copper(1)
triflate in solution. For this reason, future studies with these
ligands will involve their application in asymmetric reactions
which are catalyzed by copper(11) species or by transition metals
other than copper. The bis-2,2"-bipyridyl ligand copper(1) chloride
complex 18 was found to have a particularly large optical rotation
(sodium D-line). Moreover, the maximum positive optical rotation
was +1.1 x 10* at 304 nm and the maximum negative optical
rotation was —1.3 x 10* at 329 nm. In view of these exceptionally
high values, a future study will involve the use of the bipyridyl
ligand 1c (R = Ph) for the detection of trace quantities of metal
ions by optical rotation measurements. To further demonstrate the
versatility of the design concept employed in the synthesis of these
bipyridyl ligands, the 2-chloropyridine acetals 3a—¢ (R = Me, i-Pr
and Ph) will also be used to construct additional chiral nonracemic
ligands and catalysts for evaluation in asymmetric synthesis.

Experimental

4,4 -Dimethyl-6,6',7,7 -tetrahydro-5 H,5' H-2,2'-bi([1]pyridinyl)-
7,7 -dione-(15,25)-1,2-diphenyl-1,2-ethanediolbisacetal (1c).
Representative procedure for the preparation of the 2,2'-bipyridyl
ligands (1a—c) from the 2-chloropyridine acetals (3a—c)

To a stirred solution of dibromobis(triphenylphosphine)nickel(1r)
(743 mg, 1.00 mmol) in degassed tetrahydrofuran (15 mL) were
added zinc dust (<10 pm, 197 mg, 3.02 mmol) and tetraethylam-
monium iodide (517 mg, 2.01 mmol). The reaction mixture was
stirred at room temperature for 30 min and then a solution of
the 2-chloropyridine acetal 3¢ (760 mg, 2.01 mmol) in degassed
tetrahydrofuran (12 mL) was added via a cannula. The resultant
mixture was heated at 60 °C for 72 h and then was allowed to
cool to room temperature. The reaction mixture was then poured
into an aqueous solution of ammonium hydroxide (10% w/w, 300
mL) and was extracted with ether (3 x 50 mL). The combined
organic extracts were washed with water (2 x 20 mL), dried over
anhydrous sodium sulfate and concentrated in vacuo to afford the
crude product. Flash chromatography using hexanes—ether (6 :
1) as the eluant afforded the title compound 1¢ (502 mg, 73%)
as a white crystalline solid. Mp 214-215 °C, hexanes—ether; [a]?
+250 (¢ 1.00, chloroform); "H NMR (400 MHz, CDCl,) ¢ 2.39
(6H, s, ArCH,;), 2.70-2.84 (4H, m, ArCH,CH,), 2.97-3.07 (4H,
m, ArCH,), 495 (2H, d, J = 8.5 Hz, CH), 5.79 2H, d, J =
8.5Hz, CH), 7.28-7.45 (16H, m, ArH), 7.65-7.78 (4H, m, ArH),

882 | Org. Biomol. Chem., 2006, 4, 877-885

This journal is © The Royal Society of Chemistry 2006





8.39 (2H, s, ArH); "C NMR (101 MHz, CDCl,) ¢ 18.7,24.3, 36.1,
86.0, 86.5, 115.7, 122.5, 127.0, 128.0, 128.4, 128.5, 136.0, 136.6,
137.8, 145.0, 156.7, 161.0; IR (KBr) v,,, 2366, 2341, 1594, 1498,
1436, 1422, 1326, 1195, 1159, 1141, 1099, 1023, 938, 916, 761,
700 cm™'; MS (MALDI-TOF) m/z 686 (M + H); Anal. calcd for
Cy,sHyN,O,: C, 80.68; H, 5.89; N, 4.09. Found: C, 80.50; H, 5.77;
N, 4.06.

4-Methyl-2-(2'-pyridyl)-6,7-dihydro-5 H-[1]pyridin-7-one-(15,2.5)-
1,2-diphenyl-1,2-ethanediol acetal (2b). Representative procedure
for the preparation of the unsymmetric 2,2’-bipyridyl ligands
(2a-b) from the 2-chloropyridine acetals (3a and 3c)

To a stirred solution of the 2-chloropyridine acetal 3¢* (261 mg,
0.690 mmol) and 2-(tri-n-butylstannyl)pyridine® (472 mg, 0.759
mmol) in anhydrous, degassed dioxane (5 mL) at room tempera-
ture were added tris(dibenzylideneacetone)dipalladium(0) (16 mg,
17 umol), a solution of tri-z-butylphosphine in tetrahydrofuran
(0.10 M, 0.69 mL, 69 pmol) and anhydrous cesium fluoride
(231 mg, 1.52 mmol). The resultant solution was heated at reflux
for 24 h and then was allowed to cool to room temperature. The
reaction mixture was filtered through a pad of silica gel using ethyl
acetate as the eluant and the filtrate was then concentrated in vacuo
to afford the crude product. Flash chromatography using hexanes—
ether (4 : 1) as the eluant afforded the title compound 2b (242 mg,
83%) as a white crystalline solid. Mp 120-121 °C, hexanes—ether;
[aly —98.4 (¢ 1.00, chloroform); '"H NMR (400 MHz, CDCl;) 6
2.40 (3H, s, ArCH;), 2.68-2.82 (2H, m, ArCH,CH,), 2.96-3.03
(2H, m, ArCH,), 492 (1H, d, J = 8.5 Hz, CH), 5.77 (1H, d, J =
8.5 Hz, CH), 7.29-7.37 (9H, m, ArH), 7.61-7.66 2H, m, ArH),
7.80-7.86 (1H, m, ArH), 8.30 (1H, s, ArH), 8.52-8.56 (1H, m,
ArH), 8.67-8.71 (1H, m, ArH); *C NMR (101 MHz, CDCl,) ¢
18.5,24.3,36.1, 86.1, 86.5, 115.6, 121.4, 122.2, 123.6, 126.9, 127.9,
128.4,128.5,128.5, 136.5, 137.1, 137.5, 145.4, 149.0, 156.7, 161.2;
IR (KBr) v, 1586, 1564, 1492, 1441, 1381, 1351, 1320, 1289,
1253, 1210, 1185, 1164, 1103, 1056, 1021, 936, 920, 796, 761, 751,
700 cm™'; MS (CI) m/z (rel. intensity) 421 (M + H, 90), 314 (2),
225 (100); Anal. caled for C,sH,,N,O,: C, 79.98; H, 5.75; N, 6.66.
Found: C, 79.64; H, 6.02; N, 6.30.

2-Bromo-4-methyl-6,7-dihydro-5 H-[1]pyridine (11)

A solution of the 2-hydroxypyridine 4*'> (3.00 g, 20.1 mmol) in
phosphorus tribromide (4.5 mL, 47 mmol) was heated at reflux
for 12 h. The reaction mixture was then allowed to cool to room
temperature and was poured into an ice-cold aqueous solution
of sodium hydroxide (2 M, 300 mL). The resultant mixture was
extracted (gentle agitation to avoid emulsification) with ethyl
acetate (3 x 200 mL). The combined organic extracts were dried
over anhydrous sodium sulfate and concentrated in vacuo to afford
the crude product. Flash chromatography using chloroform as
the eluant afforded the title compound 11 (2.20 g, 52%) as a
colourless oil which crystallized upon standing. Mp 35-36 °C;
'H NMR (400 MHz, CDCl;) 6 2.04-2.16 (2H, m, ArCH,CH,),
2.21 (3H, s, ArCH;), 2.80 (2H, apparent t, J = 7.5 Hz, ArCH,),
2.99 (2H, apparent t, J = 7.8 Hz, ArCH,), 7.05 (1H, s, ArH); *C
NMR (101 MHz, CDCl;) ¢ 18.7, 25.9, 32.31, 74.9, 127.7, 135.3,
141.1, 147.4, 165.2; IR (KBr) v, 2356, 2337, 1733, 1717, 1700,
1684, 1653, 1558, 1507, 1458, 1419, 1375, 1305, 1261, 1186, 1090,

865 cm™!; MS (CI) m/z (rel. intensity) 213 [M(*'Br) + H, 97], 211
[M(”Br) + H, 100]; Anal. calcd for CoH,,NBr: C, 50.97; H, 4.75;
N, 6.60. Found: C, 50.66; H, 4.73; N, 6.39.

(7R,S)-7-Acetoxy-2-bromo-4-methyl-6,7-dihydro-5 H-[1]pyridine
12)

To a stirred solution of the 2-bromopyridine 11 (2.20 g, 10.4 mmol)
in glacial acetic acid (20 mL) was added an aqueous solution of
hydrogen peroxide (30% w/w, 5.0 mL, 49 mmol). The resultant
solution was heated at 80 °C for 20 h and then was allowed to
cool to room temperature. The reaction mixture was concentrated
in vacuo and the residue was taken up in water (100 mL). The
resultant slightly acidic mixture was neutralized by the careful
addition of solid potassium carbonate which was then extracted
with chloroform (3 x 50 mL). The combined organic extracts were
dried over anhydrous sodium sulfate and concentrated in vacuo to
afford the pyridine N-oxide (2.35 g, 99%) as a white crystalline
solid. This material was taken up in acetic anhydride (20 mL) and
the reaction mixture was heated slowly to 100 °C over 2 h. The
resultant mixture was heated at 100 °C for 2 h and then allowed
to cool to room temperature. The reaction mixture was then
concentrated in vacuo and purified by flash chromatography using
hexanes—ether (1 : 1) as the eluant to afford the title compound 12
(1.50 g, 54% over two steps) as a light orange oil which crystallized
upon standing. Mp 68-69 °C; '"HNMR (400 MHz, CDCl;) 6 2.00—
2.11 (4H, m, ArCH,CHH and CH;CO), 2.26 (3H, s, ArCH,;),
2.68-2.69 (1H, m, ArCH,CHH), 2.69-2.80 (1H, m, ArCHH),
2.87-2.98 (1H, m, ArCHH), 5.98-6.02 (1H, m, CHOACc), 7.22
(1H, s, ArH); "C NMR (101 MHz, CDCl;) ¢ 18.7, 21.5, 26.3,
30.6, 122.9, 136.9, 141.5, 147.2, 160.8, 170.8; IR (KBr) v, 2363,
2337, 1734, 1653, 1635, 1559, 1541, 1507, 1370, 1337, 1235, 1094,
1036, 856 cm™'; MS (CI) m/z (rel. intensity) 272 [M(*'Br) + H,
97], 270 [M(”Br) + H, 100], 212 (30), 101 (35); Anal. calcd for
C,H,NO,Br: C, 4891; H, 4.48; N, 5.19. Found: C, 48.63; H,
4.43; N, 5.32.

(7R,S)-2-Bromo-4-methyl-6,7-dihydro-5 H-[1]pyridin-7-o0l (13)

A stirred solution of the acetate 12 (1.50 g, 5.55 mmol) and lithium
hydroxide monohydrate (932 mg, 22.2 mmol) in tetrahydrofuran
(15 mL) and water (5 mL) was stirred at room temperature
for 5 h. The reaction mixture was then diluted with water (25
mL) and extracted with chloroform (3 x 25 mL). The combined
organic extracts were dried over anhydrous sodium sulfate and
concentrated in vacuo to afford the crude product. Flash chro-
matography using hexanes—ether (1 : 1) as the eluant afforded the
title compound 13 (1.20 g, 95%) as a white crystalline solid. Mp
110-111 °C, hexanes—ether; '"H NMR (400 MHz, CDCl;) 6 1.99—
2.12 (1H, m, ArCH,CHH), 2.26 (3H, s, ArCH,;), 2.48-2.59 (1H,
m, ArCH,CHH), 2.63-2.75 (1H, m, ArCHH), 2.87-2.97 (1H, m,
ArCHH), 5.18 (1H, apparent t, J = 7.2 Hz, CHOH), 7.19 (1H, s,
ArH); *CNMR (101 MHz, CDCl;)d 18.6,25.8, 32.2,74.8, 127.6,
135.2, 141.0, 147.3, 165.1; IR (KBr) v, 3258, 2361, 1733, 1717,
1700, 1684, 1653, 1636, 1559, 1541, 1507, 1187, 1090, 863 cm™';
MS (CI) m/z (rel. intensity) 230 [M(*'Br) + H, 22], 228 [M("Br) +
H, 22], 201 (100), 173 (25), 118 (18), 91 (53), 77 (36), 65 (36), 51
(33), 39 (42); Anal. calcd for CoH,(\NOBr: C, 47.39; H, 4.42; N,
6.14. Found: C, 47.61; H, 4.45; N, 5.98.
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2-Bromo-4-methyl-6,7-dihydro-5 H-[1]pyridin-7-one (14)

To a stirred solution of oxalylchloride (415 pL, 4.76 mmol) in
dichloromethane (40 mL) at —78 °C was added dimethylsulfoxide
(1.10 mL, 14.2 mmol) dropwise over ca. 5 min. The resultant
solution was stirred for 10 min and then a solution of the alcohol
13 (900 mg, 3.95 mmol) in anhydrous dichloromethane (15 mL)
was added vig a cannula. After an additional 10 min, triethylamine
(2.80mL, 20.1 mmol) was added and the reaction mixture was then
allowed to warm to room temperature. The resultant mixture was
diluted with dichloromethane (50 mL) and was washed with brine
(20 mL), dried over anhydrous sodium sulfate and concentrated
in vacuo to afford the crude product. Flash chromatography using
dichloromethane as the eluant afforded the 2-bromoketone 14
(804 mg, 90%) as a white crystalline solid. Mp 188-189 °C,
dichloromethane; '"H NMR (400 MHz, CDCl;) 6 2.39 (3H, s,
ArCH;), 2.74-2.80 (2H, m, ArCH,CH,), 2.97-3.02 (2H, m,
ArCH,), 7.46 (1H, s, ArH)]; ®*C NMR (101 MHz, CDCl,) 4 17.5,
21.9, 34.7, 132.0, 143.9, 148.9, 149.0, 154.2, 203.5; IR (KBI) vppax
2360, 1719, 1684, 1653, 1559, 1540, 1521, 1094 cm~'; MS (CI) m/z
(rel. intensity) 228 [M(*'Br) + H, 100], 226 [M(”Br) + H, 100];
Anal. caled for C;H{NOBr: C, 47.82; H, 3.57; N, 6.20. Found: C,
47.71; H, 3.48; N, 6.22.

2-Bromo-4-methyl-6,7-dihydro-5 H-[1]pyridin-7-one-(2R,3R)-2,3-
butanediol acetal (15)

A solution of the 2-bromoketone 14 (650 mg, 2.87 mmol), (2R,3R)-
2,3-butanediol 9a (0.33 mL, 3.6 mmol) and p-toluenesulfonic
acid monohydrate (82 mg, 0.43 mmol) in anhydrous benzene (15
mL) was heated at reflux in a Dean-Stark trap for 20 h. The
reaction mixture was then allowed to cool to room temperature
and potassium carbonate (200 mg) was added. After 10 min,
the reaction mixture was filtered and concentrated in vacuo to
afford the crude product. Flash chromatography using hexanes—
ethyl acetate (2 : 1) as the eluant afforded the title compound
15 (760 mg, 89%) as a white crystalline solid. Mp 128-129 °C,
hexanes—ethyl acetate; [a]? — 25.8 (¢ 1.07, chloroform); 'H NMR
(400 MHz, CDCl;) 6 1.31 (3H, d, J = 6.1 Hz, CHCH,), 1.41 (3H,
d, J = 6.1 Hz, CHCH,), 2.22 (3H, s, ArCH;), 2.35-2.40 (2H,
m, ArCH,CH,), 2.72-2.78 (2H, m, ArCH,), 3.72-3.90 (1H, m,
CHCH,), 4.35-4.43 (IH, m, CHCH,), 7.19 (1H, s, ArH); *C
NMR (101 MHz, CDCly) ¢ 16.6, 17.1, 18.1, 23.9, 35.9, 79.2,
79.7, 113.6, 128.4, 135.0, 141.8, 147.1, 162.4; IR (KBr) v, 2985,
2933, 2361, 2331, 1588, 1441, 1376, 1314, 1263, 1204, 1107, 1077,
931, 865 cm™'; MS (CI) m/z (rel. intensity) 300 [M(*'Br) + H,
97], 298 [M(”Br) + H, 100], 226 (21), 115 (53); Anal. calcd for
C,;H,(NO,Br: C, 52.36; H, 5.41; N, 4.70. Found: C, 52.25; H,
5.47; N, 4.61.

Preparation of 4,4'-dimethyl-6,6',7,7 -tetrahydro-SH ,S5' H-2,2'-
bi([1]pyridinyl)-7,7'-dione-(2R,3R)-butanediolbisacetal (1a) from
the 2-bromopyridine acetal (15)

To a stirred solution of dibromobis(triphenylphosphine)nickel(1r)
(224 mg, 0.302 mmol) in degassed tetrahydrofuran (15 mL) were
added zinc dust (<10 um, 197 mg, 3.02 mmol) and tetraethylam-
monium iodide (517 mg, 2.01 mmol). The resultant mixture was
stirred at room temperature for 30 min and then a solution of
the 2-bromopyridine acetal 15 (600 mg, 2.01 mmol) in degassed

tetrahydrofuran (6 mL) was added via a cannula. The reaction
mixture was then heated at 60 °C for 72 h. The resultant mixture
was allowed to cool to room temperature and was then poured into
an aqueous solution of ammonium hydroxide (10% w/w, 150 mL).
The resultant mixture was extracted with a mixture of ether and
benzene (1 : 1, 3 x 100 mL). The combined organic extracts were
washed with water (2 x 20 mL), dried over anhydrous sodium
sulfate and concentrated in vacuo to afford the crude product.
Flash chromatography using chloroform as the eluant afforded
the title compound 1a (364 mg, 83%) as a white crystalline solid.
The spectroscopic data for this compound were in agreement with
that recorded for the material prepared from the 2-chloropyridine
acetal 3a (refer to the electronic supplementary information).

General procedure for the copper(i)-catalyzed enantioselective
cyclopropanation reactions of styrene with the ethyl and #-butyl
esters of diazoacetic acid (16a-b)

To a stirred solution of copper(il) triflate (9.0 mg, 25 pmol)
in dichloromethane (4 mL) was added the 2,2-bipyridyl ligand
la—c or the unsymmetrical 2,2'-bipyridyl ligand 2a-b (26 pmol
or 52 pmol) and the resultant solution was stirred at room
temperature for 30 min. Phenylhydrazine (3.0 uL, 30 umol) and
styrene (0.50 mL, 4.4 mmol) were then added. A solution of the
ethyl or #-butyl ester of diazoacetic acid 16a-b (2.00 mmol) in
dichloromethane (3 mL) was then added over ca. 3 h via syringe
pump. After the addition was complete, the reaction mixture was
stirred for an additional 12 h and then was concentrated in vacuo
to afford the crude product. The ratios of the trans- and cis-
isomers of the cyclopropane reaction products 17a-b were then
determined by 'H NMR spectroscopy. Flash chromatography
using petroleum ether—ethyl acetate (96 : 4) as the eluant afforded
the pure trans-cyclopropanes 17a-b and the corresponding cis-
cyclopropanes. The enantiomeric purities of the major trans-
isomers of the cyclopropane reaction products were determined
following reduction with lithium aluminum hydride.

trans-2-Phenyl-cyclopropane-1-carboxylic acid ethyl ester (17a).
"HNMR (400 MHz, CDCl;) 6 1.25-1.34 (4H, m, CH; and CHH),
1.56-1.63 (1H, m, CHH), 1.87-1.93 (1H, m, CHCO,Et), 2.52
(1H, ddd, J = 10.2, 6.4, 4.1 Hz, CHPh), 4.17 (2H, q, J = 7.2 Hz,
CH,CH,),7.07-7.14(2H, m, ArH), 7.17-7.23 (1H, m, ArH), 7.24—
7.32 (2H, m, ArH); "C NMR (101 MHz, CDCL) ¢ 14.4, 17.2,
24.3, 26.3, 60.8, 126.3, 126.6, 128.6, 140.3, 173.5; IR (neat) vy,
2988, 1721, 1603, 1496, 1411, 1189, 1040, 1019, 847, 761, 722,
701 cm™"; MS (CI) m/z (rel. intensity) 191 (M + H, 100). Analytical
chiral HPLC analysis of the corresponding primary alcohol using
a Daicel Chiralcel OD column [hexanes—isopropanol (90 : 10),
flow rate at 0.5 mL min~', detection at A = 220 nm, ¢, = 15.4 min,
t, = 25.2 min].

trans-2-Phenyl-cyclopropane-1-carboxylic acid z-butyl ester
(17b). 'H NMR (400 MHz, CDCl;) ¢ 1.23 (1H, m, CHH), 1.47
(9H, s, t-Bu), 1.50-1.56 (1H, m, CHH), 1.84 (1H, m, CHCO,t-
Bu), 2.44 (1H, m, CHPh), 7.06-7.12 2H, m, ArH), 7.16-7.22 (1H,
m, ArH), 7.24-7.31 2H, m, ArH); *C NMR (101 MHz, CDCl,)
0 17.4, 25.6, 26.1, 28.5, 80.9, 126.4, 126.7, 128.7, 140.9, 172.9;
IR (neat) v, 2977, 1715, 1606, 1498, 1403, 1367, 1343, 1222,
1152, 936, 844, 783, 761, 744 cm™"; MS (CI) m/z (rel. intensity)
219 (M + H, 18), 163 (100). Analytical chiral HPLC analysis of
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the corresponding primary alcohol using a Daicel Chiralcel OD
column [hexanes-isopropanol (90 : 10), flow rate at 0.5 mL min~!,
detection at A = 220 nm, ¢, = 15.4 min, #, = 25.2 min].
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Polyamines, structurally related to putrescines and spermidines, are easily obtainable via
hydroaminomethylation of methylallylphthalimide with primary or secondary amines. In addition,
hydroaminomethylation of monoolefins with urea as a synthetic equivalent for ammonia, in contrast to
other methods (e.g. the alkylation of ammonia or ammonium salts), allows selective synthesis of
symmetric tertiary amines. By combining both methods dendrons and dendrimer cores are conveniently

obtained.

Polyamines, structurally related to spermine, spermidine and
putrescine, are useful dendrons and dendrimer cores for the syn-
thesis of polyamine dendrimers (Fig. 1). They are also attracting
interest as potential pharmaceuticals. Putrescine derivatives are
used as antimalaria pharmaceuticals,! in the medical treatment of
malaria® and plasmodics.® They are active in protein-* and enzyme
inhibition,’ and as ligands for iron ions in human cells.® Use of
polyamines of this type is also of importance in other fields of
current research,’” e.g. metabolism® and biogenesis,” antibiotics,
coagulation inhibitors," antidiarrhoics'? and cytostatics.'

~_  ~_ ~_ NH _~_ _NHy
NH - o ~ ~

NHy
Spermine
_~_ _~_ _NHy o~~~ NHy
NHy" =~ ~ NHy NH e
Putrescine Spermidine
. _~_ _NH -~ _~_ _NH,
NH; NN » —
Homospermidine
NHy 7 7 NHy
Cadaverine
Fig. 1 Different primary polyamines.

Synthesis of polyamines™ is achieved via substitution reactions
of primary or secondary amides" and amines,' reductive ami-
nation of aldehydes and ketones,"” of reduction of amides''* or
nitriles™ or azides.' In many cases protective groups are needed
for selective amine formation.'>*

Polyamine dendrimers with varying properties depending on
their core and their shell structures have attracted growing interest
in the past 25 years®?! and require special synthetic methods. For
these highly symmetric molecules convergent® and divergent**
routes have been developed. The very first efforts towards den-
drimer synthesis also constituted the start of synthetic polyamine
chemistry.®* In Vogtle’s approach polyamine dendritic structures
were obtained via Michael addition of amines to acrylonitrile and
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subsequent reduction of the nitrile groups leading to new and
higher functionalized Michael donors for new conversions with
acrylonitrile. Later this method became a standard procedure
for polyamines,”® but in general the aim was focused on the
shell formation of polyamine dendrimers.?® Systematic studies
on dendrimer core synthesis are likewise interesting but less
intensively investigated,” and are often even avoided because
dendrimer core synthesis is problematic as exemplarily shown in
one of Newkome and coworkers’ publications.”’

We have recently®? introduced hydroaminomethylation as a
powerful tool in the synthesis of similarly structured polyamines®
as well as macroheterocyles as complexing agents for metal
ions.’* Hydroaminomethylation combines hydroformylation and
reductive amination to a synthetically versatile one-pot proce-
dure for secondary and tertiary amines (Fig. 2).** Following
these lines hydroaminomethylation of N-protected unsaturated
amines appears as a promising tool for polyamine dendrimers,
not only via divergent pathways, but also through convergent
coupling of dendrons to suitable cores. We here present further
applications of this effective pathway towards polyamine dendrons
and dendrimer cores via hydroaminomethylation of amines with
N-methylallylphthalimide (1).** The basic transformations are
described in Scheme 1.

CO/H]

M NRZR®
R"™ + HNRR® —— R "ONRZR® +
R17N
n-product iso-product
Fig. 2 Hydroaminomethylation.
CO/M,
PhthN [Rh(cod)Cll>  phthN N'RR
* 'R®RNH " gioxane or
toluene
.00 ©
] 2a-g 47-99 % 3a-g
HoN-NHp | HoN N'RZR
ethanol
44-96 % 4a-g
Scheme 1 Synthesis of the putrescine derivatives 4a—g.
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Table 1 Results of the mono-hydroaminomethylation of 1° and 2° amines with N-methylallylphthalimide and the subsequent hydrazinolysis to the

primary polyamines

Phthalimide Amine
Entry HN'R’R 2a-g t/d Prod. Yield (%) Prod. Yield (%)
1 \ 1 3a 99 da 70
H
2k 2 3b 96 4b 94
e} NH
3¢ ’ 2 3c 94 4c 96
NH
4 o 3 3d 68 4d 89
NH
5e N 1 3e 93 4e 84
L NH
6" 1 3f 85 4f 67
\ Nk
74 o 1 3g 47 4g 44
AL
240 bar CO, 40 bar H,, 140 °C. ® 50 bar CO, 50 bar H,, 100 °C.

Using this protocol with N-methylallylphthalimide (1) as the COMH,
olefin component and secondary amines 2a—g, the corresponding PhthN-— \ [R(cod)Cll2  phthN—  —NR®
phthalimide-protected tertiary amines 3a—g are obtained in good 2 = T RNHz  dioxane or —
to quantitative yields. Hydrazinolysis of the phthalimides 3a—g is ' Atfil_%%n% L ’ 2
performed by the Ing—Manske-protocol® to give the free primary 1 2g;,h 5a,b
amines 4a—g in high yields (Table 1).

In .pr11_101plc? thlS. method can also be applied to Fhe synthesis HNNH,  HN N NH,
of triamines if primary amines such as benzylamine® (2g) or “otharol N R
cyclohexylamine (2h) and two moles of N-methylallylphthalimide 64-68 %

6a,b

(1) are converted to form a tertiary amine with two phthalimide-
protected chains in excellent yields (Scheme 2). Hydrazinolysis of
the phthalimides 5a,b to the homospermidine type derivatives 6a,b
again proceeds in good yields (Table 2).

Table 2 Results of the bis-hydroaminomethylation of 1° amines with
N-methylallylphthalimide and followed by hydrazinolysis to the primary
polyamines”

Phthalimide Amine
Entry HN'R?R2gh  t/d Prod. Yield (%) Prod. Yield (%)
1 2 5a 96 6a 68
NH,
2 NH, 3 5b%* 94 6b 64

“40 bar CO, 40 bar H,, 140 °C.

Scheme 2 Synthesis of the spermidine derivatives 6a,b.

This method allows the synthesis of triamines with orthogonal
protective groups. Thus product 5b can be debenzylated to the
unprotected secondary amine function for further use as a dendron
(also see below) whereas hydrazinolysis leads to two free primary
amine groups ready for further elongation of the dendron chains.”
Thus all products of this type are potentially useful building blocks
for the synthesis of dendrimers by convergent and the divergent
pathways.

Using this protocol for selective trisalkylation of ammonia
would directly lead to simple amine cores, while normal alkylation
of ammonia using classical methods, like alkylation with alkyl
halides, is usually accompanied by the formation of quaternary
ammonium salts. With reductive amination, the formation of
ammonium salts can be avoided. A common method for the
synthesis of symmetric tertiary amines by reductive amination is
the Leuckart-reaction® of ketones or aldehydes with ammonium
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formate. The in situ generation of aldehydes is generally ad-
vantageous, since self-condensation can be avoided by trapping
the aldehydes under the reaction conditions. Therefore a hy-
droaminomethylation sequence starting from ammonia as a core
would establish a new and versatile method for the synthesis
of symmetric tertiary amines. If, however, using ammonia or
ammonium salts in homogeneous or heterogeneous catalyzed
reductive amination reactions or in hydroaminomethylation,
preferentially secondary amines are formed.*** When using an
excess of aldeyhde or ketone, the corresponding alcohols are
observed as unwanted side products in considerable amounts.
Hexamethylenetetramine as a condensation product of formalde-
hyde and ammonia is known as a protected form of ammonia
in the Delépine-reaction® for the synthesis of primary amines.
If hexamethylenetetramine and an olefin are converted under
the conditions of hydroaminomethylation, only tertiary methyl-
and dimethylamines as well as the alcohol and the corresponding
secondary amines are formed in high yields, whereas the symmetric
tertiary amine is not obtained.*™

In our first approach towards a synthesis of symmetric tertiary
amines, we used benzylamine (2h) as an ammonia equivalent in
order to circumvent the problems of direct alkylation of ammonia
via reductive amination. Benzylamine (2h) is a useful equivalent of
ammonia, because the resulting amine 5b can be deprotected by
debenzylation to the secondary amine 7,% which can be used again
in the hydroaminomethylation procedure, to form the desired
tertiary amine 8a by the three step method in a high overall yield
of 70% (Scheme 3).

0.5 eq. BaNH,, [Rh(cod)Cll,, N
50 bar CO, 50 bar Hy, >_/ o
120°C, 72h ,

N
= O
\ / \N/o

0 o e
\ | I 1 q. 1, [Rh(cod)Cll,, o
AN 50 bar CO, 50 bar Hy,
N i 120°C, 72 h
0 BN
[ 75 % \
o
[ /N /(
0-.N__o 8a 7 0;:—,:/\ B!

Scheme 3 Synthesis of polyamine 8a by the hydroaminomethyla-
tion—debenzylation sequence.

This three step method for symmetrical tertiary amines, al-
though the yields are high, is neither very effective nor really
versatile. A direct hydroaminomethylation with ammonia would
be more favorable. As already mentioned above, the rhodium
catalyzed hydroaminomethylation reaction of olefins in the pres-
ence of an excess of ammonia only leads to secondary amines
as the main product®®* and if ammonia is not present in

high concentrations in the reaction mixture, the corresponding
alcohol is obtained in large amounts. Due to these problems with
ammonia itself, an equivalent had to be found, allowing selective
trisalkylation. For this we have envisaged urea as an ammonia
source since it forms ammonia upon hydrolysis and simultaneously
may act as a scavenger for aldehydes protecting these against
reduction (Fig. 3).

o (o]
~
2 R™ + —_—
© HZNJ\NHQ -Hz0 R“NLN%R
A H,0 9 (B)
-CO,
H,, Cat.
slow
Hp, NH
2, NH3 RONTR
-H,0, Cat. H
c
H,, Kat.

fast mmmmmmmtom oo \
5 e
~ l :
R™ °N ! |
L E R/\NJJ\N/\R :
R ! H H '
D ; E '

R=cyclohexyl, 8e R=cyclohexyl, 10

Fig. 3 Mechanism of the formation of tertiary amines—urea as an
ammonia source and a protective group.

Indeed urea under the conditions of hydroaminomethylation
leads to the formation of symmetric tertiary amines 8a-8f in
good to excellent yields (Table 3, Scheme 4). No reduction of the
aldehydes to alcohols was observed under the conditions chosen.

Table 3 Results of the synthesis of tertiary amines by hydroaminomethy-
lation with urea“

Entry  Olefin T/°C t/d  Product

1 /;: 120 2 8a 78

o

1

2 O\/ 120 3 8b 94

Yield (%)

o
11
3 ®_< 120 2 8c 85
12

4 [> 100 2 8d 77
13

5 @ 100 2 8e 74
14

6 O 100 2 8f 67
15

240 bar CO, 40 bar H,.
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8a

O N 8b

8c

8e 8f

Scheme 4 Products 8a—f of the hydroaminomethylation with urea.

The mechanism of this conversion was clarified by a mod-
ification of the general procedure (Fig. 3). If carried out in
water and dioxane with cyclohexene as the olefin, the alkyl
urea (R = cyclohexyl) 10 (E) was isolated as the main product
(24%), being formed by reduction of 9 (B). Here amine 8e (D)
was found only as the minor product (12%). Interestingly this
is to our knowledge the first example of the synthesis of a
bisalkylurea by reductive amination. Additionally, intermediate
9 was found as a colourless solid, if lower pressures or different
ratios of methanol and dioxane were applied or no acetic acid
was used. The structure of 9 was proven by MS and H-NMR
spectroscopy.

Using this method the synthesis of 8a as described above
(Scheme 3) can be shortened to a one step procedure yielding
78% (Scheme 5 and Table 3, entry 1). Hydrazinolysis of 8a
afforded the primary amine 16 in 93% yield which then was
converted under typical hydroaminomethylation conditions with
9 equivalents of N-methylallylphthalimide (1) yielding 62% of 17
(Scheme 5).

Similarly, with benzylmethylallylether under hydroamino-
methylation conditions 94% of the tertiary amine 8b is obtained,
which can be deprotected by debenzylation to form a versatile
starting core for polyether or polyester dendrimers as well
(Table 3, entry 2). Methylstyrene as an aromatic vinylamine can
be converted to the tertiary amine 8c in 85% yield (Table 3, entry
3). The cyclic olefins 13-15 give comparable results (entry 4-6).
A rather unusual structure of compound 8e was determined by
X-ray analysis (Fig. 4).%

Fig. 4 Result of the X-ray structure analysis of 8e.

1 eq. urea, [Rh(cod)Cl],,

0 40 bar CO, 40 bar Hy, N
120°C,44h
N 8% Kg
vz -
1.0 P

9eq. 1, [Rh(cod)Cl],,
50 bar CO, 50 bar Hy,
120 °C,48 h

°‘§ L.

NH,
O/—<JP>/\O 17

Scheme 5 Direct synthesis of polyamine 8a from 1 and urea and further
conversion to polyamine 17.

According to this crystal structure the free electron pair of the
nitrogen atom is completely shielded by the cyclohexyl rings. Thus
it resists the quaternisation with methyl iodide and even with
trimethyl oxonium tetrafluoroborate quaternisation to form an
ammonium salt is incomplete. Compounds of this type may be
used as sterically hindered bases comparable to Hiinig’s base.

Dendrimers similarly structured as 17 can likewise be obtained
by this one step procedure. To show this exemplarily the method
presented here was applied to the unsaturated dinitrile 18 which
is easily obtained in high yields from commercially available
compounds. After hydroaminomethylation in the presence of urea,
the hexanitrile 19 can be reduced by standard procedures to
form the primary amine functionalities in the highly symmetric
dendritic structured molecule 20 (Scheme 6). In another example
the method was extended to the tetranitrile 23, which was quanti-
tatively synthesized from the commercially available chloromethy-
lallylchloride 21 and the dinitrile 22. Hydroaminomethylation
of 23 affords the polynitrile 24 (Scheme 7) in 30% yield after
column chromatography, which can now likewise be reduced to
the polyamine as shown above and again serve as an initial
core molecule for the synthesis of different macromolecules e.g.
dendrimers and hyperbranched polymers.

Conclusions

The synthesis of polyamines via hydroaminomethylation of methy-
lallylphthalimide (1) with primary or secondary amines is per-
formed in high yields. The deprotection of the phthalimides leads
to polyamines with primary amino groups. Hydroaminomethyla-
tion of olefins with urea is presented as a useful method for the
selective and efficient synthesis of symmetrical tertiary amines.
Obviously the steric hindrance does not affect the formation of
the products. The method tolerates various protective groups for
alcohols and amines. Even the use of dendrons following the
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Scheme 6 Synthesis of the primary decaamine 20 by hydroaminomethy-
lation of 18 with urea and reduction of the resulting hexanitrile 19.
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Scheme 7 Synthesis of the polynitrile 24 by hydroaminomethylation of
23 with urea.

convergent route of dendrimer synthesis can be applied to this
method for the synthesis of these dendritic molecules with defined
structure. Thus this protocol is a powerful tool for the coupling
of dendrons and the synthesis of dendrimer cores in a one-pot
procedure with high yields and selectivity.

Experimental

General procedure A: hydroaminomethylation of
methylallylphthalimide

15 mmol of the amine (in case of the primary amines 7.5 mmol)
and 15 mmol of methylallylphthalimide (1) were dissolved in
10 ml of dioxane or toluene, 15 mg [Rh(cod)Cl], were added
and the mixture was placed in a pressure vessel, treated under
typical hydroaminomethylation conditions (80-100 bar syngas,
100-120 °C, 2-3 d) and was filtered through a column of Alumina
N (Act. III) with diethyl ether. After evaporation of the solvent,
the crude mixture was purified by column chromatography if
necessary.

General procedure B: hydrazinolysis of the phthalimides

The phthalimide was treated with 3 equiv. of hydrazine hydrate in
50 ml ethanol for 20 h under reflux. To the cooled mixture 30 equiv.
of conc. hydrochloric acid were added and the solid was filtered off
and washed with water. The filtrate was evaporated under reduced
pressure and the residue was treated with 30 equiv. of half conc.
sodium hydroxide solution and extracted with diethyl ether or
ethyl acetate. The organic layer was dried with magnesium sulfate
and the solvent was removed under reduced pressure. If necessary,
the crude product was purified by column chromatography.

2-(4-Dibenzylamino-2-methylbutyl)-isoindol-1,3-dione (3a)

According to the general procedure A 3a was synthesized by
hydroaminomethylation (40 bar CO, 40 bar H,, 140 °C, 1 d) in
toluene yielding 6.10 g (15.0 mmol, 99%) as a yellow oil. 'H-
NMR (CDCl;, 9): 0.75 (3H, t, *J = 6.7 Hz), 0.81 (1H, m), 1.34
(1H, m), 2.35 (1H, m), 2.48 (2H, t, *J = 7.2 Hz), 3.57 (6H, m),
7.19-7.20 (2H), 7.25-7.28 (4H), 7.68-7.71 (4H), 7.81-7.82 (2H),
7.83-7.85 (2H). "C-NMR (CDCl;, 9): 17.3, 30.6, 31.7, 44.1, 50.9,
58.4,123.1, 126.7, 128.1, 128.8, 132.0, 133.8, 139.7, 168.6. FTIR
(neat): 3084, 3061, 3027, 3003, 2859, 2929, 2873, 2855, 2797, 1772,
1713, 1494, 1467, 1453, 1434, 1397, 1380, 1361, 1334, 1067, 1052,
910, 723, 713, 699. ESI-MS: m/z = 413.3 (M + H*, Pos.-Mod.).
C,,HxN,0, calc. (%): C: 78.6; H: 6.8; N: 6.8. Found (%): C: 78.9;
H: 6.8; N: 6.6.

N',N'-Dibenzyl-3-methylbutan-1,4-diamine (4a)

According to the general procedure B hydrazinolysis of 3.09 g
(10.3 mmol) 3a yielded 2.04 g (7.2 mmol, 70%) 4a as a colourless
oil. "H-NMR (CDCl,, ¢): 0.67 (3H, d, °J = 6.5 Hz), 1.23-1.62
(3H), 1.91 (2H, bs), 2.33 (2H, m), 2.35 (2H, t, *J = 7.3 Hz), 3.54
(4H, m), 7.11-7.30 (10H). *C-NMR (CDCl,, 6): 17.4, 31.5, 34.2,
48.3, 51.1, 58.3, 126.7, 128.0, 128.8, 139.8. FTIR (neat): 3085,
3062, 3027, 3003, 2952, 2924, 2797, 1602, 1585, 1494, 1453, 1366,
1124, 1074, 1069, 1028, 910, 732, 698. ESI-MS: m/z =283.3 (M +
H*, Pos.-Mod.). GC-MS (EI, 70 eV): m/z (%) = 282 (M*, 1), 210
(100), 181 (100), 176 (56), 118 (12), 91 (100), 65 (12). C,yHxN, calc.
(%): C: 80.8; H: 9.8; N: 9.9. Found (%): C: 80.6; H: 9.6; N: 9.5.

2-(2-Methyl-4-morpholin-4-yl-butyl)-isoindol-1,3-dione (3b)

According to the general procedure A 3b was synthesized by
hydroaminomethylation (50 bar CO, 50 bar H,, 100 °C, 3 d) in
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toluene yielding 4.36 g (14.0 mmol, 96%) as a yellow oil. 'H-NMR
(CDCl, 6): 091 (3H, d, °J = 6.8 Hz), 1.33 (1H, m), 1.56 (1H,
m), 1.98 (1H, m), 2.30-2.43 (6H), 3.53 (2H, m), 3.64 (4H, t,*J =
4.8 Hz), 7.67-7.70 (2H), 7.80-7.82 (2H). *C-NMR (CDCl;, 9):
17.6, 31.1, 31.3, 44.1, 53.7, 56.7, 66.9, 123.1, 131.9, 133.9, 168.7.
FTIR (neat): 2957, 2929, 2893, 2854, 2659, 1772, 1711, 1466, 1456,
1434, 1397, 1356, 1334, 1316, 1288, 1275, 1188, 1117, 1070, 1054,
1004, 869. ESI-MS: m/z = 302.9 (M + H*, Pos.-Mod.). GC-MS
(EL, 70 eV): m/z (%) = 302 (M*, 4), 271 (4), 160 (21), 133 (7), 100
(100), 70 (9). C;;H»,N,0; calc. (%): C: 67.5; H: 7.3; N: 9.3. Found
(%): C: 67.7; H: 7.2; N: 8.9.

2-Methyl-4-morpholin-4-ylbutylamine (4b)

According to the general procedure B hydrazinolysis of 3.72 g
(13.0 mol) 3b yielded 1.94 g (12.2 mmol, 94%) 4b as a yellow oil.
'"H-NMR (CDCl,,6):0.85(3H, d,*J =6.7Hz), 1.22 (1H, m), 1.36—
1.65 (2H), 1.58 (2H, bs), 2.29 (2H, m), 1.58 (4H, m), 2.44 (1H, m),
2.55 (1H, m), 3.64 (4H, t, *J = 4.6 Hz). "C-NMR (CDCl,, 9):
17.5, 30.9, 34.7, 48.2, 53.7, 56.9, 66.8. FTIR (neat): 3444, 3379,
2961, 2924, 2856, 2809, 1459, 1306, 1261, 1117, 1071, 1020, 867,
800. ESI-MS: m/z = 172.9 (M + H*, Pos.-Mod.). HR-MS (EI,
60 eV): m/z (%) = 173.1667 (M + H*, 100) (+1.4 mmu).

2-(4-Azepan-1-yl-2-methylbutyl)-isoindol-1,3-dione (3c)

According to the general procedure A 3c was synthesized by
hydroaminomethylation (50 bar CO, 50 bar H,, 100 °C, 2 d) in
dioxane yielding 4.44 g (14.1 mmol, 94%) as a yellow oil. '"H-NMR
(CDCl,, 9): 0.92 (3H, d, *J = 6.7 Hz), 1.33 (1H, m), 1.50-1.58
(9H), 2.03 (1H, m), 2.48 (1H, m), 2.54-2.62 (5H), 3.52 (1H, m),
3.60 (1H, m), 7.70-7.74 (2H), 7.83-7.88 (2H). "C-NMR (CDCl;,
0):17.6,26.9,27.9,31.3,32.1,44.2,55.5,55.9, 123.1, 132.0, 133.8,
168.6. FTIR (neat): 2927, 2854, 2812, 2776, 1773, 1716, 1663,
1615, 1467, 1455, 1433, 1397, 1380, 1357, 1056, 724. ESI-MS:
m/z=314.9 (M + H*, Pos.-Mod.). C;,HxN,O, calc. (%): C: 72.6;
H: 8.3; N: 8.7. Found (%): C: 72.6; H: 8.2; N: 8.7.

Azepan-1-yl-3-methylbutylamine (4c)

According to the general procedure B hydrazinolysis of 4.09 g
(13.0 mmol) 3¢ yielded 2.30 g (12.4 mmol, 96%) 4¢ as a yellow
oil. '"H-NMR (CDCl;, 9): 0.85 (3H, d, °J = 6.5 Hz), 1.23 (1H,
m), 1.38-1.58 (10H), 2.36-2.49 (4H), 2.53-2.56 (4H). "C-NMR
(CDCl,, 0): 17.6, 26.8, 27.9, 32.0, 34.9, 48.4, 55.5, 56.2. FTIR
(neat): 2925, 2854, 2812, 2773, 1467, 1456, 1261, 1121, 1021, 800.
ESI-MS: m/z =184.9 (M + H", Pos.-Mod.). GC-MS (EI, 70 eV):
m/z (%) =185 (M + H*, 67), 173 (60), 141 (4), 100 (100), 86 (16),
70 (20), 56 (34). HR-MS (EI 60 eV): m/z (%) = 185.2008 (M +
H*, 88) (—0.9 mmu).

2-(2-Methyl-4-piperidin-1-ylbutyl)-isoindol-1,3-dione (3d)

According to the general procedure A 3d was synthesized
by hydroaminomethylation (40 bar CO, 40 bar H,, 140 °C,
3 d) in toluene after absorptive filtration (Alumina N (Act.
IIT)/methanol) yielding 3.08 g (10.2 mmol, 68%) as a yellow oil.
'"H-NMR (CDCl,, ¢6): 0.90 (3H, d, *J = 6.7 Hz), 1.32-1.44 (2H),
1.50-1.58 (6H), 1.94-2.20 (1H), 2.27-2.46 (6H), 3.53 (2H, m),
7.67-7.70 (2H), 7.80-7.82 (2H). "C-NMR (CDCl;, 9): 17.6, 24.4,

25.8,31.4,31.5,44.1,54.5, 57.1, 123.1, 132.0, 133.8, 168.6. FTIR
(neat): 2932, 2878, 2854, 2802, 2768, 1772, 1715, 1467, 1455, 1440,
1435,1397, 1356, 1051, 912. ESI-MS: m/z = 300.7 (M, Pos.-Mod.).
MS (EI (Pos.-Mod.), 60 eV): m/z (%) = 300 (M, 2), 203 (8), 160
(100), 149 (35), 133 (13), 130 (14), 104 (23), 98 (64), 85 (16), 77
(24), 55 (11), 50 (13), 41 (18), 31 (10), 27 (8). HR-MS (EL 60 eV):
m/z (%) = 300.1866 (M, 3) (+2.8 mmu).

2-Methyl-4-piperidin-1-ylbutylamine (4d)

According to the general procedure B hydrazinolysis of 1.95 g
(6.5 mmol) 3d after absorptive filtration (Alumina (Act.
I11)/cyclohexane—methyl-zert-butyl ether = 10 : 1) yielded 0.99 g
(5.8 mmol, 89%) 4d as a yellow oil. '"H-NMR (CDCl;, d): 0.90
(3H, m), 1.24-1.71 (8H), 1.91 (1H, m), 2.18-2.66 (8H). *C-NMR
(CDCl;, 0): 24.4, 24.4, 24.9, 31.4, 31.4, 48.4, 54.6, 57.4. FTIR
(neat): 3305, 2931, 2854, 2802, 2767, 1689, 1469, 1446, 1442, 1376,
1300, 1099, 1041, 737. MS (EI (Pos.-Mod.), 60 eV): m/z (%) =
171 (M + H*, 82), 154 (39), 138 (21), 98 (100), 84 (36), 73 (11), 56
(19), 44 (17). HR-MS (EL 60 eV): m/z (%) = 171.1882 (M + H*,
100) (+2.1 mmu), 169.1719 (M — H*, 31) (1.4 mmu).

2-(2-Methyl-4-pyrrolidin-1-ylbutyl)-isoindol-1,3-dione (3¢)

According to the general procedure A 3e was synthesized by
hydroaminomethylation (40 bar CO, 40 bar H,, 140 °C, 1 d) in
toluene yielding 3.99 g (14.0 mmol, 93%) as a yellow oil. 'H-NMR
(CDCl;, 6): 0.90 (3H, d, *J = 6.8 Hz), 1.39 (1H, m), 1.58 (1H, m),
1.74 (4H, m), 1.97-2.06 (1H), 2.46-2.53 (6H), 3.52 (2H, m), 7.67—
7.70 (2H), 7.80-7.82 (2H). "*C-NMR (CDCl,, 9): 17.6, 25.3, 31.4,
33.4, 44.0, 54.0, 54.1, 128.1, 131.9, 133.9, 168.6. FTIR (neat):
2962, 2931, 2875, 2789, 1714, 1467, 1398, 1054, 724. ESI-MS:
m/z = 286.7 (M, Pos.-Mod.). MS (EI (Pos.-Mod.), 60 eV): m/z
(%) =287 (M + H*, 4), 286 (M, 10), 160 (21), 84 (100), 55 (10), 42
(25), 29 (5). HR-MS (EI, 60 eV): m/z (%) = 286.1661 (M + H*,
18) (—2.1 mmu).

2-Methyl-4-pyrrolidin-1-ylbutylamine (4¢)

According to the general procedure B hydrazinolysis of 2.00 g
(7.0 mmol) 3e yielded 0.92 g (5.9 mmol, 84%) 4e as a colourless
oil. "H-NMR (CDCl;, d): 0.86 (3H, d, °J = 6.7 Hz), 1.25 (1H,
m), 1.43 (1H, m), 1.54 (1H, m), 1.64-1.75 (4H), 2.33-2.41 (7H),
2.56 (1H, m). *C-NMR (CDCl,, d): 17.5, 23.3, 33.4, 35.0, 43.4,
54.1, 54.4. FTIR (neat): 3409, 2927, 2874, 2787, 2360, 2343, 1698,
1646, 1142, 1108, 1092, 879. GC-MS (EI, 70 eV): m/z (%) = 157
(M*, 40), 84 (100), 79 (20), 55 (17). MS (EI (Pos.-Mod.), 60 eV):
m/z (%) = 156 (M, 5), 84 (100), 70 (12), 42 (13), 30 (18), 18 (12).
HR-MS (EI, 60 eV): m/z (%) = 156.1664 (M, 10) (4-1.7 mmu).

2-(4-Cyclopentylamino-2-methylbutyl)-isoindol-1,3-dione (3f)

According to the general procedure A 3f was synthesized
by hydroaminomethylation (40 bar CO, 40 bar H,, 140 °C,
1 d) in toluene after absorptive filtration (Alumina N (Act.
IIT)/dichloromethane-ethanol = 10 1) yielding 3.82 g
(12.7 mmol, 85%) as a yellow oil. '"H-NMR (CDCl;, §): 0.94 (3H,
d,*J =6.7 Hz), 1.25-2.18 (11H), 2.59 (1H, m), 2.69 (1H, m), 3.04
(1H, m), 3.56 (2H, m), 7.68-7.72 (2H), 7.80-7.84 (2H). "C-NMR
(CDCl,, 0): 17.6, 24.0, 30.9, 33.2, 34.9, 44.0, 46.3, 60.0, 123.1,
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132.0, 133.8, 168.6. FTIR (neat): 3467, 2959, 2872, 2254, 2182,
1772, 1719, 1469, 1455, 1436, 1399 (vs), 1380, 1358, 1336, 1189,
1056, 908. ESI-MS: m/z = 300.7 (M + H*, Pos-Mod.). MS (EI
(Pos.-Mod.), 60 eV): m/z (%) = 300 (M, 1), 160 (18), 148 (15), 104
(13), 98 (100), 85 (38), 76 (16), 70 (20), 56 (22), 41 (41), 30 (31).
HR-MS-fragment C,H,NO, (EL 60 eV): m/z (%) = 160.0413 (M,
100) (+1.4 mmu).

N'-Cyclopentyl-3-methylbutan-1,4-diamine (4f)

According to the general procedure B hydrazinolysis of 1.20 g
(4.0 mmol) 3f yielded 0.46 g (2.7 mmol, 67%) 4f as a colourless oil.
'H-NMR (CDCl,, 6): 0.90 (3H, d, *J = 6.7 Hz), 1.25-1.34 (3H),
1.54 (4H, m), 1.62-1.78 (2H), 1.78-1.88 (2H), 2.49 (1H, m), 2.55—
2.67 (3H), 3.05 (1H, m). "C-NMR (CDCl,, d): 17.5, 24.0, 33.1,
33.2, 34.6, 35.0, 46.5, 48.3, 59.9. FTIR (neat): 3368, 3293, 2953,
2868, 1690, 1590, 1455, 1130, 812, 737. ESI-MS: m/z = 170.6 (M,
Pos.-Mod.). GC-MS (EI, 70 eV): m/z (%) = 171 (M + H*, 100),
98 (34), 84 (69), 68 (11), 56 (31). MS (EI (Pos.-Mod.), 60 eV): m/z
(%) = 170 (M, 2), 98 (18), 84 (26), 56 (13), 41 (23), 30 (100), 28
(16). HR-MS (EIL, 60 eV): m/z (%) = 170.1797 (M, 8) (+1.4 mmu).

2-(4-Cyclohexylamino-2-methylbutyl)-isoindol-1,3-dione (3g)

According to the general procedure A 3g was synthesized
by hydroaminomethylation (40 bar CO, 40 bar H,, 140 °C,
1 d) in toluene after absorptive filtration (Alumina N (Act.
IIT)/dichloromethane-methanol = 3 : 4) yielding 1.12 g
(3.56 mmol, 47%) as a yellow oil. 'H-NMR (CDCl;, 6): 0.90 (3H,
d, *J = 6.8 Hz), 0.93-1.85 (12H), 2.01 (1H), 2.41 (1H, m), 2.60
(1H, m), 2.71 (1H, m), 3.51 (2H, m), 7.64-7.70 (2H), 7.76-7.81
(2H). "C-NMR (CDCl;, 6): 17.6, 25.0, 29.8, 30.9, 33.4, 33.5, 34.7,
439, 444, 56.9, 123.1, 132.0, 133.8, 168.5. FTIR (neat): 3409,
2930, 2855, 1773, 1713, 1687, 1647, 1399, 1381, 1090, 1053, 911,
733. ESI-MS: m/z = 314.8 (M + H*, Pos.-Mod.). MS (EI, 60 eV):
m/z (%) = 314 (M*, 3), 217 (11), 229 (24), 186 (26), 160 (27), 148
(67), 138 (43), 130 (23), 112 (100), 98 (21), 84 (20), 77 (27), 70 (34),
56 (37), 41 (7), 30 (4). HR-MS (EI, 60 eV): m/z (%) = 314.1982
(M*, 29) (—1.2 mmu).

N'-Cyclohexyl-3-methylbutan-1,4-diamine (4g)

According to the general procedure B hydrazinolysis of 1.63 g
(5.2 mmol) 3g yielded 0.42 g (2.3 mmol, 44%) 4g as a colourless
oil. '"H-NMR (CDCl,,4): 0.87 (3H, d,*J = 6.5 Hz), 0.93-1.40 (6H),
1.40-1.54 (2H), 1.54-1.64 (2H), 1.64-1.77 (3H), 1.77-1.96 (3H),
2.36 (1H, m), 2.43 (1H, m), 2.54-2.68 (3H). "C-NMR (CDCl;,
0): 17.5,25.0, 26.1, 33.6, 34.7, 35.0, 44.7, 48.4, 56.9. FTIR (neat):
3442, 3278, 3040, 2927, 2853, 1667, 1573, 1450, 1383, 1372, 1260,
1092, 1021, 800. ESI-MS: m/z = 184.6 (M + H*, Pos.-Mod.).
GC-MS (EIL 70 eV): m/z (%) = 185 (M*, 100), 168 (8), 152 (5),
141 (8), 124 (41), 112 (62), 98 (89), 84 (78), 70 (24), 56 (85). HR-
MS-fragment C;H ;N (EI, 60 eV): m/z (%) = 112.1097 (M, 90)
(—3.0 mmu).

Cyclohexyl-bis-[4-(isoindol-1,3-dione)-3-methylbutyl]-amine (5a)

According to the general procedure A 5a was synthesized by
hydroaminomethylation (40 bar CO, 40 bar H,, 140 °C, 2 d) in
toluene after absorptive filtration (Alumina N (Act. III)/methyl-

tert-butyl ether) yielding 3.82 g (7.2 mmol, 96%) as a yellow oil.
'"H-NMR (CDCl,, 6): 0.85, 0.86 (6H, d, °J = 6.7 Hz), 1.01-1.20
(4H), 1.21-1.29 (2H), 1.42-1.69 (8H), 1.93-2.10 (2H), 2.33-2.51
(5H), 3.47 (2H, m), 3.56 (2H, m), 7.69-7.73 (4H), 7.82-7.85 (4H).
BC-NMR (CDCl,, d): 17.6, 26.2, 26.4, 28.9, 29.9, 30.9, 33.7,
44.1, 48.0, 59.7, 123.1, 132.0, 133.8, 168.6. FTIR (neat): 2929,
2854, 2811, 2371, 1773, 1724, 1398, 1053, 911, 726. ESI-MS:
m/z = 530.1 (M + H*, Pos.-Mod.). MS (FAB (mNBA), 60 eV):
m/z (%) = 530 (M + H*, 26), 307 (29), 289 (16), 240 (6), 198
(39), 154 (100), 136 (60), 107 (17), 90 (14), 56 (6). HR-MS (FAB
(mNBA), 60 eV): m/z (%) =530.3004 (M + H*, 100) (— 1.5 mmu).
CxH3N;0, calc. (%): C: 72.6; H: 7.4; N: 7.9. Found (%): C: 72.6;
H:7.7;N: 7.4.

N'-(4-Amino-3-methylbutyl)-/V'-cyclohexyl-3-methylbutane-1,4-
diamine (6a)

According to the general procedure B hydrazinolysis of 2.20 g
(4.2 mmol) 5a after absorptive filtration (Alumina N (Act.
I11)/cyclohexane—methyl-zert-butyl ether = 10 : 1) yielded 0.76 g
(2.8 mmol, 68%) 6a as a colourless oil. 'H-NMR (CDCl;, d): 0.82
(6H,d,*J =6.5Hz), 1.08-1.14 (6H), 1.40 (4H), 1.52 (2H, m), 1.64—
1.77 (4H), 2.30-2.42 (8H), 2.51-2.54 (1H). "C-NMR (CDCl;, 9):
17.5, 26.1, 26.3, 28.8, 33.5, 34.6, 48.2, 48.3. FTIR (neat): 3381,
2856, 2252, 1644, 1581, 1464, 1378, 1347, 909, 649. ESI-MS:
m/z = 269.8 (M, Pos.-Mod.). MS (EI (Pos.-Mod.), 60 eV): m/z
(%) =269 (M, 15), 197 (79), 183 (62), 166 (36), 154 (38), 138 (35),
124 (31), 112 (58), 98 (81), 86 (100), 55 (34), 41 (35), 30 (100).
HR-MS (EI, 60 eV): m/z (%) = 269.2832 (M, 12) (+-0.1 mmu).

Benzyl-bis-[4-(isoindol-1,3-dione)-3-methylbutyl]-amine (5b)*

According to the general procedure A 5b was synthesized by
hydroaminomethylation (40 bar CO, 40 bar H,, 140 °C, 3 d) in
toluene after absorptive filtration (Alumina N (Act. III)/ethyl
acetate) yielding 3.77 g (7.0 mmol, 94%) as a yellow oil.

N'-(4-Amino-3-methylbutyl)-/V'-benzyl-3-methylbutane-1,4-
diamine (6b)

According to the general procedure B hydrazinolysis of 2.87 g
(5.3 mmol) 5b yielded 0.95 g (3.4 mmol, 64%) 6b as a colourless
oil. "H-NMR (CDCl,,9): 0.84,0.85 (6H, d,*J = 6.5 Hz), 1.25 (2H,
m), 1.36-1.60 (8H), 2.38-2.50 (6H), 2.56 (2H, m), 3.54 (2H, m),
7.21-7.34 (SH). "C-NMR (CDCl,, 9): 17.5, 31.4, 34.5, 48.3, 48.4,
51.5, 58.5, 126.6, 128.0, 128.8, 139.9. FTIR (neat): 3380, 3295,
2951, 2922, 2867, 2800, 1697, 1665, 1494, 1453, 1370, 1071, 845.
ESI-MS: m/z =277.8 (M + H*, Pos.-Mod.). GC-MS (EI, 70 eV):
m/z (%) =278 (M + H*, 50), 205 (34), 191 (48), 174 (40), 122 (12),
103 (82), 98 (43), 91 (60), 86 (100), 30 (33). HR-MS (EI, 60 eV):
m/z (Yo) = 277.2522 (M + H*, 6) (+-0.4 mmu).

General procedure C: hydroaminomethylation with urea

A solution of 10 mmol of the olefin, 10 mmol urea and
0.29 mol% [Rh(cod)Cl],-catalyst in 90 ml absolute. dioxane,
9 ml methanol and 1 ml glacial acetic acid was treated under
hydroaminomethylation conditions (40 bar CO, 40 bar H,) at 100—
120 °C for 2-3 days. After cooling the pressure was removed and
the solvent was evaporated to dryness. The resulting mixture was
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treated with 10 ml conc. sodium hydroxide solution and 10 ml of
water. The mixture was extracted with 200 ml ethyl acetate, the
organic layer was dried with sodium sulfate and the solvent was
evaporated in vacuum. The crude product was cleaned by column
chromatography on Alumina N (Act. III) with different solvent
mixtures.

2-(4-{Bis-[4-(2-isoindol-1,3-dione)-3-methylbutyl]-amino }-2-
methylbutyl)-isoindol-1,3-dione (8a)

According to the general procedure C (40 bar CO, 40 bar H,,
120 °C, 2 d) compound 8a was isolated by absorptive filtration
on Alumina N (Act. IIT)/dichloromethane-methanol = 10 : 1
yielding 1.72 g (2.6 mmol, 78%) as a colourless oil. Alternatively 8a
can be obtained by hydroaminomethylation of 0.15 g (0.34 mmol)
7% and 0.07 g (0.35 mmol) 1, with I mg [Rh(cod)Cl], in 10 ml dry
toluene at 120 °C, 50 bar CO and 50 bar H,. After removing of
the solvent and purification by column chromatography on silica
with dichloromethane-methanol (10 : 1) 0.17 g (0.25 mmol, 75%)
of 1 were isolated. '"H-NMR (CDCl,, 9): 0.84, 0.85 (9H, d, *J =
6.5 Hz), 1.22-1.40 (3H), 1.42-1.57 (3H), 1.96 (3H, m), 2.43 (6H,
m), 3.56 (6H, m), 7.65-7.72 (6H), 7.79-7.84 (6H). "C-NMR
(CDCl, d): 17.5, 31.1, 36.4, 44.1, 51.4, 123.1, 132.0, 133.8, 168.6.
FTIR (neat): 2960, 2931, 2873, 2808, 1772, 1712, 1468, 1435, 1398,
1188, 1053, 912, 723. MS (FAB (mNBA), 60 eV): m/z (%) = 663
M + H*, 100), 397 (51). HR-MS (FAB (mNBA), 60 eV): m/z
(%) = 663.3211 (M + H", 100) (2.8 mmu).

Tris-(4-benzyloxy-3-methylbutyl)-amine (8b)

According to the general procedure C (40 bar CO, 40 bar H,,
120 °C, 3 d) compound 8b was isolated by absorptive filtration
on Alumina N (Act. III)/dichloromethane-methanol = 10 : 1
yielding 1.70 g (3.1 mmol, 94%) as a yellow oil. '"H-NMR (CDCl;,
0):0.94 (9H, d,*J = 6.7 Hz), 1.24 (3H, m), 1.58 (3H, m), 1.78 (3H,
m), 2.44 (6H, m), 3.17-3.49 (6H), 4.49 (6H, m), 7.25-7.36 (15H).
"C-NMR (CDCl;, d): 17.3, 30.6, 31.9, 51.6, 72.9, 75.8, 127.4,
128.3, 138.7. FTIR (neat): 3087, 3062, 3030, 2927, 2856, 1662,
1601, 1454, 1363, 1097, 735, 698. MS (FAB (mNBA), 60 eV): m/z
(%) = 546 (M + H*, 46), 454 (25), 382 (17), 135 (17), 92 (100).
HR-MS (FAB (mNBA), 60 eV): m/z (%) = 546.3974 (M + H*,
100) (+2.7 mmuy).

Tris-(3-phenylbutyl)-amine (8c)

According to the general procedure C (40 bar CO, 40 bar H,,
120 °C, 2 d) compound 8¢ was isolated by absorptive filtration
on Alumina N (Act. III)/cyclohexane-methyl-zert-butyl ether =
10: 1 yielding 1.17 g (2.8 mmol, 85%) as a colourless oil. 'H-NMR
(CDCl;,0):1.10,1.11 (9H, d,*J = 7.0 Hz), 1.51 (6H, m), 2.03-2.35
(6H), 2.57 (3H, m), 7.03-7.11 (10H), 7.14-7.20 (5H). *C-NMR
(CDCl,, 0): 22.6, 22.8, 35.2, 35.7, 37.9, 38.0, 52.0, 52.2, 125.8,
126.9, 128.3, 147.5. FTIR (neat): 3082, 3060, 3026, 2956, 2802,
1603, 1493, 1452, 1373, 1149, 1088, 1027, 906, 762, 700 (s); MS
(FAB (mNBA), 60 eV): m/z (%) = 414 (M + H*, 100), 412 (53),
352 (10), 294 (93), 232 (8), 176 (11), 174 (10), 106 (68), 92 (50), 59
(36), 45 (13); HR-MS (FAB (mNBA), 60 eV): m/z (%) = 414.3169
(M + H*, 100) (+0.8 mmu), 412.3020 (M — H*, 64) (+1.5 mmu).
C;HyoN calc. (%): C: 87.1; H: 9.5; N: 3.4. Found (%): C: 86.6; H:
9.6; N: 3.4.

Tris-(cyclopentylmethyl)-amine (8d)

According to the general procedure C (40 bar CO, 40 bar H,,
100 °C, 2 d) compound 8d was isolated by absorptive filtration
on Alumina N (Act. III)/cyclohexane—methyl-zerz-butyl ether =
10: 1 yielding 0.68 g (2.6 mmol, 77%) as a colourless oil. 'H-NMR
(CDCl;,0): 1.13-1.21 (6H), 1.47-1.60 (12H), 1.65-1.73 (6H), 2.01
(3H, m), 2.18 (6H, d, *J = 7.5 Hz). "C-NMR (CDCl,, §): 25.2,
31.1, 38.1, 61.0. FTIR (neat): 2951, 2864, 2789, 1452, 1379, 1336,
1261, 1101, 899, 852. MS (FAB (mNBA), 60 eV): m/z (%) =
264 (M + H*, 49), 262 (80), 207 (11), 194 (100), 147 (22), 124
(18), 74 (39), 56 (32), 42 (16). HR-MS (FAB (mNBA), 60 eV):
m/z (%) = 263.2607, 262.2527 (M — H"*) (263.26130, calcd. for
CsHi;N). Cale. (%): C: 82.1; H: 12.9; N: 4.6. Found (%): C: 81.9;
H: 13.0; N: 5.3.

Tris-(cyclohexylmethyl)-amine (8¢)*

According to the general procedure C (40 bar CO, 40 bar H,,
100 °C, 2 d) compound 8e was isolated by absorptive filtration
on Alumina N (Act. III)/cyclohexane-methyl-zert-butyl ether =
10 : 1 yielding 0.75 g (2.5 mmol, 74%) as colourless crystals.

Tris-(cyclooctylmethyl)-amine (8f)

According to the general procedure C (40 bar CO, 40 bar H,,
100 °C, 2 d) compound 27 was isolated by absorptive filtration
on Alumina N (Act. III)/cyclohexane-methyl-zert-butyl ether =
10 : 1 yielding 0.79 g (2.0 mmol, 67%) as a colourless oil. 'H-
NMR (CDCl,, 9): 1.15-1.29 (6H), 1.36-1.69 (39H), 1.97 (6H, d,
3J = 7.0 Hz). *C-NMR (CDCl,, 9): 25.6, 26.6, 27.2, 30.9, 35.6,
63.9. FTIR (neat): 2920, 2848, 2794, 2725, 2694, 1743, 1681, 1666,
1417, 1446, 1360, 1228, 1151, 1086, 1057. MS (FAB (mNBA),
60 eV): m/z (%) =390 (M + H*, 12), 289 (31), 388 (100), 278 (88),
166 (38), 152 (16), 84 (18), 82 (36), 70 (33), 59 (16), 56 (40), 42
(18). HR-MS (FAB (mNBA), 60 eV): m/z (%) = 388.3962 (M +
H*, 100) (+1.9 mmu), 389.4005 (M, 39) (—1.6 mmu). C,;H;;N
calc. (%): C: 83.2; H: 13.2; N: 3.6. Found (%): C: 83.0; H: 13.4;
N:3.2.

1,3-Bis-cyclohexylmethylurea (10)

Performing the reaction according to the general procedure C
not in methanol-dioxane-acetic acid (40 bar CO, 40 bar H,,
100 °C, 2 d), but in 10 ml methanol and 10 ml of water,
compound 10 was isolated by absorptive filtration on Alumina
N (Act. IIT)/cyclohexane—methyl-zerz-butyl ether = 10 : 1. The
first fraction affords 0.14 g (0.4 mmol, 12%) 8e as colourless
crystals. Washing of the column with methanol afforded 0.30 g
(1.2 mmol, 24%) of 10 as colourless crystals. 'H-NMR (CDCl;,
0): 0.89-0.99 (4H), 1.17-1.27 (6H), 1.67-1.76 (12H), 3.07 (4H,
t, *J = 7.0 Hz), 4.89 (2H, s). "C-NMR (CDCl,, §): 27.1, 27.6,
31.9, 38.1, 55.1, 148.0. FTIR (neat): 3427, 3226, 2923, 2844,
1697, 1634, 1600, 1497, 1449, 1425, 1370, 1103. ESI-MS: m/z =
253.2 (M + H*). MS (EL 70 eV): m/z (%) = 252 (M, 15), 169
(100), 126 (52), 87 (25), 55 (24), 44 (38), 41 (11). C;sHxN,O
calc. (%): C: 71.4; H: 11.2; N: 11.1. Found (%): C: 71.5; H: 11.0;
N: 11.0.
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N',N'-Bis-(4-amino-3-methylbutyl)-3-methylbutane-1,4-diamine
16)

2.10 g (3.17 mmol) of 8a were solubilized in 50 ml ethanol
and treated with 1.78 g (35.6 mmol) hydrazine hydrate under
reflux for 20 h. To the cooled mixture 20 ml of 5 N sodium
hydroxide solution were added and the mixture was extracted with
dichloromethane, the organic layer was dried with sodium sulfate
and after evaporation of the solvent, 0.80 g (2.94 mmol, 93%) of
7 were isolated. "H-NMR (CDCl,, 6): 0.77 (9H, d, J = 5.1 Hz),
1.01-1.12 (3H, m), 1.25-1.44 (6H, m), 1.69 (6H, bs), 2.15-2.55 (m,
12H). *C-NMR (CDCl,, ¢): 17.5 (CH;), 31.1 (CH,), 34.5 (CH),
48.1 (CH,), 51.5 (CH,). FTIR (neat): 1084 (s), 1123 (w), 1262
(w), 1299 (w), 1377 (m), 1463 (s), 1600 (w), 1663 (w), 1720 (m),
2195 (w), 2459 (w), 2867 (vs), 2923 (vs), 2952 (vs), 3291 (m). HR-
MS (FAB (mNBA), 60 eV): m/z (%) = 273.3033 (M + H*, 100)
(+ 1.5 mmu).

N*,N*-Bis-(4-{bis-[4-(N-phthalimidyl)-3-methylbutyl]-amino } -3-
methylbutyl)-N',N'-bis-[4-(N-phthalimidyl)-3-methylbutyl]-2-
methylbutane-1,4-diamine (17)

1.66 g (8.25 mmol) methylallylphthalimide (1), 0.25 g (0.92 mmol)
of 16 and 5 mg (0.25 mol%) [Rh(cod)Cl], are dissolved in
toluene and placed in a pressure vessel. The vessel is flushed
with 50 bar argon and the pressure is removed. Then the vessel is
filled with 50 bar of carbon monoxide and 50 bar of hydrogen
and is heated at 120 °C for 3 days. After cooling, the gas is
removed and the solvent is distilled off at low pressure. The
crude mixture is cleaned by column chromatography (Alumina
N (Act. III)/diethyl ether-n-hexane 1 : 1) and the column is
washed with ethyl acetate, after which the solvent is removed,
yielding 0.890 g (0.57 mmol, 62%) of 17. "H-NMR (CDCl;, §): 0.80
(27H, m), 1.20 (12H, m), 1.49 (12H, m), 1.85-2.10 (13H), 2.15-
2.50 (14H), 3.30-3.65 (12H), 7.30-7.80 (24H). *C-NMR (CDCl;,
0): 17.4, 17.5, 17.6, 18.5, 29.8, 30.8, 30.9, 31.6, 31.7, 43.8, 44.0,
44.1, 51.8, 52.0, 60.3, 123.0, 131.9, 133.7, 168.5. FTIR (neat):
3398, 2960, 1772, 1712, 1435, 1399, 1381, 1054. Co;H,,N,;O,,
ESI-MS : m/z = 1565.19 (M + H*), 783.30 (M + 2H"*), 522.23
M + 3H").

3-[(2-Cyanoethyl)-(2-methylallyl)-amino]-propionitrile (18)

In a 100 ml round bottomed flask equipped with a magnetic
stirrer 27.06 g (220 mmol) 3-(2-cyanoethylamino)-propionitrile
and 10.0 g (110 mmol) methylallylchloride were heated to reflux
for 16 h. The mixture was cooled to room temperature, and the
resulting solid was filtered off and washed with toluene. The
solvent of the filtrate was removed yielding 12.94 g (73 mmol,
66%) of 18. '"H-NMR (CDCl,, J): 1.75 (3H, s), 2.46 (4H, t,
J = 6.7 Hz), 2.84 (4H, t, °J = 6.73 Hz), 3.04 (2H, s), 4.90
(4H, d, *J = 16.0 Hz). "C-NMR (CDCl,, 9): 16.7, 20.3, 49.5,
60.8, 114.1, 118.5, 142.3. FTIR (neat): 3075, 2971, 2942, 2836,
2248, 1650, 1448, 1423, 1374, 1135, 1027, 904. MS (FAB (mNBA),
60eV): m/z (%) =200.2 (M + Na*, 45), 178.2 (M + H*, 75). HR-
MS (FAB (mNBA), 60 eV): m/z (%) = 178.1318 (M + H*, 60)
(—=2.7 mmu).

3-{[4~(Bis-{4-[bis-(2-cyanoethyl)-amino]-3-methylbutyl } -amino)-
2-methylbutyl]-(2-cyanoethyl)-amino }-propionitrile (19)

According to the general procedure C (40 bar CO, 40 bar H,,
120 °C, 3 d) compound 19 was isolated by column chromatog-
raphy on Alumina N (Act. III)/dichloromethane-diethyl ether—
triethylamine 8 : 4 : 1 yielding 1.00 g (1.7 mmol, 51%) as a yellow
oil. '"H-NMR (CDCl;, ): 0.90 (9H, d, °J = 6.53 Hz), 1.05-1.18
(3H, m), 1.50-1.70 (6H, m), 2.19-2.24 (3H), 2.32-2.37 (3H), 2.40—
2.55(6H, m), 2.44 (12H, t,*J = 6.78 Hz), 2.81 (12 H, t,*J = 6.78
Hz). "C-NMR (CDCl,, ¢): 16.7, 18.1, 30.0, 31.6, 50.1, 51.5, 118.7.
FTIR (neat): 3478, 2954, 2827, 2247, 1724, 1604, 1464, 1348, 1135,
1078. MS (FAB (mNBA), 60 eV): m/z (%) = 590 (M, 30). HR-MS
(FAB (mNBA), 60 eV): m/z (%) = 590.4557 (M*, 21) (+2.5 mmu).
HR-MS (FAB (mNBA), 60 eV): m/z (%) = 591.4664 (M + H*,
100) (4+3.2 mmu).

N',N'-Bis-(3-aminopropyl)-V*,/V*-bis-{4-[bis-(3-aminopropyl)-
amino]-3-methylbutyl }-2-methylbutane-1,4-diamine (20)

0.80 g (1.4 mmol) of 19 were dissolved in 10 ml methanol and
90 ml of water and placed in a pressure vessel, as well as 2.0 g of
wet Raney cobalt catalyst, which was washed before with 25 ml of
water. The vessel was purged with Ar and then filled with 20 bar
H, and was heated to 70 °C for 2 hours. After cooling the vessel
to room temperature the H, was drained, the vessel was purged
with Ar gas, opened and the contents were immediately filtered
off. The water and methanol were evaporated under reduced
pressure and 0.69 g (1.1 mmol, 83%) 20 were obtained as a
colourless oil. "H-NMR (CDCl,, 6): 0.75-1.05 (9H, m), 1.09-1.31
(3H, m), 1.50-1.85 (18H, m), 2.05-2.33 (6H, m), 2.36-2.59 (18H,
m), 2.60-2.84 (12H, m). *C-NMR (CDCl,, ¢): 19.1, 30.5, 31.4,
32.7,41.0, 52.9, 53.5, 63.2. FTIR (neat): 3282, 2945, 2857, 2791,
1720, 1597, 1463, 1374, 1083, 861. MS (FAB (mNBA), 60 eV):
m/z (%) = 615.3 (M + H*, 30). HR-MS (FAB (mNBA), 60 eV):
m/z (Yo) = 615.6527 (M + H*, 100) (+3.8 mmu).

4-[(2-{|[Bis-(2-cyanoethyl)-amino]-methyl }-allyl)-(2-cyanoethyl)-
amino|-butyronitrile (23)

12.25 g (0.1 mol) 3-(2-cyanoethylamino)-propionitrile (22) and
3.11 g (25 mmol) 3-chloro-2-chloromethylpropene (21) were
heated to 80 °C for 20 h. After cooling, the solid was filtered off
and was washed with dichloromethane. The solvent of the filtrate
was removed and the residue was basified with half concentrated
sodium hydroxide solution and extracted with ethyl acetate. The
organic layer was washed with water, dried with magnesium sulfate
and the solvent was removed at reduced pressure yielding 7.14 g
(23 mmol, 96%) of 23. '"H-NMR (CDCl,, d): 2.55 (8H, t, *J =
6.53 Hz), 2.83 (8H, t, *J = 6.53 Hz), 3.23 (4H), 5.20 (2H). "*C-
NMR (CDCl;,0): 16.51,48.85,55.59,119.00, 143.14. FTIR (neat):
3076 (w), 2956 (s), 2837 (vs), 2247 (vs), 1651 (m), 1463 (s), 1421
(s), 1381 (s), 1265 (m), 1136 (vs), 1030 (s), 926 (m). MS (FAB
(mNBA), 60 eV): m/z (%) =321.4 (M + Na*, 33), 299.4 (M + H*,
100), 258 (27), 218 (10), 97 (18), 89 (15). HR-MS (FAB (mNBA),
60eV):m/z (%) =321.1815 (M + Na*, 26) (+1.1 mmu), 299.1996
(M + H*, 100) (+1.1 mmu). C,sHy;Ng calc. (%): C: 64.4; H: 7.4;
N: 28.2. Found (%): C: 64.6; H: 7.4; N: 28.1.
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4-[(4-[Bis-{3-([bis-(2-cyanoethyl)-amino]-methyl)-4-[(2-
cyanoethyl)-(3-cyanopropyl)-amino]-butyl } -amino]-2-{ [bis-(2-
cyanoethyl)-amino]-methyl }-butyl)-(2-cyanoethyl)-amino]-
butyronitrile (24)

According to the general procedure C (40 bar CO, 40 bar H,,
120°C, 3 d) compound 24 was isolated by column chromatography
first on Alumina N (Act. III)/dichloromethane—diethyl ether—
triethylamine 8 : 4 : 1 and then with dichloromethane-methanol
10 : 1 as solvent yielding 0.95 g (1.0 mmol, 30%) of 24 as a yellow
oil. "H-NMR (CDCl,, é): 1.23 (3H), 1.64 (6H), 2.35-2.65 (42H),
2.81 (24 H). "C-NMR (CDCl, 9): 16.65, 29.61, 34.28, 49.91,
50.88, 56.88, 119.13. FTIR (neat): 2952 (s), 2846 (s), 2659 (s),
2484 (s), 2248 (s), 2204 (m), 1664 (m), 1469 (vs), 1423 (s), 1373
(s), 1275 (m), 1167 (m), 1136 (m), 1032 (s), 920 (s), 733 (s), 646
(m). MS (FAB (mNBA), 60 eV): m/z (%) = 954.7 (M, 5), 207
(20), 147 (87), 74 (100), 56.2 (20). HR-MS (FAB (mNBA), 60 ¢V):
m/z (%) =954.6519 (M + H*, 100) (—1.2 mmu).
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A convergent building block synthesis has been applied to new off/on photoinduced electron transfer
(PET) modulated fluorescent sensors which are based on a BF, chelated tetraarylazadipyrromethene
platform and operate in the biomedically important red region of the visible spectrum. Incorporation of
diethylamine and morpholine receptors facilitates off/on microenvironment polarity and pH sensing.
Aqueous formulation and in vitro cellular imaging demonstrates their potential for intracellular sensing.

Introduction

The development of molecular fluorescent sensors for biologically
related applications is a very active research area.! The use of
high sensitivity fluorescence detection has become a widely used
tool for probing the molecular processes of biological systems
in vitro,> and the application of fluorescence detection to non-
invasive in vivo optical imaging is currently emerging.® The
majority of fluorescent molecular sensors have operational light
input/output wavelengths in the 300-550 nm wavelength range.
In the case of in vivo imaging applications, this spectral region
suffers strong interference from endogenous chromophores. In
addition, fluorochrome excitation with blue and green light can
be damaging to the cellular systems under observation. The most
efficient light penetration of biological tissue occurs in the lower
energy red and near-infrared (NIR) spectral regions.* As such,
the development of new visible red and NIR off/on fluorescent
sensors would be of benefit to future imaging applications. Several
research groups have recently reported a number of visible red
molecular sensors based on cyanines, squaraines and rhodamines,
modified BODIPY dyes and N-phenyl-1,8-naphthalimides.®

Herein, we report a new class of fluorescent sensors based
upon the BF, chelated tetraarylazadipyrromethene fluorophore 1
(Fig. 1) which employs a receptor-methylene spacer—fluorophore
architecture. We have recently reported that this class of compound
displays strong absorption and fluorescence in the 650-750 nm
region of the spectrum.® For example, the parent tetraphenyl
analogue of 1 (Ar'* = Ph) has an absorption A,,, at 650 nm (¢ =
79000 dm™ mol™' cm™) and emission at 672 nm (¢ = 0.34)
in chloroform. These promising photophysical characteristics
suggest that these fluorophores would make an excellent platform
from which visible red sensors could be constructed.

The design of fluorescent sensors most commonly adopts a
receptor—spacer—fluorophore architecture with the fluorescence
switching properties controlled by a photoinduced electron trans-
fer (PET) mechanism.” The role of the receptor is to detect

Centre for Synthesis and Chemical Biology, Conway Institute, School of

Chemistry and Chemical Biology, University College Dublin, Belfield, Dublin
4, Ireland. E-mail: donal.f.oshea@ucd.ie; Tel: +353 (0) 17162425

1 Electronic supplementary information (ESI) available: 'H and *C NMR
spectra for 1a and 1b. UV-Visible and fluorescence solvent studies for 1a
and 1b. See DOI: 10.1039/b514788c

Fig.1 BF, chelated tetraarylazadipyrromethene fluorochromes.

the targeted substrate, while the fluorophore quantifies and
communicates this information to the observer. The spacer unit
covalently links the fluorophore to the receptor whilst keeping the
ground state electronic systems of the receptor and the fluorophore
disconnected (Fig. 2). This sensing technology can be applied to a
diverse set of substrates by the use of substrate specific receptors,
allowing analytes such as protons, cations, anions, carbohydrates

and peptides to be detected.?

O +S H
LA 5
Flu off

Fig. 2 Schematic of a PET fluorescent sensor design. Rectangle =
fluorophore; CH, = methylene spacer; circle = receptor for substrate;
S = substrate.

2C

Flu on

In order to examine the PET sensing properties of BF, chelated
tetraarylazadipyrromethenes, we synthesised and examined the
photophysical properties of the benzylamine substituted ana-
logues 1a and 1b, which would have the potential to act as
off/on switching receptors for pH? and microenvironment polarity
(Fig. 3).°

The synthesis of our target compounds utilised our previously
described modular approach, involving the synthesis and con-
densation of 2,4-diaryl-5-nitrosopyrroles with 2,4-diarylpyrroles.'
Generation of 1a and 1b was accomplished through the con-
densation of 2-nitroso-3,5-diphenylpyrrole 2 with the receptor
substituted pyrroles 3a,b to yield the tetraarylazadipyrromethenes
4a,b. BF, chelation of 4a,b was achieved by reaction with boron-
trifluoride diethyletherate with diisopropylethylamine as the base
in dichloromethane at room temperature for 16 hours. Purification
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1a 1b

Fig.3 PET modulated fluorescence molecular sensors.

of the final products was by chromatography on alumina, which
provided 1a,b as copper coloured solids in 88 and 91% yields
respectively (Scheme 1).

Our expectations for the sensing properties of 1a,b were that lit-
tlechange in the ground state UV-visible spectral properties would
be observed on substrate recognition, however, large changes in the
fluorescence intensity would act as the sole signalling event. The
UV-visible spectra of 1a in four solvents of decreasing dipolarity—
DMF, THF, dioxane and cyclohexane—are shown in Fig. 4. The
wavelengths of the absorption maxima for 1a show little solvent
dependency with only a 10 nm hypsochromic shift observed for
cyclohexane (647 nm) when compared to DMF (657 nm) (Table 1,
Fig. 4). Identical behaviour was recorded for 1b (Table 1, ESIf).
Similarly, only a 12 nm difference between the wavelengths of the
emission maxima in cyclohexane and DMF was observed for 1a
and 1b which mirrored the minor hypsochromic shifts observed
for non-polar solvents in the UV-visible spectra (Table 1).

0.8

0.6

0.4

Absorbance

0.2

0.0 T
300 400 500 600 700 800

Wavelength (nm)

Fig.4 UV-Visible spectra of 1a in DMF (blue), THF (yellow), 1,4-diox-
ane (black), cyclohexane (green) at 1 x 10~ M.

X
,/\77 B
Ph 4
+ 7 M
Ph~ "NO Ly
N
) H Ph
3a; X = N(CHoCHs),

3b; X = N(CH,CH;)20

Table 1 Spectral characteristics of 1a and 1b in nm

DMF THF Dioxane Cyclohexane

la

Abs* 657 653 652 647
Flu* 680 6717 676 668
Abs/H** 657 655 653 650
Flu/H*¢ 682 676 677 672
1b

Abs* 656 654 652 647
Flu® 681 676 675 669
Abs/H** 657 656 654 652
Flu/H** 684 677 678 672

“ Concentration of 1 x 10~ M. ¢ Concentration of 8 x 1077 M, excitation
630 nm. ¢ 5 uL of TFA added to a 3 mL sample.

In contrast to the invariance of the emission wavelength
maxima in various solvents, the emission intensity showed a
marked response to solvent polarity. The trend observed was
that fluorescence intensity increased as a function of decreasing
polarity along the series of DMF < THF < dioxane < cyclohexane
(Fig. 5). A ninefold enhancement in fluorescence intensity was
recorded when the extremes of DMF and cyclohexane were
compared. It can be interpreted that in more polar solvents,
little fluorescence is observed as the excited state quenching by
the PET process is efficient (sensor is off). Whereas in non-polar
solvents the PET process is an ineffective competing process for
fluorescence emission and the sensor is switched on. The switching

200

150 4

Fluorescence (arb units)

850
Wavelength (nm)
Fig. 5 Fluorescence spectra of 1la in DMF (blue), THF (yellow),

1,4-dioxane (black) and cyclohexane (green). Concentration 8 x 1077 M,
excitation 630 nm, slit widths 5 nm.

1a; X = N(CH,CH3),
1b; X = N(CH2CH3),0

Scheme 1  Synthesis of 1a and 1b. Reagents and conditions: (i) acetic anhydride, acetic acid, 100 °C, 1 h. (ii) BF;-OEt,, DIEA, CH,Cl,, rt, 16 h.
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effect of microenvironment polarity on the PET mechanism has
been observed previously. %13

The one-dimensional switching of our sensors in response
to an acid substrate (i.e. no significant ground state change in
response to substrate recognition) is shown in Fig. 6. There is
virtually no variance in the peak shape or the wavelength of
maximum absorbance in the UV-visible spectra for protonated
1a in any of the four solvents examined (Table 1, ESI). There is a
marked response however to the acid analyte in the fluorescence
spectra. For example the non-protonated la is weakly emissive
in DMF solutions but upon protonation with aqueous HCI a
strong emission is observed at 682 nm. The increase in fluorescence
intensity was greater than eightfold from the off to the on state
(Fig. 6).
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Fig. 6 Overlaid UV-visible (1 x 10~ M) and fluorescence (8 x 1077 M,
excitation 630 nm, slit widths 5 nm) spectra of 1a in DMF (blue) and in
DMF-aq. HCI (red).

As would be expected, THF, dioxane and cyclohexane each gave
smaller fluorescence intensity enhancements upon the addition
of trifluoroacetic acid (ESI). A similar trend for off to on
fluorescence enhancement (3-fold) in response to acidic conditions
was observed for 1b in DMF (ESI).

In order to obtain aqueous solutions suitable for in vitro
imaging, the emulsifier Cremophor EL (CrEL) was used. CrEL
is a non-ionic surfactant, frequently used in vivo as a delivery
agent for poorly water-soluble drugs such as Taxol." The aqueous
formulated spectroscopic properties of 1a,b were very similar to
those obtained in organic solvents. The fluorescence titration of
1a with aqueous HCI showed a significant increase in fluorescence
intensity upon sequential addition of acid aliquots, whereas a
more moderate increase was recorded for the morpholine receptor
analogue 1b. The titration data predicted apparent pK, values of
6.9 and 4.8, for 1a and 1b respectively, providing a useful window
of sensing under physiological conditions (Fig. 7, ESI). It should
be noted that pK, values of amines in a micellar microenvironment
are often lower than would be anticipated.’

To examine the potential of our molecular sensor class for
imaging in vitro, an aqueous formulated solution of la was
incubated with HeLa cells for 1 hour. The cells were washed of
surface bound material, slide mounted and imaged using confocal
laser scanning microscopy. Cellular localisation of emissive 1a was
examined through 16 focal plane sections of 0.48 pm apart through
a single cell.’® Analysis of the Z-stack plane views confirmed that
emission from la was exclusively in the cytoplasm (red) with no
fluorescence observed in the nucleus (dark area) (Fig. 8).

80 4

60

Flu. Intensity

40 A

20 4

Fluorescence (arb. units)

650 700 750 800 850
Wavelength (nm)

Fig. 7 Fluorescence titration of 1a in H,O/CrEL/phosphate buffered
saline (I, = 150 mmol L™'). Apparent pK, determined to be 6.9 at
25 °C. Red trace pH = 4.9, dark green trace pH = 9. Concentration 8 x
10-7 M, excitation 630 nm, slit widths 5 nm.

.97 pm

145 pm

Fig. 8 Individual cellular focal plane sections of la in a HeLa cell.
Cytoplasm — red color; central dark area is the nucleus. Numbers in the
left hand corner of each image indicate the cellular position at which the
image was recorded.

Each image represents the fluorescence intensity at a specific
focal plane of increasing depth through the cell. It can be seen that
fluorescence intensity increases as you transect the cell (from 0 to
3 uM), reaches a maximum near the centre of the cell (~4 to 5
uM) and diminishes as the further edge of the cell is reached. In a
cellular context 1a has the potential to come into contact with a
variety of different pH ranges and subcellular microenvironment
polarities and as such the exact mode of intracellular switching is
still under investigation.

Conclusions

We have developed a new fluorophore template for PET based
sensing, using the receptor-methylene spacer—fluorophore ap-
proach from the boron-difluoro chelated azadipyrromethene plat-
form, with an optical advantage of sensing in the red region of the
spectrum. The flexible modular synthesis would readily allow for
modified derivatives to be produced to include a range of receptor
classes and to fine-tune any desired photophysical parameters. The
ability of 1a to localize and be readily detected in vitro gives an
indication of the potential of this fluorochrome class as markers
for specific cellular events in conjunction with other receptor units
and fine-tuning of the switching responses. Future advances in the
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field of fluorescent molecular sensing and imaging will provide
new tools to assist in the understanding of biological processes at
the molecular level.

Experimental

THF was distilled under N, over sodium wire and benzophenone.
Cyclohexane, dioxane and chloroform were distilled over K,COs.
DMF was distilled under reduced pressure over K,COj;. Solutions
for the solvent studies were prepared from a stock solution of 1
(0.005 mmol in 10 mL THF). 1 mL was diluted into 25 mL of
either cyclohexane, DMF, dioxane or THF to provide a second
stock solution. For UV-visible spectra, 5 mL of the second
stock solution was diluted into 10 mL of the relevant solvent
to give samples for UV-visible measurements. A 3 mL sample
was removed and the UV-visible spectra recorded. 5 pL of
trifluoroacetic acid (TFA) was added and the UV-visible spectra
were recorded again. For fluorescence spectra 1 mL of the second
stock solution was diluted into 25 mL of the relevant solvent
to give samples for UV-visible measurements at 8 x 1077 M. A
3 mL sample was removed and the fluorescence spectra were
recorded. 5 pLL of TFA was added and the fluorescence spectra
were recorded again. Fluorescence measurements were recorded
with the following setting; excitation and emission slit widths of
5 nm used, excitation wavelength 630 nm.

Synthesis of [3-(4-diethylamino-methylphenyl)-5-phenylpyrrol-2-
ylidene]-(3,5-diphenyl-1H-pyrrol-2-yl)-amine BF, chelate 1a

A stirred solution of [3-(4-diethylamino-methylphenyl)-5-
phenylpyrrol-2-ylidene]-(3,5-diphenyl-1H -pyrrol-2-yl)-amine"!
(107 mg, 0.2 mmol) in CH,Cl, (50 mL) was treated with
borontrifluoride diethyletherate (350 pL, 2.8 mmol) and
diisopropylethylamine (350 uL, 2 mmol). The reaction was stirred
at room temperature for 16 h, washed with water (2 x 50 mL),
dried over Na,SO,, the solvent was removed under reduced
pressure and the resulting solid was purified by chromatography
on alumina (CH,Cl,-EtOAc, 4 : 1) to give the product la
as a copper colored solid (102 mg, 88%); mp 140-142 °C
(cyclohexane); A (CHCI;)/nm 653 (¢/dm~ mol~' cm~' 82 000);
Vmax (KBr disk)/cm~"' 3446, 1513; 6,(300 MHz; CDCl;; Me,Si) 1.08
(6H, t, J 7.1, N(CH,CH,;),), 2.57 (4H, q, J 7.1, N(CH,CH5;),),
3.63 (2H, s, CH,N), 7.00 (2H, s), 7.43-7.47 (11H, m), 8.01-8.06
(8H, m); 6(75 MHz; CDCl;; Me,Si) 11.8, 46.9, 57.4, 118.8, 119.0,
128.6, 128.6, 129.1, 129.2, 129.4, 129.4, 129.6, 130.8, 130.9, 131.6,
131.7, 132.4, 141.8, 143.9, 144.3, 145.4, 145.8, 159.1, 159.8; m/z
(ES) 583.2850 (M + H*. Cy,H;,BF,N, requires 583.2845).

Synthesis of (3,5-diphenyl-1H -pyrrol-2-yl)-[3-(4-morpholin-4-
ylmethylphenyl)-5-phenylpyrrol-2-ylidene]-amine BF, chelate 1b

A stirred solution of (3,5-diphenyl-1H-pyrrol-2-yl)-[3-(4-
morpholin-4-ylmethylphenyl)-5-phenylpyrrol-2-ylidene]-amine™
(107 mg, 0.2 mmol) in CH,Cl, (50 mL) was treated with
borontrifluoride diethyletherate (350 pL, 2.8 mmol) and
diisopropylethylamine (350 uL, 2 mmol). The reaction was stirred
at room temperature for 16 h, washed with water (2 x 50 mL),
dried over Na,SO,, the solvent was removed under reduced
pressure and the resulting solid was purified by chromatography
on silica gel (EtOAc—cyclohexane, 2 : 1) to give the product

as a copper colored solid (108 mg, 91%); mp 170-174 °C;
Amax(CHCL))/nm 652 (¢/dm~ mol™' cm™ 82000); vy (KBr
disk)/cm~' 3438, 1515; (300 MHz; CDCl;; Me,Si) 2.49 (4H,
t, J 4.5, N(CH,CH,),), 3.55 (2H, s, CH,N), 3.74 (4H, t, J 4.5,
(CH,CH,),0), 7.00 (1H, s), 7.01 (1H, s), 7.40-7.48 (11H, m),
8.02-8.06 (8H, m); d.(75 MHz; CDCl;; Me,Si) 53.7, 63.2, 67.0,
118.9,119.1, 128.6, 129.3, 129.4, 129.5, 129.5, 129.6, 129.6, 130.9,
131.2, 131.6, 132.3, 139.7, 144.0, 144.1, 145.5, 145.7, 159.4, 159.7,
m/z (ES) 597.2634 (M + H*, C;;H;,BF,N,O requires 597.2637).

Formulation of 1a for irn vitro cellular imaging

Compound 1a (0.005 mmol) was dissolved THF (1 mL), Cre-
mophor EL (0.07 mL) and 1,2-propanediol (0.03 mL) were added
and the sample was placed in a sonic bath for 30 min. The THF
was removed under reduced pressure and the oily mixture was
dissolved in phosphate buffered saline (PBS) solution (10 mL) and
filtered through an Acrodisc 25 mm syringe filter (with 0.2 um HT
Tuffryn membrane). The concentration was checked by diluting a
portion of the sample (1 mL to 25 mL) with PBS and UV-visible
spectral analysis.

Confocal laser scanning microscopy

Cells, grown on 8-well chamber slides (Nunc), were incubated in
the dark at 37 °C with 1 x 10~ M 1a for 1 h. Prior to visualisation,
excess probe was washed off by rinsing in PBS 4 times and cells
were fixed in 3.7% formaldehyde-PBS. Cells were mounted as
above and image analysis was performed using an LSM510 META
confocal laser scanning microscope (Zeiss) equipped with a 40X
numerical aperture 1.0 objective, with a pinhole of 100 pm in
diameter being used to capture each image at a resolution of 512 x
512 pixels. 1a was excited by a 543 nm helium neon laser.
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Fast and convenient approaches to the indole nucleus from isocyanides are reviewed as a means for the
tailored preparation of conveniently functionalized indoles by using the unique reactivity of isocyanides

in one-pot multicomponent and cascade reactions.

1. Introduction

Isocyanides belong to a unique class of stable organic compounds
with a formally divalent carbon that offers a wide range of
reactions.! The chemistry of isocyanides is characterized by three
distinct reactions, the a-addition, the o-metallation and the easy
formation of radicals. These characteristics are perfectly suited for
the synthesis of indole systems, one of the most widespread systems
in nature. Common methods for the synthesis of indole systems
have been reviewed.? Several nitrogenated groups such as hydra-
zones, amides, amines, imines and nitrenes, have been used as start-
ing materials in diverse syntheses of indole derivatives. The scope
of this review is to show the enormous versatility of isocyanides
as starting materials for the rapid synthesis of the indole nucleus.
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2. oa-Addition reactions

The most important synthetic property of isocyanides is the
possibility of reactions with nucleophiles and electrophiles at the
same carbon atom, in contrast to several other functional groups
in organic chemistry that react in only one way. This characteristic
explains the effectiveness of the isocyano group in multicomponent
reactions (MCR),? in which three or more starting materials react
to form a product, where all the reagents contribute to the newly
formed product.

One of the first multicomponent reactions to use isocyanides
was the Passerini reaction (Scheme 1). The mechanism of this
reaction is based on the ambident reactivity of the isocyanide
group.

The substrates of the Passerini reaction may be diversified to give
different products. This is well illustrated by an indole synthesis
performed by this methodology. In this case, it is necessary to carry
out a series of post-condensation transformations (Scheme 2).*

This synthesis illustrates the possibilities of multicomponent
reactions followed by post-condensation processes.’” But the
synthetic possibilities of the isocyano group in the construction
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of the indole nucleus may be successfully performed in one-pot
reactions.

Although the process of a-addition implies that nucleophiles
and electrophiles add onto the same carbon of the isocyano group,
the completion of a-addition is usually a rapid process no matter
the reactivity of the generated intermediates, however the order of
addition of reagents is not always the same because it depends on
the characteristics of the species selected.

2.1. Isocyanide as an electrophile

One of the first indole syntheses using isocyanides as precursors
was described by Saegusa er al. in 1977.° Thus, the selective
ortholithiation of the alkyl group in o-alkylphenylisocyanides fol-
lowed by subsequent intramolecular 5-endo-digonal ring closure
afforded indole 3 (Scheme 3).
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Solvent and temperature were critical for the obtained results.
The lithiation on the alkyl group of o-tolyl isocyanide 1 was
achieved in almost quantitative yield by lithium diisopropylamide
(LDA) in diglyme at —78 °C. The lithiation of 1 in ether or THF
as the solvent generated the o-(lithiomethyl)phenyl isocyanide 2
in low yields, being substantially accompanied by an adduct of
LDA to the isocyano carbon of 1, while the reaction at —25 °C
afforded C-lithioaldimines resulting in the attack on the isocyanide
group.” According to this behaviour Saegusa and co-workers
synthesized 3-substituted indoles. However, attempts to trap the
C-lithioaldimine A were not successful because this derivative
rapidly converted to the stabilized o-lithioaldimine B, leading to
1-substituted indoles 6, after addition of alkyl halides (Scheme 4).
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2.-78°C1020°C N\
N
R H

5
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Scheme 4

Consequently, only 1- and 3-substituted indoles were obtained
by this method. Alternatively, Saegusa and co-workers synthe-
sized 2-substituted indoles 8 from o-lithioalkylphenylisocyanides,
although in this case the isocyanide group was only used as a
protecting group.®

Applying a similar strategy, Makosza and Wojciechowski
synthesized indoles via vicarious nucleophilic substitution (VNS)
of hydrogen in m-isocyanonitrobenzenes. Products of VNS were
formed as nitrobenzylic carbanions which cyclized rapidly via
intramolecular nucleophilic addition to the isocyano group, as
in the Saegusa synthesis of indoles (Scheme 5).°
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Scheme 5

Another interesting reaction was described by Murai et al.,
where isocyanides and carbon monoxide showed their par-
allelism in their reactivity as species with divalent carbon
atoms (Scheme 6)."° The reaction of carbon monoxide with C-
lithioaldimine C prepared by a-addition of fert-butyllithium to
xylylisocyanide 11 yielded the 3H-indole derivative 12 through a
formal [4 4 1] cyclic coupling.

Like isocyanides, carbon monoxide undergoes a-addition reac-
tions. The reaction of C-lithioaldimine C with carbon monoxide
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generates the carbonyl anion D;; these species are very reactive
and they immediately convert to other reactive species such
as lithium enolate D, which, by an intramolecular reaction,
cyclizes to intermediate E. The aromatization energy favours the
rearrangement of the alkyl group from the bridged carbon atom
to the electron deficient adjacent carbonyl atom.

Attempts to synthesize aromatic indoles through this method
were unfruitful. Thus, when the starting substrates were unsubsti-
tuted phenyl isocyanides, ortho-lithiation was an important side
reaction.

2.2. Isocyanide as a nucleophile

The order in the addition of a nucleophile or electrophile over
the divalent carbon in carbon monoxide and the isocyano group
depends on the species present in the reaction environment. The
high versatility of these systems is explained by the different
intermediates generated in every case. As seen above, the addi-
tion of nucleophiles as organolithium reagents allows reaching
highly reactive species as acyllithium'®" and C-lithioaldimines,"
respectively. The umpolung in these carbons was achieved by the
addition to an electrophile which gives acylium'? and nitrilium
intermediate cations.”® This behaviour is well illustrated by the
reaction of alkyl ketones 13 and phenylisocyanide 14 in the
presence of boron trifluoride to yield 3H-indole derivatives 15"
or by the analogous reaction of aromatic ketone 16 and tert-
butylisocyanides 17 to yield aromatic indoles 18" (Scheme 7). The

R o
R R BF3
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o NG N NH

13 14 @ 15
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Scheme 7
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proposed mechanism implied the formation of 2,3-diiminooxetane
G, followed by rearrangement to a cationic intermediate and
electrophilic aromatic substitution (Scheme 8).

N 2 2
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The synthesis of 1-hydroxyindoles 21 was achieved by a [1 +
4] cycloaddition reaction of isocyanides with aryl nitroalkenes 19
(Scheme 9).'¢ However, in this case the nitrogen of the indole
nucleus arose from the nitro group and not from the isocyano
group.

H CONHR?
N Xy RN (20) B
X — X '
2 NO, Z~N
|
19 21 OH
Scheme 9

The reaction took place through a domino process. The initially
produced isoxazoline N-oxide 22 rearranged via the rupture of the
N-O bond to the intermediate I; the evolution of this intermediate
depended on the nature of R’. When it was a hydrogen atom, its
shift gave the nitrile oxide 23, whereas if R’ was an alkyl group an
intramolecular electrophilic substitution took place yielding the
1-hydroxyindole 21 (Scheme 10).

The mechanism proposed was in agreement with the experi-
mental results; the increase of electrophilic character of the initial
alkene (R” = CO,Me vs. Me) resulted in faster reactions (stage
a); isomeric alkenes gave the same reaction (stage b); when R’
was a hydrogen atom the resulting product was a nitrile oxide
(stage c); when two non-equivalent positions for the ring closure
were available, the reactions involved preferentially the position
of highest reactivity for the electrophilic substitution reaction
(stage d). However, when the ring had donor substituents, the yield
was considerably reduced in comparison to the unsubstituted or
electron poor rings.

Alternatively, this methodology has been used to synthe-
size 1-hydroxypyrroles 26 from butadiene-nitro derivatives 24
(Scheme 11). In this case, the ring closure to the pyrrole ring
was achieved by an electrophilic addition.
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2.3. o-Addition to carbenes

The known reaction of carbenes and carbenoids with isocyanides
to give iminoketenes has been applied to the synthesis of indoles."”
Carbene complexes reacted with isocyanides to give ketimine
complexes 28 in which the ligand was coordinated through the
lone pair of the nitrogen atom; these complexes have been proven
as versatile synthons in the synthesis of heterocyclic systems. When
ketimine complexes were prepared from aromatic isocyanides,
they rapidly added two further molecules of aryl isocyanide; the
cycloaddition by ortho-attack at the N-aryl groups leads to the
formation of 3-aminoindole derivatives 29 in the presence of water
(Scheme 12).1®
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The results depended on the aromatic substitution of the
isocyanide, thus, electron-rich aryl isocyanides favoured the for-
mation of indoles, while electron-poor aryl isocyanides favoured
the formation of azetidines.”

2.4. o-Addition catalyzed by transition metals

The insertion reactions of carbon monoxide into metal-carbon o-
bonds have received much attention because they constitute one of
the best ways to introduce a carbonyl group in organic substrates.
The relationship between carbon monoxide and isocyanides has
provided a rapid development of similar chemistry on the isocyano
group. Moreover, the isocyano group has an N-substituent which
constitutes an additional advantage for the synthesis of nitrogen
heterocyclic systems such as indoles.

In the group of isocyanides employed in the synthesis of indolic
systems, o-functionalized arylisocyanides are the most valuable
precursors. This is well illustrated in the indole synthesis mediated
by transition metal complexes.

In the synthesis of indoles from o-alkylphenylisocyanides cat-
alyzed by transition metals, the key stage is the activation of the
C-H bond achieved by ruthenium complexes [Ru(dmpe), LH] 30.
The intramolecular oxidative addition of ruthenium, previously
coordinated to the isocyano group, allowed the activation of the
C-H bond, as it is shown in Scheme 13.%°

Ru(dmpe),LH
30 Hy
-LH p) e
\\\“\‘\\\ A\
Ru(dmpe); + on — |H-RU™C=N —

' N

P H

31
Scheme 13

The catalytic formation of indoles from less hindered iso-
cyanides took a slightly different course. Heating a solution of
o-tolyl isocyanide with the catalyst at 140 °C resulted in isocyanide
decomposition. When the reaction temperature was decreased to
60 °C RuH(indole-C?)(dmpe), was formed; the sustained heating
of this complex gave the more stable RuH(indole-N)(dmpe),
complex, which constituted a non-catalytic process. This differ-
ent behaviour between more or less hindered isocyanides was
explained by the destabilization of N-H insertion products from
the cis C-H activation products when the indole nucleus possessed
an alkyl group in the 7-position.?®

o-Alkenylphenyl isocyanide 32 reacted with aryl iodide 33
and amine 34 through palladium iminoacyl complexes in an
intramolecular cyclization reaction producing indole 35. De-
pending on the nature of the catalyst, the reaction needed
stoichiometric* or catalytic® amounts of the organopalladium
complex (Scheme 14).

NEt,
A \
©E\+®l +HNEt2_M._>l O
NC L (10%) N
32 33 34 35

Scheme 14

Analogous methodology tried on o-((trimethylsilyl)ethynyl)-
phenyl isocyanide gave the indolidenemethyl palladium complex
J (Fig. 1).2 The impossibility of 1,3-hydrogen shift explained the
lack of aromatisation of the product.

X

(II)P\EI R

Fig.1 Indolidenemethyl palladium complex J.

The same substrates have been employed in the synthesis of N-
cyanoindoles 39 in a multicomponent coupling reaction (MCR)
of arylisocyanides 36, allylmethyl carbonate 37 and trimethylsilyl
azide 38 (Scheme 15).*

o /
Z 0CO,M
AU
+ /\/ + TMSN; —> | ; R
NC 38 \
39 CN

37
36

Scheme 15

The isocyanide is inserted between the Pd-N; bond in the -
allylpalladium azide K, generated in the reaction of Pd(0) with
allylmethyl carbonate and TMSN;. A m-allylpalladium mimic
of the Curtius rearrangement gave the palladium—carbodiimide
complex M in equilibrium with the palladium—cyanamide complex
N. The N-cyanoindoles were formed via insertion of the alkyne
moiety into the Pd-N bond in the intermediate N (Scheme 16).

The key step in the proposed mechanism was the formation of
the r-allylpalladium—carbodiimide complex through a palladium
mimic of the Curtius rearrangement, that explained why in this
case the insertion took place in the Pd-N bond in an opposite
way to the Pd—C isocyanide insertion, which occurred in previous
reactions.

Less clear was the mechanism of the formation of indolenine
derivatives 43 from dicobalt octaisocyanides 40 and carbon
tetrahalides (Scheme 17). The authors proposed two different
pathways, the first going through the dihaloketimine and the
second going through an oxidative addition of the polyhalogen
compound to Co(RNC); and double insertion of isocyanide
molecules into the cobalt—carbon bond.*

3. Radical reactions

Radical reactions have become an important tool in organic
chemistry, thereby radical carbonylation has become a useful
method for the preparation of carbonyl compounds.?® Similarly,
the ability of the isocyano group to form imidoyl radicals has
been known since 40 years ago,”” however the easy cleavage of the
carbon-nitrogen bond in alkylimidoyl radicals has restricted their
synthetic application to deamination reactions.?®

Nevertheless, the scope of more stable N-arylimidoyl radicals
for the synthesis of nitrogen heterocyclic systems has been
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Scheme 17

recently developed.” The o-imidoyl radicals O obtained from o-
isocyanostyrene derivatives 44 are added to the carbon-carbon
double bond in a 5-exo-trig fashion to furnish indoles 45-46
(Scheme 18).

R
R
X | D—x
AIBN N 45(X: SnBuy)
“ 46 (X:R'S)
o R
- | X
5-exo-tri %
exo-trig N
P
Scheme 18

The nature of R in 44 was very important for the obtained
results. While radical-stabilizing substituents, as carboxymethyl
or phenyl groups, gave indoles in good yields, the substrates
bearing alkyl groups gave a mixture of indole and tetraquinoline
derivatives.*

Alternatively, the same methodology has been developed for
alkynyl starting materials. The intramolecular alkyne-isocyanide
free-radical reaction took place in a 5-exo-dig fashion when
the substituent in the unsaturated carbon—carbon bond was the
TMS group. The indolenines generated in the cyclization reaction
were attacked by different nucleophiles depending on the source
of the free-radical in the initial cyclization (Bu;SnH or thiols)
(Scheme 19).3!

TMS TMS TMS
/
= XH / X: SnBus Q
_— | )—Xx —— | SnBu,
NG AIBN N Nu:H N
47 48 H 49
\)\(: R'S
Nu:R'S RS
TMS
| N—sr
N
H 50
Scheme 19

The scope of these syntheses goes further to the indole
nucleus. The 2-stannylindole intermediate 45 generated by tin-
mediated cyclizations could be destannylated by treatment with
mild acid to 3-substituted indoles. In addition, it could be used
as an intermediate in the straight synthesis of 2,3-disubstituted
indoles 52 by Stille’s palladium-mediated coupling reactions. After
oxidation of the tin—carbon bond with iodine, the corresponding 2-
iodoindole 53 was also obtained (Scheme 20). These 2-iodoindoles
underwent smooth palladium-catalyzed coupling reactions with
substrates such as acetylenes (Sonogashira coupling), acrylates
(Heck reaction), vinyl tin reagents (Stille coupling), and phenyl-
boronic acid (Suzuki coupling).*

The synthetic possibilities associated with bis-thioindoles gener-
ated by sulfur-mediated radical cyclizations on o-((trimethylsilyl)-
ethynyl)phenyl isocyanide have been studied. The coupling of
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N N 51
45 H
R'X R
Pd (cat)
| R' 52
| N
2 H
20°C R
B
N
H 53
Scheme 20

dithioindoles 50 with active hydrogen-containing compounds was
achieved utilizing Somei’s conditions (Scheme 21).3

RS!
TMS Nu
| N\ SR NuH (54) | N s
N BusP (0.5 eq) R
N CH,CN, 80°C N
50 55
Scheme 21

The synthesis of indole systems by radical cyclization reactions
has several advantages such as high chemo- and regioselectivity,
functional group tolerance, and possibilities of diverse transfor-
mations of the products because of the diverse functionalization
resulting in these reactions. These advantages are well illustrated
by the synthesis of some indolic alkaloids such as vindoline* and
aspidophytine (Scheme 22).3

4. o-Metallation

As mentioned above, one distinction between isocyanides and
carbon monoxide is the N-substituent. This characteristic is
important for carrying out intramolecular cyclizations, but also
because of the possibility of anionization of the a-position.** a-
Metallated isocyanides can add to polar double bonds forming

BuaSnH
X _CO,Et  AIBN

CH4CN, I r R

EtO,6—

heterocycles. This was illustrated in the van Leusen pyrrole synthe-
sis based on the reaction of tosylmethyl isocyanide (TosMIC, 56)
with electron-deficient alkenes (Scheme 23). The toluenesulfinate
ion was eliminated at the final stage.*

R NO,
BuOK
NC
T NG+ N NO s Z/N\i
56 57 H
58
Scheme 23

Although the indole syntheses are usually based on the construc-
tion of a pyrrole ring onto the benzene nucleus, as in the methods
described above, the methodology followed in this case implies the
building of a benzene ring onto a pyrrole. The precursors were
synthesized following the van Leusen pyrrole synthesis, through a
base-induced cycloaddition of 1-tosylalk-1-enyl isocyanide 60 to
Michael acceptors. Thermal or photochemical electrocyclization
of the 2,3-dialk-1-enylpyrrole 61, followed by dehydrogenation
gave indole 62 in excellent yields.*

The above example illustrates another isocyanide characteristic.
Isocyanides are examples of the few organic compounds with
two nucleophile sites, that explain the different results obtained
when a reaction with similar reagents takes place in the presence
(Scheme 24) or absence of base (Scheme 11).

PhW\NO Ph
59 * 1 lBuok NO, o NG,
: 2 )
Me N MO MeTRTY Me
_ N N
‘>_< Ph Me Ph Me
PH oo Tos 61 62
Scheme 24

5. Oligomerization of aryl isocyanides

The first known reaction of isocyanides for the preparation of
the indole nucleus was the oligomerization of phenyl isocyanide.
Aryl isocyanides rapidly became blue at ambient temperature,
this colour arose from the indolic tetramer 63.”” However at

_

OTBDPS
CH(OMe),

MeO NC 85% MeO H |
OMe OMe
2 steps R = CO,Et
85% R = CH,0Ac

5 steps
75%

e
_—

PPh;, DEAD
COEt — =
Benzene, rt

92% MeO

MeQ

OMe R = CH(OMe),

Pd(PPhs),, Cul, Et;N

OMe

MeO
78%

5 steps
14%

MeO

Aspidophytine

Scheme 22
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temperatures above 200 °C isocyanides isomerized into the
corresponding nitriles® and when aryl isocyanides were heated
at 150 °C for several hours a stable hexamer 64 was obtained.*
All mechanistic proposals for these oligomerization processes
proposed the dimeric intermediate Q as the key intermediate
(Scheme 25).

14 N=C=C=N

Q
%%
N Q)
/
HN- N —

ZT

64

Scheme 25

The presence of an appropriate base in the reaction environment
has been useful for the oligomerization process. In this way, alkyl
lithium reagents and phenyl isocyanide reacted at —78 °C in the
presence of TMEDA to yield products of a-addition and ortho-
lithiation,* while lower temperatures (—90 °C) and the presence
of LICH(TMS), 65 as a base afforded the trimeric N-lithioindole
66 (Scheme 26).4

/TMS
PhN
(TMSHC,
. -90°C + CH,(TMS),
2 LiICH(TMS),] + 3 PhNC ——»tmen PhN\/N\ + LI[CH(TMS),]
65 14 Li" ~Li(tmen)
66 (tmen)
Scheme 26

The presence of electron-withdrawing substituents on the
aromatic nucleus of aryl isocyanides allowed the synthesis of
indolates 68 in the presence of a weak base such as triethylamine
(Scheme 27).4

R! R?
N\ 53
2 1 Re HN / R
R? R .
R —
® R*
R3 NG —NEt (} NEt;
R N
4 1
R" 67 R 68

R'=R%=H, R?=R*=CF,
R'=Br, R?=R*=H, R*=NO,
R'=R*=H, R?=CF,, R®=Cl
R'H, R?=R3=R*=C|

Scheme 27

6. Conclusions

Among the many approaches to the construction of the indole nu-
cleus, those starting from isocyanide derivatives are characterized
by experimental simplicity and wide versatility. The complexity of
the indole derivatives obtained by these methodologies, the ready
availability of the starting materials and the simple manipulation
of the reagents, usually involving one-pot reactions, constitute at-
tractive reasons for the use of isocyanides in the synthesis of indole
derivatives that are useful in further synthetic manipulations on
the way to highly elaborated structures.
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Using a competitive spin trapping method, relative spin trapping rates were quantified for various
short-lived radicals (methyl, ethyl, and phenyl radicals). High static pressure was applied to the
competitive spin-trapping system by employing high-pressure electron spin resonance (ESR)
equipment. Under high pressure (490 bar), spin trapping rate constants for alkyl and phenyl radicals
increased by 10 to 40%, and the increase was dependent on the structure of nitrone spin traps. A
maximum increase was obtained when zerz-butyl(4-pyridinylmethylene)amine N-oxide (4-POBN) was
used as a spin trap. Activation volumes (AAV#) for the two spin trapping reactions were calculated to be

—17-(=9) cm® mol~! for the 4-POBN system.

Introduction

The spin trapping technique has been widely used to understand
reaction kinetics and mechanisms in chemical and biological free
radical reactions."* The improvement of this technique may be
accomplished by developing new spin traps that can produce spin
adducts with longer half-lives.>> However, our approach has been
to change the thermodynamic parameters to alter reaction kinetics
and equilibria.®

External pressure is a thermodynamic parameter that could
control spin-trapping rates. Using a free radical probe and
high-pressure ESR spectroscopy, we have demonstrated that
high static pressure is a useful means for the manipulation of
chemical equilibria.”® We have also shown that spin-trapping rates
were altered under high pressure.® In the present high-pressure
study, we utilized various PBN (a-phenyl-N-zert-butylnitrone or
benzylidene(tert-butyl)amine-N-oxide) type compounds as spin
traps. Thus, three components, i.e., the selected spin trap, the
competing spin trap 2,2-dimethyl-3,4-dihydro-2 H-pyrrole-1-oxide
(DMPO), and free radical generating compound were mixed, and
ESR spectrum was recorded under high pressure. Relative spin
trapping rates were calculated by quantifying the yield of free
radical adducts. The effects of substituents in PBN- and DMPO-
analogs on alkyl and phenyl radical trapping rate constants were
determined. We report that spin-trapping rates by various PBN-
and DMPO-type traps are pressure dependent, and that the
magnitude of pressure dependence is a function of the spin-trap
structure.

“Department of Chemistry, Faculty of Science, Okayama University, 3-
1-1 Tsushima Naka, Okayama, 700-8530, Japan. E-mail: ysueishi@cc.
okayama-u.ac.jp

*Free Radical Biology and Aging Research Program, Oklahoma Medical
Research Foundation, Oklahoma City, OK, 73104, USA

‘Kyoto University International Innovation Center, Uji, Kyoto, 611-0011,
Japan

Results and discussion
Determination of spin trapping rates

We employed a competitive spin-trapping method using two dif-
ferent spin traps.* Fig. 1a-b show the typical ESR spectra obtained
from UV-irradiated solution of (a) trimethyllead acetate (methyl

&/ Simulated.

d[PBN-R}/dr
ADMPO-R]/dz
=l
=X

S
1)
T

1 2 3 4 5 6
[PBN]/[DMPO],

Fig. 1 ESR spectra obtained in aqueous solution immediately after
UV-irradiation (irradiation time 1 s, sweep time 60 s) in the presence of
DMPO and PBN. Broken lines in the spectra are computer simulated
spectra: (a) methyl radical trapping; O: DMPO-CH; and @: PBN-CH;.
[PBN], : [DMPO], (ratio of initial trap concentrations) was 3.6. (b)
Ethyl radical trapping; O: DMPO-C,H; and @: PBN-C,H;. [PBN],/
[DMPO], =5.2. (c) The ratio of methyl (O) and ethyl-adduct (@) formation
rates for PBN and DMPO, plotted as a function of the ratio of initial
concentration of spin traps ((PBN],/[DMPO],).
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radical source) and (b) triethyllead acetate (ethyl radical source)
in the presence of the spin traps, DMPO and PBN. Two clearly
identifiable spin adducts were obtained and peak assignments
were made according to the reported ESR hyperfine splitting
constants.” In Fig. 1, spectral lines marked with open circles are
from DMPO spin-adducts (DMPO-CHj;) and closed circles are
from PBN spin-adducts (PBN-CH;). These ESR spectra were
readily reproduced by computer spectrum simulations (Fig. 1).
The relative abundance of the two spin adducts was calculated
using the simulated spectra, from which relative spin-trapping rates
were calculated (see the following paragraph). Thus, we carried
out competitive spin-trapping for various PBN- and DMPO-type
spin traps (Scheme 1) with DMPO as a reference spin trap. ESR
parameters for alkyl radical spin-adducts trapped with PBN- and
DMPO-analogs are listed in Table 1.

< o '®
C 3 ~CH
e .

r;l Hc” N
CHs
PBN DMPO O
SOz Na* CH3
H
@d‘ e " CHCH3
¥ CH z
';‘+ 3 Hae! N7
CHs *
2-SO5-PBN T™MPO ©
H
’ H3C
om—@—g CHs _t
CH
4NO,-PBN ¢ ~ ° (*)
H 2-Ph-DMPO
- 4
O<-N<:>—C CHs
\ // N
N—}-CHs 0 PC2Hs
¥ CHs D
4-POBN O CoHsC CH
IH H3C T
A\ H (o)
’;'_l_HC 3 DEPMPO
3
4-HO-PBN O
Scheme 1

The theoretical basis of the calculation of relative spin trapping
rates from competitive spin trapping is as follows. The reaction

scheme for spin trapping in the presence of two different traps (for
example, PBN and DMPO) is:

(R), PbOAc ¥, R*

DMPO +R* L) DMPO-R

PNB +R* L) PBN-R

The ratio of DMPO-R and PBN-R formation rates is expressed
as follows:

Rewy _ d[PBN-R]/d:  k, [PBN], (1)

Rowro ~ dA[DMPO-R]/dt ~ k, [DMPO],

where [PBN], and [DMPO], denote the initial concentration of
the spin traps. The relative rate constant (k,/k,) can be calculated
from the relative rates of spin-adduct formation and the initial
concentration of the spin-traps. Fig. 1c shows a typical plot for
the PBN/DMPO system. In Fig. lc, as predicted by eqn (1),
the plot of Rpsn/ Rpmpro (the relative abundance of spin adducts)
against [PBN],/[DMPO], gives a straight line with the slope k,/k,
which passes through the origin, suggesting that the calculation
of relative spin trapping rate constants (k,/k,) using eqn (1) is
justifiable. The ratio of spin-trapping rate constants of methyl and
ethyl radicals for various DMPO- and PBN-type traps are listed
in Table 1.

Effect of spin-trap structure on spin-trapping rates (atmospheric
pressure)

We determined the relative spin-trapping rate constants (k,/k,) of
methyl and ethyl radicals for five PBN- and four DMPO-type spin
traps asillustrated in Scheme 1. To demonstrate spin-trap structure
dependence for methyl and ethyl radical trapping, we evaluated
spin-trapping rate constants (k,). Using time-resolved ESR spec-
troscopy, Taniguchi and Madden have determined the DMPO
trapping rate constants in aqueous solution for various alkyl
radicals produced with hydrogen abstraction by radiolytically-
produced hydroxyl radicals, yielding k, = 1.4 x 107 and 1.6 x
10" dm’ mol™' s7' for methyl and ethyl radicals, respectively.'

Table 1 Hyperfine coupling constants (hfcc) and methyl and trapping rate constants for methyl and ethyl radicals at 298 K in aqueous solution

Methyl adduct Ethyl adduct OH adduct”

hfce/mT hfcc/mT
Spin trap ay ax ap k,/k, 107k ay ay ap k,/k, 107k 1070 ky®
DEPMPO 2260 1.542 4820 2.15+0.08 3.0 2260 1.542 4880 2.354+0.05 4.0 6.16°
DMPO 2.380  1.650 1 1.4° 2.370  1.640 1 1.6° 3.60
4-NO,-PBN 0.653  1.667 0.39540.017 0.55 0.310 1.628 0.462 4 0.009 0.74 3.06
4-POBN 0.297 1.635 0.193 £ 0.004 0.27 0.280  1.590 0.566 £ 0.002 0.91 5.33
2-SO;-PBN 0.360 1.670 0.0712 £ 0.0008  0.099 0.520 1.597 0.269 + 0.002 0.43 4.82
TMPO 2.720  1.680 0.977 +0.001¢ 0.098 2.420  1.640 2.82 4+ 0.01¢ 0.063 2.48¢
PBN 0.340 1.660 0.0682 4+ 0.0004  0.095 0.330 1.640 0.111 £ 0.014 0.18 2.56
4-HO-PBN 0.330  1.646 0.0589 +0.0055  0.082 0.320 1.647 0.0632 +0.0015  0.10 0.90
2-Ph-DMPO 1.600 0.0178 +0.0005  0.025 1.565 0.0133 +£0.0005  0.021 1.58

“k, (dm? mol~' s7'). ® Cited from ref. 10. ¢ Ratio of trapping rate constants for PBN (k,) and DMPO (k,). ¢ Cited from ref. 4. ¢ Estimated using k,/k, for

the TMPO/PBN and DEPMPO/DMPO systems.
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These DMPO trapping rate constants were utilized to calculate
spin-trapping rate constants for the selected spin traps, and the
results are listed in Table 1.

In our previous paper, we proposed that the nucleophilic attack
of hydroxyl and phenyl radicals may occur against the C=N
double bond in nitrone traps.* To evaluate the effects of the spin-
trap structure on the trapping rate constants of alkyl radicals, the
Hammett plot may be useful. However, substituent constants for
the 2-subtituent in 2-SO;-PBN and N—O group in the phenyl
ring of 4-POBN are not available. Therefore, alternatively we
plotted the spin trapping rate constants of alkyl radicals against
those of the hydroxyl radical (Fig. 2). Fig. 2 clearly shows the
tendency that an electron-withdrawing group tends to increase
PBN(-type) trapping rate constants of alkyl radicals, suggesting
that there was nucleophilic addition similar to the case of hydroxyl
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Fig. 2 Plots of spin-trapping rate constants of (a) methyl and (b) ethyl
radicals against trapping rate constants of hydroxyl radical; O: PBN- and
@®: DMPO-type traps.

and phenyl radical trapping.* Table 1 also shows that spin-
trapping rate constants by TMPO and 2-Ph-DMPO are extremely
small compared with those of DMPO and DEPMPO. Such a
decrease cannot be attributed to the electron-inductive effect on
spin trapping, but rather to the steric hindrance by methyl and
phenyl groups around the trapping site (nitrone group). This is
in agreement with the results obtained for hydroxyl and phenyl
radical trapping by TMPO and 2-Ph-DMPO.*

Pressure effects on spin-trapping reaction

Effects on reaction rates. Under a pressure of 490 bar, methyl
or ethyl radicals were produced in a UV-irradiated solution of
trimethyllead acetate or triethyllead acetate in the presence of
DMPO and 4-POBN. The relative rates of methyl radical trapping
clearly increased at 490 bar, as indicated by the change in the
intensity ratio between the lines marked with arrows in Fig. 3a.
The relative rate constants (k,/k;) at 490 bar are quantified
according to eqn (1), and the results are listed in Table 2. Percent
changes in relative trapping rate constants (= 100((k,/k,)** —
(ky/ k)" / (ky/ky)') induced by 490 bar are listed in Table 2. The
percentage induction in the 4-POBN/DMPO system is larger than
others.

Activation volumes and transition states. Based on the pressure
dependence on the relative rate constants (Table 1), we evaluated
the difference in activation volumes (AAV*) for the two trapping
activation processes according to the following equations:

In(k,/k,) = aP + b, )

dIn(k,/k,)
dp

The calculated values for AAV* are given in the right hand side
column in Table 2.

As indicated in Table 2, in alkyl and phenyl radical trapping,
AAV* values are negative. It is noted that the |AAV*| values
(= 9-17 cm® mol™") for alkyl and phenyl radical trapping in
the 4-POBN/DMPO system are obviously larger than others.

AAV* =-RT ( ) = AA ViPBNﬂype*AA VIDMPO—(ype (3)
T

Table 2 External pressure dependence of relative spin trapping rate constants and activation volumes at 298 K

ka/k, AAV?
Traps® Radical Solvent® 1 bar 98 bar 245 bar 490 bar® Ratio? cm® mol™!
4-POBN/DMPO Phenyl® B 0.64 £+ 0.02 0.69 0.77 0.89 39 —17+1
4-POBN/DMPO Methyl w 0.193 £ 0.004 0.208 0.234 0.259 34 —16+1
4-POBN/2-Ph-DMPO Phenyl B 1.21 £ 0.01 1.23 1.36 1.44 19 —-93+12
4-POBN/DMPO Ethyl W 0.566 £ 0.002 0.581 0.625 0.675 19 —894+0.5
4-POBN/DMPO Hydroxyl* w 1.45+0.16 1.39 1.44 1.43 1 0.17+£0.05
PBN/DMPO Methyl W 0.0682 £ 0.0004 0.0711 0.0761 0.0870 28 —12+£1
PBN/DMPO Ethyl \%% 0.111 £0.014 0.112 0.115 0.118 6 —4.14+0.2
2-Ph-DMPO/DMPO Methyl W 0.0178 £ 0.0005 0.0185 0.0193 0.0212 19 —8.8+0.3
2-Ph-DMPO/DMPO Ethyl w 0.0133 4 0.0005 0.0140 0.0144 0.0157 18 —8.0£0.5
2-Ph-DMPO/DMPO Phenyl* B 0.59 £+ 0.03 0.63 0.65 0.69 17 —7.84+0.3
2-Ph-DMPO/DMPO Hydroxyl* W 0.51 £0.01 0.52 0.53 0.53 4 —234+0.3
2-SO;-PBN/DMPO Methyl W 0.0712 £ 0.0008 0.0739 0.0787 0.0849 19 —-924+04
2-SO;-PBN/DMPO Ethyl w 0.269 £ 0.002 0.279 0.292 0.305 13 —6.9+0.6
4-NO,-PBN/DMPO Phenyl B 1.76 £ 0.02 1.94 2.02 2.21 26 —11+£1
PBN/TMPO Methyl W 0.977 £ 0.001 1.01 1.02 1.03 5 —2.240.1
PBN/TMPO Ethyl w 2.82+£0.01 2.74 2.63 2.49 12 6.51+0.8

“ The solubility of 4-NO,-PBN in water and 2-SO;-PBN in benzene is low, thus some combinations are missing from this list. * W: water; B: benzene. ¢ 1
bar = 1 x 10° Pa “Ratio = 100((k,/k,)*° — (ko/k)")/(k,/k,)". ¢ Cited from ref. 6.
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a Methyl radical trapping
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Fig. 3 ESR spectra obtained in aqueous solution immediately af-
ter UV-irradiation (irradiation time 1 s, sweep time 60 s) in the
presence of 4-POBN and DMPO at 1| and 490 bar. (a) Methyl
radical trapping; O: DMPO-CH; and @: 4-POBN-CH;. [4-POBN],/
[DMPO], = 3.0. [4-POBN-CH;] : [DMPO-CH;] was 0.579 and 0.777 at
1 and 490 bar, respectively. (b) Ethyl radical trapping; O: DMPO-C,H;
and @: 4-POBN-C,H;. [4-POBN],/DMPO], = 1.3. [4-POBN-C,H;] :
[DMPO-C,H;] was 0.736 and 0.878 at 1 and 490 bar, respectively.

| AAV*| values in the other PBN analogs are in the range of 4
to 12 cm® mol™' for alkyl and phenyl radicals, but the pressure
dependence of hydroxyl radical trapping rates was negligibly
small® (Table 2).

The activation volume for chemical reactions is conventionally
divided into two terms: intrinsic (AV} ) and solvational (A Vi)
part, i.e.

AVi=AVE + AVE, 4)

int

Usually, the intrinsic volume change (AV?})) for the addition
reaction of neutral radical molecules is a negative value, and the
volume change (AV%)) due to solvation is negligible. From the
pressure dependence on the relative trapping rates, the difference
in activation volumes for two trapping processes (AAV*) can be

expressed as follows:
AAVY = AAVE + AAVE, (5)

In chemical reaction in solution, steric crowding causes lower a
partial volume than non-crowded species because the reaction
that proceeds through sterically-hindered transition state could
result in a substantial loss of freedom of internal rotation of
the mutually-repelling groups of atoms.'*? Such difference could
cause substantial decrease in the free volume.

Negative AAV* values in Table 2 suggest that the degree of
steric crowding in the transition state for PBN-analog or 2-Ph-
DMPO spin-trapping is higher than that in DMPO spin-trapping.
Scheme 2 illustrates how steric crowding influences the magnitude
of |AAV*|. This is also supported from the visual inspection of
the Corey—Pauling—Koltun (CPK) space-filling model (this figure
is not shown). Gonikberg et al.’*'* have shown that phenyl radical

PBN 2-Ph-DMPO

~

Hs

DMPO

Scheme 2

addition to 2- or 4-position of 7-butylbenzene, the product ratio
(2-position addition : 4-position addition) increased with rising
pressure. Furthermore, the AAV* value for the additions to the
two positions was reported to be AAV* = —8 cm® mol~'."* This is
in good agreement with our present observation for competitive
trapping of alkyl- and phenyl-radicals in the PBN analogs and
2-Ph-DMPO systems (4-12 cm® mol™'), suggesting that the
trapping proceeds through crowded transition states. It should be
emphasized that |AAV*| values for the 4-POBN/DMPO system
are large as compared with the others (Table 2). We calculated
the difference in the activation volumes for trapping processes
by 4-POBN and PBN using the AAV* values in Table 2 and the
following equation.

AA Vi4-POBN/PBN = AViA»POBN — AV
=AA VI4-POBN/DMPO —AA VXPBN/DMPO- (6)

The AAV*, popnpen Values for methyl- and ethyl-trappings are
calculated to be —4.0 and —4.8 cm® mol~!, respectively. These
values suggest that the spin-trapping reaction with 4-POBN
involves the presence of extra volume constriction as compared
with PBN. We consider that the N—O group in the POBN
phenyl ring contributes to the negative AAV*, popn,pen Value (ca.
—5cm?® mol™"). Scheme 3 shows the canonical resonance structures
of 4-POBN with formal charges on the nitrogen and oxygen
atoms, resulting in the delocalization of the m-electrons. Upon

Scheme 3
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radical-trapping with 4-POBN, the twist of the phenyl moiety
causes a reduction in the resonance contribution, and the polarity
of the transition state will increase. Thus, the negative value of
AAV*, ponseen €an be explained in terms of the change in volume
(AAV?) due to solvation for the polar activation complex of 4-
POBN spin trapping.

In PBN analogs, |AAV*| for methyl radical trapping is larger
than those for ethyl radical, i.e., | AAV*(CH;") — AAV*H(C,Hs") | =
7.1, 7.9, and 2.3 cm® mol™! for 4-POBN/DMPO, PBN/DMPO,
and 2-SO;-PBN/DMPO, respectively. From Table 1, we notice
that methyl-radical trapping rate constants by DMPO analogs
are similar to those of ethyl radical. Taniguchi and Madden,*
in their kinetic spin trapping study, suggested that spin trapping
rate constants are usually influenced by both electronic and steric
factors, but DMPO did not exhibit the strong electronic character
in their study. In the present study, methyl radical trapping rate
constants by PBN analogs are smaller than ethyl radical (Table 1),
indicating that the electronic factor is operative in the case of
PBN analogs. The difference in the methyl and ethyl radical
trapping rate constants by PBN analogs may be attributed to
the difference in the activation energy for the trapping reaction.
According to the Hammond postulate,’ the transition state for
the reaction with a large activation energy should be product-
like in terms of energy and geometry. Therefore, we may assume
that the methyl and ethyl trapping reactions by DMPO analogs
have similar transition-state structures, while the transition state
for the methyl radical trapping by PBN analogs lies closer to
the product as compared with that of ethyl radical trapping.
This could give rise to the larger negative AV* value for methyl
radical trapping by PBN. In contrast, for 2-Ph-DMPO/DMPO
and TMPO/DMPO( = AAV* wgnompo — AAV g mvpo) SYstems,
the AAV* values for methyl radicals are comparable to ethyl
radical. Again, this supports our interpretation.

In summary, we show the large effect of external pressure
on the spin-trapping reactions of methyl, ethyl, and phenyl
radicals. Pressure-induced acceleration in trapping rates is more
pronounced in systems that can form sterically-hindered trapping
sites. We believe that the external pressure could be a useful factor
that can effectively control the rate of spin-trapping reactions.

Experimental
Materials

Spin traps used are shown in Scheme 1: benzylidene(zerz-butyl)-
amine-N-oxide (PBN), sodium zert-butyl(2-sulfonatobenzylidene)-
amine-N-oxide (2-SO;-PBN), ferz-butyl(4-nitorobenzylidene)-
amine-N-oxide (4-NO,-PBN), fert-butyl(4-pyridinylmethylene)-
amine-N-oxide (4-POBN), tert-butyl(4-hydroxybenzylidene)amine-
N-oxide (4-HO-PBN), 2,2-dimethyl-3,4-dihydro-2H-pyrrole-1-
oxide (DMPO), 2,24 4-tetramethyl-3,4-dihydro-2H-pyrrole-1-
oxide (TMPO), 2,2-dimethyl-5-phenyl-3,4-dihydro-2 H-pyrrole-
l-oxide (2-Ph-DMPO), and 2-(diethoxyphosphoryl)-2-methyl-
3.,4-dihdro-2 H-pyrrole-1-oxide (DEPMPO). DEPMPO was pur-
chased from Radical Research Inc. (Hino, Japan), and 4-HO-
PBN was synthesized in the OMRF laboratory. Other PBN-
and DMPO-type traps were obtained from Aldrich Chemical
Company, Inc. (Milwaukee WI, USA). Trimethyllead acetate,
triethyllead acetate, tetraphenyllead and hydrogen peroxide (30%)

were obtained from Wako Pure Chemicals (Osaka, Japan), and
were used as sources of methyl, ethyl, phenyl and hydroxyl radicals.
Benzene and water were purified by distillation.

ESR measurements of free radical (spin) adducts

A competitive spin trapping method was used to determine relative
spin trapping rates. The competitor spin trap was DMPO except
when the counterpart was TMPO. A JEOL-FE3XG spectrometer
equipped with a 100 kHz field modulator was used for the
ESR measurements. Methyl and ethyl radicals were generated
with UV-irradiation (200 W mercury arc RUVF-203S, Radical
Research Inc., Hino, Japan). For instance, trimethyllead acetate
(5 x 107 mol dm~?) and spin traps (5-10 x 10~ mol dm™)
were mixed in water and loaded in the ESR flat cell. The
sample solution was set inside the ESR cavity. ESR signals
were recorded immediately after UV irradiation: irradiation time
1 s, sweep time 60 s, time constant 0.3 s, microwave power 5
mW. ESR spectra of two different spin-adducts were computer-
simulated with the aid of an attached computer program (WIN-
RAD computer system, Radical Research Inc., Hino, Japan) by
adjusting the relative intensity of the two radical adducts. The
relative abundance (concentration) of the two components was
calculated as follows: 1) obtain a best-fit simulated spectrum,
and 2) using simulated component spectra, calculate the relative
abundance of the two components with a computer-mediated
double-integration routine of the first-derivative signal of each
component. The plot of the relative abundance of spin-adducts
against initial concentrations of spin-traps gives a line with the
slope k,/k,. In case of TMPO, because the ESR signal of TMPO
spin-adduct overlapped with DMPO adduct, we used PBN as a
competitor trap instead of DMPO.

In order to confirm that spin-adduct decay would not influence
the trapping rate measurement, we monitored the decay rate of the
spin adducts. Time-dependent decrease of ESR peak heights was
measured for PBN-CH;, PBN-C,H;, DMPO-CH;, and DMPO-
C,H; in aqueous solution at 298 K. The results indicated that all
the decay was first-order, and half-lives are 3.1, 1.8, 1.2 and 1.2 x
10° s, respectively. Other PBN-type adducts showed longer half-
lives than PBN-CH;. Because spin-trapping rates are much higher

<— Copper-beryllium cell

Sample

<———Copper—beryllium screw

<«—— Thick-wall quartz capillary

(6 mmo.d., 1 mmi.d.)

Fig. 4 High-pressure cell for ESR measurement.
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than the spin-adducts’ decay rates,' we concluded that the decay
did not interfere with spin-trapping rate measurements.

EPR signals from all described spin-trapping systems were
recorded at 1 bar (atmospheric pressure) and high pressure (ca.
490 bar). Procedures for ESR measurements at high pressure
were the same as those described elsewhere.” A diagram of the
high-pressure ESR system is shown in Fig. 4. A thick-wall quartz
capillary tubing (i.d. 1 mm and o.d. 6 mm) was used as a sample
cell, and the sample tube packed with chemicals was fitted to a
manual static pressure generator (Model KP3W, Hikari Kouatsu
Inc., Hiroshima, Japan) through a Heise-Bourdon gauge and
a small stop-valve. After applying pressure, the stop valve was
closed and the cell was disconnected from the high-pressure pump
system and set into the ESR cavity. UV light was illuminated
to the pressurized sample in situ and ESR signals were recorded
immediately after the UV illumination.
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An (RO)B3LYP/LANL2DZdp//B3LYP/LANL2DZ model for the prediction of the homolytic bond
dissociation enthalpy (BDE) and adiabatic ionisation potential (IP) of phenolic antioxidants containing
heavy chalcogens has been developed. The model has been used to probe the relationship between
geometry, chalcogen substitution and activity for a series of a-tocopherol analogues of varying ring size.
From this, a series of design principles for cyclic antioxidants has emerged, embodied by the compound
4-hydroxy-2,2,3,5,6-pentamethylbenzoselenete (4¢). This compound is predicted to have a BDE
comparable to a-tocopherol, and should act in a dual chain-breaking and hydroperoxide-decomposing
manner, by analogy with other selenide antioxidants. The stability of chalcogen-substituted benzoxetes

was considered, and the as yet unsynthesised benzotelluretes are predicted to be stable. Finally, an
attempt was made to determine antioxidant mechanism by considering calculated BDE and IP data

together with experimental rate data.

Introduction

Oxygen is essential to all life, but paradoxically, it is also toxic
to cells. Oxidative stress is implicated in a number of disorders,
such as cancers, autoimmune and neurodegenerative diseases.!?
As a result, there is a constant search for new, more efficient
antioxidants for application as therapeutics and protective agents.

The majority of antioxidants, both in man-made materials
and in nature, are phenolic in structure. They react with peroxyl
radicals to terminate autoxidation, generating a hydroperoxide
and a phenoxyl radical (Scheme 1).}

ROO® + ArOH —2T» ROOH + ArO®

B s

ROO "+ AroH®

Scheme 1 Possible modes of antioxidant action.

The exact mechanism of antioxidant action is still the topic
of some discussion. For example, the groups of Ingold and
Burton claim that a-tocopherol (1a) generally reacts by direct
hydrogen atom transfer (HAT),* whereas the group of Mukai
claims the mode of action is partial electron transfer (ET) with
subsequent proton tunnelling (PT) (Scheme 1).°> The rate of
HAT will be determined to a large extent by the homolytic OH
bond dissociation enthalpy (BDE), whereas the rate of ET will
be governed by the adiabatic ionisation potential (IP). The IP
is also a reasonable indicator of how likely the antioxidant is

“Department of Chemistry, Organic Chemistry, Box 599, Uppsala University,
SE-751 24, Uppsala, Sweden. E-mail: lars.engman@kemi.uu.se
*Department of Organic Chemistry, Karlstad University, SE-651 88,
Karlstad, Sweden

T Electronic supplementary information (ESI) available: i. Table of cal-
culated vs experimental IP and BDE values for reference compounds.
ii. Geometrical parameters and ABDE values for compounds 4-7 a—d.
iii. Absolute energies, energy corrections and cartesian coordinates for
compounds 4-6. See DOI: 10.1039/b515712a

to undergo undesirable spontaneous oxidation in air. Therefore,
when considered together, the BDE and IP values are excellent
indicators of antioxidant activity and mechanism.

HO
X Me
3
1a X=0
b X=8
c X=Se

a-Tocopherol (1a), the main lipid-soluble antioxidant in hu-
mans, is one of the most active natural antioxidants known.?
As such, it is a good starting point in the development of new
compounds with improved properties. One of the most promising
developments stemmed from the idea that the stereoelectronic
effect of the para-substituent was important in stabilizing the phe-
noxyl radical. Hence, ring-contracted analogues of a-tocopherol,
such as 2, proved to be more efficient antioxidants, presumably
due to better overlap between the lone pair on the para-oxygen

and the phenoxyl SOMO.*
HO
> D

2 3a X=0
b X=8
c X=Se
d X=Te

HO

Ingold et al. prepared the sulfur substituted a-tocopherol
analogue 1b;® and recently our group has synthesised the selenium
analogue 1¢.” However, both were found to be slightly less active
antioxidants than the parent tocopherol 1la. We have prepared
compounds 3a—d and evaluated their ‘antioxidant profile’ in a
series of models.® The chain-breaking capacity of the compounds
in a two-phase lipid peroxidation model was found to increase
with increasing size of the chalcogen. Moreover, it seems that
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the selenium analogue can act in a catalytic fashion, the active
antioxidant being regenerated by a stoichiometric co-reductant,
such as a thiol or ascorbate (Scheme 2). As well as acting as chain-
breaking antioxidants,® the tellurium analogues can also act as
catalytic hydroperoxide decomposers,'® increasing their efficacy.
However, to date insufficient numbers of chalcogen-substituted
analogues have been synthesized to draw any general conclusions
as to their relative activity.

ROO® rROO®
or or
ROOH ROH
R,X R,XO
RSSR RSH

Scheme 2 The dual modes of chalcogenide antioxidant action (X = Se
or Te).

Recently, the introduction of cheap, easily applicable DFT
models for the prediction of relative BDE values and IP values
by Wright et al. has greatly aided antioxidant design."! Many
groups have utilized these methods for the rational design of new
antioxidant scaffolds;' the most noteworthy being the pyridinol-
based antioxidants of Pratt et al., which are the fastest peroxyl-
radical trapping antioxidants ever reported.’ With the availability
of these methods for the investigation of previously unknown or
difficult to synthesize compounds, it seemed timely to undertake
an investigation into the general design principles of tocopherol
analogues, with particular focus on the effects of varying the
chalcogen substituent and ring size. Hopefully, the lessons learned
would aid in the design of improved antioxidants and help shed
light on the various modes of antioxidant action.

Thus, the primary aim of this work was to investigate the effect
of chalcogen substitution on a series of a-tocopherol analogues 4-6
of varying ring size. However, Wright ez al’s DFT models are not
directly applicable to antioxidants containing heavy chalcogens,
and therefore, DFT models for the determination of BDE and IP,
closely resembling those developed by Wright et al., but suitable
for calculations upon heavy chalcogens were developed, evaluated
and used to calculate the properties of the tocopherol analogues.

HO HO HO
X X X
4a X=0 5aX=0 6 a X=0
b X=8 b X=8 b X=8
¢ X=8Se ¢ X=Se ¢ X=Se
d X=Te d X=Te d X=Te

Method of calculation

The Gaussian 98 program package was used for all calculations.™
The LANL2DZ electron core potential (ECP) of Hay and Wadt
was chosen since it is suitable for calculations on heavy chalcogens,
implicitly take care of the relativistic correction, and drastically

reduce the number of electrons to be calculated upon, and thus
the cost of calculation.'s'

Geometry optimizations and frequency calculations for the
parent antioxidants, phenoxyl radicals, and radical cations were
performed using the unrestricted B3LYP hybrid-DFT method of
Becke.'” In analogy to the method of Wright et al., single point cal-
culations were then performed on the parent antioxidant and rad-
ical using the restricted open-shell formalism with added diffuse
and polarization basis functions i.e. (RO)B3LYP/LANL2DZdp
level '8

The homolytic OH BDE was calculated as the enthalpy
difference for the reaction ArOH — ArO" + H" at 298 K. The
enthalpy of the H atom at 298 K is corrected as —0.49764 au.!
The enthalpies of the parent antioxidant and radical are obtained
by adding the enthalpy term from the frequency calculation, scaled
by a factor of 0.9806, to the obtained (RO)B3LYP/LANL2DZdp
single point energy."”

The adiabatic IP was calculated for the reaction ArOH —
ArOH"" at 0 K. The energies of the parent antioxidant and radical
cation are obtained by adding the ZPE correction, scaled by
0.9806, to the (U)B3LYP/LANL2DZ energy.

Where molecules are constrained, the reported BDE values and
IP values are calculated using only the results from single point
calculations, and are not corrected for enthalpy or ZPE terms.

Results and discussions
Evaluation of the models for IP and BDE determination

In order to evaluate the model for IP determination, the ionisation
potentials of 38 small (<11 heavy atoms) chalcogen-containing
compounds, mostly aromatics, were calculated and compared to
the experimental IP values (Fig. 1 and electronic supplementary
information (ESI)T). Experimental values are taken from the
NIST WebBook.* Evaluated IP values are used where possible,
otherwise the median value is taken. Where more than one
experimental value is available, the highest and lowest experi-
mental IP values are also listed (ESI). It can be seen that the
calculated IP values are lower than the experimental IP values
by 0.24 eV on average. However, the IP values relative to phenol
(AIP) in general show good agreement between calculated and
experimental results (Fig. 1). The mean absolute deviation (MAD)
for the setis 0.163 eV (3.76 kcal mol™"'). Furthermore, all calculated
AIP values fall within the boundaries set by the highest and lowest

0.50 1.00 1.p0

Experimental AIP values / eV

Calculated AIPvalues / eV

Fig. 1

Plot of relative calculated vs experimental AIP values.
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experimental values, where multiple values are available. All of
the five compounds that deviate from the experimental AIP value
by more than 0.25 eV have only one single experimental value
available. Values for the three compounds that have too low AIP
come from one paper by Baker ez al., which reports only vertical IP
values from photoelectron spectroscopy.?! On closer inspection of
the photoelectron spectra it is apparent that most of the adiabatic
IP values are considerably higher than those given by the NIST
WebBook, and are consistent with the calculated AIP. Of the values
that are too high, one is in fact a vertical value, and therefore the
adiabatic TP would be expected to be substantially lower.”> The
other is obtained by the electron impact technique, and as noted
by the author: “electron impact values are 0.1-0.2 eV higher than
the more accurate photon impact values”.?* Hence, taking account
of these corrections means that all calculated AIP values should lie
within experimental limits. Removing these outliers from the data
set gives a MAD of 0.099 eV (2.28 kcal mol™") for data spanning
arange of 1.8 eV.

The OH BDE values of a series of alkyl- and alkoxy-substituted
phenols have been precisely determined by Pedulli and coworkers
using an EPR radical equilibration technique.* This method
gives accurate BDE values relative to a reference compound,
2,4,6-tri-tert-butylphenol.”® We have utilized this experimental
data to evaluate the model for BDE determination (Fig. 2,
ESIt). Phenols with ortho-tert-butyl groups were left out of the
comparison, as these have already proved to give inaccurate
results using Wrights DFT model."* Tt can be seen that the
calculated absolute BDE values lie on average 0.9 kcal mol™
lower than the experimental BDE values. Keep in mind, however,
that all experimental data is calculated relative to 2,4,6-tri-tert-
butylphenol, and any error in the calorimetrically measured value
for this compound will be mirrored in the whole series.” Relative
BDE data shows good agreement with experiment. ABDE values
relative to 2,4,6-trimethoxyphenol, the compound estimated to
have least experimental error, have a MAD of 0.52 kcal mol™" for
data spanning a range of approximately 10 kcal mol~'. Fitting
by least-squares analysis gives a slope of 0.85 and R* = 0.977.
We recently determined the BDE of selenotocopherol (1c) to
be 0.95 kcal mol™' higher than a-tocopherol by experiment.’
This is in excellent agreement with the calculated difference
of 0.94 kcal mol~'. Thus, having established the ability of
these models to predict relative OH BDE and IP values, we
turned to the evaluation of chalcogen-substituted tocopherol
analogues 4-6.

10,0 -

ABDE exp / kecal mol”

ABDE calc / keal mol”!

Fig. 2 Plot of relative calculated vs experimental ABDE values.

Effect of ring size and chalcogen substitution on antioxidant
properties of tocopherol analogues

For tocopherol analogues 4-6 there are apparent group trends
in BDE and IP (Tables 1 and 2). For any given size of the
nonaromatic ring, the BDE increases as the group of chalcogens
is descended. This can be attributed to progressively poorer
overlap between the phenoxyl SOMO and chalcogen lone pair
with increasing chalcogen size. The converse is true for the IP:
i.e. as the group of chalcogens is descended the IP decreases,
due to increasing softness of the chalcogen atom. The trends
with varying ring size are not quite so clear cut. IP constantly
increases as the ring is contracted for all chalcogens. In all cases,
the four-membered ring analogue has the lowest BDE for any
given chalcogen. As the ring is expanded in size, the oxygen and
tellurium analogues show a continuous increase in BDE. However,
with the compounds incorporating sulfur and selenium, the 5-
membered analogues have slightly higher BDE values than the
6-membered analogues. This means that the 4a analogue has the
lowest BDE and highest IP, whilst the converse is true of analogue
6d. Compounds 4b and 4c¢ are noteworthy in that whilst both
have similar BDE values to the a-tocopherol model 6-hydroxy-
2,2,5,7,8-pentamethyl chromane (HPMC, 6a), their IP values are
significantly higher, meaning that they would be expected to be
more air stable than a-tocopherol. Of the Te-containing analogues,
4d is most comparable in properties to HPMC, having a BDE only
0.54 kcal mol™" higher, and an IP 1.04 kcal mol™' lower. At this
stage it should be recalled that, once oxidized, the resulting selen-
or telluroxides are expected to be easily reduced back to the active
antioxidant by a stoichiometric co-antioxidant such as ascorbate
or a thiol. Thus, for antioxidants containing these elements a low
IP value is potentially desireable, since this should lead to more
efficient peroxidase-like activity.

Effect of bond geometry on BDE

Previously, the greater activity of 5a compared to 6a has been
attributed to greater overlap of the phenoxyl SOMO with the
fused ring oxygen lone pair due to increasing ring planarity.
However, it appeared to us that this difference was insufficient to
account for the drastically differing activity of the two compounds.

Table 1 Calculated ABDE values (kcal mol™") of compounds 4-6 relative
to 6a

Compound 4 5 6

a -1.79 —1.46 0.00
b —0.18 0.81 0.71
c 0.19 1.14 0.94
d 0.54 1.37 1.67

Table 2 Calculated AIP values (kcal mol™") of compounds 4-6 relative
to 6a

Compound 4 5 6

a 5.31 1.19 0.00

b 4.68 222 0.72

c 2.46 0.46 —1.24

d —1.04 —2.31 —3.06
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Phenol 5a is approximately 1.5 times more active than 6a in
the inhibition of oxidation of styrene, and is calculated to have
approximately 1.5 kcal mol~! lower BDE. As determined by X-ray
crystallography, 5a is 6° from planar and 6a is 17° from planar.*
However, Wright has calculated the cost in BDE of rotating the
methyl group in p-methoxyphenol out of the aromatic plane, and
the cost in rotating from 6° to 17° appears to be almost negligible.!!
In a similar vein, if fused ring planarity was the sole determining
factor of the geomeric effect of the para-substituent, then the
planar 4-membered fused ring compounds would be expected to
have similar BDE values to the near-planar 5-membered fused ring
phenols, and not the large (~1 kcal mol™") differences calculated.
In order to shed some light on the origin of these differences,
we decided to undertake a general study of the effect of phenol
geometry on BDE, starting with varying the para-substituent
planarity (Fig. 3, ¢).

HO X

Fig.3 The torsion angle (¢), bonding angle (¢) and aromatic bond angles
(4) in compounds 7a (X = 0), 7b (X = S), 7c¢ (X = Se) and 7d (X = Te).

We calculated the ABDE profile of p-methoxy-(7a), p-
methylthio-(7b), p-methylselenenyl-(7¢) and p-methyltellurenyl-
phenol (7d) as the methyl group is rotated out of plane (Fig. 4).
Unsurprisingly, it can be seen that for all chalcogens the maximum
cost in BDE is incurred at a rotation of 90°. For compound 7a this
cost is calculated to be 3.61 kcal mol™', significantly lower than
for the other chalcogens. The costs in BDE of rotating the methyl
group perpendicular to the plane in 7b, 7¢ and 7d are all very
similar at 6.09 kcal mol™, 6.11 kcal mol~' and 6.11 kcal mol™!
respectively. Interestingly, the reason that these values are all
so similar is due to the existence of perpendicular rotamers of
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Fig. 4 Variation in BDE value of compounds 7a—d with torsion angle ¢.

successively lower energies for the phenols 7b, 7¢ and 7d which
compensate for the observed decrease in the phenoxyl radical
energies on descending the group.”*® As expected from Wright’s
results, the difference in deviation from planarity upon varying
fused ring size is not sufficient to account for the differences
in BDE values for any series of antioxidants. Therefore, other
geometrical factors were considered.

The next geometric effect to be investigated was the chalcogen
bonding angle (Fig. 3, o). For the series of substituted phenols
7a, 7b, 7c and 7d the BDE was calculated for varying chalcogen
bond angles, whilst the methyl group was constrained to the plane
(Fig. 5). For analogue 7a, upon stretching the bond angle from
equilibrium (118°) to 180°, the BDE decreases by approximately
2.0 kcal mol~". Upon squeezing the bond angle from equilibrium
to 70°, the BDE increases by approximately 4 kcal mol~'. Similar
trends are apparent for 7b, 7¢ and 7d, although these compounds
reach a minimum of BDE at between 120-130° and then level
out. This effect can be conceptualized as being due to increasing
SOMO-lone pair overlap as the lone pair orbital varies from sp?
hybridized to increasing p-character upon straightening. Hence,
the bond angle around the chalcogen has a significant effect on
BDE, but in the opposite sense from expected; i.e. as the bonding
angle is contracted, this effect should lead to an increase, not the
expected decrease, in BDE. This means that some other, opposing
effect must be of significance in fused ring systems.
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Fig.5 Variation in BDE of compounds 7a—d with bonding angle o.

The remaining prominent geometric effect caused by the fused
ring is a Mills—Nixon type distortion of the aromatic bond angles
(Fig. 3, 4) as the ring size is decreased. For the phenols 7a-7d, the
BDE was calculated for various values of 4 (where A' = 4?), whilst
the methyl group was constrained to the plane (Fig. 6). It can be
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Fig. 6 Variation in BDE of compounds 7a—d with sum of angles 1.
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seen that as the sum of the angles is decreased from 240° to 180°,
the BDE decreases linearly by 2.98, 2.71, 2.99 and 2.27 kcal mol™!
for 7a—d respectively; quantities sufficient to account for the
observed BDE values of the fused ring systems. Thus, this aromatic
deformation is most likely to be the major contributing factor to
the increased efficacy of smaller fused rings. It has previously
been observed that deformations of this type lead to a lowering
of the energy of the 7 system in benzene,” which would account
for the observed stabilization of the phenoxyl radical. Recently, a
paper has been published where the selectivity in oxidation of a
number of tocopherol derivatives has been correlated to the sum
of the angles 4.*° It would be interesting to investigate whether
this selectivity correlated with antioxidant activity in the same
compounds.

As demonstrated above, the BDE value of a fused ring
antioxidant is dependant on the complex interplay of a number of
geometrical effects, some cooperative and some counteractive, and
therefore is difficult to predict solely on the basis on geometry. If
looking for a general “rule-of-thumb”, it appears that fused ring
planarity is still the most reliable indicator of the relative BDE
values for a related series of antioxidants with varying geometry.
For the series 4-6, only compound 6b is an exception to this
rule. This is explained by the structure having sufficient flexibility
that upon hydrogen-atom abstraction, it can adopt a significantly
more planar structure (the dihedral ¢ changes from 16.6° to 8.5°).
More importantly, this study reveals that there are potentially large
gains in activity to be made by looking “beyond planarity” and
incorporating Mills—Nixon type strain into antioxidants, as for
compounds 4b and 4c.

Stability of the 4-membered ring analogues

The potential the 4-membered ring analogues hold as potent
antioxidants prompted us to investigate the probable stability
of their parent skeletons. Benzoxetes are known to isomerise to
their more stable quinone methide form even at low temperatures,
and their isolation is only possible using matrix techniques.*
Benzothietes and benzoselenetes on the other hand are stable and
accessible using standard synthetic techniques.**** The benzose-
lenete 8¢ was calculated to be 13.96 kcal mol~' more stable than
its valence isomer 9c at B3LYP/6-31++G(2d,p) level (Scheme 3).%
Benzotelluretes have to the best of our knowledge never been
synthesized. In order to assess the stabilities of the full series
of compounds 4a—d, the relative energies of the closed (8) and
open (9) valence isomers were calculated (Scheme 3, Table 3).
The homodesmotic ring strain energies of the series 8 were also
calculated (Table 3), using the reaction shown in Scheme 4.3
All calculations were performed at BALYP/LANL2DZ level. It
can be seen that the benzoxete 8a is less stable than its quinone
methide valence isomer 9a by 11.08 kcal mol™'. Conversely,

Table 3 Calculated energies of valence isomerisation and homodesmotic
strain

Compound AGiemerisation Sk cal mol ! Strain/kcal mol™!
8a —11.08 38.0
8b +11.81 21.4
8c +14.79 19.2
8d +18.18 15.3

8aX=0 9a X=0
b X=8 b X=S
c X=Se ¢ X=Se
d X=Te d X=Te

Scheme 3 The valence isomerisation of compounds 8.
N
+ / e —
X —X
X
I

8a X=0
Scheme 4 The reaction used for calculation of the homodesmotic

b X=8
c X=Se
strain in 8.

d X=Te

benzothiete 8b is more stable than its valence isomer by a roughly
similar amount, 11.81 kcal mol~'. As the period of chalcogens
is further descended, the trend is towards increasing stability for
the closed ring isomer. Benzoselenete 8¢ and benzotellurete 8d are
respectively 14.79 kcal mol™' and 18.18 kcal mol~' more stable
than their open ring isomers.

The homodesmotic ring strains tell a similar story, with benzox-
ete 8a being 16.6 kcal mol~' more strained than benzothiete 8b,
which in turn is 2.2 kcal mol™" more strained than benzoselenete
8c. The benzotellurete 8d is the least strained of all the closed ring
isomers, by 3.9 kcal mol~' compared to the benzoselenete. Taken
together, these measurements of relative stability suggest that
whilst benzoxetes are highly strained and prone to isomerisation,
benzothietes, benzoselenetes and benzotelluretes should all be
stable. As the group of chalcogens is descended, the stability
increases. For known species (all except benzotelluretes), these
conjectures are borne out by experiment, and therefore it is
predicted that benzotelluretes should also form stable, isolable
compounds.

Mechanism of antioxidant action

As previously mentioned, the exact mechanism of antioxidant
action for phenolic antioxidants is still somewhat of a contentious
issue. Progress in distinguishing the different modes of mechanism
has been hampered by the fact that for most phenolic antioxidants,
the BDE and IP are strongly correlated. However, as Table 2
demonstrates, this is not the case when the phenols are substituted
by heavy chalcogens. Thus, by varying the antioxidant chalcogen
and ring size it should be possible to probe where the boundary
between the HAT and ET mechanisms lies. As a first approach
at elucidating the mechanism of a series of such antioxidants,
the BDE values and IP values for the compounds 3 were
calculated, and compared to experimental rate data for a two-
phase peroxidation inhibition model (Table 4).% It can be seen that
the tellurium-substituted compound 3d is the best antioxidant,
whereas the oxygen analogue 3a is the poorest inhibitor. This
correlates with the IP values and suggests that the antioxidant
3d is operating by an electron-transfer mechanism that is not so
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Table 4 Calculated BDE and IP values, and experimental rate values for
compounds 3a—d

Compound BDE/kcal mol™'  IP/kcal mol~' Inhibited rate/uM h~!
3a 78.92 169.13 79
3b 80.43 167.91 64
3c 80.8 165.09 64
3d 81.2 160.96 30

readily accessible to 3a. It should be emphasized that the BDE
values of these compounds are far higher than those of commonly
utilized antioxidants, and therefore any conclusions drawn for
this set cannot necessarily be extended to other sets with lower
BDE values. Any general conclusions regarding mechanism, or
attempts to evaluate mechanism on a more qualitative basis must
await further experimental rate data.

Conclusions

Alongside issues of dynamics and localisation,® it is the radical
trapping ability of antioxidants which determines their activity.
A method suitable for the prediction of IP and BDE values of
chalcogen-substituted phenolic antioxidants, and thus their ability
to trap radicals, was developed. When applied to a series of 4
6 membered fused ring analogues of a-tocopherol, substituted
with O, S, Se and Te, it was found that in general the 4-
membered analogues would make the most potent antioxidants.
In particular, 4b and 4¢ were found to have BDE values lower
than o-tocopherol. Furthermore, 4¢ should have hydroperoxide
decomposing activity, in analogy with other antioxidant selenides.
A simple rule-of-thumb was observed where BDE was correlated
to planarity of the exocyclic ring. More importantly, it was shown
that it was possible to increase antioxidant activity “beyond
planarity” by incorporating Mills—Nixon type strain into the
molecule. The stability of the benzoxete analogues was considered,
and the as yet unsynthesised benzotelluretes were predicted to
be stable. Finally, an initial attempt to use the experimental
rate data of heavy-chalcogen containing antioxidants combined
with calculated IP and BDE values to investigate antioxidant
mechanism was undertaken. It was suggesed that the telluride
antioxidant 3d was reacting by an electron-transfer mechanism,
but further studies must await the synthesis and evaluation of new
heavy-chalcogen antioxidants. Such work is currently underway
in our laboratory, guided by the principles outlined in this
paper.

Acknowledgements

We thank the Swedish Research Council for financial support, and
the National Supercomputer Center at Linkoping for generous
allocation of computing time.

References

1 Review: B. Halliwell and J. M. C. Gutteridge, Free Radicals in Biology
and Medicine, Oxford University Press, Oxford, 1999.

2 Review: F. Finkel and N. J. Holbrook, Nature, 2000, 408, 239.

3 For reviews on antioxidant mechanism see: G. W. Burton and K. U.
Ingold, Acc. Chem. Res., 1986, 19, 194; G. Scott, Chem. Brit., 1985, 21,
648.

4 G. W. Burton, T. Doba, E. J. Gabe, L. Hughes, F. L. Lee, L. Prasad and
K. U. Ingold, J. Am. Chem. Soc., 1985, 107, 7053.

5 S. Nagaoka, M. Inoue, C. Nishioka, Y. Nishioku, S. Tsunoda, C.
Ohguchi, K. Ohara, K. Mukai and U. Nagashima, J Phys. Chem.
B, 2000, 104, 856.

6 H. A. Zahalka, B. Robillard, L. Hughes, J. Lusztyk, G. W. Burton,
E. G. Janzen, Y. Kotake and K. U. Ingold, J. Org. Chem., 1988, 53,
3739.

7 D. Shanks, R. Amorati, M. G. Fumo, G. F. Pedulli, L. Valgimigli and
L. Engman, J. Org. Chem., 2006, 71, DOI: 10.1021/j0052133e.

8 J. Malmstrom, M. Jonsson, I. A. Cotgreave, L. Hammarstrom, M.
Sjédin and L. Engman, J. Am. Chem. Soc., 2001, 123, 3434.

9 K. Vessman, M. Ekstroem, M. Berglund, C.-M. Andersson and L.
Engman, J. Org. Chem., 1995, 60, 4461.

10 L. Engman, D. Stern, M. Pelcman and C.-M. Andersson, J. Org. Chem.,
1994, 59, 1973.

11 J. S. Wright, E. R. Johnson and G. A. DiLabio, J 4m. Chem. Soc.,
2001, 123, 1173; G. A. DiLabio, D. A. Pratt, A. D. LoFaro and J. S.
Wright, J. Phys. Chem. A, 1999, 103, 1653; G. A. DiLabio, D. A. Pratt
and J. S. Wright, J. Org. Chem., 2000, 65, 2195.

12 D. A. Pratt, G. A. DiLabio, G. Brigati, G. F. Pedulli and L. Valgimigli,
J. Am. Chem. Soc., 2001, 123, 4625; M. C. Foti, E. R. Johnson, M. R.
Vingvist, J. S. Wright, L. R. C. Barclay and K. U. Ingold, J Org
Chem., 2002, 67, 5190; H. H. Hussain, G. Babic, T. Durst, J. S. Wright,
M. Flueraru, A. Chichirau and L. L. Chepelev, J. Org. Chem., 2003,
68, 7023.

13 M. Wijtmans, D. A. Pratt, L. Valgimigli, G. A. DiLabio, G. F. Pedulli
and N. A. Porter, Angew. Chem., Int. Ed., 2003, 42, 4370.

14 Gaussian 98, Revision A.9: M. J. Frisch, G. W. Trucks, H. B. Schlegel,
G. E. Scuseria, M. A. Robb, J. R. Cheeseman, V. G. Zakrzewski, J. A.
Montgomery, Jr., R. E. Stratmann, J. C. Burant, S. Dapprich, J. M.
Millam, A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J.
Tomasi, V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli,
C. Adamo, S. Clifford, J. Ochterski, G. A. Petersson, P. Y. Ayala, Q.
Cui, K. Morokuma, D. K. Malick, A. D. Rabuck, K. Raghavachari,
J. B. Foresman, J. Cioslowski, J. V. Ortiz, A. G. Baboul, B. B.
Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. Gomperts,
R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A.
Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W. Chen,
M. W. Wong, J. L. Andres, C. Gonzalez, M. Head-Gordon, E. S.
Replogle and J. A. Pople, Gaussian, Inc., Pittsburgh PA, 1998.

15 M. Krauss and W. J. Stephens, Annu. Rev. Phys. Chem., 1984, 35, 357.

16 P. J. Hay and W. R. Wadt, J. Chem. Phys., 1985, 82, 270; P. J. Hay and
W. R. Wadt, J. Chem. Phys., 1985, 82, 284; P. J. Hay and W. R. Wadt,
J. Chem. Phys., 1985, 82, 299.

17 A. D. Becke, Phys. Rev. A: At., Mol., Opt. Phys., 1988, 38, 3098; C.
Lee, W. Yang and R. G. Parr, Phys. Rev. B: Condens. Matter, 1988, 37,
785.

18 The diffuse and polarization functions are taken from C. E. Check,
T. O. Faust, J. M. Bailey, B. J. Wright, T. M. Gilbert and L. S. Sunderlin,
J. Phys. Chem. A4,2001, 105, 8111. The basis set input for Gaussian was
generated using the Extensible Computational Chemistry Environment
Basis Set Database, Version 02/25/04, as developed and distributed
by the Molecular Science Computing Facility, Environmental and
Molecular Sciences Laboratory which is part of the Pacific Northwest
Laboratory P.O. Box 999, Richland, Washington 99352, USA, and
funded by the U.S. Department of Energy.

19 A. P. Scott and L. Radom, J. Phys. Chem., 1996, 100, 16502.

20 NIST Chemistry WebBook, NIST Standard Reference Database Num-
ber 69, ed. P. J. Linstrom and W. G. Mallard, National Insti-
tute of Standards and Technology, Gaithersburg, MD, 2003, 20899
(http://webbook.nist.gov).

21 A. D. Baker, G. H. Armen and Y. Guang-di, J. Org. Chem., 1981, 46,
4127.

22 1. Reineck, C. Nohre, R. Lodin, R. Maripuu, B. Lindberg, L. Karlsson,
K. Siegbahn, A.-B. Hornfeldt and S. Gronowitz, Chem. Scr., 1983, 22,
209.

23 G. DiStefano, S. Pignataro, G. Innorta, F. Fringuelli, G. Marino and
A. Taticchi, Chem. Phys. Lett., 1973, 22, 132.

24 M. Lucarini, P. Pedrielli and G. F. Pedulli, J. Org. Chem., 1996, 61,
9259.

25 The BDE of 2,4,6-tri-tert-butylphenol, determined many years ago by
Mahoney et al.,* and thus all BDE measurements based upon it, must
be downscaled by 1.1 kcal mol™" due to the revision of the heat of
formation of E-azobenzene? .

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 846-852 | 851





26 L. R. Mahoney, F. C. Ferris and M. A. DaRooge, J. Am. Chem. Soc., 31 H. Tomioka and T. Matsushita, Chem. Lett., 1997, 5, 399.

1969, 91, 3883. 32 W. J. M. Van Tilborg and R. Plomp, J. Chem. Soc., Chem. Commun.,
27 P.Mulder, H.-G. Korth, D. A. Pratt, G. A. DiLabio, L. Valgimigli, G. F. 1977, 130.

Pedulli and K. U. Ingold, J. Phys. Chem. A, 2005, 109, 2647. 33 K. Okuma, A. Okada, Y. Koga and Y. Yokomori, J. Am. Chem. Soc.,
28 T. Schaefer and G. H. Penner, Can. J. Chem., 1988, 66, 1641. 2001, 123, 7166.
29 A. Stanger and K. P. C. Vollhardt, J. Org. Chem., 1988, 53, 4890. 34 P. George, M. Trachtman, C. W. Bock and A. M. Brett, Tetrahedron,
30 T. Rosenau, G. Ebner, A. Stanger, S. Perl and L. Nuri, Chem.—Eur.J., 1976, 32, 317.

2005, 11, 280. 35 E. Niki and N. Noguchi, Acc. Chem. Res., 2004, 37, 45.

852 | Org. Biomol. Chem., 2006, 4, 846-852 This journal is © The Royal Society of Chemistry 2006






PAPER

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

Mechanism of action of sensors for reactive oxygen species based on

fluorescein—phenol coupling: the case of

2-|6-(4’-hydroxy)phenoxy-3 H-xanthen-3-on-9-yl|benzoic acid

Belinda Heyne, Vincent Maurel and J. C. Scaiano*

Received 7th November 2005, Accepted 13th December 2005
First published as an Advance Article on the web 11th January 2006
DOI: 10.1039/b515751j

We demonstrate the ability of a sensor containing a tethered fluorescein—phenol structure to react with
peroxyl radicals and with an oxidizing agent such as potassium ferricyanide. This latter reaction yields

the corresponding peroxyl radical as observed by EPR analysis. We propose that the reaction of the
sensor with peroxyl and alkoxyl radicals is also initiated by the formation of the phenoxyl radicals,

which is followed by radical-radical reactions and product hydrolysis responsible for the release of

fluorescein. The proposed mechanism is based on results obtained by laser flash photolysis, HPLC and
EPR studies of the reaction of peroxyl and alkoxyl radicals with 4-phenoxylphenol, a molecule used to

mimic the behavior of the sensor.

Introduction

Although molecular oxygen is inert toward living organisms and
required for many enzymatic activities of aerobic organisms, it
can be reduced to form reactive oxygen species (ROS), such as
the superoxide anion (O3), the hydroxyl radical (‘OH), hydrogen
peroxide (H,0,) and peroxyl radicals (ROO*).! Under normal
conditions, the production of ROS is relatively weak and well
controlled by the antioxidant defenses of the organism.! On the
other hand, under pathological conditions (such as inflammatory
processes, ischemia—reperfusion or cancer), these species are
produced at a greatly increased rate, inducing a perturbation in
the intracellular oxido-reducing balance, which leads further to
cellular and tissular damage."

Even if certain targets are more sensitive than others (unsatu-
rated lipids, some amino acids and aromatic compounds), ROS are
able to react with a large variety of molecules including proteins,
lipids, carbohydrates and nucleic acids." However, as reported in
numerous studies, it is believed that different ROS species can
have specific roles and reactivities in the organism. For example,
whereas O3 is a good reducing agent characterized by a relatively
short lifetime in aqueous medium, in cell membranes its lifetime
increases and it is capable of deesterifying some lipids, such as
phospholipids.®

Therefore, it appeared essential to develop tools to detect
selectively the different ROS under in vivo and in vitro con-
ditions. Among the various detection systems available, fluo-
rescence is the most attractive due to its high sensitivity. For
that reason, new fluorescence probes were developed such as
7-(4-hydroxyphenoxy)coumarin’ and 2-[6-(4'-hydroxy)phenoxy-
3 H-xanthen-3-on-9-yl]benzoic acid (HPF).® From an applications
point of view, by reacting with ROS, these initially non-fluorescent
probes release a highly fluorescent compound.

Department of Chemistry, University of Ottawa, Ottawa, KIN 6 N5, Canada.
E-mail: tito@photo.chem.uottawa.ca; Fax: +1 613 562 5633, Tel: +1 613
562 5896

Although HPF is commercially available, its mechanism of
reaction is not completely understood. It has been proposed?® that
the interaction between HPF and ROS leads to the formation
of benzoquinone and dianionic fluorescein according to the
mechanism of Scheme 1.

OH

Almost non fluorescent

Strongly fluorescent

e454 = 28000 M cm!, ¢ = 0.006 2492 = 84000 M cm™!, ¢y =0.85

Scheme 1 Mechanism of HPF action, adapted from the literature.?

However, the formation of benzoquinone was not demon-
strated, and the mechanism of Scheme 1 does not reveal the
true complexity of a mechanism that releases fluorescein. In other
words, the simple unimolecular fragmentation of the phenoxyl
radical formed following initial hydrogen abstraction (e.g., by
peroxyl radicals) is unlikely, but also insufficient to yield the
proposed products. While the reported?® release of fluorescein is not
in question, it is clear that a better understanding of mechanistic
and kinetic details would be useful as a starting point for the design
of new probes.

Therefore, with the aim of designing new fluorescent probes to
detect the different ROS, this study was devoted to investigate the
mechanism of reaction of the commercially available fluorescent
probe HPF with oxygen-centered radicals. For that purpose,
different spectroscopic and chromatographic techniques were
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employed. Further, 4-phenoxyphenol (4-PPOH) was also used in
this study to mimic the behavior of the reactive center in HPF.

Experimental
Materials

2-[6-(4-Hydroxy)phenoxy-3 H-xanthen-3-on-9-yl]benzoic  acid
(3"-(p-hydroxyphenyl)fluorescein, HPF) was purchased from
Molecular Probes (Canada). 4-Phenoxyphenol (4-PPOH), 2,2'-
azobis-(2-methylpropionitrile) (AIBN), 2,2'-azobis-(2-methyl-
propionamidine) dihydrochloride (AAPH), sodium hydroxide
(NaOH), di-fert-butyl-peroxide were purchased from Aldrich
(Canada). Potassium ferricyanide (KFC) was supplied by Sigma
(Canada). Acetonitrile from Omnisolv was HPLC grade.

Fluorescence and absorption measurements

Fluorescence emission spectra were recorded using an LS-50
fluorimeter (Perkin Elmer). The excitation of the HPF probe or its
products was set at 490 nm. When necessary, the temperature was
maintained at 40 °C using a cuvette holder equipped for circulating
thermostated water.

Absorption spectra were recorded using a Cary 50 (Varian)
single beam spectrophotometer.

For both measurements, the solutions were placed in a 1 x
1 cm quartz cuvette. Prior to the experiments, the samples were
deaerated by bubbling argon through the solution. The oxygenated
samples were obtained by maintaining an oxygen atmosphere
above the solution. All gases were supplied by Proxair (Canada)
with a high purity.

Laser flash photolysis

The phenoxyl radical form (4-PPO") from 4-PPOH was generated
by laser excitation of di-fert-butyl-peroxide in acetonitrile (50 :
50) using 355 nm pulses from a Continuum Nd-YAG Surelite.
The instrument is a customized version of a Luzchem LFP-111
system (Luzchem Research, Ottawa, Canada). All experiments
were carried out using static Luzchem cuvettes constructed from
7 x 7 mm fused silica tubing. Samples were deaerated with argon
prior to exposure.

Chromatographic analysis

The characterization of the by-product resulting from the inter-
action of 4-PPOH and the peroxyl radical was performed by
HPLC (Waters, model 2690) with UV-vis (Waters, model 996) and
mass spectroscopy detection (Waters, Integrity system). Briefly, a
solution of 4-PPOH (10~ M) dissolved in acetonitrile in presence
of AIBN (10! M) was kept under oxygen at 40 °C for 3 hin a water
bath. The mixture was then injected without any treatment on a C-
18 reverse phase column (Zorbax, SB-C18 4.6 x 250 mm, Agilent).
An isocratic elution with a mixture of water and acetonitrile (50 :
50) was realized at a flow rate of 0.25 ml min~! for 40 min, followed
by a gradient to reach 100% acetonitrile in 20 min. Notably,
p-benzoquinone (the expected product if 4-PPO* underwent a
cleavage analogous to that of Scheme 1), was not detected. All
the solvents used as mobile phase were of HPLC grade.

Electron paramagnetic resonance (EPR) experiments

The interaction between HPF and KFC was studied in alkaline
aqueous solution (NaOH 0.1 M). For that purpose, HPF (2 x
10~* M) was added to a strongly oxidizing KFC solution (10! M),
under air. The reactants were mixed at room temperature directly
in an EPR tube and immediately after, the mixture was frozen in
liquid nitrogen. The measurement was monitored at —160 °C.

The hydrogen abstraction from 4-PPOH (80 mM) was carried
out in a mixture of acetonitrile—di-zerz-butyl peroxide (1 : 1, v:v).
The sample was deaerated with argon for 15 min then transferred
to an EPR flat cell JEOL, ES LC 12, 0.3 mm thick) under
an inert atmosphere. The cell was then placed into the cavity
of the spectrometer and irradiated in situ by the means of a
xenon illuminator (Luzchem). A cut-off filter (4 > 345 nm) was
placed between the lamp and the sample in order to avoid the
direct excitation of 4-PPOH. The EPR signal was recorded at
room temperature. All measurements were carried out on a JEOL
(FA 100) EPR spectrometer. The different parameters used are
reported in the legends of the different figures. The g-values were
estimated by comparison with the 3 and the 4™ lines of the Mn**
internal marker, calibrated with the standard DPPH radical (g =
2.0036).

Results

Although HPF was described as non-reactive towards the peroxyl
radical in the literature,® we demonstrated the ability of the probe
to react with this type of ROS. Indeed, as depicted in Fig. 1, an
increase in the fluorescence is observed when HPF (0.8 uM) is
in presence of AAPH (10 mM) at 40 °C under O,. AAPH is a
convenient water-soluble source of carbon-centered radicals that
react with oxygen readily to yield peroxyl radicals.>!
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Fig. 1 Bottom: evolution of the maximum fluorescence at 511 nm of
a HPF (0.8 uM) solution in phosphate buffer (pH 7.4) in the presence
of AAPH (10 mM) under O, at 40 °C. Top: absorption (thick, A), the
excitation (E) and the fluorescence (F, right axis) of a HPF (1.67 pM)
solution in phosphate buffer (pH 7.4).
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As shown in Fig. 1, the fluorescence intensity increases until
it reaches a plateau and is then followed by a slow decrease,
suggesting that the interaction between the fluorescein formed
and peroxyl radicals leads to partial degradation. This reaction
has already been reported in the literature."* The top of Fig. 1
shows the absorption and fluorescence spectra of HPF (1.67 uM)
in phosphate buffer at pH 7.4, in the absence of an oxidant. The
excitation and the absorption spectra of HPF are quite distinct
(even if similar), suggesting that the fluorescence exhibited is not
due to the probe itself. By comparison with the absorption and
the excitation spectra of a solution of pure fluorescein, the initial
fluorescence of HPF was attributed to the presence of a trace
amount of free fluorescein in the solution.

In order to have more information about the mechanism
governing the release of fluorescein from the HPF probe after
interaction with a ROS, we used potassium ferricyanide (KFC) in
alkaline solution (NaOH 0.1 M) as an oxidizing agent. Indeed,
KFC has already been reported as a potent oxidant agent toward
phenol™ and as shown in Scheme 2, the chemical structure of HPF
includes a phenolic moiety.

OH OH

HPF 4-PPOH

Scheme?2 The structure of 4-PPOH is shown contained as the key reactive
moiety in HPF.

The interaction of HPF (3.3 uM) with KFC (8 x 10~* M) in the
absence of oxygen yields an increase in the fluorescence intensity
at 511 nm (Fig. 2) due to the release of fluorescein as confirmed
by HPLC with fluorescence detection (data not shown). Quinone
products are usually not fluorescent and are not expected to be
detectable under these analytical conditions. Moreover, as shown
in Fig. 2, the kinetics of fluorescein release are not affected by the
presence of oxygen, indicating clearly that the mechanism of the
reaction is not oxygen dependent.

1.510° .

110° L

5104 @

Fluorescence (a.u.)
3}

0 1 1 1 ! l
0 100 200 300 400 500
Time (min)

Fig. 2 Evolution of the maximum fluorescence at 511 nm of HPF
(3.3 uM) in alkaline medium (NaOH 0.1 M) in the presence of KFC (8 x
10~* M) under argon (open squares) and under oxygen (closed circles).

On the other hand, addition of ascorbic acid (1 mM) to the
solution leads to a decrease in the amount of fluorescein released
(Fig. 3). Note that the faster kinetics in that experiment are due
to the use of a higher (6 times) concentration of KFC (5 mM).
Thus, the latter result suggests that the mechanism of reaction
of the probe involves a phenoxyl radical pathway. Indeed, it is
well known that ascorbic acid is a potent reducing agent of the
phenoxyl radical restoring the phenol.® To verify this result, the
mode of interaction of KFC (10-' M) and HPF (2 x 10~* M)
was analyzed by EPR spectroscopy. When the KFC and HPF
were simultaneously present, a broad EPR signal with a g-value of
2.00445 was observed in frozen alkaline (NaOH 0.1 M) solution at
—160 °C (Fig. 4). No radical was detected if KFC was absent. The
observed radical signal has a g-value consistent with that expected
for the phenoxyl radical moiety of the HPF probe formed from
the interaction between HPF and KFC.*
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Fig. 3 Evolution of the maximum fluorescence at 511 nm of HPF
(3.3 uM) in alkaline medium (NaOH 0.1 M) in presence of KFC (5 x
107 M) under aerobic conditions, in the absence (squares) and in the
presence (circles) of ascorbic acid (107> M).
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Fig.4 EPR signal recorded at —160 °C of HPF-derived phenoxyl radical
in alkaline medium (NaOH 0.1 M) obtained by the interaction of HPF
(2.5 x 107* M) with KFC (10" M) under aerobic conditions. The
experimental setting was as follows: microwave power 0.988 mW, center
field 326.4 mT, sweep time 2 min, time constant 0.3 s, amplitude 2, number
of scans 1. The modulation width used was 0.1 mT.

The use of 4-phenoxylphenol (4-PPOH) is suggested here as
a probe mimicking the HPF reactivity at the phenolic position,
see Scheme 2. The reactivity of 4-PPOH towards alkoxyl radicals,
generated by the 355 nm photolysis of di-fert-butyl peroxide ((z-
BuO),) in acetonitrile,” was evaluated by laser flash photolysis
(inset Fig. 5). The rate constant (k,) for this reaction was estimated
from a Stern—Volmer plot of the experimental rate constant (k.,,)
vs. the concentration of 4-PPOH. From it, we obtained k, = 5.1 x
10" M~ s7!' (Fig. 5), in line with other substrates in hydrogen
bond accepting media.'® Fig. 6 represents the transient spectrum
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Fig. 5 Quenching data for the hydrogen abstraction from 4-PPOH by
tert-butoxyl radicals (+-BuO*) generated by 355 nm laser pulse excitation
of di-tert-butyl peroxide-acetonitrile (50 : 50) under argon. The inset
represents the typical kinetics observed at 410 nm for 4-PPOH (20 mM).
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Fig. 6 Transient spectrum obtained after laser pulse excitation (355 nm)
of di-tert-butyl peroxide in acetonitrile (50 : 50) under argon in the presence

of 4-PPOH (20 mM); the delay times between the laser pulse and data
recording are 176 ns (@), 402 ns (A) and 2160 ns (H).

obtained after the hydrogen abstraction from 4-PPOH by the zerz-
butoxy radical (--BuOr). This transient species characterized by a
positive absorption band centered at 410 nm was attributed to the
4-phenylphenoxyl radical (4-PPO") form of 4-PPOH.

We could not find the transient spectrum of 4-PPO" in the
literature. Indeed, the direct photolysis of 4-PPOH yields to a
photocleavage of the molecule resulting in the formation of the p-
hydroxyphenoxyl radical characterized by a maximum absorbance
centered at 430 nm'”'® Thus, to ensure that the transient spectrum
obtained in our laser flash photolysis experiments is due to
the phenoxyl radical 4-PPO", the interaction between 4-PPOH
and -BuO° was analyzed by EPR. As depicted in Fig. 7, a
triplet of triplets EPR signal with a g-value of 2.00517 and
with coupling constants of a,,.,(2H) = 0.105 £+ 0.005 mT and
Aono(2H) = 0.58 &+ 0.05 mT was observed. This signal is assigned
to the phenoxyl radical 4-PPO". Indeed, the EPR signal of the
p-hydroxyphenoxyl radical obtained in the same conditions by
abstraction of the hydrogen from the hydroquinone does not
correspond to a spectrum showing the characteristic splitting of a
triplet of triplets (data not shown), as that shown in Fig. 7. This
result is in agreement with the data found in the literature about the
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Fig.7 EPR signal at room temperature of the 4-PPOH-derived phenoxyl
radical (4-PPO") obtained by the continuous irradiation (4 > 345 nm) of
di-tert-butyl peroxide in acetonitrile (50 : 50) under argon in the presence
of 4-PPOH (80 mM). The experimental settings were as follows: microwave
power 5 mW, center field 335.2 mT, sweep time 30 sec, time constant 0.03,
amplitude 5, number of scans 10. The modulation width used was 0.2 mT.

p-hydroxyphenoxyl radical.'** Therefore, the transient spectrum
observed in our laser flash photolysis (Fig. 6) and that observed
by EPR (Fig. 7) correspond to the phenoxyl radical 4-PPO". The
extinction coefficient of 4-PPO" was evaluated to 3730 M~ cm™!
at 410 nm by comparison to the extinction coefficient of phenoxyl
radical, according the method described by Das et al'® The
decay of 4-PPO" formed following hydrogen abstraction from 4-
PPOH by #-BuOr follows second order kinetics (data not shown),
suggesting the dimerization of the radicals. The dimerization rate
constant (kg,,) was estimated to be ca. 4 x 10° M~' s7'.

The interaction between 4-PPOH and the peroxyl radical
formed by the thermal decomposition of AIBN in acetonitrile
under O, at 40 °C was evaluated by HPLC with UV-vis and
mass spectroscopy detection. As shown in Fig. 8, the HPLC
chromatogram of a 4-PPOH (1 mM) solution heated at 40 °C
during 3 hours in presence of AIBN (100 mM) and oxygen gives
rise to the appearance of 4 different peaks. AIBN decomposes
readily at this temperature with an activation energy of 31.5 kcal
mol~'.*' By comparison to authentic samples, the two first peaks
(R, = 18.01 min and 26.81 min, respectively) were attributed to
unreacted AIBN. The first one (R, = 18.01 min) is probably due
to a trace impurity present in AIBN because it is not detected
at lower concentrations whereas the second one (R, = 26.81 min)
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Fig. 8 HPLC chromatographic analysis at room temperature of an
oxygenated 4-PPOH (1 mM) solution dissolved in acetonitrile in the
presence of AIBN (100 mM) heated for 3 h at 40 °C.
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corresponds to AIBN itself. The third peak with a retention time of
36.98 min corresponds to 4-PPOH. The last peak (R, = 68.38 min)
was assigned to a by-product of the reaction of 4-PPOH with
the peroxyl radical. Indeed, its formation is dependent on the
simultaneous presence of 4-PPOH, AIBN, oxygen and heat. By
analysis of its mass spectrum (data not shown), this compound
was assigned to a dimer form of 4-PPOH.

Discussion

This paper reports new information regarding the mechanism of
the reaction of the commercial fluorescent probe HPF in the
presence of oxidants, especially oxygen-centered radicals. The
reaction of the probe is shown to be initiated by oxidation of the
phenol moiety of the probe resulting in the formation of a phenoxyl
radical as demonstrated by the EPR results. Note that the g-value
obtained for this phenoxyl radical is in the same order as the
one reported in the literature.’*?* The reaction triggers the release
of fluorescein as shown by HPLC with fluorescence detection,
and was reported to be independent of the presence of oxygen.
However, hydrogen abstraction from the phenoxyl position by
itselfis not sufficient to lead to the release of fluorescein in solution.
In order to explore that part of the mechanism, 4-PPOH was used
to mimic the behavior of HPF.

We have shown that the interaction between 4-PPOH with
alkoxyl radicals leads to the formation of the corresponding phe-
noxyl radical (4-PPO"), characterized by an absorption spectrum
centered at 410 nm, and an EPR spectrum with a g-value of
2.00517. Although this g-value seems to be slightly high for this
kind of radical, it remains close to those found for certain para-
substituted phenoxyl radicals.”? Moreover, it should be noted that
this latter value was obtained in a very particular solvent (di-zert-
butyl peroxide—acetonitrile; 1 : 1, v : v), making the comparison

with the values found for the phenoxyl radical in water difficult.
On the other hand, the coupling constants obtained by computer
simulation (a,,..,(2H) = 0.105 £ 0.005 mT and a,,,,(2H) = 0.58 £
0.05 mT) are consistent with those expected for a phenoxyl radical
moiety."

As evidenced by laser flash photolysis, the 4-PPO" radical
decay follows second order kinetics indicating that radical-radical
reactions are the dominant decay mode. The rate constant for
this reaction was found in the same order as that for the phenol
and phenol-substituted radicals.?® Thus, this result suggests the
possible formation of a dimer as a by-product. Indeed, as reported
in this study, the interaction of 4-PPOH with the peroxyl radical
in acetonitrile leads to dimer formation.

Therefore, by extrapolating these results to the fluorescent probe
HPF, we propose that the phenoxyl radical form of HPF formed
by interaction with an oxidizing agent can undergo self-reaction,
or reaction with other radicals (particularly ROO") leading to the
formation of radical coupling products from which the release
of the fluorescein can take place, probably by reaction with
water, according to the mechanism of Scheme 3. This scheme
is consistent with prior knowledge of the radical-radical reactions
of phenoxyls, including self reaction and the possible reaction with
peroxyl radicals.’* Moreover, the hypothesis of the release of the
fluorescein moiety by a hydrolysis reaction is not unprecedented.
Indeed, this reaction is similar to the demethylation described
in the literature for 3-fert-butyl-4-methylphenol and 2,5-di-zert-
butyl-4-methylphenol.'?

The results presented here are relevant from a biological point of
view. Indeed, if the release of the fluorescein from the HPF probe
results from radical-radical coupling products, the efficiency of
the probe in a biological environment may be compromised. It is
well known that the diffusion of radicals species is very limited in
vivo, making the self-association of the phenoxyl radical form of
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Scheme 3 Mechanism of the reaction proposed.
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HPF highly improbable. Therefore, the release of the fluorescein
moiety from the HPF probe in a biological environment should be
mainly initiated by the association of the phenoxyl radical form
of HPF and other radicals. This hypothesis is in agreement with
the literature where the self-association of phenoxyl radicals has
been described as predominant only at high concentration while
the coupling with other radicals, such as peroxyl, takes place in
the other cases.”?
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Citrate 3 can be selectively detected in aqueous solvents even in the presence of malate or tartrate using
a naked-eye detection system based on the complex between tris-cation 1 and carboxyfluorescein 2.

The specific detection of small biomolecules is of considerable
interest. The design of a chemosensor requires a receptor unit, that
selectively interacts with the substrate of choice, and a method to
read-out the binding using a change in a physical signal.! In most
cases an additional reporter unit (e.g. a fluorescent chromophore)
is covalently attached to the receptor for this purpose. Another
possibility is to use a “silent” receptor without an attached read-
out device and to employ the indicator displacement method
(Scheme 1) as elegantly demonstrated in recent years by Anslyn
et al.* The most convenient method is the so called “naked-eye”
detection, in which the binding event is directly visible in a colour
change of the system and which does not require any further
analytical instruments. In recent times a variety of such naked-eye
detection systems for different analytes has been reported, but the
majority of them require either strong metal-ligand interactions
or covalent bond formation for efficient binding of both the
analyte and the indicator.* Furthermore, their selectivity for
different analytes with similar recognition elements is often rather
modest. We want to report here a new naked-eye detection system
for citrate* based on a tris-cationic receptor 1 that we recently
introduced, which solely relies on weak and reversible non-
covalent interactions.® Using an indicator displacement assay with
carboxyfluorescein 2 a remarkably selective naked-eye detection
of citrate 3 with respect to even closely related substrates such as
malate or tartrate in water is possible.
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Scheme 1 Indicator displacement assay.
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The tris-cation 1 binds citrate in pure water with an association
constant of K, = 1.6 x 10° M~'.5 This is the largest affinity ever
observed for citrate by an artificial chemical receptor solely based
on weak non-covalent interactions. For example, the affinity of
1 for citrate 3 is around two orders of magnitude larger than
Anslyn’s receptor system which is based on simple guanidinium
cations instead of the guanidiniocarbonyl pyrrole cations used
here. Therefore, Anslyn’s receptor required the use of methanol
as a solvent to achieve strong complexation of citrate in a
competitive indicator displacement assay. Our receptor should
be capable to detect citrate even in water based on the improved
binding affinity. There is only one receptor recently reported by
Fabbrizzi et al. which shows an even slightly higher affinity for
citrate (K, = 3.9 x 10° M~ in buffered water at pH = 7). But
in this case the binding is due to much stronger metal ligand
interactions between three Cu(i1)-cyclams in the receptor and the
carboxylate groups of citrate,® whereas our receptor uses only ion
pair formation for substrate binding.
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Carboxyfluorescein 2, an aromatic tris-anion, also interacts with
receptors of type 1. As the fluorescence activity of 2 significantly
depends on the local environment around the chromophore,’
binding of 2 within the hydrophobic cavity of 1 should alter its
fluorescence (e.g. by changing the pK,’s of the carboxylates or 1t-
stacking interactions with the aromatic system). And indeed upon
addition of 2 (3 x 107 M) to a solution of 1 (1.2 x 107> M) in 10%
DMSO in water (2 mM bis-tris-buffer, 10 mM NaCl, pH 6.3) both
the fluorescence of 2 at 4 = 518 nm as well as the fluorescence of
the receptor at A = 335 nm was completely quenched (Fig. 1).
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Fig. 1 Change in the fluorescence spectrum of receptor 1 upon the
incremental addition of 8 equivalents of 2 in 10% DMSO-water (2 mM
bis-tris-buffer, 10 mM NaCl, pH = 6.3).

A quantitative analysis of the quenching of the pyrrole fluo-
rescence of 1 at 4 = 335 nm using a titration experiment was
therefore performed. To a solution of 1 (1.2 x 107> M) in 10%
DMSO in water (2 mM bis-tris-buffer, 10 mM NaCl, pH 6.3)
aliquots of a stock solution of 2 (3 x 10* M) were added.
The fluorescence spectrum was recorded after each addition
(synchronous excitation with A1 = 20 nm) and the change in
the emission maximum at 4 = 335 nm was used to calculate the
binding constant using a non-linear regression method based on
a 1 : l-complexation model. This 1 : 1-complex stoichiometry
was independently confirmed using Job’s method of continuous
variation (Fig. 2; bottom). Based on the observation that only
the receptor and the complex but not the carboxyfluorescein have
a significant emission at this wavelength, the data analysis was
done using the following equation implemented in a standard
mathematical curve fitting program:

B KAe[1], 2]
A=ellh+ 97
with
- KL
(1+K[2]) +K[1],
and:

[1]o = total concentration of receptor 1
[2], = total concentration carboxyfluorescein 2

Ae =& — &

Furthermore, the total concentrations of receptor [1], and ligand
[2], in the actual sample can be calculated from the initial
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Fig.2 Top: Binding isotherm at 4 = 335 nm obtained from a fluorescence
titration of 1 (1.2 x 10~° M) with 2 (3 x 10~* M) in 10% DMSO in water
(2 mM bis-tris-buffer, 10 mM NaCl, pH 6.3). Bottom: Job plot obtained
from the titration confirming the 1 : 1-complex stoichiometry.

concentrations of the stock solution used ([1],* and [2],*), by
accounting for the change in volume caused by each substrate
addition using a dilution factor x.

_
1+x

Vadded

2] > .
[2]; x with x =
+

I+ x initial

(1l (2], =

The binding constant K together with the emission coefficients
of the receptor ¢; and of the complex &, were used as fitting
parameters for the non-linear regression.

Analysis of the binding isotherm shown in Fig. 2 (top) provided
an association constant of K, = 140 000 M~! for the complexation
of carboxyfluorescein 2 by tris-cation 1 in buffered water (Fig. 2).®
This is a surprisingly strong association. Most likely the flat
aromatic ring system of 2 provides additional hydrophobic or n—
n-interactions stabilizing the complex of 2 with receptor 1. But as
expected for the binding of a tris-anion by receptor 1, the affinity
of 2is similar to that of citrate 3 (the association constants are both
K. ~ 10° M™") making this an ideal combination for a sensing
ensemble. The selectivity of an indicator displacement assay is
most significant when the indicator has the same or a slightly
lower affinity than the substrate of choice, but a larger affinity
than other competing analytes.’

Therefore, upon the addition of citrate 3 the carboxyfluorescein
2 is displaced from the binding cavity and its fluorescence is
restored. However, substrates that are less efficiently bound by
1 than citrate 3 are not capable to displace 2. Hence, even
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substrates such as malate 4 or tartrate 5, which are closely related
to citrate both in terms of their biological occurrence as well as
their recognition elements (carboxylates and OH groups), do not
interfere with the detection of citrate by this sensor ensemble. They
are both bound by receptor 1 with K < 10* M~!,5 hence at least
one order of magnitude less efficiently compared to 2 or 3. They
are therefore not capable to displace carboxyfluorescein 2 from the
binding site. Also acetate or other monoanions such as chloride
(even at an excess of more than 20 eq.), which are bound even
worse than tartrate, have no influence.

The strong and optically visible fluorescence of 2 allows a direct
naked eye detection of citrate using a standard UV-lamp (Fig. 3).
As can be seen in Fig. 3, the green fluorescence of 2 is completely
quenched upon binding to the receptor 1. The addition of a 20
fold excess of either acetate or malate does not restore the green
fluorescence despite the large excess of substrate. However, the
same amount of citrate 3 completely displaces carboxyfluorescein
2 from the binding site and hence restores the fluorescence as can
be nicely seen by the recurrence of the green emission of 2 under
UV light.

’/-‘\ Y
CT (o
) @
/o
/ \

receptor  receptor  receptor  receptor

Fig. 3 Naked-eye detection of acetate, malate and citrate (all 10 mM)
with a 1 : 1 mixture of receptor 1 and carboxyfluorescein 2 (0.5 mM) in
aqueous DMSO. Only citrate 3 is capable to displace 2 from its complex
with 1 thereby restoring its fluorescence.

Besides this qualitative demonstration of the substrate selec-
tivity, also a quantitative analysis of the selectivity of this sensing
ensemble was performed as shown in Fig. 4. The addition of citrate
3 to the 1 : 1-complex of 1 and 2 in buffered aqueous solution
causes a significant increase in the fluorescence intensity of 2 at
A = 518 nm (the fluorescence maximum of carboxyfluorescein)
compared to the addition of either acetate, malate or tartrate
which only cause a slight increase in the fluorescence. Upon
the addition of 1 equivalent of analyte this sensor ensemble is
more than 10 times more selective for citrate than for the next
best binding substrate (malate). Even after the addition of a
large excess of 14 equivalents of each substrate the selectivity
for citrate over malate or tartrate is still 4 : 1 and 9 : 1,
respectively.
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Fig.4 Change in the fluorescence intensity of 2 at A = 518 nm (excitation
at /=495 nm) upon the addition of either acetate (A), malate (@), tartrate
(*)orcitrate (M) toa 1 : 1 mixture of 1 and 2in 50% DMSO in water (20 mM
Hepes buffer, pH = 7.4).

Conclusions

In conclusion, we have presented here a new naked-eye sensor
ensemble for the detection of citrate in water. This sensor shows
the highest affinity so far reported for the binding of citrate
by receptors which are solely relying on weak non-covalent
interactions. Furthermore, a remarkable selectivity for citrate of
>10: 1 relative to even closely related substrates such as malate or
tartrate is achieved.
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The preparation of two new tripodal ‘pinwheel’ type anion hosts based on a triethylbenzene core and
bipyridinium or ethylnicotinium arms is reported. The new materials bind anions via CH - - - anion
interactions. Complexes with Br~ and PF,~ have been characterised by X-ray crystallography as both
solvates in a pure form. In the bipyridinium host CH - - - F interactions to PF,~ induce a chiral C;
symmetric conformation that is disrupted in the hydrate. The compound is also selective for ATP*~ in

aqueous acetonitrile.

Introduction

The design of molecular hosts capable of selectively binding
anionic guests is a notoriously challenging area and consequently
has given rise to a plethora of imaginative and ingenious systems
designed to tackle the problem."™® Successful strategies include
both positively charged'>=! and neutral™'*!*3>35 receptors.
Binding is enhanced by host preorganisation in both two3*
and three dimensions*®?* and by hydrogen bonding interactions,
particularly to amide®**** or ammonium NH functionalities.'
Previously we have adopted a simple electrostatic strategy in-
volving a preorganised host cavity with high positive charge
density. Guest anions that are complementary to the cavity
dimensions are bound preferentially.>?34-* Greater selectivity may
be achieved, however, by modulating electrostatic interactions
with more directional hydrogen bonding. While amine®” and
urea NH donors® have proved particularly effective, there is
now clear evidence that aryl CH - - - anion interactions may also
be of considerable importance.?®**-'-¢ Thus we have reported a
series of flexible, cationic pyridinium hosts based on di-substituted
aromatic rings,”** tricthylbenzene?®%? and calixarene cores.”’ the
triethylbenzene derivatives in particular form part of an extensive
family of cationic and neutral ‘pinwheel’ type hosts, pioneered by
the wide ranging work of Anslyn®** and of Kim and Duan.**-¢
We now report the synthesis and anion binding properties of
simple, conformationally flexible cationic pinwheel hosts that bind
to guest species via CH - - - X~ interactions.

Experimental

Instrumental

NMR spectra were measured with a Bruker Avance NMR spec-
trometer and the chemical shifts are reported in ppm relative to
tetramethylsilane. Fast atom bombardment (low resolution) mass
spectra were obtained with a Kratos MS 890 Mass Spectrometer.

“Department of Chemistry, King’s College London, Strand, London, UK
WC2R 2LS

*Department of Chemistry, University of Durham, South Road, Durham, UK
DHI 3LE. E-mail: jon.steed@durham.ac.uk,; Fax: +44 (0)191 384 4737,
Tel: +44 (0)191 334 2085

Elemental Analysis for carbon, hydrogen and nitrogen was carried
out by the Elemental Analysis Service at the London Metropolitan
University.

X-Ray crystallography

Crystals were mounted using silicone grease on a thin glass
fibre. All crystallographic measurements were carried out with
a Nonius KappaCCD diffractometer equipped with graphite
monochromated Mo-Karadiation using wide ¢ and w-scans. Data
collection temperature was 120 K, maintained by using an Oxford
Cryosystem low temperature device. Integration was carried out
by the Denzo-SMN package.® Data sets were corrected for
Lorentz and polarization effects and for the effects of absorption
(Scalepack®) and crystal decay where appropriate. Structures were
solved using the direct methods option of SHELXS-97" and
developed using conventional alternating cycles of least-squares
refinement (SHELXL-97)" and difference Fourier synthesis with
the aid of the program XSeed.”? In all cases non-hydrogen
atoms were refined anisotropically except for some disordered,
while C-H hydrogen atoms were fixed in idealised positions
and allowed to ride on the atom to which they were attached.
Hydrogen atom thermal parameters were tied to those of the
atom to which they were attached. Where possible, non C-H
hydrogen atoms were located experimentally and their positional
and isotropic displacement parameters refined. Otherwise a riding
model was adopted. All calculations were carried out on an IBM-
PC compatible personal computer.

| 1a X = Br
N A 1b X = PF,
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Crystal data for 1a. C,H,Br;N.O,s, M 1032.75 g mol™',
triclinic, space group P1, a = 10.6106(4) A, b = 12.4052(5) A,
c=20.5253(5) A. U =2527.15(15) A>, D, = 1357 Mgm™, Z =
2, u=2442 cm™', T = 100(2) K, Reflections measured: 16485,
unique data: 8867 (R, = 0.089), parameters: 592, R1 [F? > 25(F?)]
0.0740, wR2 (all data) 0.1982.F

Crystal data for 1b. C,H,FN,P;, M 1139.79 g mol™',
hexagonal, space group P6;, a = 11.9328(2) A, ¢ = 20.0477(5)
A U=24721809)A3, D, =1.531 Mgm™>, Z=2,u =231 cm ™,
T = 120(2) K, Reflections measured: 6895, unique data: 3524
(R = 0.036), parameters: 229, R1 [F* > 25(F?)] 0.0396, wR2 (all
data) 0.0993.

Crystal data for 1b-3H,0. C,;H;FN,O,P;, M = 1176.84,
yellow plate, 0.20 x 0.20 x 0.10 mm?, monoclinic, space group
P2,/c¢(No. 14),a = 11.1149(15), b = 30.678(3), c = 15.2165(19) A,
B=90.413(5)°, ¥V =5188.4(11) A3, Z=4,D.=1.507 gem™3, Fopo =
2416, T =120(2) K, 20,,., = 52.0°, 17021 reflections collected, 8705
unique (R, = 0.1699). Final GooF = 1.015, R1 = 0.1203, wR2 =
0.3550, R1 based on 3577 reflections with I > 2a(I), wR2 based on
all data (refinement on F?), 669 parameters, 0 restraints. Lp and

absorption corrections applied, £ = 0.228 mm™'.

Crystal data for 1c. C,HgF,N,O,P,, M = 1271.11, yellow
block, 0.40 x 0.30 x 0.20 mm’, monoclinic, space group Cc
(No. 9), a = 9.8279(2), b = 30.0349(10), ¢ = 20.0581(6) A, g =
99.280(2)°, V = 5843.3(3) A3, Z =4, D. = 1.445 g cm3, Fypy =
2640, T = 120(2) K, 20,.. = 52.0°, 18382 reflections collected,
10607 unique (R;,, = 0.0389). Final GooF = 1.006, R1 = 0.0515,
wR2 = 0.1210, R1 based on 8767 reflections with I > 2a(1), wR2
based on all data (refinement on F?), 843 parameters, 74 restraints.
Lp and absorption corrections applied, u = 0.172 mm~'. Absolute
structure parameter = 0.09(9).

Crystal data for 2a. C, H;Br;CI;N;O¢, M = 1133.27, 0.30 x
0.20 x 0.10 mm?, monoclinic, space group P2,/n (No. 14), a =
10.8286(8), b = 18.3316(12), ¢ = 24.2103(14) A, ff = 100.766(3)°,
V =4721.3(5) A3, Z =4, D, = 1.594 g cm™3, Fopp = 2288, T =
120(2) K, 20,... = 52.0°, 29345 reflections collected, 9276 unique
(Rine = 0.1495). Final GooF = 1.036, R1 = 0.0785, wR2 = 0.1764,
R1 based on 5961 reflections with I > 25(/) (refinement on F?),
wR2 based on all data, 595 parameters, 30 loose ISOR restraints
on disordered ethyl groups. Lp and absorption corrections applied,
4 =2.950 mm".

Syntheses
Materials were obtained from standard commercial sources.

Synthesis of 1a. 1,3,5-Tri(bromomethyl)-2,4,6-triethylben-
zene™ (0.50 g, 1.13 mmol) in CH,Cl, (300 cm®) was added
dropwise to a stirred solution containing a tenfold excess of
4,4'-bipyridine in CH,Cl, (500 cm?) over a period of 20 h. The
desired product was isolated as a yellow solid by filtration of the
resulting mixture. Yield 0.82 g, 0.90 mmol, 80%. Anal. Calc. for
C,sHysBr;Ng-4.5H,0: C, 54.56; H, 5.49; N, 8.48. Found: C, 54.72;
H, 4.83; N, 8.33%. The presence of water of solvation was revealed

T CCDC reference numbers 289341 (1b), 289342 (1b-3H,0), 289343 (1c¢),
289344 (2a) and 290379 (1a). For crystallographic data in CIF or other
electronic format see DOI: 10.1039/b516027h

1

by X-ray crystallography and IR spectroscopy, v(OH) 3300 cm™'.
FAB-MS m/z 829 [M-Br,]*. "H NMR (D,0, 400 MHz, 6/ppm):
8.83 (m, 6H, bipy), 8.66 (m, 6H, bipy), 8.37 (m, 6H, bipy), 7.83
(m, 6H, bipy), 6.07 (s, 6H, CH,N*), 2.67 (m, 6H, CH,Me), 0.88
(m, 9H, Me).

Synthesis of 1b. A tenfold excess of ammonium hexafluo-
rophosphate (0.90 g, 5.5 mmol) dissolved in water (200 cm®) was
added dropwise to a stirred solution of 1a in water (200 cm?) over
6 h. The product was isolated as a white powder by filtration. Yield:
0.47 g, 0.42 mmol, 77%. Anal. Calc. for C,;sHysFsNgPs: C, 48.92;
H, 4.11; N, 7.61. Found: C, 48.88; H, 4.15; N, 7.61%. FAB-MS
m/z 961 [M-(PFy),]*. "HNMR: (CD;CN, 400 MHz, /ppm): 8.90
(m, 6H, bipy), 8.78 (m, 6H, bipy), 8.41 (m, 6H, bipy), 7.90 (m, 6H,
bipy), 5.96 (s, 6H, CH,N"), 2.62 (m, 6H, CH,Me), 1.10 (m, 9H,
Me).

Synthesis of 2a. 1,3,5-Tri(bromomethyl)-2,4,6-triethylben-
zene™ (1.00 g, 2.27 mmol) and ethyl nicotinate (1.19 g, 7.79 mmol)
were dissolved in acetonitrile (120 cm®) and the mixture refluxed
for 6 h. The pale yellow solution was evaporated to dryness to leave
a yellow powder which was washed with diethyl ether and then
recrystallised from chloroform-hexane. Yield 2.03 g, 2.27 mmol,
100%. Anal. Calc. for C;,H,;sBr;N;O;: C, 52.37; H, 5.41; N, 4.70.
Found: C, 52.36; H, 5.31; N, 4.55%. FAB-MS m/z 8§14 [M-Br,]*,
734 [M-Br]"*. '"H NMR (D0, 400 MHz, J/Hz, 6/ppm): 9.35 (s,
3H, py), 9.10 (d, 3H, J = 8.1, py), 8.89 (d, 3H, J = 6.3, py), 8.25
(dd, 3H, J = 6.3 & 8.1, py), 6.19 (s, 6H, CH,), 4.50 (q, 6H, J =
7.2, OCH,Me), 2.68 (q, 6H, J = 7.4, Et), 1.39 (t, 9H, J = 7.4,
OCH,CH;), 1.19 (t,9H, J = 7.2 Et).

Synthesis of 2b. A tenfold excess of ammonium hexafluo-
rophosphate (0.94 g, 5.59 mmol) dissolved in water (200 cm?)
was added dropwise to a stirred solution of 2a in water (200 cm?)
over 1 h. The product was isolated as a white powder by filtration,
washed with water and dried. Yield: 0.51 g, 0.46 mmol, 83%.
FAB-MS m/z 800 [M-PF,]'*, 944 [M-(PF,),]*.'"HNMR: (CD,CN,
360 MHz, 6/ppm): 9.33 (s, 3H, py), 9.00 (d, 3H, J = 8.1, py), 8.52
(d, 3H, J = 6.3, py), 8.17 (dd, 3H, J = 6.3 & 8.1, py), 5.97 (s, 6H,
CH.,), 4.51 (q, 6H, J = 7.1, OCH,Me), 2.56 (q, 6H, J = 7.6, Et),
1.42 (t,9H, J = 7.1, OCH,CH,;), 1.06 (t, 9H, J = 7.6, Et).

Results and discussion

Host 1 comprises three cationic bipyridinium ‘arms’ linked via a
triethyl benzene core. The incorporation of the ethyl groups has
been shown in related systems to result in an approximately 10—
15 kJ mol~' preference for an alternating conformation around the
hexasubstituted aryl ring,*® imparting a preorganised cone-shaped
binding pocket. The lower part of the host cavity is expected to
be an electrostatically attractive anion-binding pocket by virtue of
its proximity to all three pyridinium nitrogen atoms. Cation 1 is
readily prepared in high yield as the tribromide salt (1a) by slow
addition of 1,3,5-tris(bromomethyl)triethylbenzene™ to a tenfold
excess of 4,4'-bipyridyl in CH,Cl,. In contrast, solid state grinding
of a mixture of the two reactants leads to a polymeric product.
Similar polymer arises from stoichiometric reaction in solution.
The structural complementarity of 1°* with Br~ and PF,~ was
probed by X-ray crystal structure determinations of salts 1a and
hexafluorophosphate salt 1b.
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Compound 1a forms a remarkable co-crystal of two entirely
different forms of [1CBr]**, namely a solvated complex (form I)
in which 1 acts as a second sphere ligand for hydrated bromide,
Fig. 1a, and a solvent-free form (form II) in which host cation
1 acts as a first sphere ligand for bromide, interacting with the
anion via CH - - - Br~ hydrogen bonds (Fig. 1b). This latter form
is reminiscent of the structure of the unsubstituted pyridinium
analogue.”

0(18)
(a) [
»

: 0(25)

N(§}

(b)

Fig. 1 (a) Structure of solvated [laCBr]** showing positions of included
water and ethanol. Selected O - - - Br distances: 3.222, 3.444 A. (b) Solvent
free [lacBr]** incorporating CH - - - Br interactions 2.660-2.977 A.

The host conformation deviates dramatically from the ideal C;,
symmetry with two bipyridinium arms essentially co-planar in
both forms. In the form II this facilitates CH - - - Br interactions
but this is clearly not the sole reason for the adoption of this
conformation and it is also linked to the mutually interpenetrating
n-stacking”™* between pairs of cation 1 in the solid state. The
contrast between forms I and II in this system perhaps provides a
fascinating ‘snapshot’ of the anion inclusion process as the anion is
gradually desolvated and coordinated by the host. Clearly however
in neither form is there any particular structural complementarity
between Br~ and 1.

Treatment of 1a with NH,PF, in water results in the formation of
an immediate precipitate of the solvent-free hexafluorophosphate
salt 1b. Recrystallisation from water—acetonitrile repeatedly gives
compound 1b as an acetonitrile solvate in the chiral hexagonal

space group P6; immediately suggesting the adoption of a
threefold-symmetric conformation, in contrast to 1a. This indeed
proves to be the case with the chiral molecule situated upon a
crystallographic threefold axis. One PF,~ anion is deeply included
within the molecular cavity. The Flack parameter” suggests
that spontaneous resolution into the observed P enantiomer has
occurred. The adoption of this chiral conformation is apparently
a direct result of the binding mode of the PF,~ guest species
in [ICPF¢]** (Fig. 2) and the twisting of the bipyridyl moieties
necessary to avoid unfavorable steric interactions between the meta
pyridyl protons. Since PF,~ is achiral then, statistically, an equal
number of the opposite M crystals would be expected.®® What is
immediately clear from examination of the structure, however, is
that a racemic mixture of M and P forms cannot pack efficiently
together because of the mutual intercalation of the hosts about a
second, independent PF¢~ anion, Fig. 3.

Fig. 2 Encapsulation of PF,~ by cation 1 in a threefold symmetric
conformation in 1b. The achiral PF¢~ imposes a rigid threefold symmetric
structure on the lower pyridinium rings via CH - - - F interactions (H- - - F
distances 2.39 and 2.53 A). The helical ‘twist’ in each bipyridyl unit arises
from unfavorable steric interactions between the meta pyridyl protons.

Fig.3 Crystal packingin 1b showing the mutual intercalation of the hosts
to form edge-to-face n-stacking interactions.

In the highly symmetrical 1b the structure is dominated by
CH - - -anion and by stacking interactions. The CH - - - F inter-
actions are expected to be individually weak, however, and only
assume particular structural importance in the absence of other,
stronger competing interactions (¢f 1a forms I and II). Indeed
crystallisation of 1b from aqueous methanol, however, generates
a hydrate of 1b namely 1b-3H,O. The structure of this second
form retains the same essential features of hexagonal 1b with
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anion inclusion within the ‘3-up’ cavity by CH - - - F interactions,
however the molecular conformation is of much lower symmetry,
apparently in response to the packing demands of the water sheet,
which interacts with the pyridine N atoms, and with sideways
intercalation of the bipyridinium units, Fig. 4.

o(3s)
G

(62.'

0(4s)

Fig.4 Structure of 1b-3H,0 showing the lower symmetry host conforma-
tion and interdigitated packing, dominated by the poorly resolved water
sheet.

The solution anion binding properties of host 1 were examined
by "H NMR titration with a wide variety of anions. No significant
changes to the spectrum of 1b were observed on addition of up
to ten molar equivalents of Cl-, Br~, I-, HSO,~, SO,*~, H,PO,",
CH;CO,™ or NO;~ in MeCN-d; solution. Similarly ("Bu,N)PF,
showed no evidence of displacing Br~ when titrated against la
suggesting that ‘inorganic’ anions of this type do not strongly
associate with 1 in a relatively competitive solvent. Experiments
in less competitive solvents were not feasible because of the
host’s insolubility. Interestingly however, a number of significant
changes to the "H NMR spectrum of 1b were observed in the
presence of aromatic anions. Addition of 10 equivalents of 9-
anthracenecarboxylate and 2-naphthoate resulted in small (up
to 0.23 ppm) shifts to the resonances assigned to the ortho-
pyridyl protons, while negligible shifts were noted for anions
and polyanions containing a single aryl ring (terephthalate,
isophthalate and 1,3,5-benzenetricarboxylate).

Slow evaporation of an aqueous methanol solution of 1 in
the presence of the aromatic anion 9-anthracenecarboxylate
resulted in the formation of crystals of formula 1-(PF),(9-
anthracenecarboxylate)-5H,O (1¢) which were characterized by X-
ray crystallography. Surprisingly, the tris(bipyridinium) cation in
1c adopts the unusual 2-up, 1-down’ or partial cone conformation
in which one bipyridinium unit is orientated in the opposite
direction to the other two despite the alternation preference of
the hexasubstituted ring. The mutual repulsions of the pyridinium
groups apparently destabilise the ‘3-up’ or cone conformation
compared to related, neutral compounds. Two of the pyridinium
groups still provide an anion binding pocket into which a
disordered PF;~ anion is included via CH---F interactions,
as noted for 1b. The interaction between the host cation and
9-anthracene carboxylate anion is of the edge to face type
and is characterised by CH - - - and remarkably short, charge-
assisted® CH---O interaction, C(30)---O(1) 3.178 A; ZCHO

175°, Fig. 5a. The unusual conformation allows intercalation
of one pyridyl group between a pair of pyridyl substituents on
an adjacent molecule. The resulting pairwise stack of hosts is
approximately the same dimensions as the parallel PF,~---9-
anthracenecarboxylate - - - water stack, Fig. 5b.

Fig. 5 X-Ray crystal structure of 1-(PF),(9-anthracenecarboxylate)-
SH,O (1c) showing (a) CH:.--m and CH---O interactions and (b)
interdigitated stacking in the 2-up, 1-down conformer (30% ellipsoids).

This interaction with anions capable of taking part in ©t-stacking
interactions (inter-host stacking interactions are observed in the
crystal structures of both 1a and 1b) is particularly intriguing since
titration of 1a with the disodium salt of adenosine triphosphate
Na,ATP in deuterated water—acetonitrile (1 : 1 v/v) also results
in significant changes to the pyridyl proton resonances. A good
fit to a 1 : 1 binding model was obtained using the program
EQNMR?®* which gave a modest binding constant of 70 M,
albeit in a highly competitive solvent. While it is likely that
electrostatic interactions play a significant part in ATP*~ binding
in this competitive medium, the evidence from other aryl anions
and the lack of inorganic sulfate and phosphate binding suggests
that m-stacking may also play a significant role in this selectivity
pattern.

Given the results with hosts of type 1 we examined another
related host, triester 2, without any acidic hydrogen bond donor
functionality, that might be expected to bind vie CH---anion
interactions. Compound 2 as the bromide salt (2a) is readily
prepared in essentially quantitative yield by reaction of 1,3,5-
tri(bromomethyl)-2,4,6-triethylbenzene™ with ethyl nicotinate in
acetonitrile. Counter anion metathesis with NaPF, smoothly
yields the analogous hexafluorophosphate (2b). The FAB mass
spectra of both salts showed clear peaks assigned to 2-X* and
2-X,* (X = Br, PF) suggesting retention of the anion in the gas

784 | Org. Biomol. Chem., 2006, 4, 781-786

This journal is © The Royal Society of Chemistry 2006





phase. Diffusion of diethyl ether into a chloroform solution of 2a
resulted in the isolation of the crystalline solvate 2a-2CHCI; which
was characterised by X-ray crystallography, Fig. 6.

COEt

C(27A) Br(1)

Fig.6 X-ray crystal structure of 2-Br;-2CHCI, (2a) showing (a) CH - - - Br
interactions and (b) intermolecular CH - - - Br~ interactions and capsular
stacking (30% ellipsoids, ester ethyl groups are disordered).

The X-ray structure of 2a shows the usual 3-up (cone) conforma-
tion with all of the ethyl groups orientated on the opposite face of
the compound to the pyridinium substituents. One bromide anion
is held within the central cavity, forming two short CH--- Br~
interactions. This intra-cavity bromide is also apparently stabilised
by a further such interaction from an adjacent host molecule,
Fig. 6b, as well as forming a short Br - - - C(1) contact?®® of 3.39 A
that is not apparently a hydrogen bond. The remaining bromide
anions form C;CH - - - Br~ hydrogen bonds with the enclathrated
chloroform as well as further CH--- Br~ interactions with the
acidic pyridinium and methylene groups of the host.

The greater solubility of host 2b (hexafluorophosphate salt) al-
lowed examination of its affinity for various anions in acetonitrile
by NMR spectroscopy. Chemical shift changes upon addition

of one equivalents of anion were pronounced for halides with
AS = 1.32 (CI"), 1.10 (Br7) and 0.71 (I") ppm. Interestingly,
the resonance most affected was the one assigned to the ortho-
pyridinium protons attached to C(18A), C(27A) and C(32A)
(Fig. 6a), suggesting that the X-ray structure of the bromide
complex may be retained in solution. In comparison the resonance
assigned to the proton para to the pyridinium nitrogen atom was
essentially unaffected by addition of anions. The ortho resonance
was unaffected by addition of BF,~ and ReO,~ but did show a
smaller shift in the presence of NO;~ (0.54 ppm) and HSO,~ (0.52
ppm). A full '"H NMR spectroscopic titration was undertaken
for Br~ for comparison with the X-ray data giving a binding
constant of 838(3) M™', comparable to the value observed for
the unsubstituted tris(pyridinium) host which also binds bromide
by CH - - - anion interactions.”

Summary and conclusions

This work has shown that CH---anion interactions are both
important and directional intercations in anion binding systems,
particularly when acting collectively and in the absence of stronger,
dominant hydrogen bonds. Optimal, multiple CH hydrogen bonds
are apparently responsible for solid-state chiral induction and for
complexation of anions in competitive media.
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The total synthesis of alkaloids phenanthroindolizidine 1a, tylophorine 1b, and phenanthroquino-
lizidine 1c, has been achieved in 46%, 49%, and 42% overall yield, respectively, starting from the
corresponding phenanthrene-9-carboxaldehyde. Compound 1¢ exhibited potent inhibition activity in
three human cancer cell lines, with IC;, values ranging from 104 to 130 nM. The structure—activity
relations of these alkaloids and some of their synthetic intermediates against the three cell lines were

also described.

Introduction

Since the first isolation of tylophorine 1b in 1935,' the phenan-
throindolizidine alkaloids have been a focus of study in the
fields of medicinal and synthetic chemistry. These alkaloids are
well known for their cytotoxic activity, due to the inhibition of
protein® and nucleic acid® synthesis.* In addition, some of these
alkaloids have been shown to possess antiamoebic,’ antibacte-
rial and antifungal activities.® Recently, we also reported that
phenanthroindolizidines, isolated from the leaves of Ficus septica,
exhibited strong cytotoxic activity against gastric carcinoma
(NUGC-3) and nasopharyngeal carcinoma (HONE-1) cell lines.”
The wide range of pharmacological properties that the phenan-
throindolizidine alkaloids exhibit have drawn the attention of
chemists. In the last three decades, for example, there were three
types of methodologies that could give access to tylophorine.
One was by a biogenetically patterned sequence via B-amino
ketone intermediates 2,* another was by a route involving an
acid-catalyzed cyclization of amino-acids 3,* and the other was
by the route to tylophorine where both rings of the indolizidine
nucleus were assembled through a single cycloaddition reaction.!
In this paper, we report a convenient synthetic approach to the
pentacyclic alkaloids 1 in high yields. Subsequently, these alkaloids
and synthetic intermediates undergo preliminary screening tests
for their anticancer activities against human cancer cell lines
including breast carcinoma (MCF-7), lung carcinoma (NCI-
H460) and central nervous system carcinoma (SF-268). The
structure—activity relations (SAR) are also discussed.

Results and discussion
Synthetic results

The synthetic strategy for constructing the phenanthroin-
dolizidines 1a and 1b and phenanthroquinolizidine 1c¢ is shown in

“Department of Chemistry, National Cheng Kung University, Tainan, 701,
Taiwan, ROC. E-mail: wupl@mail.ncku.edu.tw,; Fax: 886-6-2740552
*Division of Biotechnology and Pharmaceutical Research, National Health
Research Institutes, Miaoli, 350, Taiwan, ROC

‘Department of Cosmetic Science, Chung Hwa College of Medical Technol-
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Scheme 1. This method represented a new route for the preparation
of the pentacyclic alkaloid in that the nitrogen-containing bicyclic
heterocycles were constructed by double cyclizations. First, the
isocyanate 7, formed by Curtius rearrangement of acyl azide 8,
underwent an electrocyclic reaction followed by hydrogen shift to
yield isoquinolinone 6. Second, the N-haloalkylisoquinolinone 5
proceeded through radical cyclization to afford the pyrrolidine or
piperidine rings 4. Then, hydride reduction would give the target
products 1.

Unsubstituted phenanthroindolizidine 1a was chosen as our
initial target since its simplicity would allow us to test the
feasibility of the approach (Scheme 2). The Wittig reaction
between commercially available phenanthrene-9-carboxaldehyde
10a and (carboethoxymethylene)triphenylphosphorane followed
by hydrolysis directly yielded the desired acid 9a, which upon
purification was found to be exclusively the trans isomer. The
acid 9a was almost quantitatively transformed to the acyl azide
8a on treatment with oxalyl chloride and sodium azide. Since the
azide was unstable under heat, it was immediately used for the
next reaction after purification using a short column. When a
solution of 8a in o-dichlorobenzene containing a catalytic amount
of Hg(OAc), was refluxed for 1 h, the Curtius rearrangement,
electrocyclic reaction, and hydrogen rearrangement occurred
to supply the isoquinolinone 6a in 87% yield. Treatment of the
compound 6a with NaH in DMF provided an amide salt, and
subsequent N-alkylation with 1-bromo-3-chloropropane at room
temperature produced a mixture of chloride 5al and bromide
5a2 in a 20 : 1 ratio. Even at 0 °C, the ratio of the mixed N-
haloalkylisoquinolinones 5al and 5a2 was lifted to 50 : 1 in a ca.
95% combined yield. The mixed halides were directly subjected to
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Scheme 2 Reagents and conditions: (a) (i) PhP=CHCO,Et, toluene, reflux, 4 h; (ii) KOH, EtOH-H,O0, reflux, 3 h; (b) (i) (COCl),, toluene, 80 °C, 5 h;
(i1) NaN;j, acetone, rt, 2 h; (c) cat. Hg(OAc),, o-dichlorobenzene, reflux, 1 h; (d) (i) NaH, DMF; (ii) Br(CH,),Cl, n = 3 or 4, DMF, rt, overnight; () Nal,
CH;CN, 125 °C, 12 h; (f) AIBN, Bu;SnH, toluene, reflux, 6 h; (g) NaAl(OCH,CH,0OMe),H,, dioxane, reflux, 2 h; (h) NBS, CHCI;, rt, 1 h.
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Fig.1 The key NOESY correlations of 1a (a), 1b (b), and 1c¢ (c).

radical cyclization according to the method of Osornio ez al.'' to
give the cyclization adduct 4a in low yield, and there remained a
considerable amount of the starting material Sal. Because of the
low activity of chloride, the more active iodide was considered
as the radical precursor in the radical cyclization. The mixed
halides were successfully converted to the corresponding iodide
5a3 by halogen exchange with an excess of sodium iodide in
CH;CN. Without further purification, treatment of compound
5a3 and Bu;SnH in boiling toluene, followed by addition of
small incremental amounts of 2,2'-azobisisobutyronitrile (AIBN,
0.4 mol equiv.) for 6 h, gave phenanthroindolizidione 4a (76%) and
its dehydro derivative 11a (6%). Attempts to avoid the formation of
the undesired product 11a by reducing the amount of AIBN caused
incomplete consumption of the starting material. Reduction of the
lactam 4a with sodium bis(2-methoxyethoxy)aluminium hydride
in refluxing dioxane afforded racemic phenanthroindolizidine 1a
in a 46% overall yield starting from the aldehyde 10a.

On the basis of the above results, we anticipated that tylophorine
1b and phenanthroquinolizidine 1¢ would be readily available
from 2,3,6,7-tetramethoxyphenanthrene-9-carboxaldehyde 10b.
The same protocol was followed for producing intermediates 9b
(76%), 8b (92%), 6b (85%), 5b1 (96%) and Scl (89%) with generally
excellent yields. We were concerned about the intramolecular
radical cyclization to afford the pyrrolidine and piperidine rings,
respectively. Surprisingly, when chloride 5b1 was directly subjected
to the n-Bu;SnH-AIBN reaction condition, the starting material
was completely consumed and generated phenanthroindolizidione
4b (87%) and traces of the dehydro derivative 11b (5%). Comparing
the results of the 5-exo cyclizations of 5al and 5bl, the OCH,
groups on the phenanthrene ring might increase the reactivity of
radical cyclization. In contrast to 5bl, the chloride 5¢1 showed
inefficient intramolecular cyclization under the same conditions
and led to incomplete consumption of the starting material. It was
thought that this was mainly due to the higher activation energy
for 6-exo ring closure.”? Therefore, phenanthroquinolizidione 4c¢
(80%) and the oxidative side-product 11c¢ (12%) were obtained via
halogen exchange followed by radical cyclization. Tylophorine 1b
and phenanthroquinolizidine 1¢ could be afforded by reduction of
the lactams 4b and 4c both in high 98% yields. The overall yields
from the aldehyde 10b to 1b and 1¢ were calculated to be 49%, and
42%, respectively.

It should be mentioned here that the phenanthroindolizidine
and phenanthroquinolizidine alkaloids were known to be unstable
when exposed to light.® We also observed that, after 1 day,
compounds la—c in CHCI; decomposed to a yellow crystalline
solid. The NMR spectral properties showed agreement with

dehydroiminium salts 12a—c which might be obtained by treatment
of 1a—¢ with N-bromosuccinimide (NBS) in CHCl,.*

The complete assignment of the 'H and *C NMR signals
of la—¢ was obtained from 2D-NMR spectra, such as COSY,
HMQC, HMBC and NOESY. In 1a, the existence of NOEs
of H-12a (0 2.49) with H-1lax (6 1.94) and H-12eq (0 2.24)
and the absence of NOEs of H-12a with H-9 (6 3.74 and 4.74)
and H-10 (§ 2.46 and 3.48) suggested that 1a possessed the cis-
fused indolizidine skeleton with a boat-like conformation in the
six-membered ring and an envelope conformation in the five-
membered ring (Fig. 1a).!* Similarly, the absence of NOEs between
H-12a(62.51)and H-9 (0 3.67 and 4.62) and H-10 (6 2.45 and 3.47)
indicated the cis-boat indolizidine ring in 1b (Fig. 1b). In contrast
to the cis-fused phenanthroindolizidine skeleton, the presence of
NOE:s between H-13a (6 2.39) and H-9ax (J 3.60), H-10ax (6 2.32)
and H-12ax (61.49) in 1c suggested a trans-fused quinolizidine
ring adopting a chair-like conformation (Fig. 1c). In addition,
the triplet—quintet—triplet splitting pattern of three mutually
coupled methylenes in 11a—b and 12a-b and the triplet-quintet—
quintet—triplet pattern of four methylenes in 11c and 12c¢ let us
conclude that the pentacyclic rings in dehydrolactams 11a—c and
dehydroiminium salts 12a—c established a planar conformation, in
spite of the five- or six-membered saturated ring.

Biological results

We now describe the biological evaluation of the pentacyclic
alkaloids 1 and some of their analogues 4, 5, 6, 11, and 12, available
by total synthesis. The cytotoxic activities of the synthesized com-
pounds were tested against three human cancer cell lines, MCF-7,
NCI-H460, and SF-268. The results are shown in Table 1. We
started our SAR with tylophorine 1b which showed pronounced
cytotoxicity, with ICs, values of 489 to 1764 nM. A 6 to 20-
fold decrease in cytotoxicity was observed for 1a relative to 1b,
indicating that the methoxyl group on the phenanthrene ring was
of importance. It should be noted that phenanthroquinolizidine
1c exhibited the best activity in the three cell lines ranging from
104 to 130 nM. This revealed that the trans-fused quinolizidine
ring seems to be more active than the cis-fused indolizidine ring.
The lack of either an indolizidine or a quinolizidine ring led
isoquinolinones Sa—c and 6a-b to show no significant activity
in all cell lines. Moreover, comparison of the cytotoxic activities
of lactams 4a—c and the corresponding reduced compounds la—c
revealed that the presence of a carbonyl in the bicyclic lactam may
dramatically diminish cytotoxicity. In addition, the almost planar
dehydrolactams 11a—c did not show any activity in our test. This
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Table 1 Cytotoxicity of compounds toward several cancer cell lines*

1C5)/nM?
Compound  MCF-7 NCI-H460 SF-268
la 9997 + 408 10231 4+ 632 10811 £ 1213
1b 489 + 45 584 + 39 1764 £+ 105
1c 104 + 7 109 +9 130+ 3
4a >50000 >50000 >50000
4b >50000 >50000 >50000
4c 41603 + 2815 24144 + 471 34070 & 607
Sal 13687 £ 1233 17229 £ 975 17 849 4+ 948
5a2 11435 £222 17462 £+ 1818 7567 £ 627
Sbl >50000 >50000 >50000
5cl >50000 >50000 >50000
6a >50000 >50000 >50000
6b >50000 >50000 >50000
11a >50000 >50000 >50000
11b >50000 >50000 >50000
11c >50000 >50000 >50000
12a 8275 £ 74 13483 £+ 2615 4440 £+ 164
12b >50000 >50000 >50000
12¢ 2764 £ 296 23038 4 2435 11878 + 2212

“MCF-7 = human breast carcinoma; NCI-H460 = human lung car-
cinoma; SF-268 = human central nervous system carcinoma. ® Values
are means + SD, where SD = standard deviation; all experiments were
independently performed at least three times.

probably resulted from the rigid indolizidinone or quinolizidinone
structure. Therefore, the planar dehydroiminium salts 12a—c with
no carbonyl group showed substantial loss of activity.

Conclusions

In conclusion, the indolizidine and quinolizidine rings were
constructed by thermal and radical cyclizations. By the protocol
outlined above, tylophorine 1b and the modified analogues la
and 1c were synthesized in high yields. The SAR of phenan-
throindolizidine and phenanthroquinolizidine skeletons toward
inhibition of three cancer lines, MCF-7, NCI-H460, and SF-
268, revealed that the more rigid bicyclic heterocycles 11a—
¢ and 12a— showed a remarkable decrease in cytotoxicity. A
potency improvement was observed by the introduction of a
methoxyl functionality on the phenanthrene ring. A trans-fused
quinolizidine ring could further enhance the cytotoxic activities.
Compound I¢, for instance, is clearly a promising anticancer agent
for further study.

Experimental
General

Melting points were taken on a Buchi 535 melting-point apparatus
and were not corrected. Infrared spectra were measured on a
Nicolet Magna FT-IR spectrometer as either thin film or solid dis-
persion in KBr. Nuclear magnetic resonance spectra were recorded
on Bruker Avance-300 and AMX-400 FT-NMR spectrometers; all
chemical shifts were reported in ppm from tetramethylsilane as an
internal standard. Mass spectra were obtained on a VG 70-250S
spectrometer. Elemental analyses were performed on a Heraeus
CHN-RAPID clemental analyzer. Column chromatography was
carried out using 70-230 mesh silica gel.

3-(Phenanthren-9-yl)acrylic acid 9a. A mixture of phenan-
threne-9-carboxaldehyde (1.03 g, 5 mmol) and (carboethoxy-
methylene)triphenylphosphorane (2.09 g, 6 mmol) in toluene
(30 cm®) was refluxed under N, for 4 h. After cooling, the resulting
solution was directly purified by flash chromatography on silica
gel with hexane-EtOAc (1 : 1) as eluent. Recrystallization from
hexane-EtOAc afforded the ethyl ester of 9a (1.21 g, 88%) as
white needles: mp 119-120 °C (lit.,* mp 120-121 °C).

A solution of 1 N KOH (10 cm®) was added to a solution of
the ester (1.10 g, 4 mmol) in EtOH (20 c¢cm®) and the reaction
mixture was heated to reflux for 3 h. After cooling, the solution
was evaporated, and the residue was dissolved in water (25 cm?),
acidified with 10% HCI and extracted with EtOAc (5 x 20 cm’®).
The combined extracts were dried with anhydrous MgSQO.,, filtered,
and evaporated under reduced pressure to give 9a (0.96 g, 97%)
as white crystals: mp 224-225 °C (from EtOAc) (lit.,"” mp 230-
233°C); (found: C, 82.27; H, 4.88. Calcd for C,;H,,0,: C, 82.24; H,
4.87%); Vi (KBr)/cm=! 3000 (br), 1694 and 1630; 6,(300 MHz;
DMSO-dg; Me,Si) 6.69 (1H, d, J 15.7), 7.72 (4H, m), 8.07 (1H, d,
J1.5),8.23 (1H, m), 8.30 (1H, s), 8.40 (1H, d, J 15.7), 8.84 (1H, d,
J 8.1),8.91 (1H, m) and 12.57 (1H, br s); 6-(75 MHz; DMSO-dj;
Me,Si) 122.6, 122.9, 123.6, 124.0, 126.5, 127.2, 127.3, 127.5, 128.0,
129.3,129.4,129.9, 130.0, 130.4, 130.8, 140.8 and 167.4; m/z (EI)
248 (M*, 31%), 203 (90), 202 (100) and 176 (17).

3-(2,3,6,7-Tetramethoxyphenanthren-9-yl)acrylic acid 9b. The
analogous procedure for the preparation of acid 9a was used.
The aldehyde 10b*® (1.63 g, 5 mmol) gave 9b (1.40 g, 76%) as
pale yellow crystals: mp 282-284 °C (from o-dichlorobenzene);
(found: C, 68.03; H, 5.43. Calcd for C,,H,,Oq: C, 68.47; H, 5.47%);
Vmax (KBr)/cm=" 3000 (br), 1686 and 1616; 6;,(300 MHz; DMSO-
ds; Me,Si) 3.91 (3H, s), 3.97 (3H, s), 4.05 (6H, s), 6.59 (1H, d,
J 15.6), 7.47 (2H, s), 8.00 (1H, s), 8.06 (1H, s), 8.08 (1H, s), 8.36
(1H,d, J 15.6) and 12.46 (1H, br s); 6(75 MHz; DMSO-d,; Me,Si)
55.4, 55.9, 103.5, 104.0, 104.3, 108.9, 120.8, 123.7, 123.9, 124 .4,
125.2, 125.3, 127.0, 141.5, 148.7, 148.8, 149.1, 150.1 and 167.6;
m/z (EI) 368 (M*, 100%), 279 (13), 249 (13), 207 (14), 176 (20)
and 163 (24).

3-(Phenanthren-9-yl)acryloyl azide 8a. A mixture of acid 9a
(1.24 g, 5 mmol) and oxalyl chloride (1.27 g, 10 mmol) in toluene
(50 cm®) was heated for 5 h at 80 °C. After cooling, the resulting
mixture was concentrated under reduced pressure to afford the acyl
chloride quantitatively. The acyl chloride was added immediately
into a suspension of NaNj; (0.98 g, 15 mmol) in dry acetone
(30 cm®) on an ice bath. The reaction mixture was stirred gently
for 2 h at room temperature and filtered.” The solvent was
evaporated in vacuo, and the residue was purified by short column
chromatography over silica gel eluting with CHCl;-hexane (2 : 1)
to yield the pure acyl azide 8a (1.27 g, 93%) as a pale yellow solid:
Vi (KBr)/cm™ 2145 and 1682; 6,,(300 MHz; CDCl;; Me,Si) 6.62
(1H, d, J 15.5), 7.68 (4H, m), 7.93 (1H, d, J 7.7), 8.03 (1H, s), 8.20
(1H,d,J7.2),8.61 (1H,d, J 15.5),8.68 (1H, d, J 8.2) and 8.76 (1H,
d, J 7.5); 6c<(75 MHz; CDCl;; Me,Si) 121.9, 122.6, 123.3, 124.0,
127.0,127.1, 127.2, 127.3, 128.1, 129.4, 129.8, 130.1, 130.4, 130.9,
131.4, 144.2 and 171.9; m/z (EI) 245.0841 (M* — N,. C;;H;;NO
requires 245.0841), 202 (100%), 189 (33) and 176 (24).

3-(2,3,6,7-Tetramethoxyphenanthren-9-yl)acryloyl azide 8b.
The analogous procedure for the preparation of azide 8a was
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used. The acid 9b (1.84 g, 5 mmol) gave 8b (1.80 g, 92%) as a
pale yellow solid: v, (KBr)/cm™' 2140 and 1677; 6,;(300 MHz;
CDCl;; Me,Si) 4.04 (3H, s), 4.07 (3H, s), 4.13 (6H, 5), 6.56 (1H, d,
J 15.4),7.20 (1H, s), 7.41 (1H, s), 7.72 (1H, s), 7.78 (1H, s), 7.84
(1H, s) and 8.50 (1H, d, J 15.4); 6.(75 MHz; CDCl;; Me,Si) 56.0,
102.6, 103.2, 104.0, 108.7, 120.4, 124.4, 124.7, 125.5, 126.1, 127.2,
144.5, 149.2, 149.4, 150.6 and 172.0; m/z (EI) 365.1267 (M* —
N,. C, H;,NO; requires 365.1263), 306 (15%) and 164 (10).

2H-2-Aza-triphenylen-1-one 6a. A mixture of azide 8a (1.1 g,
4 mmol) and Hg(OAc), (31.9 mg, 0.1 mmol) in o-dichlorobenzene
(50 cm?) was refluxed for 1 h. After cooling, the compound 6a was
isolated by precipitation and trituration with hexane to give 6a
(0.86 g, 87%) as pale yellow needles: mp >300 °C (from EtOH);
(found: C, 83.05; H, 4.53; N, 5.71. Calcd for C;;H,;NO: C, 83.25;
H, 4.52; N, 5.71%); Vumux (KBr)/cm™' 3135 and 1630; 6,(300 MHz;
DMSO-dy; Me,Si) 7.56 (2H, m), 7.70 (2H, m), 7.76 (1H, t, J 7.8),
7.85(1H,t,J 7.8),8.70 (1H, d, J 7.8), 8.88 (2H, m), 10.32 (1H, m)
and 11.93 (1H, br s); 6.(75 MHz; DMSO-d,; Me,Si) 100.6, 118.1,
122.7,123.5,125.4, 126.8, 127.2, 127.4, 127.6, 128.8, 129.6, 131.6,
131.9, 138.8 and 162.6; m/z (EI) 245 (M*, 64%), 216 (26) and 189
(100).

6,7,10,11-Tetramethoxy-2 H-2-aza-triphenylen-1-one 6b. The
analogous procedure for the preparation of 6a was used. The
azide 8b (1.97 g, 5 mmol) gave 6b (1.56 g, 85%) as tan needles: mp
>300 °C; (found: C, 68.75; H, 5.30; N, 3.75. Calcd for C,;H;,NOs:
C, 69.03; H, 5.24; N, 3.83%.); Vmux(KBr)/cm™' 3115 and 1631;
0x(300 MHz; DMSO-d,; Me,Si) 3.92 (3H, s), 4.01 (3H, s), 4.05
(3H,s), 4.09 (3H, s), 7.48 (2H, m), 7.94 (1H, s), 8.05 (2H, s), 10.05
(1H, s) and 11.63 (1H, d, J 4.4); 6.(75 MHz; DMSO-d,; Me,Si)
55.2, 55.7, 55.9, 101.1, 104.1, 104.2, 106.0, 108.7, 116.6, 120.9,
123.6, 124.0, 126.5, 129.9, 136.5, 148.3, 148.5, 148.8, 151.1 and
162.8; m/z (EI) 365 (M*, 100%) and 332 (18).

2-(3-Chloropropyl)-2-aza-triphenylen-1-one 5al and 2-(3-
bromopropyl)-2-aza-triphenylen-1-one 5a2. To a suspension of
NaH (60% dispersion in oil, 80 mg, 2 mmol) in DMF (5 cm?),
cooled in an ice bath, a solution of 6a (245 mg, 1 mmol) in DMF
(15 cm®) was added with stirring at a rate such as to maintain
gentle evolution of hydrogen. After the addition was complete,
the reaction mixture was stirred at room temperature for 30 min.
This mixture was added dropwise to a solution of 1-bromo-3-
chloropropane (628 mg, 4 mmol) and DMF (5 cm?®) with stirring.
This mixture was stirred at room temperature overnight. The
solvent was evaporated in vacuo, and water (10 cm®) was then
added. The mixture was extracted with CHCI;, and the combined
extracts were washed with water, dried with anhydrous MgSO,,
and filtered. The filtrate was concentrated, and the residue was
purified by column chromatography over silica gel eluting with
pure CHCI, to give a 20 : 1 mixture of chloride 5al and bromide 5a2
(95% combined yield). The mixture was rechromatographed with
CHCl;-hexane (5 : 1) to give a material enriched in 5al and a little
of pure 5a2 for spectral and mass analysis. For 5al: v,,,,(KBr)/cm™
1646; 01(300 MHz; CDCl;; Me,Si) 2.39 (2H, quintet, J 6.3), 3.62
(2H, t, J 6.3),4.30 2H, t, J 6.3), 7.32 (1H, d, J 7.4), 7.49 (1H, d,
J 7.4),7.71 (4H, m), 8.41 (1H, d, J 8.1), 8.69 (2H, t, J 8.1) and
10.31 (1H, d, J 8.1); d(75 MHz; CDCl;; Me,Si) 31.1, 42.1, 48.0,
101.3,119.2,122.3, 123.3, 124.6, 126.9, 127.1, 127.3, 127.8, 127.9,

129.3, 129.6, 129.9, 132.4, 134.1, 138.0 and 162.3; m/z (EI) 323
(IM + 2]*, 30%), 321.0921 (M*. C,H (CINO requires 321.0920),
286 (100), 245 (60), 228 (77) and 202 (41); for 5a2: white solid: mp
92-93 °C; v, (KBr)/cm™" 1645; 01(300 MHz; CDCl;; Me,Si) 2.49
(2H, quintet, J 6.3), 3.49 (2H, t, J 6.3), 4.32 (2H, t, J 6.3), 7.36
(1H,d,J7.5),7.55(1H,d, J 7.5),7.72 (4H, m), 8.44 (1H, d, J 8.0),
8.72 (2H, t, J 8.0) and 8.72 (1H, dd, J 8.0 and 2.0); 6(75 MHz;
CDCl;; Me,Si) 30.7, 31.2, 49.0, 101.3, 119.1, 122.2, 123.2, 124.5,
126.9, 127.0, 127.2, 127.7, 127.9, 129.2, 129.6, 129.9, 132.3, 134.1,
138.0 and 162.2; m/z (EI) 367 (IM + 2]*, 39%), 365.0418 (M*.
C,H,sBrNO requires 365.0415), 286 (100), 259 (39), 245 (49), 228
(49), 202 (45) and 189 (50).

6,7,10,11-Tetramethoxy-2-(3-chloropropyl)-2-aza-triphenylen-1-
one 5bl. The analogous procedure for the preparation of 5al
was used. The compound 6b (365 mg, Immol) gave pure 5bl
(423 mg, 96%) as pale yellow crystals: mp 211-212 °C (from
CHCl;-hexane); (found: C, 65.52; H, 5.75; N, 3.02. Calcd for
C,,H,,CINO:s: C, 65.23; H, 5.47; N, 3.17%); Vi (KBr)/cm™" 1645;
ou(300 MHz; CDCl;; Me,Si) 2.41 (2H, quintet, J 6.1), 3.64 (2H,
t,J 6.1),4.09 (3H, s), 4.13 (3H, s), 4.14 (3H, s), 4.16 (3H, s), 4.32
(2H,t,J 6.1),7.20 (1H, d, J 7.5), 7.46 (1H, d, J 7.5), 7.70 (1H, s),
7.79 (1H, s), 7.80 (1H, s) and 10.05 (1H, s); 6.(75 MHz; CDCl;;
Me,Si) 31.1, 42.0,47.6, 55.7, 55.8, 55.9, 101.3, 102.6, 103.0, 104.8,
108.9, 117.3, 120.8, 124.0, 124.5, 126.9, 132.6, 135.6, 148.5, 148.6,
148.7, 150.8 and 162.4; m/z (EI) 443 (IM + 2]*, 37%), 441 (M*,
100) and 405 (23).

6,7,10,11-Tetramethoxy-2-(4-chlorobutyl)-2-aza-triphenylen-1-
one5cl. Theanalogous procedure for the preparation of 5al was
used. The compound 6b (365 mg, Immol) reacted with 1-bromo-
4-chlorobutane (686 mg, 4 mmol) and gave pure Scl (405 g, 89%)
as pale yellow crystals: mp 184-185 °C (from EtOAc); (found: C,
65.40; H, 5.82; N, 3.02. Calcd for C,sH,CINO;: C, 65.86; H, 5.75;
N, 3.07%); Vumux(KBr)/cm™"' 1645; 6,,(300 MHz; CDCl;; Me,Si)
1.91 (2H, quintet, J 6.1), 2.05 (2H, quintet, J 6.1), 3.61 2H, t, J
6.1), 4.14 (14H, m), 7.20 (1H, d, J 7.3), 7.37 (1H, d, J 7.3), 7.70
(1H, s), 7.80 (2H, s) and 10.08 (1H, s); 6.(75 MHz; CDCl;; Me,Si)
26.7,29.7, 44.4, 49.3, 55.7, 55.8, 55.9, 101.5, 102.7, 103.1, 104.9,
109.1, 117.5,120.9, 124.1, 124.7, 127.0, 132.0, 135.5, 148.5, 148.7,
148.8, 150.9 and 162.4; m/z (EI) 457 (IM + 2J*, 38%), 455 (M*,
100) and 421 (49).

11,12,12a,13-Tetrahydro-10H-9a-aza-cyclopenta[b]triphenylen-
9-one 4a and 11,12-dihydro-10H-9a-aza-cyclopenta|b]triphenylen-
9-one 11a. A solution of chloride 5al (161 mg, 0.5 mmol) and
Nal (375 mg, 2.5 mmol) in dry CH;CN (10 cm?) was placed in
a sealed tube and then heated at 125 °C for 12 h. After cooling,
the reaction mixture was filtered, and concentrated in vacuo to
yield iodide 5a3 quantitatively. Subsequently, a solution of AIBN
(33mg, 0.2 mmol) in toluene (2.4 cm*) was added dropwise (syringe
pump) to a degassed solution of iodide 5a3 (207 mg, 0.5 mmol)
and n-Bu;SnH (175 mg, 0.6 mmol) in refluxing toluene (25 cm?)
for 6 h. The reaction mixture was then cooled and the solvent
removed under reduced pressure. The residue was triturated with
hexane (3 x 2 cm?®) and purified by column chromatography over
silica gel eluting with CHCl;—hexane (5 : 1) to give 4a (109 mg,
76%) as white crystals and 11a (8 mg, 6%) as a white solid. For
4a: mp 163-164 °C (from CHCl;-hexane); (found: C, 83.39; H,
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6.01; N, 4.85. Calcd for C,)H;NO: C, 83.59; H, 5.96; N, 4.87%);
Vimax (KBr)/cm™" 1636; 6;(300 MHz; CDCl;; Me,Si) 1.80 (1H, m),
1.85 (1H, m), 1.96 (1H, m), 2.31 (1H, m), 2.82 (1H, dd, J 15.6
and 13.8), 3.57 (1H, dd, J 15.6 and 3.8), 3.77 (2H, m), 3.79 (1H,
m), 7.62 (4H, m), 7.98 (1H, d, J 8.1), 8.63 (1H, d, J 8.1), 8.66
(1H, d, J 8.1)and 9.30 (1H, d, J 8.1); 6(75 MHz; CDCl;; Me,Si)
23.5,32.2,33.6,45.2,55.0,122.2,123.1, 124.6, 125.3, 126.3, 126.8,
127.0, 127.7, 127.9, 128.9, 129.1, 129.9, 131.7, 135.6 and 163.8;
m/z (EI) 287 (M*, 82%), 218 (100) and 190 (84); for 11a: mp
230-232 °C; Ve (KBr)/cm™! 1650; §,,(300 MHz; CDCl;; Me,Si)
2.33 (2H, quintet, J 7.6), 3.31 2H, t, J 7.6), 4.38 2H, t, J 7.6),
7.34 (1H, s), 7.71 (4H, m), 8.46 (1H, d, J 8.2), 8.69 (1H, d, J
8.2), 8.73 (1H, d, J 8.2) and 10.39 (1H, d, J 8.2); 6o(75 MHz;
CDCl;; Me,Si) 21.4, 32.1, 49.2, 96.2, 116.8, 122.1, 123.3, 124.7,
126.4, 126.9, 127.7, 129.0, 130.4, 132.5, 139.0, 146.1 and 162.0;
m/z (EI) 285.1152 (M*. C,H;sNO requires 285.1154) and
189 (12%).

Tylophorin-9-one 4b and 2,3,6,7-tetramethoxy-11,12-dihydro-
10H-9a-aza-cyclopenta|b|triphenylen-9-one 11b. By the analo-
gous procedure for the radical cyclization of iodide 5a3, chloride
5b1 (221 mg, 0.5 mmol) gave 4b (177 mg, 87%) as white crystals
and 11b (10 mg, 5%) as a pale yellow solid. For 4b: mp 284-286 °C
(from CHCl;-hexane) (lit.,> mp 280-281 °C); (found: C, 70.69; H,
6.40; N, 3.27. Calcd for C,,H,sNOs: C, 70.74; H, 6.18; N, 3.44%));
Vmax(KBr)/cm™" 1622; 63(300 MHz; CDCl;; Me,Si) 1.93 (1H, m),
1.96 (1H, m), 2.17 (1H, m), 2.43 (1H, m), 2.96 (1H, dd, J 15.4 and
13.4),3.61 (1H,dd, J 15.4and 4.0), 3.84 (2H, m), 3.87 (1H, m), 4.06
(3H, s), 4.08 (3H, s), 4.12 (3H, s), 4.15 (3H, s), 7.36 (1H, s), 7.79
(1H, s), 7.84 (1H, s) and 9.03 (1H, s); (75 MHz; CDCl;; Me,Si)
23.4,32.4,33.8,45.2,55.1,55.8,102.2, 102.9, 104.7, 107.9, 122.3,
123.0, 124.2, 124.3, 126.5, 133.2, 148.5, 148.6, 148.8, 150.1 and
164.6; m/z (EI) 407 (M*, 100%), 338 (24), 310 (20) and 295 (16);
for 11b: mp >300 °C; vy, (KBr)/cm™" 1647; 6,,(300 MHz; CDCl;;
Me,Si) 2.32 (2H, quintet, J 7.5), 3.31 (2H, t, J 7.5), 4.10 (3H, s),
4.13(3H,s),4.15(3H, s),4.16 (3H, s), 4.37 (2H, t, J 7.5), 7.15 (1H,
s), 7.71 (1H, s), 7.81 (2H, s) and 10.15 (1H, s); 6-(75 MHz; CDCl;;
Me,Si)21.6,31.9,49.1,55.9,96.3,103.0, 103.4,105.3,108.9, 115.4,
121.4,123.5, 125.1, 127.2, 136.9, 144.6, 148.3, 148.7, 148.9, 151.0
and 162.3; m/z (EI) 405.1579 (M*. C, H,;NO;s requires 405.1576),
362 (14%) and 304 (13).

2,3,6,7 - Tetramethoxy-10,11,12,13,13a,14 -hexahydro -9a-aza -
benzo|b]triphenylen-9-one 4c¢ and 2,3,6,7-tetramethoxy-10,11,12,13-
tetrahydro-9a-aza-benzo[b]triphenylen-9-one 11c. The analogous
procedure for the preparation of 4a was used. The compound Scl
(228 mg, 0.5 mmol) gave 4¢ (168 mg, 80%) as white crystals and
11c (25 mg, 12%) as a pale yellow solid. For 4¢: mp 190-191 °C
(from CHCl;-hexane); (found: C, 71.24; H, 6.46; N, 3.32. Calcd
for C,sH,;NOs: C,70.92; H, 6.43; N, 3.32%); Vo (KBr)/cm™' 1621;
0u(300 MHz; CDCl;; Me,Si) 1.52 (1H, m), 1.64 (2H, m), 1.92 (2H,
m), 2.04 (1H, m), 2.90 (1H, td, J 12.6 and 1.5), 3.05 (1H, dd, J
16.3 and 10.9), 3.46 (1H, dd, J 16.3 and 5.0), 3.61 (1H, m), 4.06
(3H, s), 4.10 (3H, s), 4.12 (3H, s), 4.14 (3H, s), 4.72 (1H, br d,
J 12.6), 7.34 (1H, s), 7.79 (1H, s), 7.82 (1H, s) and 9.39 (1H,
s); 0c(75 MHz; CDCl;; Me,Si) 23.0, 24.7, 33.0, 42.8, 52.8, 56.0,
102.5, 103.2,104.7, 108.7, 120.2, 122.9, 124.6, 124.8, 126.9, 133.4,
148.5, 148.9, 149.0, 150.6 and 167.6; m/z (EI) 421 (M*, 100%),
338 (36), 310 (19), 276 (19) and 203 (39); for 11c: mp 122-123 °C;

Y (KBr)/cm™ 1636; 6,,(300 MHz; CDCl;; Me,Si) 1.92 (2H,
quintet, J 6.4), 2.08 (2H, quintet, J 6.4), 3.03 (2H, t, J 6.4), 4.12
(3H,s), 4.13 (3H, s), 4.15 (3H, 5), 4.16 (3H, s), 4.23 (2H, t, J 6.4),
7.02(1H,s),7.73 (1H,s),7.84 (2H, s) and 10.09 (1H, s); 0(75 MHz;
CDCl;; Me,Si) 19.2, 22.8, 29.4, 42.1, 56.0 (4 x C), 101.1, 103.1,
103.5,105.2, 109.0, 115.0, 120.9, 123.6, 125.0, 127.3, 135.3, 141.9,
148.3, 148.7, 148.9, 151.0 and 163.4; m/z (EI) 419.1736 (M*.
CysHysNOs requires 419.1733), 404 (17%), 376 (18), 322 (14)
and 318 (13).

9,10,11,12,12a,13-Hexahydro-9a-aza-cyclopenta|b]triphenylene
la. To a solution of the lactam 4a (29 mg, 0.1 mmol) in dry
dioxane (5 cm®) was added a 3.5 M solution of sodium bis(2-
methoxyethoxy)aluminium hydride in toluene (0.4 cm?, 1.4 mmol)
and the mixture was refluxed for 2 h in the dark. After evaporation
of the solvents, the residue was diluted with water (10 cm?)
and then basified with 10% aqueous NaOH. The mixture was
extracted with CHCI, (5 x 15 cm?), and the combined extracts were
washed with water, dried with anhydrous MgSO,, and filtered. The
filtrate was concentrated, and the residue was purified by column
chromatography over silica gel eluting with CHCl;—-MeOH (50 : 1)
to give 1a (25 mg, 92%) as white powder: mp 169-170 °C (decomp.)
(1it.,>* mp 170 °C); vy (KBr)/cm™" 1606 and 1495; 6,(300 MHz;
CDCl;; Me,Si) 1.78 (1H, m, H-12ax), 1.94 (1H, m, H-11ax), 2.02
(1H, m, H-11eq), 2.24 (1H, m, H-12eq), 2.46 (1H, m, H-10ax),
2.49 (1H, m, H-12a), 2.99 (1H, dd, J 16.0 and 10.5, H-13ax), 3.48
(2H, m, H-10eq and H-13eq), 3.74 (1H, d, J 15.2, H-9ax), 4.74
(1H, d, J 15.2, H-9¢q), 7.62 (4H, m, H-2, H-3, H-6, and H-7),
7.92 (1H, dd, J 7.8 and 1.5, H-8), 8.04 (1H, dd, J 6.0 and 3.3,
H-1) and 8.70 (2H, m, H-4 and H-5); (75 MHz; CDCl;; Me,Si)
21.6 (C-11), 31.3 (C-12), 33.7 (C-13), 53.9 (C-9), 55.1 (C-10), 60.1
(C-12a), 122.6 (C-5), 122.8 (C-8), 122.9 (C-9), 123.4 (C-1), 125.8
(C-6), 125.9 (C-3), 126.7 (C-2 and C-7), 128.4 (C-8b), 128.8 (C-
13a), 129.3 (C-4b), 129.5 (C-4a), 130.0 (C-8a) and 131.5 (C-13b);
m/z (EI) 273.1517 (M*. C,H 4N requires 273.1517), 245 (17%),
228 (27), 202 (100) and 189 (38).

Tylophorine 1b. The analogous procedure for the preparation
of 1a was used. The lactam 4b (41 mg, 0.1 mmol) gave 1b (39 mg,
98%) as white powder: mp 270 °C (decomp.) (lit.,”> mp 282—
284 °C); Vux(KBr)/em™ 1618 and 1515; 6,(300 MHz; CDCl;;
Me,Si) 1.78 (1H, m, H-12ax), 1.94 (1H, m, H-11ax), 2.03 (1H,
m, H-11eq), 2.29 (1H, m, H-12eq), 2.45 (1H, m, H-10eq), 2.51
(1H, m, H-12a),2.92 (1H, dd, J 15.6 and 10.7, H-13ax), 3.36 (1H,
dd, J 15.6 and 2.3, H-13eq), 3.47 (1H, t, J 8.4, H-10ax), 3.67
(1H, d, J 14.5, H-9¢q), 4.05 (6H, s, 2-OCH; and 7-OCHj;), 4.11
(6H, s, 3-OCH,; and 6-OCHj;), 4.62 (1H, d, J 14.5, H-9ax), 7.15
(1H, s, H-8), 7.31 (1H, s, H-1) and 7.82 (2H, s, H-4 and H-5);
(75 MHz; CDCl;; Me,Si) 21.6 (C-11), 31.2 (C-12), 33.7 (C-13),
53.9 (C-9), 55.1 (C-10), 55.8 (2-OCH3;), 55.9 (7-OCH;), 56.0 (3-
OCHj; and 6-OCHs;), 60.2 (C-12a), 103.1 (C-8), 103.3 (C-4), 103.4
(C-5),104.0 (C-1), 123.4 (C-4b), 123.6 (C-4a), 124.3 (C-13a), 125.8
(C-8a), 125.9 (C-8b), 126.2 (C-13b), 148.4 (C-3), 148.5 (C-6) and
148.7 (C-2 and C-7); m/z (EI) 393.1943 (M*. C,,H,;NO, requires
393.1940), 324 (100%) and 309 (12).

2,3,6,7-Tetramethoxy-10,11,12,13,134,14-hexahydro-9 H-9a-aza-
benzo|b]triphenylene 1c. The analogous procedure for the
preparation of 1a was used. The lactam 4¢ (42 mg, 0.1 mmol)
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gave 1c (40 mg, 98%) as white powder: mp 245-247 °C (decomp.);
Vmax (KBr)/cm™" 1615 and 1514; 6,4,(300 MHz; CDCl;; Me,Si) 1.49
(1H, m, H-12ax), 1.55 (1H, m, H-13ax), 1.81 (2H, m, H-11), 1.88
(1H, m, H-12¢eq), 2.05 (1H, br d, J 11.2, H-13eq), 2.32 (1H, m,
H-10ax), 2.39 (1H, m, H-13a), 2.92 (1H, dd, J 16.6 and 10.7,
H-14ax), 3.12 (1H, br d, J 16.6, H-14eq), 3.29 (1H, br d, J 10.7,
H-10eq), 3.60 (1H, br d, J 15.3, H-9ax), 4.04 (3H, s, 7-OCHj;),
4.05 (3H, s, 2-OCH;), 4.11 (6H, s, 3-OCH; and 6-OCH,;), 4.36
(1H, br d, J 15.3, H-9¢q), 7.13 (1H, s, H-8), 7.26 (1H, s, H-1)
and 7.82 (2H, s, H-4 and H-5); (75 MHz; CDCl;; Me,Si) 24.3
(C-12), 25.9 (C-11), 33.7 (C-13), 34.8 (C-14), 56.0 (2-OCH;,
3-OCH;, 6-OCH; and 7-OCHj3;), 56.2 (C-9), 56.3 (C-10), 57.6
(C-13a), 103.0 (C-8), 103.5 (C-4 and C-5), 103.9 (C-1), 123.3
(C-14b), 123.5 (C-8b), 123.9 (C-14a), 124.9 (C-4b), 125.2 (C-4a
and C-8a), 148.4 (C-3 and C-6) and 148.7 (C-2 and C-7); m/z
(EI) 407.2100 (M*. C;sHxNO, requires 407.2097), 324 (100%)
and 294 (22).

11,12-Dihydro-10H -9a-azoniacyclopenta| b]triphenylene  12a.
To a solution of phenanthroindolizidine 1a (27 mg, 0.1 mmol)
in CHCI, (10 cm®) was added NBS (150 mg, 0.4 mmol) in
small portions with stirring. The solution turned orange-red and
began to deposit an orange crystalline solid. After 1 h following
the addition, the solid was filtered and purified by column
chromatography over Al,O; eluting with CHCL;—-MeOH (10 : 1)
to give 12a (27 mg, 78%) as a yellow solid: mp 219 °C (decomp.);
Vma (KBr)/cm=" 1640 and 1618; 6,(300 MHz; DMSO-d,; Me,Si)
2.55 (2H, quintet, J 7.8), 3.64 (2H, t, J 7.8), 5.02 2H, t, J 7.8),
7.93 (3H, m), 8.04 (1H, t, J 7.6), 8.97 (4H, m), 9.40 (1H, s) and
10.58 (1H, s); 0c(75 MHz; DMSO-d,; Me,Si) 21.9, 31.4, 58.7,
117.4,123.8,124.2, 124.3, 124.9, 125.3, 125.8, 126.1, 128.8, 128.9,
129.8, 130.2, 132.4, 132.5, 139.5, 140.3 and 152.9; m/z (FAB)
270.1280 (M* — Br. C,yH 4N requires 270.1283).

Dehydrotylophorine 12b. The analogous procedure for the
preparation of 12a was used. Phenanthroindolizidine 1b (39 mg,
0.1 mmol) gave 12b (24 mg, 51%) as a yellow solid: mp >300 °C
(decomp.); V. (KBr)/ecm™" 1632 and 1611; 6,,(300 MHz; DMSO-
ds; Me,Si) 2.50 (2H, quintet, J 7.3), 3.61 (2H, t, J 7.3),4.07 (6H, s),
4.11(3H,s),4.14 (3H, s), 4.99 (2H, t, J 7.3), 8.09 (2H, 5), 8.26 (1 H,
s), 8.29 (1H,s),9.31 (1H, s) and 10.50 (1H, s); 3-(75 MHz; DMSO-
ds; Me,Si) 22.2, 31.3, 56.4, 58.3, 105.0, 105.2, 106.7, 116.6, 119.0,
119.8, 123.7, 124.5, 128.1, 138.6, 138.7, 149.6, 149.9, 150.4, 151.2
and 153.3; m/z (FAB) 390.1704 (M* — Br. C,,H,,NO, requires
390.1705).

2,3,6,7-Tetramethoxy-10,11,12,13-tetrahydro-9a-azoniabenzo-
|bltriphenylene 12¢.  The analogous procedure for the preparation
of 12a was used. Phenanthroquinolizidine 1¢ (41 mg, 0.1 mmol)
gave 12¢ (30 mg, 62%) as a yellow solid: mp 268 °C (decomp.);
Vma (KBr)/cm=" 1636 and 1610; 6,(300 MHz; DMSO-d,; Me,Si)
2.03 (2H, quintet, J 6.3), 2.19 (2H, quintet, J 6.3), 3.38 2H, t, J
6.3),4.10 (6H, s),4.11 (3H, s), 4.14 (3H, s), 4.81 2H, t, J 6.3), 8.04
(2H, s), 8.24 (1H, s), 8.26 (1H, s), 9.15 (1H, s) and 10.24 (1H, s);
dc(75 MHz; DMSO-d,; Me,Si) 17.6, 20.9, 27.0, 54.4, 56.1, 104.4,
104.5, 104.6, 106.2, 118.2, 119.0, 119.9, 122.6, 124.1, 127.7, 137 .4,
141.2, 147.3, 149.2, 149.5, 150.7 and 152.9; m/z (FAB) 404.1862
(M* — Br. C,sH,NO, requires 404.1862).

Cell growth inhibitory assay®. Carcinoma cells MCF-7 and
SF-268 were maintained in DMEM medium (Hyclone) and NCI-

H460 were maintained in RPMI medium (ICN) supplemented
with 10% fetal bovine serum (Biological Industries Inc.) and were
seeded in 96 well plates and incubated in a CO, incubator at 37 °C
for 24 h. The seeding numbers were 6500, 7500, and 2500 per
well, respectively. The cells were treated with at least ten different
concentrations of test compounds in a CO, incubator for 72 h.
The number of viable cells was estimated using the tetrazolium dye
reduction assay (MTS assay), and the experiment was performed
as the manufacturer recommended (Promega, Madison, WI). The
absorbance was measured at 490 nm on a Wallac 1420 VICTOR?2
Multilabel Counter (Perkin-Elmer, Boston, MA). The results of
these assays were used to obtain the dose-response curves from
which the ICy, values were determined. An ICs, value represents
the concentration (nM) of the test compound at which a 50%
cell growth inhibition after 3 days of incubation is produced.
The values represent averages of three or more independent
experiments, each with duplicate samples.
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A divergent route facilitating the rapid synthesis of a series of O-(2-acetamido-2-deoxy-D-glucopyrano-
sylidene)amino N-phenylcarbamate (PUGNACc)-based inhibitors, bearing different N-acyl groups has
been developed. All compounds of this series are inhibitors of both human O-GlcNAcase and human
B-hexosaminidase, yet some effectively exploit differences between the active site architectures of these
two human enzymes which render them selective for O-GlcNAcase. Such inhibitors may be valuable
tools in dissecting the role of the O-GIlcNAc post-translational modification at the cellular and
organismal level since these compounds may have different pharmacokinetic properties when

compared to other inhibitors of B-N-acetyl-glucosaminidases.

Introduction

Humans have three genes encoding for enzymes that re-
move N-acetyl-D-glucosamine residues from glycoconjugates.
The first of these, O-glycoprotein 2-acetamido-2-deoxy-p-D-
glucopyranosidase (O-GIcNAcase), is a member of family 84}
of the glycoside hydrolases.'? This enzyme acts to hydrolyse O-
GIcNACc off serine and threonine residues of modified proteins.?
The post-translational modification of nucleocytoplasmic proteins
with 2-acetamido-2-deoxy-B-D-glucopyranoside (O-GlcNAc) is
found in every tissue of multi-cellular eukaryotes that have been
investigated to date.* O-GIcNAc mediates the function of many
cellular proteins including, for example, those involved in cellu-
lar signaling,® proteasomal degradation,® and transcription.”’
Consistent with the presence of O-GIcNAc on many intracellular
proteins, this enzyme appears to have a role in the etiology of
several diseases including cancer," Alzheimers,””™* and type II
diabetes.>'

HEXA and HEXB are the two other genes that encode
enzymes catalyzing the hydrolytic cleavage of terminal N-acetyl-
D-glucosamine from glycoconjugates. The two gene products of
HEXA and HEXB yield predominantly two dimeric isozymes.
The heterodimeric isozyme, hexosaminidase A, is composed of an
o- and a B-subunit. The heterodimeric isozyme, hexosaminidase
B, is composed of two B-subunits. Both of these enzymes are
classified as members of family 20 of the glycoside hydrolases and
are normally localised within lysosomes. Dysfunction of either
of these enzymes results in the accumulation of gangliosides and
other glycoconjugates within lysosomes causing the inheritable
neurodegenerative disorders known as Tay-Sachs and Sandhoff
diseases.'

Department of Chemistry, Simon Fraser University, 8888 University Drive,
Burnaby, BC, Canada V5A4 1S6. E-mail: dvocadlo@sfu.ca; Tel: +1 604-
291-3530

T Electronic supplementary information (ESI) available: NMR spectra.
See DOI: 10.1039/b516273d

i For the classification of glycoside hydrolases, see refs 1 and 2 and the
CAZY database (available at http:/afmb.cnrs-mrs.fr/CAZY/).

As a result of the biological importance of these -N-acetyl-
glucosaminidases, the design of small molecule inhibitors'! has
received considerable attention both as tools for establishing their
role in biological processes® as well as in potential therapeutic
applications.” A major challenge in developing inhibitors for
blocking the function of mammalian glycosidases, including O-
GlcNAcase, is the large number of functionally related enzymes
present in tissues of higher eukaryotes. Accordingly, the use of
non-selective inhibitors in studying the cellular and organismal
physiological role of one particular enzyme is complicated because
complex phenotypes arise from the concomitant inhibition of such
functionally related enzymes.

Many inhibitors of B-N-acetyl-glucosaminidases are known,
but two of the most potent and best characterized are NAG-
thiazoline 1 and PUGNACc 2. 2'-Methyl-0-D-glucopyrano-[2,1-d]-
A2'-thiazoline (NAG-thiazoline) 1, has been found to be a potent
inhibitor of family 20 hexosaminidases,®?* and more recently,
the family 84 O-GlcNAcases.” The potent inhibition of these
enzymes by NAG-thiazoline 1 is consistent with these enzymes
sharing a common catalytic mechanism involving anchimeric
assistance from the 2-acetamido group (Fig. 1). Support for such
a catalytic mechanism operating for the family 20 B-N-acetyl-
glucosaminidases is supported by both kinetic and structural
studies.”** Macauley et al. have shown that the family 84 B-N-
acetyl-glucosaminidases also use anchimeric assistance through
kinetic analyses of human O-GlcNAcase.” The potent inhibition
by NAG-thiazoline 1 is presumably due its similarity to the
oxazoline or oxazolinium ion intermediate or a closely derived
transition state. Despite its potency, a downside to using NAG-
thiazoline 1 in a complex biological context, is that it lacks
selectivity and therefore perturbs multiple cellular processes.

0-(2-Acetamido-2-deoxy-D-glucopyranosylidene)amino ~ N-
phenylcarbamate (PUGNACc)®? 2 is another compound that
suffers from the same problem of lack of selectivity, yet has
enjoyed use as an inhibitor of both human O-GIcNAcase**
and the family 20 human B-hexosaminidases.”® This molecule,
developed by Vasella and coworkers, was found to be a potent
competitive inhibitor of the B-N-acetyl-glucosaminidases from
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Fig.1 The catalytic mechanism of family 20 and 84 - N-acetyl-glucosaminidases. The mechanism involves anchimeric assistance from the 2-acetamido

group to form an oxazoline intermediate.

Canavalia ensiformis, Mucor rouxii, and the B-hexosaminidase
from bovine kidney.’® One rationale for the potency of PUGNAc
2 toward both the family 84 O-GlcNAcases and the family
20 B-hexosaminidases is the sp® hybridisation of the anomeric
carbon. This sp? hybridisation is thought to mimic the geometry
of the dissociative transition states of most glycosidases and
is accordingly a common design feature of many glycosidase
inhibitors.”” Indeed, the inhibitory potency of PUGNACc 2 has
prompted the suggestion that it is a transition state analogue,™®
although this assertion waits to be rigourously substantiated.

To generate more useful probes of O-GIcNAcase and circum-
vent the problems associated with the concomitant inhibition
of the lysosomal B-hexosaminidases, Macauley et al. recently
prepared a series of thiazoline inhibitors 3a—f.?' Several of these
compounds proved both potent and highly selective for human O-
GlcNAcase over human B-hexosaminidase. As well, some of these
inhibitors were shown to rapidly block O-GlcNAcase function in

cultured cells resulting in rapid and marked increases in cellular
O-GIcNAc levels. Accordingly, these molecules are superior
candidates for studying the cellular and physiological processes
involving the O-GlcNAc post-translational modification.”! Based
on these observations we envisaged that making modifications in
the pendant N-acyl chain of PUGNACc 2, might yield an additional
set of potent and selective inhibitors for O-GIcNAcase based on
a different inhibitor scaffold. Such inhibitors may have different
pharmacokinetic properties and be valuable tools in dissecting
the role of the O-GIcNAc post-translational modification at the
cellular and organismal level.

Results and discussion

Both previous syntheses of PUGNAc 2 described in the
literature®®? use N-acetyl-D-glucosamine as a starting material.
To prepare the series of compounds we desired, we envisaged
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that a divergent synthesis would facilitate their rapid preparation.
Accordingly, N-acetyl-D-glucosamine is not a viable starting
material since we aimed to generate a panel of compounds with
various N-acyl groups. Despite this limitation, we expected that the
general synthetic route of Mohan and Vasella,” using N-acetyl-
D-glucosamine to prepare 2, could be adapted to our needs since
it is a much improved and convenient approach when compared
to the first report outlining the synthesis of PUGNAc 2.2

Due to the nature of the synthesis described by Mohan and
Vasella, which primarily involves base-catalyzed reactions we felt
that the fert-butoxycarbonyl group (Boc) would be stable through-
out the synthesis. We also expected that this group could be easily
removed in the presence of all the other functionalities at the end of
the sequence. This common intermediate obtained at a late stage
in the synthesis should be amenable to rapid diversification.

Starting from the readily accessible hydrochloride 4.,° the
Boc group was introduced to protect the amine moiety to
give the tetraacetate 5°'(Scheme 1). With the tetraacetate 5 in
hand, selective de-O-acetylation using (NH,),CO; afforded the
hemiacetal 6 in excellent yield. Treating this hemiacetal 6 with
NH,O0H.HCI yields the crude E and Z oximes 7 in good yield.
The next reaction, an oxidative ring closure, has been reported by
Mohan and Vasella to be quite temperamental. When oxidising
the oxime 8 using 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) and
N-chlorosuccinimide (NCS) careful control of the temperature of
the reaction mixture during the addition of the NCS was critical to
avoid formation of the undesired 1,4-lactone oxime 9.%° Consistent
with these observations several trial reactions with 8 show that
the temperature is indeed critical to successfully produce the 1,5-
lactone oxime 10 over the undesired 1,4-lactone oxime 9. Indeed,
at slightly elevated temperatures (—20 °C) only the 1,4-lactone
oxime 9 is obtained.

Treating the oxime 7 with DBU/NCS under the literature
conditions® provided us with a mixture of the desired 1,5-lactone
11 and the unwanted 1,4-lactone oxime 12ina 4 : 1 ratio. We found,
however, that having NCS already in solution with 7 and only then
adding DBU to the mixture furnished exclusively 11, albeit in a
somewhat lower yield. One complication encountered here is that
succinimide, a by-product of these reactions, is difficult to separate
from 11. Furthermore, spectral analysis of 11 is complicated due
to broadening of the signals obtained in the "H NMR spectrum.

Nonetheless, treating impure hydroximolactone 11 with phenyl
isocyanate yields pure carbamate 13 in good yield after purification

by flash chromatography (Scheme 2). At this stage of the synthesis
we expected that even though 13 contains two carbamate groups,
the phenyl carbamate would be more stable to acidic conditions
unlike the Boc-carbamate. Indeed, the Boc protecting group
is smoothly removed using anhydrous trifluoroacetic acid in
dichloromethane. Treating the resulting crude amine salt 14 with
the appropriate acyl chloride yields amides 15a—g in good overall
yields. Detailed analyses of 15a and 15b support the identities
of this entire N-acylated series of compounds. Subsequent de-O-
acetylation of 15a with saturated ammonia in methanol affords
PUGNAC 2 in good yield (Scheme 3). 16a was obtained from 15b
in a similar fashion. To highlight the ease of these conversions,
the common intermediate, 14 can be treated with a range of acyl
chlorides to provide 15¢—g as crude products. Immediate de-O-
acetylation of these crude intermediates readily furnishes the triols
16b—f, in good yield.

Inhibition studies

It has been previously established that PUGNAc 2 is a po-
tent competitive inhibitor of both O-GlcNAcase** and -
hexosaminidase.’®* For the human enzymes the respective K
values are 46 nM and 36 nM.>*' As described above, selective
inhibitors of these enzymes are of interest and we therefore
evaluated the selectivity of putative inhibitors 16a—f. Using pNP-
GIcNAc 17 as a substrate we found that these compounds are
indeed inhibitors of both human O-GIcNAcase and human B-
hexosaminidase (Table 1).

Analysis of the inhibition of human B-hexosaminidase reveals
that increasing the chain length of the N-acyl group results in a
marked decrease in the potency of these inhibitors (Table 1). The
inclusion of only one methylene group (compound 16a) resultsin a
33-fold increase in the K value for f-hexosaminidase as compared
to the parent PUGNACc 2. Additional increases in chain length lead
to still greater increases in K, values. Furthermore, as we hoped,
O-GlcNAcase tolerates increases in chain length better than -
hexosaminidase (Table 1).

Interestingly, for these two human enzymes, direct comparison
of the K, values of the previously prepared NAG-thiazoline
derivatives, 3a—f,?! reveals that the modified thiazolines are better
inhibitors than the corresponding PUGNAc-based compounds,
16a—f. These observations point to the importance of the position
of the acyl group of the inhibitor and potentially, the hybridisation
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Table 1

Inhibition constants and selectivities of inhibitors for O-GIcNAcase and B-hexosaminidase

Selectivity ratio

Compound O-GlcNAcase K;/uM B-hexosaminidase K;/uM (B-hexosaminidase K;/O-GlcNAcase K;)
2 0.046%* 0.036* 1
16a 1.2 1.2 1
16b 2.4 26 11
16¢ 40 220 6
16d 210 > 900 >5
16e 9 20 2
16f 190 > 1200 >6

of the anomeric carbon. The thiazolines, 1 and 3a-f, with a sp’
hybridised anomeric carbon, comprise a bicyclic scaffold that
restricts movement of the acyl chain as compared to the acyl chain
on the corresponding PUGNACc derivatives, 2 and 16a—f, that have
a sp? hybridised anomeric carbon. As well, the precise positioning
of the side chain within the active sites must vary between
these two sets of compounds. Together, these two factors must
contribute to both the overall somewhat poorer inhibition and
lesser selectivity of the PUGNAc-derived compounds compared
to the thiazoline derivatives. Consistent with these observations is

that streptozotocin (STZ) 18, a poor inhibitor of O-GlcNAcase
(K; = 1.5 mM),*33 also has a bulky, freely rotating acyl
chain and shows moderate selectivity for O-GlcNAcase over -
hexosaminidase.?*2%

These differences between the thiazoline-based compounds, 1
and 3a—f, and the PUGNACc derivatives, 2 and 16a—f, may stem
from the former compounds emulating the presumed bicyclic-
like transition state involved in the catalytic mechanism of
O-GlIcNAcase? and B-hexosaminidase.?*?***% In contrast, the
position of the N-acyl group of the PUGNAc analogues and
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STZ may resemble that of the natural substrate N-acetyl-D-
glucopyranoside. The different hybridisation of the anomeric
carbons of the PUGNAc and thiazoline derivatives may also
contribute to the precise positioning of these N-acyl groups.
Further crystallographic and kinetic studies defining the molecular
basis accounting for these differences between NAG-thiazoline 1
and PUGNACc 2 would be of considerable interest.

Conclusions

We have devised a divergent route that enables the rapid synthesis
of a series of PUGNAc-based inhibitors bearing different N-
acyl groups. All of the prepared compounds were inhibitors of
both human O-GlcNAcase and human B-hexosaminidase. These
compounds, however, exploit differences in active site architectures
between these two enzymes, which results in them being selective
for O-GlcNAcase. This observation is fairly consistent with what
has been reported for a set of thiazoline analogues.?® Despite
the somewhat surprising lower selectivity of these PUGNAc ana-
logues as compared to the thiazoline derivatives, these compounds
may have different pharmacokinetic properties owing to their dif-
ferent scaffold. Accordingly, these PUGNAc derivatives may prove
to be valuable tools for dissecting the role of the O-GIcNAc post-
translational modification at the cellular and organismal level.
Indeed, elaboration of other glycosidase inhibitors has yielded
clinically useful compounds targeting entirely different enzymes.*
As well, using the strategy outlined here, systematic elaboration of
other B-N-acetyl-glucosaminidase inhibitor scaffolds®*”*® may also
yield selective inhibitors for human O-GlcNAcase.

Experimental
General

All solvents were dried prior to use. Synthetic reactions were
monitored by TLC using Merck Kieselgel 60 F,s, aluminium-
backed sheets. Compounds were detected by charring with a 10%
concentrated sulfuric acid in ethanol solution and heating. Flash
chromatography under a positive pressure was performed with
Merck Kieselgel 60 (230-400 mesh) using specified eluants. '"H and
BCNMR spectra were recorded on a Bruker AMX400 at 400 MHz
(100 MHz for *C) or a Varian AS500 Unity Innova spectrometer
at 500 MHz (125 MHz for *C) (chemical shifts quoted relative to
CDClI; or CD;0D where appropriate). Elemental analyses of all
synthesized compounds used in enzyme assays were performed at
the Simon Fraser University or the University of British Columbia
Analytical Facility.

Kinetic analysis of O-GlcNAcase and f-hexosaminidase

All assays were carried out in triplicate at 37 °C for 30 min by
using a stopped assay procedure in which the enzymatic reactions
(50 pL) were quenched by the addition of a 4-fold excess (200 nL)
of quenching buffer (200 mM glycine, pH 10.75). Assays were
initiated by the careful addition, via pipette, of enzyme (5 pL),
and in all cases the final pH of the resulting quenched solution
was greater than 10. Time-dependent assay of O-GlcNAcase
and B-hexosaminidase revealed that enzymes were stable in their
respective buffers over the period of the assay: 50 mM NaH,PO,,
100 mM NacCl, 0.1% BSA, pH 6.5 and 50 mM citrate, 100 mM

NaCl, 0.1% BSA, pH 4.25. The progress of the reaction at the end
of 30 min was determined by measuring the extent of 4-nitrophenol
liberated as determined by UV measurements at 400 nm using a 96-
well plate (Sarstedt) and 96-well plate reader (Molecular Devices).
Human placental -hexosaminidase was purchased from Sigma
(10t043K 3783), and O-GlcNAcase was overexpressed and purified
freshly, prior to use.* O-GlcNAcase and f-hexosaminidase were
used in the inhibition assays at a concentration (ug pL™") of
0.0406 and 0.012, respectively using substrate 17 at a concentration
of 0.5 mM. All inhibitors were tested at seven concentrations
ranging from three times to 1/3 K, with the exception of the
assay of inhibitor 16d with B-hexosaminidase, where such high
concentrations of inhibitor could not be reached because of its
high K value. K| values were determined by linear regression of
data from Dixon plots.

(E)- and (Z)-3,4,6-Tri-O-acetyl-2-tert-butoxycarbonamido-2-
deoxy-D-glucose oxime (7). Hydroxylamine hydrochloride (3.2 g,
46 mmol) was added to the hemiacetal 6*° (12 g, 31 mmol) and
pyridine (6.3 mL, 77 mmol) in MeOH (200 mL) and the resulting
solution stirred at reflux (2 h). The solution was concentrated and
co-evaporated with toluene (2 x 20 mL). The residue was taken
up in EtOAc and washed with water (2 x 50 mL), brine (50 mL),
dried (MgSO,), filtered and concentrated to give the presumed
oxime 7 (9.5 g). The residue was used without further purification.

3,4,6-Tri- O-acetyl-2-tert-butoxycarbonamido-2-deoxy-D-gluco-
nohydroximo-1,5-lactone (11). (a) 1,8-Diazabicyclo[5.4.0Jundec-
7-ene (0.98 mL, 6.6 mmol) was added to the crude oxime 7 (2.5 g,
5.9 mmol) in CH,Cl, (60 mL) at —45 °C and the mixture stirred
(5 min). N-chlorosuccinimide (0.87 g, 6.5 mmol) was then added
to the solution in such a way that the temperature did not go
above —40 °C and the resulting mixture was allowed to stir for
30 min at this temperature and then was allowed to warm to room
temperature over two h. The mixture was quenched with water and
diluted with EtOAc (100 mL). The organic layer was separated
and washed with water (2 x 50 mL), brine (1 x 50 mL), dried
(MgSO0,) filtered and concentrated. Flash chromatography of the
resultant residue (EtOAc/hexanes 2 : 3) gave the title compound
11 as a colourless oil (1.7 g, 68%). The 'H and “C NMR spectra
appeared to show the compound of interest but was contaminated
with the 1,4-lactone oxime 12 and succinimide.

(b) 1,8-Diazabicyclo[5.4.0Jlundec-7-ene (3.0 mL, 20 mmol) was
added to the oxime 7 (7.7 g, 18 mmol) and N-chlorosuccinimide
(2.7 g, 20 mmol) in CH,Cl, (110 mL) at —45 °C in such a way that
the temperature did not go above —40 °C and the resulting mixture
was allowed to stir for 30 min at this temperature and then was
allowed to warm to room temperature over two h. The mixture
subsequently treated as in (a) to give the title compound 11 (4 g,
52%%). R; 0.16 (EtOAc/hexane 1 : 1); 6y (500 MHz, CD,;0D):
9.12 (brs, 1H, NOH), 5.33-5.18 (m, 3H, H3, H4, NH), 4.60-4.52
(m, 1H, H2), 4.33 (dd, J = 3.5, 12.5, 1H, H6), 4.33 (dd, J = 2.0,
1H, H6), 4.19 (ddd, J = 9.5, 1H, H5), 2.08 (s, 3H, CH;), 2.03 (s,
3H, CH,), 2.02 (s, 3H, CHj3), 1.40 (s, 9H, C(CH5;)s). d¢ (125 MHz,
CD,0D): 171.5, 170.5, 170.3, 169.0 (4C, C=0), 150.7 (C1), 76.5,
72.4, 67.3 (3C, C3, C4, C5), 61.5 (C6), 50.8 (C2), 29.6 (C(CHs,)s),
28.2 (C(CHj;);), 20.7, 20.6, 20.5 (3C, CHj;).

§ The quoted yield does not include the 5% (w/w) of succinimide in the
'H and *C NMR spectra.
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0-(3,4,6-Tri- O-acetyl-2-tert-butoxycarbonamido-2-deoxy-D-
glucopyranosylidene)amino /V-phenylcarbamate (13). Phenyl
isocyanate (0.5 mL, 3.7 mmol) was added to the lactone 11 (1.3 g,
3.1 mmol) and Et;N (1.3 mL, 9.3 mmol) in THF (50 mL) and
the solution stirred (r.t., 3 h). Concentration followed by flash
chromatography of the resultant residue (EtOAc/hexanes 1:4)
yielded the carbamate 13 as a colourless oil (1.2 g, 71%). R;
0.65 (EtOAc/hexane 1:1); oy (500 MHz, CDCl;): 7.83 (br s, 1H,
PhNH), 7.42 (m, 2H, Ar), 7.32 (m, 2H, Ar), 7.11 (m, 1H, Ar),
5.38-5.30 (m, 2H, H3, H4), 5.18 (brs, 1H, NH), 4.62 (m, 1H, H2),
4.45-4.40 (m, 2H, HS, H6), 4.31 (dd, J = 3.5, 13.5, 1H, H6), 2.12
(s, 3H, CHj;), 2.09 (s, 3H, CH,), 2.07 (s, 3H, CHj;), 1.44 (s, 9H,
C(CH,);). d¢ (125 MHz, CDCl,): 171.1, 170.3, 170.0, 169.1 (4C,
C=0), 155.0 (CONHPh), 151.4 (C1), 136.8, 129.1, 124.2, 119.4
(4C, Ar), 77.2, 71.0, 67.2 (3C, C3, C4, C5), 61.2 (C6), 51.1 (C2),
30.6 (C(CH,);), 28.2 (C(CHs;)s), (20.7, 20.6, 20.5 (3C, CH;); Anal.
calcd for C,,H;;N;O,,: C, 53.63; H, 5.81; N, 7.82. Found: C, 53.72;
H, 5.78; N, 7.78%.

General procedure for the preparation of the O-(3,4,6-tri-O-
acetyl-2-acylamido-2-deoxy-D-glucopyranosylidene)amino /N-phenyl-
carbamates (15a-g). Trifluoroacetic acid (13 mmol) was added
to the carbamate 13 (1 mmol) in CH,Cl, (10 mL) at 0 °C and
the solution stirred (2 h). Pyridine (200 mmol) was then slowly
added to the solution and the resulting mixture left to stand (0 °C,
10 min). The appropriate acyl chloride (3 mmol) was then added
at 0 °C and the solution allowed to stand at 4 °C overnight.
Concentration of the mixture gave a yellowish residue which was
dissolved in EtOAc (30 mL) and washed with (2 x 20 mL), brine
(1 x 20 mL), dried (MgSO,) filtered and concentrated. For the
presumed intermediate tri-O-acetates 15¢—g these were carried
through without further purification. Flash chromatography of
the residues presumably 15a and 15b (EtOAc/hexanes 1 : 1) gave
the desired acyl derivatives 15a and 15b in yields of 48% and 42%
respectively.

0-(2-Acetamido-3,4,6-tri- O-acetyl-2-deoxy-D-glucopyranosyli-
dene)amino N-phenylcarbamate (15a). Gave 'H and “C NMR
spectra consistent with that found in the literature.”” (48%) R; 0.2
(EtOAc/hexane 7 : 3).

0-(3,4,6-Tri-O-acetyl-2-deoxy-2-propamido-D-glucopyranosyli-
dene)amino N-phenylcarbamate (15b). (42%) R; 0.11 (EtOAc/
hexane 1: 1); 04 (500 MHz, CDCl;): 7.71 (br s, 1H, PhNH), 7.41
(m, 2H, Ar), 7.32 (m, 2H, Ar), 7.11 (m, 1H, Ar), 6.59 (d, J = 7.5,
1H, NH), 5.40 (dd, J = 9.0, 1H, H3), 5.35(dd, J = 9.0, 1H, H4),
4.89 (dd, 1H, H2), 4.53 (ddd, J = 3.0, 4.0, 1H, H5), 4.43 (dd, J =
13.0, 1H, H6), 4.32 (dd, 1H, H6), 2.22 (q, J = 7.5, CH,), 2.13 (s,
3H, COCH,), 2.07 (s, 3H, COCH,), 2.05 (s, 3H, COCHs;), 1.14 (t,
3H, CH,). ¢ (125 MHz, CDCl,): 174.2, 170.4, 170.2, 169.1 (4C,
C=0), 155.1 (CONHPh), 151.7 (Cl1), 136.8, 129.2, 124.3, 119.2
(4C, Ar), 77.2,71.2, 67.1 (3C, C3, C4, C5), 61.2 (C6), 49.6 (C2),
29.4 (CH,), 20.7, 20.6, 20.5 (3C, COCH,), 9.7 (CH,).

General procedure for the preparation of the O-(2-acylamido-2-
deoxy-D-glucopyranosylidene)amino N-phenylcarbamates 2, 16a—
f. A saturated solution of ammonia in MeOH (2 mL) was
added to the carbamate (0.3 mmol) in MeOH (10 mL) and the
solution left to stand (r.t., 2 h). Concentration followed by flash
chromatography of the residue (MeOH/EtOAc 3 : 97) gave the
desired triols 2, 16a—f in yields ranging from 21% to 32%.

O-2-Acetamido-2-deoxy-D-glucopyranosylidene)amino /N-phenyl-
carbamate (2). (32%) Gave 'H and *C NMR spectra consistent
with that found in the literature.”” R; 0.15 (MeOH/EtOAc 1 : 19).

0+2-Deoxy-2propamido-D-glucopyranosylidene)amino /N-phenyl-
carbamate (16a). (32%) R; 0.11 (MeOH/EtOAc 1 : 19); dy
(500 MHz, CD,0OD): 7.41 (m, 2H, Ar), 7.26 (m, 2H, Ar), 7.03
(m, 1H, Ar), 4.54 (m, 1H, H2), 3.96-3.93 (m, 2H, HS5, H6), 3.83
(dd, J = 4.0, 12.5, 1H, H6), 3.75-3.71 (m, 2H, H3, H4), 2.31 (q,
J =1.5, CH,), 1.16 (t, 3H, CH); 6 (125 MHz, CD,0D): 177.5
(C=0), 159.5 (CONHPh), 154.7 (C1), 139.3, 129.9, 124.8, 120.3
(4C, Ar), 84.1, 74.4, 69.9 (3C, C3, C4, C5), 61.8 (C6), 52.9 (C2),
30.2 (CH,), 10.2 (CH,); Anal. calcd for C,H,, N;0,.H,0: C, 50.00;
H, 5.77; N, 10.93. Found: C, 50.02; H, 5.78; N, 10.76%.

0-(2-Deoxy-2-butamido-D-glucopyranosylidene)amino /V-phenyl-
carbamate (16b). (26%) R; 0.26 (MeOH/EtOAc 1 : 19); dy
(500 MHz, CD,OD): 7.41 (m, 2H, Ar), 7.27 (m, 2H, Ar), 7.03
(m, 1H, Ar), 4.54 (m, 1H, H2), 3.94-3.92 (m, 2H, HS5, H6), 3.83
(dd,J=4.5,13.0, 1H, H6), 3.74-3.70 (m, 2H, H3, H4),2.26 (t, J =
6.0, COCH,), 1.66 (m, 2H, CH,CH;), 0.96 (t, J = 7.0, 3H, CH5;);
dc (100 MHz, CD,0D): 176.7 (C=0), 159.5 (CONHPh), 154.7
(C1), 139.3, 130.0, 124.8, 120.3 (4C, Ar), 84.1, 74.5, 69.9 (3C, C3,
C4, C5), 61.8 (C6), 52.9 (C2), 39.1 (CH,), 20.3 (CH,), 14.1 (CH5;);
Anal. calcd for C;H,;N;0,: C, 53.54; H, 6.08; N, 11.02. Found:
C, 53.52; H, 6.09; N, 10.90%.

O0+2-Deoxy-2-valeramido-D-glucopyranosylidene)amino N-phenyl-
carbamate (16¢). (23%) R; 0.43 (MeOH/EtOAc 1 : 19); dy
(400 MHz, CD;0OD): 7.45 (m, 2H, Ar), 7.30 (m, 2H, Ar), 7.03
(m, 1H, Ar), 4.58 (m, 1H, H2), 3.99-3.94 (m, 2H, HS, H6), 3.87
(dd,J =4.0,12.4,1H, H6), 3.79-3.75 (m, 2H, H3, H4),2.33 (t, / =
7.2, COCH,), 1.64 (m, 2H, CH,CH,), 1.40 (m, 2H, CH,CH,), 0.92
(t,J =7.2,3H, CH,); o (100 MHz, CD;0D): 176.8 (C=0), 159.5
(CONHPh), 154.7 (C1), 139.3, 130.0, 124.8, 120.4 (4C, Ar), 84.1,
74.3, 69.9 (3C, C3, C4, C9), 61.8 (C6), 52.9 (C2), 37.0 (CH,), 29.0
(CH,), 23.5 (CH,), 14.2 (CH;); Anal. calcd for C;3H,sN;0,.2H,0:
C, 50.11; H, 6.34; N, 9.79. Found: C, 50.25; H, 6.04; N, 9.94%.

O-2-Deoxy-2-hexamido-D-glucopyranosylidene)amino /N-phenyl-
carbamate 16d. (26%) R; 0.48 (MeOH/EtOAc 1 : 19); dy
(500 MHz, CD;0D): 7.43 (m, 2H, Ar), 7.28 (m, 2H, Ar), 7.05
(m, 1H, Ar), 4.55 (m, 1H, H2), 3.97-3.92 (m, 2H, HS5, H6), 3.85
(dd, J = 4.0, 12.5, 1H, H6), 3.77-3.72 (m, 2H, H3, H4), 2.30 (t,
J =17.5, COCH,), 1.66 (m, 2H, COCH,CH,), 1.36-1.27 (m, 4H,
CH,CH,), 0.87 (t, J = 6.5, 3H, CHj;); d. (125 MHz, CD,OD):
176.8 (C=0), 159.5 (CONHPh), 154.7 (Cl1), 139.3, 130.0, 124.8,
120.4 (4C, Ar), 84.1, 74.3, 69.9 (3C, C3, C4, C5), 61.8 (C6), 52.9
(C2), 37.2 (CH,), 32.6 (CH,), 26.6 (CH,), 23.5 (CH,), 14.3 (CH,);
Anal. calced for C,,H,,N;0,: C, 55.74; H, 6.65; N, 10.26. Found:
C, 55.55; H, 6.86; N, 9.99%.

O{2-Deoxy-2isobutamido-D-glucopyranosylidene)amino N-pheny}
carbamate (16e). (29%) R; 0.22 (MeOH/EtOAc 1 : 19); dy
(500 MHz, CD,0D): 7.42 (m, 2H, Ar), 7.27 (m, 2H, Ar), 7.03 (m,
1H, Ar), 4.52 (m, 1H, H2), 3.96-3.92 (m, 2H, HS, H6), 3.83 (dd,
J=4.5,12.5,1H,H6),3.77-3.71 (m, 2H, H3, H4),2.54 (m, J = 7.0,
CH), 1.16(d, 3H, CH,), 1.14(d, 3H, CH;);d¢ (125 MHz, CD;0D):
180.6 (C=0), 159.4 (CONHPh), 154.7 (C1), 139.3, 130.1, 124.8,
120.4 (4C, Ar), 84.1, 74.3, 69.9 (3C, C3, C4, C5), 61.8 (C6), 52.8
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(C2),36.4 (CH), 19.9, 19.8 (2C, CH,); Anal. caled for C,;HyN;O:
C, 53.54; H, 6.08; N, 11.02. Found: C, 53.17; H, 6.18; N, 10.87%.

O-(2-Deoxy-2-isovaleramido-D-glucopyranosylidene)amino V-
phenylcarbamate (16f). (23%) R; 0.47 (MeOH/EtOAc 1 : 19);
oy (400 MHz, CD;0D): 7.44 (m, 2H, Ar), 7.30 (m, 2H, Ar), 7.06
(m, 1H, Ar), 4.59 (m, 1H, H2), 3.98-3.95 (m, 2H, H5, H6), 3.86
(dd, J = 4.4, 12.8, 1H, H6), 3.77-3.74 (m, 2H, H3, H4), 2.17 (d,
J =7.5, COCH,), 2.12, (m, 1H, CH(CH,),), 0.98 (m, 6H, CHj;);
dc (100 MHz, CD;0D): 176.0 (C=0), 159.5 (CONHPh), 154.7
(C1), 139.3, 130.0, 124.8, 120.4 (4C, Ar), 84.1, 74.5, 69.9 (3C, C3,
C4, C5), 61.8 (C6), 52.9 (C2), 46.5 (CH,), 27.5 (CH(CH,),), 23.0,
22.9 (2C, CH,); Anal. caled for C3sH,sN;O;: C, 54.68; H 6.37; N,
10.63. Found: C, 54.33; H, 6.48; N, 10.56%.
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Pyruvic acid and its isomers, including the enol tautomers and enantiomeric lactone structures, have
been investigated at the B3LYP/6-311 + + G(3df,3pd) level, and it is found that a keto form with trans
Cretiyt Creto Cacid Onyaronyt a1d ¢is CyeioC,eia OH, and with one methyl hydrogen in a synperiplanar position
with respect to the keto oxygen, is the most stable. This agrees with previous theoretical and
experimental determinations. However, no minimum corresponding to protonated pyruvate could be
located, although previous semiempirical calculations had found such structures. Decarboxylation by
different possible routes was then studied. It was found that the direct formation of acetaldehyde, the
most stable of the resulting C,H,O isomers, via a four-center-like transition state is the most feasible,
although there is a high activation barrier of 70 kcal mol~". In contrast to semiempirical calculations, it
is found that no hydroxyethylidene—carbon dioxide complex exists as a product, and no transition state

leading to the dissociation to hydroxethylidene could be located.

Introduction

Pyruvic acid, CH;COCOOH, is the traditional name for 2-
oxopropanoic acid, a colorless liquid. Also known as pyroracemic
acid, it is an organic acid first obtained by Berzelius by the dry
distillation of tartaric or racemic acids.! It plays a fundamental
role in biological systems, and occurs naturally in the body. It
is an intermediate in the metabolism of carbohydrates, formed
by the anaerobic glycolysis of glucose. It is then oxidized to
carbon dioxide and acetic acid molecules, bonded to coenzyme
A, or CoA. Alternatively, in the absence of sufficient oxygen,
pyruvic acid may be reduced to lactic acid, responsible for muscle
fatigue. Its anion, pyruvate (CH,;COCOO"), is also an important
intermediate compound in the carbohydrate metabolism of living
organisms, and is the product of glycolysis and a precursor for the
Krebs cycle.

Several kinetic studies on the decomposition of pyruvic acid
have been reported in the literature. The decarboxylation re-
action has been studied experimentally by both thermal and
photodissociation methods.>® There has also been considerable
experimental interest in the relative magnitudes of the barriers
to intramolecular rearrangements connecting acetaldehyde, vinyl
alcohol and hydroxyethylidene, but agreement as to the ordering
of the barriers has yet to be reached. There have been a number of
ab initio studies of various aspects of the potential energy surface
connecting the three isomers.*"’

We have therefore carried out a theoretical investigation of the
pyruvic acid molecule and its isomers and some of their reactions.
The preferred conformations of the pyruvic acid molecule, as
well as its enol tautomer, were first determined. The vibrational
spectra of the conformers were compared with the experimental
spectra to confirm the most stable isomers. We then studied the
decarboxylation pathways by three channels, leading, respectively,

Department of Chemistry, University of Delhi, Delhi, 110 007, India.
E-mail: rita_kakkar@vsnl.com

to acetaldehyde, hydroxyethylidene and vinyl alcohol. The inter-
conversion of these three molecules was then investigated.

The pyruvic acid molecule is interesting from the viewpoint of
structural chemistry, since it can assume different conformations
due to intramolecular rotation along the single C-C and C-O
bonds, as well as exhibit different tautomers. Previous ab initio
molecular orbital calculations on monomeric pyruvic acid'**#2
predicted the existence of four conformers, all exhibiting a planar
heavy-atom framework with two methyl hydrogens symmetrically
situated with respect to the molecular plane (Fig. 1).

04 04
g Ho |l ng o Il Hio
\i /C3\O G /C3\O
C—C 3 — 5
1 i \ 1 Cx
/ \ Hio / \
H7 O6 H7 O6
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H10\ /HIO
(o} - 05
Hg Ho (,l ng 19 (I: N
\: ) 3%0 \: /7304
¢, 4 ci-C
A /'
H7 06 H7 Og
Cce Cte

Fig. 1 Conformers of pyruvic acid and atom numbering scheme.

These calculations had found conformer Tce (Fig. 1) to be the
lowest energy structure.'"*2* Cre and Tte species were predicted
to have higher energies than 7te within the range 0.5-3 kcal
mol™, depending on the level of calculation."! In relation to
experiment, this energy difference means that conformers 7te and
Cte, along with Tce, could be present in the gas-phase pyruvic acid
in noticeable amounts. The fourth possible conformer, Cce, was
predicted to have a much higher energy (from 10.3 to 12.8 kcal
mol~" above Tee').
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Several microwave studies of gaseous pyruvic acid have been
reported.??¢ In consonance with the theoretical predictions, the
main conclusion from these studies is that the most stable con-
formation is Tce. No other conformers have been experimentally
found by this method. On the other hand, infrared studies of
gaseous pyruvic acid? revealed the existence of two pyruvic acid
forms at temperatures between 363 and 453 K. The most stable 7ce
conformer could be easily identified spectroscopically due to the
observation of the low-frequency O-H and C=0 stretching bands
associated with the intramolecularly hydrogen-bonded groups in
this form (see Fig. 1). The precise nature of the second conformer
could not be established, although it has been proposed that the
conformation adopted by the hydroxyl group is with all probability
trans (i.e., the second observed conformer could be either Tze
or Cte). In a matrix isolation infrared study of sixteen isotopic
modifications of pyruvic acid,”® an assignment was proposed
for the vibrational spectra of all isotopic species, assuming that
only the Tce conformer contributes to the observed spectroscopic
features. However, the possibility of the presence of a small amount
of another pyruvic acid conformer was not excluded. The authors
also mention the presence of detectable amounts of impurities in
all the samples, such as water, carbon dioxide and acetic acid.

Reva et al.® investigated the molecular structure of pyruvic
acid by matrix isolation FTIR spectroscopy, density functional
theory (DFT), and ab initio calculations. They used the calculated
harmonic frequencies and IR intensities to assist the assignment
of the observed bands to the different forms. They found two
conformers, both of which exhibit a planar framework with
the carbonyl bonds in a trans arrangement, but differing in the
orientation of the hydroxyl hydrogen, i.e., the Tte and 7ce forms.

Several conformations for its enol tautomer are also possible,
differing in the orientations of the hydrogen. These are also in-
vestigated, as are other possible forms, including the enantiomeric
lactone forms. For all these structures, we have also calculated the
vibrational frequencies, and compared with experimental data or
other calculations, wherever available.

Computational details

The DFT method was used to estimate the relative conformational
stabilities and the harmonic vibrational frequencies. The calcu-
lations were performed with the B3LYP three-parameter density
functional, which includes Becke’s gradient exchange correction,”
the Lee—Yang-Parr correlation functional,*® and the Vosko-Wilk—
Nusair correlation functional.!

Initially, the geometries of all pyruvic acid conformers were
fully optimized at the B3LYP/6-31G(d) level. This was followed
by harmonic frequency calculations at this level. The calculated
harmonic frequencies were scaled down with the scaling factor
of 0.9614 recommended by Scott and Radom** and were used
to confirm the nature of all stationary point structures and to
account for the zero-point vibrational energy contribution, which
was scaled down by a factor of 0.9806. The relative stabilities of
the pyruvic acid conformers were then calculated at the B3LYP/6-
311 + + G(3df,3pd) level of theory for the geometries optimized at
the B3LYP/6-31G(d) level. The SCF = Tight option was used in
these calculations, performed using Gaussian 03 Revision B.5.%

In this work, we follow the nomenclature used for pyruvic
acid conformers,'**?* which named conformers according to

the Cemy Creto CaciaOyaroxyt aNd Ciero Ccid OH angles. The upper-case
letter (C, cis; T, trans) refers to the CCCO dihedral angle; the
lower-case letter (¢ or f) refers to the CCOH dihedral angle.
An additional mirror set of four conformations can also be
obtained by changing the orientation of the methyl group from
the eclipsed to the staggered position.?»-*® The final e refers to the
eclipsed conformation. We have also considered the four staggered
conformations in the present study. Although Yang et al* have
recently calculated the relative energies and vibrational frequencies
of pyruvic acid conformers at the B3LYP/6-311 + + G(3df,3pd)
level, they have not done a complete study of all possible
forms. In the present calculations, we have performed geometry
optimizations at a lower level (B3LYP/6-31G(d)), but single point
calculations at the optimized geometries at the B3LYP/6-311 + +
G(3df,3pd) level have been performed to evaluate the relative
energies. Moreover, we have considered all possible forms of the
molecule, including the enol tautomers. We propose to show that
geometry optimizations at the B3LYP/6-31G(d) level reproduce
the experimental geometries adequately.

All transition states were characterized by the existence of only
one imaginary frequency for motion along the reaction coordinate.
Furthermore, Intrinsic Reaction Coordinate (IRC) calculations
were performed to confirm that the predicted transition state
structures connect the relevant reactants and products.

Results and discussion
Relative energy of conformers

All four pyruvic acid eclipsed conformers (Fig. 1) were first
investigated. In agreement with previous calculations, the Tce
conformer was found to be the most stable (see Table 1). The
relative energies of the eclipsed conformers follow the order Tce <
Tte < Cte < Cce. The small difference in energies between the
first three conformers implies that all three are in equilibrium

Table 1 Calculated relative energies (kcal mol™") of the various forms® of
pyruvic acid at the B3LYP/6-311 + + G(3df,3pd)//B3LYP/6-31G(d) level

System Energy*
Tce 0.0

Tte 2.6 (2.6)
Cce 10.3(10.4)
Cte 424.1)
Tes 0.8 (0.7)
Tts 3.5(3.4)
Ces 11.9

Cts 5.4(5.3)
Enol-a 11.1
Enol-b 19.7
Enol-c 11.1
Enol-d 8.4
Enol-e 17.3
Enol-f 9.9
Enol-g 11.4
Enol-h 5.9

La 30.8

Lb 29.3

“The zero-point corrected energy of Tce is —342.4690724 Hartree. Values
in parentheses are the B3LYP/6-311 + + G(3df,3pd) results from ref. 20.
b See Fig. 1.
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in the ground state of pyruvic acid. The agreement between the
present results and those calculated at the B3LYP/6-311 + +
G(3df,3pd)//B3LYP/6-311 + + G(3df,3pd) level is good.

Tables 2 and 3 present the optimized geometries of the four
eclipsed conformational states (Tce, Tte, Cce and Cte) of pyruvic
acid calculated at the B3LYP/6-31G(d) level, their predicted
rotational constants and dipole moments. Experimental data**
for the most stable 7ce conformer are also included in Table 2 for
comparison. Good agreement can be seen with the previously
calculated and experimental geometries. However, as in the
calculations of Yang et al.,*® the optimized C-C bond lengths are
slightly larger than the experimental ones. The standard deviation
of the calculated bond lengths from the experimental ones for Tce
is found to be 1.2%. The experimental determinations failed to
locate the Cce conformer. The calculated values for the standard
deviations from the experimental values for the Tte, Cce and Cte
conformers are 1.4%, 2.0% and 1.7%. These increases are of the
same order as the decreases in stability, confirming that Tce is the
preferred conformer, with contributions from 7te and Cte, as the
difference in relative energies is small.

The present calculation is in good agreement with all the
earlier studies,'~* which affirms the validity of the present
computational method. In contrast to more involved HF and
MP2 calculations® that did not show convergence for the Cce
conformer, the present DFT calculations show that the cor-
responding total energy converges at 10.3 kcal mol™' above
the Tce minimum. The agreement with the B3LYP/6-311 + +

Table 2 Optimized geometrical parameters,? observed and theoretical
rotational constants (4, B, C) and dipole moment () of the pyruvic acid
conformer Tce

Present Other” MP2¢ Expt.>*

C.C/A 1.499 1.496 1.499 1.486
C,C./A 1.549 1.552 1.545 1.523
0,C,/7A 1.207 1.198 1.218 1.215
0,C,/A 1.338 1.332 1.347 1.328
0,C,/A 1.219 1.209 1.233 1.231
H,C,/A 1.091 1.086 1.096 1.074
H,C,/A 1.096 1.091 1.101 1.106
H,C,/A 1.096 1.091 1.101 1.106
H,,0s/A 0.983 0.974 0.980 0.983
C,C,C,/° 117.2 117.0 117.0 118.6
0,C;C,/° 123.1 123.1 123.0 122.0
05C,C,/° 112.3 112.7 113.0 114.5
0,C,C,/° 125.3 125.3 125.2 125.0
H,C,C,/° 110.1 110.1 109.8 110.7
H,C,C,/° 109.8 109.6 109.2 109.0
H,C,C,/° 109.8 109.6 109.2 109.0
H,,0;5C;/° 106.1 107.1 105.6 105.2
0.C,C,C,/° 0.0 0.0 0.0 —
05C;C,C,/° 180.0 180.0 180.0 —
0,C,C,C;/° 180.0 180.0 180.0 —
H,C,C,C,/° 180.0 180.0 180.0 —
H;C,C,04/° 1219 122.0 121.9 —
H,C,C,0,/°  —121.9 —122.0 —121.9 —
H,,0,C;0,/° 0.0 0.0 0.0 —
A/cm™ 0.183 — 0.181 0.185
B/cm™ 0.119 — 0.119 0.120
C/cm™! 0.073 — 0.073 0.074
u/debye 2.44 2.38 2.63 2.30

“ Calculated geometry from ref. 20. * Experimental geometry from ref. 24.
¢ Experimental rotational constants and dipole moments from ref. 25. ¢ See
Fig. 1.

G(3df,3pd)//B3LYP/6-311 + + G(3df,3pd) results,” in particular,
is within £0.1 kcal mol™!, indicating that for large systems,
B3LYP/6-311 + + G(3df,3pd)/B3LYP/6-31G(d) is a better
option, since the energy is quite insensitive to the quality of the
geometry.33¢

The pyruvic acid molecule is stabilized by hydrogen bonding
in the condensed phase.®” Localized orbital studies of hydrogen
bonding on the pyruvic acid molecule,*® however, revealed that the
intramolecular hydrogen bonding in the Tce isomer of pyruvic acid
is weak due to geometric restrictions on the Oy - - - H;i—Os bond an-
gle. This explains the negligible stabilization of Tce relative to Tte.

On the basis of the literature on formates and acetates, the
energy differences among the pyruvic acid conformers may
be considered in terms of dipole alignment of the carbonyl
bonds* and possible contributions from steric, conjugation, and
aromaticity effects.***! The calculated molecular dipole moments
for the cis isomers (Cce: 5.57 D, Cte: 4.09 D, see Table 3), in which
the carbonyl bond dipoles are parallel and hence reinforce each
other (Fig. 1), are higher than the corresponding values for the
trans isomers (Tce: 2.44 D, Tte: 1.30 D, see Tables 2 and 3), in
which the dipoles oppose each other. The relative stability order
clearly agrees with the finding® that the conformer with the smaller
dipole moment is always more stable.

Theoretical studies'? also analyzed in detail the exact equilib-
rium arrangement of the methyl group in pyruvic acid. We also
calculated the energies of the corresponding staggered forms. All
the staggered structures were found to have a higher total energy
than the corresponding eclipsed forms (see Table 1). As found for
other molecules bearing a methyl group adjacent to a carbonyl
(e.g., acetic and thioacetic acids, acetone, acetaldehyde,** it is
now well established that, in pyruvic acid, the methyl group
assumes a conformation where one of the hydrogen atoms is
synperiplanar with respect to the carbonyl oxygen.

Other tautomers

Enol tautomer. We also considered the enol tautomer of
pyruvic acid. This is important, as the direct decarboxylation to
vinyl alcohol would involve this tautomer. Several conformers of
this tautomer are possible, too, and these are depicted in Fig. 2.
Our calculations suggest that the preferred conformer is /4, but the
differences in energy are extremely small. This is found to be less
stable than the Tce form by 6 kcal mol~'. The relative stabilities
of the eight conformers are given in Table 1 and their optimized
geometries are given in Table 4. Except e, all are planar.

Enantiomeric lactone-type isomers. Two rotamers of the lac-
tone form were considered; these are depicted in Fig. 3 and the
optimized geometries are given in Table 5. Despite the presence of
strained three-membered C—C-O rings, the two lactone conform-
ers are found to be stable. The b conformer is found to be more
stable (see Table 1). Table 5 also gives the geometry calculated at
the SCF/6-311G** level® for this conformer.

Vibrational spectra

Recently, it has been proved® unequivocally that, besides the
more stable Tce conformer, the Tte conformer is also present in
equilibrium. Tables 6 and 7 compare the calculated vibrational
frequencies with the experimental frequencies and those calculated
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Table 3 Optimized geometrical parameters,’ theoretical rotational constants (4, B, C) and dipole moments (x) of the pyruvic acid conformers Tte, Cce

and Cte
Tte Cce Cte
Present Other* Present Other* Present Other*
C2C1//§ 1.508 1.501 1.519 1.513 1.510 1.503
C;C/A 1.547 1.551 1.563 1.567 1.552 1.558
O4C3/é 1.212 1.201 1.199 1.197 1.204 1.199
O;C,/A 1.342 1.336 1.358 1.354 1.355 1.351
0,C,/A 1.210 1.203 1.207 1.189 1.209 1.194
H7C1/é 1.091 1.086 1.091 1.086 1.092 1.086
HyC,/A 1.096 1.091 1.099 1.093 1.096 1.091
H,C,/A 1.096 1.091 1.099 1.093 1.096 1.091
H,,0s/A 0.976 0.969 0.970 0.963 0.977 0.969
C,C,C,/° 114.6 114.7 119.0 118.8 118.0 117.9
0,C;C,/° 123.1 124.9 121.8 123.0 124.1 124.3
0;C;C,/° 112.4 112.6 116.8 116.5 111.7 111.7
0,C,C,/° 124.8 122.8 122.9 122.2 124.3 124.2
H,C,C,/° 109.4 109.5 109.0 109.2 109.3 109.4
H;C,C,/° 110.2 110.0 111.2 110.9 110.4 110.2
H,C,C,/° 110.2 110.0 111.2 110.9 110.4 110.2
H,,0,C;/° 106.4 107.5 111.4 111.9 106.6 107.5
0,C;C,C,/° 0.0 0.0 180.0 180.0 180.0 180.0
0,C,C,C,/° 180.0 180.0 0.0 0.0 0.0 0.0
0,C,C,C;/° 180.0 180.0 180.0 180.0 180.0 180.0
H,C,C,GC;/° 180.0 180.0 180.0 180.0 180.0 180.0
H;C,C,0,/° 121.5 121.7 119.7 120.0 121.2 121.4
H,C,C,0,/° —121.5 —121.7 —119.7 —120.0 —121.3 —121.4
H,,0,C;C,/° 180.0 180.0 0.0 0.0 180.0 180.0
A/cm™! 0.187 — 0.182 — 0.184 —
B/cm™! 0.115 — 0.115 — 0.116 —
C/cm™ 0.072 — 0.071 — 0.072 —
1/ debye 1.30 1.27 5.57 5.51 4.09 4.06
“ From ref. 20. ® See Fig. 1.
I ¥
H Hg 0.
8\c—c’ C3‘05 Ne=c/ >0, He 7 * Hy v
i i N AN 3 C
/A s e—cls Neo” 3
H7 H/Os Hio H7 O Hio Hg's ! %00 Hg"y ! ?(;0
9 Ho H7 / 6 H7 6
a b Hio Hio
a b
(IT4 (|T4 Fig. 3 Conformers of the lactone forms.
“8\C_C,Cg~O/H10 TS Sy Mo
ST S s by other methods™? for these two conformers. Reasonable
Hy H9/06 H7 OG\H agreement with the experimental vibrational frequencies can be
. J ? seen. The agreement with experimental frequencies is better than
that obtained by other authors, validating our calculation method.
- Most of the bands that were not observed experimentally® are
Hio BN the ones calculated with low intensity. Note the slightly smaller
Hg (|)5 Hg (|)5 values of the O-H stretch frequency for Tce (3432 cm™' compared
\C:C/C3%o 4 \C_ /C3%o 4 to 3556 cm™ in Tte) and the carbonyl stretch frequency
H7/ ! (|)2 H7/ ! (|)2 (1728 cm™" instead of 1764 cm™' in Tte), both on account of weak
H9/ ¢ 6\H9 intramolecular hydrogen bonding in 7ce (see Tables 6 and 7). The
7 Cce conformer, as well as all the four staggered conformers, have
imaginary frequencies, signifying that they are not energy minima.
_Hig H10 Thus the only important conformers are Tce, Tte and Cte, and
053 o this in agreement with calculations with larger basis sets.'**
[ s g g
Hg\c—c ’C3§0 AN £ All of the staggered forms possess one imaginary frequency,
/TP 4 /C1:C|z 04 signifying that they are not energy minima on the potential energy
H7 O H7 O f:
H; 6, surface.
. .\ Ho In the case of the enol tautomers, the 5 conformer has

Fig. 2 Conformers of the enol form.

two imaginary vibrational frequencies, indicating that this is not
an equilibrium structure. The close proximity of hydrogens Hy and
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Table 4 Optimized geometrical parameters,” theoretical rotational constants (4, B, C,) and dipole moments () of the enol forms of pyruvic acid

a b ¢ d e f g h

C,C/A 1.334 1.338 1.339 1.338 1.342 1.341 1.340 1.339
C,C,/A 1.506 1.508 1.498 1.493 1.512 1.506 1.497 1.490
0,C:/A 1.207 1.206 1.213 1.209 1.203 1.215 1.210 1.220
0;C;/A 1.350 1.365 1.350 1.366 1.358 1.343 1.357 1.345
06C2/1§ 1.376 1.377 1.363 1.364 1.355 1.351 1.360 1.357
H,C,/A 1.086 1.084 1.086 1.084 1.087 1.084 1.087 1.084
H,C,/A 1.082 1.081 1.082 1.082 1.084 1.084 1.081 1.082
HA;O(,/A) 0.970 0.965 0.971 0.971 0.971 0.981 0.971 0.978
H,,05/A 0.975 0.969 0.976 0.975 0.972 0.971 0.975 0.976
C,C,C,/° 121.9 118.6 119.7 120.1 122.8 125.8 123.2 124.0
0,GC;C,/° 123.2 122.4 124.1 126.7 123.3 119.3 124.6 121.3
0;C;C,/° 114.7 119.0 112.7 110.5 115.2 119.8 112.4 115.3
0,C,C;5/° 111.7 122.6 113.8 117.5 111.0 111.8 110.6 112.6
H,C,C,/° 122.5 120.6 122.0 120.9 122.0 120.4 121.6 120.6
H;C,C,/° 118.9 119.7 119.5 119.5 121.3 123.0 120.6 120.4
H,0,C,/° 110.2 113.3 108.5 108.3 109.0 105.6 108.4 106.0
H,,05C;/° 108.8 113.8 105.4 106.8 109.3 110.6 105.5 106.3
0,G,C,C,/° 0.0 0.0 0.0 0.0 147.3 180.0 180.0 180.0
05C,C,C,/° 180.0 180.0 180.0 180.0 -31.4 0.0 0.0 0.0

0,C,C;0,/° 180.0 180.0 180.0 180.0 -30.3 0.0 0.0 0.0

H,C,C,C,/° 180.0 180.0 180.0 180.0 —-177.3 180.0 180.0 180.0
H;C,C,04/° 180.0 180.0 180.0 180.0 175.5 180.0 180.0 180.0
H,0,C,C,/° 0.1 180.0 0.0 180.0 —4.3 180.0 0.0 180.0
H,,05C;0,/° 180.0 180.0 0.0 0.0 169.6 180.0 0.0 0.0

A/cm™ 0.184 0.186 0.188 0.186 0.185 0.186 0.189 0.187
B/cm™! 0.123 0.117 0.120 0.121 0.115 0.122 0.119 0.122
C/cm™ 0.074 0.072 0.073 0.074 0.075 0.074 0.073 0.074
1/ debye 5.13 3.47 2.06 1.67 5.46 3.09 2.92 1.81

“See Fig. 2.

Table 5 Optimized geometrical parameters,” theoretical rotational con-
stants (4, B, C) and dipole moments (u) of the a and b lactone forms

Lactone
a b a (6-311G**)?

CZC]/é 1.503 1.498 1.500
C;C,/A 1.461 1.462 1.437
0,C./A 1.196 1.199 1.163
OSCZ//:\ 1.583 1.601 1.300
O,C,/A 1.357 1.357 1.347
H,C,/A 1.098 1.095 1.081
HgCl/é 1.095 1.091 1.087
H,C,/A 1.091 1.095 1.084
H,,0s/A 0.974 0.972 0.944
C;C,C,/° 124.1 124.6 124
0,C,C,/° 152.4 151.8 155
0,C,C,/° 112.3 112.9 —
0,C,C,/° 117.1 122.4 117
H,C,C,/° 110.1 109.4 111
H;C,C,/° 109.6 110.8 110
H,C,C,/° 111.2 109.5 110
H,,0,C,/° 109.4 110.3 110
0,C;C,C,/° 87.3 91.0 84
0;C,C,C,/° —87.3 —-91.2 —95
0,C,C;0,/° —-79.4 —78.5 —
H,C,C,C;/° 135.2 136.7 —
H;C,C,C;/° —105.5 15.9 —
H,C,C,0,/° 15.1 —104.6 —
H,,0,C,C,/° 36.8 —169.1 —
A/cm™! 0.207 0.208 —
B/cm™! 0.100 0.039 —
C/cm™! 0.090 0.089 —
1/debye 5.19 3.00 —

“See Fig. 3. * From ref. 19.

H,, is responsible for the low stability of this conformer
(see Fig. 2). In e and g, too, the two hydrogens, H, and H,, are
syn to each other, but the former structure is nonplanar, and the
two distances are 2.314 A and 2.357 A, respectively, compared to
1.786 A for b. Conformer f, too, has a small imaginary frequency.

Both the lactone conformers have all-real frequencies and are
thus energy minima on the potential energy surface, although they
are about 30 kcal mol~' above the global minimum, 7ce.

Unimolecular decomposition

Having obtained the stable conformations of pyruvic acid and
its tautomers, we investigated its thermal unimolecular decompo-
sition. The decarboxylation of pyruvic acid to acetaldehyde has
an important biomedical role. It prevents excessive production of
lactic acid resulting from excess of pyruvic acid.

Discussion of possible pathways has focused on the probability
of formation of the intermediate carbene from a five-center
transition state compared with direct formation of acetaldehyde
and carbon dioxide, which would require a highly strained four-
center transition state. While some studies favor the former
pathway,** other studies suggest the latter, possibly from highly
vibrationally excited ground-state molecules, and it seems likely
that the reaction pathway will depend upon the photon energy.”
According to Yamamoto and Back,® the UV photolysis of pyruvic
acid produces carbon dioxide and hydroxyethylidene through a
five-center transition state. On the other hand, in the thermal
decomposition using a static system, they proposed that the
reaction proceeds through a four-center transition state, which
directly gives carbon dioxide and acetaldehyde.
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Table 6 Calculated,” experimental, other DFT and ab initio harmonic frequencies (v) and intensities of the pyruvic acid conformer 7ce

Present Expt.? Other* MP2?
v/em™  Intensity/km mol™'  v/cm™ Relative Intensity v/em™  Intensity/km mol™'  v/cm™  Intensity/km mol™
3420 98.7 3432 0.206 3564 32 3477 117.9
3057 5.6 3032 0.004 3094 1 3085 3.8
3003 0.8 — — — — 3037 —
2947 0.2 2936 0.005 — — 2955 0.4
1802 188.2 1800 0.646 1807 74 1791 193.2
1733 99.4 1728 0.212 1749 32 1715 65.3
1427 10.9 1424 0.051 1427 4 1439 10.2
1425 13.4 1408 0.014 — — 1431 11.7
1375 125.9 1385 0.162 1374 2 1397 92.8
1355 269.8 1355 0.946 1349 100 1357 221.8
1214 83.5 1214 0.495 1218 24 1245 105.0
1127 65.4 1137 0.143 1133 19 1139 55.4
1000 2.8 1018 0.027 — — 1015 1.0
951 14.8 968 0.121 981 6 969 13.8
741 8.7 762 0.045 766 2 730 27.0
724 57.5 664 0.490 742 5 686 65.9
664 5.7 653 0.021 704 23 — —
584 16.6 604 0.118 610 5 596 16.4
508 2.9 535 W 525 1 521 3.0
385 12.4 395 — 399 5 386 15.7
376 17.2 388 — 391 3 384 9.4
246 24.0 258 — 253 7 246 243
114 1.4 134 — — — 135 0.1
87 6.0 124 — 90 2 94 7.0

“Scaled by 0.9614. ® From ref. 19. Bands <400 cm~' were not assigned in the experimental work. MP2/aug-cc-pVDZ. © From ref. 20.

Table 7 Calculated,” experimental, other DFT and ab initio harmonic frequencies (v) and intensities of the pyruvic acid conformer Tte

Present Expt.? Other® MP2°
v/em™  Intensity/km mol™  v/ecm™'  Relative Intensity ~ v/ecm™  Intensity/km mol™'  v/cm™  Intensity/km mol™
3541 56.5 3556 0.040 3674 30 3582 89.7
3055 6.7 — — 3093 2 3083 42
3002 2.8 — — 3037 1 3037 1.6
2946 0.1 — — — — 2954 0.2
1763 43.5 1764 0.126 1778 68 1756 209.4
1759 304.8 1751 0.138 1765 100 1730 102.8
1433 9.8 — — 1433 4 1442 9.5
1429 12.7 — — 1430 6 1432 12.0
1367 6.8 — — 1370 4 1397 43
1346 37.8 — — 1347 16 1355 46.0
1190 34.6 — — 1194 12 1221 26.3
1112 230.9 1119 0.077 1118 9 1124 236.4
1006 2.4 — — 1042 1 1015 1.0
943 35.6 962 0.023 971 18 963 339
715 14.0 723 vw 739 5 741 4.6
705 60.2 716 VW 736 17 714 39.1
616 83.8 588 0.088 624 35 627 86.2
570 78.1 592 0.062 597 30 582 75.5
496 1.8 — — 514 1 511 1.9
374 1.1 — — — — 383 0.9
364 0.0 — — — — 375 0.2
239 9.1 — — 249 4 243 9.1
120 0.0 — — — — 143 0.0
45 6.3 — — 32 3 41 6.6

#Scaled by 0.9614. ® From ref. 19. Bands <400 cm~' were not assigned in the experimental work. MP2/aug-cc-pVDZ. ¢ From ref. 20.

In the assumed reaction scheme (Scheme 1), including inter- (TS2), and Channel 3 leads to vinyl alcohol through a four-center
mediates and sequences of possible elementary conversions, three transition state (TS4). In the Channel 3 case, TS4 is formed from
channels are considered: Channel 1 leads directly to acetaldehyde the enol tautomer (enol-a). The transition state TS3 connects the
through a four-center-like transition state (TS1), Channel 2 leads higher potential energy enol tautomer to the keto form of pyruvic
to hydroxyethylidene through a five-center-like transition state acid.
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Chamel 1 p.gq <o CH3CHO

CH3COCOOH —amel 2, 1o <& CH3COH

Channel 3 _ 193 5 enol —» TS4 E)b CH=CHOH
-CO2

Scheme 1

The decarboxylation products of Channel 1 are acetaldehyde
and carbon dioxide. The reaction is exothermic (AH = —11.3 kcal
mol™"). However, this reaction has a high activation barrier of
70.1 kcal mol .

The products of reaction by Channel 2 are hydroxyethylidene
and carbon dioxide. Contrary to our previous results from PM3
calculations,* no hydroxyethylidene—carbon dioxide complex is
formed. Extensive computational efforts failed to locate a tran-
sition state connecting pyruvic acid to the products. Even at the
B3LYP/6-311 + + G(3df,3pd)//B3LYP/6-311 + + G(3df,3pd)
level, there was no convergence of the transition state, TS2. We
re-optimized the relevant structures with this higher basis set,
since the products are smaller, and more amenable to higher-level
calculations; the results are given in Table 8. This table reveals
that in most cases the calculations at the two levels agree within
+0.1 kcal mol™! of each other.

Reaction by Channel 3 involves the initial transfer of a proton
from pyruvic acid to give the enol tautomer, followed by the
decarboxylation reaction giving vinyl alcohol and carbon dioxide.
The initial enolization is itself a high-energy process. The transition
state (TS3) is four-centered. The activation energy required for
this process (68.5 kcal mol™") is only slightly smaller than that for
decarboxylation, and the latter is the rate-determining step. The
overall activation energy for vinyl alcohol formation is very high,
i.e. 75.8 kcal mol™'.

Previous investigations of the decomposition have been carried
out using static systems. Yamamoto and Back® proposed that
initiation by UV photolysis involves fragmentation into carbon
dioxide and hydroxyethylidene. On the other hand, they assumed
that the thermal decomposition gave acetaldehyde through a four-
center transition state directly instead of the carbene. Taylor*
proposed, for the thermal reactions of a series of substituted
compounds of pyruvic acid, that the decomposition also proceeds
through a four-center transition state to give carbon dioxide and
aldehydes. He also explained the relative decomposition rates of
these compounds as being due to charge-induced effects. His
proposal was reasonable since the relative reactivity showed a

linear correlation using the Hammett rule. Therefore, the previous
two research groups concluded that the initial process in the
thermal decomposition produced aldehyde directly. Our results
are in perfect agreement with these experiments as the path leading
to hydroxyethylidene simply does not exist.

NBO analysis

The results reported in the previous sections prove emphatically
that acetaldehyde is formed directly from pyruvic acid via TS1.
However, some previous lower-level theoretical studies had re-
ported that the preferred product is a hydroxyethylidene—carbon
dioxide complex through the transition state TS2.**” To investi-
gate the question of why the present, more rigorous calculations
do not lead to this transition state, we have carried out an NBO
analysis of the Tce and TSI structures. Moreover, the higher
stability of the eclipsed conformations of pyruvic acid over the
staggered ones has also been ascribed to more favorable n(CH;) —
n*(C=0) group orbital interactions and hyperconjugation
through the o bond system.?* The NBO method* was used to
identify the best Lewis structure representations of the equilibrium
geometries and to determine the transformation of the reactant
Lewis structures into that of the products.

Tables 9 and 10 give the results of the calculations. Lewis
structures are found to account for 98.4% of the bonding in Tce.
However, hyperconjugation through the o bond system including
C H,, G0, OsH,,, and in-plane oxygen (particularly O,) cores
and lone pairs weakens the C,C; bond by putting 0.13 electrons in
the corresponding o* orbital. The interaction with the OsH,, bond
favors migration of Hy, to C,, but not to O, with which it has no
interaction. This agrees with localized orbital calculations,*® which
had indicated weak intramolecular hydrogen bonding in pyruvic
acid because of geometric restrictions. The optimized O, - - - H
distance of 2 A is also rather long and indicates a weak hydrogen
bonding interaction.

The C;0, © bond is also weakened by conjugation with the out-
of-plane Os lone pair and the C,0O, t-bond, particularly the former,
which puts 0.21 electrons into the corresponding n* orbital.

For the transition state, the contribution of Lewis structures
reduces to 96.2%. This is because the migrating hydrogen atom
transfers electron density to both the C,C; o* orbital and the
C,0, n* orbitals, as in pyruvic acid, but to a much larger extent,
particularly to the former (0.43 electrons). Table 10 indicates
that the C,C; o bond becomes polar, the electron pair moving
towards C,. The corresponding c* orbital is concentrated at C;.

Table 8 Relative energies (kcal mol~") of the various structures on the potential energy surface at the BSLYP/6-311 + + G(3df,3pd)//B3LYP/6-31G(d)

and the B3LYP/6-311 + + G(3df,3pd)//B3LYP/6-311 + + G(3df,3pd) levels

Structure B3LYP/6-311 + + G(3df,3pd)//B3LYP/6-31G(d)  B3LYP/6-311 + + G(3df,3pd)//B3LYP/6-311 + + G(3df,3pd)
Pyruvic acid 0.0° 0.0

TSI 70.1 70.1

Trans-hydroxyethylidene + CO, 39.6 39.5

Vinyl alcohol + CO, —-1.1 —1.1

Acetaldehyde + CO, —11.3 —-11.4

TSS + CO, 68.0 67.8

TS6 + CO, 61.3 61.3

TS7 + CO, 54.3 54.2

« Zero-point corrected energy = —342.469072 Hartree. * Zero-point corrected energy = —342.468619 Hartree.
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Table 9 NBO analysis of pyruvic acid

NLMO Occupancy  Orbital Center % Hybrid

1 2.00 o(C,—0) G, 34.19 sp*'®
O, 65.81 sp'*

2 2.00 o(C;5-0y) (ON 35.21 sp'¥!
0O, 64.79 sp'¥

3 2.00 6(C5-05) G, 3243 sp*!
O; 67.57 sp*®

4 1.98 o(Os—H,) O; 75.94 sp*®
Hy, 24.06 s

5 1.98 n,(Og) Os 100 sp*”

6 1.98 n,(0y) 0O, 100 sp”e®

7 1.99 o(C,-C,) C, 50.04 sp>0qe
C, 49.96 sp'®!

8 1.98 o(C,-C;3) G, 50.34 sp**
C, 49.66 sp'®3

9 1.98 n,(Os) O; 100 sp""7

10 1.99 o(C,-H;) C, 61.32 sp> !
H, 38.68 s

11 1.96 o(C,—Hy) C, 61.77 sp>#d°
H; 38.23 s

12 1.96 o(C,—Hy) C, 61.77 sp*#d°
H, 38.23 s

13 1.97 1(C,—O¢) G, 32.57 p
Os 67.53 p

14 1.97 1(C;-0y) G 31.63 p
O, 68.37 p

15 1.80 n,(0s) O; 100 p

16 1.88 n,(Og) Os 100 p

17 1.85 n,(0y) O, 100 p

18 0.21 *C;-0,) G 68.37 p
0O, 31.63 p

19 0.13 o*(C,—Cs) G, 49.66 sp**
C; 50.34 sp'®

The electron transfer lowers the energy of the C,C; o* orbital and
aids the dissociation of this bond. Other factors that contribute
to the weakening of this bond are electron transfer from the C,C;
o bond and the oxygen lone pairs to the antibonding orbital.
Likewise, the C;0, bond is weakened by electron transfer from the
O; lone pair orbitals to the n* orbital.

Thus the mechanism of acetaldehyde formation involves the
transfer of electron density from the Os atom through the hydrogen
H,, to C,, leading to the formation of a new C,H,, bond. The
migrating hydrogen thus acts as a hydride ion, transferring the
Os;H,, bond pair to the electron-deficient carbon. It receives
electron density from C; and the O; lone pair in this process and
transfers it to C,, thus forming a bond with it. The C;0,05 moiety,
which had a total negative charge of —0.496, has to lose electron
density to form the electrically neutral carbon dioxide molecule.
This it does through the migrating hydrogen.

Products of decomposition

Although the results of the previous section indicate acetaldehyde
formation by Channel 1, the possibility of some vinyl alcohol
formation by Channel 3 cannot be ruled out, as the difference in
activation barriers for the two pathways is only 5.7 kcal mol~".
The vinyl alcohol formed could then isomerize to its more stable
isomer, acetaldehyde.

Previous ab initio studies®'* on the C,H,O isomers predicted,
among other things, that the transition structure linking hy-
droxyethylidene with acetaldehyde (1,2-hydrogen shift) might lie
up to 25 kcal mol™' above that separating vinyl alcohol from

6-15

Table 10 NBO analysis of the transition state for the pyruvic acid
dissociation to acetaldehyde and carbon dioxide

NLMO  Occupancy  Orbital Center % Hybrid
1 2.00 o(C,-0) G, 3313 spr®
O 66.87 sp'3!
2 1.99 o(C;-0,) G 33.32 sp"®
o, 66.68 sp'75doot
3 1.99 o(C;-05) G, 34.52 sp'4
0, 65.48 sp2do
4 1.96 n,(0s) 0, 100 sphe*
5 1.98 n,(Oy¢) Oy 100 sp*7®
6 1.99 o(C,-C,) C, 50.71 sp>*d*"
G, 49.29 sp'*
7 1.97 n,(0,) 0, 100 sp*™
8 2.00 nC-0,) G, 2798 p
0O, 72.02 p
9 1.97 o(C,—Hy) C, 60.97 sp>?7d*"!
H, 39.03 S
10 1.96 o(C,—Hy) C, 61.82 sp**d*”
H; 38.18 s
11 1.98 oC-H,) C, 6144  sp
H, 38.56 s
12 1.66 o(C,-Cs) G, 63.81 sp*°d*"
(:3 3619 Sp4.32d0.01
13 1.96 1(C,—O) G, 33.95 p
o} 66.05 p
14 1.71 n,(05) 0; 100 P
15 1.66 n;(Os) O; 100 p
16 1.64 1n,(0,) 0, 100 P
17 1.84 n,(Og) Os 100 p
18 0.57 Hy, 100 s
19 0.43 o*(Cr-Cy) G, 36.19  spr0dovt
G, 63.81 Sp“: goor
20 0.29 1*(C;-0,) G 72.02 p
0, 2798 p

acetaldehyde (1,3-hydrogen shift), in apparent conflict with some
of the conclusions from the experimental studies.®*'¢ Smith et al."’
also carried out ab initio calculations at the Hartree-Fock (HF)
level They found that hydroxyethylidene is separated by significant
barriers from its lower energy isomers, acetaldehyde and vinyl
alcohol. Further, they found that the transition state connecting
vinyl alcohol and acetaldehyde is lower in energy than those
connecting hydroxyethylidene with the other two isomers, which
also does not agree with conclusions based on experimental
observations.

Wesdemiotis and McLafferty' discussed the stability of hydrox-
yethylidene. It is a likely interstellar species’ because its more
stable isomer, acetaldehyde, has been identified in the interstellar
medium.* A rationalization for the existence of distinct singlet
trans and cis isomers is that partial C-OH double bond character
forms a barrier to internal rotation of the OH group of 23.8 kcal
mol~'. Previous estimates's had put this barrier as 27.3 kcal mol~'.
Cis-hydroxyethylidene is less stable than the trans isomer by 2.4
kcal mol~". Calculation of the vibrational frequencies verifies that
the geometries optimized for trans- and cis-CH;COH represent
true minima on their respective potential energy surfaces.

The energy difference between acetaldehyde and vinyl alcohol
is important, as these two molecules represent the prototypical
keto—enol pair. Our calculated value of 10.2 kcal mol™' is in good
agreement with the experimental® value of 10 + 2 kcal mol~! and
the ab initio"” value of 11 kcal mol~'.

The relative energy difference between acetaldehyde and hy-
droxyethylidene is also of interest. Some previous estimates have
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been reported. Rosenfeld and Weiner® estimated a value of 60 kcal
mol~! on the basis of an ab initio difference between formaldehyde
and hydroxymethylene and the use of Benson additivity terms.
Yadav and Goddard® proposed a value of 61.9 kcal mol™,
assuming additivity of CISD/3-21G and HF/6-31G(d) results.
Our calculated value (50.9 kcal mol™") is the same as the best ab
initio value.

The first transformation studied here was the one yielding
acetaldehyde from trans-hydroxyethylidene. The barrier to this
transformation is calculated as 28.4 kcal mol~', which is close
to the ab initio estimate of 28.2 kcal mol~!'. The transition state,
TS5, has a three-center-like structure, and is depicted in Fig. 4.

H
NI Y Ho., P~y Hsu /&
w-C—C5-H, wlC—C — 3
Hy'p 72 4 He""'\ /2 He ey
He Hy |
Hy
TS5 TS6 TS7

Fig. 4 Structures of the transition states interconnecting the dissociation
products.

The transition state, TS6, connecting hydroxyethylidene to vinyl
alcohol also has a three-center-like structure (see Fig. 4) and the
barrier to this rearrangement is 21.7 kcal mol™', compared to the
ab initio" value of 23.4 kcal mol~'. This is in agreement with
experimental results’® that hydroxyethylidene, despite its very high
energy, should be observable, since it is separated from the lower
energy isomers, acetaldehyde and vinyl alcohol, by significant
barriers.

The transition state, TS7, connecting acetaldehyde to vinyl
alcohol through a direct 1,3-hydrogen shift, was also examined.
This barrier was calculated as 65.6 kcal mol~! from acetaldehyde,
and the transition state has a four-center-like structure (see Fig. 4).
The barrier to the reverse reaction, i.e. from vinyl alcohol to
acetaldehyde, is 55.3 kcal mol~". This implies that the vinyl alcohol
formed by Channel 3 could easily rearrange to acetaldehyde.

The vibrational frequencies for all the three transition states
show that they are true transition states, having only one imaginary
vibrational frequency.

Discussion

Since the thermodynamically stable product is acetaldehyde, which
is also the product of the enzymatic decarboxylation of pyruvic
acid, we have considered its formation by two routes, i.e. Channel
1, involving the direct decarboxylation to acetaldehyde, and
Channel 3, requiring the intermediate formation of vinyl alcohol.
Experimental studies do not support the latter mechanism, as,
when O-d-labeled pyruvic acid is used as the starting material,
CH,DCHO is not observed,' which rules out the intermediacy of
vinyl alcohol.

The alternate mechanism for the pyruvic acid decarboxy-
lation®*' involves a direct intramolecular rearrangement with
a four-membered cyclic transition structure (Channel 1, see
Scheme 1). Our calculations support this mechanism. The cal-
culated barrier is, however, too high (70.1 kcal mol™') for it to
be directly operative in biological systems. As discussed earlier,*
most biochemical reactions occur in such a way that a bond-
breaking reaction is coupled with a bond-making one, so that the

energy released in the former is immediately absorbed, and the
release of energy does not damage the cell. Thus, decarboxylation
of pyruvate occurs when it is temporarily bonded by coenzyme
A, which strips a carbon dioxide molecule off pyruvate, as well as
two electrons and protons which are collected by NAD*, reducing
it to NADH + H*. The new intermediate, acetyl coenzyme A,
is short-lived, and is degraded into two molecules, the original
coenzyme A which is now available to bond to another pyruvate,
and acetaldehyde (acetate). The enzymatic pathway thus leads to
energy changes in manageable amounts. We have already seen that
the C,—C; bond is already weak and its dissociation is facile. It is
also relatively easy for Coenzyme A to strip pyruvic acid of the
acidic hydrogen, H,.

Conclusions

To sum up, the results of the present studies indicate:

(a) DFT calculations indicate that single-point calculations at a
higher level with geometries optimized at a lower level yield good
results (within £0.1 kcal mol™").

(b) Contrary to expectations, there is weak hydrogen-bonding
interaction in pyruvic acid.

(c) Comparison with our previous calculations with the rel-
atively inexpensive PM3 method* reveals that the latter has a
tendency to produce spurious intermediates on the reaction path,
such as the protonated pyruvates and hydroxyethylidene-carbon
dioxide complexes, and calculations using semiempirical methods
are best avoided.
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Secoisolariciresinol dehydrogenase (SDH) catalyzes the NAD* dependent enantiospecific conversion of

secoisolariciresinol into matairesinol. In Podophyllum species, (—)-matairesinol is metabolized into the

antiviral compound, podophyllotoxin, which can be semi-synthetically converted into the anticancer
agents, etoposide, teniposide and Etopophos®. Matairesinol is also a precursor of the cancer-
preventative “mammalian” lignan, enterolactone, formed in the gut following ingestion of, for example,
various high fiber dietary foods, as well as being an intermediate to numerous defense compounds in
vascular plants. This study investigated the mode of enantiospecific Podophyllum SDH catalysis, the
order of binding, and the stereospecificity of hydride abstraction/transfer from secoisolariciresinol to
NAD*. SDH contains a highly conserved catalytic triad (Ser'”*, Tyr'"” and Lys'”"), whose activity was
abolished with site-directed mutagenesis of Tyr167Ala and Lys171Ala, whereas mutagenesis of
Ser153Ala only resulted in a much reduced catalytic activity. Isothermal titration calorimetry
measurements indicated that NAD* binds first followed by the substrate, (—)-secoisolariciresinol.
Additionally, for hydride transfer, the incoming hydride abstracted from the substrate takes up the
pro-S position in the NADH formed. Taken together, a catalytic mechanism for the overall
enantiospecific conversion of (—)-secoisolariciresinol into (—)-matairesinol is proposed.

Introduction

The lignans represent an abundant class of vascular plant natural
products with important roles in human health protection,'?
pharmacology®** and plant defense.>” Elucidation of the bio-
chemical pathways leading to their synthesis is resulting in
systematic disentanglement of the lignin®'* and lignan'"2* path-
ways which can overlap in the same tissue types, e.g during
heartwood formation. Of the various classes of lignans, entry
into the pathway leading to many of the 8-8'-linked metabolites,
such as matairesinol (6), podophyllotoxin (7) and plicatic acid
(8), occurs via dirigent-mediated stereoselective coupling of E-
coniferyl alcohol (1) to afford the furanofuran, (4)-pinoresinol
(2a) (Fig. 1).13151719.2224 The [atter can then undergo sequential
NADPH-dependent reduction to afford (—)-secoisolariciresinol
(4a) via catalysis by an enantiospecific pinoresinol-lariciresinol
reductase.!121420

Of interest in this study is the next enantiospecific step
converting (—)-secoisolariciresinol (4a) into (—)-matairesinol (6a)
in the biochemical pathway to various lignans, such as to the
antiviral/anticancer agent (—)-podophyllotoxin (7) in Podophy!-
lum species.''® Matairesinol (6) is also a precursor of the so-
called “mammalian” lignan, enterolactone (9), which is believed

“Institute of Biological Chemistry, Washington State University, Pullman,
WA, 99164-6340, USA. E-mail: lewisn@wsu.edu; Fax: +1 509 335 8206,
Tel: +1 509 335 2682

PNMR Center, School of Molecular Biosciences, Washington State Univer-
sity, Pullman, WA, 99164-4660, USA

<School of Molecular Biosciences, Washington State University, Pullman,
WA, 99164-4660, USA

to protect against onset of breast, prostate and colon cancers;>**

enterolactone (9) is formed in the gut by action of intestinal flora
following ingestion of, for example, high fiber dietary foodstuffs.?
Matairesinol (6) can also serve as an intermediate to various
heartwood-protecting substances, such as plicatic acid (8) and its
congeners, in western red cedar (Thuja plicata).**3***

In our earlier studies, secoisolariciresinol dehydrogenase
(SDHY) was isolated from Forsythia intermedia, the encoding gene
cloned (as well as one from Podophyllum peltatum), with the fully
functional recombinant SDH so obtained characterized in terms
of its basic kinetic parameters.”® Additionally, we solved crystal
structures of the apo-form and the corresponding binary/ternary
complexes at 1.6 and 2.8/2.0 A resolution, respectively.?® P
peltatum SDH exists as a homotetramer in both solution and
in the crystal lattice (D, symmetry), but whose ternary crys-
tal complex (with NAD*) could only be obtained with the
product, (—)-matairesinol (6a), rather than the substrate, (—)-
secoisolariciresinol (4a). Based on homology comparisons with
other short-chain dehydrogenases,? it was provisionally concluded
that SDH contained a conserved catalytic triad (Ser', Tyr'® and
Lys'™).3® In this study, we propose a mechanistic basis for this
enantiospecific catalysis using both site-directed mutagenesis and
isothermal calorimetery titration (ITC), with NMR spectroscopic
analysis also being employed for determination of the stereospeci-
ficity of hydride transfer to NAD*.

+ Abbreviations: Pp, Podophyllum peltatum; PLR, pinoresinol-lariciresinol
reductase; SDH, secoisolariciresinol dehydrogenase; HMQC, heteronu-
clear multiple-quantum correlation.
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Biochemical pathway to (—)-matairesinol (6a) in F. intermedia and P. peltatum and proposed conversions to (—)-podophyllotoxin (7) in

P. peltatum, plicatic acid (8) in T. plicata, and to enterolactone (9) by action of intestinal flora. Opposite enantiomers (structures not shown) are

depicted in the text as 2b to 6b.

Results and discussion
Site-directed mutagenesis of SDH catalytic triad

To determine the effect on the catalytic activity of SDH, site-
directed mutagenesis of the proposed catalytic triad, Ser'>3, Tyr'”’
and Lys'' of SDH_Pp7, was first carried out to individually
mutate each of these residues into the hydrophobic non-reactive
amino acid Ala. Mutations at each position [i.e. 153 (S — A), 167
(Y - A)and 171 (K — A)] (Table 1) were subsequently confirmed
by sequencing each clone both in the forward and reverse
directions (data not shown), as well as to ensure that no other
point mutations were introduced during the PCR reactions. The
three constructs were next individually transformed into E. coli

TOP10 cells for protein expression and selected on carbenicillin,
with the resulting clones designated as S153A, Y167A and K171A,
respectively.

The mutagenized proteins (S153A, Y167A and K171A), as well
as the wild type SDH_Pp7, were then first individually purified
(circa 97% purity by silver staining) by anion exchange chromatog-
raphy and assayed for their capacity to convert secoisolariciresinol
(4) into either the intermediary lactol (5) or matairesinol (6).
SDH_Pp7 and the mutants, SI53A, Y167A and K171A, were
thus individually incubated with (£)-secoisolariciresinols (4a/b)
in the presence of NAD" and the products separated by HPLC
as described in the Experimental section. As indicated in Table 2,
enzymatic activity was abolished when SDH was mutated at either
position Tyr'?” or Lys'”". The S153A mutant, by contrast, displayed

Table 1 Primers used for site-directed mutagenesis of SDH amino acid residues Ser'”*, Tyr'®” and Lys'”' to Ala

Mutation 5’ Primer 3’ Primer

S153 — Al53 5 GTATTCACTGCAGCTATTTCTTCCTTCACAGC 3’ 5 GCTGTGAAGGAAGAAATAGCTGCAGTGAATAC ¥
Y167 — Al167 5 GGTGTGTCGCATGTTGCCACCGCAACCAAG ¥ 5 CTTGGTTGCGGTGGCAACATGCGACACACC 3
K171 — Al171 5 GTTTACACCGCAACCGCGCATGCTGTCCTTGG 3 5 CCAAGGACAGCATGCGCGGTTGCGGTGTAAAC ¥

This journal is © The Royal Society of Chemistry 2006
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Table 2 Conversion of (—)-secoisolariciresinol (4a) by wild type secoisolariciresinol dehydrogenase and three mutants (S153A, Y167A and K171A)*

Protein (—)-Lactol (5a) pmol min~' pg~" prot (—)-Matairesinol (6a) pmol min~' ug~' prot
Wild type nd® 3.5+0.02
S153A 0.2+ 0.01 nd
Y167A nd nd
KI171A nd nd
“the (+)-antipode (4b) did not serve as substrate, ® nd, not detected.
very modest activity as evidenced by a relatively poor conversion A SR s

of (—)-secoisolariciresinol (4a) into (—)-lactol (5a); however, no
further conversion of 5a into (—)-matairesinol (6a) was observed.
Moreover, there was no further restoration of activity when
the mutated proteins were purified to apparent homogeneity
(data not shown). These data were, therefore, consistent with
the proposed involvement of the catalytic triad for conversion of
(—)-secoisolariciresinol (4a) into (—)-matairesinol (6a).

The mode of SDH-catalyzed hydride transfer to NAD* from
either substrate (—)-secoisolariciresinol (4a) or the intermediary
(—)-lactol (5a) was next investigated, and whether this involved
stereospecific hydride transfer to either the pro-R or pro-S
(hydrogens) at C-4 of the NADH so formed.

Synthesis of [4R—*H] and [4S—*H]NADH

To experimentally differentiate between the above possibilities,
[4R—>H]and [4S—*H]NADH were first enzymatically synthesized.3*
The [4R—?H]-nicotinamide adenine dinucleotide (NADD) was
prepared by incubating NAD" in the presence of ethanol-d,, horse
liver alcohol dehydrogenase and yeast aldehyde dehydrogenase,
whereas [4S—>H]NADH was prepared by incubating NAD* with D-
glucose-1-d and Leuconostoc mesenteroides glucose-6-phosphate
dehydrogenase® (see Experimental section). The reduced nucleo-
tides so formed were then individually purified via a combination
of DEAE cellulose and Bio-Gel P-2 column chromatographic
steps, with fractions of interest containing NADD (A, : A
ratio <2.3) individually pooled and lyophilized.

The stereochemistry and isotopic purity of the two distinct
forms of deuterated NADD [4R- and 4S—"H] were individually
established by analysis of the '"H and heteronuclear multiple-
quantum correlation (HMQC) spectra, together with comparison
to undeuterated (natural abundance) NADH.*-* In the '"H NMR
spectrum of unlabelled NADH (Sigma, 98% pure and containing
0.47% EtOH) in D,O (Fig. 2A and inset), the two C-4 protons
in the dihydropyridine ring were clearly observed with resonances
for the 4S-proton centered at d 2.65 ppm (m, Jys_4 18.3, Jus_s
3.5, Jus_6 0.8, Jus_, 1.0 Hz) and for the 4R-proton centered at
0277 ppm (m, Juz_4 18.3, Jur_5 2.8, Jur_ 2.2, Jix_» 0.8 Hz).
By contrast, examination of the enzymatically generated forms of
NADD established that both were ~91% deuterated at the C-4
position as determined by integration of the 1D "H NMR spec-
trum. Furthermore, the 4R proton of [4S—H]NADH (Fig. 2B and
inset) gave a broad signal at 6 2.75 ppm (J,& _s 2.7 Hz), indicating
loss of the 18.3 Hz geminal coupling thereby establishing that the
deuterium atom resides at the 45 position, whereas the 45 proton
of [4R-*H]NADH (Fig. 3C and inset) appeared as a broad doublet
(J4s_s 3.5 Hz) at 6 2.63 ppm, again displaying loss of the 18.3 Hz
geminal coupling. The resonances also showed upfield shifts of

L

L o W( #
|

2.8 27 26

Fig. 2 '"H NMR spectra of NADH with inset showing spectroscopic
regions for 4S5 and 4R protons at C-4 of the dihydropyridine ring. (A)
Natural abundance NADH (Sigma, 0.47% EtOH). (B) [4S->H]NADH.
(C) [4R*H]NADH. (D) Enzymatically synthesized [4R—*H]NADH with
SDH_Pp7 following incubation with (+)-secoisolariciresinols (4a/b) and
[4°HINAD". X = Solvent (EtOH).

~18-20 ppb due to the geminal deuterium isotope effect.* The
data so obtained were thus in good agreement with that of Arnold
et al.,’® Velonia et al.¥” and Mostad and Glasfeld.3®

In the unlabelled NADH sample, the HMQC experiment shows
two sets of cross-peaks centered at 24.40 ppm in F1 which belong to
the diastereotopic protons that reflect the large geminal coupling
between the 4R and 45 protons. The 45 set is centered at 2.65 ppm
in F2, with the doublet signals appearing at 2.62 and 2.67 ppm
while the 4R set is centered at 2.77 ppm in F2 with the doublet
components appearing at 2.75 and 2.80 ppm in the 2D contour
plot (see Fig. 3A). By contrast, HMQC analysis of [4S—>H]NADH
revealed loss of the pro-R proton cross-peak at  2.62, F2 (‘"H)
(Fig. 3B) thereby establishing the deuterium atom to be at the 4S5
position. In an analogous manner, analysis of the [4 R—"H|NADH
(Fig. 3C) established absence of the pro-S cross-peak atd 2.75, F2
("H) thereby placing the deuterium atom at 4R.

Synthesis of [4-*H]NAD*

With the two distinct forms of NADD (4R- and 4S-*H) unam-
biguously distinguished, the stereospecificity of hydride transfer
from the substrates (—)-secoisolariciresinol (4a)/(—)-lactol (5a) to
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Fig.3 Expanded regions of the HMQC spectra of NADH (C-4 hydrogens
and C-4 carbon). (A) Natural abundance NADH. (B) [4S-*H]NADH. (C)
[4RH]NADH. (D) Enzymatically synthesized [4R—*H]NADH following
incubation with (&)-secoisolariciresinols (4a/b) and [4->H]NAD* with
SDH_Pp7.

NAD" during SDH catalysis was investigated using [4-°H]NAD*
as cofactor. The latter was obtained by oxidizing [4R>H]NADH
with rabbit muscle a-glycerophosphate dehydrogenase in the
presence of dihydroxyacetone phosphate,* with the enzymatically
formed [4-*H]NAD* purified further by gel permeation chro-
matography on Bio-Gel P-2 (see Experimental section).
Comparison of the 'H NMR-spectra of the resulting [4-
H]NAD* (Fig. 4B) with that of unlabelled NAD* (Fig. 4A),
was carried out in a manner analogous to that for NADH. The
unlabelled NAD* displayed a signal at  8.81 ppm (brdt, Juy sy

A ACgH
AC,H
CoH RC«H/ACTH
e \
FeH |\
ACsgH
B AC2H
CoH ey ACHH
CsH !
CeH
CqH
T LLJW N A b VA
' | ' | ' | ' |
9.0 8.0 7.0 6.0 ppm

Fig. 4 Expansion of aromatic region of the '"H NMR spectra of NAD*.
(A) Natural abundance NAD* (Sigma). (B) [4-*H]NAD*. Resonances
denoted by C,H, C,H, C;H and C,H are from protons at carbons 2,
4, 5 and 6 of the pyridine ring, respectively, whereas AC,H and AC;H are
those at carbons 2 and 8§ of the adenine (A) ring. RC; H and AC, H refer
to the anomeric carbons of the ribose rings in NAD*, respectively.

8.0, Juneu 1.2, Juuou 1.2 Hz) for the pyridinium proton at C-
4 (Fig. 4A). By contrast, analysis of the '"H NMR spectrum of
the [4-*H]NAD* (Fig. 4B) revealed that the resonance at § 8.81
was ~88% diminished, relative to unlabelled NAD* (based on
'"H NMR integration) in accordance with C-4 being specifically
deuterated. This was further confirmed by the change in the
multiplicity at ¢ 8.17 of the C-5 proton, ie from a dd (Jsyun
8.0, Jsuen 6.3 Hz, Fig. 4A) to a doublet (Jsy_y 6.3 Hz, Fig. 4B).

Generation of NADD during SDH catalysis

(£)-Secoisolariciresinols (4a/b) were thus next incubated with a
partially purified SDH preparation (see Experimental section)
in the presence of [4°H]NAD*. LC-APCI-MS analysis of the
resulting enzymatically generated matairesinol (6) (retention time
16.02 min) then gave a molecular ion [M*] at m/z 358.16
confirming its identity. Its optical purity was also established using
the procedure of Xia et al.,”® thus confirming that only the (—)-
antipode (6a) was formed (data not shown).

The aqueous phase containing the SDH generated NADH was
next purified as previously described above for [4R—>H] and [4S—
H]NADH. The '"H NMR and HMQC analyses of the resulting
NADH generated during SDH catalysis revealed the presence of a
broad doublet at d 2.63 ppm (J4s_ 5 3.0 Hz) again showing loss of
the 18.3 Hz geminal coupling, and absence of the pro-S crosspeak
at¢ 2.77 (Figs. 2D and 3D), i.e., establishing that the deuterium in
the enzymatically generated NADD was at the 4R position. Thus,
the hydride abstracted from either (—)-secoisolariciresinol (4a) or
the (—)-lactol (5a) to [4-°H]NAD* occurred in such a manner
whereby hydride addition is at the B-face of the nicotinamide ring
of NAD* giving [4R*H]NADD, and thus establishing SDH to be
a B-type dehydrogenase. These data confirm the prediction made
from the previous X-ray crystallographic analysis,®® which sug-
gested [from analysis of the ternary complex with (—)-matairesinol
(6a) rather than (—)-secoisolariciresinol (4a)] that the B-face of
the nicotinamide ring was open to the cleft with the C-4 of the
nicotinamide ring being ~5 A from the target hydroxyl group of
the substrate 4a. The current study now demonstrates that both
the nicotinamide and the substrate are in the proper orientation
for B-face specific hydride transfer to C-4 from the substrates [(—)-
secoisolariciresinol (4a)/lactol (5a)].

Isothermal titration calorimetry

Isothermal titration calorimetry (ITC)** was next employed
to study SDH_Pp7 in terms of its NAD" cofactor-binding
characteristics and differential ligand affinity between the enan-
tiomeric substrates 4a and 4b. In every case, the calorimetric
data revealed that heat was released when enantiomerically pure
substrates 4a and 4b and cofactor were individually associated
with SDH_Pp7, indicating that those interactions had significant
enthalpic contributions in binding (Table 3). It also revealed
slightly unfavorable entropic contributions for each, possibly
indicating that the enzyme was slightly stabilized upon binding.
This effect is especially noticeable for NAD*, as previously
indicated by the significant reduction of B-values of one loop
constituting the binding pocket upon formation of the NAD*
binary complex.”® As shown in Fig. 5 and Table 3, both (—)- and
(4)-secoisolariciresinols 4a and 4b showed comparable binding
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Table 3 SDH_Pp7 binding parameters determined by isothermal titra-
tion calorimetry

Compound(s) Ky/uM AH/kcal mol™'  AS/cal mol! degree™)
4a 445+34 —-194+0.8 —45.1
4b 50.6+3.7 —-2294+1.0 -57.0
NAD* 55403 -28.6+£0.8 —76.5
NAD*/4a 23£0.1 —-122+0.1 —15.2
NAD*/4b 45+£0.7 -=257+0.7 —433

affinities to SDH_Pp7 in the absence of NAD*. However, when
the latter is present, there is a 10-20 fold decrease in K, values, with
a significant difference (~2 fold) in binding of the (—)-antipode 4a
(K4 = 2.3 uM) over that of the (4)-enantiomer 4b (K, = 4.5 uM).
This is indicative of a significant involvement of NAD* to facilitate
binding interactions of the substrate, even though only 4a is
processed catalytically. Taken together, we interpret the ITC data
asindicating that NAD* binds first, followed by the substrate, with
catalytic conversion of (—)-4a, and NADH leaving last.
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Fig. 5 Heat of injection experimentally determined during titration of
potential substrates and cofactor in the presence of SDH_Pp7. (A) With
(—)- and (+)-secoisolariciresinols (4a and 4b). (B) With NAD* alone,
together with (—)- and (+)-secoisolariciresinols (4a and 4b). Solid lines
represent the least square fits of the data using a one-site binding model.

Catalytic mechanism of SDH

Based on the predictions from X-ray crystal structural analysis,
and the results from the current study, a catalytic mechanism for
SDH can now be proposed (Fig. 6). Beginning with the apo-
SDH_Pp7 structure (Fig. 6A), several water molecules form a
hydrogen bonded network with the hydroxyl, quaternary ammo-
nium and phenolic groups of the highly conserved catalytic triad

residues, i.e. of Ser'®, Lys'”" and Tyr'?. Binding of NAD* (shown
as [4-"H]NAD") then releases the bound water molecules in an
entropically favorable manner, with the phenolic and quaternary
ammonium groups at Tyr'*” and Lys'"! hydrogen bonded to the 2’
and 3’ hydroxyl groups of the ribosyl ring, respectively, thereby
fixing the position of the cofactor during catalysis (Fig. 6B).
Binding of NAD* to Lys'”" in this way favors deprotonation of
the phenolic Tyr' group, thus lowering its pK,, with the resulting
phenolate anion being further stabilized by hydrogen bonding
to the Ser'® hydroxyl group. Following substrate binding, the
Tyr'?” phenolate group then serves as a general base in substrate
deprotonation and hence facilitates hydride transfer during SDH
catalysis as demonstrated in this study.®

Deprotonation of the bound (—)-secoisolariciresinol (4a) is
next followed by concomitant intramolecular cyclization/hydride
transfer (Fig. 6C), to afford the intermediary lactol (—)-5a, i.e.
where hydride addition occurs at the B face of [4-*H]NAD* to
produce [4R*H]NADH (Fig. 6D). The latter is then released
from the active site since the Tyr' phenolic group no longer
holds the resulting neutral NADH. In an analogous manner, the
subsequent conversion of (—)-lactol (5a) to (—)-matairesinol (6a)
involves binding of a second molecule of [4-*H|]NAD* as before,
with reiteration of the catalytic process (Figs. 6E and 6F), thereby
generating a second molecule of [4R->H]NADH and the final
product, (—)-matairesinol (6a). Thus, the overall SDH-mechanism
envisaged is concerted.

Conclusion

SDH belongs to the large, functionally heterogeneous, SDR
protein family, with the latter being of increasing scientific interest
since several are correlated with hormone-dependent cancers,
obesity, diabetes, and infectious diseases.* In our studies, analysis
of SDH X-ray crystal structure, site-directed mutagenesis and
NMR spectroscopic data have resulted in delineation of the
catalytic mechanism including that of the role of the conserved
residues. Site-directed mutagenesis of two of the catalytic triad
residues (Tyr'®” and Lys'"") completely abolished catalytic activity,
this being presumably explicable on the basis of their direct roles
in catalysis and in binding of the ribose unit within NAD* by
Tyr'®”/Lys'™. While replacement of Ser'** by Ala'** did not result
in complete abolition of SDH activity, it nevertheless plays an
important role in catalysis since only modest amounts of lactol (5a)
were formed but not (—)-matairesinol (6a) with the S153A mutant.
Lastly, our cumulative sequence data, detailed 3-D structures
and knowledge of the catalytic mechanism of the participating
enzymes in the lignan biosynthetic pathway are systematically
providing a comprehensive understanding of their physiological
roles in vascular plants. This will also facilitate the opportunity
to initiate metabolic engineering approaches that should provide
a facile source of these beneficial lignans in foodstuffs or of
antiviral/anticancer lignans, such as podophyllotoxin.

Experimental

Materials

Horse liver alcohol dehydrogenase, yeast aldehyde dehydrogenase,
Leuconostoc mesenteroides glucose-6-phosphate dehydrogenase
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Fig. 6 Proposed catalytic mechanism of SDH_Pp7.
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and rabbit muscle a-glycerophosphate dehydrogenase were pur-
chased from Sigma-Aldrich, as well as ethanol-d, (99.5 atom
%D), D-glucose-1-d (97 atom %D), f-NAD* (sodium salt), NADH
(98% pure, disodium salt), DEAE cellulose and dihydroxyacetone
phosphate (dilithium salt). D,O (99.96 atom% D) was obtained
from Cambridge Isotope Lab, Inc., MA, whereas Bio-Gel P-2
(45-90 pm) was purchased from Bio-Rad Laboratories. All other
solvents and chemicals used were reagent or HPLC grade.

Analytical methods

UV spectra were recorded on a Perkin-Elmer Lambda 20 UV-VIS
instrument. HPLC analyses were carried out using an Alliance
2695 HPLC system (Waters, Milford, MA) with detection at
280 nm. Reversed-phase HPLC used a NovaPak C; column
(150 x 3.9 mm, Waters) with the following elution conditions
at a flow rate of 1 cm® min~': linear gradients of CH;CN: 3%
(v/v) AcOH in H,0O from 10 : 90 to 35 : 65 between 0 and
15 min, then to 95 : 5 in 5 min with this composition held for
an additional 2 min, and finally returned back to 10 : 90 in
2 min, this being held for 15 min. Chiral HPLC separations of (+)-
and (—)-secoisolariciresinols (4a) and (4b) employed a Chiralcel
OD (Chiral Technologies, Inc.) column (250 x 4.6 mm) eluted
with hexanes : EtOH (7 : 3) at a flow rate of 0.5 cm® min~'.1"4
Liquid chromatography-mass spectrometry with an atmospheric
pressure chemical ionization interface system (LC-APCI-MS)
was performed using a Finnigan MAT (San Jose, CA, USA) ion
trap mass spectrometer equipped with a Finnigan electrospray
interface, with LC separations being carried out on an Alliance
Instrument as described above for HPLC analyses. A fast-protein
liquid chromatography (FPLC, Amersham Pharmacia Biotech)
and a BioCad (Applied Biosystems) systems were used for
purification of reduced nucleotides and SDH, respectively.

NMR spectroscopy

One dimensional 'H and two dimensional HMQC spectra were
collected on a Varian Inova 500 MHz spectrometer operating
at 499.85 MHz for 'H and 125.67 MHz for C, respectively.
Proton spectra obtained in D,0O were referenced to the TSP
(sodium-3-trimethylsilyl-(2,2,3,3-d,)propionate) proton signal at
0.0 ppm, whereas the *C dimension of the HMQC spectra was
referenced indirectly to the TSP signal via the method described
by Wishart et al.*® J values for the dihydropyridine ring of NADH
were calculated by extensive homonuclear spin decoupling and
simulation using the MestRe-C program.*” Gradient enhanced
phase-sensitive HMQC spectra were obtained using the standard
Varian pulse sequence, with HMQC spectra collected with sweep
widths (acquisition times) of 4,668 Hz (219 ms) in t2 (‘H) and
18854 Hz (6.8 ms, 128 x 2 hypercomplex increments or 27.2 ms for
512 x 2 hypercomplex increments) in t1 ('*C). Data were processed
in F2 by applying a Gaussian function with a 0.101 s time constant
prior to Fourier transformation. The F1 processed data utilized
a linear prediction of the original 128 real points, in the case of
data sets acquired for 6.8 ms in t1, to 256 points, apodizing with a
Gaussian function with a 0.011 s time constant followed by zero
filling to 2 K complex points, followed by Fourier transformation
leading to digital resolution of 4.6 Hz pt™' in F2 and 18.4 Hz pt™!
in F1. Data sets collected for 27.2 ms in t1 were first extended by

linear prediction from 512 real points to 1024 real points followed
by apodization with a Gaussian function of 0.033 s time constant,
zero filled to 4 K complex points and Fourier transformed to give
digital resolution of 4.6 Hz pt~' in F2 and 9.2 Hz pt™' in F1.

Synthesis of (—)-and (4)-secoisolariciresinols 4a and 4b

Racemic (4)-pinoresinols (2a/2b) were synthesized as described
in Xia et al.'”® by oxidative coupling of E-coniferyl alcohol (1)
with FeCl;. The racemate 2a/2b was then resolved using a
Chiralcel OD (Chiral Technologies, Inc.) column® to give the
(+)-(2a, 21.1 mg) and (—)-(2b 24.0 mg) antipodes, respectively.
Enantiomerically pure (+)- and (—)-pinoresinols (2a and 2b)
were next individually converted to (+)-(3a, 7.8 mg) and (—)-(3b,
8.8 mg) lariciresinols together with (—)-(4a, 3.0 mg) and (+)-
(4b, 4.0 mg) secoisolariciresinols, respectively, as described in
Katayama et al.*

Synthesis of deuterated NADH and NAD*

[4R"HINADH. The synthesis and purification of [4R-
H]NADH was carried out as described by Viola et al** and
Anderson and Lin,* respectively, with the following modifications:
Ethanol-d, (2.8 mM) was incubated with NAD* (5.6 mM), horse
liver alcohol dehydrogenase (50 units), and yeast aldehyde dehy-
drogenase (100 units), with the reaction monitored by following
the increase in absorbance at 340 nm. After completion of the
reaction (3 h), carbon tetrachloride (1 cm®) was added to the
reaction mixture, with the whole vortexed and centrifuged (290g,
5 min). The aqueous phase (~10 cm®) containing the reduced
nucleotide was next filtered (0.45 um) and applied to a DEAE
cellulose column (1.6 x 40 cm) previously equilibrated in 10 mM
Tris-base buffer (pH 9.2). After washing the column with the same
buffer (35 cm?), [AR-*H]NADH was next eluted (and separated
from unreacted NAD*) with a linear gradient of NaCl (from 0
to 0.4 M) in 10 mM Tris-base buffer (pH 9.2) over 150 min, at a
flow rate of 1 cm® min~' and with detection at 280 nm. Fractions
containing [4R->H]NADH and having a A, : Asy, ratio of less
than 2.4 were individually pooled, desalted on a Bio-Gel P-2
column (2.6 x 40 cm) equilibrated in distilled H,O (pH 9.0) at a
flow rate of 0.8 cm® min~!, then combined, lyophilized and stored
at —80 °C. The isotopic purity of [4R->H]NADH was determined
by '"H NMR and HMQC spectroscopic analyses to be ~89%.

[4S-*HINADH. The synthesis of [4S—*H]NADH was carried
out as described by Viola er al.** by incubating D-glucose-1-d
(13.5 mM, 10 mg), NAD* (12.1 mM, 34 mg) and Leuconostoc
mesenteroides glucose-6-phosphate dehydrogenase (42 units), but
with the following modifications: the reaction progress was
monitored by measuring the increase in absorbance at 340 nm
and was completed by 28 h, at which point the 260 to 340 nm
ratio was 2.3. Carbon tetrachloride (1 cm®) was then added to
the reaction mixture, with the whole vortexed and centrifuged
(290g, 5 min). After reduction of the aqueous phase volume
to two thirds of its original volume under reduced pressure at
35 °C, [4S—*H]NADH was purified as described above for [4R—
*H]NADH. The isotopic purity was again determined by 'H NMR
and HMQC spectroscopic analyses to be ~91%.

[4-*HINAD*. This was enzymatically synthesized as described
by Oppenheimer* by incubating [4 R>H]NADH (5 mg, 0.48 mM),
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dihydroxyacetone phosphate (25.5 mg; 9.3 mM) and rabbit muscle
a-glycerophosphate dehydrogenase (460 units) at 30 °C for 8 to
10 h, at which time solid trichloroacetic acid was added. After
centrifugation (290g, 10 min), the supernatant was lyophilized,
with the resulting residue reconstituted in H,O (1 c¢cm?).* This
solution was next applied to a Bio-Gel P-2 column (1.6 x
100 cm) equilibrated in distilled water (pH 7.5) at a flow
rate of 0.3 cm® min™' in order to separate [4-*H]NAD* from
unreacted [4R-*H]NADH. Fractions that absorbed at 260 nm
were pooled and lyophilized. The isotopic purity of [4-°H]NAD*
was determined by "H NMR spectroscopic analysis to be ~88%.

Expression and partial purification of SDH

Podophyllum peltatum SDH_Pp7, cloned into an Invitrogen
pTrcHis2-TOPO® TA vector, was transformed and expressed into
TOPI10 E. coli as previously described.” The cell pellet containing
SDH_Pp7 was suspended in BugBuster (10 cm?®), lysozyme
(10 kilounits mm~, 1 mm?®) and benzonase (25 units mm™,
10 mm?®). After shaking at room temperature for 10 min, the
slurry was centrifuged (8,000g, 10 min). The supernatant was
next subjected to (NH,),SO, precipitation, with the proteins
precipitating between 20 to 60% (NH,),SO, reconstituted in buffer
A (50 mM Tris-HCI, pH 7.5), and further desalted over PD-10
columns (Amersham Pharmacia Biotech). The desalted fraction
was then applied to a DEAE cellulose column (2.5 x 27 cm)
equilibrated with buffer A at a flow rate of 1 cm® min~'. After
washing the column with buffer A (5 cm?), SDH_Pp7 was eluted
as follows: linear NaCl gradients in buffer A first from 0 to 1 M
in 100 cm® and then from 1 to 2 M in 20 cm® with this final NaCl
concentration held for another 10 cm®. The SDH_Pp7 containing
fractions, eluted at ~0.2 M NaCl were combined, concentrated
and desalted into Buffer A by ultrafiltration (Amicon cell)
using a 10 kDa cut-off membrane (Millipore). The concentrated
SDH_Pp7 was next applied to a POROS HQ anion exchange
(4.6 x 100 mm) column equilibrated in buffer A at a flow rate of
7 cm® min~!'. After washing the column with buffer A (3.3 cm?),
proteins were next eluted with NaCl linear gradients first from 0
to 0.3 M in buffer A (50 cm®) and then to 1 M (8.3 cm?®), with this
final concentration further held for 3.3 cm®. Fractions containing
SDH_Pp7 eluting between 0.13 and 0.17 M NaCl were combined,
desalted and subjected to POROS HQ chromatography under the
same conditions as above, with fractions containing SDH_Pp7
combined and directly used for assays.

Site-directed mutagenesis of SDH_Pp7

Primers (Table 1) were designed and synthesized (Invitrogen,
Carlsbad, USA) to individually convert Ser'**, Tyr'"” and Lys'"
in Podophyllum peltatum SDH_Pp7 into the hydrophobic non-
reactive alanine. Site specific mutations were performed using
a QuikChange XL site-directed mutagenesis kit (Stratagene, La
Jolla, USA) following the manufacturer’s instructions with PCR
conditions modified as follows: initial denaturation at 95 °C for
1 min, 18 cycles at 95 °C for 1 min, 60 °C for 1 min and
68 °C for 7 min, followed by Dpn I digestion and transformation
into XL10 Gold® ultracompetent E. coli cells. Transformants
were selected on LB plates containing 100 ug cm~ carbenicillin.
Positive clones containing a single point mutation at positions

153 (S - A), 167 (Y — A) and 171 (K — A), respectively,
were confirmed by sequencing using pTrcHis2 forward and
reverse primers (Invitrogen) flanking the gene. Both strands were
completely sequenced using an automated DNA sequencer with
Big-Dye™ terminator technology to ensure that there were no
other mutation(s) in the open reading frame as a result of
PCR. The three constructs were individually transformed into
the E. coli strain TOP 10 (Invitrogen) for protein expression, and
selected on LB plates containing 100 pg cm™ carbenicillin. The
resulting clones were designated as S153A, Y167A and K171A,
respectively. Individual mutant lines (S153A, Y167A and K171A)
were next grown overnight in LB medium, with the heterologously
expressed proteins purified and assayed for (—)-matairesinol (6a)
formation as described above for wild type SDH_Pp7.

SDH assays

Matairesinol (6) formation. Each assay consisted of (&)-
secoisolariciresinols (4a/b, 5 mM, 10 mm?®), NAD* (10 mM,
10 mm?®), the purified SDH_Pp7 or mutant, SI53A, Y167A and
K171A (1 to 4 pg) and Tris-HCI buffer (50 mM, pH 8.8) to a
final volume of 200 mm?. After incubation for 10 min at room
temperature, the reaction was stopped by addition of glacial
AcOH (10 mm?®). An aliquot (80 mm?®) was next subjected to
reversed-phase HPLC to separate 4 from the products 5 and 6
(see Analytical methods section).

[4-*H|NADH formation. To assay mixtures consisting of (£)-
secoisolariciresinols (4a/b) (5 mM in MeOH, 0.61 cm?®), 50 mM
Tris-HCI buffer (pH 8.8, 9.29 cm?) and [4-*H]NAD* [4.2 mg in
50 mM Tris-HCI buffer (pH 8.8), 2 cm®] was added the partially
purified SDH_Pp7 as described above (0.305 cm?, 884.5 pg). After
incubation at room temperature with shaking for 10 min, the
reaction mixture was quenched with EtOAc (6 cm?). To establish
the integrity of the enzymatic reaction, the EtOAc solubles were
dried (Na,S0O,) and evaporated to dryness in vacuo. The EtOAc-
derived residue was reconstituted in MeOH (2 cm?) with an aliquot
(20 mm?®) subjected to reversed-phase HPLC analysis with the
enzymatically formed matairesinol (6a) identified by LC-APCI-
MS analysis as described in the Analytical methods section.
The chirality of the enzymatically formed matairesinol (6) was
determined as previously described.'”* Finally, the aqueous phase
was subjected to centrifugation (1,200g, 10 min), filtered (0.45 um),
with the enzymatically formed [4-°H]NADH purified as des-
cribed above. Fractions containing [4-*H[NADH were pooled,
lyophilized and subjected to '"H NMR and HMQC spectroscopic
analyses.

Isothermal titration calorimetry (ITC)

Isothermal titration calorimetry (ITC)** was performed at 25 °C
using a VP-ITC instrument (MicroCal, Northampton, MA).
Enantiomerically pure substrates 4a and 4b were first individually
dissolved in MeOH (0.3 cm?®, 48 mM), with buffer B (20 mM
Tris, pH 8.0, 1 mM DTT, 1 mM EDTA, 10% glycerol) next added
such as the MeOH content was 1% and the final concentration of
either 4a or 4b was 0.48 mM. NAD* (0.48 mM) was dissolved in
buffer A containing 1% MeOH. Purified SDH_Pp7* was dialyzed
extensively against buffer B in an Amicon stirred cell at 4 °C, after
which MeOH was added to give a 1% final concentration. The
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final enzyme concentration (30 uM of monomer) was determined
by the Bradford method®! using BSA as standard. Both the enzyme
and substrate/cofactor solutions were individually degassed in
vacuo for 5 min before ITC. Titration experiments were performed
as follows: aliquots (10 mm?®) of the ligand solution (4a, 4b or
NAD) were injected into the reaction cell containing SDH_Pp7
(2 cm®) with stirring set at 300 rpm. Twenty nine injections for each
assay condition were performed with an equilibration interval of
400 s between each.

Binary complex titrations were individually carried out by
adding 4a, 4b or NAD" solution to the SDH_Pp7 solution in
the reaction cell. Ternary complex titrations were carried out by
mixing SDH_Pp7 and NAD* in a 1 : 1 ratio (30 uM each) before
adding the solution to the reaction cell, with titrations individually
performed using solutions of enantiomerically pure 4a or 4b. Heats
of dilution were determined by titration of each ligand individually
in Buffer A.

The experimental data were fitted to an n-equivalent binding
site. model using the nonlinear least-squares regression from
the Origin software package (OriginLab Corp, Northampton,
MA). Since the number of binding sites, n, converged to values
between 0.9 and 1.1 in the initial regression analyses, a single-site
binding model (1.0) was used for the final analyses. This yielded
the following thermodynamic parameters: binding constant (K),
binding enthalpy (AH) and the entropy change (AS), respectively.
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Non-identical electronic characters of the internucleotidic phosphates in RNA
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We here show that the electronic properties and the chemical reactivities of the internucleotidic
phosphates in the heptameric ssRNAs are dissimilar in a sequence-specific manner because of their
non-identical microenvironments, in contrast with the corresponding isosequential ssDNAs. This has
been evidenced by monitoring the 6 H8(G) shifts upon pH-dependent ionization (pK,,) of the central
9-guaninyl (G) to the 9-guanylate ion (G™), and its electrostatic effect on each of the internucleotidic
phosphate anions, as measured from the resultant ¢ *'P shifts (pK,,) in the isosequential heptameric
ssSRNAs vis-a-vis ssDNAs: [d/r(5-Cp,Ap,Q'p;Gp.Q*psApsC-3'): Q! = Q> = A (5a/5b) or C (8a/8b),
Q'=A,Q*=C(6a/6b), Q' = C, Q* = A (7a/7b)]. These oligos with single ionizable G in the centre are
chosen because of the fact that the pseudoaromatic character of G can be easily modulated in a
pH-dependent manner by its transformation to G~ (the 2’-OH to 2-O~ ionization effect is not detectable
below pH 11.6 as evident from the N'™¢-G analog), thereby modulating/titrating the nature of the
electrostatic interactions of G to G~ with the phosphates, which therefore constitute simple models to
interrogate how the variable pseudoaromatic characters of nucleobases under different sequence
context (J. Am. Chem. Soc., 2004, 126, 8674-8681) can actually influence the reactivity of the
internucleotide phosphates as a result of modulation of sequence context-specific electrostatic
interactions. In order to better understand the impact of the electrostatic effect of the G to G~ on the
tunability of the electronic character of internucleotidic phosphates in the heptameric ssSRNAs 5b, 6b,
7b and 8b, we have also performed their alkaline hydrolysis at pH 12.5 at 20 °C, and have identified the
preferences of the cleavage sites at various phosphates, which are p,, p; and p, (Fig. 3). The results of
these alkaline hydrolysis studies have been compared with the hydrolysis of analogous N'"™™-G
heptameric ssSRNA sequences 5¢, 7¢ and 8c under identical conditions in order to establish the role of
the electrostatic effect of the 9-guanylate ion (and the 2'-OH to 2-O~ ionization) on the internucleotidic
phosphate. It turned out that the relative alkaline hydrolysis rate at those particular phosphates (p,, p;
and p,) in the N'"™°-G heptamers was reduced from 16-78% compared to those in the native

counterparts [Fig. 4, and ESI 2 (Fig. S11)]. Thus, these physico-chemical studies have shown that those
P2, ps and p, phosphates in the native heptameric RNAs, which show pK,, as well as more deshielding
(owing to weaker *'P screening) in the alkaline pH compared to those at the neutral pH, are more prone
to the alkaline hydrolysis because of their relatively enhanced electrophilic character resulting from
weaker *'P screening. This screening effect originates as a result of the systematic charge repulsion effect
between the electron cloud in the outermost orbitals of phosphorus and the central guanylate ion,
leading to delocalization of the phosphorus pr charge into its drt orbitals. It is thus likely that, just as in

the non-enzymatic hydrolysis, the enzymatic hydrolysis of a specific phosphate in RNA by general
base-catalysis in RNA-cleaving proteins (RNase A, RNA phosphodiesterase or nuclease) can
potentially be electrostatically influenced by tuning the transient charge on the nucleobase in the steric
proximity or as a result of specific sequence context owing to nearest-neighbor interactions.
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Introduction

Recently, the base-promoted RNA transesterification reaction
and cleavage has been studied quite in some detail in many
laboratories.”® These studies on the susceptibility of cleav-
age of RNA phosphodiesters under the conditions of general
base-catalysis have shed light on how the process of base-
catalysis by RNA-cleaving proteins (such as RNase A* or RNA
phosphodiesterase? or nuclease?) works in biology. The process
of general base-catalysis, commonly used as one of the catalytic
strategies by RNA-cleaving proteins, utilizes histidine-12 for
deprotonation of the 2’-OH group for nucleophilic attack to the
vicinal phosphodieser. It is likely that these studies will lead
us to a better understanding of the action of catalytic nucleic
acids and thus to the rational design of artificial RNases, which
could be used in gene therapy, as well as to understanding
more about the central role that RNA possibly played during
the origins of life. Monomethyl and monoisopropyl esters of
adenosine 2’- and 3'-monophosphates,'® dimers' as well as
various short 2'-O-methylated'”-¥ or 2'-deoxy'#* oligonucleotide
sequences containing only one reactive ribonucleotide unit in
chimeric DNA/RNA oligonucleotides have been chosen for this
purpose. Several factors® have so far emerged as prerequisites in
this general base-catalysed hydrolysis of RNA phosphodiesters: (i)
the nucleophilicity of the 2’-hydroxy group and its pK,, (ii) the elec-
trophilicity of the reacting phosphate, (iii) the in-line conformation
of the attacking 2’-oxyanion with the developing 5'-oxyanion, (iv)
the readiness with which the 5'-oxyanion leaving group departs
(for example, upon binding to a metal ion), as well as (v) the
intramolecular environment"¥~ (stacking, hydrogen bonding and
the nucleobase composition) around the transesterification site,
which is also believed to modulate the structure of oligonucleotide
sequence that facilitates or retards the transesterification reaction.
It has also been proposed? that the general base-catalysis and
cleavage of RNA phosphodiesters can be effectively accelerated
when the attacking nucleophile is in a ‘near attack conformation’
for the reaction to proceed.¥ For example, a well-stacked rigid
structure (giving an A-type conformation) would perhaps retard
the base-promoted cleavage of a specific RNA phosphodiester®
compared with a disordered structure. The reaction rate also
depends on structural factors such as whether or not the cleaving
site is within a single or double strand or in a hairpin region.'s¥
The cleavage rate of the sequence within a hairpin was shown's¥
to be different depending on its position in the stem or loop of the
hairpin.

On the other hand, for an efficient transesterification to
take place in the enzymatic hydrolysis of RNA phosphodiester
bonds in the self-splicing of pre-mRNA* in Tetrahymena ther-
mophila,*> processing of tRNA precursors by the RNA moiety
of RNase P group II intron ribozyme** hammerhead*® and
hairpin ribozymes,*® genomic and antigenomic hepatitis delta
virus (HDV) ribozymes*® and Varkud satellite (VS) ribozymes*’ a
precisely folded structure is required: precise substrate recognition,
much like their protein counterparts, is achieved by intricate
structure formation. It is now a well-known fact® that both
large and small ribozymes possess an ‘internal guide sequence’
(IGS) that after Watson—Crick base-pairing with the target RNA
juxtaposes the reacting and catalytic groups. This process of
substrate recognition and biocatalysis is often aided by folding

of the enzyme-substrate complex® using flexible domains as well
as tertiary interactions to form the catalytic core such that the
reacting groups come close to each other, and with the help of
metal ions like Mg** or nucleic acid bases with environmentally
perturbed pK, values® result in cleavage or ligation.®

It is known that the electronic environment around the phos-
phate in RNA plays a vital role in the RNA—protein interaction: for
example, the crystal structure™ of the glutaminyl tRNA synthetase
(GInRS)-tRNAS" complex shows that hydrogen bonding between
the amino group of a guanine and the 5'-phosphate of an adenine
in tRNA contributes to the recognition of GInRS by tRNA%",
The RNA binding domain in sex-lethal proteins™* recognizes and
binds uridine-rich sequences. A particular turn in this binding
is stabilized by a protein-RNA interaction as well as by three
hydrogen bonds formed between 2'-OH and the phosphates within
the RNA. Binding of hairpin loop IV of U2 small nuclear RNA to
the splicesomal protein U2B’ involves™ hydrogen bonds between
the amino groups and phosphates in the RNA as well as salt
bridges between the amino acid residues of the protein and the
phosphates of RNA.

However, it is not understood if some specific scissile phos-
phodiesters in RNA have variable charges in comparison with
the other phosphates owing to some sequence-specific unique
scaffolds or folding motifs. This could be the result of nearest-
neighbor stacking interactions, non-canonical basepairing as well
as by complexation with some specific metal ion or protein. Any
of these interactions can alter structural motifs of RNA, which
can potentially alter the local microenvironment of a specific
internucleotidic phosphate, and making it electronically and
chemically non-uniform by charge rearrangements. It is also not
understood if the variable phosphate charges can potentially tune
the chemical reactivity in the biologically ubiquitous transesterifi-
cation reactions. Clearly, any further information in this complex
problem has a deep consequence in our further understanding
of the chemical basis of the ubiquitous RNA transesterification
reactions in general.

In this work, we have interrogated this complex problem —
as to whether or not there is any modulation of the chemical
reactivity of the phosphates by the electronic nature of a specific
sequence context — by generating a single charge at the 9-guaninyl
center of the model heptameric DNA and RNA sequences [d/1(5'-
CpiAp,Q'p;Gp,Q°psApsC-3): Q' = Q* = A (5a/5b) or C (8a/8b),
Q' = A, Q* = C (6a/6b), Q' = C, Q* = A (7a/7b)]. Owing to
the gradual changes of the electrostatic interactions of the in-
ternucleotidic phosphate anions with the central pseudoaromatic
9-guaninyl group (G) as it is ionized to N'-guanylate ion (G™) from
pH 7 to 12.5, this model study has allowed us to electrostatically
titrate the electronic/chemical nature of each of the phosphates,
depending upon their respective microenvironments, with an
intramolecular ionization center (G— G~) as a reference point.
We considered that the easiest way to study this titration of the
electrostatic interaction of internucleotidic phosphates and G/G~
and 2'-OH/2-0O" ionizations is to monitor simultaneously the pH-
dependent *'P chemical shift changes of all the phosphates as well
as of 0 H8(G) in a systematic manner in isosequential ssDNAs, vis-
a-vis ssRNAs as a result of 9-guanylate formation at the center.
This electrostatic titration was then compared with the alkaline
degradation studies of our ssRNAs in order to examine if there is
any selectivity or modulation in the spontaneous alkaline cleavage
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by transesterification due to the presence of a charged center (G™)
in the steric proximity. Furthermore, G in 5b, 7b and 8b was
replaced with N'"™M¢-G in the heptameric ssSRNA sequences 5S¢,
7c¢ and 8¢ in order to quench the formation of the N'-guanylate
ion (G7), and the results of their alkaline degradation studies
were then compared with those of the native heptameric RNAs
(5b, 7b and 8b). This helped us to verify how the presence of
N'"™e.G in place of G can influence the preferential cleavage
of internucleotidic phosphates (taking into consideration the 2'-
OH to 2-O~ ionization). This methylation study also allowed
us to address, at least partly, how the electrostatic effect of the
pseudoaromatic characters of various nucleobases (as a result of
sequence context variation) can potentially dictate the reactivity
of the internucleotidic phosphates in the proximity.

Qo HO
CH3-CH,-0
QAo R
HO -O/\E-CHZ-CH3
(12) : EtpG (13) : GpEt
d
CH3-CHo-
B
Q
- 2
o O-CH,-CHy
(9a):R=H, B=A, Etp;dAp,Et
(9b) : R=OH, B = A, Etp,Ap,Et
(10a): R=H, B=C, Etp,dCp,Et H
(10b) : R = OH, B = C, Etp,Cp,Et
(11a):R=H, B=G, Etp;dGp,Et
(11b) : R = OH, B = G, Etp,;Gp,Et

(5a):R=R'=H, Q'=Q?’=AR;=H
d(Cslp1As'pzASPSQPAAapaAa‘PeCy)
R=OH,R'=H,Q'=Q?=AR;=H
r(C¥p1ASpyASP;GPyAspsAS peC)

(5b):

(6a):R=H, Q'=A Q*=CR;=H
d(C%p4Ap,A%p3Gp, C3psA°psC?)
R=OH,R'=H,Q'=A Q*=CRy=H

r(C¥p1A% P A P3GPsCpsA%psCY)

(6b):

(7a):R=H, Q'=C,Q*=ARy=H
d(C¥p1A%p,Cp3Gp,A3psASpsCY)
R=0H, Q'=C,Q°=AR;=H
r(C¥p1A%p,Cop3GpsA°psA%psCY)

(7b):

(8a):R=H, Q'=Q?=CR;=H
d(C5Ip1AslpzcsP3§P4CSP5A3‘PBCBV)
R=0H, Q'=Q?=CRy=H
T(Csvp1Asvpzc593§P40395A3'F‘603I)

(8b):

(5¢): R=0H, Q'=Q?=AR;=CHg
r(Csvp1As‘P2A5P3QP4A395A3IF>603I)

(7c):R=0H, Q"=C,Q?=AR; =CH;,4
r(Csvp1As‘P20593§P4A3PsAsvpscsv)

(8¢):R=0H, Q'=Q?=CR;=CHs
r(C%p1ASp2Cop3GpsCpsA¥peC?)

Fig. 1

Here, we provide the first unequivocal evidence in these model
heptameric ssSRNA systems, showing that the electronic character
of the internucleotidic phosphates in 5a/b-8a/b (Fig. 1) in
ssRNAs is indeed non-identical, whereas they are more or less
uniform in the corresponding ssDNAs. We also show that there
are indeed some interesting preferences in the alkaline hydrolytic
cleavage of some specific internucleotidic phosphodiester linkages
in the native ssRNAs as a result of electrostatic interactions
between those phosphates and the guanylate ion (G~), which
could be remarkably reduced by substitution of the central G
with N'"Me_G. Thus, the alteration of the central G to G~ and
G to N'™.G, as simple model systems, allows us to interrogate
and compare the electronic and hydrolytic properties of the
phosphates by engineering the electrostatic effects within a given

HO

(layR=H, Q'=Q%=A, d(A%p:Gp,A3)
(1b): R=OH, Q' = Q2 = A, r(A%p,Gp,A%)
(2a):R=H, Q'=A, Q%= C,d(A%;Gp,C?)
(2b): R=OH, Q' = A, Q2 =C,r(A5p,Gp,C?)
(3a):R=H, Q'=C,Q2=Ad(C%Gp,A%)
(3b): R=OH, Q' =C, Q%= A, r(C%;Gp,A%)
(4a:R=H, Q'=Q?=C,d(C%Gp,C
(4b): R= OH, Q' = Q2= C, r(C%p,Gp,C?)

NH,
SN
f\
o
1-Cytosinyl (C)
NH
4 ‘ A

9-Adeninyl (A)

NH,

N

9-Guaninyl (G)

4 p

HO R

Model compounds used in the present work.
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set of analogous RNAs (only partly isosequential) with different
sequence contexts in which both the hydrogen bonding and dipole-
moment pseudoaromatic characteristics have been modulated.

Results and discussion

The eight ssDNA/ssRNA heptameric sequences used for the
pH-dependent *'P chemical shift study (pH 6.6-12.5) had
a central G moiety with either 5-purine(A)-G-purine(A)-3,
5'-purine(A)-G-pyrimidine(C)-3', 5-pyrimidine(C)-G-purine(A)-
3 or 5'-pyrimidine(C)-G-pyrimidine(C)-3’ as the immediate neigh-
boring nucleobases in the 5'- and 3'-ends respectively. Trimeric ss-
DNA/ssRNA sequences [d/r(Ap,Gp,A) (1a/1b), d/r(Ap,Gp.C)
(2a/2b), d/r(Cp,Gp,A) (3a/3b), d/r(Cp,Gp,C) (4a/4b), Fig. 1],
constituting the central trinucleotidyl core of the corresponding
heptamer, were used as the internal reference compounds. In the
isosequential heptameric ssDNAs (5a-8a) and ssRNAs (5b-8b)
the central trimeric sequences (Q'GQ?) are extended both at the
3'- and 5'-ends by the AC residues.

The internucleotidic phosphodiesters (pK, 1.5)° in the ssDNAs
and ssRNAs (1-8) are fully negatively charged under our mea-
surement conditions (pH 6.6-12.5). The *'P resonances for each
of the phosphates are shifted downfield'* [EST 1 (Note 2 and Table
S6)t] due to the formation of G~ from pH 6.6 to 12.5 for 1-8,
and show sigmoidal behavior giving an inflection point typical
of a titration curve. An example of the pH-dependent titration
profile is shown for the heptameric ssSRNA 8b (Fig. 2), and similar
titration profiles for the other ssDNAs and ssRNAs are shown
in ESI 1 (Fig. S1-S3). The pK, values* of G, obtained from
the titration curves from each of the °'P resonances (pK,,), are
determined by different methods including non-linear curve-fitting
[ESI 1 (Fig. S1-S3)] and Hill plot analysis [ESI 1 (Experimental
section D and Fig. S6 and S7)]. The pK, of G obtained from the
pH-dependent *'P chemical shifts [Table 1 and ESI 1 (Table S1
and Fig. S1-S3)] of various *'P resonances in the oligo-RNAs is a
result of the systematic change (titration profile) of the electrostatic
interaction of each of the negatively charged phosphates with
the central pseudoaromatic 9-guaninyl group as it is gradually
transformed into the 9-guanylate ion as the pH becomes alkaline.
Interestingly, it can be seen that the pK, of G obtained from the
pH-dependent *' P chemical shifts (pK,,) are variable in a sequence-
dependent manner, and are indeed different from those of the
directly measured pK, from its own pH-dependent 6 H8(G) shifts
(PKap).™

The reason for our observation of variable pK,, values from
various internucleotidic phosphodiesters is as follows: the elec-
trostatic potential energy E = Q, x Q,/4me,r, where Q is the
electric charge for O, = G and Q, = PO,!, & = the permittivity
factor (depending upon the microenvironment around each of the
phosphates) and r = the distance between the charge generation
site G~ and the phosphate. Thus, depending upon the local
phosphate charge variation, ie. if all the phosphates are not
electronically identical in a given ssDNA or ssRNA sequence,
then Q, can be different for different phosphates depending upon
each of their local microenvironments, which can potentially be
dictated by any or a combination of the following factors: (i) the
specific electronic character of a nucleobase in a given sequence
context (through which the Q, will be modulated) due to the
nearest-neighbor relationship (stacking/destacking equilibrium),

(i1) the interaction with a metal ion cofactor, (iii) the partial charge
generation — cationic or anionic, (iv) the non-covalent interaction
through distant neighboring group participation, (v) the folding
pattern, and (vi) the varying hydration capabilities around each
of the internucleotidic phosphates, where hydration is due to
conformational changes. Thus, this variable nature of Q, and Q,
makes the E for each of the internucleotidic phosphates variable,
which can be observed from the differently perturbed pK,, values.®

(I) Accuracy of the pH-dependent NMR titration studies

The pK, values for the ionization at N' center of G [obtained
from 0 H8(G) marker protons of the 9-guaninyl residue] used
for comparison in our present work were obtained in our earlier
work® by the pH-dependent 'H chemical shifts measured by both
500 and 600 MHz NMR ,* followed by the Hill plot analysis. The
pK., values reported here [Table 1 and ESI 1 (Table S1 and Fig.
S1-S3)1] are obtained by the pH-dependent chemical shift of the
S'P markers (p;—ps markers in the case of heptameric ssDNA and
ssRNA 5-8; and the p, and p, markers for trimeric ssDNA and
ssRNA 1-4) in the pH range 6.6-12.5. The *'P chemical shifts have
three sources of error [see ESI 1 (Experimental section B)]: (i) the
error owing to the digital resolution (the maximum error is 0.001
ppm); (i) the error from the line broadening of the phosphorus
(the maximum error is 0.06 ppm); and (iii) the error due to the salt
effect' as the pH is changed in a stepwise manner by adding NaOD
from pH 6.6 [the maximum error is 0.061 ppm upon the addition
of a maximum of 16 mM NaOD for reaching pH 12.5; ESI 1
(Experimental section B)]. Taking into account all of the above
sources of error in our observed *'P chemical shifts and applying
the salt effect correction [ESI 1 (Experimental section B)] over
the pH values 6.6-12.5, the pK, of guanine from *'P markers was
estimated only when the total change in the salt-effect-corrected
3'P chemical shifts was above 0.10 ppm [i.e. Ad*'Piwrsspring >
0.10 ppm].

Exceptions are *'P resonances of some ssSRNA sequences (ps in
6b, 7b and 8b) where Ad*'P was >0.10 ppm over the pH range 6.6—
12.5, but no pK, value was calculated from these resonances since
the pH vs. 3P did not show satisfactory sigmoidal behavior. The
change in 0*'P at higher alkaline pH values in these resonances not
showing pK,, was a result of the effect of the 2'-OH ionization on
the *'P chemical shifts. The effect of 2’-OH—2'-O~ on the evolution
of the pH-dependent 6 *'P of a specific internucleotidic phosphate
was found to be variable depending upon the sequence context [see
Fig. 2, and ESI 1 (Fig. S1)7]. This effect was found to be prevailing
in most of the *'P resonances in the pH range 11.9-12.5 [see ESI 1
(Experimental section D) for a detailed discussion of the different
pH values from which 0P was affected by the 2’-OH ionization
for different *'P markers]. As a result, although pH titrations for
all of the heptameric ssRNAs were performed at pH 12.5 for 5b,
6b and 8b and pH 12.75 for 7b all of the data points have not
been used for the determination of pK,, [Fig. 2 and ESI 1 (Fig.
S1) show the data points not considered for pK,, determination
in (A)]. The pH titration of compound 8¢, an N'"¢-G analogue of
8b, was done in the pH range 8.0-12.5 as a control study and it
was found that the *'P chemical shifts of the phosphate markers in
8c were influenced by the vicinal 2’-OH ionization but not before
pH 11.6 (Fig. 2).

This journal is © The Royal Society of Chemistry 2006
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The corresponding error in pK, determination is estimated to
be between +0.01 and £0.09 in the case of trimeric ssDNAs and
ssRNAs 1-4 and between £0.00 and 40.13 for the heptameric
ssDNAs and ssRNAs 5-8. All individual errors of the respective
pK, values are shown in Table 1 and ESI 1 (Table S1){. The pH
measurements were performed twice inside the NMR tube, both
before and after each NMR titration point [30-40 pH points within
the pH range 6.6-12.5 for each compound shown in Table 1 and
ESI 1 (Table S1)], and the pH readings were found to vary by only
+0.025, hence no buffer was used for our study. The details of the
pH measurement and calibration procedure can be found in ESI 1.

(II) Non-identical electronic characters of the internucleotidic
phosphodiesters in the heptameric RNAs, but not in the
isosequential DNAs

Table 1 and ESI 1 (Table S1), respectively, summarize the pK,,
values of G as obtained from its own d H8 (from our previous
work®®) as well as the pK ,, values obtained from the pH-dependent
*'P chemical shift data for different phosphate markers in the
trimeric [1(a/b)-4(a/b)] and heptameric [S(a/b)-8(a/b)] RNAs
(with the exception of 3'P markers p,, ps and p,, from which pK,
values of G could not be estimated). By comparing the pK,s of
9-guaninyl, obtained from the pH-dependent *'P chemical shifts
(pK.,) within the different phosphate markers as well as that
obtained from its d H8(G) (pK.,), the following key observations
can be made.

(1) The maximum difference between pK, and any of the
pK.,s within a particular sequence is 0.07 pK, units in 1la
among the trimers (1-4) and 0.14 pK, units in 7a among
the ssDNA heptamers (5a-8a), which are very close to the
error limit of +0.13 pK, units [see Table 1 and ESI 1 (Table
S1 and Experimental section D)7]. The maximum difference
is 0.02 pK, units between the pK,, values obtained from
the *'P markers p, and p, in 2b and 3a among the trimeric
ssDNAs/ssRNAs (1-4). Similarly, among the heptameric
ssDNAs (5a-8a), the maximum difference is 0.10 pK, units
between the pK,, values obtained from the 3P markers p,
and p; in 8a.

(2) The pK,, and pK,, values differ from each other significantly
in that the maximum difference between pK, and pK,,
(from the 3P marker p,) is 0.84 pK, units in the ssSRNA
sequence 8b. On the other hand, the minimum difference
between pK,, and pK,, (from the *'P marker p,) is found to
be 0.05 pK, units in heptameric ssSRNA 5b (Table 1). The
pK., values obtained from each of the marker phosphates
(p,—p,) in the heptameric ssSRNAs (5b-8b) also differ from
each other (Table 1) depending upon the sequence context.
In the two ssRNA sequences 6b and 7b, unfortunately we
do not have the pK,, of guanine from 6 H8(G) to compare
with the pK,, obtained from the *'P marker because of the
repulsive electrostatic effect between the 5'-phosphate of G
and its imidazole moiety.® The pK,,s obtained from the *'P
markers within a sequence, however, differ from each other as
observed from 10.38 (from the § *' P marker p;) to 10.63 (from
the 6°'P marker p,) in 6b as well as from 10.12 (from the J
3P marker p;) to 10.88 (from the ' P marker p,) in 7b. Thus,
among heptameric ssSRNAs (5b-8b) the maximum difference

(©)

4)

©)

between the pK,, values obtained from the 3P markers p;
and p, in 7b is 0.76 pK, units and the minimum difference
is 0.25 pK, units between the pK,, values obtained from the
*'P markers p; and p, in 6b.

The internucleotidic phosphates in the ssDNAs and ssRNAs
are fully ionized at the studied pH range of 6.6-12.5. Hence,
the observed downfield shifts of all *'P resonances from
neutral to alkaline pH is a result of through-space repulsive
electrostatic interaction' of the phosphate anion and the
G~ [see ESI 1 (Notes 1 and 2)f]. The observed downfield
shift of the *'P resonances [Fig. 2, and ESI 1 (Fig. S1-S3)]
reflects the weaker screening of the *'P nucleus due to the
delocalization of charge into its dn orbitals' [ESI 1 (Note
2)] as G becomes G~ over the pH range of 6.6-12.5. This
is very similar to the earlier observed downfield *'P shifts
in various types of phosphates,'*** phosphonates'“® and
aminophosphonates,'*® as they are ionized with an increase
of pH™" [see also Section ITI(3) on the alkaline hydrolysis of
the heptameric RNAs].

The effect of the formation of G~ is felt by the internucleotidic
phosphates only in close proximity at both the 3'- and 5'-
ends of the ionization site in the heptameric ssDNA and
ssRNA (mainly the p,, p; and p, markers show the apparent
pK., of guanine, Fig. 3). Thus, the generation of G~ at the
center of the ssDNA or ssRNA chain allows us to probe
only the relative electronic character of the neighboring
internucleotide phosphates (i.e. of p,, p; and p,). It can be
seen from the various pK,,s obtained from the *'P markers
(Table 1) that the largest increases in pK,, are seen when G is
sandwiched between two C residues, as in 8b.

As stated above, the pK,, of G obtained from the trimeric
and heptameric ssDNAs/ssRNAs is a result of the interac-
tion of G~ with the internucleotidic phosphate anion. The
relationship £ = Q, x Q,/4me,r suggests that as the distance
r increases the electrostatic potential energy decreases, which
means that the pK,, readout should decrease with respect
to pK,, as the distance increases, in an expected manner,
provided that all of the internucleotidyl phosphates experi-
ence an identical microenvironment. It is also implicit that
when a particular phosphate experiences a more hydrophobic
local environment [ESI 1 (Note 3)f] it should have a
lower dielectric contribution 4me, compared with the other
phosphates, which means that it should show a higher pK,,.
This is consistent with the fact that the pK, of the carboxylic
acid group in salicylic acid in DMSO (6.6) is much higher
compared with that in water (2.9).2> Note that this dielectric
argument also applies to the nucleobases, which are in a more
hydrophobic microenvironment!? [ESI 1 (Note 3)] compared
to the internucleotidic phosphates, and hence they should
show a larger pK, than the pK,, from the phosphates.
Hence, our observations of those pK,, values which are lower
than or similar to the pK, (as in p, of 5a; p, and p; of
5b; p; and p, of 7a) are no surprise, they are indeed well
expected (Table 1). In contradistinction, what is interesting
and unexpected are our observations of unique pK,,s from
some phosphates (p, of 5b; and p,, p; and p, of 8b, Table 1),
which show a larger pK,, than the pK,,. The larger pK,,
values of these phosphates compared with the pK,, can be
clearly attributed to their charge rearrangements* ' due
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to the electrostatic modulation of their electronic character
by a hydrophobic local microenvironment [ESI 1 (Note
3)], which has a lower dielectric contribution compared
with that of the aqueous environment. Thus, those specific
phosphates which are in a more hydrophobic environment
than the other phosphates are likely to show a relatively
higher pK, than the average pK, normally measured for the
internucleotide phosphates (1.5 to 2.1°). This means that
those phosphates in the hydrophobic pocket will be relatively
less ionized and hence likely to be more electrophilic; clearly,
they will also have a poorer ability to repel nucleophiles
such as the 2'-oxyanion or the hydroxide. In fact, they are
the ones which are more vulnerable than the others to a
potential transesterification reaction by the 2’'-oxyanion or
the hydroxide ion. Interestingly, we have observed a very
similar trend: that is, those internucleotidic phosphates which
show a pK,, are more prone to cleavage in the alkaline
hydrolysis of the heptameric RNAs [see also Section III(3)
on the alkaline hydrolysis of the heptameric RNAs].

We are tempted to postulate that such a hydrophobic
pocket around the scissile phosphate may be created in the
catalytic core of both large and small ribozymes when an
‘internal guide sequence’ (IGS) Watson—Crick base-pairs
with the target RNA to form the catalytic core such that
the reacting and catalytic groups come close to each other
and also with the help of metal ions such as Mg** or nucleic
acid bases with environmentally perturbed pK, values. This
increases the pK, of the scissile phosphate slightly, which will
make it partially protonated at the physiological pH in pref-
erence to the others, thereby steering the electrophilicity of
the internucleotidyl scissile phosphate to be distinctly higher
than the others in a large polymeric RNA. Consequently,
those protonated phosphates will have a poorer ability to

1.8% 33% 3.3%0.7%

vy

A4APSAP6C3'

'
10.88

Cleavage: 26%

S'CplApzAp3G
A A

v
PKy 1043 1053

pKa1 1058

5b [k=0.1010 h™]

Cleavage: 15% 18% 48% 50% 08%

Y

*Cp1Ap2Cp3Gp ApsApeC’
A AfrA
PKyp 1025 1012 | | 1088
PKar 9
7b [k=0.1035h™)

repel nucleophiles such as the 2’-oxyanion or the hydroxide,
causing specific transesterification to take place.

(6) It is noteworthy that, although the nucleobases in both
ssDNA and ssRNA do become destacked®*' as the 9-
guanylate ion is formed in the alkaline pH, the sugar-
phosphate backbone does not change appreciably [ESI 1
(Note 4)t], as became evident from the monitoring endo-
cyclic *Jyy of the constituent sugar rings [EST 1 (Table S2 and
S3)]. The present data therefore suggest that the role of the
conformational effect due to sugar-phosphate backbone pre-
organization is minimal for an O-P-O bond angle change
[see ESI 1 (Note 2)] as well as for the change of charge
densities around each phosphate marker across the RNA
chain compared with that of the contribution due to the
change in the local microenvironment.

(II)  Comparative alkaline hydrolysis of the heptameric native
RNAs and their N'-methylated G counterparts

In order to correlate the results from the above electrostatic
titration studies of the internucleotidic phosphodiesters by the
central G~ and the 2'-oxyanion in the heptameric RNAs 5b,
6b, 7b and 8b with their respective chemical reactivities, we
have carried out their alkaline hydrolytic cleavage at pH 12.5 at
20 °C, and compared the results with those from the cleavage
of the analogous N'-G-methylated (N'"™¢-G) heptameric 5S¢, 7¢
and 8c under identical conditions. Their time-dependent alkaline
hydrolysis was monitored by RP-Hplc analysis [ESI 2 (Fig. S12A);
ESI 3 (Fig. S12B); and ESI 5 (Fig. S15A) to ESI 11], and their
pseudo first-order rate constants were closely comparable [Fig. 3
and Fig. 4, and ESI 2 (Fig. S10 and S11)t]. The types of hydrolysis
products formed after 15, 30 and 60 min were identical, which
meant that those that were formed up to 60 min of the digestion

Cleavage: 21% 20% 20% 16% 0.1%

Y Y Y Y Oy

S'CplAﬁzATQPICPSAP()C ¥

pKy 1042 1038 || 1063
pKnl ?

6b [k=0.0507 h}]

Cleavage: 20% 32% 24% 25% 12%

>Cp1Ap;Cp3Gp4CpsApeC”
A A
pKa 1093 1053 || 1052
PKa1 10.09
8b [k=0.1004 h’']

Fig. 3 Alkaline hydrolysis (in 0.03 N aqueous NaOH) of the internucleotidic phosphates at pH 12.5 at 20 °C for heptameric ssRNAs (5b, 6b, 7b and
8b, see Fig. 1) for 1 h, and quenching by aqueous acetic acid (0.03 N). Each cleavage product after 1 h of digestion was separated as a pure component
by RP-Hplc and SMART™ RP-Hplc analyses. Each of the pure isolated fragments was subsequently characterized by high resolution MALDI TOF
mass measurements. Cleavage sites and the percentage cleavage are shown by solid arrows. Broken arrows show the pK,, of those phosphates which are
also shown in italics, and the blank arrows show the pK,,. The rate constants (k) shown in bold are for the disappearance of the parent heptamer during
the alkaline hydrolysis [see ESI 2 (Fig. S10-S15)]. Electrostatic interaction in the phosphate markers is propagated at the 3'-end (p,—ps) and at the 5'-end
(pi1—p;) as a result of G~ formation. The phosphate markers in italics (p,, p; and p,) show the pK,, (Table 1) and are also deshielded due to the 9-guaninyl

ionizations shown in the titration profile.
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Cleavage: 2.7
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Fig. 4 Comparison of the alkaline hydrolysis at 1 h (in 0.03 N aqueous NaOH, pH 12.5, 20 °C) for native (5b, 7b, 8b) and N'™-G (G™*)-containing

heptameric ssRNAs (5S¢, 7¢, 8¢). See ESI 2 for the rate plots.

were the primary alkaline hydrolysis products. These primary
cleavage products were subsequently found to produce secondary
hydrolysis products as the alkaline hydrolysis progressed, and since
this resulted in too many pathways hence the products could not
be used for further time-dependent quantitation of the primary
alkaline hydrolysis products {RP-Hplc results were monitored and
compared up to 48 h for the native RNAs, and up to 27 h for N'Me.-
G-containing heptameric ssRNAs [see also ESI 2 (Fig. S12A); ESI
3 (Fig. S12B); and ESI 5 (Fig. SI5A) to ESI 11]}. Each of the
primary alkaline hydrolysis products (after 60 min of the alkaline
digestion at 20 °C) formed from each of the heptameric ssSRNAs
5b, 6b, 7b, 8b and the N'™*-G-containing 5S¢, 7¢c, 8¢ was separated
as a pure entity either by single-step RP-Hplc or by a two-step RP-
Hplc/SMART™ RP-Hplc and quantitated { Fig. 3 and Fig. 4; ESI
2-ESI 11; Experimental sections (E)-(G) in this article; and ESI
1 [Experimental sections (E)-(G)]}. The high resolution MALDI
TOF mass spectra in the negative ion mode are shown in ESI
4 (Fig. S13), and characterization and structural assignment of
each of the pure cleavage products are shown in ESI 5 [Table S9
(A)—(G)]. Our key observations are given in the following list,

(1) to (9).

(1) Tt has been found that the ssRNAs are degraded at different
rates depending upon the sequence context: the total cleavage
after one hour at 20 °C is 11.7% for 5b, 7.8% for 6b, 13.9%
for 7b and 11.3% for 8b [time-dependent hydrolysis in the
RP-Hplc elution profiles is shown in ESI 2 (Fig. S12A); ESI
3 (Fig. S12B); and ESI 5 (Fig. S15A) to ESI 11].

(2) In the case of the N'™-G heptameric ssRNAs (5¢, 7¢ and
8c), it has been observed that the total alkaline degradation
occurs at a slower rate compared with that of the correspond-
ing native sequences. For example, after one hour at 20 °C:
(i) degradation of the N'™-G heptamer 5c¢ is 8.5%, which is
27% less than the native 5b (11.7%); (ii) degradation of the
N'"Me.G heptamer 7cis 9.0%, which is 35% less than the native
7b (13.9%); and (iii) degradation of the N'™¢-G heptamer 8¢
is 7.0%, which is 38% less than the native 8b (11.3%) (Fig. 4).

(©)

“4)

)

In all four native heptameric ssRNAs (5b, 6b, 7b and 8b),

alkaline hydrolysis is preferred to give the initial products

at those internucleotide phosphates (p,, p; and p,, Fig. 3)

which show both pK,, and a weaker screening of the *'P

nucleus in alkaline pH compared to neutral conditions. Some
other relatively minor cleavages were also observed at other
internucleotide phosphates, which do not show a pK,,, such
as p; of Cp,A (in all ssRNAs) as well as at ps of the Cp;A
block in 6b and 8b, and in that of the Aps;A block in 5b
and 7b (note, no cleavage is observed at p, of any of our
native ssSRNAs). The rates for the cleavage of the Cp,A
fragments'*¥* are quite comparable to or lower than the

cleavage rates of the phosphodiester bonds (p,, p; and p,)

which show pK,, (Fig. 3). In contrast, the reactivities of the

Cp, A fragments are always higher than the cleavage rates of

that of internucleotidic ps, which does not show any pK,,.

The preferential cleavages found at the internucleotidic

phosphates p,, p; and p, (which also show pK,,) in the native

heptameric ssRNAs (5b, 7b and 8b), are 16-78% reduced
in the case of the N'"™*-G-containing RNAs (5¢, 7¢ and 8¢)
because of the disappearance of the electrostatic effect of G~

(Fig. 4).

In Fig. 5, the relative Ad *' P shifts of the N'-methylated analog

8c signify the sole electrostatic interactions (modulated by

the microenvironment) between the 2'-O~ and the vicinal
3'-phosphate, whereas for 8b it is the triple interaction
amongst three actors, G/G~, 2’-O~ and phosphate. Thus,

the comparison of the alkaline cleavage rates at pH 12.5

(Fig. 4) and the relative Ad*'P shifts between pH 11.6 and

12.5 (Fig. 5) in the native heptameric RNA 8b with that of

N'-methylated analog 8¢ show the following:

(1) The variable Ad*'P shifts suggest that the pK, values of
all 2'-hydroxys are not uniform in 8¢, which is in contrast
with the very similar pK, values®*'s of the internucleo-
tidic 2’-OH obtained for eight different diribonucleoside
(3’—5) phosphates (12.71 for ApG, 12.81 for ApA, 13.13
for GpG, 13.11 for GpA, 13.17 for CpG, 13.28 for CpA,
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5 Bar plots representing comparative AJ*'P shifts between pH

values 11.6-12.5 for each of the internucleotidic p,—ps phosphates
of (C*piA"p,C°p;Gp,C'psA¥psC”) (8b) and (C*'p, A p,Cp;GVp,C*-
psA¥psC*) (8¢). The values for the Ad*'P shifts for each of the internu-
cleotidic phosphate markers of 8b and 8¢ are shown on the top of each bar
plot along the y-axis. Relative Ad*'P shifts suggest that all 2’-OH groups
(except for pg) are more ionized in 8¢ compared with 8b.

(6)

13.16 for UpG and 13.10 for UpA). The relative A5*'P
shifts of each of the internucleotidic phosphates suggests
that the vicinal 2’-OH acidity in 8c increases in the
following order: ps ~ p, < p; < p, < pi-

The relative cleavage rates at the internucleotidic phos-
phates cannot be correlated with the relative population
of the corresponding vicinal 2'-oxyanion because of
contributions from other factors (see Introduction). The
percentile hydrolytic cleavage values at the internucleo-
tidic p,, p; and p, phosphates in 8¢ are relatively small
compared with those in 8b, despite the fact that the
vicinal 2'-oxyanion population is considerably higher in
8c (as is evident from the AJ*'P shifts in Fig. 5). This
suggests that the relatively high electrophilic character
of the phosphates in 8b (contributed to by both G~ and
2-O" in the proximity) is perhaps more important for its
higher rate of the alkaline cleavage reaction than its 2'-
oxyanion population (compared with that of 8¢), keeping
in view that all other cleavage requirements in 8b and 8¢
are perhaps very similar because of their closely similar

(ii)

sequence context.

It is evident from the relatively larger A *'P shifts for p,,
P2, D3> Py and ps in 8¢ compared with those in 8b that the
2'-OH groups in 8¢ are relatively more acidic compared
with 8b, with the one exception of p,. The reason that
2’-OH in 8b is relatively poorly ionized compared with 8¢
is because of the high energy penalty of the electrostatic
repulsion between G~ and the 2’-oxyanion.

The 5'-terminal Cp;A blocks in the ssRNAs are uniquely
cleaved at a higher rate than the others. Fig. 3 shows that
the relative hydrolytic cleavage rates at the 5'-terminal Cp, A
moiety are comparable to or lower than the respective cleav-
age rates at the p,, p; and p, internucleotidic phosphodiesters

(iif)

@)

®)

which show pK,,. In contradistinction, an unusually high
hydrolysis is found to take place at the internucleotidic
phosphates of the 5'-terminal Cp, A blocks in general (2.6%
in 5b, 2.1% in 6b, 1.5% in 7b, and 2.0% in 8b), compared
with the intrastrand phosphodiesters of the Cps;A block of
6b (0.1%) and 8b (1.2%) or of the Ap;sA block of 5b (0.7%)
and 7b (0.8%), which do not show any pK,,.

Thus, the systematically higher cleavage rates of the Cp, A
fragments, outside the group of phosphates with pK,,
are consistent (see below) with earlier observations!¥=3
that the 5'-r(CpA)-3’ or 5-r(UpA)-3' blocks undergo cleav-
age that far exceeds other internucleotide linkages in
the chimeric DNA/RNA or 2-O-methylated-RNA/RNA
oligonucleotides as well as in many natural RNA polymers.
The relationship between the internucleotidic cleavage rate
and pK,,. The importance of the sequence context in RNA
can be further understood by comparison of the cleavage
rates at p,, which shows pK,, as the pH becomes alkaline:
we observe (Fig. 3) that the Ap,C fragment in 8b (3.2%)
cleaves at a much faster rate than that in 7b (1.8%)),
whereas the relative cleavage rates of the Ap,A fragment
in 5b (1.8%) and 6b (ca. 2.0%) are comparable. The Ap,C
block cleaves more easily in 7b (1.8%) or 8b (3.2%), while
the ApsC block, which does not show pK,,, is completely
resistant to any hydrolysis in all of our ssRNAs. This highly
preferential cleavage of the Ap,C block over the ApsC block
in 7b or 8b is remarkable, assuming that the 2'-OH of
the adeninyl nucleotide moieties in Ap,C and Ap,C have
comparable pK, values. Surprisingly, despite the fact that
the internucleotide phosphate linkage of the Ap,C block
is capable of sampling fewer in-line cleavage configurations
because of its more conformationally constrained intrastrand
location than that of the internucleotidic phosphate of 3'-
terminal ApC (particularly, its o and 3 torsions can act as
a free rotor), it clearly was not the decisive factor favoring
the cleavage of the former over the latter. These suggest that
the chemical character of the internucleotidic p, in 7b or 8b,
which shows both pK,, as well as weaker screening of their
S'P nucleus in the alkaline pH compared with that of neutral
conditions, are very special, perhaps due to its enhanced
electrophilic character compared with that of pg (see below
for further evidence of enhanced electrophilic character of
those phosphates with pK,,).

On the other hand, a comparison of the chemical char-
acter/reactivity of the p, [the Ap,C block in 7b (1.8%) and
8b (3.2%) and the Ap,A block in 5b (1.8%) or 6b (2.0%)],
also shows that there is most probably a complex set of
stereoelectronic and conformational/dynamic factors'e -3
that are responsible in tandem for dictating the cleavage (see
the Introduction), depending upon the sequence context and
the resulting folding of the RNA molecule.

The electrostatic charge repulsion between the phosphate and
the guanylate enhances the electrophilic character of the
phosphate. A comparison of the cleavage rates at p,, p; and
p, in all four ssSRNAs shows (Fig. 3) that the cleavage at
ps; and p, far exceed those of the cleavage rate at p, in
-Ap,Ap;Gp,A— in 5b and —-Ap,Cp;Gp,A— in Tb, whereas
the cleavage at p, is certainly preferred over p; and p,
in —Ap,Cp;Gp,C— in 8b. In contradistinction, the relative
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cleavage rates at p,, p; and p, in ~Ap,Ap;Gp,C— in 6b are
comparable. This shows the importance of the sequence
context in a competitive hydrolysis experiment with many
reactive internucleotide phosphates as in our ssRNAs, in
which all internucleotide phosphates compete freely for
stabilizing the stereoelectronic and conformational/dynamic
hyperspace® as prerequisites for the general base-catalysed
hydrolysis of RNA phosphodiesters.

Thus, our observations of high alkaline hydrolysis rates
at the internucleotidic phosphates of p,, p; and p, (which
show pK,,) compared with those which do not show pK,,
[such as those of the ApsA blocks in 5b/7b and the Ap,C
block (in which no cleavage is observed in any of the
four ssRNAs), along with the known exception'*”*~ of
high cleavage rates of CpA dimers as in the Cp,A and
CpsA blocks] clearly suggest that the enhancement of the
electrophilic character of the phosphorus of those specific
internucleotide phosphates with pK,, can be responsible for
a highly preferential hydrolysis rate of the intrastrand p,, p;
and p, (see below for the mechanism).

Earlier alkaline hydrolysis studies'?#%+ were performed
with chimeric DNA/RNA or 2’-O-methylated-RNA/RNA
oligonucleotides, in which only one scissile RNA phospho-
diester was incorporated. These studies showed that the al-
kaline transesterification reactivity of 5'-UpA-3’ and 5'-CpA
bonds (the ribo-phosphodiester bond is shown in italic) were
definitely much larger than those of the 5'-4ApA-3', 5'-GpA-3/,
5-GpG-3 or 5-ApG-3’ moieties. When we, however, compare
these preferences for the cleavage of the 5'-pyrimidine-purine-
3’ phosphodiester bonds in the chimeric oligonucleotides
with all the six freely competing ribo-phosphodiester bonds
in our heptameric ssRNAs, we clearly note that the 5'-
purine-purine-3’' phosphodiester bonds are not more resistant
to cleavage compared with those of 5-pyrimidine-purine-3’
phosphodiester bonds, as earlier elucidated for one scissile
RNA phosphodiester bond using chimers. In fact, with the
exceptions of ApsA (0.7% cleavage) in 5b and ApsA (0.8%
cleavage) in 7b, all other 5'-purine-purine-3’ phosphodiester
bonds are either more reactive [Ap;G (3.3%), Gp,A (3.3%)
in 5b and Gp,A (5.0%) in 7b] or are very comparable in
reactivity [Ap,A (2.0%) and Ap;G (2.0%) in 6b] with that
of the 5-pyrimidine-purine-3’, Cp,A, phosphodiester bond
[(2.6%) in Sb, (2.1%) in 6b, and (1.5%) in 7b]. In the case of
6b and 8b, the 5'-purine-purine-3' phosphodiester bonds are
clearly more reactive than that of the 5'-pyrimidine-purine-3’,
CpsA phosphodiester bond.

A general mechanism explaining the enhancement of the
electrophilic character of some specific internucleotidic phos-
phates. It is well known that the chemical shift is dictated
by the screening of a nucleus,” which in turn is directly
correlated to the diamagnetic shielding of the neighboring
electrons (i.e. a function of the electron density). This would
normally mean that the phosphate ionization to an anion
should shield the phosphate to a higher field as it happens
for proton chemical shift change as the electron density
around it increases. However, it is well known, in general,
for various types of phosphates,"“* phosphonates'“* and
aminophosphonates'® that the chemical shift goes downfield
in the alkaline pH compared with those under neutral

conditions. This is also true with some of the phosphates
of the heptameric RNAs [Fig. 2, and ESI 1 (Fig. S1 and
Table S6)], which also show pK,,: as the pH increases,
the ¥'P chemical shift of those adjoining phosphates goes
downfield [see ESI 1 (Table S5)], showing a typical titration
curve for the internucleotidic p,, p; and p, (Fig. 2) as a
result of the systematic charge repulsion effect between the
electron cloud in the outermost orbitals of phosphorus
and the central 9-guanylate ion. As a result, the excess
negative charge accumulated around the phosphorus nucleus
is delocalized into its own d= orbitals through pn—dn orbital
overlap, causing the O-P-O bond angle to decrease as a
manifestation of the p-orbital expansion (an increased p-
orbital unbalancing term).'* Thus, as the guanylate ion is
generated at pH 12.5, the electrostatic repulsion between the
phosphorus electrons and the 9-guanylate ion results in a
weaker *'P screening due to delocalization of the charge into
the phosphorus drn orbitals. This weaker screening of the
*'P nucleus is mostly felt at p,, p; and p,, as demonstrated
here by the downfield shift (deshielding) of §3'P [Fig. 2,
and ESI 1 (Fig. S1 and Table S6)] as the population of
the guanylate ion increases in the pH-dependent electrostatic
titration studies from pH 7 to 12.5 (Fig. 2 and Fig. 3). The
chemical manifestation of this weaker screening of the 'P
nucleus (i.e. the systematic downfield shift of §*'P from pH 7
to 12.5 as a result of deshielding of the *'P nucleus) upon
generation of the 9-guanylate ion is an enhancement of the
electrophilic character of those phosphates showing pK,, and
those more electrophilic phosphates which are p,, p; and p,
(Fig. 3). Hence, their alkaline transesterification rates are
higher than others.

We considered that the best possible way to establish this
enhanced electrophilicity in the internucleotide phosphates
of p,, p; and p, is to compare the alkaline cleavage rates of
identical dinucleotide blocks constituting p;, ps and p, For
this comparison we ruled out the relative cleavage rates of the
Cp, A and Cp;A blocks because they have unusual cleavage
rates'¥¥ as discussed above, but we can safely compare the
rest. Thus, a comparison of the relative rates of cleavage at
Ap,A (1.8%) versus ApsA (0.7%) in Sb, Ap,C (1.8%) versus
ApsC (no cleavage) in 7b, and Ap,C (3.2%) versus ApsC (no
cleavage) in 8b show that the cleavage rate is much higher at
p: than at ps or ps (Fig. 3).

Conclusions and implications

(M

It is found that, unlike the trimeric sSDNAs/ssRNAs and
heptameric ssSDNAs, the electronic nature of some of the
phosphates in the heptameric ssRNAs is dissimilar (non-
equivalent) in a sequence-specific manner, as probed by
titrating the intramolecular electrostatic interactions of the
G to G transition (pK,;) with each of the internucleotidic
phosphates (pK,,) across the ssRNA chain by the pH-
dependent *'P chemical shift study. This is most probably
due to the specific folded nature of each of these heptameric
ssRNAs, which makes the chemical environment around
each of their phosphates sufficiently different to exhibit
a sequence-dependent chemical reactivity toward alkaline
hydrolysis.
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The specific molecular microenvironment, due to a specific
sequence context in the ssSRNA, has been known!¢¥3" to
accelerate the alkaline cleavage rate of a scissile phosphate.
Molecular dynamics simulation has also shown that a specific
base sequence can also induce a higher stability of the penta-
coordinated phosphorane structure, mimicking that of the
transition state of the scissile phosphodiester bond.'* On the
other hand, the present work showed that, owing to a specific
sequence context in the ssSRNA, the charge densities around
each of the internucleotidic phosphates can vary due to the
electrostatic influence of an electron-rich center that is in
close steric proximity. This dictates the electrophilic character
that is available for the different internucleotidic phosphates
toward the alkaline hydrolytic cleavage reaction. In the
heptameric RNAs this variable electrophilic character of
the phosphates results from a systematic electrostatic charge
repulsion effect between the electron cloud in the outermost
orbitals of the phosphorus and the central guanylate ion
as the pH becomes gradually more alkaline, leading to
subsequent delocalization of the phosphorus pr charge into
its dz orbitals. The net effect of this delocalization of the pn
charge into the dr orbitals is a weaker *'P screening, which
is evidenced by systematic deshielding of the §*' P shift as the
pH becomes more alkaline, resulting in a neat titration curve
with an inflection point. Hence, those adjoining phosphates
that are in stereochemical proximity around an electron-
rich center show pK,, and a resulting higher electrophilicity;
they are also, therefore, relatively more susceptible to the
spontaneous alkaline hydrolysis by transesterification than
those which are further away.

It is known that some nucleobases in large, folded RNA
show a perturbed® pK, because of their orientation in
a more hydrophobic microenvironment. These perturbed
nucleobases normally show more basic pK, *** than those
of the mononucleotide or any other unfolded nucleobase(s)
within a given RNA sequence. Thus this change of elec-
tron density can also enhance the electrophilicity of the
phosphodiester bonds within the steric proximity, simply
because of the enhanced electrostatic repulsion mechanism
between them and the neighboring phosphates. Thus, this
present study constitutes a simple model for understanding
how the modulation of a specific sequence context, owing
to its microenvironment, can dictate the reactivity of the
interenucleotidic phosphates within the steric proximity.

It may be possible to modulate the chemical reactivity of
the internucleotidic phosphate(s) by complexing a specific
nucleobase (mainly at N' of G or at N* of U) with a metal
ion, such as Hg(ir), which will enhance its charge density
and thereby influence the electrophilicity of the neighboring
phosphate(s) as a result of weaker screening of the *' P nucleus.
The specific base-catalysis by RNA-cleaving proteins, such
as RNase A or RNA phosphodiesterase or nuclease, of a
specific phosphate hydrolysis in RNA (often utilizing histi-
dine residues for deprotonation), just as in the present non-
enzymatic hydrolysis, will most probably be electrostatically
influenced in a similar manner. Therefore, the present set of
sequence-specific alkaline hydrolysis experiments serves as a
good model to understanding the influence of electrostatics
in the modulation of chemical reactivity of RNA in general.

4)

(©)

(©6)

@)

®)

The modulation of phosphate charge density by electrostatic
means (inter- or intra-molecularly) may also enhance the
pK. of the scissile phosphate slightly (because of its steric
location in a more hydrophobic environment compared
with the others). This will make it partially protonated at
the physiological pH more preferentially than the others,
and as a result the electrophilicity of the internucleotidyl
scissile phosphate is very likely to be distinctly different from
the others in a large polymeric RNA. Consequently, those
protonated phosphates will have a poorer ability to repel
nucleophiles such the 2'-oxyanion or the hydroxide, causing
specific transesterification to take place in a preferential
manner.

The percentile cleavage values at the internucleotidic p,, p;
and p, phosphates are less in 8¢c compared with 8b, despite the
fact that the vicinal 2’-oxyanion population is considerably
higher in 8¢ (as evident from the AJ*P shifts in the pH
values between 11.6 and 12.5 — Fig. 5). This suggests that the
relatively high electrophilic character of the phosphates in 8b
(because of G~ in the proximity) is perhaps more important
for its higher rate of the alkaline cleavage reaction than its
2'-oxyanion population, bearing in mind that the ‘in-line’
cleavage conformations in 8b and 8c are perhaps very similar.
The earlier observations on the relative rates of the alkali-
promoted cleavage reaction of the RNA strand'*¥=**# yersus
the RNA sequence context goes hand-in-hand with our
present observation of the sequence-dependent electrostatic
modulation of the phosphate charge densities as well as the
propensity to spontaneous hydrolysis of various internu-
cleotide phosphates under the alkaline conditions.

The comparative alkaline hydrolysis in all four heptameric
ssRNAs (5b-8b) clearly demonstrates the complexity of the
physico-chemical behavior of a particular sequence context
(and the role of the resulting local structure) in dictating
the preferences in the alkaline hydrolytic cleavage reaction
amongst the six competing internucleotidic ribo-phosphates
(compared with the hydrolysis with those in the chimeras with
one scissile RNA phosphodiester). This might in turn help us
to interpret the mechanism employed by ribonucleases and
by RNA-cleaving ribozymes and to use the knowledge for
the design of appropriate enzyme mimics.

Incorrect splicing is known to have an important biological
role in the development of various diseases. It is likely thatif a
specific fold or scaffold building in a large pre-mRNA stere-
ochemically places a particular phosphate in a hydrophobic
microenvironment, it becomes more electrophilic than the
rest. By doing so it assumes a greater transesterification
potential, causing a wrong splicing to take place. Thus, by
modulating the folding pattern or varying the hydrophobic
pockets by engineering the appropriate interactions, one can
perhaps re-tune the phosphate reactivity in such a way that
the correct splicing is re-instated.

Experimental

(A) pH-Dependent *'P NMR measurement

The pH-dependent 3'P chemical shifts for the trimeric ssDNA and
ssSRNA compounds 1-4 as well as the heptameric ssDNA and
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sSRNA compounds 5-8 were performed using Bruker DRX-500
and DRX-600 spectrometers at 298 K in D,O solution (1 mM)
using O=P(OMe); (0 = 0.0 ppm) as an external standard for 'P
chemical shifts. All oligos were characterized using *'P-decoupled
'H COSY, 'H TOCSY, *P-'H correlation spectroscopy and 'H
NOESY. The pH calibration and measurement procedure is given
in EST 1.

(B) Accuracy of 6* P chemical shifts in compounds 1-8

The error in §*'P can come from the following three sources: (1)
the error from the digital resolution of the NMR spectrometer
at 600 MHz, (2) the error from the line broadening of the *'P
resonance, and (3) the error from the salt effect.

(C) pH Titration using *'P markers in compounds 1-8

These have been discussed in the text and are also discussed in
ESI 1.%

(D) pK, Determination

The pH-dependent ¢ *'P plots (over the range of pH 6.6-12.5, with
an interval of pH 0.2-0.3) for 1-8 show sigmoidal behavior [see
Fig. 2, and ESI 1 (Fig. S1-S3)1] for the deprotonation of the
9-guaninyl moiety in the trimeric and heptameric ssDNAs (la—
8a) and ssRNAs (1b-8b). In some *'P resonances of the ssRNA
sequences (p, and p, of 6b and p, of 7b) the pH-dependent J*'P
plots do not reach a distinct plateau at the end of the deprotonation
of 9-guaninyl. In other *'P resonances of heptameric ssSRNA
sequences a plateau is reached for the deprotonation of 9-guaninyl,
but the §3'P shift at even higher pH values shows deviation from
the plateau. This observation is a result of the influence on the
phosphorus chemical shifts of the ionization of the vicinal 2'-OH
group in the ssSRNAs, which starts before complete deprotonation
of 9-guaninyl in cases where a plateau is not reached and after
complete deprotonation in cases where the plateau is reached [see
ESI 1 (Experimental section D) for a detailed discussion on the
influence of the ionization of the vicinal 2'-OH group on the §°*'P
values of the phosphate markers in 5b, 6b, 7b and 8b].

(E) Alkaline hydrolysis of the heptameric ssRNAs

To the lyophilized solid oligonucleotides (5 od at Aygnm) In an
Eppendorf tube, aqueous sodium hydroxide (100 pL, 0.03 N,
pH 12.5) was added. It was allowed to stand at room temperature
(20 °C) until the last time point was taken at 48 h. Aliquots of
10 pL, each containing 0.5 od, were removed at suitable time
intervals and immediately quenched with aqueous acetic acid
(10 uL, 0.03N) to ca. pH 7. This was then stored at —20 °C
until analysis by Hplc. Each peak in the Hplc elution profile of
the alkaline hydrolysis of compounds 5b, 6b, 7b, 8b, 5¢, 7¢, and
8c for 1 h were characterized by MALDI TOF and the elution
profiles at zero and 1 h hydrolysis were used for quantification
of the primary products formed after 1 h of alkaline digestion.
All elution profiles at different time points (%, 1,2, 3, 4,8, 15,
27 and 48 h) were, however, used in determining the degradation
profile and the degradation rate constants for the heptamers. For
a detailed discussion on the Hplc separation of the hydrolysis
products at different time intervals, a procedure for the separation

of each primary product as a pure component after 1 h of alkaline
hydrolysis, and a procedure for the MALDI TOF analysis, see the
Experimental section in ESI 1.1

(F) Calculation of rate constants of the alkaline hydrolysis

The pseudo first-order rate constants were determined by plotting
the natural log of the fraction of the heptamer remaining
uncleaved, In (% heptamer left), at various incubation times,
considering the heptamer peak as 100% area at zero time. All of
the four ssRNA heptamers were contaminated by a small amount
of both non-nucleot(s)idic impurities (at Ry ~ 6.6 and ~ 10.5)
as well as by nucleotidic impurities which have been defined for
quantitation purposes [ESI 1 (Experimental section F)7]. Hence,
depending upon the retention times [ESI 1 (Experimental section
F)], all peaks formed upon degradation were recalculated after
subtracting the impurities (taking the parent heptamer peak as
100% before the addition of alkali).

The percentage areas of each of the degradation product peaks
at 1 h of alkaline digestion in the RP-Hplc elution profile of each
ssRNA were corrected according to the purity defined for each
parent heptameric ssSRNA [see ESI 1 (Experimental section)].
Some of the single peaks in the first round of RP-Hplc were
found to contain more than one hydrolysis product (nucleotide
fragments) when analyzed by MALDI TOF mass spectrometry.
They were further analyzed using the SMART™ RP-Hplc micro
purification system. Those separated pure components/peaks
were characterized again by MALDI TOF spectrometry and
were subsequently used for extinction coefficient correction to
determine the actual contribution of the different components in
the percentage cleavage shown in Fig. 3 and Fig. 4 of the main text
[see also ESI 2 (Fig. S12A); ESI 3 (Fig. S12B), and ESI 4 (Fig.
S13)]. For detailed calculation procedures see ESI 1 (Experimental
section J) and ESI 5 (Fig. S14).
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A solid phase approach for the preparation of peptides attached to a redox chemical delivery system
derived from stable annulated NADH models is reported. The synthesis starts with the grafting on a
Merrifield resin of quinoline 4b, precursor of the redox carrier. From the resulting quinoline supported
resin 4d, the stepwise SPPS of both octapeptide OP (RPGLLDLK) and octadecaneuropeptide ODN
(QATVGDVNTDRPGLLDLK), two neuropeptides exhibiting anorexigenic effects, was successfully
achieved by conventional methods. Quaternization of the quinoline moiety prior to cleavage of the
modified OP and ODN peptides from the resin, led to the expected quinolinium salt 8a and 8b
respectively linked to OP or ODN peptides. Finally, the reduction with NaBH, monitored by UV-vis,
provided the desired annulated NADH models as peptides carriers with either the OP (11a,b) or ODN

(12a,b) moiety.

Introduction

Due to their hydrophilic properties, many neuropharmaceutical
peptides cannot cross the lipoidal bilayer of the blood-brain
barrier (BBB) and consequently exhibit limited access to the
central nervous system (CNS)' in the absence of a specific
transfer system. Moreover, peptides may also be recognized by
a variety of neuropeptide-degrading enzymes expressed in the
BBB, thus hampering their transport into the CNS.> To overcome
these limitations, many authors®* have designed a brain-targeted
chemical delivery system based on the NADH/NAD+ redox
system (Fig. 1). Thus, biologically active compounds covalently
linked to a lipophilic dihydropyridine can readily penetrate the
BBB. The dihydropyridine which may be considered as a redox
“targeter” is then subjected to enzymatic oxidation in the brain.
The corresponding water-soluble and lipid-insoluble pyridinium
salt thus formed is “locked-in” in the brain promoting retention
of the targeted compound in the CNS. Subsequently, cleavage of
the pyridinium carrier induced by enzymes leads to the release of
the biologically active compound reaching its site of action.

In spite of the interesting pharmacological results described
by Bodor et al.,® this strategy remains limited due to the use of
a 1,4-dihydropyridine carrier. Indeed, 1,4-dihydropyridines are
rather unstable® and are subjected to many side reactions. In
particular a hydration reaction may occur on the 5,6-double
bond of the dihydropyridine. For several years, our research
group has been involved in the synthesis of stable annulated
NADH models in the quinoline series.*” In addition, we were
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Fig. 1 Brain targeting by means of NADH pyridinium models.

also interested in the study of the octadecaneuropeptide (ODN,
QATVGDVNTDRPGLLDLK). ODN, which has been charac-
terized as an endogenous ligand of benzodiazepine receptors
(BZRs) and proved to be a potent inhibitor of food intake in
rodents.® However, we have shown that the anorexigenic effect
of ODN is not mediated through BZRs® and that intravenous
administration of 200 times the intracerebroventricular effective
dose does not affect food intake demonstrating that ODN exerts
its anorexigenic effect centrally and is unable to cross the BBB.* We
have also demonstrated that ODN increases intracellular calcium
concentration in cultured rat astrocytes through activation of the
G protein-coupled receptor,’ and we have found that the C-
terminal octapeptide OP (RPGLLDLK) is the shorter isoactive
fragment."
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In this context, we examined the possibility of developing a
strategy for targeting these peptides to the brain by means of
a redox chemical delivery system derived from a stable dihydro-
quinoline NADH model. To link the peptide and the carrier, we
next speculated that a general solid-phase strategy would be well-
suited (Fig. 2). To this end, the grafting of the chemical carrier
on a Merrifield resin was planned prior to conventional solid-
phase peptide synthesis. Quaternization of the quinoline ring and
subsequent cleavage from the resin followed by reduction of the
quinolinium salt was expected to provide the desired peptide
bearing the dihydroquinoline carrier. This solid-phase strategy
offers not only the advantage to be general and applicable to the
brain targeting of a large range of drugs, but should also be easily
exploitable by biochemists, commonly familiar with solid-phase
peptide synthesis.
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Fig. 2 General solid-phase approach for targeting peptides.

In this paper, we describe the solid-phase synthesis of ODN or
OP linked to stable annulated dihydropyridines.

Results and discussion
Design of the peptide carriers

To obtain a stable and lipophilic peptide carrier based on
the NADH/NAD+ redox system (Fig. 3), we planned to use
annulated NADH models developed by our research group.®’
Annulation protects the dihydropyridine moiety against elec-
trophilic attacks on the 5,6-enamine double bond. As a result
of this protection, the reducing properties of annulated NADH
models are significantly altered. To overcome this side effect,
the electron donating alkoxy groups are expected to restore the
reducing properties obtained with simple 1,4-dihydropyridine
carriers. Besides, alkoxy groups could be advisedly used in the solid
phase synthesis to graft the peptide carrier. Finally, phenylalaninol
was envisaged as a linker between the chemical delivery system
and the active peptide. In the final step, esterases are consequently
expected to cleave the peptide from the quinoline carrier.

Immobilization
for solid phase
ﬂ synthesis

Ph ﬂ
I 9 H H
O - o
Peptide” ™ TN R
H
s Y Electron-
N OME% donating
H | H groups
Linker Stabilizing
element

Fig. 3 Design of a redox chemical delivery system by means of stable
annulated NADH model.

Synthesis of quinolines 2a,c. To prepare quinolines 2a,c
(Scheme 1), we used a Friedlander® type condensation with a
Borsche modification." In the first step, nitration of commercially
available compound 1a led to 1b (81%) and subsequent reaction
with p-toluidine afforded imine 1c (88%) which was reduced by
Na,S™ to furnish amine 1d (85%). The stable amino imine 1d
was condensed with ethyl acetoacetate to produce the expected
quinoline 2a in high yield (89%). The direct conversion of ester
2a into amide 2¢ with (S)-phenylalaninol was rather tedious:
heating in toluene or in the presence of trimethylaluminium in
CH,Cl, alwaysled to low yields (ca. 10%). Alternatively, carboxylic
acid 2b was obtained by reacting 2a with lithium hydroxide
(82%) and conversion to the corresponding acid chloride was
achieved with oxalyl chloride. Finally, subsequent reaction with
(S)-phenylalaninol gave the required amide 2c¢ (74%).

R OMe

1a:R=H i
O ( 1p: R = NO, o 1¢:R=NO, §
1d: R = NH. ) (i)
Q (v)
R = OBn
N\
N OMe
v) 2a: R = OEt CH,Ph

' X 2p:R=0OH
Vi) ( 2¢:R = HN«\
OH

Scheme 1 Reagents and conditions: (i) HNO;, 1 hat 0 °C then 2 h at 20 °C
(81%); (ii) p-toluidine, EtOH, 2 h, reflux (88%); (iii) Na,S, EtOH, 15 min
at reflux then 4 h at 0 °C (85%); (iv) Ethyl acetoacetate, piperidine, EtOH,
8 h, reflux (89%); (v) LiOH, H,O, EtOH, 3 h, reflux (82%); (vi) (COCl),,
NEt;, DMF, CH,Cl,, 12 h, 20 °C then (S)-phenylalaninol, 30 min at —5°C
then 24 h at 20 °C (74%).

Synthesis of polymer-supported quinolinium salts and optimization
of the cleavage step conditions

Polymer-supported NADH models have been previously reported
by our laboratory™ and others.’® Our strategy is based on the
reaction of phenolic compounds with Merrifield resins prior to
quaternization and reduction steps. However, in the present study
it was also necessary to cleave the polymer-supported quinolinium
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salts prior to the final reduction step. So, to validate the whole
sequence of the solid phase approach, it was first essential to
determine the reaction conditions for the cleavage step of the
quinolinium salt from the resin.

Initially, we envisaged working with ester 2a and amide 2c¢
as models (Scheme 2), the benzyl group mimicking in both
cases the Merrifield resin. Quaternization of quinolines 2a,c
proceeded smoothly with the highly reactive methylating agent
methyl trifluoromethanesulfonate affording quinolinium salt 3a,b
in 72% and 90% yield respectively. In the literature, TMSI and
TMSOTT were successfully used to deprotect benzyl ether groups
and proved to be compatible with a pyridinium salt.” Thus,
the quinolinium salts 3a,b were conveniently deprotected with
TMSOTS to furnish the desired compounds 3c¢,d in 90% yield.
It was then necessary to validate these deprotection conditions
on a Merrifield resin. To this end, benzyl ether cleavage of 2a,c
was accomplished by hydrogenation to provide 4a,b in 64% and
100% yield respectively. Phenolic derivatives 4a,b were reacted with
Merrifield resin (1% DVB, f;, = 1.2 mmol g') in DMF for 4 days

o}
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2a: R = OEt
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| OH
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0 (0]
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e oM 9 oM
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resin 4e: R = OEtg, preh
resin 4f: R = HN‘(_
OH

Scheme 2 Reagents and conditions: (i) MeOTf, CH,Cl,, 1 h, 20 °C from
2a (72%), 4 h from resins 4¢c,d or CHCL;, 6 h from 2¢ (90%); (ii) H,,
Pd/C (10%), MeOH, 2 h, 20 °C from 2a (64%) and 24 h from 2¢ (100%);
(iii) Merrifield resin (1% DVB; 1.2 mmol g~'), NaH, DMF, 4 days, 20 °C;
(iv) TMSOTTf, CH,Cl,, 2 h, 20 °C from resin 4e and 4 h from 3a,b and
resin 4f.

at 20 °C mediated by NaH to yield the functionalized resins 4c,d
with a loading of 0.93 mmol g~' and 0.90 mmol g~' respectively
(estimated by nitrogen microanalysis). Resins 4c,d were treated
following the same reaction sequence previously developed with
2a and 2c¢ (Scheme 2). Thus, quaternization reaction gave resins
de,f (loading 0.81 mmol g~!' and 0.63 mmol g~! respectively). The
final cleavage step with TMSOTT was accomplished affording pure
compounds 3c,d in rather fair yields. This sequence of reactions
was validated with compounds 2¢ and resin 4d, both bearing the
phenylalaninol linker.

Synthesis of ODN and OP on polymer-supported quinoline carrier

The next step of the synthesis was the introduction of the first
N*-protected L-amino acid. This was achieved by the coupling
reaction either with 2¢ or resin 4d in a customary manner by using
Fmoc-L-Lys(Boc)-OH and PyBop/DIEA activation (Scheme 3)
giving compound 5a in moderate yield (33%) and resin 5b in good
yield (loading 0.53 mmol g™'). Surprisingly, several attempts (i.e.
FEP/DIEA or MSNT/Melm) to improve the yield of compound

5a failed.
Ph
17
HO NJmO\R
H
Ny
2c:R=Bn
resin 4d: R = CH2—0 N l Qe

]

Ph
I o
O o} R
Fmoc-Lys(Boc)”[ H =
~
N OMe

5a: R =Bn Qui
resin 5b: R = CHZ—O

Scheme 3 Reagents and conditions: (i) Fmoc-L-Lys(Boc)-OH, PyBop,
DIEA, DMEF, 20 °C, 3 h from 2¢ (33%) and 2 h from resin 4d.

Both peptides, OP and ODN were synthesized from resin 5b
using a solid phase peptide synthesis (SPPS) with the standard
Fmoc strategy as previously described® (Scheme 4). All the
corresponding protected (O'Bu for Asp, Pmc for Arg, Trt for
Asn and Gln, ‘Bu for Thr) Fmoc-L-amino acids were sequentially
coupled by in situ activation with HBTU/HOBt and DIEA in
NMP. Acetic anhydride was used in the capping procedure and the
N-terminal Fmoc group was successively removed by treatment
with piperidine in NMP. According to this procedure, we obtained
the functionalised resins 5¢,d with the protected peptides OP and
ODN respectively.

Quaternization reaction and cleavage of resins 5c,d

We must point out that Yajima et al.'® have reported for the
chemical synthesis of proteins, an efficient deprotecting procedure
with TMSOTT. Since this reactant could be used with proteins,
we first attempted the cleavage step on resins 5¢,d with TMSOTf
associated with trifluoroacetic acid in the presence of appropriate
scavengers (Scheme 5) from 0 °C to 20 °C for 2 h. Following
this procedure, the expected compounds 6a,b were obtained after

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 817-825 | 819





Fmoc-Lys(Boc)-Qu iO
resin 5b

(i), (ii), (iii)
l SPPS

Fmoc—Arg(Pmc)—Pm—GIy—Leu—Leu—Asp(O‘Bu)—Leu—Lys(Boc)—Quio

resin 5¢

(), (i, (iii)ll
l SPPS

Fmoc-GIn(Trt)-Ala-Thr('Bu)-
Val-Gly-Asp(0'Bu)-Val-Asn(Trt)-Thr('Bu)-Asp(O'Bu)-
Arg(Pme)-Pro-Gly-Leu-Leu-Asp(O'Bu)-Leu-Lys(Boc)-Qui{Q)
resin 5d

Scheme 4 Reagents and conditions: (i) piperidine 20%; (ii) N*-Fmoc
corresponding L-amino acid (4 equiv.), HBTU, HOBt, DIEA, NMP;
(iii) Ac,0, HOBt, DIEA.

side-chain deprotection and cleavage of the quinoline moiety from
the resin. MALDI-TOF analysis revealed the occurrence of 6a,b
as the major products. However, we notice that, in addition to the
presence of 6b, we also observed two other products corresponding
respectively to the loss of one and two molecules of water. In
the literature,” a dehydratation reaction of the carboxamide part
of pyroglutamide to give a nitrile group was described in the
presence of TMSCI1/ZnCl,. Consequently, the use of TMSOT( in
the presence of TFA could also promote such a side reaction from
Gln and Asp residues of ODN since both contain a carboxamide
group.

Finally, we undertook the quaternization reaction of the quino-
line moiety of resins 5¢,d (Scheme 5) with MeOTf. Subsequent
removal of the Fmoc group was accomplished by treatment with
20% piperidine in DMF for 20 minutes to afford the expected resins
7a,b. Cleavage of resins 7a,b was carried out with TMSOT{/TFA
in the presence of scavengers and conducted at 0 °C for 2 h
to lead to compounds 8a,b (Scheme 6). MALDI-TOF analysis
showed that 8a,b were the major products in the crude mixture. In
contrast to 6b, we observed in the case of 8b only a small peak on
the mass-spectrum corresponding to the loss of one molecule of
water. This is probably due to the fact that the cleavage step was
carried out at 0 °C with resins 7a,b instead of from 0 °C to 20 °C
as previously done with resins 5¢,d. Furthermore, MALDI-TOF
analysis suggests that permethylation also occured with MeOTf
in addition to the quaternization reaction of quinoline. With
peptide OP, only monomethylation took place while mono, di
and trimethylation were observed with peptide ODN. Before the
final reduction step of the quinolinium salt, compounds 8a,b were
purified by using a preparative HPLC.

Reduction of quinolinium salts 3b,d and 8a,b

We have previously reported the quantitative and regioselective
reduction of quinolinium salt derivatives’ by addition of a large
excess of sodium dithionite and sodium carbonate giving rise to
1,4-dihydroquinolines. In the literature, an alternative route using

Fmoc-Arg-Pro-

Ph o
Gly-Leu-Leu- I
Asprequys—O\\‘,.- K Pz OH
resin (i) H
50 — & X
N OMe
H-Arg(Pmc)-Pro-

Gly-Leu-Leu-
Asp(O'Bu)-
(ii) Leu-Lys(Boc)—

Fmoc-Gin-Ala-

resin 7a
Thr-Val-Gly- I
Asp-Val-Asn-
Thr-Asp-Arg- Ph fo)
Pro-Gly-Leu- \L
] Leu-Asp-Leu-Lys—O._ .. OH
resin (i) N =4
50 —> H
.
N OMe
6b
H-GIn(Trt)-Ala-Thr('Bu)-Val-
Gly-Asp(O'Bu)-Val-Asn(Trt)-
(i) Thr('Bu)-Asp(O'Bu) Arg (Pmc)-
Pro- GIy-Leu
Leu-Asp(O'Bu)-
Leu-Lys(Boc)— )m

resin 7h

Scheme 5 Reagents and conditions: (1) TMSOTf, TFA, thioanisole,
ethanedithiol, m-cresol, 0 °C then 20 °C, 2 h; (ii)) MeOTf, 0 °C, 4 h then
piperidine (20%), DMF then AcOH (5%), CH,Cl,.

H-Arg-Pro-Gly-Leu-
Leu-Asp-Leu-Lys— OH
(i)
— OMe

Resin
7a
Tfoe
H-GIn-Ala-Thr-Val-
Gly-Asp-Val-Asn-
Thr-Asp-Arg-
Pro-Gly-Leu- \L
. Leu-Asp-Leu-Lys—O ~ OH
Resin ()
b OMe
TfO

Scheme 6 Reagents and conditions: (i) TMSOTS, TFA, thioanisole,
ethanedithiol, m-cresol, 0 °C, 2 h.

BNAH (1-benzyl-1,4-dihydronicotinamide) also provided regios-
elective reduction of quinolinium salts to 1,4-dihydroquinolines
derivatives. But, despite our efforts, reduction of compound
3b either with sodium dithionite or BNAH failed. Speculating
that both 1,2- and 1,4-dihydroquinoline may undergo enzymatic
oxidation in the brain to give the corresponding quinolinium
salt, we turned our attention to a non-regioselective reduction
using NaBH, (Scheme 7). Thus, reduction of quinolinium salt 3b
gave the expected compounds 9a,b. The analysis of the 'H-NMR
spectra assigned by NOE effects showed that a 11 : 9 mixture of
9a and 9b respectively was obtained. We were mainly interested in
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R =Bn:9a
R=H :10a

\L O
0 HO N y O\R
3b,d —» H H

N OMe

R=Bn: 9%
R=H :10b

Scheme 7  Reagents and conditions: (i) NaBH,, EtOH, 20 °C, 2 h.

the reduction of compounds 8a,b. However, it was first necessary
for 8a,b, which are available only on a small scale, to find a non-
destructive and efficient analytical tool to monitor this reduction
step. Pyridinium salts are characterised by a strong UV-absorption
at 270 nm that decreases when reduced to the corresponding
dihydropyridine. Besides, a second band at 360 nm characteristic of
the pyridinium salt should be observed.* Then, we first attempted
to investigate the reduction reaction by using UV—vis spectrometry
with 3b. The reduction of 3b was recorded after 2, 5, 10 and 20 min
of reaction (Fig. 4). It was obvious that both bands (255 nm
and 365 nm) from the quinolinium salt 3b decreased rapidly to
afford dihydroquinolines 9a,b after 20 min. Reduction was also
undertaken with 3d to obtain dihydropyridine derivatives 10a,b.
The so-obtained UV spectra were very close to those obtained with
3b. The study being successful, the next step was to perform the
same experiment with 8a,b (Scheme 8). In both cases, the evolution
of UV-vis spectrum is similar to that observed with 3b,d (Fig. 5
for 8a). Thus, the expected dihydropyridine derivatives 11a,b and
12a,b were obtained according to the disappearance of the two
characteristic bands (255 nm and 365 nm) of the quinolinium salt
8a,b and confirmed by a MALDI-TOF analysis.

1.0

0.8+

0.6 | /=—3b

Abs

0.4+

0.2- 9a,b %

0.0

T T T
200 250 300 350 400
Wavelength (nm)

Fig. 4 UV-vis spectra of quinolium salt 3b (red) and dihydropyridine
derivatives 9a,b formed by addition of NaBH, on 3b after 2 min (blue),
5 min (violet), 15 min (black) and 20 min (green).

Conclusion

The fairly good stability of annulated NADH models makes
this class of potential peptide carriers of particular interest. The

Ph
) H-Arg-Pro-Gly-Leu- Q
! -Asp-Leu-Lys— .
8a Leu-Asp-Leu-Lys O\\\“ N = OH
Hy
11a HsC T OMe
Ph
H-Arg-Pro-Gly-Leu- \L
Leu—Asp—Leu—Lys—O\\\\‘- N
H
11b
H-GIn-Ala-Thr-
Val-Gly-Asp-Val-
Asn-Thr-Asp- Ph o
() Arg-Pro-Gly-Leu-
Leu-Asp-Leu-Lys— o H
8b — PR TO N\ N F °
Hoy
12a HsC T OMe
H-GIn-Ala-Thr-
Val-Gly-Asp-Val-
Asn-Thr-Asp-

Arg-Pro-Gly-Leu-
Leu-Asp-Leu-Lys—0O

Scheme 8 Reagents and conditions: (i) NaBH,, EtOH, 20 °C, 2 h.
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Fig. 5 UV-vis spectra of quinolium salt 8a (red) and dihydropyridine
derivatives 11a,b formed by addition of NaBH, on 8a after 15 min (violet)
and 20 min (black).

rational design of new peptide carriers led us to prepare polymer-
supported NAD+ annulated models. To this end, the grafting of
quinolines to a Merrifield resin and subsequent stepwise SPPS of
sophisticated neuropeptides such as OP and ODN was successfully
achieved. Then, quaternization reaction and subsequent cleavage
from the Merrifield resin of the so-obtained quinolinium salt
derivatives followed by a final reduction afforded the expected
compounds 11a,b and 12a,b as a mixture of 1,2- and 1,4-
dihydropyridine derivatives.

Experimental

Infrared spectra were recorded on a Beckmann IR 4250
spectrometer. 'H and “C-NMR spectra were recorded on a
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200 MHz or 300 MHz Bruker apparatus and calibrated with
the residual undeuterated solvent unless specified. Spectra were
recorded in deuteriochloroform. The UV-vis spectroscopic
measurements were carried out with a Varian Cary 100
biospectrophotometer. All amino-acid residues, O-benzotriazol-
1-yl-N,N,N',N'-tetramethyluronium hexafluorophosphate
(HBTU), 1-hydroxybenzotriazole (HOBt), piperidine and N,N-
diisopropylethylamine (DIEA) were purchased from Applied
Biosystems (St Quentin en Yvelines, France). Trifluoroacetic
acid, trichloroacetic acid, phenol, thioanisol, ethanedithiol, N-
methylpyrrolidin-2-one (NMP), N-methylmorpholine (NMM),
N,N-dimethylformamide (DMF) were from Sigma-Aldrich
Chimie. Merrifield resin (f = 1.2 meq g', 1% DVB, 200-400
mesh) was from Novabiochem. Resin 4¢ was prepared by using
a Quest® 210 parallell synthesizer (Argonaut Technologies
A.G.). Flash chromatography was performed with silica gel
60 (70-230 mesh from Merck) and monitored by thin layer
chromatography (TLC) with silica plates (Merck, Kieselgel 60
F254). Peptides 8, 11, 12a,b were purified by reversed-phase
HPLC on a semipreparative Vydac C;; column (1 x 25 cm,
Touzart and Matignon, Courtaboeuf, France) using a linear
gradient (10-50% over 40 min) of CH;CN/TFA (99.9 : 0.1, v/v)
at a flow rate of 5 mL min~'. Analytical RP-HPLC (1 mL min™"')
was performed on a Vydac C;s column (0.45 x 25 cm) using a
linear gradient (10-40% over 30 min) of CH,CN/TFA (99.9 :
0.1, v/v) at a flow rate of 1 mL min~'. The purified peptides
8, 11, 12a,b were characterized by FAB-MS on a conventional
EB geometry mass spectrometer JEOL model AX-500 equipped
with a DEC data system (JEOL-Europe SA, Croissy-sur-Seine,
France). Compounds 6a,b and 8a,b were characterized by
using matrix-assisted laser desorption ionization-time of flight
(MALDI-TOF) MS (Tofspec E, Micromass, Manchester, UK) in
the reflectron mode with o-cyano-4-hydroxycinnamic acid as a
matrix.

5-Benzyloxy-4-methoxy-2-nitrobenzaldehyde 1b. Nitric acid
(10 mL, 68% in water) was introduced in a round bottomed
flask fitted with a mechanical stirrer and cooled with an ice bath
at 0 °C. Thereafter, 3 benzyloxy-4-methoxybenzaldehyde (2 g,
14 mmol) was slowly added. The reaction mixture was stirred for
30 min at 0 °C and 1 h at 20 °C. Then, the reaction mixture was
poured on ice-water to lead to a yellow solid which was filtered
and washed with water. The yellow solid was dried under high
vacuum to afford 5-benzyloxy-4-methoxy-2-nitrobenzaldehyde 1b
(1.93 g, 81%). Mp 130 °C (from H,0); (Found: C, 62.93; H 4.55;
N 4.72. Calc. for C;sH;;NOs: C 62.72; H 4.56; N 4.88%); Vo, cm ™"
1683, 1577, 1512, 1338, 1280 1216, 1061; 6,4(200 MHz, CDCl;,
TMS)4.03 (3 H,s),5.27(2H,s),7.44(6 H,m), 7.63 (1 H, s), 10.42
(1H,s);0:(50 MHz, CDCl,) 56.7,71.3,107.3, 111.3, 125.35, 127.5
(x2), 128.6, 128.8 (x2), 135.0, 143.9, 152.3, 152.8, 187.6.

(5-Benzyloxy-4-methoxy-2-nitro-benzylidene)-p-tolylamine 1c.
In a flask were introduced 5-benzyloxy-4-methoxy-2-nitroben-
zaldehyde (4.31 g, 15 mmol), p-toluidine (1.93 g, 18 mmol) and
absolute ethanol (300 mL). The mixture was refluxed for 2 h and,
after cooling at 0 °C, a solid was filtered. Drying under high
vacuum gave compound 1c¢ as a yellow solid (4.97 g, 88%). Mp
150 °C (from EtOH); (Found: C 70.27; H 5.34; N 7.56. Calc for
C,HyN,O,: C 70.18; H 5.35; N 7.44%); vpa/cm™' 1567, 1511,
1382, 1322 1274, 1221, 1062, 986; J4(200 MHz, CDCl;, TMS)

2.40 3 H, 5), 4.00 3 H, 5), 5.32 2 H, 5), 7.23 (4 H, 5), 7.39-7.53
(5 H, m), 7.64 (1 H, s), 7.90 (1 H, s), 9.04 (1 H, s); 6o(50 MHz,
CDCl,) 21.0, 56.4, 71.2, 107.4, 111.3, 121.1 (x2), 125.7, 127.7
(x2), 128.4, 128.6 (x2), 129.8 (x2), 135.4, 136.6, 142.5, 148.5,
150.8, 152.2, 155.0.

6-(p-Tolylaminomethylidene)-4-benzyloxy-3-methoxyaniline 1d.
A solution of compound 1¢ (3.76 g, 10 mmol) in EtOH (250 mL)
was heated to reflux and sodium sulfite nonahydrate (5.28 g,
22 mmol) was added. After a few minutes, a vigorous reaction
occurred and the heating was maintained for 10 min. After cooling
at 0 °C for 4 h, the precipitate was filtered. The remaining solution
was concentrated under reduced pressure. Water (100 mL) was
added to the residue and a new crop of precipitate was obtained.
Compound 1d was obtained as a yellow solid (2.94 g, 85%). Mp
142 °C (from H,O); (Found: C 76.31; H 6.39; N 8.13. Calc for
C,,H,,N,0,: C 76.28; H 6.40; N 8.09%); Vo /cm™" 3383, 1629,
1599, 1548, 1506, 1455, 1245, 1208, 1140, 1006; 64(200 MHz,
CDCl;, TMS) 2.37 (3 H, s), 3.90 (3 H, s), 5.07 (2 H, s), 6.24 (1 H,
s), 6.46 (2 H, br s), 6.85 (1 H, s), 7.06-7.20 (4 H, m), 7.31-7.47
(5 H, m), 8.34 (1 H, s); 3.(50 MHz, CDCl;) 20.9, 55.7, 72.6, 99.1,
110.0, 115.2,120.7 (x2), 127.5(x2), 127.8, 128.4 (x2), 129.6 (x2),
134.8, 137.4, 139.4, 145.6, 149.5, 153.9, 161.1; m/z (EI) 346.

Ethyl 6-benzyloxy-7-methoxy-2-methylquinoline-3-carboxylate
2a. To a solution of compound 1d (3.46 g, 10 mmol) and
ethylacetoacetate (1.52 g, 12 mmol) in EtOH (150 mL) were added
a few drops of piperidine. The resulting solution was refluxed for
10 h. After cooling at 0 °C, the precipitate was filtered, rinsed with
petroleum ether (75 mL) and dried to furnish compound 2a as a
beige powder (3.12 g, 89%). Mp 151 °C (from EtOH); (Found:
C 71.38; H 5.98; N 4.04. Calc: for C,H,;NO,: C 71.78; H 6.02;
N 3.99%); v /cm™" 2968, 1702, 1496, 1270, 1214, 1188, 1164,
1069; (300 MHz, CDCl;, TMS) 1.37 3 H, t, J 7.1),2.90 (3 H,
s),395(3 H,s),434(2H,q,J 7.1),5.16 2 H, s), 7.01 (1 H, s),
7.25-7.44 (6 H, m), 8.45 (1 H, s); (75 MHz, CDCl;) 14.1, 25.3,
55.9,60.8, 70.5, 107.2, 120.7, 121.3, 127.0 (x2), 127.9, 128.4 (x2),
135.9, 137.8, 145.9, 148.5, 154.4, 156.4, 166.4.

6-Benzyloxy-7-methoxy-2-methyl-quinoline-3-carboxylic  acid
2b. A solution of lithium hydroxide monohydrated (252 mg,
6 mmol) in absolute ethanol (15 mL) was refluxed and ester 2a
(702 mg, 2 mmol) was added. The reflux was continued for 3 h.
Thereafter, the hot solution was filtered and cooled to 20 °C. The
mixture was acidified with a solution of hydrochloric acid (2N).
The acid which precipitated was filtered and dried under vacuum
to furnish compound 2b as a white solid (529 mg, 82%). (Found:
C 70.71; H 5.09; N 4.63. Calc for C,,H;NO,: C 70.58; H 5.30; N
4.33%); 04(300 MHz, DMSO-d;) 2.85 (3 H, s), 4.05 (3 H, s), 5.30
(2 H,s), 7.40-7.75 (7T H, m), 8.70 (1 H, s); dc(75 MHz, DMSO-d)
25.4,56.2,70.3,107.4,107.9, 121.1, 122.2, 128.6 (x 3), 128.8 (x2),
136.7, 138.0, 145,8, 148.6, 154.4, 155.9, 168.2.

N-(1-Hydroxymethyl-2-phenylethyl)-6-benzyloxy-7-methoxy-2-
methyl-quinoline-3-carboxamide 2c. In a flask, flushed with
nitrogen, was introduced compound 2b (400 mg, 1.24 mmol)
and 20 mL of CH,Cl,. Oxalyl chloride (0.44 mL, 5 mmol) and
a few drops of DMF were added and the reaction mixture was
stirred overnight. After evaporation of the solvent under reduced
pressure, the residue was placed under a nitrogen atmosphere.
In a tricol flask flushed with nitrogen, were introduced
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S-phenylalaninol (755 mg, 5 mmol), NEt; (0.7 mL, 5 mmol) and
dichloromethane (20 mL). The reaction mixture was cooled at
—10 °C. Dichloromethane (20 mL) was added to the intermediate
acid chloride and the suspension was added dropwise to the
tricol flask in order to keep the temperature below 0 °C. At the
end of addition, the reaction medium was kept at —5 °C for 1 h
and stirred at 20 °C for 18 h. The solution was concentrated
under reduced pressure and the residue was purified by column
chromatography on silica (CH,Cl,/EtOH: gradient from 19 : 1 to
9:1). Compound 2¢ was obtained as a white-yellow solid (418 mg,
74%). (Found: C 74.01; H 6.05; N 6.04. Calc for C;sH;xN,O,: C
73.66; H 6.18; N 6.14%); vy, /cm™' 3277, 3028, 2925, 1639, 1495,
1252, 1028, 739, 698; 64(300 MHz, CDCl;, TMS) 2.49 (3 H, s),
2.73-2.84 (1 H,dd, J58,J,13),2.91-298 (1 H,dd, J, 7 J, = 13),
3.38-3.54 2 H,ddd, J, 7 J; 4 J, 11),395 (3 H, s), 432 (1 H,
m), 5.19 2 H, s), 7.24 (1 H, s), 7.21-7.42 (12 H, m), 7.71 (1 H,
s); 0¢(50 MHz, CDCl;, TMS) 22.6, 37.1, 53,2, 56.3, 63.5, 71.1,
106.7, 107.6, 127.5 (x2), 128.4, 128.7 (x3), 128.9 (x3), 129.5
(x2), 134.0, 136.4, 138.3, 145.1, 149.0, 154.2, 170.1.

6-Benzyloxy-3-ethoxycarbonyl-7-methoxy-1,2-dimethyl-quinoli-
nium trifluoromethanesulfonate 3a. In a flask flushed with
nitrogen, methyl trifluoromethanesulfonate (136 pL, 1.2 mmol)
was added to a solution of ester 2a (351 mg, 1 mmol) in CH,Cl,
(20 mL). The solution was stirred for 1 h and then concentrated in
vacuum. Dry diethyl ether (50 mL) was added and the precipitate
collected by filtration, rinsed with 10 mL of dry diethyl ether, and
dried under vacuum. Compound 3a (371 mg, 72%) was obtained
as a a beige solid. (Found: C 53.37; H 4.79; N 3.02; S 6.35. Calc
for C,;;HpF5NO,S: C 53.59; H 4.69; N 2.72; S 6.22%); Viex/cm™!
3072, 3002, 1723, 1625, 1428, 1321, 1262, 1033; 6,(300 MHz,
CDCl;, TMS) 146 3 H, t, J =7.1),3.17 (3 H, s), 421 (3 H, s),
446 (2H,q,J=17.1),4.51 (3H,s),5252H,s), 7.37-7.50 (6 H,
m), 7.65 (1 H, s), 9.06 (1 H, s); 5.(75 MHz, CDCl;, TMS) 14.1,
19.8,41.0, 58.2,63.1, 71.4,99.4, 109.0, 120.6 (Jr 319 Hz), 123.3,
123.8, 127.4 (x2), 128.7, 128.9 (x2), 134.7, 139.4, 144.1, 151.1,
155.7,160.1, 163.8; 6x(282 MHz, CDCl;) —78.7.

6-Benzyloxy-3-(1-hydroxymethyl-2-phenyl-ethylcarbamoyl)-7-
methoxy-1,2-dimethyl-quinolinium trifluoromethanesulfonate 3b
was obtained as a white solid in 90% yield (56 mg), as described
for 3a, from compound 2¢ (50 mg, 0.1 mmol) in CHCl; (20 mL),
methyl trifluoromethanesulfonate (15 pL, 0,12 mmol) and stirring
for 6 h. (Found C 57.86, H 4.98, N 4.52, S 5.06. Calc for C; Hj,
F;N,0,S C58.06, H 5.03, N 4.51, S 5.17%); 65(300 MHz, CDCl;,
TMS) 2.60 (3 H, s), 2.80-3.00 (2 H, m), 3.70 (3 H, m), 4.00 (3
H, s),4.20 (3 H, s),4.32 (1 H, m), 5.15 (2 H, s), 7.05-7.42 (12 H,
m), 7.85 (1 H, d, J 12), 8.25 (1 H, s); (50 MHz, CDCl;, TMS)
19.7,37.2,39.9, 54.1, 57.4, 64.0, 71.6, 98.3, 109.3, 120.5 (J ¢ 319
Hz), 124.1, 126.8, 127.8, 128.7 (x2), 128.9 (x2), 129.1 (x2), 129.5,
129.7,131.2,135.2, 138.1, 138.3, 141.3, 151.0, 153.6, 158.7, 166.2;
0r(282 MHz, CDCl;) —78.9; m/z (FAB-MS) 471 (M*-OTY).

3-Ethoxycarbonyl-6-hydroxy-7-methoxy-1,2-dimethyl-quinoli-
nium trifluoromethanesulfonate 3c. To a solution of compound 3a
(500 mg, 0.97 mmol) in CH,Cl, (10 mL) under a nitrogen stream,
trimethylsilyl trifluoromethanesulfonate (0.57 mL, 2.91 mmol) was
added dropwise. The solution became red and was stirred for 3 h.
A solution of MeOH (3 mL) saturated with HCI gas was added
and the solution concentrated to a volume of 2 mL. Dry diethyl

ether (50 mL) was added and the precipitate was collected by
filtration, rinsed with dry diethyl ether, and dried under vacuum
to give compound 3¢ as a beige solid (371 mg, 90%). V. /cm™!
3460br, 1731, 1408, 1321, 1247, 1024; 64(300 MHz, (CD,),CO)
144 3H,t,J7.1), 331 BH,s), 429 3 H,s), 450 2 H, q,
J7.1),4.69 (3H,s),7.77 (1 H, s), 7.98 (1 H, s), 9.29 (1 H, s);
(75 MHz, (CD;),CO) 14.8, 20.4, 41.5, 58.4, 63.8, 100.5, 112.7,
123.5 (Jcr 337 Hz), 125.2, 125.8, 139.6, 145.3, 151.0, 157.4, 159 .4,
165.6; 0¢(282 MHz, (CD;),CO) —78.7.

6-Hydroxy-3-(1-hydroxymethyl-2-phenyl-ethylcarbamoyl)-7-
methoxy-1,2-dimethyl-quinolinium trifluoromethanesulfonate 3d
was obtained as described for 3¢, from compound 3b (170 mg,
0.28 mmol) in CH,Cl, (15 mL), trimethylsilyl trifluoromethane-
sulfonate (0.22 mL, 1 mmol) and stirring for 4 h. The solution
was centrifuged at 1200 rpm after addition of diethyl ether to
lead to compound 3d in a complete conversion and as a very
hygroscopic solid. (Found: C 52.21; H4.95; N 4.99; S 5.85. Calc for
C,;HysF3N,O,S: C 52.07; H 4.75; N 5.28; S 6.04%); ,4(300 MHz,
(CD;),CO0) 2.60 (3 H, s), 2.60-2.70 (2 H, m), 3.60 (2 H, m), 4.00
(3H,s),4.30 (4 H, m), 7.00-7.20 (5 H, m), 7.30 (1 H, s), 7.50 (1 H,
s), 7.95 (1 H, d, J 12), 8.30 (1 H, s); (75 MHz, (CD;),CO) 20.4,
38.1,41.2, 55.3, 58.1, 63.5, 100.0, 112.0, 125.2, 127.1, 129.6 (x2),
130.7 (x2), 132.2, 139.9, 141.7, 150.7, 155.1, 158.1, 170.1.

6-Hydroxy-7-methoxy-2-methyl-quinoline-3-carboxylic acid
ethyl ester 4a. In a flask purged with nitrogen were placed
compound 2a (351 mg, 1 mmol), absolute ethanol (100 mL)
and Pd/C (10%, 125 mg, 0.12 mmol). Nitrogen was replaced by
hydrogen and the reaction mixture was stirred at 20 °C for 2 h.
After a filtration over celite, the solution was evaporated under
reduced pressure and left for 2 h at 20 °C to afford compound
4a (167 mg, 64%) as beige powder. Mp 196 °C; (Found: C 64.04;
H 6.05; N 5.35. Calec. for C,,H;sNO,: C 64.36; H 5.79; N 5.36);
Vma/cm™' 3390, 1714, 1495, 1303, 1207, 1077; 64(300 MHz,
CDCl;, TMS) 1.45(3H,t,J 7.1),2.95 (3 H, s), 4.06 (3 H, 5), 4.42
(2H,q,J7.1),6.33(1 H, brs), 7.24 (1 H, s), 7.39 (1 H, s), 8.57
(1 H, s); 6c(75 MHz, CDCl;, TMS) 14.3, 25.2, 56.3, 61.2, 106.5,
108.9, 121.7, 122.1, 138.2, 145.4, 146.2, 152.2, 156.2, 166.7.

N-(1-Hydroxymethyl-2-phenylethyl)-6-hydroxy-7-methoxy-2-
methyl-quinoline-3-carboxamide 4b was obtained as a yellow solid
(310 mg, 97%) as described for 4a, from compound 2¢ (400 mg,
0.87 mmol) in MeOH (50 mL), Pd/C (10%, 211 mg, 0.2 mmol)
and stirring for 24 h. (300 MHz, CD;0D) 2.30 (3 H, s), 2.65 (1
H,dd,J9and 13),2.95(1 H,dd, J9and 13),3.60 (2 H, d,,,, J 11),
3.85(3H,s),4.35(1 H, m), 6.90 (1 H, s), 7.00-7.20 (6 H, m), 7.65
(1 H, s); 6¢(75 MHz, CD;0D) 22.9, 38.7, 55.1, 56.9, 65.2, 106.9,
110.3, 123.5, 127.9, 129.9 (x2), 130.3, 130.7 (x2), 135.0, 140.4,
145.3, 149.6, 154.2, 155.0, 171.8; m/z (IC*) 367 [MH]*".

Polymer-supported compound 4a (resin 4c). Reactions were
carried on a Quest® 210. In a round-bottomed flask flushed
with nitrogen were introduced a Merrifield resin (400 mg, /' =
1.2meq g'), compound 4a, sodium hydride (19 mg of a dispersion
in oil at 60%, 0.47 mmol), and DMF (10 mL). The reaction mixture
was mechanically stirred for 4 days at 20 °C. The resin was removed
by filtration and washed successively with CH,Cl, (3 x 50 mL),
water/THF (1:1, 3 x 50 mL), MeOH (3 x 50 mL), CH,Cl, (3 x
50 mL) and placed in a drying oven under reduced pressure. A
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beige resin was obtained (Found: N 1.30 corresponding to f =
0.93 mmol g"); v /cm™' 3059-2849, 1718, 1491, 1200, 1062.

Polymer-supported compound 4b (resin 4d) was obtained as a
beige resin as described for resin 4¢, from compound 4b (400 mg,
1.1 mmol), Merrifield resin (500 mg, /' = 1.2 meq g'), sodium
hydride (42 mg of a dispersion at 60% in oil, 1.05 mmol) and DMF
(5 mL). Drying was achieved with a nitrogen stream. (Found: N
2.53 corresponding to f = 0.90 mmol g'); v,../cm™! 3398, 1656,
1600, 1243, 1154, 1026, 739, 695.

Polymer-supported compound 3c (resin 4¢). In a flask flushed
with nitrogen were placed resin 4¢ (400 mg, /' = 0.93 meq g~') and
CH,CI, (10 mL). Methyl triflate (110 pL, 0.97 mmol) was added
dropwise and the reaction mixture was mechanically stirred for
4 h. The resin was filtered and washed three times with CH,Cl,,
twice with MeOH, and then three times with CH,Cl,. The resin
was placed in a drying oven under reduced pressure to furnish a
beige resin (Found: N 1.13 corresponding to /' = 0.81 mmol g');
0r(282 MHz, CDCl;) —78.5; v /cm™' 3024, 2919, 1728, 1621,
1505, 1253, 1151, 1029.

Polymer-supported compound 3d (resin 4f) was obtained as
described for resin 4e, from resin 4d (354 mg, f = 0.90 mmol g'),
CH,CI, (5§ mL) and methyl triflate (96 uL, 0.85 mmol) after drying
with a nitrogen stream. (Found: N 1.76 corresponding to f =
0.63 mmol g'); 5r(282 MHz, CDCl;) —79.

Cleavage of resin 4e. In a dry round-bottomed flask flushed
with nitrogen, resin 4e (300 mg, f = 0.81 mmol g') and CH,Cl,
(10 mL) were introduced. Thereafter, trimethylsilyle trifluoro-
methanesulfonate (210 pL, 1 mmol) was added dropwise and the
reaction mixture was mechanically stirred for 2 h. A few drops of
a solution of MeOH saturated with HCI gas was added until the
solution went colourless. The solution was filtered and the resin
was washed with CH,Cl,, then with dry acetone. The solution
was concentrated under reduced pressure and a few drops of
dichloromethane and dry diethyl ether were added. The precipitate
was filtered to afford compound 3¢ (71 mg, 69%). The analyses
were in agreement with those described previously in this paper
for 3c.

Cleavage of resin 4f was obtained as described for the cleavage
of resin 4e, from resin 4f (150 mg, /' = 0.63 mmol g*'), CH,Cl,
(5 mL) and trimethylsilyl trifluoromethanesulfonate (246 pL,
1.17 mmol) to afford compound 3d (26 mg, 52%). The analyses
were in agreement with those described previously in this paper
for 3d.

6-tert-Butyloxycarbonylamino-2-(9 H -fluoren-9-ylmethoxycarb-
onylamino)-hexanoic acid 2-[(6-benzyloxy-7-methoxy-2-methyl-
quinoline-3-carbonyl)-amino]-3-phenyl-propyl ester 5a. A solution
of compound 2¢ (200 mg, 0.44 mmol), PyBop (230 mg, 0.44 mmol),
CH,Cl, (20 mL), N-a-Fmoc-N-g-Boc-L-lysine (205 mg, 0.44 mol)
and DIEA (160 uL, 0.87 mmol) was stirred for 3 h at 20 °C. The
solvent was removed under reduced pressure and the residue was
purified by chromatography on silica (from EtOAc/cyclohexane
to EtOAc/EtOH) to afford compound 5a as a white solid (132 mg,
33%). dc(75 MHz, CDCl;) 22.5, 23.6, 28.8 (x3), 30.0 (x2), 37.7,
39.8, 47.2, 50.7, 54.6, 56.5, 65.8, 67.1, 71.1, 79.7, 107.5, 107.8,

120.3, 121.1, 125.2, 127.4 (x2), 127.6 (x4), 128.0 (x2), 128.4
(x2), 128.6, 129.1 (x4), 129.6 (x2), 133.7, 136.7, 137.6, 141.5,
143.7, 144.0, 145.3, 149.0, 154.0, 154.5, 156.7, 169.2, 173.2; m/z
(FAB-MS) 907 [M]*".

Fmoc-Lys(Boc)-Qui-P (resin 5b) was obtained as described for
compound 5a, from resin 4d (438 mg, / = 0.90 mmol g-'), PyBop
(547 mg, 1.05 mmol), and N-o-Fmoc-N-g-Boc-L-lysine (492 mg,
1.0 mmol), DMF (5 mL) and DIEA (581 pL, 3.15 mmol) for 2 h.
The resin was washed successively with DMF (3 x 5mL), CH,Cl,
(3 x 5mL), MeOH (3 x 5 mL), CH,Cl, (3 x 5 mL) and dried
with a nitrogen stream to lead to resin 5b (Found N 2.95, /' =
0.53 mmol g'); v, /cm™' 3422, 1702, 1491, 1238, 1152, 736, 670.

Peptide synthesis (resins Sc,d). Peptide synthesis was carried
out on resin Sb on a 433 A peptide synthesizer (Applied Biosystems,
Saint-Quentin-en-Yvelines, France) using the standard manu-
facturer’s procedures as previously described.” All Fmoc-L-
aminoacids (4 equiv.) were coupled by in situ activation with
HBTU/HOBt (3.6 equiv., 1 : 1, mol/mol) and DIEA (8 equiv.)
in NMP. Reactive side chains were protected as followed: Gln
and Asn, tritylamide (Trt), Thr, terz-butyl ether (-Bu), Asp,
tert-butyl ester (Oz-Bu), Arg, pentamethylchromansulfonylamide
(Pmc), and Lys, tert-butyloxycarbonyl (Boc). After completion of
chain assembly, N°-acetylation of peptides was performed on the
resin by addition of a mixture of acetic anhydride/DIEA/HOBt
(4equiv., 1:1:1, mol/mol/mol)in NMP for 5 min. Reactions were
monitored by the Kaiser test.”> Micro cleavages were carried out
on Sc and 5d to give respectively 6a m/z (MALDI-TOF) 1482.5
(MH") and 6b m/z (MALDI-TOF) 2483 (MH*).

Compounds 6a,b. To the corresponding resin Sc¢,d was added
a mixture of TMSOT{/TFA/thioanisole/m-cresol/ethanedithiol
(10 mL, 1.94 mmol, 6.89 mmol, 1.2 mmol, 0.2 mmol, 0.6 mmol)
for 2 h at 0 °C. The solution was filtered and compounds 6a,b
were precipitated by addition of TBME, centrifuged (4500 rpm),
washed twice with TBME and lyophilised. 6a m/z (MALDI-TOF)
1482.5 (MH*) and 6b m/z (MALDI-TOF) 2483 (MH").

Quaternarization reactions of polymer-supported quinolines
(resins 7a,b). To the corresponding resin Sc¢,d under an at-
mosphere of nitrogen were added CH,Cl, (4 mL) and methyl
trifluoromethanesulfonate (2 equiv.). The reaction mixture was
stirred for 2 h at 20 °C. The resin was washed three times with
CH,Cl,, twice with MeOH, three times with CH,Cl, and twice with
DME. A solution of piperidine (20% in DMF) was introduced. The
resin became red and was stirred for 20 min. The resin was filtered,
and washed twice with DMF, twice with CH,Cl, and twice with
a solution of acetic acid (5% in CH,Cl,). The resin lost its colour
and was finally washed twice with CH,Cl,. The resin was dried
overnight in a dessicator under vacuum. Micro cleavages were
done according to the procedure described for 6a,b with resin 7a
and resin 7b to afford respectively compounds 8a m/z (MALDI-
TOF) 1273.5 (MH*) and 8b m/z (MALDI-TOF) 2274 (MH"),
2289 (MH* + 15), 2304(MH* + 30).

Compounds 8a,b were obtained according to the procedure
described for 6a,b with resin 7a and resin 7b to afford respectively
compounds 8a m/z (MALDI-TOF) 1273.5 (M*) and 8b m/z
(MALDI-TOF) 2274 (M*), 2289 (M* + 15), 2304(M* + 30).
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Dihydroquinolines 9a,b. To compound 3b (50 mg, 0.08 mmol)
in absolute ethanol (1 mL) was added NaBH, (4.6 mg, 0.12 mmol).
The reaction mixture was stirred for 2 h at 20 °C and 1 mL
of degassed water was added. The solution was extracted with
degassed dichloromethane (3 x 5 mL). The combined organic
layers were dried over sodium sulfate and concentrated under
reduced pressure to afford 9a,b (29 mg, 76%) as a yellow oil.
Amax(EtOH) 245 and 335 nm; 9a: 6,,(300 MHz, CDCl;, TMS) 1.00
and 1.25 (3 H, m), 2.7-3.3 (6 H, m), 3.6-3.8 (2 H, m), 3.90 (3 H, s),
421 (2 H, m), 502 and 5.24 (2 H, 2xs), 6.08 and 6.4-6.6
(2 H, m), 7.15-7.5 (10 H, m); 9b: 1.72 and 2.20 (3 H, 2xs), 2.7
3.3 (6 H, m), 3.6-3.8 (2 H, m), 3.87 (3 H, s), 4.34 (2 H, m),
5.07 and 5.29 (2 H, 2xs), 6.08 and 6.4-6.6 (2 H, m), 7.15-7.5
(10 H, m).

Dihydroquinolines 10a,b were obtained as a yellow oil (174 mg,
81%) as described for dihydroquinolines 9a,b, from 3d (300 mg,
0.56 mmol), NaBH, (42 mg, 1.12 mmol) and absolute ethanol
(1 mL). A,.«(EtOH) 245 and 335 nm.

Dihydroquinolines 11a,b and 12a,b. To the corresponding
quinolinium salt 8a,b dissolved in the minimum of absolute
ethanol, was added NaBH, (2 equiv.). The reaction mixture was
stirred for 2 h at 20 °C and the solvent was removed under reduced
pressure. The residue was dissolved in acetonitrile, and purified on
silica grafted C,; with a gradient water/acetonitrile (water 100% to
acetonitrile 100%). The collected fractions were analysed by HPLC
and those containing the dihydropyridines were lyophilised and
stocked at —4 °C. 11a,b and 12a,b: 1., (EtOH) 240, 265, 315 nm.
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Palladium-catalysed coupling of the vinyl derivatives methyl acrylate, styrene and acrylonitrile with
5-bromo-10,15,20-triphenylporphyrin (MTriPPBr; M = 2H, Ni, Zn) and 5,15-dibromo-10,20-bis(3,5-
di-tert-butylphenyl)porphyrin (MDAPBTr,) produced a series of mono- and disubstituted
alkenylporphyrins, thus demonstrating the applicability of meso-haloporphyrins in Heck-type reactions.
The same technique was also applied to meso-ethenylporphyrins and simple aryl halides, with mixed
results. Only meso-vinyl nickel(11) porphyrins showed any reactivity under our conditions. A mixture of
1,1- and 1,2-disubstitution across the alkene was observed for 5-vinyl-10,15,20-triphenyl-
porphyrinatonickel(ir) (meso-vinylNiTriPP), whereas 5-vinyl-10,20-bis(3,5-di-z-butylphenyl)-
porphyrinatonickel(1r) (meso-vinyINiDAP) produced a mixture of meso-1,1-, meso-1,2- and,
surprisingly, B-1,2-disubstituted Heck products. Coupling meso-vinyINiDAP with MTriPPBr under
similar Heck conditions led unexpectedly to trans p-meso-NiDAP-ethene-MTriPP dyads, affording the
first members of a new class of alkenyl-linked diporphyrins. A mechanism for the unusual meso to
rearrangement is discussed. The electronic absorption spectra of the dyads have a red-shifted shoulder
on the Soret (B) band, which is evidence of a moderate degree of electronic interaction between the

porphyrins via the ethenyl bridge.

Introduction

The construction of novel porphyrins by palladium-catalysed
couplings to the periphery of the macrocycle is a topic of
considerable interest in the recent literature.! Most of the popular
types of C-C couplings have been reported, such as aryl, vinyl
and alkynyl organometallics, boronates and boronic acids, and
terminal alkynes. However, apart from the use of the vinyl
organometallics,>® the coupling of alkenes directly to the por-
phyrin nucleus by Pd-catalysed methodologies has been rather
restricted in scope. Smith and co-workers reported the first such
reactions, using B-mercurioporphyrins and alkenes, and in one
case, the B-vinylporphyrin plus phenylmercuric chloride.” Others
have used f-bromoporphyrins of the natural substitution pattern
in Heck couplings, including for the synthesis of dyads and triads
linked by B-attached ethenyl-phenyl-ethenyl bridges,® and Odobel
and co-workers have prepared dyads linked by meso-attached
ethenyl—(thienyl),—ethenyl bridges using Heck-type coupling.’
Alkenyl-substituted porphyrins have been prepared by other
means as well, for example, by vinylogous Vilsmeier substitution,'
Wittig alkenation of formylporphyrins,”** or dehydration of
carbinols.” Burrell and Officer have linked tetraarylporphyrins
through B-carbons via a variety of alkene-containing bridges
using the Wittig reaction.” These reactions have mostly involved
octaalkyl- or 5,10,15,20-tetraarylporphyrins as substrates. How-
ever, for the new generation of porphyrin substrates, the 5,15-diaryl

Synthesis and Molecular Recognition Program, School of Physical and
Chemical Sciences, Queensland University of Technology, G.P.O. Box 2434,
Brisbane 40001, Australia. E-mail: d.arnold@qut.edu.au; Fax: 61 7 3864
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(or alkyl)- and 5,10,15-triaryl (or alkyl)porphyrins, the meso-
bromo derivatives are the ideal starting materials, as they can be
formed in high yields and purities.*> Alkenes that usually perform
well in this type of coupling, namely o, 3-unsaturated esters, nitriles,
etc., have the potential for further functional group intercon-
version, conjugation to biomolecules, or external coordination
to metal ions or other metalloporphyrins. In addition, vinylpor-
phyrins are possible Heck-type alkenes themselves, and they have
been used to a very limited extent in this manner.'®!” Moreover, by
combining a vinylporphyrin with a bromoporphyrin, a novel entry
into ethene-bridged bis- or oligoporphyrins may be possible. The
unencumbered edges of the 5,15-diarylporphyrins would appear
to offer the best chance of strong ground state interporphyrin
coupling when linked via ethenyl bridges, in contrast to the steri-
cally crowded octaalkylporphyrin building blocks."® The trans- and
cis-meso,meso-bis(octaalkylporphyrinyl)ethenes have been studied
rather extensively,"” while the corresponding meso,meso-bis(5,15-
diarylporphyrinyl)ethenes surprisingly are almost unknown.? Very
recently, Anderson and co-workers have reported the crystal struc-
ture, electrochemistry and electronic spectral properties of the diz-
inc complex of a meso,meso-bis(5,10,15-triarylporphyrinyl)ethene,
prepared by the CsF-Cul variation of the Stille coupling.®
Odobel’s group reported bis(5,10,15-triarylporphyrin)s linked by
the octatetraenenyl unit, prepared by a combination of Stille and
Wittig chemistry.®

We have now investigated the direct coupling of some typical
Heck-type alkenes (methyl acrylate, styrene and acrylonitrile)
with meso-bromoporphyrins. Palladium-catalysed couplings on
porphyrins often behave differently depending on whether, and
with which metal ion, the porphyrin is coordinated. Therefore,
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each reaction was studied for three substrates: the free base
porphyrin, the Ni(i1) complex, and the Zn(i1) complex. Both
mono- and dibromo substrates were used as starting materials.
Then we attempted to use the meso-vinylporphyrin as the alkene
partner, in pursuit of the goals mentioned above. Here we report
the successful use of the Heck reaction for preparing a range
of mono- and bis(alkenyl) monoporphyrins, and the lack of
success in applying the same chemistry to the formation of
meso,meso-bis(arylporphyrinyl)ethenes. However, as is often the
case with porphyrin chemistry, we discovered a very intriguing
rearrangement reaction, and this serendipitously afforded en-
try into a new type of porphyrin dyad, namely trans-meso,f-
bis(porphyrinyl)ethenes. In subsequent papers, we will report our
success in applying the Suzuki coupling to obtain the original tar-
get meso,meso-bis(porphyrinyl)ethenes, together with molecular
modelling and theoretical calculations of electronic spectra.?

Results and discussion

In this work, we used two porphyrins as scaffolds, 5,10,15-
triphenylporphyrin (H,TriPP, H,1) and 5,15-bis(3,5-di-tert-
butylphenyl)porphyrin (H,DAP, H,4) (Fig. 1). The former, which
we have used for selective mono-couplings, has advantages over
the commonly used diphenylporphyrin. Its derivatives are much
more soluble in common solvents and it has only one free meso-
carbon. Bromination and other reactions that functionalise the
meso-positions of porphyrins therefore give high yields of only
one product, and the third phenyl group effectively blocks any
adventitious processes during the coupling reactions. We employed
the latter starting porphyrin for double couplings and also as a
second porphyrin to demonstrate the use of Pd-catalysed coupling
for the selective preparation of heteronuclear dyads.

H,TriPP  Ph

O H,DAP
Bu B

u

Fig. 1 Structures of the parent porphyrin nuclei 5,10,15-triphenylpor-
phyrin (H,TriPP) and 5,15-bis(di-z-butylphenyl)porphyrin (H,DAPP).

Known bromination reactions with NBS produced the bro-
moporphyrins H,2 and H,6 in high yield (Scheme 1).> The
bromination of H,4 to afford high yields of monobromo H,S5 is
made tedious by the lack of selectivity in the bromination and by
the difficulty of chromatographic separation of H,4, H,5 and H,6
on a large scale. We published a way around this problem using
organopalladium porphyrins.? In the present work, we avoided
the use of H,5 by making the vinyl starting material by the
alternative route of Vilsmeier formylation and Wittig alkenation
(see below). The nickel(11) and zinc(11) ions were inserted into the
bromo starting materials by conventional reactions to yield Ni2,
Zn2, Ni6 and Zn6, thus allowing us to prepare the trio of coupling
products for each alkene.

The Pd-catalysed coupling of large excesses of methyl acrylate,
styrene and acrylonitrile with monobromoporphyrins H,2, Ni2
and Zn2 proceeded successfully (Scheme 2). The palladium

Scheme 1  Reagents and conditions: (i) H,1 or H,4, NBS, CHCI;, 0 °C (H,2: 98%; H,6: 95%); (ii) H,1, H,2, H,4, H,6 or H,8, Ni(acac),, toluene, reflux
(Nil: 97%; Ni2: 98%; Nid: 98%; Ni6: 99%; Ni8: 99%); H,2, H,6 or H,8, Zn(OAc),, CHCl;, MeOH, reflux (Zn2: 90%; Zn6: 92%; Zn8: 91%); (iii) Nil or
Ni4, DMF, POCl,, 1,2-DCE, 50 °C (Ni3: 71%; Ni7: 73%); (iv) H,2, CH,CHSnBu;, Pd,(dba);, AsPh,, THF, 50 °C (H,8: 88%); (v) Ni3 or Ni7, CH,PPh;,

THE, rt (Ni8: 65%; Nil3: 65%).
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Scheme 2 Reagents and conditions: (i) 1, methyl acrylate or styrene (50 eq.), Pd(OAc),, ligand, K,CO;, DMF, toluene, 105 °C (75-87%); (ii) 1, acrylonitrile
(50 eq.), Pd(OACc),, ligand, K,CO;, DMF, toluene, 105 °C (11, 12: 78-85%)); (iii) 6, methyl acrylate or styrene (50 eq.), Pd(OAc),, ligand, K,CO;, DMF,
toluene, 105 °C (14 or 15: ca 5%; 18 or 19: ca. 70%); (iv) 6, acrylonitrile (50 eq.), Pd(OAc),, ligand, K,CO;, DMF, toluene, 105 °C (Ni20, Ni21, Ni22:

75%; Zn20, Zn21, Zn22: 64%).

catalysts were prepared in situ by using PdA(OAc), and a phosphine
ligand. The conditions for these reactions were those optimised
for the preparation of the porphyrin dyads to be described
below, although extensive optimisation was not carried out
separately for these alkene + bromoporphyrin reactions, as the
yields in almost all cases were satisfactory. The main reaction
competing with the Heck coupling was debromination of the
starting material through adventitious protolytic cleavage and,
in the case of the free-base porphyrins, metallation of the central
core with palladium sometimes occurred to a small extent. Zinc
porphyrins suffered from a small amount of demetallation and
transmetallation (~5%). Initially these coupling reactions were
carried out in dry, deoxygenated DMF, however, the solubility
of the dibromoporphyrins proved to be extremely limited, even at
high temperatures. The solvent was subsequently changed to a 50 :
50 mixture of DMF and toluene, which allowed the reactions to
be carried out in conveniently small volumes of solvent, without
appreciably affecting the yield of the desired product.

In all cases with methyl acrylate and styrene, the trans-
alkenylporphyrins were isolated, but for acrylonitrile, the cis
isomer also formed. This is presumably due to the small steric
demand of the cyano substituent in comparison to the ester or
phenyl group of methyl acrylate and styrene. Moreover, the ratio
of the two isomers is somewhat dependent on the nature of the
coordinated metal ion. The ratio cis : trans decreased in the order
H, > Ni > Zn, within the triphenylporphyrin series.

The dibromo DAP substrates H,6, Ni6 and Zn6 were subjected
to the coupling with excess alkenes to form the corresponding

bis(alkenyl) products (Scheme 2). All were successful, except the
reaction of H,6 with acrylonitrile, which led to a low yield of the
completely debrominated H,4, and the formation of intractable
material that was not eluted from the column even with polar
solvents. Yields for the other reactions were consistently 60—-70%.
Small amounts of the mono(alkenyl) debrominated compounds
14-17 were also apparent, and were readily separated from the
bis(alkenes) and identified by NMR spectroscopy. Once again,
acrylonitrile also afforded the cis products, leading to inseparable
mixtures of 20, 21, and 22 for the nickel analogues and 20 and
21 for the zinc analogues. In all these cases, the products were
characterised by their "H NMR, accurate mass, and electronic
absorption spectra, and in most cases by CHN analysis. The
alkenyl substituent was represented by a pair of doublets with
coupling constants near 16 Hz for trans isomers and 12 Hz for cis
isomers. There were no unexpected features amongst these spectra.

Having shown initially that the Heck reaction works well for the
above processes, we turned to the original aim of seeing if the meso-
vinylporphyrin could be used as a “Heck alkene”. Two alkenyl
porphyrins were used, vinyl-NiTriPP (Ni8) and vinyl-NiDAP
(Ni13) (Scheme 3). meso-Vinyl-substituted porphyrins have previ-
ously been prepared by three methods, dehydration of the methyl
carbinol,"* Wittig methylenation of the meso-formylporphyrin,'*?
and more recently, by the Pd-catalysed Stille coupling of vinyltri(z-
butyl)stannane with meso-haloporphyrins.>* In this work, we tried
the last two methods. As the Vilsmeier formylation is unsuitable
for free bases and zinc complexes, H,8 was prepared using the
Stille reaction and zinc was inserted to form Zn8, both in high
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Scheme 3  Reagents and conditions: (i) iodobenzene, Pd(OAc),, triphenylphosphine, K,CO;, DMF, toluene, 105 °C (Nil0: 54%; 23: 20%); (ii) iodobenzene,
Pd(OAc),, triphenylphosphine, K,CO;, DMF, toluene, 105 °C (Nil5, 24, 25 mixture: 68%); (iii) 9-bromoanthracene, Pd(OAc),, 2-P(7-Bu), biphenyl, K,CO;,
DMEF, toluene, 105 °C (26 contaminated with 27 and other impurities, ca. 10%).

yield. The nickel analogue Ni8 was obtained by both methods, i.e.,
insertion of Ni(11) into H,8 and Wittig reaction with the Vilsmeier
product Ni3. The former route gave a higher overall yield. The
DAP analogue Nil3 was prepared exclusively by the latter route
via Ni7 (Scheme 1).

The coupling of Ni8 with a large excess of iodobenzene under
catalytic conditions similar to those described above, led to two
major products, isolable after extensive chromatography. The
product eluted first was the 1,1-disubstituted ethene 23 and the sec-
ond was the expected 1,2-disubstituted ethene Nil0. Although the
porphyrin macrocycle is a very bulky substituent, 1,1-substitution
in the Heck reaction is by no means unprecedented, and is well
known for alkenes substituted with electron-donating groups and
in reactions involving 1,2-disubstituted alkenes.?® A third minor
product also resulted from the reaction, and was identified as
formyl-NiTriPP Ni3.

Heck coupling of vinyl-NiDAP Nil3 with excess iodobenzene
and PPh; as the ligand produced a far more curious result
(Scheme 3). Three alkenyl products were identified by '"H NMR
studies, the expected 1,2-meso-styrylporphyrin Nil5, the 1,1-
meso-styrylporphyrin 24 and a 1,2-B-styrylporphyrin. Formyl-
NiDAP Ni7 was also a minor side-product. Discussion of the
possible mechanisms of this apparent meso to  rearrangement,
and the NMR proof of the structure of the f-styrylporphyrin
will be deferred until the porphyrin dyad formation has been
presented (see below). The formation of the aldehydes Ni3 and
Ni7 in these reactions is also unexpected, as the most common
oxidation for alkenes in the presence of a palladium catalyst

is the Wacker process, which in this case would lead to the
porphyrinylacetaldehyde. No such “normal” oxidation product
was detected.

Changing the phosphine ligand to the more bulky ligand, 2-(di-
t-butylphosphino)biphenyl, apparently resulted in the palladium
intermediate being too bulky to allow for 1,1-substitution, and
only the meso- and B-2-styrylporphyrins were produced (from
Nil3). Replacing iodobenzene with bromobenzene produced the
same Heck-coupled products for both vinylporphyrins, but more
sluggishly and with more unidentified side products. We also
attempted the coupling of Nil3 with 9-bromoanthracene as a
model for the shape of the side of a meso-haloporphyrin. This
reaction yielded both meso- and f-substituted anthracenylethenyl-
porphyrins 26 and 27, although we have been unable to purify these
so far. Interestingly, the ratio of meso- to B-alkenyl porphyrins
(by NMR) is greater for the coupling of bromoanthracene than
for iodobenzene. To investigate the rearrangement further, we
tried to couple 9-vinylanthracene with a bromoporphyrin, to see
if migration occurred from the 9- to the 1-anthryl position, by
analogy with the meso- and B-positions of a porphyrin. However,
no Heck coupling was observed at all in any conditions tried.
Perhaps these two results indicate that the anthracene “model” is
a poor one for these processes.

Having proved that, at least under some conditions, meso-
vinylporphyrins can act as the alkene partner in Heck couplings,
we tried the target reactions, i.e., the coupling of Nil3 with bromo-
porphyrins to form the meso,meso-ethenyl dyads 28 (Scheme 4).
Of course, in using these expensive starting materials, it was no
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Scheme 4  Reagents and conditions: (i) Pd(OAc),, ligand, K,CO;, DMF, toluene, 105 °C (29: 23%; 30: 33%; 31: 15%).

longer feasible to use one partner or the other in large excess,
as we had done so far for simpler substrates like styrene and
iodobenzene. Not unexpectedly, the reaction was rather sluggish,
and debromination of the starting material was a problem. In
fact, the porphyrin Nil was isolated as the major product as a
consequence of this. However, the remarkable positive result is
that the only dinuclear porphyrin isolated was not 28, but rather
the meso,B-ethenyl-linked dyad 30. Not surprisingly, in view of the
severe steric problems, there was no 1,1-coupled product.

Our first experiments were conducted with triphenylphosphine
as the ligand, and in view of the low yields of dyad in our
initial experiments, some optimization was attempted, examining
catalyst concentration, temperature, phosphine ligand and base,
using this coupling of Nil3 with Ni2 as a prototype. Although
these experiments were not comprehensive, due to the expense
of the two coupling partners, one significant result was that
the bidentate chelating diphosphines dppe, dppp and dppf were
almost completely unsuccessful in this reaction, and the hin-
dered monodentate ligand 2-(di-#-butylphosphino)biphenyl gave
the highest yield. Higher temperatures (>120 °C) favoured the
debromination strongly, while potassium and caesium carbonates
gave better yields than potassium phosphate. A catalyst loading
of 20% was used.

These conditions were then applied to couplings of H,2 and Zn2,
using Nil3 as the alkene, and the yields of 29, 30, and 31, although
only modest (33, 23 and 15%, respectively), were sufficient for
characterisation and comparison. In each case, the only dyads
detected were those linked to a 2-B-carbon on the NiDAP unit, and
the 5-meso-carbon on the other partner. The rearrangement thus
provided a new trio of frans-ethenyl-linked dyads, representing a
new class of heterobis(porphyrin)s to add to the known (3,3 and
meso,meso types.

The dinuclear structures were apparent from the mass spectra.
Accurate mass measurements were possible using electrospray
ionization for free base 29, which exhibited a clear [M + HJ*
ion cluster. Laser desorption-TOF spectra gave molecular ion
clusters at the expected m/z values for 30 and 31. The position

of substitution of the bridge in the dyads was established by their
1D and 2D (COSY and NOESY) 'H NMR spectra. The obvious
indicator of the 2-ethenyl-5,15-diarylporphyrin fragment in 29, 30,
and 31 is the presence of 17 porphyrinic protons, distributed as
three singlets, representing the two meso-Hs and the unique 3-B-H
on the NiDAP side, six doublets for the inequivalent protons on
the other three pyrrole rings of NiDAP, and a further four sets of
doublets for the two pairs of equivalent rings on the MTriPP side.
The two doublets for the trans-ethenyl protons (J ca. 15.5 Hz)
were observed in all cases. There is a clear distinction between
the chemical shifts of the B-attached and meso-attached alkene
CH units; the CH protons next to the NiDAP appear at 8.92, 8.36
and 8.88 ppm for 29, 30, and 31, respectively. Conversely, those
adjacent to the meso-attached TriPP resonate at 10.30, 9.89 and
10.44 ppm for 29, 30, and 31. These shifts are congruent with
those for the CH protons adjacent to MTriPP in, for example,
the meso-styryl derivatives H,10, Nil0 and Zn10 (9.68, 9.31, 9.78
ppm). The only other examples of rearranged, f-alkenyl units
for NiDAP are the styryl (25) and anthracenyl (27) derivatives.
The alkenyl protons were not found for 27, but in 25, this signal
appeared at 8.63 ppm.

The 2D NMR experiments (DQF COSY and gradient NOESY)
were performed on the dyad 29 to assign the protons definitively
(Fig. 2, 3). For the H,TriPP fragment, the 2D spectra showed
normal scalar couplings and NOEs for a triphenylporphyrin.
The major points of interest were the resolution of the ortho-
Hs on the inequivalent phenyl rings, 2e and 2f, highlighting the
strong electronic effects of the alkenylporphyrin substituent at the
meso position, and the observation of NOEs between both alkene
protons and the -Hs 2a.

For the NiDAP fragment, the starting point was the singlet
arising from -H 1b. By comparison with the monoporphyrins,
this was logically assigned initially as the singlet with the lowest
chemical shift (9.65 ppm), and an NOE resulting from an ortho-
proton, 1k, confirmed this belief. It was hoped that an NOE would
be seen between meso-H la and an alkenyl proton, which would
readily distinguish between the two sides of the ring. This was
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Fig. 2 Labelling of the proton positions in the meso,B-dyad 29 (see text
and Fig. 3).

not the case; however, one of the meso-protons experienced only
one NOE due to a neighbouring B-H, whereas the other meso-
proton exhibited two NOEs arising from two neighbouring -Hs.
This allowed these two meso-protons to be distinguished as la
and le, respectively. The NOEs between 1k and 1c and between
1j and 1g, together with the assistance of the COSY spectrum,
confirmed the assignments of lc, 1d, le, 1f and 1g. Although no
NOE was observed between 1j and 1h, the assignment of 1a led
to the confirmation of the chemical shift of 1i from the NOESY
spectrum and subsequently 1h from its scalar coupling with 1i
observed in the COSY. The chemical shifts of protons 11 and 1m
were identified by COSY cross-peaks.

We note that while the f-Hs 2a gave observable NOEs from the
alkenyl Hs, 3a and 3b, we could not resolve any dipolar couplings
from the alkenyl protons to either the meso-H 1a or B-H 1b. It
is understandable with the resolution of a 2D experiment that
with the overlapping chemical shifts, no coupling can be observed
between 3a and la. However, the lack of coupling of 1a and 1b
with 3b remains unexplained at present. Thus the conformation
of 29 drawn in Fig. 2 is for convenience only, and is not meant to
imply that it is the preferred one.

The electronic absorption spectra of the novel dyads show
evidence of interaction between the porphyrin transition dipoles
across the potentially conjugated-CH=CH-bridge. In Fig. 4, we
show the spectrum of the Ni, complex 30, together with that of
an analogous alkenyl-monoporphyrin, namely styryl-substituted
Nil0, and the parent Nil, for comparison. The intense Soret (B)
band is almost split into two components, resulting in a strong
shoulder on the red side. The lowest-energy Q band is significantly
red-shifted with respect to the monoporphyrins. These features
are consistent with a modest degree of interporphyrin ground state
interaction via a partially conjugated bridge. Two features are likely
to diminish this coupling, compared with dyads (such as those
joined by meso,meso-alkyne bridges) with strong interporphyrin
coupling: (i) the expected twisting of the alkene with respect to
the porphyrin plane(s), which reduces n—m overlap via the bridge
orbitals; (ii) the linkage through the B-carbon on one side. The
former is due to steric interference between the alkene CHs and the
peripheral porphyrin Hs, and is expected, from crystallographic
studies on related mono- and di-porphyrins, to be less pronounced
on the B-linked side.® The latter is a consequence of the smaller
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Fig. 4 UV-Visible absorption spectra of parent porphyrin Nil (solid
line), meso-styryl Nil0 (dashed) and dinickel meso,B-dyad 30 (dotted) in
CHCL.

2c, 2d

29, 11

2e

2f

.

10.00 9.50

\ T T ‘ T T ‘ T T T T
9.00 8.50 8.00

Fig. 3 Downlfield region of the "H NMR spectrum of meso,B-dyad 29 in CDCl;; the protons are labelled according to Fig. 2.
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orbital coefficients at the B-carbons than at the meso-carbons in
the occupied frontier orbitals, and this feature has been described
in some detail, especially for alkyne-linked dyads.?* The meso,meso
ethene-linked triarylporphyrin dizinc dyad recently described by
Anderson and co-workers displays a split Soret band with maxima
at 422 and 480 nm, which they compared with the corresponding
meso,meso ethyne-linked dyad, whose Soret components have
maxima at 408 and 483 nm.? Detailed discussions of equilibrium
geometries, electronic spectra and theoretical comparisons with
meso,meso ethenyl-linked dyads will be the topics of a subsequent
paper.?!

Mechanistic considerations

The fact that only the meso,p-dyads were isolated from the
coupling of a meso-vinylporphyrin with a meso-bromoporphyrin
is noteworthy, and so some consideration of the mechanism is
warranted. The standard version of the Heck coupling cycle
involves oxidative addition of the haloarene to a Pd(0)L, fragment,

followed by m’-coordination of the alkene partner (Scheme 5).
After insertion of the alkene into the Pd—C bond and then B-H
elimination, the coupling product is extruded, and the Pd hydride
collapses again to a catalytic Pd(0) species.”® From our results, it
seems that it is unfavourable for the bis(porphyrinyl)palladium(ir)
intermediate (Scheme 5, 32) to reach a conformation that al-
lows B-H elimination, namely with the palladium syn to that
hydrogen. While this conformation can be achieved to some
extent in the coupling of smaller haloarenes (e.g. iodobenzene)
with vinylporphyrins, the hindrance due to the presence of
two porphyrins makes the elimination of an &-H from the (-
position on the porphyrin a viable (albeit low-yielding) alternative.
Another significant point is that the chelating diphosphines
gave almost no coupling products, and moreover the bulkier
phosphine gave somewhat better yields than triphenylphosphine.
This suggests that the key steps occur on a species with either trans-
directed phosphine ligands, or more likely, on Pd(i1) [or Pd(1v)]
intermediates that have only one coordinated phosphine ligand.
Cyclopalladation onto the 2-carbon is an attractive proposition,
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although this requires a Pd(1v) intermediate, e.g., 33 (Scheme 5). A
possible pathway for a migratory reductive elimination is shown, to
give a Pd(11) intermediate that can collapse as expected to eliminate
the meso,B-dyad.

It is desirable to obtain evidence of the fate of the various
hydrogens that participate in the reaction, and the origin of the new
meso-H in the rearranged dyad. The dideuterio-vinylporphyrin 34
was synthesised from deuterated ylide and Ni8, and coupled with
Ni2. The product was confirmed to be monodeuterio 35, by the
absence of the 9.89 ppm doublet in its NMR spectrum, together
with the observation of a broad singlet, rather than a doublet, at
8.36 ppm. However, the meso-H at 10.03 ppm was unchanged, so
it does not arise specifically by migration from the terminal alkene
carbon, but may come from the B-porphyrin carbon (via the Pd
in our proposal) or from the DMF or toluene or adventitiously
from trace impurities in the solvents. The coupling of undeuterated
substrates in d,-DMF afforded completely non-deuterated dyad.
Without more detailed labelling experiments, we cannot make any
more statements on mechanistic possibilities at this stage.

The bromoporphyrin Ni2 and vinylporphyrin Nil3 were sepa-
rately subjected to Heck conditions without the complementary
partner for 4 days at 105 °C. The bromoporphyrin was 30%
debrominated over this time, while 5% of the vinylporphyrin
had been converted to formylporphyrin. The latter reaction was
repeated and left for 7 days and the amount of formylporphyrin
increased to 8%. This incidentally rules out formation of the
formylporphyrin via the bromoporphyrin, as well as indicating
that apparently both partners have to be engaged on the palladium
for the migration to occur.

Conclusions

meso-Bromo- and meso-ethenylporphyrins have been investigated
as potential Heck synthons. While the bromoporphyrins proved
efficient in Heck coupling with typical electron-deficient alkenes,
namely methyl acrylate, acrylonitrile and styrene, to produce
mononuclear alkenylporphyrins, ethenylporphyrins gave mixtures
of 1,1-, 1,2-, and surprisingly, B-1,2-disubstituted alkenylpor-
phyrins. In attempting to form meso,meso-ethenyl(bis)porphyrins
through the same procedures, only meso,B-linked dyads were
isolated. This has fortuitously enabled the study of the spectra
of this new type of dyad in comparison with other conjugated or
partially conjugated carbon-bridged dyads.

We offer a possible mechanism for the rearrangement, however,
deuteration studies have so far not provided evidence for or against
this mechanism. However, rearrangements accompanying metal-
catalysed coupling may open new pathways for novel synthetic
reactions in the meso,B-region of porphyrins. In our own work
with B-mercurioporphyrins, we have seen other examples of sub-
stituents “walking” from one f-carbon to a neighbouring position
during Pd-catalysed reactions.® We predict the development of
a range of similar reactions that involve metal-induced C-H
activations on porphyrins, and note the recent work of Boyle
and Fox*, and Cammidge et al.,® and the pioneering results of
Smith et al.® on intramolecular cyclisations on porphyrins induced
by palladium catalysts. Moreover, Osuka’s group has recently re-
ported Ir-induced B-boronation of porphyrins, a reaction that also
involves transition metal-induced C-H activation on porphyrins.?

Experimental
General

All solvents were Analytical Reagent grade unless otherwise
stated. The following solvents and reagents were distilled prior
to use (under Ar): pyrrole; phosphorus oxychloride; THF from
sodium/benzophenone; dichloromethane and 1,2-dichloroethane
from calcium hydride; and triethylamine and pyridine from potas-
sium hydroxide. Phosphine ligands were obtained from Sigma-
Aldrich or Strem, and metal salts were obtained from Sigma-
Aldrich. TLC was performed on Merck Silica Gel 60 F254 TLC
plates. Preparative column chromatography was performed on
silica gel (40-63um), which was purchased from Qindao Haiyang
Chemical Co. Ltd., China.

'H, DQF COSY and NOESY NMR experiments were con-
ducted on a Bruker Avance 400 spectrometer operating at
400.155 MHz. All samples were prepared in CDCl; and chemical
shifts were referenced to CHCI; at 7.26 ppm. Coupling constants
are given in Hz. Solutions of zinc porphyrins were prepared with
the addition of 10 uL ds-pyridine (ca. 1%). Microanalyses were
performed by the Microanalytical Service, School of Molecular
and Microbial Sciences, The University of Queensland. UV-
Visible spectra were recorded on a Varian Cary 3 or Varian Cary
50 UV-visible spectrometer in CHCl;.

Accurate Electrospray Ionisation (ESI) and Laser Desorption
Ionisation (LDI) mass spectra were recorded at the School of
Chemistry, Monash University, Melbourne. ESI measurements
were performed using an Agilent 1100 Series LC attached to an
Agilent G1969A LC-TOF system with reference mass correction
using Nal clusters. An eluent of 50 : 50 CH,Cl,-MeOH with 0.1%
formic acid was employed using a flow rate of 0.3 mL min™".
For the ESI probe, solvent aspiration was achieved by nitrogen
gas flowing at 8 L min~'. The source temperature was set to
350 °C and the capillary voltage to 4.0 kV. LDI MS analyses
were performed with an Applied Biosystems Voyager-DE STR
BioSpectrometry Workstation. The instrument was operated in
positive polarity in reflectron mode. Data from 500 laser shots
employing a 337 nm nitrogen laser were collected, the signal was
averaged, and processed with the instrument manufacturer’s Data
Explorer software.

Starting materials

The following parent porphyrins, meso-substituted porphyrins,
and their complexes with Ni(11) and Zn(11), were prepared ac-
cording to published procedures for these or similar compounds:
H,1,* Nil,* H,2,* Ni2,* Zn2,*> H,4,* H,6,* Zn6* and Zn8.**

5-Formyl-10,15,20-triphenylporphyrinatonickel(it) (Ni3). The
method was adapted from a procedure reported for similar
porphyrins by Johnson and Oldfield.* A dry 100 cm® two neck
flask was fitted with a dropping funnel and septum. The system
was purged with argon, and dry DMF (4 cm?, 50 mmol) was
added and the mixture was chilled to 0 °C. Freshly distilled POCl,
(4.6 cm®, 49 mmol) was added dropwise via a syringe, with stirring.
The Vilsmeier reagent was allowed to warm to room temperature
and stirred for 30 min. The pale yellow reagent was heated to
50 °C before a solution of Nil (380 mg, 0.64 mmol) in dry 1,2-
dichloroethane (75 ¢m?®) was added dropwise over a period of
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45 min. The progress of the reaction was monitored by TLC
using CHCl;—n-hexane (50 : 50) as the eluent. After addition
of the porphyrin, the reaction mixture was allowed to stir for a
further 2 h by which time Nil was no longer present. The heat
source was removed and the mixture was transferred to a 1 L flask
containing saturated NaOAc solution (380 cm?®) and allowed to stir
overnight. The organic layer was separated, washed with deionised
water (150 cm® x 2) and dried with Na,SO,. The solvent was
evaporated and the dark purple residue was subjected to column
chromatography using CHCl;—n-hexane (75 : 25) as the eluent.
Fractions containing Ni3 were collected and recrystallised from
CHCL;-MeOH to yield purple crystals (282 mg, 71%). oy 12.04
(1 H, s, aldehyde), 9.80 (2 H, d, *J 5.1, B-H), 8.85 (2 H, d, *J 5.1,
B-H), 8.64 (2 H, d, °J 4.9, B-H), 8.57 (2 H, d, *J 4.9, B-H), 7.95
(4 H, m, 0-Ph-H), 7.68 (2 H, t, m,p-Ph-H); UV-vis: 4, (log¢)
424 (5.15), 553 (3.84), 597 (4.00) nm. MS (LDI*) m/z = 622.08.
Calc. M* for C3H,,N,NiO m/z = 622.13.

5,15-Bis(3,5-di-tert-butylphenyl)porphyrinatonickel(n)  (Ni4).
The method was adapted from a procedure reported for similar
porphyrins by Arnold et al.” Porphyrin H,4 (500 mg, 0.73 mmol)
and nickel(11) acetylacetonate (205 mg, 0.8 mmol) were added to
a 100 cm® flask equipped with a condenser, dissolved in toluene
(50 cm®) and refluxed for 3 h. The progress of the reaction was
monitored by TLC using CH,Cl,—n-hexane (50 : 50). Upon
completion of the reaction, the solvent was removed by vacuum
and the product was isolated after passage through a plug of silica
gel using CHCI; as the eluent. Recrystallisation of the dark red
residue using CHCL;-MeOH yielded a red crystalline material
(535 mg, 98%). oy 9.94 (2 H, s, meso-H), 9.19 (4 H, d, *J 4.6,
B-H), 9.00 (4 H, d, °J, B-H), 7.95 (4 H, d, *J 1.8, o-Ar-H), 7.78
(2 H, t, *J 1.8, p-Ar-H), 1.52 (36 H, s, ‘Bu-H), —2.98 (2 H, s,
N-H); UV-vis: 4., (log ¢) 403 (5.13), 515 (4.09), 546 (3.87) nm.
HRMS (LSIMS*) m/z = 742.3533. Calc. M* for C,Hs,N,Ni
m/z = 742.3545. Although this porphyrin has been synthesised
previously,®3* no spectroscopic data were reported.

5,15-Dibromo-10,20-bis(3,5-di-tert-butylphenyl)porphyrinato-
nickel(11) (Ni6). This was prepared as described above for Nid,
using porphyrin H,6 (50 mg, 0.059 mmol) and Ni(acac), (16 mg,
0.063 mmol). Recrystallisation of the product using CHCl;—
MeOH yielded a purple-red powder (53 mg, 99%). dx 9.45 (2 H,
d,*J 49, p-H), 8.77 2 H, d, *J 4.9, B-H), 7.80 (4 H, d, *J 1.8,
0o-Ar-H), 7.74 (2 H, t, p-Ar-H), 1.56 (36 H, s, '‘Bu—H); UV-vis:
Amax (lOg €) 422 (5.13), 536 (4.08). The data were in agreement with
previous work.*

5-Formyl-10,20-bis(3,5-di-ert-butylphenyl)porphyrinatonickel
() (Ni7). This was prepared from Ni4 as described above for
Ni3. The dark purple crude product was subjected to column
chromatography using CHCl;—n-hexane (75 : 25) as the eluent.
Fractions containing Ni7 were collected and recrystallised from
CHCL;-MeOH to yield purple crystals (380 mg, 73%). dy 12.16
(1 H, s, aldehyde), 9.89 (2 H, d, *J 4.9, B-H), 9.75 (1 H, s, meso-H),
9.07 2 H, d,*J 4.7, B-H), 8.97 (2 H, d, *J 4.9, B-H), 8.80 (2 H,
d,*J4.7,B-H),7.86 (4 H,d,*J 1.8, 0-Ar-H), 7.79 2 H, t, *J 1.8,
p-Ar-H), 1.53 36 H, s, 'Bu—H); UV-vis: 4,,,, (log¢) 420 (5.19), 545
(3.81), 590 (4.06). Although this compound has been synthesised
previously,*# no spectroscopic data were described.

5-Ethenyl-10,15,20-triphenylporphyrin (H,8). The method was
adapted from a procedure reported by Liebeskind et al.* Porphyrin
H,2 (200 mg, 0.33 mmol), Pd,(dba); (15 mg, 0.016 mmol)
and AsPh; (39 mg, 0.13 mmol) were added to a Schlenk flask
which was evacuated and subsequently charged with argon. Dry,
deoxygenated THF (20 cm®) and tri-n-butyl(vinyl)tin (130 pL,
0.44 mmol) were added and the flask was sealed and heated to
50 °C. The progress of the reaction was monitored by TLC using
CH,Cl,—n-hexane (50 : 50) as the eluent. After 2.5 h the reaction
was complete and the solvent was removed under vacuum. The
product was purified by passage through a plug of silica gel using
CH,Cl,—n-hexane as the eluent (40 : 60) and recrystallised using
CH,Cl,-MeOH to give purple crystals (163 mg, 88%). oy 9.50
(2 H,d, *J 49, B-H), 9.24 (1 H, dd, *J 17.1, *J 11.0, alkene-H),
891 (2 H, d, *J 4.9, B-H), 8.81 (4 H, br s, -H), 8.21 (6 H, m,
0-Ph-H), 7.76 (9 H, m, m,p-Ph-H), 6.54 (1 H, dd, *J 11.0,%J 1.8,
alkene-H, trans to porphyrin), 6.15 (1 H, dd,*J 17.1,2J 1.8, alkene-
H, cis to porphyrin), —2.68 (2 H, br s, N-H); UV-vis: 4, (log &)
421 (5.23), 519 (3.79), 554 (3.52), 651 (3.14) nm. HRMS (ESI*)
m/z = 565.2389. Calc. MH* for C,\H, N, m/z = 565.2392.

Synthesis of alkenylporphyrins

5-Ethenyl-10,15,20-triphenylporphyrinatonickel(ir) (Ni8).

Method 1''. Methyltriphenylphosphonium bromide (357 mg,
1.00 mmol) was added to a 100 cm® round-bottom flask equipped
with a side-arm gas adapter and dried under vacuum before the
vessel was purged with argon. Dry, deoxygenated THF (10 cm?)
was added and the mixture was allowed to stir for 5 min at
room temperature to create a suspension of the phosphonium
salt. Butyllithium (0.6 cm?, 1.6 M) was added dropwise to the
slurry via a syringe, resulting in a bright yellow solution. Porphyrin
Ni3 (200 mg, 0.32 mmol) was dissolved in dry, oxygen-free THF
(20 cm?) and added dropwise through a syringe to the freshly made
ylide. The solution turned from purple to red over a period of 2 h
and was monitored by TLC using CHCl;—n-hexane (50 : 50) as the
eluent. Upon the complete consumption of the starting material,
the reaction was quenched by the addition of H,O, followed by
extraction with CHCI;. The CHCI, layer was washed with water
(50 cm® x 2) and dried using Na,SO, before being concentrated
in vacuo. The red residue was purified by column chromatography
using CHCl;-n-hexane (50 : 50) as eluent. The fractions containing
Ni8 were collected, dried and recrystallised from CHCl;-MeOH
to yield red crystals (128 mg, 65%).

Method 2. Porphyrin H,8 (100 mg, 0.16 mmol) and Ni(acac),
(48 mg, 0.19 mmol) were added to a 50 cm® flask, dissolved in
toluene (20 cm?) and refluxed for 3 h. The progress of the reaction
was monitored by TLC using CH,Cl,—n-hexane (50 : 50). Upon
completion of the reaction, the solvent was removed by vacuum
and the product was isolated after passage through a plug of silica
gel using CHCI; as the eluent. Recrystallisation of the product
from CHCl;—MeOH yielded red crystals (109 mg, 99%). éy 9.35
(2H,d, *J 5.1, B-H), 8.94 (1 H, dd, °J 17.4, °J 11.2, alkene-H),
8.81(2H,d,*J409,pB-H),870(2H,d,*J 5.1, B-H), 8.68 2H,*J
4.9, B-H), 7.99 (6 H, m, o-Ph-H), 7.68 (9 H, m, m,p-Ph-H), 6.32
(1 H,dd,?J 11.2,2J 1.7, alkene-H, trans to porphyrin), 5.65 (1 H,
dd, *J 17.4,2J 1.7, alkene-H, cis to porphyrin); UV-vis: 1., (log
€) 418 (5.18), 532 (4.03) nm. MS (LDI*) m/z = 620.10. Calc. M*
for CyHyNyNim/z = 620.15.
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5-Ethenyl-10,20-bis(3,5-di-zert-butylphenyl)porphyrinatonickel-
(m) (Ni13). This compound was prepared as described above for
Ni8, starting with Ni7. The red residue was purified by column
chromatography using CHCl;—n-hexane (50 : 50) as the eluent. The
fractions containing Nil3 were collected, dried and recrystallised
from CHCl;—MeOH to produce a red crystalline material (129 mg,
65%). oy 9.73 (1 H, s, meso-H), 9.39 (2 H, d, *J 4.8, B-H), 9.08
(2H,d,J 438, B-H), 8.99 (1 H, dd, *J 15.6 (trans), *J’ 11.0 (cis),
alkene-H), 8.89 (2H, d,*J 4.8, B-H), 8.88 (2H, d,*J 4.8, B-H), 7.88
(4H,d,*J 1.8, 0-Ar-H), 7.74 (2 H, t, p-Ar-H), 6.34 (1 H, dd, *J
11.0,%J 1.8, cis alkene-H), 5.70 (1 H, dd, *J 15.6,2J 1.8, alkene-H),
1.50 (36 H, s, ‘Bu-H); UV-vis: 4,,, (log¢) 415 (5.21), 529 (4.07)
nm. MS (LDI*) m/z = 768.39. Calc. M* for Cs)Hs,N,Ni m/z =
768.37.

Synthesis of alkenyl porphyrins by Heck coupling

Several conditions were tested for Heck coupling involving meso-
bromo and meso-ethenyl porphyrins (see text). The conditions that
produced the optimum yield of the Heck-coupled dyads were also
employed for the monoporphyrin couplings described below.

General procedure for mono(alkenyl)porphyrins

Bromoporphyrin (0.029 mmol), palladium acetate (1.5 mg,
0.0058 mmol, 20 mol%), 2-(di-tert-butylphosphino)biphenyl
(4.3 mg, 0.015 mmol) and K,CO; (6.5 mg, 0.036 mmol) were
added to a Schlenk tube and dried under vacuum. The vacuum was
released under argon to allow the addition of dry DMF (1.5 cm?),
dry toluene (1.5 cm®) and the vinyl reagent (50-fold excess). The
mixture was then degassed via three freeze-pump-thaw cycles
before the vessel was purged with argon again. The Schlenk flask
was sealed and heated to 105 °C and allowed to stir for 15 h. The
progress of each reaction was monitored by TLC using CH,Cl,—
n-hexane (50 : 50) for free-base porphyrins and CHCl;—#n-hexane
(50 : 50) for metallated porphyrins. In monitoring the progress
of the reactions, the heat source was removed for the duration
of the sampling, and in the cases where highly volatile reagents
were used, the reactions were chilled to 0 °C to prevent loss of the
reagent. Upon the complete conversion of the starting material,
the mixture was diluted with toluene (10 cm®) and washed with
water (10 cm® x 2). The organic layer was collected, dried and the
residue was subjected to column chromatography. This procedure
was used to produce the following compounds.

E-5-(2-Methoxycarbonylethenyl)-10,15,20- triphenylporphyrin
(H,9). Produced from H,2 (17.8 mg) and methyl acrylate
(130 puL). The product was purified by column chromatography
using CH,Cl,—n-hexane (50 : 50) as the eluent. The first band
from the column corresponded to H,1, which resulted from
debromination (1.1 mg, 7%). The second band contained the
desired product H,9 which was recrystallised using CH,Cl,—
MeOH to yield a purple semi-crystalline material (15.9 mg, 87%).
on 10.28 (1 H, d,?*J 15.8, alkene-H), 9.49 (2 H, d, *J 4.8, B-H), 8.93
(2H,d, *J 438, B-H), 8.81 2 H, d,*J 4.8, B-H), 8.80 2 H, d, *J
4.8, B-H), 8.20 (6 H, m, 0o-Ph-H), 7.78 (9 H, m, m,p-Ph-H), 6.84
(1 H, d,*J 15.8, alkene-H), 4.07 (3 H, s, CH;), —2.54 (2 H, br s,
N-H); UV-vis: A, (log &) 424 (5.26), 518 (3.99), 558 (3.82), 589
(3.70), 651 (3.46) nm. HRMS (EST*) m/z = 623.7283. Calc. MH*
for C,H;N,O, m/z = 623.7213.

E -5-(2-Methoxycarbonylethenyl) - 10,15,20 - triphenylporphyri-
natonickel(ir) (Ni9). Produced from Ni2 (19.7 mg) and methyl
acrylate (130 pL). The product was purified by column chro-
matography using CHCl;-#n-hexane (50 : 50) as the eluent. The
first band from the column corresponded to Nil, which resulted
from debromination (1.4 mg, 8%). The second band contained the
desired product Ni9 which was recrystallised using CHCl;-MeOH
to yield dark red crystalline plates (17.5 mg, 89%). s 9.90 (1 H,
d, *J 15.6, alkene-H), 9.37 (2 H, d, *J 4.9, B-H), 8.81 2 H, d, *J
49, B-H), 8.67 (2 H, d, °J 4.9, B-H), 8.63 (2 H, d, *J 4.9, B-H),
7.96 (6 H, m, o-Ph-H), 7.68 (9 H, m, m,p-Ph-H), 6.32 (1 H, d,
3J 15.6, alkene-H), 3.97 (3 H, s, CH;); UV-vis: 4., (log ¢) 430
(5.23), 545 (4.09), 589 (3.92); MS (LDI*) m/z = 678.27. Calc. M*
for C,HxN,NiO, m/z = 678.15; Found: C, 74.0; H, 4.1; N, 8.25.
Calc. for C,,H;xN,NiO,: C, 74.25; H, 4.15; N, 8.25%.

E-5-(2-Methoxycarbonylethenyl)-10,15,20-triphenylporphyrina-
tozinc(i) (Zn9). Produced from Zn2 (19.7 mg) and methyl
acrylate (130 pL). The product was purified by column chro-
matography using CHCl;-#n-hexane (75 : 25) as the eluent. The
first band from the column contained Znl (2.6 mg, 15%), which
resulted from debromination. The second band contained the
desired product Zn9 which was recrystallised using CHCI;(1%
pyridine)-MeOH, yielding bright purple plates (15.9 mg, 80%). dy
10.39 (1 H, d, *J 15.6, alkene-H), 9.53 (2 H, d, *J 4.6, B-H), 8.93
(2H,d,*J 4.6, B-H), 8.81 2 H, d,>J 4.6, B-H),8.79 2 H, d,*J
4.6, B-H), 8.16 (6 H, m, o-Ph-H), 7.72 (9 H, m, m,p-Ph-H), 6.78
(1 H, d, 3J 15.6, alkene-H), 4.04 (3 H, s, CH;); UV-vis: 4., (log
£) 431 (5.28), 560 (3.97), 608 (3.80) nm. MS (LDI*) m/z = 684.31.
Calc. M* for C,,H;xsN,O,Zn m/z = 684.15; Found: C, 72.8; H, 4.7,
N, 8.00. Calc. for C,,H,xN,O,Zn: C, 73.5; H, 4.1; N, 8.2%.

E-5-(2-Phenylethenyl)-10,15,20-triphenylporphyrin (H,10).
Produced from H,2 (17.8 mg) and styrene (137 pL). The product
was purified by column chromatography using CH,Cl,—n-hexane
(50 : 50) as the eluent. Porphyrin H,10 eluted first and was
recrystallised using CH,Cl,—-MeOH (15.9 mg, 87%). dy 9.68 (1 H,
d, 3J 15.9, alkene-H), 9.51 (2 H, d, *J 4.9, B-H), 8.89 (2 H, d,
3J 4.9, B-H), 8.80 (2 H, br s, B-H), 8.21 (6 H, m, o-Ph-H), 7.97
(2 H, d, *J 7.8, o-phenylethenyl-H), 7.77 (9 H, m, m,p-Ph-H),
7.60 (2 H, t, *J 7.3, m-phenylethenyl-H), 7.47 (1 H, t, *'J 7.3,
p-phenylethenyl-H), 7.41 (1 H, d, °J 15.9, alkene-H), —2.52 (2 H,
br s, N-H); UV-vis: 4,,, (log &) 427 (5.26), 524 (3.88), 566 (3.94),
599 (3.54), 660 (3.58) nm. HRMS (ESI*) m/z = 641.4168. Calc.
MH* for C,Hy,N, m/z = 641.2705. A second fraction was
collected, H,1, which resulted from debromination of the starting
material (1.6 mg, 10%).

E-5-(2-Phenylethenyl)-10,15,20-triphenylporphyrinatonickel(1r)
(Nil10). Produced from Ni2 (19.7 mg) and styrene (137 pL).
The product was purified by column chromatography using
CHCl;—n-hexane (40 : 60) as the eluent. Porphyrin Nil0 eluted
first and was recrystallised from CHCL,—MeOH to give a bright
red crystalline material (17.1 mg, 85%). dy 9.38 (2 H, d, *J 4.9,
B-H), 9.31 (1 H, d, °J 15.9, alkene-H), 8.79 (2 H, d, °J 4.9, B-H),
8.67(2H,d,*J 4.9, B-H),8.65(2H,d,?*J 4.9, B-H),7.98 (6 H, m,
o-Ph-H), 7.80 (2 H, d, *J 7.3, o-phenylethenyl-H), 7.67 (9 H, m,
m,p-Ph-H), 7.51 (2 H, t, °J 7.3, m-phenylethenyl-H), 7.40 (1 H,
t, 3J 7.3, p-phenylethenyl-H), 6.87 (1 H, d, 3J 15.9, alkene-H);
UV-vis: A, (log €) 431 (5.20), 544 (4.10), 586 (3.87) nm. MS
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(LDI*) m/z = 696.19. Calc. M* for C,H;N,Ni m/z = 696.18;
Found: C, 79.0; H, 4.3; N, 7.8. Calc. for C,xH;)N,Ni: C, 79.2; H,
4.3; N, 8.0%. A second fraction containing Nil, resulting from
debromination of the starting material, was also isolated (1.7 mg,
10%).

E -5-(2-Phenylethenyl)-10,15,20 - triphenylporphyrinatozinc(ir)
(Zn10). Produced from Zn2 (19.7 mg) and styrene (137 uL). The
product was purified by column chromatography using CHCl;—
n-hexane (30 : 70) as the eluent. Porphyrin Zn10 eluted from the
column first and was recrystallised using CHCl;(1% pyridine)—
MeOH to give bright purple plates (15.3 mg, 75%). dx 9.78 (1 H,
d, *J 15.7, alkene-H), 9.55 (2 H, d, *J 4.6, B-H), 8.91 (2 H, d,
’J 4.6, B-H), 8.81 (4 H, br s, B-H), 8.19 (4 H, m, o-Ph-H), 8.16
(2 H, m, o-Ph-H), 7.93 (2 H, d, *J 7.3, o-phenylethenyl-H), 7.71
(9 H, m, m,p-Ph-H), 7.57 (2 H, t, *J 7.3, m-phenylethenyl-H), 7.43
(1 H, t,%J 7.3, p-phenylethenyl-H), 6.78 (1 H, d, *J 15.7, alkene-
H); UV-vis: 4., (log &) 430 (5.27), 559 (3.99), 605 (3.88) nm. MS
(LDI*) m/z = 702.21. Calc. M* for CysH3N,Zn m/z =702.17. A
second fraction containing Znl, resulting from debromination of
the starting material, was also isolated (2.2 mg, 12.5%).

E-5-(2-Cyanoethenyl)-10,15,20-triphenylporphyrin (H,11) and
Z-5-(3-cyanoethenyl)-10,15,20-triphenylporphyrin (H,12). Pro-
duced from H,2 (17.8 mg) and acrylonitrile (95 uL). The products
were purified by column chromatography using CH,Cl,—n-hexane
(50 : 50) as the eluent. Porphyrin H,2, resulting from debromina-
tion, eluted first (1.2 mg, 8%). The second fraction was collected
and recrystallised using CH,Cl,-MeOH, yielding a purple powder.
NMR studies showed the presence of two compounds, H,11 (ca.
65%, NMR) and H,12 (ca. 35%), which could not be separated
further (13.7 mg, 81%). HRMS (ESI*) m/z = 590.2332. Calc.
MH* for C, H;Ns m/z = 590.2345. H,11 Jy 10.01 (1 H, d, *J
16.4, alkene-H), 9.38 (2 H, d, *J 4.6, B-H), 8.95 (2 H, d, *J 4.6,
B-H), 8.81 (4 H, br s, -H), 8.20 (6 H, m, o-Ph-H), 7.78 (9 H,
m, m,p-Ph-H), 6.25 (1 H, d, *J 16.4, alkene-H), —2.52 (2 H, br s,
N-H); H,12 64 9.77 (1 H, d, *J 11.5, alkene-H), 9.31 2 H, d, *J
4.6, B-H), 8.96 (2 H, d, *J 4.6, B-H), 8.79 (4 H, br s, -H), 8.20
(6 H, m, 0-Ph-H), 7.78 (9 H, m, m, p-Ph-H), 6.69 (1 H, d, *J 11.5,
alkene-H), —2.64 (2 H, br s, N-H).

E -5-(2-Cyanoethenyl) - 10,15,20 - triphenylporphyrinatonickel-
() (Nill) and Z-5-(2-cyanoethenyl)-10,15,20-triphenylporphy-
rinatonickel(1r) (Ni12). Produced from Ni2 (19.7 mg) and acry-
lonitrile (95 puL). The products were purified by column chro-
matography using CHCl;—#n-hexane (50 : 50) as the eluent. Com-
pound Nil, resulting from debromination, eluted first (1.9 mg,
11%). The second fraction was collected and recrystallised using
CHCl1,-MeOH, yielding an orange-red powder. NMR studies
showed the presence of two compounds, Nill (ca. 85%, NMR)
and Nil2 (ca. 15%), which could not be separated further (15.8 mg,
85%). HRMS (ESI*) m/z = 668.1354. Calc. MNa* for C,;H,sN;sNi
m/z = 668.1361; Found: C, 76.3; H, 4.6; N, 9.5. Calc. for
C,Hy;NsNi: C, 76.2; H, 3.9; N, 10.8%. Nill é4 9.58 (1 H, d,
3J 16.4, alkene-H), 9.23 (2 H, d, *J 4.9, B-H), 8.82 (2 H, d, *J 4.9,
B-H), 8.68 (2 H, d, °J 4.9, B-H), 8.63 (2 H, d, *J 4.9, B-H), 7.95
(6 H, m, 0o-Ph-H), 7.69 (9 H, m, m,p-Ph-H), 5.67 (1 H, d, *J 16.4,
alkene-H); Nil2 J,; 9.47 (1 H, d, 3J 11.5, alkene-H), 9.15 (2 H, d,
3J 4.9, B-H), 8.83 (2 H, d,°J 4.6, B-H), 8.70 (2 H, d, *J 5.1, B-H),

8.66 (2 H, d, *J 5.1, B-H), 7.97 (6 H, m, 0-Ph-H), 7.69 (9 H, m,
m.p-Ph-H), 6.35 (1 H, d, *J 16.4, alkene-H).

E -5-(2-Cyanoethenyl) - 10,15,20 - triphenylporphyrinatozinc(ir)
(Zn11) and Z-5-(2-cyanoethenyl)-10,15,20-triphenylporphyrina-
tozinc(i1) (Zn12). Produced from Zn2 (19.7 mg) and acrylonitrile
(95 pL). The products were purified by column chromatography
using CHCl;—n-hexane (50 : 50) as the eluent. Porphyrin Znl,
resulting from debromination, eluted first (3.1 mg, 18%). The
second fraction was collected and recrystallised using CHCl;(1%
pyridine)-MeOH, yielding a bright purple powder. NMR studies
showed the presence of two compounds, Znl1 (ca. 90%, NMR)
and Zn12 (ca. 10%), which could not be separated further (14.7 mg,
78%). MS (LDI*) m/z = 651.13. Calc. M* for C;/Hy;sNsZnm/z =
651.14; Zn11: 6, 9.94 (1 H, d, *J 16.1, alkene-H), 9.36 2 H, d, *J
4.7, B-H), 8.97 2 H, d, °J 4.7, B-H), 8.92 (2 H, d, *J 4.7, B-H),
8.89 2 H, d,*J 4.7, B-H), 8.17 (6 H, m, 0o-Ph-H), 7.77 (9 H, m,
m,p-Ph-H), 6.14 (1 H, d, *J 16.1, alkene-H); Zn12: 5, 9.73 (1 H,
d, 3J 11.5, alkene-H), 9.31 (2 H, d, *J 4.7, B-H), 9.00 2 H, d, *J
4.7,8-H),8.92(2H,d,*J 4.7, 3-H),8.89 (2 H, d,*J 4.7, B-H), 8.16
(6 H, m, 0-Ph-H), 7.72 (9 H, m, m,p-Ph-H), 6.65 (1 H, d, *J 11.5,
alkene-H).

General procedure for bis(alkenyl)porphyrins using
dihaloporphyrins

Dibromoporphyrin (0.029 mmol), palladium acetate (3.0 mg,
0.0104 mmol, 20 mol%), di-terz-butylbiphenylphosphine (8.6 mg,
0.03 mmol) and K,CO; (13 mg, 0.072 mmol) were added to a
Schlenk tube and dried under vacuum. The vacuum was released
under argon to allow the addition of dry DMF (5 cm?), dry toluene
(10 cm®) and the vinyl reagent (50-fold excess). The mixture was
degassed via three freeze-pump-thaw cycles before the vessel was
purged with argon again. The Schlenk flask was sealed and heated
to 105 °C and allowed to stir for 15 h. The progress of each
reaction was monitored by TLC using CH,Cl,—n-hexane (50 :
50) for free-base porphyrins and CHCl;—n-hexane (50 : 50) for
metallated porphyrins. In monitoring the progress of the reactions,
the heat source was removed for the duration of the sampling,
and in the cases where highly volatile reagents were used, the
reactions were chilled to 0 °C to prevent loss of the reagent. Upon
the complete conversion of the starting material, the mixture was
diluted with toluene (20 cm®) and washed with water (20 cm?® x 2).
The organic layer was collected, dried and the residue was purified
by column chromatography. This procedure was used to produce
the following compounds.

E-5-(2-Methoxycarbonylethenyl)-10,20-bis(3,5-di-zerz-butyl-
phenyl)porphyrin (H,14) and E,E-5,15-bis(2-methoxycarbonyl-
ethenyl)-10,20-bis(3,5-di-zerz-butylphenyl)porphyrin (H,18). Pro-
duced from the reaction between H,6 (24.5 mg) and methyl
acrylate (260 pL). CH,Cl,—n-hexane (50 : 50) was used as the
initial eluent and the first fraction was collected. This fraction
corresponded to H,14 (1.1 mg, 5%), which resulted from debromi-
nation of the intermediate bromo(alkenyl)porphyrin. Once the
first fraction was collected, the eluent was changed to neat CH,Cl,
and a second fraction (H,18) was collected and recrystallised from
CH,Cl,-MeOH to yield a dark powder (17.8 mg, 72%). H,14: 6y
10.36 (1 H, d, 3J 15.9, alkene-H), 10.21 (1 H, s, meso-H), 9.54
(2 H, d, *J 4.9, B-H), 9.31 (2 H, d, *J 4.9, B-H), 9.04 2 H, d,
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3J4.9,B-H),9.02(2H,d,*J4.9,B-H),8.10 (4 H,d,*J 1.7, 0-Ar-H),
7.852H,t,*J 1.7, p-Ar-H), 6.84 (1 H, d, *J 15.9, alkene-H), 4.07
(3 H, s, CH,), 1.57 (overlapping H,0, s, 'Bu-H), —2.80 (2 H, brs,
N-H). H,18: found: C, 78.8; H, 7.3; N, 6.5. Calc. for CscHgN,O,:
C, 78.6; H, 7.4; N, 6.5, HRMS (ESI*) m/z = 855.4837.
Calc. MH* for C;xcHN,O, m/z = 855.4849; 6, 10.24 (2 H,
d,3J 15.7, alkene-H), 9.44 (4 H, d,J 4.9, B-H), 8.92 (4 H, d, *J
49,B-H),8.06 (4H,d,*J 1.7, 0-Ar-H), 7.85 (2 H, t, p-Ar-H), 6.84
(1 H, d, *J 15.9, alkene-H), 4.06 (6 H, s, CH;), 1.56 (overlapping
H,O, s, ‘Bu-H); UV-vis: 1, (log ¢) 433 (5.24), 533 (3.79), 580
(4.03), 674 (3.75) nm.

E-5-(2-Methoxycarbonylethenyl)-10,20-bis(3,5-di-zert-butyl-
phenyl)porphyrinatonickel(ir) (Nil4) and E,E-5,15-bis(2-methoxy-
carbonylethenyl)-10,20-bis(3,5-di-zerz-butylphenyl)porphyrinato-
nickel(in) (Nil8). Produced from the reaction between Ni6
(26.1 mg) and methyl acrylate (260 pL). CHCl;—n-hexane
(50 : 50) was used as the initial eluent and the first fraction
was collected. This fraction corresponded to Nil4 (1.2 mg,
5%), which resulted from debromination of the intermediate
bromo(alkenyl)porphyrin. Once the first fraction was isolated, the
eluent was changed to CHCl;-n-hexane (80 : 20) and a second
fraction (Nil8) was collected and recrystallised from CHCl;—
MeOH to give a dark powder (18.5 mg, 70%). Nil4: 5, 9.77 (1 H,
d, *J 15.6, alkene-H), 9.71 (1 H, s, meso-H), 9.40 (2 H, d, °J 4.8,
B-H),9.07(2H,d,*J4.8,3-H),8.91(2H,d,*J 4.8, 3-H),8.84 2 H,
d,*J 4.8, B-H),7.85(4H,d,*J 1.8, 0-Ar-H), 7.75 2 H, t, *J 1.8,
p-Ar-H), 6.36 (1 H, d, °J 15.6, alkene-H), 3.97 (3 H, s, CH5), 1.50
(36 H, s, '‘Bu-H), —2.80 (2 H, br s, N-H). Nil8: HRMS (ESI*)
m/z = 910.4014. Calc. M* for CssHgN,O,Ni m/z = 910.3968;
found: C, 73.75; H, 6.8; N, 6.2. Calc. for C;;H,,N,O,Ni: C, 73.8;
H, 6.6; N, 6.1%; 0y 9.81 (2 H, d,*J 15.6, alkene-H), 9.30 (4 H, d, *J
4.9,8-H),8.78 (4 H,d,*J 4.9, B-H), 7.79 (4 H, d, *J 1.8, 0-Ar-H),
7.74 (2 H,t,*J 1.8, p-Ar-H), 6.30 (1 H, d, °J 15.6, alkene-H), 3.95
(6 H, s, CH;), 1.49 (36 H, s, 'Bu—H); UV-vis: 4,,, (loge) 441 (5.18),
569 (3.97), 616 (4.20) nm.

E,E-5,15-Bis(2-methoxycarbonylethenyl)-10,20-bis(3,5-di-zert-
butylphenyl)porphyrinatozinc(i1) (Zn18). Produced as the main
product from the reaction between Zné (26.3 mg) and methyl
acrylate (230 #L). The product was purified by column chromatog-
raphy using CHCl;-n-hexane (50 : 50) as the eluent. After the first
band, which consisted of a number of unidentified porphyrins
(5.1 mg), eluted from the column, the solvent was changed to
CHCL,-MeOH (99 : 1), and the second fraction (Znl8) was
collected and recrystallised from CHCl;(1% pyridine)-MeOH as a
dark green powder (18.4 mg, 69%). HRMS (ESI*) m/z=916.3996.
Calc. MH* for CssHyN,O,Zn m/z = 916.3906; found: C, 73.3; H,
6.6; N, 6.1. Calc. for CssH,N,O,Zn: C, 73.2; H, 6.6; N, 6.1%; oy
10.22 (2 H, d, *J 15.8, alkene-H), 9.53 (4 H, d, °J 4.8, B-H), 9.04
(4H,d,°J 438, B-H), 8.08 (4 H, d, *J 1.8, 0-Ar-H), 7.95 (2 H, t,
p-Ar-H), 6.73 (1 H, d, *J 15.8, alkene-H), 3.97 (6 H, s, CHj;), 1.57
(36 H, s, ‘Bu—H); UV-vis: 4., (log ¢) 439 (5.28), 571 (2.76), 629
(4.04).

E-5-(2-Phenylethenyl)-10,20-bis(3,5-di-tert-butylphenyl)porphy-
rin (H,15) and E,E-5,15-bis(2-phenylethenyl)-10,20-bis(3,5-di-zert-
butylphenyl)porphyrin (H,19). Produced from the reaction
between H,6 (24.5 mg) and styrene (275 uL). CH,Cl,—n-hexane
(30 : 70) was used as the initial eluent and the first fraction was

collected. This fraction corresponded to H,15, which resulted
from debromination of the intermediate bromo(alkenyl)porphyrin
(1.6 mg, 7.5%). Once H,15 was isolated, the eluent was changed
to CH,Cl,—n-hexane (70 : 30) and a second fraction (H,19)
was collected and recrystallised from CH,Cl,-MeOH as a dark
powder (17.8 mg, 69%). H,15: 6, 10.15 (1 H, s, meso-H), 9.76
(1 H, d, °J 15.9, alkene-H), 9.60 (2 H, d, *J 4.6, B-H), 9.31
(2 H, d,*J 4.6, B-H), 9.06 (2 H, d, *J 4.6, B-H), 9.04 (2 H, d,
3J 4.6, B-H), 8.16 (4 H, d, *J 1.5, o-Ar-H), 7.98 (2 H, d, 3J 7.3,
o-phenylethenyl-H), 7.87 2 H, t, *J 1.5, p-Ar-H), 7.60 2 H, t, *J
7.3, m-phenylethenyl-H), 7.48 (1 H, t, *J 7.3, p-phenylethenyl-H),
7.44 (1H,d,3J 15.9, alkene-H), 1.56 (overlapping H,0O, s, 'Bu-H),
—2.69 (2 H, br s, N-H). H,19: found: C, 86.2; H, 7.55; N, 6.3.
Calc. for C4HN,: C, 86.25; H, 7.5; N, 6.3%. oy 9.63 (2 H, d,
*J 15.9, alkene-H), 9.46 (4 H, d, °J 4.6, B-H), 8.89 (4 H, d, *J
4.6, B-H), 8.09 (4 H, d, *J 1.5, o-Ar-H), 7.96 (4 H, d, *J 7.6,
o-phenylethenyl-H), 7.83 (2 H, t, p-Ar-H), 7.58 (4 H, d, *J 7.6,
m-phenylethenyl-H), 7.46 (2 H, d, *J 7.6, p-phenylethenyl-H),
7.46 (1H,d,*J 15.9, alkene-H), 1.56 (overlapping H,O, s, 'Bu-H),
—2.20 (2 H, s, N-H); UV-vis: 4. (log ¢) 437 (5.31), 535 (3.79),
584 (4.16), 677 (3.83) nm.

[E-5-(2-Phenylethenyl)-10,20-bis(3,5-di-zerz-butylphenyl)porphy-
rinatonickel(1r) (Nil5) and E,E-5,15-bis(2-phenylethenyl)-10,20-
bis(3,5-di-tert-butylphenyl)porphyrinatonickel(i)  (Nil9). Pro-
duced from the reaction between Ni6 (26.1 mg) and styrene (275
uL). CHCl;—n-hexane (20 : 80) was used as the initial eluent and
the first fraction was collected. This fraction corresponded to
Nil5, which resulted from debromination of the intermediate
bromo(alkenyl)porphyrin (1.2 mg, 5%). Once the first fraction
was isolated, the eluent was changed to neat CHCI; and a second
fraction was collected (Nil9), which was recrystallised from
CHCI1;-MeOH as a dark powder (19.2 mg, 70%). Nil5: dy 9.77
(1 H, d, *J 16.1, alkene-H), 9.64 (1 H, s, meso-H), 9.44 (2 H,
d, *J 4.9, B-H), 9.38 (2 H, d, *J 4.7, B-H), 9.07 2 H, d, °J 4.9,
B-H), 8.90 (2 H, d, 3J 4.7, B-H), 7.89 (4 H, d, *J 1.8, o-Ar-H),
7.82 (2 H, d, *J 7.6, o-phenylethenyl-H), 7.76 (2 H, t, “J 1.8,
p-Ar-H), 7.52 (2 H, t, *J 7.6, m-phenylethenyl-H), 7.40 (1 H, *J
7.6, p-phenylethenyl-H), 6.94 (1 H, d, °J 16.1, alkene-H), 1.50
(overlapping H,0O, s, ‘Bu-H). Nil9: found: C, 81.3; H, 6.9; N,
5.9. Cale. for C4,HyN,Ni: C, 81.1; H, 6.8; N, 5.9%. dy 9.30 (4 H,
d, 3J 4.9, B-H), 9.23 2 H, d, °J 16.1, alkene-H), 8.74 (4 H, d,
3J 49, B-H), 7.82 (4 H, d, *J 1.8, 0o-Ar-H), 7.78 (4 H, d, *J 7.6,
o-phenylethenyl-H), 7.71 2 H, t, *J 1.8, p-Ar-H), 7.49 2 H, t,*J
7.6, m-phenylethenyl-H), 7.37 (2 H, t, *J 7.6, p-phenylethenyl-H),
6.84 (1 H, d, 3J 16.1, alkene-H), 1.48 (36 H, s, ‘Bu-H); UV-vis:
Jmax (lOg €) 447 (5.22), 569 (4.04), 616 (4.23) nm.

E,E-5,15-Bis(2-phenylethenyl)-10,20-(3,5-di-zerz-butylphenyl)
porphyrinatozinc(i1) (Zn19). Produced as the main product from
the reaction between Zn6 (26.3 mg) and styrene (275 pL). The
product was purified by column chromatography using CHCl;—n-
hexane (40 : 60) as the eluent. After the first band, which consisted
of a number of unidentified porphyrins (7.5 mg), eluted from
the column, the solvent was changed to pure CHCl;, and the
second fraction was collected and recrystallised from CHCI;(1%
pyridine)-MeOH to yield Zn19 as a dark powder (16.6 mg, 60%).
Found: C, 80.5; H, 6.8; N, 5.9. Calc. for C,HN,Zn: C, 80.5; H,
6.8; N, 5.9%; 0y 9.69 (2 H, d, °J 15.8, alkene-H), 9.60 (4 H, d, *J
4.8,B-H),9.02(4H,d,>J 4.8, B-H), 8.10 (4 H, d, *J 1.8, 0-Ar-H),
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7.96 (4 H, d, *J 7.7, o-phenylethenyl-H), 7.82 (2 H, t, p-Ar-H),
7.58 (4 H, t, 3J 7.7, m-phenylethenyl-H), 7.46 (2 H, t, *J 7.7, p-
phenylethenyl-H), 7.41 (1 H, d, *J 15.8, alkene-H), 1.52 (36 H, s,
"Bu-H); UV-vis: .. (log &) 440 (5.31), 569 (3.91), 621 (4.11) nm.

E-5-(2-Cyanoethenyl)-10,20-bis(3,5-di-zerz-butylphenyl)porphy-
rinatonickel(in) (Nil6), Z-5-(2-cyanoethenyl)-10,20-bis(3,5-di-
tert-butylphenyl)porphyrinatonickel() (Nil7), E,E-5,15-bis(2-
cyanoethenyl) - 10,20 - bis(3,5 - di - zert - butylphenyl)porphyrinato-
nickel(n) (Ni20), E,Z-5,15-bis(2-cyanoethenyl)-10,20-bis(3,5-di-
tert-butylphenyl)porphyrinatonickel (i) (Ni21) and Z,Z-5,15-bis(2-
cyanoethenyl) - 10,20 - bis(3,5 - di - zert - butylphenyl)porphyrinato-
nickel(11) (Ni22). This mixture was produced from the reaction
between Ni6 (26.1 mg) and acrylonitrile (190 uL). The crude
product was treated by column chromatography using CHCl;—»n-
hexane (70 : 30) as the eluent. The first fraction was collected, and
NMR showed it to be a mixture of Nil6 and Nil7, resulting from
debromination of the starting material. These two compounds
could not be separated further. Nil6 (ca. 75%, NMR): dy 9.73
(1 H, s, meso-H), 9.68 (1 H, d, *J 16.2, alkene-H), 9.30 (2 H,
d, J 5.0, B-H), 9.07 (2 H, d, *J 4.8, B-H), 8.93 (2 H, d, *J 5.0,
B-H), 8.84 (2 H, d, *J 4.8, B-H), 7.82 (4 H, d, *J 1.7, 0o-Ar-H),
7.76 (2 H, overlapped, p-Ar-H), 5.75 (2 H, d, *J 16.2, alkene-H),
1.48 (overlapped, s, ‘Bu-H); Nil7 (ca. 25%): o4 9.79 (1 H, s,
meso-H), 9.58 (1 H, d, 3J 11.6, alkene-H), 9.22 (2 H, d, 3J 5.0,
B-H), 9.11 (2 H, d, *J 4.8, B-H), 9.00 (2 H, d, *J 5.0, B-H),
8.88 (2 H, d, *J 4.8, B-H), 7.86 (4 H, d, *J 1.7, o-Ar-H), 7.76
(2 H, overlapped, p-Ar-H), 6.44 (2 H, d, *J 11.6, alkene-H), 1.48
(36 H, s, '‘Bu-H). The major second band was collected and the
residue was recrystallised using CHCL;-MeOH to yield a dark
powder. NMR studies showed the presence of three isomers, Ni20
(ca. 65%, NMR), Ni21 (ca. 25%) and Ni22 (ca. 10%), which could
not be separated further (total 17.5 mg, 72%). HRMS (ESI*)
m/z = 844.3770, 845.3814, 867.3665. Calc. M*, MH*, MNa* for
Cs,Hs,NgNi m/z = 844.3763, 845.3842, 867.3661, respectively;
Ni20: 64 9.50 (2 H, d, *J 16.2, alkene-H), 9.19 (4 H, d, *J 4.9,
B-H), 8.80 (4 H, d, *J 4.9, B-H), 7.76 (4 H, overlapped, o-Ar-H),
7.74 (2 H, overlapped, p-Ar-H), 5.69 (2 H, d, *J 16.2, alkene-H),
1.48 (36 H, s, '‘Bu-H); Ni21: 64 9.55 (1 H, d, *J 16.2, alkene-H),
9.43 (1 H,d,*J 11.6, cis-alkene-H), 9.29 (2 H, d, *J 4.9, -H), 9.12
(2H,d, *J49,B-H),883(2H,d, > 49, 8-H), 879 (2H,d,*J
4.9, B-H), 7.76 (4 H, overlapped, o-Ar-H), 7.74 (2 H, overlapped,
p-Ar-H), 6.36 (1 H, d, *J 11.6, cis-alkene-H), 5.37 (1 H, d, *J 16.2,
alkene-H), 1.48 (36 H, s, '‘Bu-H); Ni22: 6,; 9.44 2 H, d, *J 11.9,
alkene-H), 9.15 (4 H, d, °J 4.9, B-H), 8.77 (4 H, d, *J 4.9, B-H),
7.76 (4 H, overlapped, o-Ar-H), 7.74 (2 H, overlapped, p-Ar-H),
6.39 (2 H,d,*J 11.6, alkene-H), 1.48 (36 H, s, ‘Bu-H).

E-5-(2-Cyanoethenyl)-10,20-bis(3,5-di-zerz-butylphenyl)porphy-
rinatozinc(11) (Znl16), E,E-5,15-bis(2-cyanoethenyl)-10,20-bis(3,5-
di-tert-butylphenyl)porphyrinatozinc() (Zn21) and E,Z-5,15-bis-
(2-cyanoethenyl)-10,20-bis(3,5-di-zerz-butylphenyl)porphyrinato-
zinc(1) (Zn22). Produced from the reaction between Zn6
(26.3 mg) and acrylonitrile (190 pL). CHCl;—n-hexane (60 :
40) was used as the initial eluent and the first fraction was
collected. This fraction corresponded to Znl6, which resulted
from debromination of the intermediate bromo(alkenyl)porphyrin
(1.9 mg, 8%). Znl6: oy 10.29 (1 H, s, meso-H), 10.15 (1 H, d, *J
16.4, alkene-H), 9.55 (2 H, d, *J 4.9, B-H), 9.41 2 H, d, *J 4.4,
B-H),9.17(2H,d,*J4.9,B-H),9.12(2H, d,*J 4.4, 3-H),8.09 (4 H,

d, *J 2.0, o-Ar-H), 7.85 (2 H, d, *J 2.0, p-Ar-H), 6.29 (1 H, d,
3J 16.4, alkene-H), 1.56 (overlapping H,O, s, ‘Bu-H). Once Zn16
was isolated, the eluent was changed to neat CHCI; and a second
fraction was collected. NMR studies showed the presence of two
isomers, Zn21 (ca. 90%, NMR), and Zn22 (ca. 10%), which could
not be separated further. This fraction was recrystallised from
CHCI;(1% pyridine)}-MeOH, yielding a dark powder (15.8 mg,
64%). MS (LDI*) m/z = 850.25. Calc. M* for C5,Hs,N¢Zn m/z =
850.4. Zn21: 6y 9.99 (2 H, d, *J 16.1, alkene-H), 9.36 (4 H, d,
3J 47, B-H), 8.95 (4 H, d, *J 4.7, B-H), 8.09 (4 H, overlapped,
o-Ar-H), 7.83 (2 H, overlapped, p-Ar-H), 6.04 (2 H, d, *J 16.1,
alkene-H), 1.56 (overlapping H,O, s, 'Bu-H). Zn22: 5, 10.02 (2 H,
d, 3J 16.4, alkene-H), 9.77 (1 H, d, 3J 10.5, alkene-H), 9.39 (2 H,
d, *J 4.6, B-H), 9.34 (2 H, d, *J 4.9, B-H), 8.96 (2 H, d, *J 4.6,
B-H), 8.94 2 H, d, *J 4.9, B-H), 7.94 (4 H, overlapped, o-Ar-H),
7.81 (2 H, overlapped, p-Ar-H), 6.66 (1 H, d, *J 10.5, alkene-H),
6.13 (1 H, d, *J 16.4, alkene-H), 1.56 (overlapped, s, '‘Bu-H).

General procedure for Heck coupling using vinylporphyrins

Vinylporphyrin (0.019 mmol), palladium acetate (1.0 mg,
0.004 mmol, 20 mol%), triphenylphosphine (2.6 mg, 0.01 mmol)
and K,CO; (4.3 mg, 0.024 mmol) were added to a Schlenk
tube and dried under vacuum. The vacuum was released under
argon to allow the addition of dry DMF (1 cm?®), dry toluene
(1 cm®) and the halogen reagent (50-fold excess). The mixture
was degassed via three freeze—pump-thaw cycles before the vessel
was purged with argon again. The Schlenk flask was sealed and
heated to 105 °C and allowed to stir for 48 h. Each reaction was
monitored by TLC using CHCl;—n-hexane (50 : 50). After 48 h,
the mixture was diluted with toluene (10 cm®) and washed with
water (10 cm® x 2). The organic layer was collected, dried and
the residue was subjected to column chromatography. The bands
containing the desired porphyrins were collected and recrystallised
using CHCL;—MeOH. This procedure was used to produce the
following compounds.

5 - (1 - Phenylethenyl) - 10,15,20 - triphenylporphyrinatonickel(11)
(23). Produced from the reaction between Ni8 (11.9 mg) and
iodobenzene (106 pL). The product was purified by column
chromatography using CHCl;—n-hexane (10 : 90). The first fraction
contained unreacted starting material (2.0 mg, 17%). The second
fraction contained the expected product Nil0 (7.2 mg, 54%). The
third fraction contained 23 (2.7 mg, 20%). HRMS (ESI*) m/z =
696.1827. Calc. M* for Cy;sH3N,Ni m/z = 696.1824; 5, 9.10 (2
H, d,*J 5.1, B-H), 8.73 2 H, d, °J 5.1, B-H), 8.73 (4 H, br s,
B-H), 8.00 (6 H, m, o-Ph-H), 7.67 (9 H, m, m,p-Ph-H), 7.43 (2 H,
m, o-phenylethenyl-H), 7.23 (3 H, m, m,p-phenylethenyl-H), 6.83
(1 H, d, *J 1.1, alkene-H (cis to porphyrin)), 5.91 (1 H, d, *J 1.1,
alkene-H (trans to porphyrin)). Once 27 eluted from the column,
the solvent was changed to neat CHCI; and a fourth fraction was
collected. NMR studies showed it to be the aldehyde Ni3 (<1 mg,
~5%).

5-(1-Phenylethenyl)-10,20-bis(3,5-di-zert-butylphenyl)porphyri-
natonickel(i1) (24) and E-2-(2-phenylethenyl)-5,15-bis(3,5-di-tert-
butylphenyl)porphyrinatonickel(i1) (25). Produced from the re-
action between Nil3 (14.6 mg) and iodobenzene (106 pL). The
product was purified by column chromatography using CHCl;—#-
hexane (10 : 90). The first fraction contained unreacted starting
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material Nil3 (3.5 mg, 24%). The second and third fractions
contained mixtures of Nil5, 24, and 25, which could not be
separated further (9.2 mg, 68%). MS (LDI*) m/z = 844.94.
Calc. M* for CssHxN,Ni m/z = 844.40. 24: 30% (estimated from
NMR). 0y 9.84 (1 H, s, meso-H), 9.16 (2 H, d, *J 4.9, B-H), 9.14
(2H,d,*J4.9,B-H),893(2H,d,*J49,B-H),8.84(2H,d,*J4.9,
B-H), 7.88 (overlapped, o-Ar-H), 7.75 (overlapped, p-Ar-H), 7.42
(overlapped, o-phenylethenyl-H), 7.22 (3 H, m, m,p-phenylethenyl-
H), 6.85 (1 H, d,*J 1.1, alkene-H (cis to porphyrin)), 5.94 (1 H, d,
2J 1.1, alkene-H (trans to porphyrin)), 1.51 (36 H, s, '‘Bu—-H); 25: 6
10.13 (1 H, s, meso-H), 9.88 (1 H, s, meso-H), 9.21 (1 H, d,°J 4.7,
B-H),9.15(2H,d,*J 4.7, -H),9.11 (1 H, s, B-H), 8.98 (1 H, d, *J
4.7,B-H),8.96 (1H,d,*J 4.7, 3-H),8.94 (1 H, d, *J 4.7, B-H), 8.63
(1H,d,J 16.1,alkene-H),7.97(2H,d,*J 1.7, 0-Ar-H), 7.93 2 H,
d,*J 1.7, 0o-Ar-H), 7.83 (2 H, d, *J 7.6, o-phenylethenyl-H), 7.77
(1H,t,%J 1.7, p-Ar-H), 7.52 (2 H, t, *J 7.6, m-phenylethenyl-H),
7.38 (2 H, t, *J 7.6, o-phenylethenyl), 1.54 (18 H, s, ‘Bu-H), 1.52
(18 H, s, ‘Bu-H). The solvent was changed to neat CHCI; and a
fourth fraction was collected; NMR studies showed it to be Ni7
(<1 mg, ~5%).

E-5-]2-(Anthracen-9-yl)ethenyl] - 10,20-bis(3,5-di- zerz-butyl-
phenyl)porphyrinatonickel(i1) (26) and E-2-[2-(anthracen-9-yl)-
ethenyl] - 5,15 - bis(3,5 - di - tert - butylphenyl)porphyrinatonickel(ir)
(27). Produced from the reaction between Nil3 (14.6 mg)
and 9-bromoanthracene (15 mg, 3.1-fold excess) using 2-P(z-
Bu),biphenyl as phosphine ligand. The product mixture was
isolated by column chromatography using CHCl;—#-hexane (30 :
70) as the eluent. The first fraction contained unreacted start-
ing material Nil3 (7.3 mg, 50%), while the second fraction
corresponded to 26, with a minor amount of the f-substituted
analogue 27 and other impurities that could not be removed
by chromatography. This mixture was recrystallised twice from
CHCL;-MeOH to yield a dark red powder (2.0 mg, 11%). MS
(LDI*) m/z =945.27. Calc. M* for CssHssN,Nim/z = 945.43. 26:
0u 9.72 (1 H, s, meso-H), 9.61 2 H, d,*J 4.9, B-H),9.29 (1 H, d, *J
15.9, alkene-H),9.09 (2 H, d,*J 4.9, B-H),8.93 (2H, d,*J 4.9, B-H),
8.89(2H,d,*J 4.9, p-H), 8.69 (2 H, m, anthracene-H), 8.53 (2 H, s,
anthracene-H), 8.11 (2 H, m, anthracene-H), 7.89 (4 H, d, *J 1.8,
0-Ar-H), 7.74 (2 H, d, *J 1.8, p-Ar-H), 7.53 (4 H, m, anthracene-
H), 7.53 (1 H, d, *J 15.9, alkene-H), 1.49 (36 H, '‘Bu-H). The
B-alkenylanthracene 27 could not be fully characterised by NMR
because of the number of overlapping peaks in the spectrum.

Preparation of meso,B-porphyrin dyads by Heck coupling.
Porphyrin Nil3 (14.6 mg, 0.019 mmol), bromoporphyrin
(0.015 mmol), palladium acetate (1.0 mg, 0.004 mmol, 20 mol%),
di-zert-butylbiphenylphosphine (3.0 mg, 0.01 mmol) and K,CO;
(4.3 mg, 0.024 mmol) were added to a Schlenk tube and dried
under vacuum. The vacuum was released under argon to allow the
addition of dry DMF (1.5 cm?), and dry toluene (1.5 cm?®). The
mixture was degassed via three freeze-pump-thaw cycles before
the vessel was purged with argon again. The Schlenk flask was
sealed and heated to 105 °C and allowed to stir for 72 h. Each
reaction was monitored by TLC using CH,Cl,—n-hexane (50 :
50) for free base bromoporphyrin and CHCl;—n-hexane (50 : 50)
for metallated bromoporphyrins. After 72 h, TLC showed the
complete consumption of bromoporphyrin, so the mixture was
diluted with toluene (10 cm®) and washed with water (10 cm® x
2). The organic layer was collected, dried and the residue was

subjected to column chromatography. This procedure was used to
produce the following compounds.

E-1-]5,15-Bis(3,5-di-tert-butylphenyl)porphyrinatonickel(ir)-2-
ylI-2-[(10,15,20-triphenyl)porphyrin-5-yllethene (29). Produced
from H,2 (9.2 mg) as the bromoporphyrin partner. The product
was purified using CH,Cl,—n-hexane (50 : 50) as the eluent. The
first band contained unreacted starting material Nil3 (10.5 mg,
71%). The second fraction contained the product 29, which was
recrystallised from CH,Cl,—MeOH to give a dark powder (4.4 mg,
23%). HRMS (ESI*) m/z = 1305.4376. Calc. MH* for CgH,oNgNi
m/z = 1305.4781; 6, 10.30 (1 H, d, *J 15.4, 2-alkene-H), 10.30
(1 H, s, 20-meso-H, NiDAP), 9.92 (1 H, s, 10-meso-H, NiDAP),
9.80(2H,d,*J 4.7, -H, H, TriPP), 9.65 (1 H, s, B-H, NiDAP), 9.22
(1H,d,?J 4.9, B-H, NiDAP), 9.19 (1 H, d, *J 4.9, B-H, NiDAP),
9.16 (1 H, d, *J 4.9, B-H, NiDAP), 9.07 (1 H, d, *J 4.9, B-H,
NiDAP), 9.00 (1 H, d, *J 4.9, B-H, NiDAP), 8.99 (2 H, d, *J 4.7,
B-H, H,TriPP), 8.97 (1 H, d, *J 4.9, B-H, NiDAP), 8.92 (1 H, d, *J
15.4, B-H, 1-alkene-H), 8.84 (4 H, br s, B-H, H,TriPP), 8.28 (4 H,
m, o-Ph-H, H, TriPP), 8.24 (2 H, m, o-Ph-H, H, TriPP), 8.18 (2 H,
d,*J 1.7, 0-Ar-H, NiDAP), 7.95 (2 H, d, *J 1.7, o-Ar-H, NiDAP),
7.88 (1 H,t,*J 1.7, p-Ar-H, NiDAP), 7.79 (1 H, overlapped, p-Ar—
H, NiDAP), 7.79 (9 H, m, m,p-Ph-H, H, TriPP), 1.64 (18 H, s, 'Bu—
H, NiDAP), 1.52 (18 H, s, 'Bu-H, NiDAP), —2.30 (2 H, br s, N-H,
H,TriPP); UV-vis: A, (log ¢) 425 (5.30), 522 (4.45), 594 (4.55),
673 (4.23) nm. A third and fourth fraction were also collected,
containing H,1 (5.8 mg, 72% from H,2) and Ni7 (<1 mg, ~5%),
respectively.

E-1-[5,15-Bis(3,5-di-tert-butylphenyl)porphyrinatonickel(1r)-2-
yl]-2-{(10,15,20-triphenyl)porphyrinatonickel(ir)-5-yllethene (30).
Produced from Ni2 (10.1 mg) as the bromoporphyrin reagent. The
product was purified by column chromatography using CHCl;—n-
hexane (50 : 50) as the eluent. The first band eluted contained
unreacted starting material Nil3 (10.1 mg, 69%). The second
fraction contained the product 30, which was recrystallised from
CHCI;-MeOH, yielding a dark powder (6.7 mg, 33%). MS (LDI*)
m/z=1360.54. Calc. M* for CgsH;NsNi, m/z = 1360.49; 6, 10.03
(1 H, s, 20-meso-H, NiDAP), 9.90 (1 H, s, 10-meso-H, NiDAP),
9.89 (1 H, d, °J 15.7, 2-alkene-H), 9.67 (2 H, d, *J 4.9, B-H,
NiTriPP), 9.54 (1 H, s, B-H, NiDAP), 9.19 (1 H, d, °J 4.9, B-H,
NiDAP), 9.16 (1 H, d, °J 4.9, B-H, NiDAP), 9.05 (1 H, d, *J 4.9,
B-H, NiDAP), 9.03 (1 H, d, *J 4.9, B-H, NiDAP), 8.96 (1 H, d, *J
4.9, B-H, NiDAP), 8.90 (1 H, d, *J 4.9, B-H, NiDAP), 8.89 (2 H,
d,*J 4.9, B-H, NiTriPP), 8.70 (2 H, d, *J 4.9, B-H, NiTriPP), 8.68
(2 H,d,*J 4.9, B-H, NiTriPP), 8.36 (1 H, d, °J 15.7, 1-alkene-H,
NiDAP), 8.13 (2 H, d, *J 1.7, o-Ar-H, NiDAP), 8.04 (4 H, m,
0-Ph-H, NiTriPP), 8.01 (2 H, m, o-Ph-H, NiTriPP), 7.90 (2 H, d,
*J 1.7, o-Ar-H, NiDAP), 7.88 (1 H, t, *J 1.7, p-Ar-H, NiDAP),
7.75 (1 H, t, p-Ar-H, NiDAP), 7.70 (9 H, m, m,p-Ph-H, NiTriPP),
1.64 (18 H, s, ‘Bu-H, NiDAP), 1.49 (18 H, s, ‘Bu—H, NiDAP);
UV-vis: Ay (loge) 422 (5.29), 458 (5.09, shoulder on Soret band),
526 (4.53), 560 (4.40), 619 (4.47) nm. A third and fourth fraction
were also collected, containing Nil (5.2 mg, 65% from Ni2) and
Ni7 (<1 mg, ~5%), respectively.

E-1-[5,15-Bis(3,5-di-tert-butylphenyl)porphyrinatonickel(1r)-2-
yl]-2-[(10,15,20-triphenyl)porphyrinatozinc(i1)-5-yl]ethene (31).
Produced from Zn2 (10.2 mg) as the bromoporphyrin reagent.
The product was purified by column chromatography using
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CHCl;—n-hexane (50 : 50) as the eluent. The first band eluted
contained unreacted starting material Nil3 (10.1 mg, 69%). The
second fraction contained the product 31, which was recrystallised
from CHCl;—MeOH to give shiny dark plates (3.1 mg, 15%). MS
(LDI*) m/z = 1367.38. Calc. MH* for CgxHsNgNiZn m/z =
1367.49; o4 10.44 (1 H, d, °J 15.7, 2-alkene-H), 10.33 (1 H, s,
20-meso-H, NiDAP), 9.92 (1 H, s, 10-meso-H, NiDAP), 9.87 (2 H,
d, 3J 4.7, B-H, ZnTriPP), 9.63 (1 H, s, -H, NiDAP), 9.23 (1 H,
d, *J 4.7, B-H, NiDAP), 9.20 (1 H, d, *J 4.7, B-H, NiDAP), 9.17
(1 H,d,?*J 4.7, B-H, NiDAP), 9.08 (1 H, d, *J 4.7, B-H, NiDAP),
9.02 2 H, d, *J 4.7, B-H, ZnTriPP), 9.00 (1 H, d, *J 4.7, B-H,
NiDAP), 8.98 (1 H, d, *J 4.7, B-H, NiDAP), 8.88 (1 H, d, *J
15.7, 1-alkene-H), 8.85 (4 H, br s, B-H, ZnTriPP), 8.26 (4 H, m,
0-Ph-H, ZnTriPP), 8.21 (2 H, m, o-Ph-H, ZnTriPP), 8.18 (2 H, d,
4J 1.7, o-Ar-H, NiDAP), 7.95 (2 H, d, *J 1.7, o-Ar-H, NiDAP),
7.87 (1 H, t, *J 1.7, p-Ar-H, NiDAP), 7.75 (1 H, overlapped,
p-Ar-H, NiDAP), 7.75 (9 H, m, m,p-Ph-H, ZnTriPP), 1.63 (18 H,
s, '‘Bu-H, NiDAP), 1.52 (18 H, s, ‘Bu—H, NiDAP); UV-vis: Ay.x
(log &) 425 (5.26), 524 (4.33), 561 (4.39), 620 (4.43) nm. A third
and fourth fraction were also collected, corresponding to Znl
(7.2 mg, 80% from Zn2) and Ni7 (<1 mg, ~5%), respectively.
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Elecanacin, an unusual cyclobuta-fused naphthalene-1,4-dione derivative isolated from the bulbs of
Eleutherine Americana Merr. et Heyne (Iridaceae) has been obtained, together with its epimer
isoelecanacin, by a 2 + 2 cycloaddition resulting from irradiation of 5-methoxy-2-(2-vinyloxypropyl)-
naphthalene-1,4-dione. The synthesis of enantiopure elecanacin starting with (R)-propylene oxide has
established the absolute configuration of the natural product and has revealed that the sample isolated

from the bulbs possessed an enantiomeric excess of only 14%.

Introduction

During a search for bioactive constituents from plants of the
Iridaceae family used in traditional medicine, Hara and coworkers
isolated from the bulbs of Eleutherine Americana Merr. et Heyne
(Iridaceae) a novel dione which they named elecanacin and
whose structure (Fig. 1)was deduced as 1 by means of NMR
spectroscopy.! The absolute stereochemistry was not determined
and was arbitrarily depicted as shown in 1 [systematic name: (2a,
3aa, 4af, 10aR*)-6-methoxy-2-methyl-1,2,4,4a-tetrahydro-10H-
naphtho[2,3":2,3]cyclobuta[1,2-b]furan-5,10(3aH)-dione].  Also
isolated from the same plant were the isomeric and well-known**
pyranonaphthoquinones eleutherin 2 and isoeleutherin 3.

O Me MeO o} Me

elecanacin eleutherin isoeleutherin
1 2 3
Fig. 1 Structures of elecanacin (absolute configuration is depicted

arbitrarily), eleutherin and isoeleutherin.

The ring skeleton of 1 is somewhat unusual for a natural
product and has not previously been reported; hence we felt that
confirmation of the structure by synthesis was desirable. Leaving
aside for the moment the question of the configuration of the
methyl-substituted carbon of the tetrahydrofuran ring, simple
retrosynthetic considerations suggest that 1 should be accessible
through an intramolecular photochemical cycloaddition of the
vinyl ether moiety to the double bond within the substituted
naphthoquinone 4. This is based on the premise that intramolec-
ular photocycloadditions in cyclohexenones possessing tethered
terminal alkene chains attached to the 2-position are well-known®
(e.g. 5 — 6)" and that the intermolecular photoaddition of ethyl

School of Biomedical, Biomolecular and Chemical Sciences, University of
Western Australia, 35 Stirling Highway, Crawley, WA, 6009, Australia.
E-mail: dw@chem.uwa.edu.au

vinyl ether 8 to 1,4-naphthoquinone 7 is reported to give 9,
albeit only in 8% yield.® However, intramolecular photoadditions
within 2-alkenyl-substituted 1,4-naphthoquinones have, to our
knowledge, not been reported. Here we describe the application of
such a reaction to the syntheses of racemic and chiral elecanacin;
the latter establishes the absolute configuration of the natural
product.

MeO O
H MeO O
=
6} 6]
o}
o}
Me Me
1 4
hv
e
X
6] o
5 6
O O
hv
+ l —
OEt OEt
o} o}
7 8

Scheme 1 Retrosynthetic analysis for elecanacin and examples of enone
and enedione photocycloadditions.

Results and discussion

The synthesis of racemic elecanacin was achieved as shown in
Scheme 2.

Allylation of 5-methoxynaphthalen-1-ol 10 followed by Claisen
rearrangement and in situ acetylation afforded acetate 12. Careful
ozonolysis provided aldehyde 13 which was immediately treated
with an excess of methylmagnesium iodide to give the phenolic
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OO0 00U
Me Me H
o OH OAc
15 14 13
f
MeO o]
MeO
Q0 - °
o) +
o S oH
Me M
4 1 o © 16

(%)-isoelecanacin

(t)-elecanacin

(one enantiomer of each product is depicted)

Scheme 2 (a) allyl bromide, K,CO;, Me,CO, reflux, 97%; (b) Ac,0,
PhNMe,, 170 °C, 95%; (c) O;, CH,Cl,-MeOH, —78 °C, then (NH,),CS;
(d) MeMgl, THF; (e) Fremy’s salt, 41% for steps c—e; (f) EtOCH=CH,,
Hg(OAc),, 57%; (g) hv at 350 nm, CH,Cl,, 25% 1 and 38% 16.

alcohol 14. Oxidation with Fremy’s salt yielded the hydroxy-
quinone 15 which was converted into the vinyl ether 4 in the usual
fashion. Irradiation of 4 in dichloromethane at 350 nm cleanly gave
two products. These were separated by careful chromatography,
and the slightly more polar product, isolated in 25% yield, was (&)-
elecanacin, whose "H and »C NMR spectra were identical with
those of the naturally occurring (+)-enantiomer. The more mobile
component, obtained in 38% yield, we have named isoelecanacin
and is formulated as 16 on the basis of NMR (COSY, HMBC,
HMQC and NOESY) evidence. The NMR spectral data for 1 and
16 are collected in Table 1 and the key NOESY correlations within

the oxabicyclo[3.2.0]heptane framework are displayed in Fig. 2.
The aromatic proton signals in both isomers display second order
characteristics, even at 500 MHz, rather than the first order pattern
implied* for elecanacin.

elecanacin isoelecanacin

Fig. 2 Key NOESY correlations within the 2-oxabicyclo[3.2.0]heptyl
framework of elecanacin (ref. 1) and isoelecanacin (this work).

In the photochemical cycloaddition reaction, compounds 1
and 16 arise by addition of the vinyl ether moiety to the two
diastereotopic faces of the carbon—carbon double bond of the
naphthoquinone system of 4. Monitoring of the reaction showed
that both products were formed at early stages and control
experiments established that 1 and 16 were photostable and not
interconverted under the irradiation conditions.

Our first approach to enantiopure elecanacin (Scheme 3) was
based on the assumption that hydrolytic kinetic resolution of a
racemic epoxide such as 19 or 21 using Jacobsen’s catalyst>'* 20
would provide a chiral epoxide, which on reductive opening with
lithium aluminium hydride and removal of the protecting group
could deliver one enantiomer of the phenolic alcohol 14 depicted
in Scheme 2. In the event, epoxidation of the monosubstituted
ethylene moiety of acetate 12 and benzyl ether 17 with m-
chloroperoxybenzoic acid proceeded sluggishly and appeared to
be accompanied by degradation of the electron-rich naphthalene
ring system. The epoxy acetate 21 could be obtained in poor
yield by treatment of 12 with dimethyldioxirane, while the epoxy
benzyl ether 19 was obtained satisfactorily by reaction of aldehyde
18 with dimethylsulfoxonium methylide. Unfortunately both 19

Table1 "“C;'H NMR data for elecanacin and isoelecanacin (300 MHz, CDCl;)
Position Elecanacin Isoelecanacin
1 45.3;2.29,dd, J 12.6, 10.0, H,;“2.20, dd, J 12.6,4.7, H, 45.5;1.75,dd, J 12.6, 9.6, H,; 2.86, dd, J 12.6, 5.5, H,
2 76.6; 4.60-4.48, m 81.5;4.38-4.31, m
3a 80.9; 4.62-4.58, m 81.6;4.46-4.43, m
4 31.0; 2.65-2.50, m 31.6;2.52-2.49, m
4a 45.3;3.23-3.17, m 47.5; 3.30-3.29, m
5 196.2° 196.1°
5a 124.3 124.4
6 159.2 159.3
7 117.2; 7.29, X part of ABX 117.4; 7.29, X part of ABX
8 134.9¢; ¢. 7.64, B part of ABX 134.8; ¢. 7.66, B part of ABX
9 119.3¢; ¢. 7.68, A part of ABX 119.4; ¢. 7.66, A part of ABX
9a 138.2 137.5
10 195.8° 195.7°
10a 61.2 59.7
Me 19.2;1.45,d,J 5.9 20.6;1.42,d,J 6.1
MeO 56.5;3.96, s 56.5;3.96, s

“H, is exo within the oxabicyclo[3.2.0]heptane moiety, H, is endo. ® Values can be interchanged within each column. ¢ As assigned in ref. 1 and consistent

with incremental shift calculations.
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Scheme 3 (a) O;, CH,Cl,-MeOH, —78 °C, then (NH,),CS, 65%;
(b) trimethylsulfoxonium iodide, NaH, Me,SO, 69%; (c) dimethyldioxi-
rane, Me,CO, 23%; (d) Fremy’s salt, 91%; (e) m-Cl-C¢H,~CO;H, CH,Cl,,
67%; (f) 20, H,O.

and 21 were recovered essentially unchanged when exposed
to the usual conditions for hydrolytic kinetic resolution, even
after long reaction times. Since we felt that the electron-rich
naphthalene moieties of 19 and 21 could possibly interfere in
the catalytic hydrolytic cycle, we prepared the quinonoid epoxide
24 by treatment of quinone 23 with m-chloroperoxybenzoic acid.
However 24 also was recovered unchanged when subjected to
the reaction conditions. Control reactions showed that, using the
same batch of catalyst, simple epoxides such as epichlorohydrin
and propylene oxide were resolved under these conditions, as
described in the literature.®'® Although the hydrolytic kinetic
resolution of the epoxides 19, 21 and 24 may well be achievable
with further experimentation, particularly in regard to variation of
the organic solvent,' we adopted instead the approach outlined in
Scheme 4.

Metallation of 1-methoxy-5-(methoxymethoxy)naphthalene
25 with n-butyllithium followed by sequential addition of HMPA
and (R)-(+)-propylene oxide 26 afforded the desired alcohol
27 (53%) together with alcohol 28 (13%) resulting from met-
allation and alkylation ortho to the methoxy group. Removal
of the MOM protecting group of 27 was achieved by action
of carbon tetrabromide in refluxing 2-propanol.’? The enan-
tiomeric ratio for the resulting alcohol 29 was estimated to be
greater than 95 : 5 by examination of its 'H NMR spectrum
in the presence of the chiral shift reagent europium tris[3-
(heptafluoropropylhydroxymethylene)-(+)-camphorate], indicat-
ing that the enantiomeric excess (ee) within 29 was greater
than 90%. Surprisingly the chiral shift reagent failed to induce
significant chemical shift changes for protons near the stereocentre
and the only significant induced shift was observed for the
aromatic proton 8-H. A more precise upper limit for the ee could
not be ascertained at this stage due to some line-broadening of
this signal.

(-)-elecanacin

(+)-isoelecanacin

Scheme 4 (a) BuLi, THF, —78 °C, HMPA, 26, 53% 27 and 13% 28;
(b) CBry, 2-propanol, reflux, 73%; (c) Fremy’s salt, 97%; (d) EEOCH=CH,,
Hg(OAc),, 51%; (e) ho at 350 nm, CH,Cl,, 24% 1 and 40% 16.

Oxidation of 29 with Fremy’s salt provided the quinone 30,
which was converted into the vinyl ether 31 as in the racemic series.
Irradiation followed by chromatographic separation gave (2R,
3aR, 4aR, 10aR)-elecanacin 1 having [a], — 145° (CHCI;) after
recrystallisation and an ee of (99.5% as determined by HPLC using
achiral stationary phase. The optical rotation reported’ for natural
elecanacin is +20.7° and thus the major natural enantiomer is the
mirror image of 1, and the configuration is (2S, 3aS, 4aS, 10aS)
(see structure ent-1 in Scheme 6 later). From the magnitude of the
reported rotation, the enantiomeric excess is only 14% and thus
elecanacin is another example of a natural product that does not
occur in enantiopure form.*

Although the biosynthesis of eleutherin 2 and isoeleutherin
3 does not appear to have been investigated, it presumably
involves a polyketide pathway, as has been established for other
pyranonaphthoquinones."**s For example, labelling experiments
have revealed that the bacterial metabolite nanaomycin A 33 is
assembled from an octaketide by a folding resulting from orien-
tation 32a (Scheme 5), whereas in the biosynthesis of cardinalin
2 34 in the fruiting bodies of the toadstool Dermocybe cardinalis
the alternative orientation 32b for cyclisation of the octaketide has
been established.® It has been suggested that this also may be the
pathway for the synthesis of pyranonaphthoquinones in plants.'s

Given that eleutherin and isoeleutherin are polyketide-derived,
what is the biogenetic origin of elecanacin? We note that, formally
the vinyl ether 4 can be derived from the Norrish type II cleavage
of 35, the dihydro-derivative of eleutherin and isoeleutherin,
followed by oxidation (Scheme 6). Subsequent intramolecular 2 +
2 cycloaddition would then deliver elecanacin 1. The enantiomeric
ratio of the product 1 would be determined by the configu-
rational ratio at 2-C inherent within 35. Since both eleutherin
and isoeleutherin co-occur in the plant, the involvement of a
biosynthetic precursor such as 35 having both configurations at
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nanaomycin A cardinalin 2
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Scheme 5 Incorporation of 1-°C labelled acetate into nanaomycin and of
1,2-3C, labelled acetate into cardinalin 2 (identified labelled units shown
in bold).

H
MeO o) “CH,

(0]

Scheme 6 Formal derivation of vinyl ether 4 and elecanacin 1 from the
dihydro derivative 35 of eleutherin and isoeleutherin.

the methyl-substituted carbon would explain the low ee observed
for elecanacin.

Of the pericyclic reactions possibly involved in biological
systems,'® the Diels—Alder reaction has attracted considerable
attention and evidence has been presented for the existence
of Diels—Alderases.'”*® Although the suggestion that elecanacin
could possibly be generated in vivo by a sequence involving peri-
cyclic reactions as shown in Scheme 6 must be regarded as highly
speculative, we note that ethylene has been reported to arise from
a Norrish type II fragmentation of enzymatically generated triplet
butanal, providing an example of a photobiochemical reaction
without light." The cleavage step a in Scheme 6 therefore has
some precedence. Furthermore, very recently evidence has been
presented that the conversion of isochorismate to salicylate and
pyruvate, catalysed by the enzyme isochorismate pyruvate lyase,
involves a one-step pericyclic retro-ene process.?’ However, at this
stage there appear to be no enzyme-mediated analogies for the 2 +
2 cycloaddition. We consider it unlikely that the vinyl ether 4 is in
fact a natural product and that elecanacin then arises as an artifact
through photochemical cyclisation during isolation and workup.

Although we find that in solution 4 undergoes ready cyclisation
when exposed to ambient laboratory light, elecanacin is, as in
the preparative reactions, accompanied by isoelecanacin 16. In
view of the close chromatographic R; values of these products, we
believe it to be unlikely that 16 would have been missed during
the isolation of 1.! Thus elecanacin is more likely to be a product
of a diastereoselective enzyme-mediated reaction rather than an
artifact arising from photochemical transformation of 4.

Conclusion

In summary, we have confirmed the nature of the novel ring system
of elecanacin 1 and the absolute configuration and low ee of
the natural product through rational synthesis. The biochemical
pathway that generates 1 in the plant remains to be elucidated.

Experimental

General details have been given previously.” Irradiations were
carried out through Pyrex in an Oliphant photochemical chamber
reactor equipped with Sylvania F 815/BLB tubes emitting at
350 nm. HPLC was performed using a Chiracel OD column
(Daicel Chemical Industries) fitted to an ICI 1110 pump interfaced
with a Hewlett Packard Series 1050 instrument using UV detection
at 254 nm. The solvent was 2-propanol-hexane 1 : 5 with a flow

rate of 0.5 mL min~".

5-Methoxy-1-(2-propenyloxy)naphthalene 11

The procedure was adapted from that described by Eisenhuth
and Schmid.* 5-Methoxy-1-naphthol 10 (3.51 g, 20.2 mmol), allyl
bromide (2.8 ml, 3.88 g, 32.1 mmol) and potassium carbonate
(4.28 g, 31.0 mmol) in acetone (90 ml) were refluxed for 3 h
under a nitrogen atmosphere. The reaction mixture was allowed
to cool to room temperature, left to stand overnight and then
poured into water (450 ml) and extracted with ether (3 x 60 ml).
The combined organic extracts were washed successively with
10% sodium hydroxide solution (50 ml), water (50 ml) and
brine (50 ml), then dried and evaporated to give 5-methoxy-1-
(2-propenyloxy)naphthalene as a yellow crystalline solid (4.17 g,
97%), mp 96-98 °C (lit.,*' 98 °C). 5y (200 MHz, CDCl,) 7.91 (1H,
d, J 8.5, ArH), 7.85 (1H, d, J 8.5, ArH), 7.43-7.32 2H, m, 2 x
ArH), 6.86 (2H, d, J 7.7,2 x ArH), 6.19 (1H, ddt, J 17.3, 10.5 and
5.1, CH, vinylic), 5.53 (1H, dtd, J 17.3, 1.5 and 1.5, CH, vinylic),
5.34 (1H, dtd, J 10.5, 1.5 and 1.5, CH, vinylic), 4.72 (2H, ddd, J
5.1, 1.5 and 1.5, CH,), 4.00 (3H, s, OCH,).

5-Methoxy-2-(2-propenyl)naphthalen-1-yl acetate 12

A stirred solution of 5-methoxy-1-(2-propenyloxy)naphthalene
(4.17 g, 19.5 mmol) in acetic anhydride (31.0 ml, 33.5 g, 328 mmol)
and N,N-diethylaniline (100 ml, 93.3 g, 625 mmol) was heated
at 165-170 °C (bath) for 6 h under an argon atmosphere, then
allowed to cool to room temperature and left to stir for 24 h. The
solution was diluted with water (250 ml) and extracted with ether
(3 x 60 ml). The combined ether extracts were washed with 2 M
hydrochloric acid solution (3 x 100 ml), followed by saturated
sodium carbonate solution (80 ml) and brine (80 ml), dried
and evaporated to give 5-methoxy-2-(2-propenyl)naphthalen-1-yl
acetate as a yellow-brown oil (4.74 g, 95%), which was pure by
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'H NMR. d, (200 MHz, CDCL,) 8.11 (1H, d, J 8.8, ArH), 7.46
7.29 (3H, m, ArH), 6.80 (1H, d, J 7.4, ArH), 6.06-5.82 (1H, m,
CH, vinylic), 5.18-5.04 (2H, m, 2 x CH, vinylic), 3.97 (3H, s,
OCH,), 3.43 (2H, ddd, J 6.6, 1.5 and 1.5, CH,), 2.45 (3H, s, CHs).

5-Methoxy-2-(2-formylmethyl)naphthalen-1-yl acetate 13

Ozone was bubbled through a solution of S5-methoxy-2-
(2-propenyl)naphthalen-1-yl acetate (3.87 g, 15.1 mmol) in
dichloromethane/methanol (4 : 1, 180 ml) at —78 °C until TLC in-
dicated that all the starting material had been consumed (45 min).
The solution did not turn blue. Oxygen, followed by nitrogen
was bubbled through the solution in order to displace the ozone.
The cold solution was added dropwise to a stirred suspension of
thiourea (1.41 g, 18.5 mmol) and sodium bicarbonate (826 mg,
9.84 mmol) in dichloromethane (50 ml) at ice bath temperature
and stirred for 1.5 h under a nitrogen atmosphere. The resulting
reaction mixture was diluted with water (350 ml) and the organic
layer was separated. The aqueous layer was extracted with
dichloromethane (2 x 40 ml) and the combined organic extracts
were washed with brine, dried and evaporated to give the aldehyde
as a yellow oil (4.03 g), which was refrigerated overnight. dy
(200 MHz, CDCl,) 9.69 (1H, t, J 2.4, CHO), 8.20 (1H, d, J 8.8,
ArH), 7.48-7.30 (3H, m, ArH), 6.85 (1H, d, J 7.5, ArH), 4.00
(3H, s, OCHj;), 3.70 (2H, d, J 2.4, CH,), 2.46 (3H, s, CH;). Due to
its instability, the aldehyde was used directly in the next reaction
without purification or further characterisation.

1-(1-Hydroxy-5-methoxynaphthalen-2-yl)propan-2-ol 14

A solution of methyl iodide (6.2 ml, 14.1 g, 99.7 mmol) in anhy-
drous tetrahydrofuran (35 ml) was added dropwise to magnesium
turnings (2.28 g, 93.8 mmol) at room temperature under an argon
atmosphere. The mixture was stirred and diluted by the dropwise
addition of anhydrous tetrahydrofuran (70 ml). Upon completion
of the reaction, the Grignard reagent was cooled in an ice bath and
a solution of crude 5-methoxy-2-(2-formylmethyl)naphthalen-1-yl
acetate (4.03 g, 15.6 mmol) in anhydrous tetrahydrofuran (100 ml)
was added dropwise. Then the resulting mixture was allowed
to warm to room temperature and stirring was continued for a
further 2 h. The reaction mixture was carefully quenched with
water (300 ml), acidified with concentrated hydrochloric acid, and
extracted with ethyl acetate (3 x 70 ml). The combined organic
extracts were washed with water (70 ml) followed by brine (70 ml),
dried and evaporated to give I-(I-hydroxy-5-methoxynaphthalen-
2-ylpropan-2-ol as an orange oil (3.55 g), which was used directly
in the next reaction. A small sample was subjected to radial chro-
matography. Elution with 10% ethyl acetate-light petroleum gave
a clear oil, which solidified upon refrigeration and recrystallised
from dichloromethane-light petroleum as white plates, mp 83—
84 °C (Found: C, 72.4; H, 7.0. C,H,,O; requires C, 72.4; H,
6.9%). (Found M*, 232.1103. C,H,O; requires 232.1099). Mass
Spectrum m/z: 232 (M, 25%), 214 (100), 212 (28), 199 (47), 187
(18), 186 (29), 171 (28), 169 (21), 128 (21), 115 (43). 5, (300 MHz,
CDCl;) 7.88 (1H, dt, J 8.5 and 0.8, ArH), 7.74 (1 H, dd, J 8.5 and
0.6, ArH), 7.37 (1 H, dd, J 8.5 and 7.7, ArH), 7.12 (1H, d, J 8.5,
ArH), 6.80 (1H,d, J 7.7, ArH), 4.36-4.27 (1H, m, CH), 3.99 (3H, s,
OCH,) 3.01 (1H, dd, J 14.7 and 2.5, CH of methylene), 2.90 (1H,
dd, J 14.7 and 7.1, CH of methylene), 1.27 (3H, d, J 6.2, CHj;).

8¢ (75.5 MHz, CDCl,) 155.1 (C), 150.9 (C), 129.0 (CH), 126.8 (C),
126.0 (C), 125.0 (CH), 118.9 (C), 114.6 (CH), 113.5 (CH), 103.8
(CH), 70.9 (CH), 55.5 (OCHS,), 40.5 (CH,), 23.2 (CH,).

2-(2-Hydroxypropyl)-5-methoxynaphthalene-1,4-dione 15

A solution of 1-(1-hydroxy-5-methoxynaphthalen-2-yl)propan-2-
ol (3.48 g, 15.0 mmol) in ethyl acetate (80 ml) was added to a
separating funnel containing Fremy’s salt (8.25 g, 30.8 mmol)
dissolved in an aqueous borax buffer solution (0.025 M sodium
tetraborate, 250 ml; 0.1 M sodium hydroxide, 121 ml). The
resulting mixture was shaken until TLC indicated that the starting
material had been consumed (ca 40 min). The mixture was diluted
with brine (50 ml) and the organic layer was separated. The
aqueous layer was extracted with ethyl acetate (4 x 60 ml). The
combined organic extracts were washed with brine (80 ml), dried
and evaporated to give a yellow oil, which was subjected to silica
gel filtration. Elution with 30% ethyl acetate-light petroleum gave
2-(2-hydroxypropyl)-5-methoxynaphthalene-1,4-dione as a yellow
oil (1.54 g, 41% over 3 steps) which solidified upon refrigeration.
A small sample recrystallised from ethyl acetate-light petroleum
as fine yellow needles, mp 95-96 °C (lit.,* 96-97 °C). (Found M*,
246.0894. C,,H,,0, requires 246.0892). Mass Spectrum m/z: 246
M, 23%), 230 (27), 204 (73), 203 (54), 202 (100), 187 (15), 175
(17), 174 (32), 173 (38), 159 (25), 144 (15), 131 (23), 115 (34). (u
(300 MHz, CDCl;) 7.75 (1H, dd, J 7.7 and 1.2, ArH), 7.66 (1H,
dd, J 8.4 and 7.7, ArH), 7.29 (1 H, dd, J 8.4 and 1.1, ArH), 6.78
(1H, t, J 1.0, CH, vinylic), 4.15-4.03 (1H, m, CH), 4.00 (3H, s,
OCH,) 2.74 (1H, ddd, J 13.8, 4.1 and 1.0, CH of methylene), 2.59
(1H, ddd, J 13.8, 8.0 and 1.0, CH of methylene), 1.29 (3H, d, J
6.2, CH;). 3 ¢ (75.5 MHz, CDCl;) 186.1 (C=0), 184.3 (C=0),
159.4(C), 145.6 (C), 139.2 (CH), 134.7 (CH), 134.3 (C), 119.8 (O),
119.5(CH), 117.8 (CH), 66.7 (CH), 56.4 (OCHs;), 39.1 (CH,), 23.7
(CHj;). Am (CH,CL,) (log €) 247 (4.14), 268 (3.22), 354 (4.06), 396
(3.54). v, (CH,Cl,)/cm™ 1658 (C=0).

5-Methoxy-2-(2-vinyloxypropyl)naphthalene-1,4-dione 4

A solution of 2-(2-hydroxypropyl)-5-methoxynaphthalene-1,4-
dione (1.43 g, 5.80 mmol) and mercuric acetate (351 mg,
1.10 mmol) in ethyl vinyl ether (35 ml, 26.4 g, 366 mmol) and
dichloromethane (10 ml) in a foil-covered flask was refluxed
for 6 h under an argon atmosphere. The solution was kept
at room temperature for 2 days, then poured into water and
extracted with dichloromethane (3 x 40 ml). The combined
organic extracts were washed with brine, dried and evaporated
to give a yellow residue, which was subjected to silica gel filtration.
Elution with 15% ethyl acetate-light petroleum gave 5-methoxy-2-
(2-vinyloxypropyl)naphthalene-1,4-dione (903 mg, 57%) as a yellow
oil. (Found M*, 272.1054. C,¢H (O, requires 272.1049). Mass
Spectrum m/z: 273 (M(1, 17%), 272 (M, 97), 243 (16), 230 (34),
229 (100), 228 (36), 227 (18), 215 (15), 213 (31), 211 (19), 205
(19), 202 (27), 201 (19), 188 (27), 187 (36). oy (300 MHz, CDCl;)
7.74 (1H, dd, J 7.7 and 1.2, ArH), 7.66 (1H, dd, J 8.3 and 7.7,
ArH), 7.28 (1 H, dd, J 8.3 and 1.2, ArH), 6.75 (1H, t, J 1.0, CH,
vinylic), 6.27 (1H, dd, J 6.7 and 14.2, CH, vinylic), 4.30 (1H, dd,
J 14.2 and 1.7, CH, vinylic), 4.26-4.15 (1H, m, CH), 4.00-3.99
(1H, m, CH, vinylic), 3.99 (3H, s, OCH;) 2.79 (1H, ddd, J 13.9,
7.4 and 1.1, CH of methylene), 2.67 (1H, ddd, J 13.9, 5.3 and
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1.1, CH of methylene), 1.27 (3H, d, J 6.2, CH5;). 6 - (75.5 MHz,
CDCl,) 185.4 (C=0), 184.3 (C=0), 159.4 (C), 150.3 (CH), 144.7
(0), 139.3 (CH), 134.7 (CH), 134.2 (C), 119.4 (CH), 117.7 (CH),
88.8 (CH,), 77.2 (C), 73.2 (CH), 56.4 (OCH,), 36.1 (CH,), 20.0
(CH,). Amex (CH,CL) (log €) 230 (4.10), 238 (4.15), 262 (4.06), 333
(3.22), 249 (3.24), 393 (3.46). Ve (CH,Cl,)/cm™! 1658 (C=0).

(£)-Elecanacin 1 and and (%)-isoelecanacin 16

A deoxygenated solution of S5-methoxy-2-(2-vinyloxypropyl)-
naphthalene-1,4-dione 4 (122 mg, 0.45 mmol) in anhydrous
dichloromethane (50 ml) was irradiated at 350 nm through Pyrex
for 65 min, when TLC indicated that all the starting material
had been consumed. The solvent was evaporated and the yellow
residue was subjected to careful radial chromatography. Elution
with 20% ethyl acetate-light petroleum gave (+)-isoelecanacin 16
(46 mg, 38%) as a yellow oil, which solidified upon refrigeration
and recrystallised from dichloromethane-light petroleum as white
needles, mp 114-115 °C. (Found M+, 272.1048. C,H,,0, requires
272.1049). Mass Spectrum m/z: 273 (M + 1, 16%), 272 (M, 100),
270 (22), 244 (22), 243 (87), 242 (20), 241 (16), 229 (41), 228 (20),
227 (30), 217 (19), 211 (19), 201 (15), 189 (19), 187 (22), 153 (65),
136 (57), 135 (17), 128 (16), 115 (27), 108 (19), 107 (71), 106 (55),
105 (39), 104 (17), 90 (19), 89 (96). The *C and '"H NMR spectral
data are givenin Table 1. v,,,, (CH,Cl,)(cm™" 1683 (C=0). Analysis
on the Chiracel OD column showed two peaks in a ratio of 48 :
52 at retention times 19.2 and 22.6 min. Further elution with 30%
ethyl acetate-light petroleum gave (&)-elecanacin 1 (31 mg, 25%)
as a yellow oil which could not be induced to crystallise (lit.,!
mp 198 °C for optically active material). (Found M*, 272.1050.
CH,c0, requires 272.1049). Mass Spectrum m/z: 273 (M + 1,
17%), 272 (M, 100), 244 (22), 243 (88), 229 (30), 228 (19), 227 (21),
217 (15), 215 (15), 211 (15), 202 (16), 201 (15), 189 (17), 187 (17),
135(18), 128 (16), 115 (23). The *C and 'H NMR spectral data are
shown in Table 1 and are identical with those of natural elecanacin.
Vmax (CH,CL)/cm™ 1684 (C=0). Analysis on the Chiracel OD
column showed two peaks in the ratio of 52 : 48 at retention times
26.5 and 39.2 min.

When the irradiation was repeated and the reaction was inter-
rupted at low conversion of reactant, elecanacin and isoelecanacin
were found to be present in the same ratio as at complete
conversion (TLC and NMR analysis). [rradiation of pure samples
of elecanacin and isoelecanacin in dichloromethane led to no
change.

Conversion of the vinyl ether 4 into elecanacin and isoelecancin
also was observed when a solution of 4 in dichloromethane was
kept in ambient laboratory light.

2-(2,3-Epoxypropyl)-5-methoxynaphthalen-1-yl acetate 21

A cold solution of an excess of dimethyldioxirane in acetone
(60 ml), prepared according to the procedure described by
Murray and Singh,** was added to a solution of 5-methoxy-2-(2-
propenyl)naphthalen-1-yl acetate (1.16 g, 453 mmol) in acetone
(10 ml) and left to stir for 16 h at room temperature. The solution
was diluted with water (350 ml) and extracted with ethyl acetate
(3 x 70 ml). The extracts were washed with brine, dried and
evaporated to give a brown oil, which was subjected to silica gel
filtration. Elution with 5% ethyl acetate-light petroleum returned

unreacted starting material as a yellow oil (89 mg). Further elution
with 10% ethyl acetate-light petroleum gave a yellow oil (348 mg),
which was subjected to radial chromatography. Elution with 5%
ethyl acetate-light petroleum gave the epoxide as a colourless
oil (279 mg, 23%). (Found: M*, 272.1042. CH,;O, requires
272.1049). Mass spectrum (FAB) m/z: 273 (M ( 1, 74%), 272 (M,
100), 231 (32), 230 (88), 213 (64), 212 (32), 187 (35). oy (300 MHz,
CDCl,) 8.15 (1H, d, J 8.7, ArH), 7.44-7.39 (2H, m, ArH), 7.30
(1H, d, J 8.5, ArH), 6.82 (1H, d, J 7.1, ArH), 3.99 (3H, s, OCH,),
3.22-3.18 (1H, m, CH, X of ABX), 3.01 (1H, dd, J 14.6 and
5.5, CH of methylene), 2.88-2.79 (2H, m, 2 x CH of methylene),
2.59 (1H, m, CH of methylene), 2.49 (3H, s, CH;). ¢ (75.5 MHz,
CDCl;) 169.3 (C=0), 155.6 (C), 144.3 (C), 128.1 (C), 127.0 (CH),
126.8 (CH), 126.4 (C), 125.9 (C), 120.5 (CH), 113.2 (CH), 104.1
(CH), 55.6 (OCH,;), 51.4(CH), 47.0 (CH,), 33.5(CH,), 20.7 (CH5).

1-Benzyloxy-5-methoxy-2-(2-propenyl)naphthalene 17

Benzyl bromide (6.13 g, 35.8 mmol) was added to a mechanically
stirred suspension of 5-methoxy-2-(2-propenyl)naphthalen-1-ol
(6.40 g, 29.9 mmol) and potassium carbonate (6.52 g, 47.2 mmol)
in acetone (200 ml) and the mixture was refluxed for 3 h under an
argon atmosphere. The mixture was diluted with water (400 ml)
and extracted with ether (3 x 60 ml). The combined organic
extracts were washed with 10% sodium hydroxide solution (60 ml)
followed by brine (70 ml), dried and evaporated to give a yellow oil
(9.70 g). Kugelrohr distillation under a vacuum gave I-benzyloxy-
S-methoxy-2-(2-propenyl)naphthalene (7.63 g, 84%) as a pale yel-
low oil, which solidified upon refrigeration. A sample recrystallised
from light petroleum as white plates, mp 46-47 °C. (Found: M*,
304.1455. C, Hy 0, requires 304.1463). Mass spectrum m/z: 304
M, 60%), 214 (18), 213 (100), 198 (20), 153 (20), 115 (18), 91 (90),
77 (23). 0n (300 MHz, CDCl;) 8.03 (1H, d, J 8.7, ArH), 7.73 (1H,
d, J 8.5, ArH), 7.59-7.56 (2H, m, ArH), 7.48-7.32 (5H, m, ArH),
6.82(1H,d, J 7.3, ArH), 6.10-5.96 (1H, m, CH, vinylic), 5.14-5.06
(2H, m, 2 x CH, vinylic), 5.02 (2H, s, OCH,), 4.01 (3H, s, OCH,;),
3.61 (2H, ddd, J 5.0, 1.4 and 1.4, CH,). 6. (75.5 MHz, CDCl,)
155.8 (C), 151.8 (C), 137.5 (C), 137.2 (CH), 129.4 (C), 129.1 (O),
128.6 (CH), 128.0 (CH), 127.7 (CH), 127.5 (CH), 126.0 (CH),
125.9 (C), 118.2 (CH), 115.9 (CH,), 114.4 (CH), 103.6 (CH), 76.2
(CH,), 55.5 (OCH,), 34.0 (CH,).

2-(1-Benzyloxy-5-methoxynaphthalen-2-yl)ethanal 18

Ozone was bubbled through a solution of I1-benzyloxy-5-
methoxy-2-(2-propenyl)naphthalene 17 (2.31 g, 7.60 mmol) in
dichloromethane(methanol (4 : 1, 180 ml) at —78 °C, until TLC
indicated that the starting material had been consumed (ca.
20 min). The solution did not turn blue. Oxygen, followed by argon
was bubbled through the solution in order to displace the ozone.
The cold solution was added dropwise to a stirred suspension of
thiourea (687 mg, 9.02 mmol) and sodium bicarbonate (457 mg,
5.44 mmol) in dichloromethane (60 ml) at ice bath temperature
and stirred for 1.5 h under an argon atmosphere. The reaction
mixture was then diluted with water (300 ml), the organic
layer was separated and the aqueous layer was extracted with
dichloromethane (2 x 60 ml). The combined organic extracts were
washed with brine (80 ml), dried and evaporated to give a yellow
oil, which was subjected to silica gel filtration. Elution with 5%
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ethyl acetate-light petroleum gave the aldehyde as a faint yellow oil
(1.51 g, 65%). (Found: M*, 306.1251. C,H 3O, requires 306.1256).
Mass spectrum m/z: 306 (M, 24%), 288 (54), 215 (43), 198 (26),
187 (54), 155 (25), 149 (29), 127 (19), 115 (22), 91 (100), 84 (20), 83
(17), 77 (18), 71 (20), 69 (21), 57 (36). oy (300 MHz, CDCl;) 9.70
(1H,t,J2.2,CHO), 8.09 (1H, dd, J 8.6 and 0.4, ArH), 7.73 (1H, d,
J 8.5, ArH), 7.50-7.36 (6H, m, ArH), 7.26 (1H, d, J 8.6, ArH), 6.86
(1H, d, J 7.3, ArH), 5.02 (2H, s, OCH,), 4.02 (3H, s, OCH3;), 3.78
(2H, d, J 2.2, CH,). d¢ (75.5 MHz, CDCl;) 199.7 (C=0), 155.9
(C), 152.9(C), 136.8 (©), 129.2 (C), 128.6 (CH), 128.3 (CH), 128.0
(CH), 127.4 (CH), 126.8 (C), 126.5 (CH), 122.1 (C), 118.9 (CH),
114.3 (CH), 104.2 (CH), 76.2 (CH,), 55.6 (OCH,), 45.3 (CH,).

1-Benzyloxy-2-(2,3-epoxypropyl)-5-methoxynaphthalene 19

Trimethylsulfoxonium iodide (999 mg, 4.54 mmol) was added
portionwise over 20 min to sodium hydride (60% oil dispersion,
186 mg, 4.65 mmol) in anhydrous dimethyl sulfoxide (4 ml) under
an argon atmosphere and the resulting suspension was stirred
for 30 min. 2-(1-Benzyloxy-5-methoxynaphthalen-2-yl)ethanal 18
(526 mg, 1.72 mmol) in anhydrous dimethyl sulfoxide (4 ml) was
added dropwise and the resulting mixture was stirred at room
temperature for 1 h 45 min. The mixture was quenched with ice,
diluted with water (80 ml) and extracted with ether (4 x 40 ml). The
combined organic extracts were washed with brine (50 ml), dried
and evaporated to give a yellow oil, which was subjected to silica gel
filtration. Elution with 5% ethyl acetate-light petroleum afforded
the epoxide 21 as a colourless oil (383 mg, 69%). (Found: M*,
320.1422. C, Hy0; requires 320.1412). Mass spectrum m/z: 321
(M+1, 20%), (M, 89), 230 (23), 229 (28), 201 (15), 199 (57), 187
(22), 186 (24), 171 (37), 155 (20), 128 (20), 127 (22), 115 (23), 91
(100), 77 (24), 69 (17), 57 (23). 4 (300 MHz, CDCl;) 8.04 (1H, d,
J 8.9, ArH), 7.72 (1H, d, J 8.5, ArH), 7.57-7.39 (7H, m, ArH),
6.83 (1H, d, J 7.3, ArH), 5.05 (2H, s, OCH,), 4.01 (3H, s, OCH,),
3.24-3.18 (1H, m, CH, X of ABX), 3.10 (1H, dd, J 14.3 and 5.3,
CH of methylene), 3.00 (1H, dd, J 14.3 and 5.4, CH of methylene),
2.85 (1H, m, CH of methylene), 2.60 (1H, m, CH of methylene).
dc (75.5 MHz, CDCl,) 155.8 (C), 152.3 (C), 137.4 (C), 129.3 (C),
128.6 (CH), 128.1 (CH), 127.7 (CH), 127.4 (CH), 126.7 (C), 126.3
(C), 126.2 (CH), 118.5 (CH), 114.3 (CH), 103.8 (CH), 76.3 (CH,),
55.6 (OCH,), 52.1 (CH), 47.1 (CH,), 32.9 (CH,).

5-Methoxy-2-(2-propenyl)naphthalene-1,4-dione 23

The procedure was adapted from that of Eisenhuth and Schmid.*
5-Methoxy-1-naphthol (4.21 g, 24.2 mmol), allyl bromide (3.4 ml,
4.6 g, 38 mmol) and potassium carbonate (5.14 g, 37.2 mmol) in
acetone (110 ml) were refluxed for 3 h under a nitrogen atmosphere.
The reaction mixture was allowed to cool, then poured into
water and extracted with ether (3 x 60 ml). The extracts were
washed with 10% aqueous sodium hydroxide solution (40 ml)
followed by brine, dried and evaporated to give 5-methoxy-1-(2-
propenyloxy)naphthalene as a pale brown solid (4.89 g, 94%),
which was pure by 'H NMR. d4 (200 MHz, CDCl;) 7.91 (1H,
d, J 8.5, ArH), 7.85 (1H, d, J 8.5, ArH), 7.43-7.32 (2H, m, 2 X
ArH), 6.86 (2H, d, J 7.7, 2 x ArH), 6.19 (1H, ddt, J 17.3, 10.5,
5.1, CH, vinylic), 5.53 (1H, dtd, J 17.3, 1.5, 1.5, CH, vinylic),
5.34 (1H, dtd, J 10.5, 1.5, 1.5, CH, vinylic), 4.72 (2H, ddd, J 5.1,
1.5, 1.5, CH,), 4.00 (3H, s, OCHj;). The foregoing ether (4.89 g,

22.9 mmol) was heated at 160-185 °C (oil bath) for 2 h 15 min
under an argon atmosphere, affording almost pure 4-methoxy-2-
(2-propenyl)naphthalen-1-ol 22 as a pale brown waxy solid (4.62
2). oy (200 MHz, CDCl;) 7.80 (1H, d, J 8.5, ArH), 7.73 (1H, d,
J 8.5, ArH), 7.38 (1H, dd, J 8.5, 7.7, ArH, 7.21 (1H, d, J 8.5,
ArH), 6.81 (1H, d, J 7.7, ArH), 6.18-5.99 1H, (m, CH, vinylic),
5.50 (1H, s, br, OH), 5.30-5.20 (2H, m, 2 x CH, vinylic), 3.99
(3H, s, OCH,), 3.58 (2H, ddd, J 6.2, 1.6, 1.6, CH,). A solution
of the phenol 22 (1.49 g, 6.96 mmol) in ether (30 ml) was added
to a separating funnel containing Fremy’s salt (5.23 g, 19.5 mmol)
dissolved in an aqueous borax buffer solution (0.025 M sodium
tetraborate, 148 ml; 0.1 M sodium hydroxide, 72 ml). The resulting
mixture was shaken until TLC indicated that all the starting
material had been consumed (ca 1.5 h). Argon was bubbled
through the solution to evaporate most of the ether, during
which time a yellow-brown precipitate separated. The solid was
collected and dried over phosphorus pentoxide to give 5-methoxy-
2-(2-propenyl)naphthalene-1,4-dione 23 (1.44 g, 91%), which was
pure by '"H NMR and used in the next reaction without further
purification. A sample recrystallised from dichloromethane-light
petroleum as yellow needles, mp 95-96 °C (lit.,* 96-97 °C). oy
(200 MHz, CDCl,) 7.76-7.57 (2H, m, ArH), 7.26 (1H, d, J 7.7,
ArH), 6.68 (1H, s, 3-CH, vinylic), 5.96-5.76 (1H, m, CH, vinylic),
5.22-5.12 (2H, m, 2 x CH, vinylic), 3.98 (3H, s, OCH};), 3.58 (2H,
ddd, J 6.8, 1.9 and 1.3, CH,).

2-(2,3-Epoxypropyl)-5-methoxynaphthalen-1,4-dione 24

m-Chloroperoxybenzoic acid (70%, 278 mg, 1.13 mmol) was added
to a stirred solution of 5-methoxy-2-(2-propenyl)naphthalen-1,4-
dione 23 (212 mg, 0.93 mmol) in dichloromethane (10 ml) at
ice bath temperature under an argon atmosphere. After 3 h, the
mixture was allowed to warm to room temperature and left to stir
for a further 21 h. The mixture was diluted with dichloromethane
(50 ml) and washed with 2.5% sodium bisulfite solution (20 ml),
followed by saturated sodium bicarbonate solution (2 x 25 ml)
and brine (30 ml), dried and evaporated to give a yellow-orange
solid (257 mg), which was subjected to radial chromatography.
Elution with 40% ethyl acetate-light petroleum returned unreacted
starting material (21 mg). Further elution with 70% ethyl acetate-
light petroleum gave the epoxide 24 as an orange crystalline solid
(152 mg, 67%, 74% based on recovered starting material). A
sample recrystallised from ethyl acetate-light petroleum as orange
plates, mp 159-160 °C. (Found: C, 68.9; H, 5.0. C,;H,,0, requires
C, 68.85; H, 4.95%). (Found: M*, 244.0731. C,,H,,0, requires
244.0736). Mass spectrum m/z: 246 (M + 2, 35%), 245 (M ( 1,
16), 244 (M, 100), 228 (15), 227 (23), 216 (27), 215 (42), 214 (32),
213 (32), 202 (73), 201 (52), 200 (31), 199 (24), 198 (43), 197 (29),
187 (30), 186 (117), 185 (56), 184 (20), 183 (31), 174 (15), 173
(45), 171 (23), 169 (24), 168 (24), 159 (21), 157 (48), 156 (26), 155
(25), 145 (22), 144 (21), 143 (21), 141 (22), 133 (16), 131 (20), 129
(42), 128 (90), 127 (39), 116 (25), 115 (77), 105 (23), 104 (39), 102
(20), 91 (18), 89 (16), 77 (29), 76 (71), 75 (21), 64 (15), 63 (26). Oy
(300 MHz, CDCl;) 7.75 (1H, dd, J 7.6 and 1.1, ArH), 7.67 (1H,
dd, J 8.3 and 7.6, ArH), 7.30 (1H, dd, J 8.3 and 1.1, ArH), 6.84
(1H, t, J 1.2, 3-CH, vinylic), 4.00 (3H, s, OCH,;), 3.22-3.16 (1H,
m, CH, X of ABX), 2.91-2.82 (2H, m, CH of methylene and CH
of oxirane methylene), 2.66-2.57 (2H, m, CH of methylene and
CH of oxirane methylene). d. (75.5 MHz, CDCl;) 185.1 (C=0),
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184.1 (C=0), 159.5 (C), 144.4 (C), 138.5 (CH), 134.8 (CH), 134.2
(C), 119.8 (C), 119.4 (CH), 117.9 (CH), 56.5 (OCH5;), 50 (CH), 47
(CH,), 32.2 (CH,). Vi (CH,Cl,) 1660 cmm™' (C=O0).

Attempted hydrolytic kinetic resolution of the epoxides 19, 21
and 24 under standard conditions®' in each case returned starting
material exhibiting no significant optical rotation.

5-Methoxy-1-methoxymethoxynaphthalene 25

This was prepared as described! and obtained in 86% yield as
colourless needles mp 74-75 °C (lit.,"* 75-76 °C). oy (200 MHz,
CDCly) 7.91 (2H, m, ArH), 7.45-7.35 (2H, m, ArH), 7.14 (1H,
d, J 7.6, ArH), 6.86 (1H, d, J 7.6, ArH), 5.40 (3H, s, CH,), 4.01
(3H, s, OCH;), 3.56 (3H, s, CHj;).

(R)-Propylene oxide 26

The procedure described by Jacobsen and coworkers was
followed.*®  The  precatalyst, (R,R)-N,N’-bis(3,5-di-tert-
butylsalicalidene)-1,2-cyclohexanediaminocobalt(ir) (604 mg,
1.00 mmol) and glacial acetic acid (123 mg, 2.05 mmol) in toluene
(5 ml) were stirred for 2 h at room temperature while exposed
to the atmosphere. The solvent was evaporated under reduced
pressure leaving the crude (R, R)-(salen)Co(111)(OAc) catalyst as a
dark brown residue. Anhydrous propylene oxide (35 ml, 29.0 g,
499 mmol) was added and the resulting solution was cooled
in an ice-water bath. Water (4.90 ml, 272 mmol) was added
slowly to the stirring solution, ensuring the temperature stayed
between 15-20 °C. After the addition was complete (ca 0.5 h),
the solution was allowed to warm to room temperature and left
to stir for 18 h. Distillation gave (R)-propylene oxide bp 35 °C,
(12.0 g, 41%), [a]p® + 14.0 (neat) (lit.,”® [a]p*" + 13.8 (neat)),
followed by 1,2-propanediol bp 46 °C( 0.7 mm Hg (16.9 g, 45%).
The remaining residue was diluted with methanol and the red
precatalyst (563 mg) was recovered by filtration.

(2R)-1-(5-Methoxy-1-methoxymethoxynaphthalen-2-yl)propan-
2-0l 27

n-Butyllithium in hexane (1.6 M, 5.4 ml, 8.6 mmol) was
added dropwise to a stirred solution of 5-methoxy-1-methoxy-
methoxynaphthalene (1.43 g, 6.56 mmol) in anhydrous tetrahy-
drofuran (30 ml) cooled in an ice-water bath under an argon
atmosphere. After 2 h the mixture was treated with hexam-
ethylphosphoramide (3.54 ml, 20.3 mmol), followed by the
immediate dropwise addition of (R)-propylene oxide (491 mg,
8.45 mmol) in anhydrous tetrahydrofuran (2 ml). The resulting
yellow solution was allowed to warm to room temperature and
left to stir forl7 h. The solution was diluted with saturated
ammonium chloride (70 ml) and extracted with ether (3 x 50 ml).
The combined organic extracts were washed with water (40 ml),
followed by brine (50 ml), dried and evaporated to give a
yellow oil (2.18 g), which was subjected to silica gel filtration.
Elution with 1% ethyl acetate-light petroleum returned unreacted
starting material as a white crystalline solid (293 mg). Further
elution with 10% ethyl acetate-light petroleum gave (2R)-I-
(1-methoxy-5-methoxymethoxynaphthalen-2-yl)propan-2-ol 28 (66
mg) as a colourless oil, which became a white crystalline solid
upon refrigeration and recrystallised from dichloromethane-light
petroleum as white plates, mp 74-75 °C. [a]p*' —26.9 (¢ 0.015

in CH,Cl,). (Found: M*, 276.1366. C,sH,,0, requires 276.1362).
Mass spectrum m/z: 276 (M, 41%), 258 (36), 226 (18), 214 (56),
212 (19), 201 (15), 200 (40), 199 (34), 198 (17), 187 (23), 185
(24), 171 (23), 169 (15), 157 (17), 155 (24), 153 (20), 149 (37),
141 (18), 139 (16), 129 (18), 128 (31), 127 (23), 121 (15), 115 (37),
109 (17), 107 (20), 105 (17), 98 (16), 97 (24), 96 (16), 95 (29), 93
(18), 91 (19), 86 (49), 85 (20), 84 (78), 83 (38), 82 (23), 81 (45),
79 (19), 78 (40), 77 (33), 71 (36), 70 (33), 69 (100), 68 (24), 67
(34), 63 (62), 61 (15), 60 (32), 57 (67), 56 (34). (x (300 MHz,
CDCl;) 8.03 (1H, dd, J 8.6 and 0.4, ArH), 7.73 (1H, dt, J 8.4
and 0.8, ArH), 7.44 (1H dd, J 8.4 and 7.7, ArH),7.33 (1H, d,
J 8.6, ArH), 7.09 (1H, dd, J 7.7 and 0.8, ArH), 5.39 (2H, s,
OCH,0), 4.16 (1H, m, CH), 3.94 (3H, s, OCH;), 3.54 (3H, s,
OCH,), 2.96 (2H, d, J 6.2, CH,), 2.29 (1H, s, br, OH), 1.28 (3H,
d, J 6.2, CH;). dc (75.5 MHz, CDCl;) 153.8 (C), 153.2 (C), 129.2
(O), 128.2 (CH), 127.5 (C), 126.5 (C), 126.1 (CH), 118.3 (CH),
115.4 (CH), 107.7 (CH), 94.6 (OCH,0), 68.6 (CH), 61.8 (OCH,),
56.2 (OCHs;), 39.9 (CH,), 23.2 (CH,). Further elution with 10%
ethyl acetate-light petroleum gave a fraction containing a 15 :
85 mixture of (2R)-I1-(I-methoxy-5-methoxymethoxynaphthalen-
2-yl)propan-2-ol 28 and the title alcohol, (2R)-1-(5-methoxy-1-
methoxymethoxynaphthalen-2-yl)propan-2-ol 27 as a pale yellow
0il (1.13 g), which was used directly in the next reaction. The crude
oil obtained from a second reaction was subjected to careful radial
chromatography. Elution with 5% ethyl acetate-light petroleum
allowed the isolation of a small analytical sample of (2R)-I-
(5-methoxy-1-methoxymethoxynaphthalen-2-yl)propan-2-ol 27 as
a colourless oil. [o]p* + 8.7 (¢ 0.078 in CH,Cl,). (Found: M*,
276.1359. C¢H, O, requires 276.1362). Mass spectrum m/z: 276
(M, 21%), 244 (24), 215 (30), 214 (100), 199 (41), 187 (49), 115
(20). oy (300 MHz, CDCl;) 8.03 (1H, d, J 8.6, ArH), 7.59 (1H,
d, J 8.6, ArH), 7.41 (1H, dd, J 8.6, 7.6, ArH), 7.33 (1H, d, J 8.6,
ArH), 6.81 (1H, d, J 7.6, ArH), 5.18 (1H, d, J 5.9, CH), 5.16 (1H,
d, J 5.9, CH), 4.23 (1H, m, CH), 3.99 (3H, s, OCH,), 3.70 (3H, s,
OCHs;), 3.10-2.94 (2H, m, CH,), 2.32 (1H, d, J 4.6, OH), 1.30 (3H,
d, J 6.2, CH;). d¢ (75.5 MHz, CDCl;) 155.7 (C), 151.6 (C), 129.4
(©), 128.3 (O), 127.7 (C), 126.3 (CH), 126.1 (CH), 118.8 (CH),
114.2 (CH), 103.8 (CH), 100.3 (CH,), 68.6 (CH), 57.6 (OCH,),
55.6 (OCHs;), 40.1 (CH,), 23.6 (CH,).

(2R)-1-(1-Hydroxy-5-methoxy-2-naphthalenyl)propan-2-ol 29

A 15 : 85 mixture of (2R)-1-(1-methoxy-5-methoxymethoxy-
naphthalen-2-yl)propan-2-ol and (2R)-1-(5-methoxy-1-methoxy-
methoxynaphthalen-2-yl)propan-2-ol (1.13 g) in anhydrous 2-
propanol (20 ml) was treated with carbon tetrabromide (141 mg,
0.425 mmol) and refluxed for 1.5 h under an argon atmosphere.
The solution was concentrated under reduced pressure and the
resulting yellow oil was subjected to silica gel filtration. Elution
with 5% ethyl acetate-light petroleum gave (2R)-1-(1-hydroxy-
S-methoxy-2-naphthalenyl)propan-2-ol 29 as a white crystalline
solid (696 mg, 73%), which recrystallised from ethyl acetate-light
petroleum as white plates, mp 85-86 °C. [0]p* — 6.7 (¢ 0.009
in CH,Cl,). The NMR spectral properties of this material were
identical with those of the (2R,S) compound prepared previously.

Treatment of a sample of the (2R, S)-alcohol with the chiral shift
reagent europium tris[3-heptafluoropropylhydroxymethylene)-
(4+)-camphorate] (7.5 mol%) separated the 8-H proton doublet sig-
nal into two doublets in the "H NMR spectrum. The enantiomeric
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excess within the (2R)-alcohol was estimated to be greater than
90% by examination of the H-8 signal in the '"H NMR spectrum
of a sample of 29 which had been treated with 7.5 mol% of the
chiral shift reagent.

(2R)-2-(2-Hydroxypropyl)-5-methoxynaphthalene-1,4-dione 30

A solution of (2R)-1-(1-hydroxy-5-methoxy-2-naphthalenyl)-
propan-2-ol 29 (696 mg, 3.00 mmol) in ether (15 ml) was added to
a separating funnel containing Fremy’s salt (1.718 g, 6.11 mmol)
dissolved in an aqueous borax buffer solution (0.025 M sodium
tetraborate, 84 ml; 0.1 M sodium hydroxide, 41 ml). The resulting
mixture was shaken until TLC indicated that the starting material
had been consumed (ca 30 min). The mixture was extracted with
chloroform (4 x 50 ml) and the combined organic extracts were
washed with brine (60 ml), dried and evaporated to give (2R)-2-
(2-hydroxypropyl)-5-methoxynaphthalene- 1,4-dione 30 as a yellow
crystalline solid (717 mg, 97%), which was pure by '"H NMR. A
sample recrystallised from ethyl acetate-light petroleum as bright
yellow needles, mp 116-117 °C. [0]5* — 25.3 (¢ 0.015 in CH,Cl,).
The NMR spectral properties of this material were identical with
those of the (2R,S) compound prepared previously.

(2R)-5-Methoxy-2-(2-vinyloxypropyl)naphthalene-1,4-dione 31

A solution of (2R)-2-(2-hydroxypropyl)-5-methoxynaphthalene-
1,4-dione 30 (692 mg, 2.81 mmol) and mercuric acetate (212 mg,
0.66 mmol) in ethyl vinyl ether (17 ml, 12.8 g, 178 mmol) and
dichloromethane (4.5 ml) in a foil-covered flask was heated under
reflux for 5.5 h under an argon atmosphere. The solution was
allowed to left to stand at room temperature overnight and was
then diluted with dichloromethane (40 ml) and washed with water
(80 ml). The organic layer was separated and the aqueous layer
was extracted with dichloromethane (3 x 40 ml). The combined
organic extracts were washed with brine (50 ml), dried and
evaporated to give a yellow oil, which was subjected to silica gel
filtration. Elution with 15% ethyl acetate-light petroleum gave the
vinyl ether 31 as a yellow oil (393 mg, 51%, 81% based on recovered
starting material). [a]p?' — 15.6 (¢ 0.010 in CH,Cl,). The NMR
spectral properties of this material were identical with those of the
(2R,S) compound prepared previously. Further elution with 40%
ethyl acetate-light petroleum returned unreacted starting material
as a yellow crystalline solid (255 mg).

(—)-Elecanacin 1 and (+)-isoelecanacin 16

A deoxygenated solution of (2R)-5-methoxy-2-(2-vinyloxy-
propyl)naphthalene-1,4-dione 31 (131 mg, 0.482 mmol) in anhy-
drous dichloromethane (50 ml) was irradiated at 350 nm through
Pyrex for 65 min, when TLC indicated that all the starting material
had been consumed. The solvent was evaporated and the yellow
residue was subjected to careful radial chromatography. Elution
with 20% ethyl acetate-light petroleum gave (+)-isoelecanacin 16
(53 mg, 40%) as a yellow crystalline solid, which recrystallised
from dichloromethane/light petroleum as pale yellow plates, mp
138-139 °C. [o]p* + 110.4 (¢ 0.010 in CH,Cl,). Analysis on
the Chiracel OD column showed two peaks in the ratio of 1 :
99 at retention times 20.1 and 23.4 min, giving an ee of 98%

for this material. The NMR spectral properties of this sample
were identical with those of the (2R,S) compound prepared
previously. Further elution with 30% ethyl acetate-light petroleum
gave (—)-elecanacin 1 as a pale yellow crystalline solid (31 mg,
24%), which recrystallised from dichloromethane-light petroleum
as faint yellow plates, mp 167-168 °C (lit.,! 198 °C for material of
low ee). [a]p? — 145.2 (¢ 0.004 in CHC,) (lit.," + 20.7 in CHCL).
Analysis on the Chiracel OD column showed a single peak at
retention time 26.1 min. Under these conditions <0.5% of the
other enantiomer (expected retention time 39.2 min) could have
been detected. The ee of this sample was thus >99%. The NMR
spectral properties of this material were identical with those of
(2R,S) compound prepared previously.
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We have successfully prepared an unsymmetrical analogue of a Katsuki-type salen ligand having a
hydroxyalkyl group at the 6-position of just one of the binaphthyl units in the ligand, and also several
Mn(11) complexes; these complexes have been attached to a polymer by an ester link and such polymer
catalysts have been shown to be highly enantioselective and recoverable catalysts for the epoxidation of

1,2-dihydronaphthalene.

Introduction

Enantioselective epoxidation using chiral (salen)Mn(Ill) com-
plexes has become a useful preparative method in organic
synthesis.? Several suitable chiral (salen)Mn complexes have been
developed, particularly by Jacobsen,' Katsuki,> and co-workers.
The chiral (salen)Mn complexes have been found to be effective
catalysts for asymmetric epoxidation of alkenes with high levels
of enantioselectivity over a wide range of substrates.* However,
such homogeneous catalysts are not easily recovered for reuse or
recycle. By contrast, heterogeneous catalysts offer easy separation
from products and facile recovery for recycling.

Recently, there have been many studies of the immobilisation
of analogues of Jacobsen-type homogeneous catalysts such as
[N,N'-bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediamine]-
Mn(mr) chloride onto solid supports, including organic
polymers,>® a polysiloxane,' zeolites,'"? a clay,” silica gel,"*
MCM-41""" and activated carbons.’®

Thus far, the most effective methods have used organic polymer
supports. Unfortunately, such immobilization has often caused
significant decreases in the enantioselectivity the catalysts display.’
For a successful polymer-supported catalyst that is stable, does
not leach, can be recovered and gives high enantioselectivity, the
catalytic moiety should be covalently bound to the polymer by
a single point of attachment and with a suitable spacer group.
We recently gave a preliminary account of the synthesis of such a
complex.’ We now report the full details of that work.

As our target complex for attachment to a polymer we chose
1, an analogue of the Katsuki complex 2, rather than a Jacobsen-
type complex, for the following reasons: i) no supported Katsuki-
type complexes have previously been prepared; ii) Katsuki-type
complexes give higher enantioselectivities for epoxidation of
certain types of alkenes;* iii) Katsuki-type complexes are bulky
and less prone to oxidative dimerisation reactions;* iv) the ligand
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may be more stable to decomposition; v) the hydroxyalkyl group
would allow attachment to several different kinds of support, both
organic and inorganic.

1a R = CH,CH,CH,OH, X = AcO
1b R = CH,CH,CH,0H, X = PFg

1¢ R = CH,CH,CH,0H, X = CF3S0;
2 R=H,X=PFg

Results and discussion
General approach

The synthetic approach to 1 required the coupling of the known
compound 3, which we prepared by the literature route,” with 1,2-
cyclohexanediamine (4), followed by coupling of the intermediate
(5) with the novel compound 6 (Scheme 1). The synthetic route to
6 is described in Scheme 2.

Synthesis of substituted salicylaldehyde derivative 6. Bromine
was introduced after one of the OH groups of the binaphthol had
been replaced by phenyl, when the two naphthalene rings would
have very different reactivities, so that formation of a selectively
substituted compound was possible. Compound 11 was easily
obtained in an almost quantitative yield from 10 by this approach.

Conversion of 11 into 12 by a Heck reaction,” followed by
successive reductions of the double bond and the ester group, was
straightforward. Compound 11 was converted into 12 (96% yield,
90% purity by '"H NMR) with methyl acrylate in the presence of
palladium acetate, tri(o-tolyl)phosphine, and anhydrous sodium
acetate in N,N-dimethylformamide (DMF) at 130 °C. The NMR
spectrum showed the presence of a large coupling constant
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— > 1aX=0Ac —— 1c X = CF;S0,
OH i l

1b X = PFg

Scheme 1  Reagents: i) Mn(OAc),-4H,0, air; ii) NaPF,; iii) (CF;S0,),0.

Y

) 9 R=OTf 17 R= OMOM, X = H
iii i - vii
10R=Ph |:18R OMOM, X = CHO
‘X 3R=0H, X = CHO

) OO OO
OH OMOM
408 OO

12 R = CH=CHCO,CHj
13 R = CH,CH,CO,CH,
vi 14 R = CH,CH,CH,0H

CHO CHO
MOMO HO OO
VIII OMOM ix OH
—
OO )

Scheme 2 Reagents: i) Tf,NPh, 2,4,6-collidine, DMAP, CH,Cl,, reflux, 24 h; ii) PhMgBr, NiCl,(dppe), Et,O, reflux, 2 h; iii) Br,; iv) methyl acrylate,
Pd(OAc),, P(o-tol);, CH;COONa, DMF, 130 °C; v) Mg—CH;OH; vi) LiAlH,—ether; vii) i-Pr,NEt, CH;OCH,Cl, CH,Cl,; viii) +-BuLi, THF, =78 °C, 3 h,
then DMF, 20 °C, 1 h; ix) Me;SiBr, CH,Cl,.
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(Juas = 16 Hz) for the vinylic hydrogens indicating that the
trans form was present as the major component. The cis form
was also present to a small extent (J, = 12 Hz). There was
no need to separate the two isomers as the mixture could be
used directly for the subsequent steps. Reduction of 12 using
magnesium in methanol®® gave 13 in 61% yield after purification
by column chromatography. Reduction of 13 using lithium alu-
minium hydride* gave 14 in 70% yield after crystallization from
chloroform.

Protection of the two hydroxyl groups of 14 as MOM ethers
was curiously difficult, 15 being obtained in only 60% yield, along
with 40% of monoprotected (in the side chain) product, even with
a large excess of MOMCI, although it was easy to protect the
OH group of 10 with only a modest excess of reagent. However,
compound 15 was purified by column chromatography on alumina
and its structure was confirmed by the '"H NMR spectrum, which
showed a singlet CH, signal at 4.62 ppm for the MOM group in the
side chain at C-6, and two doublets at 4.73 ppm and 4.87 ppm for
the diastereotopic hydrogens of the methylene part of the MOM
group at C-2.

Compound 15 was next converted into 16 by ortho-metallation—
formylation. Treatment of 15 with fert-butyllithium and then
N,N-dimethylformamide afforded aldehyde 16 in 60% yield and
recovered 15 in 40% yield under the standard conditions used
by Katsuki et al** Removal of the protecting groups with
trimethylsilyl bromide gave 6 (92%), after a long reaction time
under the standard conditions used by Katsuki ez al.*

Synthesis of the unsymmetrical salen ligand 7 and its Mn
complexes. There are claims in the literature for the high
yield synthesis of simple unsymmetrical salen ligands by the
sequential addition of two different aldehydes to cyclohexane-
1,2-diamine.”® However, these claims have been challenged.”® We
attempted the synthesis of the half-salen ligand 5 by reaction
of a 1 : 1 mixture of 3 and 4 in chloroform, according to the
literature method,” but the reaction product contained three
components, the mono-imine (5), the bis-imine ligand (19a) and
the cyclohexanediamine (4), according to "H NMR, and it proved
difficult to obtain pure 5 from the mixture. The problem appeared
to involve conversion of the mono-imine 5 into a mixture of
4 and 19a.

Recent reports have indicated that half-salen ligands can be pu-
rified as salts,” but these reports appeared after our experiments.

Bis-imine ligands are known to be more stable than mono-
imines.”® Therefore, in order to avoid losing 5 through equilibra-
tion, 3 was reacted with two equivalents of 4 and the proportion
of 5 : 19a was estimated by the '"H NMR spectrum to be 3 : 1.
Compound 6 (molar amount equal to that of 5 present in the
mixture) was added and the mixture was stirred for 3 h at room
temperature. Column chromatography of the product mixture on
silica in the presence of excess cyclohexanediamine produced pure
samples of the three bis-imines: 19a, 7 and 19b. The yield of 7
was ca. 80% based on the amount of 6 used, while the yield of
19b was ca. 20%. The symmetrical compounds 19a and 19b could
be recycled by decomposing them in 4% HCI to give back the
salicylaldehydes 3 and 6, respectively.

Salen ligand 7 was successfully converted into its manganese
complexes, 1a—c, which were more stable and could be purified by
chromatography without any problem.

19aR=H
19b R = CH,CH,CH,OH

Synthesis of polymer-model derivatives of compounds related to
1. Ourinitial intention was to attach the chiral salen ligand or its
Mn complex via an ether linkage to a polystyrene resin. However,
all of our attempts to link a model hydroxyalkyl compound 14 to
benzyl chloride, iodide or triflate resulted in problems that would
be difficult to handle with a polymeric substrate. Therefore, we
decided to investigate instead the coupling of the ligand and/or
complex via an ester link.

Ligand 7 was stirred with benzoyl chloride and triethylamine
at room temperature for 24 h, at which time TLC indicated the
presence of a new component. Purification of a small aliquot of the
product by column chromatography on silica gel in the presence
of cyclohexanediamine gave 7 and 20 in a weight ratio of about
2 : 1. The rest of the reaction mixture was heated to reflux for an
additional 24 h. After purification by column chromatography, 7
and 20 were then obtained in a weight ratio of ca. 1 : 3, with no
detectable decomposition of the ligand.

CF,S05

21

Treatment of complex 1¢c with benzoyl chloride and triethy-
lamine under reflux for 48 h gave a 72% yield of the corresponding
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benzoate 21 and 5% of recovered lc. Negative ion electrospray
mass spectrometry showed that the benzoate retained a triflate
anion. The FT-IR spectrum showed a characteristic imine group
at 1602 cm™' and a new absorption at 1715 cm™" corresponding
to an ester group (see ESIt). In view of the success with
benzoylation of both 7 and 1¢, the next step was to synthesise
the polystyrenecarbonyl chloride.

Synthesis of polystyrenecarbonyl chloride (22). Synthesis
of 22 was achieved from Merrifield’s resin (Scheme 3).2%-3!
Formylpolystyrene (23) was prepared by the oxidation of
chloromethylated polystyrene using DMSO-NaHCO; according
to a literature procedure.?® The IR spectrum of the polymer-
supported aldehyde showed that the -CH,Cl vibration band at
1266 cm™" in Merrifield’s resin had been replaced by a new strong
band at 1699 cm™', assigned to a carbonyl group. There was also
an aldehydic C-H absorption around 2720 cm™'.

Carboxypolystyrene (24) was prepared by a Baeyer—Williger
type oxidation of 23 with m-chloroperoxybenzoic acid (m-CPBA)
in 1,2-dimethoxyethane (DME).? The IR spectrum of 24 showed
an intense absorption at 1701 cm™' with a shoulder at 1730 cm™',
corresponding to H-bonded and free carbonyl groups. There
was also a very broad hydroxyl absorption at 3457 cm™'. Acid—
base titration®* of resin 24 demonstrated that the functional
yield of carboxyl groups was around 70% of that expected from
the assumed concentration of chloride groups in the original
Merrifield resin.

Leznoff et al. have reported conversion of carboxypolystyrene
(24) into its acid chloride by treatment with thionyl chloride in
benzene.*! Application of this procedure gave a polymer-supported
acid chloride. The IR spectrum showed that the C=0O bands
at 1730 cm™' and 1701 cm™ in carboxypolystyrene had been
replaced by a new broad absorption band at 1700-1780 cm™',

—(CHCHp)y— —(CHCHp)s— —(CHCHp);— —(CHCHy),—
CH,CI CO,H cocl
23 24 22

Scheme3  Reagents: 1) DMSO, NaHCO;, 155 °C, 6 h; ii) m-CIC;H,CO;H,
DME, reflux, 24 h; iii) SOCl,, benzene, reflux, 20 h.

which was assigned to a —-COCI group. Hydrolysis and analysis of
the liberated HCl (ca. 1.17 mmol g~! Cl) indicated that 86% of the
carboxyl groups in 24 had been converted into carbonyl chloride
groups in 22.

Attachment of unsymmetrical chiral (salen)Mn(i11) complexes 1
to polystyrenecarbonyl chloride (22). The acid chloride resin (22)
was treated with various samples of unsymmetrical (salen)Mn
complexes 1 as shown in Scheme 4. Polymer A was obtained
directly from 1a and had the structure 25a. Polymer B was obtained
from 1c, but the initial polymer triflate salt 25¢ was converted into
the hexafluorophosphate by treatment with NaPF. Thus, polymer
B had the structure 25b. Polymer C was also 25b, but obtained
directly from 1b. The polymers obtained were characterised by
their infrared spectra. The spectra showed that the broad —COCI
absorption band at 1700-1780 cm™' in polymer 22 had been
replaced by an ester absorption band at ca. 1721 cm™" in all three
polymer samples. Also, the absorption signals at ca. 1602 cm™
were broader and more intense than that of polymer 22, attributed
to the additional presence of the stretching vibration of the —C=N-
group.

Each resin was estimated by determination of its Mn concen-
tration by atomic absorption spectroscopy (AAS). A sample of
the polymer was calcined at 550 °C to produce an ash, which was
treated with a mixture of hydrochloric and nitric acids (3 : 1),
heated to dryness and then dissolved in distilled water and diluted
to an appropriate volume. AAS of the solution was compared
with a calibration curve to give the amount of Mn present.
These analyses indicated that the polymers contained around
0.096 mmol g~' (polymer A, 25a), 0.12 mmol g~' (polymer B, 25b)
and 0.24 mmol g~' (polymer C, 25b), which correspond to about
18%, 23% and 45%, respectively, of the amount expected for 100%
incorporation of the salen complex.

Asymmetric epoxidation using the polymer-supported unsymmet-
rical chiral (salen)Mn(ii1) complexes. The catalytic activity and
selectivity of the immobilised chiral (salen)Mn complexes were
tested in the epoxidation of 1,2-dihydronaphthalene (26) using
sodium hypochlorite (NaOCI) as the oxidant and 4-phenylpyridine
N-oxide (4-PPNO) as the activator (Scheme 5). The conditions for
these reactions were analogous to those used by Katsuki et al. for
related homogeneous catalysts.?> Analogues 2 and 1b were also
tested. The results are reported in Table 1.

25a X =AcO
25b X = PFg
25¢c X = CF3S0,

Scheme 4 Reagents: 1) polystyrenecarbonyl chloride, excess Et;N, CH,Cl,, reflux.
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Table 1 Asymmetric epoxidation of 1,2-dihydronaphthalene (26) using (salen)Mn complexes”

Catalyst
No Catalyst Number of uses mg mol% Alkene/mmol Time/h Yield (%)* Ee© (%)
1 2 10 0.04 0.2 7.5 100 >94
2 1b 10 0.04 0.2 6.5 100 >94
3 Polymer A It 83 0.032 0.16 72 68 —
4 Polymer A 2nd 72 0.028 0.14 72 40 ca. 90
5 Polymer B I 87 0.042 0.21 48 40 ca. 94
6 Polymer B 2nd 73 0.036 0.18 48 42 ca. 94
7 Polymer B 3rd 28 0.014 0.07 72 26 ca. 93
8 Polymer B 4h 17 0.008 0.04 142 40 ca. 93
9 Polymer C I 78 0.018 0.18 24 37 ca. 94
10 Polymer C 2nd 70 0.017 0.17 24 30 ca. 94
11 Polymer C 3 42 0.010 0.10 48 70 ca. 94
12 Polymer C 4t 36 0.009 0.09 48 38 ca. 93
13 Polymer C 5t 27 0.006 0.06 484 704 ca. 90
14 Polymer C 6 20 0.005 0.05 487 504 ca. 90

“ Reactions were carried out using 1,2-dihydronaphthalene (1 eq.), catalyst (as indicated) in dichloromethane (2.5 ml for homogeneous reactions, 4 ml for
heterogeneous) in the presence of 4-PPNO (0.25 eq.), using NaOCI (5 eq.) as the terminal oxidant, at 0 °C. ® The yield of epoxide was determined by gas
chromatography (GC) using hexadecane as an internal standard. The estimated error limits are +5%. ¢ The enantiomeric excess was determined by the
integration of peak areas in 'H NMR spectra using the chiral shift reagent Eu(hfc); and the absolute configuration of the resultant epoxide, according to
Katsuki et al., should be 1S5,2R.** * For these reactions the amount of solvent was reduced to 2 ml (from 4 ml).

|

26 27

.

(o)

Scheme 5 Reagents: i) catalyst, NaOCl, 4-PPNO.

The first experiment using polymer A (the lowest loaded
polymer) showed that its activity was lower than that of its
homogeneous analogues 1b and 2. After 72 h the yield of epoxide
was still only about 68% according to GC. The product was lost
during evaporation of solvent, so the ee could not be measured.

In that first run with polymer A, the quantity of polymer used
was 83 mg, but it was difficult to recover all of the polymer after
the reaction, primarily because of electrostatic attraction of the
powder to the glass vessel and losses during filtration. Therefore,
only 72 mg were used in the repeat experiment. To ensure that
the stoichiometry remained the same, the quantities of substrate,
oxidant and donor ligand were also scaled down proportionately,
but the quantity of solvent was not altered, so the concentrations
were less, which could account for the lower rate of reaction than
in the first use. However, the enantiomeric excess was about 90%,
more or less the same as that reported by Katsuki ez al. (91% ee).*

Polymer B differed from polymer A in its loading (0.12 mmol
Mn g') and in its anion (PF,~ rather than AcO~), but its
activity was comparable. The enantioselectivity observed with
this complex was excellent, similar to that produced by the
homogeneous analogues 1b and 2. Furthermore, reuse of the
polymer resulted in a yield and enantioselectivity that were similar
to those obtained during the first use. The polymer was recovered
and reused again and then again for a fourth time. Each time the
amount of polymer available was less, because of sampling for
analyses or physical losses, and since the amount of solvent was
the same the reactions were slower. However, measurement of the
ee of the product recovered at the end of each run suggested that
there was only a very small loss of enantioselectivity, if any, in
sequential runs.

A similar trend was observed in the first four runs with polymer
C, the polymer with the highest loading. For the fifth use of the
polymer a smaller reaction vessel and a reduced amount of solvent
were used. The reaction then became faster. The sixth use was
slower than the fifth because of the lower concentrations, but still
not as slow as the fourth run had been in the larger reaction flask
and with more solvent. (The size of the flask is important because
some of the polymer tends to collect on the walls of the vessel
above the solvent during stirring, and is not then in contact with
the solution. In a larger vessel the amount that is out of contact
becomes more significant.)

The ee values (Table 1) became progressively less reliable
(because the spectra were noisier) for the smaller scale reactions,
as the amount of available product became less. From the results
it appeared that the initial enantioselectivity with polymer C was
>94%, comparable to that obtained with the free complexes 2 and
1a. It appeared that there might be a small drop in selectivity with
successive re-uses of the polymer, but the ee was still at least 88%
by the sixth use of the polymer. In view of the greater uncertainties
for the reactions run with smaller quantities of polymer, it is even
possible that there was no genuine reduction in ee at all.

AAS measurements of polymers A, B and C after completion
of the full sequence of uses showed that all three polymers
possessed a slightly increased Mn proportion, 0.10 mmol g=' for
A, 0.13 mmol g~! for B, and 0.26 mmol g~! for C, consistent with
anion-exchange to the lighter anion chloride, but not with loss
of complex from the polymers. The IR spectra of the recovered
polymers A, B and C after use in the full set of reactions recorded
in Table 1 were recorded. The broad absorption band at 840 cm™
in polymers B and C, assigned to the PF,~ anion, had disappeared
after several reuses. Other changes in the spectra of the recovered
polymers B and C may suggest some hydrolysis of residual acyl
chloride groups to give carboxylic acid groups. It did not seem
likely that there had been significant cleavage of the ester groups
linking the catalyst units to the polymers in view of the retention
of Mn. Further evidence for this was sought by subjecting a model
polymer to similar conditions.
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A model polymer was synthesised from 3-phenylpropanol and
polystyrenecarbonyl chloride (22). This polymer was treated with
NaOCl for 4 days under conditions similar to those used in the
epoxidation reactions. There was little evidence for the presence of
3-phenylpropanol, suggesting that the ester link is stable to these
conditions.

A further experiment was carried out to examine the stability of
the homogeneous catalyst 2. An epoxidation reaction was carried
out using ten times the concentrations of substrate, 4-PPNO and
NaOCl for the same amount of catalyst. After the reaction, the
catalyst was recovered by column chromatography. The FT-IR
spectrum showed major bands that were very similar to those of the
original catalyst, but with additional bands due to 4-PPNO. The
ee of the epoxide was also the same as in previous reactions, so
again there seemed to be little to suggest significant decomposition
of the catalyst.

In conclusion, therefore, we believe the salen unit of complexes
25 is relatively stable and the ester group linking it to the polymer
remains largely intact during the epoxidation reactions. Therefore,
the goal of producing a stable, recoverable, enantioselective
catalyst has been achieved.

Conclusions

Compound 7, a new monosubstituted analogue of Katsuki’s chiral
salen ligand 2, has been successfully synthesised and converted
into its Mn complexes, 1. Several complexes were attached to
a polymer via an ester link using polystyrenecarbonyl chloride.
All three samples were tested in epoxidation reactions with 1,2-
dihydronaphthalene using sodium hypochlorite as the oxidant and
all were shown to be effective catalysts, giving high ee values. The
reactions were much slower than with homogeneous analogues, in
part a result of the more dilute conditions used in order to allow
swelling of the polymer and stirring of the mixture, and in part
due to the lower mobility of compounds within a polymer matrix.

All of the samples were recovered and re-used several times,
resulting in the polymers’ spending many days overall in contact
with the basic reaction solutions. In all cases, the catalysts still
gave high enantioselectivities even after six reuses in the case of
polymer C.

This is the first demonstration of the successful use of a
polymer-supported Katsuki complex. By having just a single
point of attachment to the polymer at a part of the ligand
remote from the catalytic centre, possibilities for complications
arising from multiple reacting species or from interference by the
polymeric support at the active site were minimized. Indeed, the
enantioselectivities of the supported catalysts were undiminished.
The drop in rate of reaction in comparison to homogeneous
counterparts is not surprising, because it is expected that the
accessibility of the active sites would be diminished.

Katsuki et al. have developed a new (salen)Mn complex having
a monocarboxylate group on the ethylenediamine moiety as a
very efficient catalyst for the asymmetric epoxidation of 2,2-
dimethylchromene derivatives.>»*® This complex exhibits a high
turnover number (up to 9200) and enantioselectivity (up to 99%
ee). It is also stable enough to be used over a 10 day period and
can be recovered by chromatography. Such a complex may be an
even better candidate for immobilisation.

Experimental

Details of the instrumentation used and sources and methods of
purification of materials are reported in the ESIf.

Preparations of known compounds by literature procedures are
reported in the ESI{. Only the preparations of novel compounds
are reported here.

Synthesis of (R)-6-bromo-2-hydroxy-2'-phenyl-1,1’-binaphthyl
(11). A solution of 10 (7.75 g, 22.4 mmol) in dichloromethane
(300 ml) was cooled to —78 °C in a cardice-acetone bath. A solu-
tion of bromine (4.30 g, 1.40 ml, 26.9 mmol) in dichloromethane
(200 ml) was added dropwise. The mixture was stirred at —78 °C
for 1 h, allowed to warm to room temperature and then stirred
for a further 15 h to give an orange solution. The solution was
evaporated in vacuo to give a viscous orange gum. Purification
by flash column chromatography (SiO,, dichloromethane) gave
a cream solid product (9.14 g, 96% yield); [a]p® +43.16 (¢ 2.88,
CHCl;), mp 80-82 °C.

ou(CDCl;) 4.94 (s, 1 H, OH), 6.95 (d, J =9 Hz, 1 H), 7.05-7.09
(m, 3 H), 7.11-7.13 (m, 2 H), 7.14 (d, / = 9 Hz, 1 H), 7.24 (d,
J =85Hz, 1 H),7.25(dd, J =2,9Hz, 1 H), 7.33 (dd, J =7,
8.5 Hz, 1 H), 7.52 (dd, J = 7, 8 Hz, 1 H), 7.66 (d, J = 9 Hz,
1 H), 7.69 (d, J/ = 8.5 Hz, 1H), 7.91 (d, J = 2 Hz, 1 H), 7.97 (d,
J =8Hz 1 H) and 8.07 (d, J = 8.5 Hz, 1 H); 6.(CDCl;) 117.0,
118.0, 118.3, 126.0, 126.5, 126.8, 127.1, 127.3, 3 x 127.8, 128.3,
2 x 128.5, 128.6, 128.9, 129.6, 129.7, 129.8, 130.0, 132.6, 132.9,
133.2, 140.6, 141.6 and 151.4; m/z (EI) 426 (M* *'Br, 100%) and
424 (M* PBr, 100); m/z (CI) 444 (M + NH,* *Br, 100%), 442
(M* + NH,* "Br, 100) and 364 (70) (found: M* ”Br, 424.0463.
Calc. for C,sH,;O"Br, 424.0463) (found: C, 72.87; H, 3.88. Calc.
for C,sH,;OBr, C, 73.42; H, 4.03%).

Synthesis of (R)-methyl-3-(2-hydroxy-2’'-phenyl-1,1’-binaphthyl-
6-yDacrylate (12). To a mixture of 11 (11.9 g, 28.0 mmol),
anhydrous sodium acetate (2.76 g, 33.6 mmol), palladium ac-
etate (63 mg, 0.28 mmol) and tris(o-tolyl)phosphine (341 mg,
1.12 mmol) in dry DMF (80 ml) under nitrogen was added methyl
acrylate (2.89 g, 3.1 ml, 33.6 mmol) and the mixture was heated at
150 °C (oil bath) for 4 h. After the reaction was completed, it was
quenched with water (150 ml) and extracted with ether (150 ml).
The extract was washed with water (2 x 60 ml), dried over MgSO,
and concentrated in vacuo to give a cream solid product (11.44 g,
95% yield).

ou(CDCl;) 3.80 (s,3H), 5.02 (s, 1 H, OH), 6.42 (d, J ., = 16 Hz,
1 H), 7.09-7.14 (m, 6 H), 7.16 (d, J =9 Hz, 1 H), 7.27 (d, J =
8.5Hz, 1 H), 7.34 (dd, J = 7, 8.5 Hz, 1 H), 7.39 (dd / = 9 Hz,
1H),7.52(dd,J=17,8.1Hz, 1 H),7.72(d,J =8.5Hz, 1 H), 7.78
(d, Jyws = 16 Hz, 1 H), 7.79 (d, J =9 Hz, | H), 7.86 (s, 1 H), 7.99
(d, J=8Hz,1H)and 8.05(d, / = 8.5Hz, 1 H); 6.(CDCl;) 51.7,
116.7, 118.0, 118.2, 124.3, 125.7, 126.0, 126.5, 127.1, 2 x 127.3,
127.8, 128.3, 128.4, 3 x 128.5, 128.6, 129.3, 129.6, 130.3, 130.6,
133.0, 133.2, 135.1, 140.6, 141.6, 145.0, 152.4 and 167.4; m/z (EI)
430 (M*, 100%), 204 (45) and 77 (25); m/z (CI) 448 (M* + NH,,
5%)and 431 (MH", 100) (found: M*, 430.1556. Calc. for C;,H,,0;,
430.1569) (found: C, 83.74; H, 5.12. Calc. for C;,H,, 05, C, 83.70;
H, 5.15%).

Synthesis of (R)-methyl-3-(2-hydroxy-2'-phenyl-1,1’-binaphthyl-
6-yl)propanoate (13). To magnesium turnings (9.27 g, 381 mmol,
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pre-dried in an oven at 120 °C) in dry methanol (300 ml) under
nitrogen was added a solution of 12 (3.90 g, 9.07 mmol) in dry
THF (60 ml), and the mixture was heated to 80 °C (oil bath) for
3.5 h, by which time the reaction was complete. The mixture was
cooled to room temperature and 3 M HCl was added carefully until
the excess magnesium dissolved. The mixture was then extracted
with ether (800 ml), and the extract was washed with brine (2 x
200 ml), dried over MgSO, and concentrated in vacuo to give
a cream powder (3.49 g, 89% yield). Purification by column
chromatography (SiO,, toluene—ether 5 : 1) gave a cream solid
(2.08 g, 61%); [a]p™ +34.12 (¢ 2.70, CHCI;), mp 6668 °C.

ou(CDCLy) 2.65 (t, J = 8 Hz, 2 H), 3.01 (t, / = 8 Hz, 2 H), 3.61
(s, 3 H), 491 (bs, 1 H, OH), 7.00 (d, J = 9 Hz, 1 H), 7.03-7.06
(m, 4 H), 7.10 (d, / = 9 Hz, 1 H), 7.12-7.16 (m, 2 H), 7.28-7.31
(m, 2 H), 7.50 (dd, J = 6, 8 Hz, 1 H), 7.55 (bs, 1 H), 7.68 (d, J =
9Hz, 1 H),7.70 (d, J =8.5Hz, 1 H), 7.96 (d, / = 8 Hz, | H) and
8.05(d, J =8.5Hz, 1 H);6-(CDCl;) 30.7, 35.5, 51.6, 117.3, 117.6,
125.2, 126.3, 126.4, 126.6, 126.9, 127.1, 2 x 127.6, 127.7, 128.1,
128.2, 2 x 128.6, 128.8, 129.0, 129.3, 129.4, 132.8, 133.1, 133.2,
135.1, 140.8, 141.5, 150.7 and 173.5; m/z (EI) 432 (M*, 100%) and
359 (70); m/z (CI) 450 (M + NH,*, 100%) (found: M*, 432.1722.
Calc. for C;H,,0;, 432.1725) (found: C, 83.47; H, 5.71. Calc. for
C;H,,0;, C, 83.31; H, 5.59%).

Synthesis of (R)-2-hydroxy-6-(3-hydroxypropyl)-2'-phenyl-1,1’-
binaphthyl (14). LiAlH, (1.07 g, 28.3 mmol) in dry THF (150 ml)
was stirred for 10 min at room temperature. A solution of 13
(6.30 g, 14.6 mmol) in dry THF (150 ml) was added over a period
of 5 min and then the mixture was refluxed gently for 20 min.
A colourless gelatinous precipitate appeared immediately. When
the reaction was completed, ethyl acetate (100 ml) was added to
destroy the excess LiAlH,, followed by hydrochloric acid (3 M,
30 ml). The mixture was extracted with ethyl acetate (300 ml) and
the extract was washed with water (2 x 100 ml), dried over MgSO,
and concentrated in vacuo to give a cream solid. Crystallisation
from chloroform gave a white powder (4.24 g, 72% yield); [a]p*
+54.21 (¢ 2.87, CHCl;), mp 162-164 °C.

Jou(CDCLy) 1.25 (s, 1 H, OH), 1.91 (m, 2 H), 2.76 (t, / = 8 Hz,
2H),3.65(t,J =6Hz,2H),4.88 (s, | H, OH), 7.00 (d, J = 8.5 Hz,
1 H), 7.02-7.07 (m, 4 H), 7.10 (d, J = 8.9 Hz, 1 H), 7.12-7.15 (m,
2 H), 7.29-7.33 (m, 2 H), 7.50 (dd, J = 5.5, 8§ Hz, 1 H), 7.55 (bs,
1 H), 7.68 (d, J =9 Hz, 1 H), 7.69 (d, J/ = 8.5 Hz, | H), 7.96 (d,
J=8Hz, 1 H)and 8.07 (d, J =8.5Hz, | H);.(CDCl;) 31.8, 33.9,
62.4,117.2,117.6,125.1, 2 x 126.4,126.6,126.9, 127.1,2 x 127.7,
127.9, 128.2, 128.5, 2 x 128.6, 128.7, 128.8, 129.2, 129.3, 132.7,
133.2,136.4, 140.8, 141.5 and 150.5; m/z (EI) 404 (M*, 100%), 360
(35) and 359 (70); m/z (CI) 422 (M + NH,*, 100%) (found: M*,
404.1784. Calc. for CxH,,0,, 404.1776) (found: C, 86.30; H, 5.66.
Calc. for Cx»H,,0,, C, 86.11; H, 5.98%).

Synthesis of (R)-2-(methoxymethoxy)-6-[3-(methoxymethoxy)-
propyl]-2’-phenyl-1,1"-binaphthyl (15). To a solution of 14
(3.82 g, 9.46 mmol) in a mixture of dry dichloromethane
(120 ml) and dry THF (15 ml) under nitrogen was added
N,N-diisopropylethylamine (13.65 g, 17.0 ml, 94.6 mmol) and
chloromethyl methyl ether (9.88 g, 7.2 ml, 94.6 mmol). The mixture
was stirred for 24 h at room temperature, quenched with water
(160 ml), and extracted with dichloromethane (30 ml). The extract
was washed with water (2 x 80 ml), dried over MgSO, and
concentrated in vacuo. Purification by column chromatography

on neutral alumina (elution with hexane—ether 5 : 4) gave 15 as a
cream viscous product (2.79 g, 60% yield); [a]p® +60.14 (¢ 0.69,
CHCl,).

on(CDCL;) 1.95 (m, 2 H), 2.78 (t, J = 8 Hz, 2 H), 3.08 (s, 3 H),
335(s,3H),354(,J=6Hz, 2H),462(s,2H),473(d, J =
7Hz,1H),4.87(d, J =7Hz, 1 H), 7.00-7.06 (m, 5 H), 7.10-7.15
(m,2H),7.22-7.26 (m,2H),7.39(d,J =9 Hz, 1 H), 7.43 (m, 1 H),
7.57 (bs, 1 H), 7.66 (d, J = 8.5Hz, 1 H), 7.73 (d, / = 9 Hz, 1 H),
7.93 (d, J =8 Hz, 1 H) and 8.00 (d, J = 8.5 Hz, 1 H); d.(CDCl;)
31.0, 32.2, 55.2, 55.6, 67.1, 95.2, 96.4, 116.4, 122.9, 125.6, 125.8,
126.2, 126.4, 126.5, 126.8, 2 x 127.3,127.9, 2 x 128.0, 128.2, 2 x
128.8, 128.9, 129.5, 131.9, 132.7, 132.9, 133.1, 137.1, 139.9, 142.0
and 152.4; m/z (EI) 492 (M*, 30%) and 45 (100); m/z (CI) 510
(M + NH,*, 100%) and 60 (100) (found: M*, 492.2306. Calc. for
C;;Hi, 0,4, 492.2301).

Synthesis of (R)-3-formyl-2-(methoxymethoxy)-6-[3-(methoxy-
methoxy)propyl]-2’-phenyl-1,1’-binaphthyl (16). To a solution of
15(2.02 g,4.11 mmol) in dry THF (50 ml) at —78 °C under nitrogen
was added a solution of tert-butyllithium (1.7 M in pentane,
2.90 ml, 4.93 mmol) by syringe and the mixture was stirred for 3 h
at —78 °C. N,N-Dimethylformamide (901 mg, 0.95 ml, 12.3 mmol)
was added and the reaction mixture was allowed to warm to room
temperature and stirred for 2 h, then quenched with aqueous
NH,CI (100 ml), and extracted with ethyl acetate (300 ml). The
extract was washed with aqueous NaHCO; (100 ml) and brine
(2 x 100 ml), dried over Na,SO, and concentrated in vacuo to
give a viscous product. Purification by column chromatography
on neutral alumina gave recovered 15 (elution with hexane—ether
5:5)as a viscous product (808 mg, 40%) and then 16 (methanol) as
a viscous product (1.28 g, 60% yield); [a]p* +9.96 (¢ 1.17, CHCl;).

ou(CDCL) 1.90 (m, 2 H), 2.76 (t, J = 7 Hz, 2 H), 2.78 (s, 3 H),
3.29(s,3H),3.49(t,J =7Hz,2H),4.32(d, J =6 Hz, 1 H), 4.50
(d,J =6Hz, 1H),4.55(s,2 H), 6.89-7.07 (m, 5 H), 7.11-7.18 (m,
3H),7.23(dd,J =7,8.5Hz, 1 H),7.40(dd, J =7,8 Hz, 1 H), 7.59
(d,J=9Hz, 1 H),7.68 (bs, 1 H), 7.88 (d, / = 8 Hz, 1 H), 7.96 (d,
J =9Hz, 1 H), 827 (s, 1 H) and 10.24 (s, 1 H); 3-(CDCl;) 30.9,
32.2, 55.2, 56.8, 66.9, 96.5, 99.7, 125.9, 126.5, 126.7, 2 x 126.8,
2 x 127.5,128.1, 128.5, 2 x 128.6, 2 x 128.7, 128.8, 129.1, 129.7,
130.4, 130.8, 130.9, 132.7, 133.2, 136.2, 139.4, 140.8, 141.5, 152.7
and 191.1; m/z (EI) 520 (M*, 55%), 476 (25), 326 (50), 215 (40)
and 77 (100); m/z (CI) 538 (M + NH,*, 10%), 446 (30), 445 (100)
and 58 (100) (found: M*, 520.2255. Calc. for C;,H;,0s, 520.2250)
(found: C, 78.76; H, 6.14. Calc. for C;,H;,0s: C, 78.44; H, 6.20%).

Synthesis of (R)-3-formyl-2-hydroxy-6-(3-hydroxypropyl)-2'-
phenyl-1,1-binaphthyl (6). To a solution of 16 (400 mg,
0.77 mmol) in dry dichloromethane (10 ml) containing 4 A molecu-
lar sieves (2.51 g) under nitrogen was added bromotrimethylsilane
(1.0 ml, 7.70 mmol). The mixture was stirred for 1 h at room
temperature. It was then quenched with aqueous NaHCO; (40 ml)
and stirred for 4 h until the solvent became clear, and then
extracted with dichloromethane (50 ml). The extract was washed
with water (30 ml) and brine (30 ml), dried over MgSO, and
concentrated in vacuo to give a yellow product. Purification by
column chromatography (SiO,, hexane—ether, 1.5 : 5) gave 6 as a
yellow solid (306 mg, 92% yield); [a],* —23.60 (¢ 0.79, CHCL,),
mp 88-90 °C.

ou(CDCl) 1.36 (s, OH, 1 H), 1.83 (m, 2 H), 2.69 (t, J/ = 8 Hz,
2H),3.59(t,J =6Hz,2 H), 6.94-6.98 (m, 4 H), 7.09 (d, J/ =9 Hz,
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1 H), 7.10-7.16 (m, 2 H), 7.17 (d, J = 9 Hz, 1 H), 7.22 (dd, J = 7,
8 Hz, 1 H), 7.40 (dd, J = 7, 8 Hz, 1 H), 7.55 (bs, 1 H), 7.57 (d, J =
8.5Hz, 1 H),7.89 (d,J = 8 Hz, 1 H), 7.96 (d, J = 8.5 Hz, 1 H), 8.00
(s, 1H),9.99 (s, 1 H)yand 10.31 (s, 1 H, OH); .(CDCL) 31.6, 33.6,
62.1, 121.1, 121.5, 125.5, 125.8, 126.1, 126.5, 126.6, 127.3, 2 x
127.4, 127.9, 128.2, 128.3, 128.5, 2 x 128.6, 129.9, 131.9, 132.6,
132.9, 136.3, 137.3, 137.5, 140.6, 141.8, 153.1 and 196.9; m/z (EI)
432 (M*, 100%), 387 (30), 326 (40), 77 (30) and 41 (30); (CI) 450
(M + NH,*, 20%), 433 (40), 58 (70) and 44 (100) (found: M",
432.1720. Calc. for C5H,,05, 432.1725).

Synthesis of the unsymmetrical chiral salen ligand, N-[(R)-(2-
hydroxy-2’-phenyl-1,1’-binaphthyl-3-ylmethylene)]- N'-[(R)-2-hy-
droxy-6-(3-hydroxypropyl)-2'-phenyl-1,1’-binaphthyl-3-ylmethylene]-
15,2S-cyclohexanediamine (7). A sample (200 mg) of the crude
product from the above reaction, containing compound 5 (ca.
126 mg, 0.27 mmol) and 19a (ca. 74 mg, 0.09 mmol), was dissolved
in a mixture of methanol (10 ml) and dichloromethane (10 ml).
Compound 6 (130 mg, 0.30 mmol) was added and the reaction
mixture was stirred for 3 h at room temperature. The solvent was
removed in vacuo to give a yellow powder, 330 mg. Purification by
column chromatography (SiO,, hexane—ether 1 : 5 then methanol)
gave compound 19a (100 mg), compound 7 (200 mg, 75% yield
based on 6, 84% based on 5), and compound 19b (30 mg).

Alternative procedure for synthesis of the unsymmetrical chiral
salen ligand (7). To a solution of (1S,2S)-diaminocyclohexane
(4,44.2mg, 0.39 mmol) in dichloromethane (25 ml) containing 4 A
molecular sieves (500 mg) at room temperature under nitrogen was
added a solution of 3 (140.6 mg, 0.38 mmol) in dichloromethane
(15 ml) dropwise over 1 h by means of a dropping funnel. After the
addition was completed, the mixture was stirred for an additional
1 h. A solution of 6 (162.4 mg, 0.38 mmol) in dichloromethane
(10 ml) was added and the reaction mixture was stirred for 24 h at
room temperature and then filtered. The filtrate was concentrated
in vacuo to give a yellow powder, 310 mg. The product was purified
by column chromatography on silica gel (elution with pet. 40-60°—
ether 1 : 5, then methanol). The product mixture was not soluble
in pet. 40-60°—ether, so it was first dissolved in dichloromethane,
one equivalent of 4 (0.38 mmol) was added, then silica (5 mg), and
the solvent was removed. The dry silica was added to the top of
a pre-prepared silica column, which was then eluted with pet. 40—
60°—ether (1 : 5) then methanol. Evaporation of the appropriate
fractions gave 19a (109 mg, 35% yield; mp 300 °C), 7 (134 mg, 40%
yield; mp 154 °C) and 19b (66 mg, 19% yield; mp 200-202 °C).

N,N’-Bis|(R)-(2-hydroxy-2'-phenyl-1,1’-binaphthyl-3-ylmethy-
lene)l-1.5,2S-cyclohexanediamine (19a). Jy(CDCI;) 1.34 (m, 2 H),
1.66 (m, 2 H), 1.78 (m, 2 H), 1.93 (m, 2 H), 3.17 (m, 2 H), 6.01 (t,
J =7Hz 2H), 6.21 (app. t, J =7 Hz, 4 H), 6.87 (d, J = 8.5 Hz,
2 H), 6.90 (m, 2 H, H,), 7.01-7.10 (m, 5 H), 7.13-7.17 (m, 3 H),
7.21 (m, 2 H), 7.26-7.30 (m, 4 H), 7.37 (dd, J =7, 8 Hz, 2 H), 7.57
(d,J =8.5Hz,2H),7.87(d,J=8Hz,2 H),7.94 (d, J = 8.5 Hz,
2H), 8.17 (s,2 H) and 13.10 (s, 2 H, 2 OH); 6.(CDCl,) 24.1, 32.5,
73.2,119.8, 120.0, 123.1, 124.6, 125.7, 126.3, 126.4, 126.5, 127.1,
2 x 127.3, 128.0, 4 x 128.1, 128.3, 128.6, 131.2, 132.9, 133.0,
133.4,134.7,140.3, 141.8, 154.9 and 165.2; m/z (FAB) 827 (MH*,
72%) and 149 (100) (found: MH*, 827.3626. Calc. for C¢,H,;O,N,,
827.3637); Vpar/cm™' (KBr) 3359 (broad, O-H), 2927, 2856 and
1631 (C=N).

Compound 7. J4(CDCl;) 1.35 (m, 2 H), 1.50 (bs, 1 H, OH),
1.6-1.7 (m, 4 H), 1.78 (m, 2 H), 1.94 (m, 2 H), 2.45 (m, 2 H), 3.15
(m, 2H), 3.41 (m, 2 H), 6.02 (t, / = 7 Hz, 1 H), 6.06 (t, / = 7 Hz,
1 H), 6.20 (t, J =8 Hz, 2 H), 6.28 (t, / = 8 Hz, 2 H), 6.79 (d, J =
9 Hz, 2 H), 6.82-6.93 (m, 4 H), 7.02 (m, 1 H), 7.07 (d, / = 8 Hz,
2H),7.10(d, J =8 Hz,2 H), 7.15 (s, 1 H, CH=N), 7.16 (s, 1| H),
7.21 (m, 3 H), 7.28 (m, 2 H), 7.37 (m, 2 H), 7.56 (d, / = 8§ Hz, 1 H),
7.57(d,J=8Hz, 1 H),7.86(d,J =8 Hz, 1 H), 7.87 (d, J =8 Hz,
1H),7.93(d,J=8Hz,1H),7.94(d,J =8 Hz, 1 H), 8.14 (s, 2 H)
and 13.00 (bs, 2 H, 2 OH); 6-(CDCl;) 2 x 24.1, 31.4, 2 x 32.5,
33.5,62.1,2 x 73.2, 119.8, 119.9, 120.0, 122.9, 2 x 124.6, 125.5,
125.7, 126.2, 126.3, 2 x 126.4, 2 x 126.5, 2 x 127.0, 127.2, 4 x
127.4,127.9, 128.0, 4 x 128.1,4 x 128.2,2 x 128.3, 128.6, 129.2,
2 x 131.3,132.8,2 x 132.9,2 x 133.0, 133.3, 133.4, 134.6, 136.1,
2 x 140.3, 2 x 141.9, 154.4, 154.9, 165.3 and 165.4; m/z (FAB)
885 (MH", 30%), 884 (M*, 13), 286 (58), 178.1 (54), 165.1 (80) and
153 (100) (found: M*, 884.3961. Calc. for C4;Hs,O5N,, 884.3978);
Vmax/cm ™' (KBr) 3359 (broad, O-H), 2927, 2856 and 1631 (C=N).

N,N’-Bis|[(R)-2-hydroxy-6-(3-hydroxypropyl)-2’-phenyl-1,1'-
binaphthyl-3-ylmethylene]-1.5,2S-cyclohexanediamine (19b).
ou(CDCL,) 1.38 (2 H, m), 1.5-1.6 (m, 4 H), 1.64 (m, 4 H), 1.80 (m,
2 H), 1.95 (m, 2 H), 2.47 (m, 4H), 3.19 (m, 2 H), 3.42 (m, 4 H),
6.00 (t, / =8 Hz, 2 H), 6.22 (t, / = 8 Hz,4 H), 6.78 (d, ] =9 Hz,
2 H), 6.87 (d, J =9 Hz, 2 H), 6.89 (s, 2 H), 7.09 (m, 4 H), 7.21 (s,
2 H, 2 CH=N), 7.21-7.29 (m, 4 H), 7.38 (dd, / = 7, 8 Hz, 2 H),
7.57(d,J =85Hz, 2H),7.88(d,J =8Hz, 2H), 795, J =
8.5 Hz, 2 H), 8.19 (s, 2 H) and 13.00 (2 H, s, 2 OH); 6.(CDCl;)
24.1,31.4,32.5,33.6,62.1, 73.3, 119.8, 124.6, 125.7, 126.2, 126.4,
126.5,126.9, 127.2,2 x 127.4,2 x 128.1,2 x 128.2, 128.3, 129.4,
131.3,2 x 132.8,2 x 132.9, 133.2, 136.1, 140.2, 141.9, 154.5 and
165.4; m/z (FAB) 965 (M + Na*, 10%), 943 (MH", 100), 511
(28) and 107 (90) (found: MH*, 943.4500. Calc. for C,HsO4N,,
943.4475); vy /cm™' (KBr) 3359 (broad, O-H), 2927, 2856 and
1631 (C=N).

Synthesis of unsymmetrical complexes 1a and 1b. To a solution
of 7 (348.8 mg, 0.394 mmol) in a mixture of ethanol (50 ml),
acetonitrile (10 ml) and dichloromethane (10 ml) was added
Mn(OAc),-4H,O (126.0 mg, 0.514 mmol) and the mixture was
stirred in air for 24 h at room temperature. The solution was
concentrated in vacuo to give a dark brown mass (460 mg). The
crude product was redissolved in dichloromethane and filtered.
The filtrate was concentrated in vacuo to give a dark brown solid,
1a (400 mg, ca. 108% of the theoretical yield).

Complex 1a (93.6 mg, 0.094 mmol) was dissolved in acetonitrile
and a solution of NaPF, (157.5 mg, 0.938 mmol) in a minimum
of water (1 ml) was added. The mixture was stirred for 24 h at
room temperature and then the solvent was removed in vacuo. The
crude material was redissolved in dichloromethane and filtered.
The filtrate was concentrated in vacuo and purified by column
chromatography (SiO,, CH,Cl,-MeOH 5 : 0.5) to give a dark
brown product 1b (77.0 mg, 76% yield).

Chiral (salen)Mn(1i1)OAc complex (1a). m/z (FAB) 937 (M —
AcO]J*, 100%) and 885 (30) (found: [M — AcQO]*, 937.3192. Calc.
for C;;H5oN,O3Mn, 937.3202); m/z (ES™) 59 (CH,CO,~, 100%);
Vmax/cm ™' 1608 (C=N).

Chiral (salen)Mn(in)PF; complex (1b). m/z (FAB) 938
(IMH — PF(]*, 85%), 937 (IM — PF,]*, 100), 885 (20), 215
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(60), 135 (73) and 107 (77) (found: [M — PFJ*, 937.3180. Calc.
for CeHyN,O.Mn, 937.3202); m/z (ES-) 145 (PF,~, 100%);
Vpar /! 1608 (C=N).

Chiral (salen)Mn(1)PFg complex (2). The procedure was
similar to that for complex 1b. The crude product was purified
by column chromatography (SiO,, CH,Cl,—MeOH 5 : 0.2) to give
dark brown solid 2 (98% yield).

m/z (FAB) 880 ((MH — PF]*, 85%), 879 (IM — PF]*, 100),
827.5 (90), 374 (82) and 149 (57) (found: [M — PF,]*, 879.2762.
Calc. for CoHyN,0,Mn, 879.2783); m/z (ES~) 145 (PF¢~, 100%);
Vmax/cm~' 1608 (C=N).

Mn complex of ligand 19b, chiral (salen)Mn(1i1)OAc complex.
The procedure was similar to that for complex 1a. The crude
product was redissolved in dichloromethane and filtered. The
solvent was concentrated in vacuo to give the complex (97% yield)
as a dark brown solid.

m/z (FAB) 996 (MH — CH;CO,]*, 45%), 995 ((IM — CH,CO,]*,
100), 943 (20), 938 (5), 391 (35), 149 (65) and 107 (50) (found:
[MH — CH,CO,]*, 996.3698. Calc. for C(cHs;N,O,Mn, 996.3699);
m/z (ES7) 59 (CH;CO,~, 100%); Vo /cm™" 1608 (C=N).

Synthesis of NV-[(R)-(2-hydroxy-2'-phenyl-1,1’-binaphthyl-3-
ylmethylene)]-/V'-[(R)-2-hydroxy-6-(3-benzoyloxypropyl)-2'-phenyl-
1,1’-binaphthyl-3-ylmethylene]-15,2S5-cyclohexanediamine  (20).
To a solution of ligand 7 (40.1 mg, 0.0453 mmol) in dry
dichloromethane (5 ml) at 0 °C under argon was added
triethylamine (3.0 ml of 0.023 M solution in dry dichloromethane,
0.069 mmol) under argon. A solution of benzoyl chloride (0.80 ml
of 0.067 M solution in dry dichloromethane, 0.054 mmol) was
slowly added and the mixture was stirred at 0 °C for 24 h. The
reaction was monitored by TLC (SiO,, hexane—ether 3: 5,7 R; =
0.4), but showed no reaction. Therefore, the mixture was warmed
to room temperature for an additional 24 h, at which time TLC
indicated the presence of one new component at R; = 0.6 and
a spot at R; = 0.2, which was nevertheless presumed to be the
starting material, 7. An aliquot of the solution (ca. 2 ml) was
diluted to ca. 10 ml with dichloromethane, washed with saturated
aqueous NaHCO; (10 ml) and brine (10 ml), and then dried over
anhydrous MgSO,. Evaporation of the solvent gave a cream solid
product, 10 mg. Purification by column chromatography (SiO,,
hexane—ether 3 : 5) gave 7 (5.9 mg) and 20 (3.2 mg).

The rest of the reaction mixture was heated to reflux for an
additional 24 h. The organic phase was then washed with saturated
aqueous NaHCO; (10 ml) and brine (10 ml), and then dried over
anhydrous MgSO,. Evaporation of the solvent gave a cream solid
product, 30 mg. Purification by column chromatography gave 7
(4.4 mg) and 20 (12.6 mg).

ou(CDCI;) 1.35-2.00 (m, 12 H), 3.15 (m, 2 H), 4.15 (m, 2 H),
6.09 (t, J =7 Hz, 1 H), 6.14 (t, J = 7 Hz, | H), 625 (t, J =
8 Hz, 2 H), 6.36 (t, J = 8 Hz, 2 H), 6.77 (bs, 1 H), 6.82 (d, J =
9 Hz, 1 H), 6.85 (d, J/ = 9 Hz, 1 H), 6.90 (m, 2 H), 6.99-7.09
(m, 6 H), 7.13 (m, 2 H), 7.20-7.30 (m, 4 H), 7.33-7.43 (m, 4 H),
7.48 (m, 1 H), 7.56 (d, J = 8 Hz, 1 H), 7.57 (d, / = 8 Hz, 1 H),
7.88 (d, J/ = 8 Hz, 2 H), 7.95 (d, J = 8 Hz, 4 H), 8.10 (s, | H),
8.12 (s, 1 H), 12.97 (bs, 1 H, OH) and 13.06 (bs, 1 H, OH); m/z
(FAB) 989 (MH*, 53%), 988 (M*, 57) and 827 (7) (found: MH",
989.4303. Calc. for C,)H5;N,O,, 989.4318); v, /cm™ (thin film)
1718 (C=0) and 1632 (C=N).

Synthesis of {N-[(R)-(2-hydroxy-2'-phenyl-1,1'-binaphthyl-3-
ylmethylene)]-NV'-[(R)-2-hydroxy-6-(3-benzoyloxypropyl)-2'-phenyl-
1,1’ - binaphthyl - 3 - ylmethylene] - 1.5,2S - cyclohexanediamine}
Mn(i1) trifluoromethanesulfonate (21). To a solution of 1c¢
(46.6 mg, 0.0429 mmol) in dry dichloromethane (5 ml) at room
temperature was added triethylamine (3.0 ml of a 0.071 M
solution in dry dichloromethane, 0.21 mmol) under argon. A
solution of benzoyl chloride (3.0 ml of a 0.069 M solution in
dichloromethane, 0.21 mmol) was slowly added and the mixture
was refluxed for 48 h. The mixture was quenched with saturated
aqueous NaHCO; (10 ml), separated, and the organic layer
was washed with brine (10 ml), dried over anhydrous MgSO,
and concentrated in vacuo to give a dark brown solid, 53.1 mg.
Purification by column chromatography (SiO,, DCM-MeOH 5 :
0.6) gave 21 (36.8 mg, 72% yield) and 1c¢ (2.2 mg, 5%).

m/z (FAB) 1041 (IM — F;CSOs]*, 20%) and 989 (10) (found:
[M — F;CSO;]*, 1041.3450. Calc. for C;0Hs,N,O,Mn, 1041.3464);
m/z (ES7) 149 (F;CSO;~, 100%); vy /cm™" (KBr) 1715 (C=0)
and 1610 (C=N).

Attachment of the unsymmetrical complex 1a to polystyrenecar-
bonyl chloride. Complex 1a (0.156 g, 0.157 mmol) in
dichloromethane (5 ml) was treated with excess triethylamine
(0.12 M solution in dry dichloromethane, 5.0 ml, 0.60 mmol) and
the mixture was added to polystyrenecarbonyl chloride (0.125 g,
1.17 mmol g~', 0.146 mmol), swollen in dichloromethane (5 ml)
for 1 h and the mixture was heated at reflux for 6 d. The resulting
polymer was filtered, washed with CH,Cl, (20 ml), H,O (20 ml),
THF (20 ml), THF-H,O (1 : 1, 20 ml), H,O (20 ml), CH,Cl, (20
ml), and finally MeOH (20 ml). After being dried in a vacuum
oven for 24 h, the resin (polymer A, 25a, 0.0981 g) was obtained
as a pale brown solid. AAS suggested that the polymer contained
around 0.096 mmol g~' Mn.

Vma /€M~ (KBr) 1721 (C=0) and 1602 (C=N).

Attachment of the unsymmetrical complex 1c to polystyrenecar-
bonyl chloride and subsequent ion-exchange. The procedure for
the attachment of complex 1c¢ was similar to that for 1a except
that reflux was maintained for 2 d. After being dried in a vacuum
oven for 24 h, polymer 25¢ was obtained as a dark brown powder.
AAS suggested that it contained around 0.12 mmol g~! Mn.

The resin 25¢ (0.103 g) was swollen in a mixture of dioxane
(5 ml), ethanol (5 ml) and acetonitrile (5 ml) for 1 h, a solution of
NaPF; (25.0 mg, 0.149 mmol) in a minimum of water (1 ml) was
added and the mixture was stirred for 24 h at room temperature.
The polymer was filtered off, washed with EtOH (20 ml), H,O
(20 ml), CH,Cl, (20 ml), H,O (20 ml), CH,Cl, (20 ml) and finally
MeOH (20 ml). After being dried in a vacuum oven (50 °C,
10 mmHg) for 24 h, polymer B (25b, 0.0922 g) was obtained as a
dark brown solid.

Attachment of the unsymmetrical complex 1b to polystyrenecar-
bonyl chloride. The procedure for the attachment of complex 1b
was similar to that for 1a except that reflux was maintained for
2 d. Polymer C (25b) was obtained as a dark brown solid. AAS
suggested that the polymer contained around 0.24 mmol g~' Mn.
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General procedure for the epoxidation of 1,2-dihydronaphthalene
(26) using free or polymer-supported unsymmetrical chiral
(salen)Mn complexes

The procedure for the free complexes was as follows. To a
solution of 1,2-dihydronaphthalene (26; 0.2 mmol), 4-PPNO
(0.05 mmol) and hexadecane (0.2 mmol) as an internal standard in
dichloromethane (2.5 ml) was added catalyst 1b or 2 (0.02 mmol)
and the mixture was cooled to 0 °C. A solution of NaOCI in
phosphate buffer (1.0 ml, 0.588 M, 0.6 mmol) (pH = 11.4) was
added. The two-phase system was stirred at 0 °C. The progress of
the reaction was monitored by GC and the results are recorded
in Table 1. After the reaction was completed, the layers were
separated, the organic layer was washed with water (2 x 10 ml)
and the aqueous layer was extracted with dichloromethane (2 x
10 ml). The organic extracts were combined with the original
organic layer, dried over Na,SO, and concentrated in vacuo.
Purification by column chromatography (SiO,, pet. 40-60 °C-
ethyl acetate, 5 : 0-5 : 0.2) gave epoxide 27 as a cream oil.

ou(CDCILy) 1.65 (m, 1 H), 2.30 (m, 1 H), 2.44 (m, 1 H), 2.68 (m,
1 H), 3.62 (m, 1 H), 3.74 (d, / = 4 Hz, 1 H), 6.98 (d, J/ = 7 Hz,
1 H), 7.08-7.17 (m, 2 H) and 7.28 (d, J = 8 Hz, 1 H); 3.(CDCl;)
21.8,24.4,52.7,55.1,126.1, 2 x 128.4, 129.5, 132.6 and 136.7.

The enantiomeric excess (ee) was determined by 'H
NMR spectroscopy using the chiral shift reagent tris[3-
(heptafluoropropylhydroxymethylene)-(+)-camphorate]
(Eu(hfc);) in CDCl,.

The procedure for use of the polymer-bound complexes was as
follows. Polymer A, B or C (as indicated in Table 1) was swelled
in dichloromethane (2 ml) for 1 h. A solution containing 1,2-
dihydronaphthalene (1 eq.), 4-PPNO (0.25 eq.) and hexadecane as
an internal standard in dichloromethane (2 ml) was added and the
mixture was cooled to 0 °C. A solution of NaOCI in phosphate
buffer (0.588 M, 5 eq., pH = 11.4) was added, the mixture was
stirred at 0 °C and the progress of the reaction was monitored by
GC. After the appropriate time the suspension was filtered and
the residue was washed with CH,Cl, (50 ml), H,O (50 ml), CH,Cl,
(50 ml), and finally MeOH (50 ml). After being dried in a vacuum
oven (50 °C, 10 mmHg) for 24 h the polymer was available for
reuse. This procedure was repeated after each use of the polymer.
The filtrate was collected and concentrated in vacuo. The residue
was then treated in an identical manner to the product obtained
from the reactions involving free complexes.
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In the presence of a photomediator such as benzophenone, alkynes with electron-withdrawing groups
react with cycloalkanes to give vinyl cycloalkanes. The reaction involves the regiospecific addition of a
photochemically generated cycloalkyl radical to the B-carbon of the alkyne. The stereochemical
outcome of the reaction depends on the nature of the photomediator and alkyne used.

Introduction

The introduction of a functional group at an unactivated carbon
atom, such as those of an alkane or an ether, or the involvement of
such an atom in carbon-carbon bond formation, are synthetic
problems of obvious importance and considerable difficulty.
These problems have been addressed in a variety of ways,
many of which involve the generation of an alkyl radical from
an appropriate precursor and its subsequent reaction with the
precursor of the group that is to be introduced. This indirect
generation of the alkyl radical can be achieved in a wide variety
of ways, including the reaction of alkyl halides with tributyltin
hydride? or tris(trimethyl)silane,® the photolysis of nitrites* or
alkylcobalt compounds,® the thermal decomposition of thiohy-
droxamic esters,® metal catalysis,” efc. Most of these methods are
however limited by the fact that they involve toxic reagents or
require the synthesis of the appropriate radical precursor. The
direct generation of alkyl radicals by the homolytic cleavage
of a C-H bond has been used less frequently and generally
involves peroxides or photomediation.® Once generated, these
radicals can participate in carbon—carbon bond forming reactions,
producing a variety of functionalised systems. Vinyl and allyl
groups can, for example, be introduced in this way by an addition—
elimination sequence involving the radical and the appropriate
stannane,”' sulfide or related derivatives.!™'*> A chain transfer
reaction involving triflones" has been used to carry out the
alkenylation, alknylation and allylation of alkane- and ether-
derived radicals. The reaction of these and related radicals with
2-chloroethylsulfonyl oxime ethers' results in the introduction
of an oxime ether group, hydrolysis of which gives acylated
derivatives. Once again, an evaluation of a particular process has
to include a consideration of the nature of the reagents required,
the by-products produced — for example, the use of triflones' and
chloroethylsulfonyl oxime ethers' results in the formation of SO, —
and the problems associated with the synthesis of any reactant.
Although often beset with problems of control and efficiency,
the potential of photochemically initiated processes for the
production of radicals is well established. In terms of unactivated
systems, cyclopentane for example has been functionalised using
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T Photomediated functionalisation and carbon—carbon bond formation in
unactivated molecules. Part 1.

a variety of photochemical methods,” all of which involve the
generation of a cyclopentyl radical by homolysis of a C-H bond.
Indeed, in the context of the discussion above, it was found
that the reactions of triflones' and 2-chloroethylsulfonyl oxime
ethers were amenable to photoinitiation as well as initiation
using an AIBN-related compound. In experimental terms the
photoinduced hydrogen abstraction reactions of ketones are
particularly attractive as a method of producing alkyl radicals,
the process relying on the alkoxy radical character of carbonyl
groups in the (n — 1¥) triplet state.'® Thus, following absorption of
a photon and intersystem crossing, ketones such as benzophenone
are able to abstract a hydrogen atom from a substrate containing
an appropriate C—H bond. The resulting alkyl radicals can react
in a variety of ways including recombination, disproportionation
and further hydrogen abstraction. Most usefully and because
of their nucleophilic properties,” they would be expected to
react with molecules containing electron deficient carbon—carbon
multiple bonds (Scheme 1). This approach has been used in
the reaction of enones with 1,3-dioxolanes,’® the reaction of
enals with dioxolanes and alcohols,” and the functionalisation
of cycloalkanes with alkenyl nitriles* and ketene dithioacetal S,S-
dioxides.”’ The mechanistic framework for the process suggests
that the use of “catalytic” quantities of the carbonyl compound
functioning as the photomediator should be sufficient. However,
in practice there are many ways in which this molecule can be
diverted from performing the required role and so larger amounts
are in general required.

EWG
e —
R',C— OH =
R
RH
EWG
R,C=0 R,ﬂ‘ """ *
th .
R',C— OH
R',C=0
EWG
R H
Scheme 1
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This paper describes the photochemical reaction of alkynes
with cycloalkanes such as cyclopentane (Scheme 2). Reactions of
this type were first reported in 1969 by Buchi, and independently
by Grovenstein, who noted that the irradiation of a cyclohexane
solution of ethyl propiolate* or dimethyl acetylenedicarboxylate®
gave very small amounts of products resulting from alkyne
insertion into a C-H bond of the cycloalkane. In view of the
reaction times and yields involved — 24 h and 5%, and 14 days
and 10%, respectively — it is not surprising that the system has
not been revisited for over 30 years. The analogous reaction
of saturated ethers with DMAD has also been noted,** with
yields of up to 80% being reported for THF. Although the
acetone initiation of the addition of DMAD to cyclic ethers was
reported,® all of the other reactions of ethers and cycloalkanes
involved direct irradiation. The possible involvement of an anion—
cation radical pair as an intermediate in the reactions® of ethers
under such conditions was also considered, but a radical chain
mechanism initiated by unidentified agents was in general the
preferred mechanistic framework.

2
R2 / R2 R
hv J
| - R' R’
photomediator
R!
1a-w 2a-w 3a-w

o R'=H; R?=CO,H

p R'=H; R?=S0,Tol

¢ R'=H; R?= COPr q R'=H; R*= COMe

d R'=H; R?=CO,Bu r R11= H; R22= Ph

e R'=H; R?= CO,CH,CH(Me)Et $ R =H: R'=0OCH,CH,

f R'=H; R?= CO,CH,Ph t R =H; R=pNOCeHy

g R'=H;R?=CO,(CH,),0Me Y R'=CHs R"= (CH;),Chy

h R'=H; R?= CO,CHyc-pentyl vV R =PhiR°=Ph

i R'=H: R?= CO,CH,CH=CH, w R1 = c-pentylCHy; R 2= CO,Me
i R'=H; R?= CO,CH,CH=CMe, X R1 = c-zhexyI(CHg)g; R“=CO,Me
k R'=H;R?=COy(CHp),cl ¥ R =R =COMe

| R'=H; R?=CO,(CH,),Br 2 R =RI=CO:EL

m R'=H; R?= CO,SiMe, a R'=R=COBu

n R'=H: R2= CN bb R'=R?=CO,Bu'

a R'=H; R?= CO,Me
b R'=H; R?= CO,Et

Scheme 2

We have found that the use of a photomediator such as
benzophenone has a significant impact on the reaction of alkynes
with cycloalkanes in terms of yield and reaction time, and here
we report results relating to cycloalkanes of various sizes and to
alkynes carrying a wide variety of functional groups. The results
are important in that they relate to functionalisation and carbon—
carbon bond formation in an unactivated system, and also because
they suggest that photoinduced hydrogen abstraction in certain
circumstances may be a synthetically useful method of generating
radicals.?**

Results and discussion

Initial experiments were carried out with cyclopentane and
involved irradiating a solution of the alkyne 1 (0.15 M) and
photomediator (1 equiv.) in the cycloalkanes, through Pyrex
glass and using 350 nm lamps, until no alkyne remained (GC)
(Scheme 2). Evaporation of the cyclopentane and removal of
the photomediator by chromatography gave a substituted alkene

Table1 The benzophenone-mediated reaction of alkynes with
cyclopentane

Alkyne1 Time‘/h  Products (yield, %) E/Z*

la 2.75 2a (37) 3a (22) 1.5:1

1b 2.5 2b (40) 3b (30) 1.5:1

1d 3.2 2d (42) 3d (27) 1.5:1

1f 33 2f (30)° 3f (20) 1.5:14
1g 4.5 2g (34) 3g (15) 1.6:1

1h 6.5 2h (40) 3h (25) 1.4:1

1i 4.5 2i (35) 3i(17) 1.5:1

1j 7.5 2j (34) 3j(29) 1.4:1

1k 2.0 2k¢ 3k (27) 1.7:1

11 4.5 21(25) 31(22) 1.8:1

1m 3.0 Mixture of 2m, 3m, 20 and 30 (46 :35:17: 1)°
1n 1.3 2n° 3n (16) 1:1.5

lo 1.5 20 (24) 30° 1.8:1

1p 3.0 Mixture of 2p and 3p (56%)° 6.4:1

1q 11.5 2q (18) 3q° 39:1
Ir—x No reaction

ly 2.5 2y (50) 3y¢ 1:45

1z 3.0 2z (43) 3z 1:42

laa 1.5 2aa (46) 3aa (3) 1:30

1bb 3.15(22) 2bb (2V) 3bb (7) 1:12(1:4)

“Complete reaction of alkyne (GC). * GC. ¢Product contains some
benzophenone. “'"H NMR. ¢ Product could not be satisfactorily isolated.
/Results obtained using acetophenone as photomediator. Products co-
eluted from SiO, with benzophenone.

as a mixture of £ and Z isomers (Table 1). The reaction of
methyl propiolate 1a in the presence of benzophenone is typical
of those involving monosubstituted alkynes. This gave a 1.6 : 1
(GC) mixture of methyl (E)- and (Z)-3-cyclopentyl-2-propenoate,
2a and 3a, which following chromatography were obtained in
isolated yields of 32 and 36%, respectively (Table 1). The reaction
is regiospecific, with the structures of the products being consistent
with the concept that the reaction involves the conjugate addition
of a nucleophilic cycloalkyl radical to the electron-deficient alkyne.

The effectiveness of a range of potential photomediators in
promoting the reaction was investigated and it was found that
the reaction time and yield, and the product composition, were
relatively insensitive to the structure of the photomediator used
(Table 2). Exceptions to this pattern were 2-acetylnaphthalene,
the lowest triplet state of which is of the m,n* type, and 4-
methoxyacetophenone, the behaviour of which can again be
explained on the basis that most molecules on excitation end up
in the m,* state.

CN NC CN

4 5 6

A series of experiments involving benzophenone showed that
the photomediator concentration could be reduced by a factor
of six without affecting the reaction time or the yield (Table 3).
At lower concentrations the time taken to complete the reaction
increased dramatically. The only other low MW products formed
in these reactions were cyclopentenone and cyclopentanol (GC—
MS), the result of reaction between the cyclopentyl radicals and
O, that had survived the degassing which preceded irradiation.
There is a strong correlation between reaction time and the
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Table 2 A comparison of the reaction of methyl propiolate 1a with cyclopentane using different photomediators®

Photomediator Time®/h Yield (%) Z/E ROH/R,C=04 (%)
Ph,CO 2.75 86 1:1.46 1.5/1

PhCOMe 5.00 86 1:1.26 0.7/1
(2-Naphthyl) COMe No reaction

4-MeOC,H,COMe 106 (86°) 70 1:1.44 5/4
4-F,CC4H,COMe 1.75 97 1:1.30 1.3/70.6

PhCHO 1.25 84 1:1.32 0.4/0.2
4-MeOC4H,COPh 3.50 92 1:1.33 4/2
(3-F;CC4H,),CO 2.00 96 1:1.34 2/1
(4-MeOCH,),CO 5.00 388 1:1.27 3/1

“ Cyclopentane solution of the alkyne (0.15 M) containing photomediator (1 equiv.), 350 nm. * Complete consumption (GC) of alkyne. © GC, decane as
IS. 4 ROH: cyclopentanol, R,C=0: cyclopentanone. ¢ Duplicate experiment: 79% of the alkyne had reacted after 86 h.

Table 3 The effect of benzophenone concentration on the reaction of methyl propiolate 1 with cyclopentane®

[Benzophenone]/M Time/h® Yield (%)° Z/E ROH/R,C=0" (%)
0.15 2.75 86 1:1.46 1.5/1

0.10 3.00 93 1:1.30 2/1

0.05 3.00 92 1:1.33 3/1

0.022 3.00 95 1:1.32 3/2

0.014 102¢ 91 1:1.27 5/4

“ Cyclopentane solution of the alkyne (0.15 M) and photomediator, 350 nm. ®* Complete consumption (GC) of alkyne. ¢ GC, decane as IS. “ ROH:
cyclopentanol, R,C=0: cyclopentanone. ¢ 95% conversion of the alkyne had occurred after 5 h.

amount of these materials present in the product mixture (Tables 2
and 3). Interestingly, the normally efficient photoreduction of
benzophenone forming benzpinacol is not competitive with the
alkyne/cycloalkane reaction and the diol is formed in only very
small quantities, if at all. The stereochemistry of the products was
assigned on the basis of the '"H NMR coupling constants, 15.6
and 11.5 Hz, displayed by the o-H in 2a and 3a, respectively. In
common with all the reactions involving monosubstituted alkynes,
the secondary cis—trans photoisomerisation that is a feature of the
reactions of acetylenedicarboxylates (see below) does not occur
here. In this context it is worth noting that the rate of inversion of
vinyl radicals is much faster than the final hydrogen abstraction
step,?® and so the geometry of the product is not determined by
the stereochemistry of the addition of the cycloalkyl radical to the
alkyne (Scheme 1).

A GC analysis of the crude product indicated that the alkenes
2 and 3 were the only alkyne-derived low molecular weight
products formed in the reaction. It is assumed that the mass
balance for the reaction in terms of the alkyne is completed by
the formation of polyacetylene oligomers which are not detected
by GC and which are lost during chromatography. Compounds
of this type have been identified among the products formed in
reactions of propiolonitrile In and cycloalkanes that involved
higher concentrations of the alkyne and longer reaction times
than normal. Thus the dimeric species 4 was identified as a minor
product from the reaction of cyclopentane with 1n using GC-MS
on the basis of its molecular ion and fragmentation pattern. The
compounds 5 and 6 were isolated from the corresponding reaction
of cyclohexane with 1n and characterised spectroscopically.

The cyclopentyl radicals display chemoselectively to the extent
that they react exclusively with the alkyne in propiolate esters
containing benzyl (1f), ether (1g), alkenyl (1i and 1j), haloalkyl
(1k and 11) and trimethylsilyl (Im) groups (Table 1). The same

selectivity is displayed by alkynes containing other electron-
withdrawing groups such as a nitrile (1n), an acid (10), or a sulfone
(1p). However, the crude product obtained from the reaction of
cyclopentane with 3-butyn-2-one 1q is more complex (GC) and the
one product successfully isolated, the £ isomer 2q, was obtained
in only 18% yield. The failure of 1r and 1s to react underlines the
fact an electron-withdrawing group (EWG) on the alkyne is an
essential pre-requisite for reaction with cycloalkyl radicals. In the
same way, the failure of 1t to react presumably reflects the fact
that the influence of the nitro group is excessively attenuated by
the linking aromatic ring. The result helps to identify the level
of elecron-withdrawal that is required for these alkyne—cycloalkyl
radical reactions. Although the lack of an EWG may obviously be
responsible for the inertness of 1u and 1v, steric factors may also
play a role in these reactions, as the disubstituted alkynes 1w and
1x also fail to react despite the presence in both of an EWG.
Cyclopentane reacts with acetylenedicarboxylates 1y-bb
(Scheme 2) (Table 1) in a parallel but somewhat less efficient
manner, forming dialkyl 2-cyclopentyl-2-butenedioates. The stere-
ochemistry of the adducts was assigned on the basis that the
olefinic and cycloalkyl methine hydrogens of the E isomers 3y—
bb, which are cis to ester groups, appear at lower field in the 'H
NMR spectrum relative to those of the Z isomers 2y-bb. The
reactions of acetylenedicarboxylates with cycloalkanes are highly
stereoselective, with the Z isomers predominating as a result of a
secondary photosensitised isomerisation of the initially formed
alkenes. As would be expected, the product ratio in this case
is photomediator dependent. Thus, whereas the benzophenone-
promoted reaction of DMAD 1y with cyclohexane gave a Z/E
ratio of 19 : 1 for 7y/8y, the use of acetophenone, which has
a higher triplet energy, resulted in a 4 : 1 mixture of 7y and
8y, as in this case both isomers are photoactive in terms of the
photosensitised isomerisation process; a 2.5 : 1 ratio was obtained
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Table 4 The photomediated reaction of alkynes with cyclohexane, cycloheptane and cyclooctane”

Cycloalkane Alkyne Time’/h Products (isolated yield, %) E/Z¢
Cyclohexane la 4.5 7a (19) 8a (15) 1.5:1
Cyclohexane 1b 4.5 b (26) 8b (17) 1.5:1
Cyclohexane 1c 8.5 7c/8¢ (27)* 14:1
Cyclohexane le 5.5 Te/8e (37)¢ 1.5:1
Cyclohexane 1k 2.0 7Tk (26)° 8k (14) 1.5:1
Cyclohexane 11 4.0 71(18) 81 (15) 1.5:1
Cyclohexane In 2.0 Tn (11Y 8n (15) 1:1.5
Cyclohexane 1o 2.5 70/80 (28)¢ 25:1
Cyclohexane 1p 5.5 7p/8p (30)* 6.8:1
Cyclohexane 1y 13.5 Ty (31) 1:19¢
Cyclohexane” 1y 20.0 Ty (12) 8y (3) 1:4
Cyclohexane/ 1y 6.5 Ty (17)¢ 8y (7)° 1:2.5¢
Cycloheptane la 2.5 9a (21) 10a (17) 1.3:1
Cycloheptane 1b 2.6 9b (20) 10b (20) 1.3:1
Cycloheptane 1d 2.7 9d (20) 10d (16) 14:1
Cycloheptane In 1.5 9n (26)° 10n (37)° 1:2
Cycloheptane 1p 3.0 9p/10p (17)** 54:1
Cycloheptane 1y No reaction

Cyclooctane la 3.0 11a (18) 12a (24) 14:1
Cyclooctane 1b 3.5 11b (24) 12b (22) 1.3:1
Cyclooctane In 1.0 11n (9) 12n (23) 1:2.4
Cyclooctane 1p 1.5 9p/10p (47)¢ 4.6:1
Cyclooctane 1y No reaction

“Photomediator: benzophenone. * Complete reaction of alkyne (GC). < GC. ¢ Chromatography gave a mixture of stereoisomers. ¢ Contains a trace of
benzophenone. / Separated on AgNO,/Si0,. ¢ Small amounts of cyclohexanol and cyclohexanone were also formed. ” Photomediator: acetophenone.
Isolated product.’ Photomediator: benzaldehyde. * Traces of benzpinacol were also formed. / Contains a trace of 11n.

L —
R - R photomedlator
In

1a-c, 1e, 1k n=2, R'=H,R?=CO,Me 8a

1l, 1n-p, 1y 7b n=2, =H R2=COEt 8b
7¢c n=2, R1 =H, R2=CO,Pr 8c
7e n=2, R'=H, R2= CO,CH,CH(Me)Et 8e
7k n=2, R1 =H, R2= CO,(CH,),Cl 8k
71 n=2, R'=H R2= CO,(CH,),Br 8l
7n n=2, R'=H,R2=CN 8n
70 n=2, R1=H, R2=CO,H 8o
7p n=2, R'=H, R2=S0,Tol 8p
7y n=2, R1— R2=CO,Me 8y
9a n=3, R'=H,R2=CO,Me 10a
9b n=3, R'=H R2=COEt 10b
9d n=3, R'=H,R?=CO,Bu’ 10d
9n n=3, R'=H,R2=CN 10n
9p n=3, R'=H R2=SO,Tol 10p
11a n=4, R'=H,R2= CO,Me 12a
11b n=4, R'=H,R2=CO,Et 12b
11n n=4, R'= H,R2=CN 12n
11p n=4, R'=H, R2=S0O,Tol 12p
Scheme 3

with benzaldehyde (Scheme 3, Table 4). The significantly reduced
stereoselectivity observed with di-z-butyl acetylenedicarboxylate
1bb in the presence of benzophenone (Table 1) presumably reflects
a steric preference for the E isomer. The use of acetophenone in
this case again results in a further reduction of stereoselectivity.
The effect of cycloalkane ring size on the outcome of the
reaction was considered in a series of experiments involving Cs—Cg
cycloalkanes. Reaction occurred in all cases with monosubstituted
alkynes. Cyclopentane, giving overall isolated yields of up to 70%
(Scheme 2, Table 1), was significantly more reactive than the Cq—
C; cycloalkanes, which gave yields varying in a non-systematic
way between 17 and 47% (Scheme 3, Table 4). The pattern of

reactivity observed for the reaction of the cycloalkanes with
DMAD 1y was somewhat different, for although cyclopentane
again gave significantly higher yields than cyclohexane, the larger
ring systems did not react at all (Table 4). The observation
that cyclopentane is more reactive than cyclohexane in reactions
involving their respective radicals has also been made in relation
to the bromination of these systems, where the former reacts
7-8 times faster.”” The difference in reactivity in this case was
attributed to the larger amount of eclipsing strain relief that occurs
when a cyclopentyl radical is formed, essentially an I-strain?®
effect. Although this would account for the relative reactivity
of cyclohexane and cyclopentane, it does not provide a basis
for understanding the behaviour of the other cycloalkanes. A
rationale based on the steric accessibility of the hydrogen atoms in
the cycloalkanes has some merit. It is reasonable to suggest that
the hydrogen atoms in cyclopentane are less sterically hindered
because of its smaller bond angle. The larger bond angles in the
other cycloalkanes would lead to any particular hydrogen in these
systems being subject to greater steric hindrance by the hydrogens
on adjacent carbons. This would result in reduced reactivity for
C,—C; with the propiolates, and a complete lack of reactivity
for C; and C; when DMAD with its greater steric demand is
involved.

Such an analysis would suggest that cyclobutane should be
even more reactive than cyclopentane. Although no information
relating to the reaction of of cyclobutane with alkynes is currently
available, a study® of the reaction of cyclic ethers with alkynes has
shown that four- and five-membered cyclic ethers add to DMAD
under direct radiation, whereas six- and seven-membered systems
are unreactive. A different effect may however be involved here, as
it has been suggested® that there is a correlation between reactivity
and the torsion angle defined by the a-hydrogens and the p-type
non-bonded orbital on oxygen.
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A useful extension of this photochemical functionalisation of
cycloalkanes lies in the fact that the vinylcycloalkanes which are
the primary photoproducts at >300 nm undergo a photochemical
double bond migration at 254 nm. It has already been shown®
that ethyl B-cyclopentyl- and B-cyclohexylpropenoates react to
give B,y-unsaturated esters. In view of the ready availability of the
appropriate propenoates from the cycloalkane—alkyne reactions
discussed above we have been able to show that the reaction can
be extended to other propenoates including B-cycloheptyl and f3-
cyclooctyl systems (Scheme 4).

0 o}

w hv, 254 nm |
N OR — = OR
NEt;
)n )n

2d E,n=1,R=BU 13n=1,R=BU
3e Z n=2,R=CH,CH(Me)Et 14 n = 2, R = CH,CH(Me)Et
3f Z,n=1,R=Bn 15n=2,R=Bn
10aZ n=3,R=Me 16n=3,R=Me
12aZ,n=4,R=Me 17n=4,R=Me

Scheme 4

Of particular interest in this regard is the observation that
the double bond in dimethyl (Z)-2-cyclopentyl-2-butendioate 2y
undergoes a double migration, via the corresponding E isomer 3y,
forming initially the cyclopentylidene derivative 18 and ultimately
the cyclopentene 19 (Scheme 5, Fig. 1).

% Composition

Time (h)

——2y ——3y —O—18 —A—19

Fig. 1 The photodeconjugation reaction of dimethyl (Z)-cyclopentyl-
2-butenedioate 2y in the presence of triethylamine.

CO,Me eOZC
O)i COMe COMe
2y
hv
NEt3
602C MeO,C
NEt3
CO,Me CO,Me
19
Scheme 5

The results reported here demonstrate that the photomedi-
ated reaction of electron-deficient alkynes with cycloalkanes,
particularly cyclopentane, is a genuine alternative to the other
available methods for carbon-carbon bond formation with, or
functionalisation of, such unactivated systems. The fact that the
reactions can be carried out®! using sunlight as a source of UV
radiation, and with supported photomediators, further enhances
the approach from the clean/green chemistry perspective.

Experimental

All starting materials were distilled before use. The alkynes
used, with the exception of those whose preparation is described
below, were commercially available or were prepared by literature
methods. The photochemical reactions between the cycloalkanes
and the alkynes were carried out in cylindrical Pyrex tubes using a
Rayonet Photochemical Reactor, RPR-100, equipped with sixteen
350 nm mercury lamps. IR spectra were measured on a Perkin—
Elmer Spectrum 1 FT-IR. '"HNMR and “C NMR were measured
on a Jeol INM-LA400 spectrometer at probe temperatures using
CDCl; as solvent and TMS as internal standard. GC analyses
were carried out on an RTX-5 (Restek) column. GC-MS analyses
were carried out on a Micromass GCT spectrometer coupled to
an Agilent 6890 capillary gas chromatograph equipped with an
HP5 column.

2-Methoxyethyl propiolate 1g

1g was prepared using a Mitsonobu reaction.’> A solution of
2-methoxyethanol (1.62 g, 21.4 mmol) and triphenylphosphine
(5.05 g, 19.2 mmol) in dry ether (25 ml) was added to a solution of
propynoic acid (1.50 g, 21.4 mmol) and diethyl azodicarboxylate
(3.50 g, 20 mmol), also in dry ether (15 ml). During the addition
there was a slight temperature rise followed by the precipitation
of a white solid. The mixture was stirred for 24 h at rt after
which the solid was removed by filtration and the solvent by
evaporation. The resulting pale yellow liquid was distilled and
chromatographed on SiO, (ether—petroleum ether) to give 1g as a
colourless liquid (1.20 g, 42%): V. (film)/cm~" 3258, 2118, 1717,
'"H NMR (400 MHz, CDCl;) ¢ 2.97 (1H, s, C=CH), 3.40 (3H, s,
OMe), 3.64 (2H, t, J = 6.0 Hz, CH,OMe), 4.28 (2H, t, J = 6.0 Hz,
C(0O)OCH,); *C NMR (100 MHz, CDCl;) ¢ 153.0, 75.6, 74.6,
70.0, 65.3, 59.2. C,H,,0; requires: C, 56.24; H, 6.29%,; found: C,
56.59; H, 6.47%.

Cyclopentylmethyl propiolate 1h

1h was prepared as described above for 1g in 55% yield:
Vmax(film)/cm~" 3262, 2119, 1714, 1230; 'H NMR (400 MHz,
CDCl,) ¢ 1.61 (2H, m), 1.47-1.60 (4H, m), 1.67-1.72 (2H, m),
2.18 (1H, m, OCH,CH), 2.82 (1H, s, C=CH), 4.02 (2H, d, J =
7.0 Hz, OCH,); "*C NMR (100 MHz, CDCl;) 6 152.9, 75.4, 74.4,
70.2,38.2,29.2,25.1. CoH,,0, requires: C, 71.03; H, 7.95%; found:
C, 70.69; H, 7.58%.

Methyl 4-cyclopentyl-2-butynoate 1w

A solution of »n-BuLi (2.5 M in hexanes, 9.0 ml, 2.5 mmol)
was added, under N,, to a cold (—20 °C) stirred solution of
diisopropylamine (0.10 g, 1.0 mmol) and propynoic acid (0.70 g,
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10.0 mmol) in dry THE. After 10 min HMPA (15 ml) was
added slowly and the solution was stirred for 15 min at —20 °C
and at —10 °C for a further 1.5 h. Cyclopentymethyl bromide?*
(1.71 g, 10.5 mmol) was then added and the mixture was stirred
at room temperature for 24 h. After this period methyl iodide
(5.7 g, 40 mmol) was added and stirring was continued at room
temperature for a further 24 h. The mixture was then poured
into ice-cold water, ether was added and the aqueous layer
extracted with further ether. The combined organic extracts were
washed with water and brine, and after drying (MgSO,) and
filtering the solvent was evaporated to give a brown oil (0.9 g).
Chromatography on silica (4% ether in petroleum ether) gave 1w
(0.36 g, 21%) as a clear oil: v, (film)/cm™" 2236, 1716, 1255; 'H
NMR (400 MHz, CDCl;) 6 1.20-1.30 (2H, m), 1.50-1.68 (4H,
m), 1.80 (2H, m), 2.08 (1H, m, CH), 2.31 (2H, d, J = 6.8 Hz,
C=CCH,), 3.73 (3H, s, OCHj;); *C NMR (100 MHz, CDCl;) ¢
154.3,89.4,72.8, 52.5, 38.0, 32.0, 25.0, 24.3. C,,H,,0, requires: C,
72.26; H, 8.49%; found: C, 72.38; H, 8.15%.

Methyl 5-cyclohexyl-2-pentynoate 1x

I1x was prepared as described above for 1w in 39% yield:
Vmax(film)/cm~" 2237, 1716, 1252; '"H NMR (400 MHz, CDCl;)
0 0.89-0.90 (2H, m), 1.10-1.30 (2H, m), 1.35 (1H, m, CH), 1.47
(2H, q,J =7.3Hz, C=CCH,CH,), 1.63-1.71 (6H, m), 2.34 (2H, t,
J =7.3Hz, C=CCH,), 3.76 (3H, s, OCHj;); "C NMR (100 MHz,
CDCl;) 6 154.2,90.1, 72.6, 52.5, 36.6, 34.8, 32.6, 26.4, 26.0, 16.0.
C,H 30, requires: C, 74.19; H, 9.34%; found: C, 74.07; H, 9.34%.

General procedure for photochemical reactions using benzophenone
as photomediator

A solution of benzophenone (0.08 g, 0.43 mmol), and when
required dodecane (0.37 g, 2 mmol), in cycloalkane (40 ml) was
degassed with N, for 20 min. The alkyne (3 mmol) was added
and the stirred solution was irradiated until all the alkyne had
been consumed (GC). The crude product mixture contained the
cis and trans alkene products, and also trace amounts of the
cycloalkanol and cycloalkanone (GC-MS) corresponding to the
cycloalkane used. Subsequent to the removal of excess solvent
the products (Tables 1 and 4) were isolated by chromatography on
silica (50 g) using 5% ether—petroleum ether as eluant. All products
were obtained as clear sweet-smelling oils and were characterised
in the ususal way on the basis of IR and analytical data (Table 5),
and 'H and "C NMR spectroscopy (Tables 6 and 7).

Isolation of (2E,4E)-4-(cyclohexylmethylene)-2-pentenedinitrile
5 and (2E,4Z)-4-(cyclohexylmethylene)-2-pentenedinitrile 6. A
solution of benzophenone (0.08 g, 0.43 mmol) in cyclohexane
(20 ml) was degassed with N, for 20 min. Propionitrile (0.43 g,
8.4 mmol) was added and the solution was irradiated for 31 h,
at which point product formation had ceased (GC). The crude
product contained the expected alkenes 7n and 8n (GC, 1:1.4) and
a small amount of benzpinacol ("H NMR). Chromatography on
silica (40 g, 0-20% ether in petroleum ether) initially gave fractions
containing mixtures of 7n, 8n and benzophenone. Further elution
gave 5 (0.01 g) and 6 (0.02 g). 5: v, (film)/cm™" 2222, 1622, 965;
'H NMR (400 MHz, CDCl;) ¢ 0.88-1.36 (5H, m), 1.58-1.78
(5H, m), 2.56 (1H, m, CHCH=C), 5.84 (1H, d, Jx.., = 16.1 Hz,

NCCH=CH), 6.57(1H, d, J,, = 10.7 Hz, CHCH=C), 7.22
(1H, d, Jiyams = 16.1 Hz, NCCH=CH), 3.76 (3H, s, OCH,);
m/z (EI) 186 (M*, 7%), 185(5), 105(25), 103(9), 82(48), 67(100).
HRMS (EI): calcd. for C,,H;N, 186.1157, found: 186.1155. 6:
Vmax(film)/cm=" 2222, 1622, 965; '"H NMR (400 MHz, CDCl;) 6
0.88-1.38 (SH, m), 1.58-1.77 (5H, m), 2.65 (1H, m, CHCH=C),
5.72 (1H, d, Jy.. = 16.1 Hz, NCCH=CH), 6.53(1H, d, J,. =
10.2 Hz, CHCH=C), 6.89 (1H, d, J ;.,, = 16.1 Hz, NCCH=CH);
m/z (EI) 186 (M*, 8%), 185(1), 105(27), 103(11), 82(50), 67(100).
HRMS (EI): calcd. for C;,H;,N, 186.1157, found: 186.1173.

The reaction of propionitrile with cyclopentane under these
conditions resulted in the formation of two major products,
2n and 3n, and traces of a third, GCMS analysis of which
suggested it was a 4-(cyclopentylmethylene)-2-pentenedinitrile 4:
m/z (EI) 172 (M*, 12%), 171(19), 144(10), 130(9), 105(78), 103(30),
68(100), 67(14). HRMS (EI): caled. for C,,;H,,N, 172.1000, found:
172.0986.

Photodeconjugation reactions

Irradiation of isobutyl (FE)-3-cyclopentyl-2-propenoate 2d.
Et;N (1 drop) was added to a degassed solution of 2d (0.16 g,
0.08 mmol) in cyclopentane in a quartz tube and this was
then irradiated in a Rayonet reactor using 254 nm lamps. The
reaction was monitored by GC, which indicated the formation
of two products. One of these, which was identified (GC) as
isobutyl (Z)-3-cyclopentyl-2-propenoate 3d, disappeared as the
reaction proceeded. Irradiation was discontinued after 10 h
when all of the 2d had reacted. Elution of the crude product
from silica (20 g) with ether—petroleum ether gave isobutyl 3-
cyclopentylidenepropanoate 13 (0.1 g, 59%) as a colourless liquid:
Vmax(film)/cm~" 1735; "H NMR (400 MHz, CDCl;) 6 0.93 (6H, d,
J = 6.6 Hz, Me,CH), 1.60-1.75 (4H, m), 1.93 (1H, m, Me,CH),
2.20 (2H, t, J = 7.0 Hz, CH,CH,C=), 2.25 (2H, t, J = 7.0 Hz,
CH,CH,C=), 3.00 (2H, d, J = 7.1 Hz, CH,CO), 3.80 (2H, d,
J = 6.6 Hz, OCH,), 5.40 (1H, t, / = 7.1 Hz, CH=C); "C NMR
(100 MHz, CDCl;) 6 167.8, 142.6, 106.6, 65.9, 30.5, 28.7, 24.1,
23.0,21.5, 14.3. C,H,,0, requires: C, 73.43; H, 10.27%; found: C,
73.20; H, 9.96%.

Irradiation of 2-methylbutyl (Z)-3-cyclohexyl-2-propenoate 3e.
Irradiation of 3e as indicated above for 18.5 h resulted in
the formation of 2-methylbutyl 3-cyclohexylidenepropanoate 14
(53%), which was obtained as a colourless liquid: vy, (film)/cm™
1738; '"H NMR (400 MHz, CDCl;) ¢ 0.81 (3H, t, J = 7.6 Hz,
MeCH,), 0.85 (3H, d, J = 7.3 Hz, MeCH), 1.07-2.04 (13H, m),
2.98 (2H, d, J = 7.3 Hz, CH,CO), 3.79 and 3.88 (2H, dds, J,;. =
6.5, Jem = 10.6 Hz, OCH,), 5.18 (1H, t, J/ = 7.3 Hz, CH=C); “C
NMR (100 MHz, CDCl;) 6 173.4, 142.9, 112.4, 69.1, 36.8, 34.0,
32.9,28.8,28.3,27.4, 26.6, 25.9, 16.2, 11.1. C,,H,,0, requires: C,
75.00; H, 10.71%; found: C, 74.73; H, 10.49%.

Irradiation of benzyl (Z)-3-cyclopentyl-2-propenoate 3f. In the
same way the irradiation of 3f for 5.5 h resulted in the formation
of benzyl 3-cyclopentylidenepropanoate 15 (70%), which was
obtained as a colourless liquid: vy (film)/cm™~" 1734, 736, 696;
"H NMR (400 MHz, CDCl;) 6 1.45-1.80 (4H, m), 2.20 (2H, t,
J=7.0Hz, CH,CH,C=),2.25(2H, t,J = 7.0 Hz, CH,CH,C=),
3.00 2H, d, J = 7.1 Hz, CH,CO), 5.04 (2H, s, OCH,), 5.36 (1H,
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Table 5 IR and analytical data

Vmax/cm ™! Analytical data
Alkenoate co c=C Other bands C (Found (%) [Requires (%)])  H (Found (%) [Requires (%)]) HRMS CI, M* + H: Found (Calculated)
2a (CoH{40,)% 1724 1658 983 — — —
3a (CyH40,) 1721 1642 816 69.82[70.10] 8.85[9.15] —
2b (CjpH;60,) 1724 1656 — — — —
3b (CioH602) 1720 1643 816 71.21[71.39] 9.36[9.59] —
2d (C12H202) 1720 1652 — 73.06 [73.43] 10.17 [10.27] —
3d (C12H2002) 1720 1642 820 73.20 [73.43] 9.96 [10.27]
3f (Ci5sHi30,) 1718 1639 818, 736, 696 78.54[78.23] 8.20[7.88] —
2g (C11H303) 1717 1651 — 66.65 [66.64] 8.73[9.15] —
3g (C11H303) 1720 1642 820 66.65 [66.64] 8.50[9.15] —
2h (C14sH»07) 1720 1652 — 75.42 [75.63] 9.75[9.97] —
3h (C14H2,0,) 1720 1641 820 75.35[75.63] 9.64[9.97] —
2i (C11H607) 1718 1650 984, 929 — — —
3i (C11Hi602)* 1719 1641 986, 929 — — —
2j (C13H2902) 1716 1653 — 74.85[74.96] 9.75[9.68] —
3j (C13H202) 1721 1642 — 74.65 [74.96] 9.65[9.68]
3k (CioH;5Cl0O,) 1720 1640 818 — — 202.0752% (202.0761)
21 (CyoH;5BrOy) 1719 1649 982- 48.89 [48.58] 6.08 [6.07] —
31 (C1oH;5BrO») 1721 1640 819 48.75 [48.58] 6.1916.07] —
2m (C1Hy 0,81 — — — — — 212.1222% (212.1233)
3m (C1Hy 0,81 — — — — — 212.1243% (212.1233)
2n (CgH i N)* — 1631 2222,971 — — 121.0888% (121.0891)
3n (CgH;1N) — 1621 2218 — — 121.0898% (121.0891)
20 (CsH1,0,)% 1687 1644 3100, 986 — — 140.0836 (140.0837)
30 (CsH120,)% 1693 1634 3100, 826 — — 140.0838% (140.0837)
2p (C14H30,5)* — 16244 1597, 1315, 1140, — — 250.1031% (250.1028)
976, 8157
3p (Ci4H130,5)* — — — 250.1021% (250.1028)
2q (CyH,40)% 1673 1623 — — — —
2y (C11H604) 1722 1642 — 62.44 [62.25] 7.29 [7.60] —
2z (C13H204) 1728 1646 — 64.78 [64.98] 8.51[8.39] —
2aa (C17H304) 1727 1642 — 69.24 [68.89] 9.35[9.52] —
3aa (C7H2304) 1721 1638 — 68.54 [68.89] 9.38[9.52] —
2bb (C17H2304) 1721 1643 838 68.82 [68.89] 9.41[9.52] —
3bb (C17H2304) 1718 1630 842 68.89 [68.89] 9.28 [9.52] —
Ta (C10H1502)38 1724 1651 983 — — —
8a (C10H1602)39 1724 1644 820 — — —
7b (Cy 1 H;30,)% 1724 1652 983 — — —
8b (C;1H;30,)* 1724 1644 820 — — —
7c (C12Hy00)%3* 1719 1650 — — — —
8e (C14H240,) 1722 1638 816 74.84 [75.01] 10.39 [10.70] —
7k (C11H7ClO)* 1721 1650 892 — — —
8k (C1H7Cl0O») 1720 1637 818 — — 217.0995¢ (217.0995)
71(C11H17BrO») 1720 1650 982 — — 260.0414% (260.0412)
81 (C1H17BrO») 1720 1638 818 — — —
n (CoH3N)* — 1629 967, 2222 — — 135.1049% (135.1048)
8n (CoH 3 N)*! — 1624 2219 — — 135.1047% (135.1048)
70 (CoH140,)"3® 16899 16399 3100, 984, 8274 — — —
80 (CoH40,)* — — —
7p (Ci5H20,5)* — 16249 1597, 1316, 1142, — — —
972, 8114
8p (Ci5H20,5)* — — 264.11782(264.1184)
7y (C12H1504)%7 1723 1644 — — — —
8y (C12H 504)% 1723 1635 — — — —
9a (C;1H30,) 1725 1652 — 72.25[72.49] 9.801[9.95] —
10a (C;1H30,) 1724 1642 816 72.11[72.49] 9.73[9.95] —
9b (C12Hy0,)* 1719 1648 — — — —
10b (C12H20,) 1720 1641 818 73.48 [73.43] 10.06 [10.27] —
9d (C14H2405) 1720 1650 — 74.95 [74.95] 10.43[10.78] —
10d (C14H240,) 1721 1641 816 74.72 [74.95] 10.61 [10.78] —
9n (CjoH 5N)* — 16274 22214 — — 150.1281¢ (150.1283)
10n (CyoHisN)* — — 150.1277¢ (150.1283)
9p (C16H20,5)* — 16209 1595, 1313, 1140, — — 278.1344% (278.1341)
970, 8094
10p (C1cH»0,5)* — 278.1341% (278.1341)
11a (C;2H205) 1725 1653 — 73.38 [73.43] 10.13[10.27] —
12a (C12H20») 1724 1642 829 73.21[73.43] 10.15[10.27] —
11b (C13H2,0,) 1721 1651 — 74.33[74.24] 10.18 [10.54] —
12b (C13H2,0,) 1720 1640 830 74.26 [74.24] 10.23[10.54] —
11n (C;1Hi7N)* — 1627 2221, 970, — — 163.1277% (163.1283)
12n (C;1H7N) — 1618 2219 — — 163.1278% (163.1283)
11p (C7H240,8)*  — 16207 1597, 133157 1142, — — 292.1497% (292.1497)
975, 811

12p (C16H220,5)*

292.1490° (292.1497)

“Obtained as a mixture with its stereoisomer. ® EI. ¢ Obtained as a mixture with its stereoisomer and the corresponding acids. ¢ For mixtutre of
stereoisomers. ¢ CI, M* + H.
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Table 6 NMR data for photoproducts obtained from cyclopentane

Alkene Jy/ppm dc/ppm

2a% 1.38-1.50 (m, 2H), 1.58-1.78 (m, 4H), 1.80-1.90 (m, 2H), 2.59 (m, 1H, Hy), 3.72 (s, 3H, OCH3), 5.80 167.2, 153.6, 118.7, 51.1, 42.6, 32.2, 25.0
(d, 1H, Hy, J 15.6), 6.95 (dd, 1H, H3, J 15.6, J 8.0).

3a 0.82-0.90 (m, 2H), 1.20-1.38 (m, 2H), 1.58-1.78 (m, 2H), 1.87-1.96 (m, 2H), 3.65 (m, 1H, Hy), 3.70 166.9,155.6, 117.4, 50.8, 39.0, 33.3, 25.5
(s, 3H, OCH3), 5.68 (d, 1H, H,, J 11.5), 6.12 (dd, 1H, H3, J 11.5, J 10.0).

2b3 1.30 (t, 3H, CH3CH,, J 7.0Hz), 1.36-1.41 (m, 2H), 1.59-1.80 (m, 4H), 1.81-1.88 (m, 2H), 2.60 (m, —
1H, Hy), 4.18 (q, 2H, OCH,, J 7.0), 5.80 (dd, 1H, H,, J 15.6, J 1.0), 6.95 (dd, 1H, Hs, J 15.6, J 8.0).

3b 1.28 (t, 3H, CH3CH,, J 7.0 Hz), 1.59-1.70 (m, 6H), 1.91-1.99 (m, 2H), 3.69 (m, 1H, Hy), 4.16 (q, 167.0, 155.3,117.9, 59.7, 39.1, 33.3, 26.0, 14.2
2H, OCH,, J 7.0), 5.67 (dd, 1H, H,, J 11.3, J 1.1), 6.10 (dd, 1H, H3, J 11.3, J 9.8).

2d 0.90 (d, 6H, (CH3),CH, J 6.7), 1.33-1.38 (m, 2H), 1.57-1.78 (m, 4H), 1.88-1.95 (m, 2H), 1.92 (m, 167.1,153.2,118.9, 70.2, 42.8, 32.1, 27.7, 25.1,
1H, (CH3),CH), 2.54 (m, 1H, Hy), 3.86 (d, 2H, OCH», J 6.7), 5.76 (d, 1H, H,, J 15.4), 6.90 (dd, 1H, 19.2.
Hi, J 154, 7 7.6).

3d 0.95 (d, 6H, (CH3),CH, J 6.7), 1.23-1.28 (m, 2H), 1.59-1.71 (m, 4H), 1.93-1.98 (m, 3H), 3.68 (m, 166.7, 155.1, 118.0, 70.0, 39.2, 33.4, 27.7, 25.5,
1H, Hy), 3.89 (d, 2H, OCH», J 6.7), 5.68 (d, 1H, H,, J 11.5), 6.11 (dd, 1H, Hs, J 11.5, J 10.0) 19.2.

21 5.86 (dd, 1H, Ha, J 15.6, J 0.98), 6.14 (dd, 1H, H3, J 15.6, J 8.0). —

3f 1.20-1.35 (m, 2H), 1.58-1.80 (m, 4H), 1.87-1.99 (m, 2H), 3.72 (m, 1H, Hy), 5.15 (s, 2H, Ph-CH>), 166.2, 155.9, 136.0, 128.5, 128.3, 128.1, 117.6,
5.73 (dd, 1H, Hy, J 11.5, J 0.98), 6.14 (dd, 1H, H3, J 11.5, J 10.0), 7.10-7.40 (m, 5H, Ph). 65.6, 39.2, 33.6, 25.5.

2g 1.36-1.43 (m, 2H), 1.58-1.73 (m, 4H), 1.81-1.84 (m, 2H), 3.40 (s, 3H, OCH3), 3.63 (t, 2H, 166.9, 154.2, 118.9, 70.5, 63.2, 58.9, 42.7, 32.2,
CH,O0CH3;, J 6.0), 4.28 (t, 2H, COOCHa, J 6.0), 5.84 (d, 1H, H,, J 15.6), 6.98 (dd, 1H, H3, J 15.6, 25.1.
J 7.8).

3g 0.85 (m, 1H), 1.16-1.25 (m, 2H), 1.61-1.69 (m, 4H), 1.92 (m, 1H), 3.38 (s, 3H, OCH3), 3.62 (t, 2H, 167.1, 156.0, 118.3, 71.2, 63.5, 59.6, 39.9, 34.0,
CH,0CH3;, J 6.0), 4.26 (t, 2H, COOCHa,, J 6.0), 5.73 (d, 1H, H,, J 11.7), 6.14 (dd, 1H, H;, J 11.7, 26.2.
J 10.2).

2h 1.26-1.36 (m, 2H), 1.37-1.46 (m, 2H), 1.50-1.82 (m, 12H), 2.22 (m, 1H, OCH,CH,), 2.58 (m,1H, 167.5, 153.7, 119.6, 68.5, 43.1, 38.8, 38.7, 29.7,
Hy), 4.00 (d, 2H, OCH,, J 6.8), 5.80 (d, 1H, H», J 15.6), 6.94 (dd, 1H, H3, J 15.6, J 7.8). 25.5.

3h 1.20-1.32 (m, 2H), 1.55-1.90 (m, 12H), 2.22 (m, 1H, OCH,CH), 3.69 (m,1H, H,4), 3.99 (d, 2H, 167.1, 155.4, 118.4, 68.2, 39.5, 38.8, 33.7, 29.7,
OCHa, J 6.8), 5.67 (d, 1H, H,, J 11.7), 6.10 (dd, 1H, H3, J 11.7, J 9.75). 25.8, 25.6.

2i 1.37 (m, 2H), 1.59-1.69 (m, 4H), 1.83 (m, 2H), 2.58 (m, 1H, Hy4), 4.63 (d, 2H, OCH,, J 5.8), 5.23 and 166.5, 154.0, 132.3, 118.9, 118.0, 64.8, 42.8,
5.31 (ds, 2H, CH=CH>, J 10.2, J 15.6), 5.80 (d, 1H, H», J 15.6), 5.96 (m, 1H, CH=CHy,), 6.00 (dd, 32.2,25.1.
IH, CHCH=CH, J 8.3, J 15.6).

3i“ 1.18 (m, 2H), 1.57-1.62 (m, 4H), 1.83 (m, 2H), 3.62 (m, 1H, Hy), 4.53 (d, 2H, OCH,, J 5.8), 5.15 and 166.1, 155.9, 132.6, 117.9, 117.5, 64.5, 39.1,
5.23 (ds, 2H, CH=CH,», J 10.2, J 17.0), 5.63 (d, 1H, H», J 11.7), 5.85 (m, 1H, CH=CH,), 6.07 (t, 33.3,25.5.
1H, H3,J 11.7)

2j 1.34-1.39 (m, 2H), 1.51-1.57 (m, 4H), 1.65-1.80 (m, 2H), 1.68 (s, 3H, CH3C), 1.72 (s, 3H, CH;C), 167.0, 153.6, 138.0, 119.2, 118.7, 61.0, 42.8,
2.54 (m, 1H, Hy), 4.58 (d, 2H, OCH,, J 7.3), 5.32 (t, 1H, (C=CHCH,, J 7.3), 5.75 (d, 1H, Ha, 32.3,25.7,25.2, 18.0.
J 15.7),6.92 (dd, 1H, H3, J 15.7, J 7.7).

3§ 1.14-1.20 (m, 2H), 1.47-1.61 (m, 4H), 1.65 (s, 3H, CH;C), 1.70 (s, 3H, CH;C), 1.83-1.87 (m, 2H), 166.5, 155.5,137.8, 118.9, 117.9, 60.7, 39.1,
3.60 (m, 1H, Hy), 4.53 (d, 2H, OCHa, J 7.3), 5.30 (t, 1H, (C=CHCH,, J 7.3), 5.62 (dd, 1H, Ha, 33.4,25.7,25.5, 18.02.
J 11.3,7J1.01), 6.04 (dd, 1H, H3, J 11.3, 7 9.9).

3k 1.25 (m, 2H), 1.60-1.72 (m, 4H), 1.91 (m, 2H), 3.67 (m, 1H, Hy), 3.71 (t, 2H, CH,Cl, J 5.8), 4.36 (t, 166.0, 156.6, 117.0, 63.3, 41.5, 39.1, 33.2, 25.4.
2H, OCH,, J 5.8), 5.73 (d, 1H, H», J 11.7), 6.18 (t, 1H, H3, J 11.7).

21 1.37 (m, 2H), 1.52-1.70 (m, 4H), 1.83 (m, 2H), 2.59 (m, 1H, Hy), 3.54 (t, 2H, CH,Br, J 6.3),4.43 (t, 167.0, 155.0, 118.5, 63.6, 42.9, 32.3, 28.9, 25.3.
2H, OCH,, J 6.3), 5.80 (d, 1H, Ha, J 15.6), 7.01 (dd, 1H, H3s, J 8.3, J 15.6).

31 1.22 (m, 2H), 1.62-1.72 (m, 4H), 1.91 (m, 2H), 3.54 (t, 2H, CH,Br, J 6.3), 3.68 (m, 1H, Hy), 4.42 (t, 165.9, 156.8, 117.2, 63.3, 39.4, 33.4, 28.9, 25.6.
2H, OCH,, J 6.3), 5.70 (d, 1H, H, J 11.7), 6.19 (t, 1H, H3, J 11.7).

2m’® 0.28 (s, 9H, CH3), 1.19-1.82 (m, 8H), 2.52 (m, 1H, Hy), 5.67 (d, 1H, H,, J 15.6), 6.83 (dd, 1H, H3, —
J 7.8,J 15.6).

3m?® 0.28 (s, 9H, CH3), 1.19-1.82 (m, 8H), 3.59 (m, 1H, Hy), 5.57 (d, 1H, H,, J 11.2), 6.04 (t, 1H, Hs, —
J11.2).

2n 1.30 (m, 2H), 1.55-1.77 (m, 4H), 1.88 (m, 2H), 2.51 (m, 1H, Hy4), 5.20 (d, 1H, H,, J 15.6), 6.63 (dd, 160.0, 117.6, 97.6, 43.8, 32.0, 25.0.
1H, H3, J 8.3, J 15.6).

3n 1.35 (m, 2H), 1.63-1.74 (m, 4H), 1.94 (m, 2H), 3.00 (m, 1H, Hy4), 5.19 (d, 1H, Ha, J 10.7), 6.38 (t, 1H, 159.7,116.2,97.3,42.5, 32.8, 25.4.
Hs, J 10.7).

2036 1.38 (m, 2H), 1.43-1.70 (m, 4H), 1.86 (m, 2H), 2.56 (m, 1H, Hy), 5.78 (d, 1H, H,, J 15.1), 7.03 (t, 1H, 172.4,156.5, 118.6, 42.9, 32.2, 25.2.
Hi, J 8.3,J 15.1), 10.32 (br s, 1H, OH)

3036 1.26 (m, 2H), 1.51-1.70 (m, 4H), 1.88 (m, 2H), 3.66 (m, 1H, Hy), 5.68 (d, 1H, H,, J 11.2), 6.21 (t, 1H, 172.3,158.0, 117.1, 39.1, 33.2, 25.4.
Hi, J 11.2), 10.31 (br s, 1H, OH)

2p® 1.35 (m, 2H), 1.59-1.67 (m, 4H), 1.84 (m, 2H), 2.42 (s, 3H, CH3), 2.61 (m, 1H, H3), 6.29 (d, 1H, H;, 151.3, 151.0, 143.8, 139.1, 137.5, 129.6, 128.6,
J 15.1),6.93 (dd, 1H, H,, J 7.8, J 15.1), 7.31 and 7.74 (d, 2H, J 8.3). 128.5,127.4,127.2, 41.7, 37.6, 33.0, 31.7, 25.2,

24.8,21.2¢,

3p® 1.35 (m, 2H), 1.59-1.67 (4H, m), 1.84 (2H, m,), 2.42 (s, 3H, CH3), 3.71 (m, 1H, H3), 6.11 (t, 1H, H,,
J 10.7), 6.19 (d, 1H, H;, J 10.7), 7.31 and 7.77 (d, 2H, J 8.3).

2¢% 1.40 (m, 2H), 1.64-1.78 (m, 4H), 1.86 (m 2H), 2.42 (s, 3H, COCH3), 2.60 (1H, Ha), 6.05 (d, 1H, Ha, —
Jians = 14.9), 6.77 (dd, 1H, H3, J 10.2, J 14.9).

2y 1.52-1.58 (m, 8H), 2.68 (m, 1H, HCC=C), 3.65 (s, 3H, OCH3), 3.77 (s, 3H, OCH3), 5.74 (d, 1H, 169.3, 165.4, 155.0, 117.0, 52.0, 51.6, 44.3,
C=CH, J 1.46). 30.0, 24.6.

2z 1.27 (t, 3H, CH3CH,, J 7.1), 1.33 (t, 3H, CH3CH;, J 7.1), 1.52-1.58 (m, 8H), 2.75 (m, 1H, 168.9, 165.0, 155.0, 117.0, 61.1, 60.5, 44.3,
HCC=C), 4.10 (q, 2H, CH3CH>, J 7.1), 4.30 (q, 2H, CH3CH>, J 7.1), 5.77 (d, 1H, C=CH, J 1.47). 30.7, 24.7, 14.0.

2aa 0.85 (d, 6H, Me, J 6.3), 0.87 (d, 6H, Me, J 6.3), 1.53-1.91 (m, 8H, CH>), 1.93 (m, 2H, CHMe), 2.67 168.9, 164.9, 154.5, 116.9, 71.3, 70.6, 44.3,
(m, 1H, HCC=C), 3.80 and 3.92 (ds, 4H, OCH,, J 6.8), 5.71 (s, 1H, C=CH). 30.8, 27.5, 24.6, 19.1, 19.0.

3aa 0.96 (d, 6H, Me, J 6.3), 0.97 (d, 6H, Me, J 6.3), 1.58-1.95 (m, 8H, CHa), 1.98(m, 2H, CHMe), 2.79 168.9, 164.9, 154.5,125.2, 71.2, 70.7, 38.7,
(m, 1H, CHC=C), 3.94 and 4.00 (ds, 4H, OCH,, J 6.8), 6.49 (s, IH, C=CH). 31.5,27.6,26.4, 19.1, 18.8.

2bb 1.34-1.80 (m, 8H), 1.38 (s, 9H, C(CHj3)3), 1.52 (s, 9H, C(CH3)3), 2.66 (m, 1H, HCC=C), 5.59 (s, 1H, 168.2, 164.5, 153.3, 118.2, 82.0, 80.5, 44.3,
C=CH). 30.5, 28.0, 27.9, 24.7.

3bb 1.45 (s, 9H, C(CHj3)3), 1.46 (s, 9H, C(CH3)3), 1.40-1.80 (m, 8H), 3.70 (m, 1H, HCC=C), 6.25 (s, 1H, 167.0, 164.9, 152.0, 125.9, 81.7, 81.0, 38.8,
C=CH). 31.4,28.0, 27.8, 26.4.

“Obtained as a mixture with its stereoisomer. ® Obtained as a mixture with its stereoisomer and the corresponding acids. ¢ For mixture of stereoisomers.
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Table 7 NMR data for photoproducts obtained from cyclohexane, cycloheptane and cyclooctane
ou/ppm dc/ppm

7238 1.12-1.34 (m, SH), 1.65-1.77 (m, SH), 2.13 (m, 1H, Hy), 3.72 (s, 3H, OMe), 5.78 (d, 1H, H,, 167.4, 154.4, 118.3, 51.2, 40.3, 32.2, 25.7, 25.5.
J 15.7), 691 (dd, 1H, H3, J 6.9, J 15.7).

823 0.99-1.30 (m, SH), 1.54-1.72 (m, 5H), 3.24 (m, 1H, Hy), 3.63 (s, 3H, OMe), 5.58 (d, 1H, H,, 166.7, 155.9, 117.1, 50.9, 37.3, 32.2, 25.8, 25.4.
J11.3),5.96 (t, 1H, H3, J 11.3).

7p22 1.12-1.30 (m, 4H), 1.28 (t, 3H, Me, J 6.9), 1.65-1.83 (m, 6H), 2.13 (m, 1H, Hy), 4.17 (q, 2H, 167.0, 154.1, 118.7, 60.0, 40.3, 31.6, 25.8 25.6, 14.1
CH,0,J 6.9),5.74 (d, 1H, H,, J 15.7), 6.90 (dd, 1H, H3, J 6.9, J 15.7)

8h22 1.12-1.39 (m, 4H), 1.33 (¢, 3H, Me, J 6.9), 1.65-1.73 (m, 6H), 3.27 (m, 1H, Hy), 4.15 (g, 2H, 166.4, 155.5, 117.6, 59.7, 37.3, 32.3, 25.8, 25.4, 14.2.
CH,0, J 6.9), 5.66 (d, 1H, H, J 11.7), 6.02 (dd, 1H, H3, J 9.8, J 11.7)

T34 0.86-1.28 (m, 5SH), 0.88 (t, 3H, Me, J 7.3), 1.57-1.69 (m, SH), 1.58 (m, 3H, MeCH>), 2.04 (m, 1H,  167.1, 154.1, 118.7, 65.3, 40.2, 32.2, 25.6, 25.4, 22.0,
H,), 3.99 (t, 2H, CH,0, J 6.9), 5.71 (d, 1H, H,, J 15.7), 6.82 (dd, 1H, Hs, J 6.5, J 15.7). 10.3.

8c 0.87-1.29 (m, 5H), 0.89 (t, 3H, Me, J 7.3), 1.56-1.69 (m, SH), 1.58 (m, 3H, MeCH>»), 3.22 (m, 1H,  166.8, 155.4, 117.6, 65.8, 37.3, 31.5, 25.8, 25.3, 21.9,
Hy), 3.99 (t, 2H, CH,0, J 6.9), 5.57 (d, 1H, H,, J 11.7), 5.95 (t, IH, Hs, J 11.7). 10.4.

Te® 0.80 (d, 3H, MeCH, J 6.5), 0.86 (t, 3H, MeCH,, J 6.5), 0.99-1.66 (m, 13H), 2.07 (m, 1H, Hy), 3.86  167.1, 154.1, 118.7, 68.7, 40.3, 32.2, 30.5, 26.2, 25.8,
and 3.96 (dd, 1H, CH,0, J 6.5, J 10.9), 5.70 (d, 1H, H», J 15.7), 6.87 (dd, 1H, H3, J 6.5, J 15.7).  25.6,16.3, 11.1.

8e 0.80 (d, 3H, MeCH, J 6.5), 0.86 (t, 3H, MeCH,, J 6.5), 0.99-1.66 (m, 13H), 3.21 (m, 1H, Hy), 166.7, 155.2, 117.6, 68.5, 37.3, 30.6, 30.0, 26.0, 25.8,
3.84 and 3.94 (dd, 1H, CH,0, J 6.5, J 10.9), 5.60 (d, IH, H,, J 11.7), 5.94 (t, 1H, Hy, J 11.7). 25.4,16.4, 11.1.

Tk* 1.03-1.48 (m, 5H), 1.54-1.71 (m, 5H), 2.03 (m, 1H, Hy), 3.63 (t, 2H, CH,»Cl, J 5.8), 4.30 (t, 2H, 166.5, 155.6, 118.0, 63.8, 41.6, 40.4, 31.5, 25.7, 25.6.
OCH,, J 5.8), 5.70 (d, 1H, H,, J 15.6), 6.91 (dd, 1H, Ha, J 6.3, J 15.6).

8k 0.85-1.37 (m, 5H), 1.59-1.66 (m, 5H), 3.19 (m, 1H, Hy), 3.63 (t, 2H, CH,Cl, J 5.8), 4.27 (t, 2H, 165.7,156.8, 116.7, 63.4, 41.5, 37.4, 32.2,25.7, 25.3.
OCH,, J 5.8), 5.60 (d, 1H, H,, J 11.2), 6.02 (t, 1H, H3, J 11.2).

7 0.84-1.34 (m, SH), 1.66-1.78 (m, SH), 2.15 (m, 1H, Hy,), 3.54 (t, 2H, CH,Br, J 6.3), 4.43 (t, 2H, 166.3, 155.5, 117.9, 63.4, 40.3, 31.4, 28.7, 25.7, 25.5.
OCHa,, J 6.3), 5.81 (dd, 1H, H», J1r 0.9, J 15.6), 6.99 (dd, 1H, H3, J 6.3, J 15.6).

8 0.83-1.41 (m, SH), 1.64-1.73 (m, 5H), 3.27 (m, 1H, Hy), 3.54 (t, 2H, CH,Br, J 6.3), 4.42 (t, 2H, 165.0, 156.9, 116.7, 63.2, 37.4, 32.2, 28.8, 25.8, 25.4.
OCH,, J 6.3), 5.70 (dd, 1H, H», J1r 0.9, J 11.7), 6.10 (t, 1H, H3, J 11.7).

Tn* 0.88-1.39 (m, SH), 1.62-1.77 (m, 5H), 2.13 (m, 1H, Hy), 5.24 (d, 1H, Ha, J 16.6), 6.66 (dd, 1H, -
Hs, J 6.8, 16.6).

8n*! 0.88-1.39 (m, SH), 1.62-1.76 (m, 5H), 2.60 (m, 1H, Hy), 5.22 (d, 1H, H», J 10.7), 6.29 (t, 1H, H;, —
J 10.7).

7043 0.88-1.38 (m, 5H), 1.66-1.78 (m, 5H), 2.18 (m, 1H, Hy), 5.76 (d, 1H, Ha, J 15.6), 7.02 (dd, 1H, 172.6, 172.1, 158.1, 157.1, 118.2, 117.0, 40.3, 37.3, 32.0,
Hs, J 6.8, J 15.6), 10.83 (br s, OH). 31.3,25.7,25.5, 25.2°.

8o¢ 0.88-1.38 (m, 5H), 1.66-1.78 (m, 5H), 3.28 (m, 1H, Hy), 5.66 (dd, 1H, Ha, J 11.2), 6.15 (¢, 1H,
Hs, J 11.2), 10.83 (br s, OH).

p° 1.10-1.28 (m, 5H), 1.64-1.73 (m, 5H), 2.15 (m, 1H, H3), 6.25 (d, 1H, H;, J 15.1), 2.42 (s, 3H, 151.3, 151.0, 144.0, 137.6, 129.7, 128.5, 127.2, 126.8,
Me), 6.90 (dd, 1H, H,, J 6.3, J 15.1), 7.31 and 7.73 (d, 2H, J 8.3). 39.7,36.3, 31.8, 31.1, 25.6, 25.4, 25.0, 21.5.

8p* 1.10-1.28 (m, 5H), 1.64-1.73 (m, SH), 2.42 (s, 3H, Me), 3.31 (m, 1H, H3), 6.00 (t, IH, H,, J 10.7),
6.19 (d, 1H, Hy, J 10.7), 7.31 and 7.78 (d, 2H, J 8.3).

7y 1.10-1.40 (m, 5H), 1.70-1.90 (m, 5H), 2.30 (m, 1H, HCC=C), 3.71 (s, 3H, OMe), 3.84 (s, 3H, 169.3, 165.6, 156.2, 116.8, 52.0, 51.6, 42.2, 31.0, 26.0,
OMe), 5.76 (d, 1H, C=CH, J;x 1.2) 25.7.

8y37 1.10-1.40 (m, 5H), 1.70-1.90 (m, 5H), 3.30 (m, 1H, HCC=C), 3.68 (s, 3H, OMe), 3.70 (s, 3H, —
OMe), 6.31 (s, 1H, C=CH)

9a 1.38-1.82 (m, 12H), 2.30 (m, 1H, Hy), 3.72 (s, 3H, OMe), 5.74 (dd, 1H, H», J1r 1.46, J 15.6), 6.97 168.0, 155.0, 118.0, 51.3, 42.3, 33.4, 28.3, 26.0.
(dd, 1H, H3, J 7.6, J 15.6,).

10a 1.25-1.80 (m, 12H), 3.40 (m, 1H, Hy), 3.72 (s, 3H, OMe), 5.61 (d, 1H, H,, J 11.5), 6.12 (dd, 1H, 166.7, 156.6, 116.0, 51.0, 38.5, 34.1, 28.3, 26.4.
Hs, J 10.5, J 11.5).

9p*2 1.33 (t, 3H, MeCH,, J 7.1), 1.60-1.80 (m, 12H), 2.30 (m, 1H, Hy), 4.15 (g, 2H, OCH,, J 7.1), 167.2, 154.1, 117.9, 60.1, 42.3, 33.3, 28.3, 26.0, 14.3.
5.74 (dd, 1H, Ha, Jir 1.2, 7 15.8), 6.95 (dd, 1H, H3, J 7.6, J 15.8)

10b 1.28 (t, 3H, MeCH,, J 7.1), 1.60-1.80 (m, 12H), 3.46 (m, 1H, Hy), 4.15 (q, 2H, OCH,, J 7.1), 166.0, 156.6, 116.0, 59.7, 38.5, 34.2, 28 .4, 26.4, 14.3.
5.60 (dd, 1H, H, J1r 1.0, J 11.5), 6.10 (dd, 1H, H3, J 10.0, J 11.5).

9 0.95 (d, 6H, Me,CH, J 6.6), 1.38-1.80 (m, 12H), 1.95 (m, 1H, Me,CH), 2.34 (m, 1H, Hy), 3.90 167.2, 155.2, 118.1, 70.2, 42.2, 33.3, 28.2, 27.7, 26.0,
(d, 2H, OCHa, J 6.6), 5.75 (dd, 1H, H,, Jir 1.2, J 15.6,), 6.95 (dd, 1H, Hs, J 7.6, J 15.6). 19.0.

10d 0.95 (d, 6H, Me,CH, J 6.6), 1.25-1.31 (m, 2H), 1.34-1.76 (m, 10H), 1.95 (m, 1H, Me,CH), 3.45 166.1, 156.0, 116.2, 70.0, 38.6, 34.3, 28.3, 27.7, 23.6,
(m, 1H, Hy), 3.89 (d, 2H, OCH,, J 6.6), 5.62 (d, 1H, H,, J 11.5), 6.10 (dd, 1H, H;, J 10.0, J 11.5).  19.2.

9n° 1.34-1.76 (m, 12H), 2.32 (m, 1H, Hy), 5.23 (d, 1H, H», J 16.6), 6.69 (dd, 1H, H3, J 7.8, J 16.6). 161.5,117.9,96.9, 43.4, 32.9, 28.0, 26.1.

10n¢ 1.37-1.75 (m, 12H), 2.75 (m, 1H, Hy), 5.17 (d, 1H, H,, J 10.7), 6.38 (¢, 1H, Hs, J 10.7). 160.6, 116.2, 95.9, 42.5, 33.6, 28.2, 26.2.

9p* 1.22-1.72 (m, 12H), 2.29 (m, 1H, H3), 2.35 (s, 3H, Me), 6.12 (d, 1H, H,, J 15.1), 6.88 (dd, 1H, H», 151.8, 145.1, 137.8, 129.7, 127.9, 127.4, 41.6, 32.9, 28.0,
J7.3,J15.1),7.23 and 7.66 (d, 2H, J 8.3). 26.0, 21.5.

10p¢ 1.22-1.72 (m, 12H), 2.35 (s, 3H, Me), 3.37 (m, 1H, Hy), 6.00 (t, 1H, H», J 10.7), 6.04 (d, 1H, H;,  151.9, 145.1, 137.8, 129.7, 127.9, 127.4, 37.2, 33.4, 28.0,
J10.7),7.23 and 7.72 (d, 2H, J 8.3). 25.9,21.5.

11a 1.40-1.80 (m, 14H), 2.20 (m, 1H, Hy), 3.72 (s, 3H, OMe), 5.75 (dd, 1H, H,, Jir 1.46,J 15.5),6.95  168.1, 156.0, 118.0, 51.0, 40.6, 30.4, 27.2, 24.8, 26.3.
(dd, 1H, H3, J 7.6, J 15.5).

12a 1.30-1.80 (m, 14H), 3.60 (m, 1H, Hy), 3.70 (s, 3H, OMe), 5.62 (dd, 1H, Hs, Jir 1.2, J 11.5), 6.13 165.1, 157.2, 115.6, 51.0, 36.2, 32.0, 26.9, 25.1, 26.3.
(dd, 1H, Hs, J 10.0, J 11.5,).

11b 1.26 (t, 3H, MeCH,, J 7.0), 1.49-1.66 (m, 10H), 1.69-1.72 (m, 4H), 2.35 (m, 1H, Hy), 4.15(q, 2H,  167.2,155.3, 118.5, 60.1, 40.6, 30.5, 27.2, 25.9, 24.8,
OCH,, J 7.0), 5.72 (dd, 1H, Hy, J1r 1.0, J 15.7), 6.92 (dd, 1H, Hs, J 7.3, J 15.7) 14.3.

12b 1.22 (t, 3H, MeCH,, J 7.3), 1.30-1.35 (m, 2H), 1.45-1.60 (m, 12H), 3.49 (m, 1H, Hy), 4.10 (q, 2H,  166.5, 156.6, 116.0, 59.7, 36.3, 32.1, 26.9, 26.4, 25.1,
OCH,, J 7.3), 5.52 (dd, 1H, Hy, J1g 1.0, J 11.4), 6.03 (dd, 1H, Hs, J 10.3, J 11.4). 14.3.

11n* 1.45-1.70 (m, 14H), 2.38 (m, 1H, Hy), 5.23 (d, 1H, H», J 16.6), 6.68 (dd, 1H, H3, J 7.3, J 16.6). 161.8, 117.8, 97.0, 41.6, 31.9, 26.9, 25.8, 24.6.

12n 1.49-1.75 (m, 12H), 2.82 (m, 1H, Hy), 5.15 (d, 1H, Ha, J 10.7), 6.40 (t, 1H, H;, J 10.7). 160.9, 116.1, 96.0, 40.7, 31.2, 26.8, 25.9, 24.8.

11p° 1.27-1.74 (m, 14H), 2.43 (s, 3H, Me), 2.45 (m, 1H, H3), 6.20 (d, 1H, H,, J 15.1), 6.93 (dd, 1H, H, 152.3,152.1, 144.0, 138.0, 129.8, 128.0, 127.4, 127.1,
J7.3,J15.1). 7.23 and 7.65 (d, 2H, J 8.3). 39.8, 36.1, 31.3, 30.2, 26.9, 26.6, 26.1, 25.6, 24.6, 21.5.

12p° 1.27-1.74 (m, 14H), 2.43 (s, 3H, Me), 3.54 (m, 1H, H;), 6.05 (t, 1H, H», J 10.7), 6.13 (d, 1H, H;,

J10.7), 7.23 and 7.72 (d, J 8.3).

“Obtained as a mixture with its stereoisomer. * For mixture of stereoisomers. © Obtained as a mixture with benzophenone. ¢ Obtained as a mixture with
benzopinacol.
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t,J = 7.1 Hz, CH=C), 7.20-7.40 (5H; m); *C NMR (100 MHz,
CDCly) 6 172.3,147.5,136.0, 128.5,128.3,128.1, 111.1, 66.2, 35.0,
33.6,36.3. C;sH 3O, requires: C, 78.23; H, 7.88%; found: C, 78.32;
H, 8.05%.

Irradiation of methyl (£)-3-cycloheptyl-2-propenoate 10a. Irra-
diation of 10a in the standard way for 5 h resulted in the formation
of methyl 3-cycloheptylidenepropanoate 16 (70%), which was
obtained as a colourless liquid: vy, (film)/cm™" 1741; '"H NMR
(400 MHz, CDCl;) ¢ 1.49-1.57 (8H, m), 2.21-2.36 (4H, m,
(H,C)C=CH)), 3.03 (2H, d, J = 6.8 Hz, CH,CO), 3.60 (3H, s,
OCHj;), 5.33 (1H, t, J = 6.8 Hz, CH=C); *C NMR (100 MHz,
CDCl,) ¢ 173.0, 145.0, 116.0, 52.2, 37.6, 33.2, 30.2, 29.0, 26.0.
C,H 30, requires: C, 72.49; H, 9.95%; found: C, 72.22; H, 10.27%.

Irradiation of methyl (Z)-3-cyclooctyl-2-propenoate 12a. Ir-
radiation of 12a as described above for 6.5 h resulted in the
formation of methyl 3-cyclooctylidenepropanoate 17 (67%), which
was obtained as a colourless liquid: vy, (film)/cm~"' 1742; '"H NMR
(400 MHz, CDCl;) 6 1.43-1.54 (6H, m), 1.56-1.68 (6H, m), 2.14—
2.23 (4H, m, (H,C)C=CH), 3.07 (2H, d, J = 7.0 Hz, CH,CO),
3.68 (3H, s, OCHj;), 5.36 (1H, t, J = 7.0 Hz, CH=C); "C NMR
(100 MHz, CDCly) ¢ 173.0, 145.1, 116.0, 51.6, 37.5, 33.4, 29.0,
27.2,26.9,26.1,25.9,25.8. C,;H 50, requires: C, 73.43; H, 10.27%;
found: C, 73.34; H, 10.19%.

Irradiation of dimethyl (Z)-2-cyclopentyl-2-butendioate 2y. A
solution of 2y (0.22 g, 1.00 mmol) in cyclopentane (20 ml)
containing 3 drops of NEt; was irradiated in a quartz tubes
using 254 nm lamps for 25 h. At this point no 2y remained and
two products had formed in a 1 : 1 ratio. The crude product
was chromatographed on silica gel (ether—petroleum ether, 0—
20%), the first product eluting being dimethyl 2-cyclopent-1-en-
1-ylsuccinate 19 (0.07 g, 30%): vy (film)/cm™" 1738; '"H NMR
(400 MHz, CDCl,;) ¢ 1.88 (2H, m), 2.26-2.34 (4H, m), 2.55
(14, dd, J,., = 16.5, J, = 5.5 Hz, HCHCO), 2.94 (1H, dd,
Joem = 16.5, J,,. = 9.8 Hz, HCHCO), 3.65 (1H, m, CHCO), 3.68
(3H, s, OCH,), 3.71 (3H, s, OCHj;), 5.55 (1H, broad s, CH=C);
"C NMR (100 MHz, CDCly) 6 173.2, 172.3, 139.6, 127.8, 52.7,
51.2,43.2, 35.0, 33.3, 32.4, 22.9. C,;H,s0, requires: C, 62.25; H,
7.60%; found: C, 62.36; H, 7.81%. Further elution gave dimethyl 2-
cyclopentylidenesuccinate 18 (0,06 g, 26%): V. (film)/cm=" 1740,
1719; '"H NMR (400 MHz, CDCl;) 6 1.67-1.76 (4H, m), 2.40 (2H,
t, J = 7.0 Hz, CH,C=C), 2.82 (2H, t, J = 7.0 Hz, CH,C=C),
3.35(2H, s, CH,CO), 3.68 (3H, s, OCH,), 3.72 (3H, s, OCH,); °C
NMR (100 MHz, CDCly) ¢ 171.9, 167.5, 165.3, 116.6, 51.8, 51.4,
35.8,34.5,34.1, 26.9, 25.5. C,;H,40, requires: C, 62.25; H, 7.60%;
found: C, 62.23; H, 7.74%.

Acknowledgements

The funding provided to R.A.D. and J.J.H. by Enterprise Ireland,
Donegal County Council, Limerick Corporation and the THP
programme of EU-DGXII is gratefully acknowledged.

References

1 (a) P. A. MacFaul, I. W. C. E. Arends, K. U. Ingold and D. D. M.
Wagner, J. Chem. Soc., Perkin Trans. 2, 1997, 135-145, and references

therein; (b) A. F. Shilov and G. B. Shul’'pin, Chem. Rev., 1997,
97, 2879-2932; (¢) G. Dyker, Angew. Chem., Int. Ed. Engl., 1999,
38, 1698-1712; (d) W. D. Jones, in Topics in Current Chemistry,
vol. 3: Activation of Unactivated Bonds and Organic Synthesis, ed.
S. Murai, Springer-Verlag, 1999, pp. 9-46; F. Kakiuchi and S. Murai,
in Topics in Current Chemistry, vol. 3: Activation of Unactivated
Bonds and Organic Synthesis, ed. S. Murai, Springer-Verlag, 1999,

pp. 47-79.

2 D. P. Curran, Synthesis, 1988, 417-439.

3 P. Dowd and W. Zhang, Chem. Rev., 1993, 93, 2091-2115.

4 H. Suginome, in CRC Handbook of Organic Photochemistry and
Photobiology (2 edn), ed. W. Horspool and F. Lenci, CRC Press LLC,
Florida, 2003, pp. 102/1-102/16.

5 G. Pattenden, Chem. Soc. Rev., 1988, 17, 361-382.

6 M. Ramaiah, Tetrahedron, 1987, 43, 3541-3676.

7 B. Giese, P. Erdmann, T. Gobel and R. Springer, Tetrahedron Lett.,
1992, 33, 4545-4548.

8 A. F. Parsons, An Introduction to Free Radical Chemistry, Blackwell
Science, Oxford, 2000.

9 (a) J. E. Baldwin and D. R. Kelly, J Chem. Soc., Chem. Commun.,
1985, 682-684; (b) G. A. Russell and P. Ngoviwatchai, Tetrahedron
Lett., 1985, 26, 4975-4978.

10 G. E. Keck, E. J. Enholm, J. B. Yates and M. R. Wiley, Tetrahedron,
1985, 41, 4079-4094.

11 (a) G. A. Russell, H. Tashtoush and P. Ngoviwatchi, J. Am. Chem.
Soc., 1984, 106, 4622-4623; (b) G. A. Russell and P. Ngoviwatchai,
Tetrahedron Lett., 1986, 27, 3479-3482.

12 (a) G. E. Keck and J. H. Byers, J. Org. Chem., 1985, 50, 54425444,
(b) G. A. Russell, Acc. Chem. Res., 1989, 22, 1-8; (¢) G. A. Russell,
P. Ngoviwatchi and Y. W. Wu, J. Am. Chem. Soc., 1989, 111, 4921
4927; (d) C. C. Huval and D. A. Singleton, Tetrahedron Lett., 1993, 34,
3041-3042.

13 (a) J. Gong and P. L. Fuchs, J. Am. Chem. Soc., 1996, 118, 4486
4487; (b) J. Xiang and P. L. Fuchs, J Am. Chem. Soc., 1996, 118,
11986-11987; (c) J. Xiang, W. Jiang, J. Gong and P. L. Fuchs, J. Am.
Chem. Soc., 1997, 119, 4123-4129; (d) J. Xiang, W. Jiang and P. L.
Fuchs, Tetrahedron Lett., 1997, 38, 6635-6638; (e) J. Xiang, J. Evarts,
A. Rivkin, D. P. Curran and P. L. Fuchs, Tetrahedron Lett., 1998, 39,
4163-4166.

14 S. Kim, N. Kim, W. Chung and C. H. Cho, Synletz, 2001, 937-
940.

15 (a) A. Horowitz and L. A. Rajbenback, J. Am. Chem. Soc., 1969, 91,
4626-4631; (b) M. Zupan, J. Org. Chem., 1978, 43, 2297-2299; (¢) P. 1.
Wagner, R. J. Truman and J. C. Scaiano, J. Am. Chem. Soc., 1985, 107,
7093-7097; (d) S. H. Brown and R. H. Crabtree, J. Am. Chem. Soc.,
1989, 111, 2935-2946; (¢) J. A. Balan and B. P. Roberts, J. Chem. Soc.,
Perkin Trans. 2, 1981, 161-166; (f) Ref. 12a.

16 C. Walling and M. J. Gibian, J. Am. Chem. Soc., 1965, 87, 3361-3364.

17 (a) Ref. 15¢; (b) B. Giese and S. Lachhein, Angew. Chem., Int. Ed. Engl.,
1982, 21, 768-775.

18 C. Manfrotto, M. Mella, M. Freccero, M. Fagnoni and A. Albini,
J. Org. Chem., 1999, 64, 5024-5028; R. Mosca, M. Fagnoni, M. Mella
and A. Albini, Tetrahedron, 2001, 57, 10319-10328.

19 D. Dondi, I. Caprioli, M. Fagnoni, M. Mella and A. Albini, Zetrahe-
dron, 2003, 59, 947-957.

20 A. M. Cardarelli, M. Fagnoni, M. Mella and A. Albini, J. Org. Chem.,
2001, 66, 7320-7327.

21 A. M. Gonzalez-Cameno, M. Mella, M. Fagnoni and A. Albini, J. Org.
Chem., 2000, 65, 297-303.

22 G. Buchi and S. H. Feairheller, J Org. Chem., 1969, 34, 609—
612.

23 E. Grovenstein, T. C. Campbell and T. Shibata, J. Org. Chem., 1969,
34, 2418-2428.

24 P. Singh, J. Org. Chem., 1972, 37, 836-841.

25 G. Ahlgren, J. Org. Chem., 1973, 38, 1369-1374.

26 D. K. Wedegaertner, R. M. Kopchik and J. A. Kampmeir, J. Am. Chem.
Soc., 1971, 93, 68906895, and references therein.

27 J. G. Traynham and Y.-S. Lee, J. Am. Chem. Soc., 1974, 96, 3590—
3594.

28 E. L. Eliel and S. H. Wilen, Stereochemistry of Organic Compounds,
Wiley, New York, 1993, p. 679.

29 V. Malatesta and K. U. Ingold, J. Am. Chem. Soc., 1981, 103, 609—
614.

30 P. S. Engel and A. M. Culotta, J. Am. Chem. Soc., 1991, 113, 2686
2696.

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 942-952 | 951





31 R. A. Doohan and N. W. A. Geraghty, Green Chem., 2005, 7, 91-96.

32 A. Padwa and G. S. K. Wong, J. Org. Chem., 1986, 51, 3125-3133.

33 C. L. Jenkins and J. K. Kochi, J. Org. Chem., 1971, 36, 3103-3111.

34 R. D. Hubbard and B. L. Miller, J. Org. Chem., 1998, 63, 4143—
4146.

35 H. Bhandal, A. R. Howell, V. E. Patel and G. Pattenden, J. Chem. Soc.,
Perkin Trans. 1, 1990, 2709-2714.

36 R. Roth and H. Erlenmeyer, Helv. Chim. Acta, 1955, 63, 1276-
1279.

37 H. Alper, B. Despeyroux and J. B. Woell, Tetrahedron Lett., 1983, 24,
5691-5694.

38 R. C. Larock, J. Org. Chem., 1975, 40, 3237-3242.

39 V. J. Patil and U. Mavers, Tetrahedron Lett., 1996, 37, 1281-1284.

40 G. Zweifel, J. T. Snow and C. C. Whiting, J. Am. Chem. Soc., 1968, 90,
7139-7141.

41 Y. Sato and Y. Niinomi, J. Chem. Soc., Chem. Commun., 1982, 56-57.

42 K. Itoh, M. Kori, Y. Inada, K. Nishihara, Y. Kawamatsu and H.
Sugihara, Chem. Pharm. Bull., 1986, 34, 1128-1147.

952 | Org. Biomol. Chem., 2006, 4, 942-952

This journal is © The Royal Society of Chemistry 2006






COMMUNICATION

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

A calixarene based fluorescent Sr’* and Ca’* probe

Hai-Feng Ji,** Yuming Yang,” Xiaohe Xu“ and Gilbert Brown®

Received 16th December 2005, Accepted 18th January 2006

First published as an Advance Article on the web 27th January 2006

DOI: 10.1039/b517877k

A fluorescent probe, PyCalix, which has two pyrene moieties
at the lower rim of a calix[4]arene fixed in the cone confor-
mation was synthesized and its complexation behavior with
alkali and alkaline earth cations was studied by fluorescence
spectrometry. The compound showed intramolecular excimer
emission at approximately 480 nm in the fluorescence spectra.
Upon complexation with alkaline earth metal cations, a
decrease of excimer emission was observed. The decrease
of excimer emission was accompanied by an increase of
monomer emission of pyrenes at 397 nm. The order of
complexation constants of PyCalix with metal ions was Sr** ~
Ca* > Ba* > Mg* >K* > Na* > Cs" for all reagents. PyCalix
doped polyvinyl chloride (PVC) membrane was fabricated
and our results showed that this membrane can be used for
selective detection of Sr?*.

Radioactive Sr** is a major component of a “dirty bomb”.
Highly sensitive and fast detection of Sr** in the groundwater
will help decision making for homeland security and antiterrorist
activities. Furthermore, needs exist within Department of Energy
for a field instrument to perform real-time characterization and
monitoring of radioactive Sr-90 inside high level waste tanks.
Fluorescent probes enable researchers to detect a wide range of
chemicals from metal ions to complex biomolecular assemblies
with exquisite sensitivity and selectivity.'* A few fluorescent Sr**
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Tech University, Ruston, LA, 71272, USA. E-mail: hji@chem.latech.edu
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probes have been demonstrated so far,*® but none of these shows
high specificity for Sr**. Recently, calix[4]arene derivatives bearing
amide groups at the lower rim of the ring showed high selectivity
to alkaline earth metal ions, and some of them are specific for
Sr**.” Taking advantages of these results, we report here a new
calixarene based fluorescent probe for the detection of Sr**.

25,27 - Bis(N,N - diethylaminocarbonylmethoxy) - 26,28 - bis(2 -
pyryl - aminocarbonylmethoxy) - 5,11,17,23 - tetrakis - tert - butyl-
calix[4]arene (PyCalix) was synthesized as shown in Scheme 1.
The intermediate 25,27-bis(N,N-diethylaminocarbonylmethoxy)-
5,11,17,23-tetrakis-tert-butyl-calix[4]arene was synthesized accor-
ding to the procedure reported.’ The structure and purity of
PyCalix were determined and ascertained by 'H NMR spectro-
scopy and mass spectroscopy.'

The UV-visible absorption of PyCalix as a function of different
concentrations of Sr** is shown in Fig. 1. No peak shifts or
intensity changes of the absorption spectra of PyCalix were
observed upon addition of strontium perchloride, suggesting the
intramolecular ground state interaction between the two pyrene
moieties does not occur.

Fig. 2 shows the fluorescence spectra of PyCalix as a function of
concentrations of Sr(ClO,), in acetonitrile at 25 °C. Free PyCalix
gave intramolecular excimer emission centered at approximately
480 nm and monomer emission at 397 nm. Upon addition of Sr*
in the solution, the fluorescence peak at 397 nm showed an increase
accompanied by a corresponding decrease of the excimer emission
at 480 nm. The monomer emission increased when the concen-
tration of Sr** increased. The increase of monomer emission
upon addition of Sr** will finally cause a complete disappearance
of the intramolecular excimer emission. The monomer—excimer

fi
OH 0 O HO

- CICH,CON(Et),
—_—
k,/ K,CO;
t-Bu .

t-Bu t-Bu tBu t-Bu
CICH,CONHPy R = CH,CON(Et),
—_—

NaH/DMF R, = CH,CONHPy (Py = pyrene)

PyCalix

Scheme 1
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Fig. 1 UV-Visible absorption spectra of PyCalix (1 x 10~ M in
acetonitrile).
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Fig.2 The changes in the fluorescence spectra of PyCalix (1 x 1077 M in
CH;CN solution) upon addition of different concentrations of strontium
perchlorate, A, = 325 nm.

transformation of pyrenes has been extensively studied before.'**

These results clearly indicated the structural change of PyCalix
upon complex formation. The two pyrene moieties in a PyCalix
were separated by the insertion of Sr?*. An expected structural
change of PyCalix before and after the addition of Sr** is depicted
in Scheme 2.

The relative fluorescence intensity ratios of pyrene monomer—
excimer emission (I /Ig) of PyCalix upon addition of Sr** are
shown in Fig. 3. The I,/I; ratio changed from 2.5 to 12 before
and after adding 10—°M solution of Sr**, respectively. The I /I;
of PyCalix vs. concentrations of different alkali and alkaline metal
ions, including Ca*, Mg*, Ba**, Na*, K*, and Cs* are also shown
in Fig. 3. The I,/ I vs. concentration profile of PyCalix to Ca** is
similar to that of Sr**. Ba** gave a similar maximum 7,/ ratio,
but at higher concentrations (>10~* M). Other metal ions cause
no or slight fluorescence change.
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Fig. 3 1,/Iz of PyCalix (1 x 107 M in CH;CN solution) vs. the
concentrations of various alkali and alkaline metal ions in perchlorate
as the counter anion (acetate for caesium ion). A, = 325 nm.

Metal-ion concentration dependence of the emission intensity
(Fig. 3) allowed us to determine the association constant (K) by
the non-linear curve-fitting method,’*"” and the data are listed
in Table 1. PyCalix shows Sr** and Ca** specificity. The order of

)
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A
g

Scheme 2
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Table 1 Complexation constant of PyCalix with various alkaline and alkali metal ions (in the form of perchlorate) in acetonitrile

Sr?* Ca* Ba® Mg** K* Na* Cs*
K/L mol™! 1.5 x 10° 1.4 x 10° 7.0 x 10* 6.4 x 10° 9.1 x 10? 7.6 x 107 —
K value for different metal ions was: Sr** ~ Ca** > Ba’>* > Mg** > References

K* > Na*.> Cs*. Both I/} ratios and binding constants show
that Ca** will interfere with the Sr** recognition, which is because
the divalent Ca?* (0.99 A) and Sr** (1.13 A) ions have similar sizes.
One possible approach to improve the selectivity in the future is
to slightly widen the four amide moieties toward relatively larger
Sr** by removing the steric tert-butyl groups from the calixarene.

The sensing behavior of PyCalix in a polymer film was
investigated by incorporating PyCalix in a cellulose acetate (CTA)
membrane."” The 70 um thickness film was held by two pieces of
Teflon plate with a 0.4 x 0.4 cm? window in the middle. The film
was placed in a quartz cell for the fluorescence spectra analysis.
Fluorescence spectra of PyCalix in the CTA polymer film vs.
concentration of various metal ions shows similar trend as PyCalix
in acetonitrile solution as shown in Fig. 4. These results showed
that this PyCalix doped PVC polymer film can be used for selective
detection of Sr**.

lmonomer / lexcimer

1.0 Lo PRI RS R TT| BT TR RTTTY R R T R SR TTTT MR E T R

1e-10 1e-9 1e-8 1e-7 1e6 1e5 1e-4 1e-3
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Fig. 4 Iy/I of PyCalix in CTA polymer film vs. the concentrations of
various alkali and alkaline metal ions in water. A, = 325 nm.
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We present the design, synthesis, and biological activity of three classes of tryptamine derivatives, which
are non-planar analogues of the toxic anti-cancer agent fascaplysin. We show these compounds to be
selective inhibitors of CDK4 over CDK2, the most active compound 9q has an ICjs, for the inhibition of

CDK4 of 6 uM.

Introduction

Fascaplysin 1 (Fig. 1), is a pentacyclic quaternary salt originally
isolated from the Fijian sponge Fascaplysinopsis Bergquist sp.,!
which inhibits the growth of several microbes, including Staphy-
lococcus aureus, Escherichia coli, Candida albicans, and Saccha-
romyces cerevisiae, and suppresses the proliferation of mouse
leukemia cells L-1210 with EDy, = 0.2 pum mL~'. Fascaplysin has
also been reported to specifically inhibit CDK4, causing G, arrest
of tumour (U2-0OS, HCT-116) and normal (MRC-5) cells.?

The inhibition of cyclin-dependent kinases, CDKs, by small
molecules is an area of major current interest in the anti-cancer
field.> CDKs are a vital component of the check-points in the
various phases of the cell division cycle,* they are required for
healthy cell growth and proliferation. CDK4 has a very specific
function in the G,—G, phase of the cell division cycle—the CDK4—
cyclin D1 complex phosphorylates the protein retinoblastoma
(pRB), an active repressor of the E2F family of transcription
factors. CDK4-mediated hyperphosphorylation of pRB facilitates
liberation of E2F proteins and allows them to carry out their
transcriptional activation roles. This enables the cell to pass
through the restriction point, an early G, checkpoint, where the
cell commits itself to complete one cell division cycle.® Inhibition
of CDK4 is therefore a vital factor in controlling the rate of cell
proliferation. In normal cells this is carried out by CDK4-specific
cyclin-dependent kinase inhibitors (CKIs) such as p16; in tumour
cells, inactivating mutations which result in the underproduction
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Fig. 1 Strategy used to produce the non-planar tryptamine derivatives
7a, 9, 12a and 15 from fascaplysin 1.

of pl6 are common.® Moreover, the activating partner cyclin D1
and the catalytic subunit CDK4 are often either overproduced or
hyper-activated in many tumour cells. A small-molecule inhibitor
of CDK4 would result in early G, arrest of the cell cycle and
thus prevent uncontrolled cell growth, the hallmark of all tumour
cells. Given that CDK4 is a kinase, the most obvious structures to
act as inhibitors of CDK4 are analogues of ATP” Additionally,
it is known that structures totally unrelated to ATP, such as
staurosporine and flavopiridol, are also effective inhibitors of
CDK4.?

Fascaplysin 1 cannot be used as an anti-cancer drug because it
is highly toxic—the potential for its planar structure to intercalate
with DNA has been suggested as a possible explanation.® The aim
of the current study is therefore to devise a potent, non-toxic (non-
planar) CDK4 inhibitor based on the structure of fascaplysin.

Results and discussion

The general approach we adopt for generating non-toxic inhibitors
of CDK4 involves the synthesis of non-planar analogues of

This journal is © The Royal Society of Chemistry 2006
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fascaplysin, thus avoiding their interchelation with DNA. To
enhance the chances of success, these compounds are designed
to maintain most of the key interactions thought to occur
between fascaplysin and CDK4. Since the 3-dimensional structure
of CDK4 has not been determined, structural information is
obtained by molecular modelling. Thus, prior to embarking on
the synthesis of potential inhibitors, we first carried out in silico
studies based on our homology model of CDK4, produced using
the known crystal structures of CDK2 and CDK6 as templates
(Fig. 3). Our dockings of ATP and fascaplysin suggest that
inhibition of CDK4 activity by fascaplysin arises from binding
to the same site as ATP (Fig. 2a). This suggests that a key feature
of fascaplysin binding is the double hydrogen bond to Val 967
(Fig. 2b).

In this study, the general strategy we adopt for removing
toxicity' (Fig. 1) comprises releasing bonds a and b in fascaplysin
1 and changing double bond ¢ into a single bond, leading
to the tryptamine derivative 7a. This compound contains the
structural components of fascaplysin, but it is non-planar and
is therefore not likely to intercalate with DNA. This was our
first generation compound, which had a great deal of flexibility
due to rotation around six bonds. Herein we also describe the
second generation compounds 9a—q which have a shorter chain
between the indole and the benzene ring and an amide bond
leading to fewer degrees of rotational freedom in the molecules. In
third generation compounds 12a—q and 16 we have reduced still
further the rotational freedom of the structure by incorporating the
tetrahydro B-carboline structure. Hence, compounds 5a—c, 7a—c,
9a—q, 10, 12a—q, and 13-16 were synthesised (Schemes 1-3). These
compounds are not planar and so intercalation in DNA is very
unlikely.

3

N IZ

(b)
—

NH, " NH
a
b o)\o
N
H

Val96

Val96

Fig.2 The active site of our CDK4 model. (a) Cartoon representation of
the overall structure of the CDK4, with the positions of ATP-Mg** (C in
grey, N in slate, O in salmon, P in yellow) and fascaplysin (C in magenta,
N in cyan, O in red) shown. (b) Predicted binding mode of fascaplysin.
(c) Predicted binding mode of the most potent compound, 9q; note the n—n
interactions of the benzoid ring with Phe 93 and Phe 159. (d) Predicted
binding mode of 12q—this weaker inhibitor is structurally similar to, but
more conformationally constrained than, 9q. Hydrogen bonds are shown
as dashed lines. Figures produced using PyMol.”

First generation compounds

The synthesis of 7a is shown in Scheme 1. Tryptamine 2 was
reacted with ethyl chloroformate to give the urethane 3 in 95%
yield." Reduction with lithium aluminium hydride produced

(©

M SOy
N* € () N
\ “Me \ Me
N
o} (6]
CH,4

6a:R=H 5a:R=H
6b:R=Cl 5b:R=Cl
6¢c:R=Br 5¢c: R=Br \(f)
Me
M .
N* ¢ o N*\H cr
\ Me \
N >—< —R N }—(i :)—R
H
H 4 3
7a:R=H 8a:R=H
7b:R=ClI 8b:R=Cl
7c . R=Br 8c:R=Br

Scheme 1  Reagents and conditions. (a) Ethyl chloroformate, NaOH 4 M, CHCl;, 3 h, 95%; (b) LiAlH,, THF, N,, reflux, 1 h, 89%; (c) BrCH,COC¢H,R,
toluene, N,, NaHCO;, Na,SO,, H,0, 4 h, 49-61%; (d) methyl-p-toluenesulfonate, acetonitrile, reflux, 4 h; (e) Dowex® CI~ 1 x 8-400 ion exchange resin,
overnight stirring and column, 46-53%; (f) HCI gas, Et,O or CH,Cl,, <1 min, 46-88%.
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Scheme 2 Reagents and conditions. (a) CICOC;H,R, NaOH,,, 4 M, CH,Cl,, 0 °C, 15 min then RT, 3 h, 37-99%; (b) CICOCH,CsH;, NaOH,,, 4 M,

CH,Cl, 0 °C, 15 min then RT, 3 h, 37-99%.

N-methyltryptamine 4 in 89% yield." This intermediate 4 was
then reacted with different 4-substituted bromoacetophenone
derivatives to afford the compounds 5a—c in yields between 49%
and 61% after column chromatography.'? The tertiary amines Sa—c
were unstable after a week when stored at —25 °C, as indicated
by NMR. These materials were reacted separately with methyl-p-
toluene sulfonate to furnish the tosylate salts 7a—c. Ion exchange
using Dowex® CI- 1 x 8-400 ion exchange resin produced the
chloride salts 7a—c in yields between 46% and 53%."

The CDK4 activities of compounds 7a—c and Sa—c have been
tested for some of the biochemical features that would identify a
CDK4 inhibitor. In accord with our predictions, the ICy, values
(Table 1) show that all compounds are CDK4 active. Furthermore,
the CDK2 activities of compounds 7a—¢ and 5a—¢, measured in
terms of 1Cy, values, reveal that all twelve tryptamine derivatives
are CDK4 selective compared to CDK?2 (Table 1). Representative

compounds (7a—c), like fascaplysin, block growth of cancer cells
in the G, phase of the cell division cycle and they also maintain the
G, block of serum-starved cells. However, unlike fascaplysin, the
compounds do not intercalate DNA or inhibit topoisomerase I
which we believe contributes to the general toxicity of fascaplysin
(manuscript in preparation).

Second generation compounds

As mentioned above the second generation compounds 9a—q and
10 are amide derivatives of N-methyl tryptamine. The series of
compounds were readily synthesised as shown in Scheme 2 and
the results for the inhibition of CDK4 and CDK2 are shown in
Table 1. The first clear trend from the results is the selectivity for
inhibition of CDK4 compared to CDK2. The parent compound
9a shows a modest ICs, of 88 uM; this activity changes when

This journal is © The Royal Society of Chemistry 2006
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Scheme 3 Reagents and conditions. (a) CICOC¢H,R, NaOH,,,, 4 M,
CH,Cl,, 0 °C, 15 min then RT, 3 h, 63-91%; (b) BrCH,COCHjs, toluene,
N,, NaHCO;, Na,SO,, H,0, 4 h, 61%; (c) HCI gas, CH,Cl,, 3 min, 95%.

halogen substituents are present on the benzenoid ring and shows
a consistent improvement for para substituted derivatives (9e, p-F,
1Cy 59; 9h, p-Cl, ICs, 38 and 9k, p-Br, ICy, 37 uM). The trend of
improved activity, lower 1Cy,, for para substituted compounds is
continued with 9p, p-Me, IC, 63; 9b, p-'Bu, ICy; 49 uM and the
best result 9q, p-Ph, IC;, 6 uM. The phenyl substitution in the para
position appears responsible for enhanced inhibition of the series
9 compounds.

Third generation compounds

In the third generation compounds 12a—q and 13-16 we have
investigated the effect of a tetrahydro B-carboline structure,
which further reduced the degree of conformational flexibility
of the inhibitor. The series of compounds 12a—q, 13 and 14
were readily synthesised by the same method used for 9a—q as
shown in Schemes 2 and 3. The fB-carboline 11 was reacted
with 2-bromoacetophenone in the presence of sodium hydrogen
carbonate and sodium sulfate to produce 15 in 61% yield. The HCI
salt 16 was then formed by bubbling HCI gas into a solution of
15 in dichloromethane. Surprisingly the resultant salt was soluble
in dichloromethane, as no precipitate was formed, so the mixture
was evaporated off to give the HCI salt 16 with 95% yield which
was then characterized by NMR and mass spectroscopy. NMR
clearly showed two NH signals (10.98 and 11.23 ppm) and the
expected mass was recorded in a FAB experiment.

The results for the inhibition of CDK4 and CDK2 are shown
in Table 1. Again we see that all compounds tested are selective
inhibitors of CDK4 compared to CDK2. The parent structure
12a has a modest ICs, of 92 uM, which is improved by halogen
substituents of which 12e, p-F, ICs, 55; 12g, m-Cl, ICs, 56 and 12j,
m-Br, ICs, 32 uM are the most active. [t is not clear at this stage why
the m-Cl, 12g, and m-Br, 12§, compounds are better inhibitors in
this series compared with p-Cl, 9h, and p-Br, 9k. The meta methyl

Table 1 CDK4 activity versus CDK2 activity

Compound *CDK4 measured IC5,/uM  *CDK2 measured ICs,/uM
Fascaplysin1 0.55" 500

7a 68 +8 720 + 16
7b 5047 605 + 10
Tc 50+6 665 £ 18
5a 212416 (91 £ 7)° 1310 + 21 (860 & 14
5b 90 + 11 (110 & 9)° 910 & 7 (911 & 24)
5¢ 80 £ 11.5 (84 £ 9)° 921 + 16 (932 + 20)°
9a 88+ 6 1523 + 38
9b 49 +7 658 £+ 23
9¢ 103 +9 1230 £ 29
9d 88+9 765 4+ 27
9e 59+7 850 £+ 34
9f 46 £ 4 784 £+ 20
9g 109 £ 8 1120 + 38
9h 38+6 731 £ 26
9i 74 +7 635440
9j 95+7 584 + 24
9k 37+£5 580 + 38
91 79+9 849 + 30
9m 81+4 938 + 47
9n 113+ 8 1125 £ 40
90 78 £ 8 830 + 31
9p 63+6 790 £+ 27
9q 6+1 521 +£12
10 28+4 959 £ 18
12a 92 +£10 490 + 40
12b 44+9 720 £+ 24
12¢ 61+7 800 422
12d 72+5 680 £ 20
12e¢ 5+6 851 £ 22
12f 98 £+ 10 1197 £ 30
12¢g 56 £6 873 £+ 38
12h 76 + 10 674 + 25
12i 44+ 5 679 + 31
12§ 32+6 675 4+ 30
12k 51+4 875+ 37
121 26+ 6 861 +42
12m 24+ 4 766 £+ 33
12n 68 +8 750 + 31
120 27+5 818 £+ 35
12p 45+ 6 751 & 34
12q 6449 829 4+ 28
13 95+ 11 1450 + 42
14 54+5 926 + 35
15 62+7 1301 £ 21
16 34+4 1467 £ 39

“ CDK4-cyclin D1 assay, using GST-RB152 fusion protein as the substrate.
® CDK2-cyclin A assay using histone H1 as the substrate. © The values in
parentheses () indicate the results of the HCl salts of 5a—c, e.g. 8a—c.

derivative 120 has an ICs, of 27 uM making it the best of the three
methyl derivatives, while p-'‘Bu, 12b, ICs, 44 and p-phenyl, 12q,
ICs, 64 uM are better inhibitors than the parent compound 12a.
The meta-methoxy compound 12m, ICs, 24 uM, is the best result
of this series and follows the trend of meta compounds being most
active.

Biphenyl-4-carboxylic acid [2-(1 H-indol-3-yl)-ethyl]-methylamide
9q, the most potent inhibitor

The interactions of the most potent inhibitor, 9q, were rationalised
by in silico modelling. When docking our full set of compounds
into the CDK4 model, only 9q and 12q (Chemscore values of
the respective best solutions 32.8 kJ mol™ and 32.2 kJ mol™")
show similar Chemscore values to that observed for fascaplysin
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1 (Chemscore 30.0 kJ mol™"). All the other compounds are
predicted to be weaker binders with Chemscore values in the
range of 20 to 25 kJ mol~'. The binding mode of 9q with the best
Chemscore value (Fig. 2c) clearly overlaps with the best binding
mode of fascaplysin (Fig. 2b). In both complexes, the indole
group occupies a similar position and the interaction between the
quinole nitrogen and the backbone of Val 96 is maintained. With
fascaplysin 1, an additional hydrogen bond is predicted between
the carbonyl of the ligand and the backbone amide of His 95; in
9q this is predicted to be replaced by an interaction with the side
chain N of His 95. The protein-ligand interactions elsewhere on
the ligand differ more substantially. The larger aromatic moiety of
9q is predicted to form a new n—x interaction with the side chain
phenyl rings of both Phe 93 and Phe 159.

The binding mode of 12q is noteworthy for different reasons.
This structurally similar, but more conformationally constrained,
compound is a much weaker inhibitor. Analysis of the docking
solutions for 12q with the best Chemscore values predicts two main
clusters. In the cluster with the best Chemscore, 12q is predicted not
to bind in the ATP binding site of CDK4 but instead in a distinctly
different part of the binding site that would not necessarily inhibit
ATP binding. In the second cluster of solutions 12q is located in
the ATP binding site in a similar orientation to that predicted for
fascaplysin and 9q (Fig. 2d). This mode, like that predicted for
9q, has a strong lipophylic component and the n—= interaction
with Phe 93 and Phe 159 is maintained. In contrast, the position
predicted to be occupied by the indole moiety is substantially
different to that observed for both fascaplysin and 9q. In particular,
the position of the ring is incompatible with the double interaction
with the backbone of His 95/Val 96. We therefore suggest that
the good binding affinity of 9q is facilitated both by retaining a
double hydrogen bond with the backbone of His 95/Val 96 and
introducing a new 7 interaction' from sandwiching the phenyl
moiety of the ligand between the side chains of Phe 93 and Phe 159.

In conclusion, we have used a homology model of CDK4 to
design specific inhibitors based on fascaplysin. The most potent
compound, 9q, has an ICs, value for the inhibition of CDK4 of
6 uM. Three additional compounds—121, 12m and 120—have IC;,
values below 30 uM. The molecular basis of the affinity of 9q is
suggested to be due to the presence of a double hydrogen bond of

CDK4 1 MATS....... RYEP i V[EA el T\YY): 993D P H
CDK2 1 MEN......... F QKLY IGIAGE Y GRY VMK ARILN- A
CDK6 5 ....GLCRADQQYE|C\Y pycE[cApLe]K\YF|:9:93D L K|

the ligand with the backbone of His 95/Val 96 coupled with a t—n
interaction—not present with fascaplysin—with the side chains of
Phe 93 and Phe 159. This predicted new stabilising interaction will
be studied elsewhere and will serve as a basis for the development
of further potential inhibitors of CDK4.

Experimental
Modelling

Our homology model of CDK4 was produced using Modeller*®
with CDK2 (PDB accession code 1HCK"; containing ATP-
Mg? and sharing 40% sequence identity with CDK4) and CDK6
(IBLX'"; sharing 70% sequence identity with CDK4) as templates
(Fig. 3; sequence alignment produced using ClustalX'® combined
with structural alignment). Docking studies were then performed
to generate 10 solutions for each of the compounds 7a—c, 5a—c, 9a—
q, 10, 12a—q and 13-16, using GOLD v3.0" with the Chemscore
fitness function.?

Bio assays

Expression and purification of CDK4-GST-cyclin D1, CDK2-
GST-cyclin A and GST-RB152. Fusion proteins of human
cyclins A and D1, covalently linked to glutathione S-transferase
(GST), were co-expressed with the catalytic subunits CDK?2 and
CDK4 in Sf-9 insect cells as described previously.?>2*

Active enzyme complexes, containing a catalytic subunit bound
to GST-cyclin, were bound to glutathione-agarose columns
(Sigma, Cat. No. G3907) and were eluted from the columns with
reduced glutathione. The reduced glutathione was removed by
dialysing the enzymes in 10000 MCO dialysis cassettes (Pierce,
Cat. No. 66830) with two buffer changes.

The GST-RB152 fusion construct was transformed into the
Escherichia coli strain BL21(DE3)pLysS (Novagen Cat. No.
69451-4). For expression of GST-RB152, the cells were induced
in the presence of a final concentration of 4 mM isopropyl-p-
thiogalactopyranoside (IPTG, Invitrogen Cat. No. 15529-091) and
were allowed to grow for 4 h in a shaking incubator at 37 °C and
220 rpm. Purification of the GST-RB152 protein was carried out

. HFZSASSVIAVPNGGG[EGGGLIZI STVIRHVALIARR
.EVRZSRSKTIIN. . . . TE[e. . . VISTATIIRNI SLIAKE
GREVENBARVIAVOTGEE[e]. . . MIJLSTI#YVAVIARH

CDK4 63 MEAFE:ISUVYRIAMRYCATSRTD RINIIAVI TIASRHH VD[RR TY LIsJKAPP P(eLIJAE T D LMR[SJFAR[EAD[ L
CDK2 54 MN|. . ESRYINMYKMALPAMYTIHT . . . . . RIKIMML VE E)gifiziOD Li4 gD ALT[EII4LP L SYF IAL{e]G LL\F [
CDK6 68 METF EEVIIVAYRIMFPRYC TV/SRTD RINTIMLTIRSRHHVID[eJsRAT|T[Y L|s} PEP[EVIYTET DMMF[o]LifAR[e}AD}Y T,

CDK4 133 NCI VSRR N TIAVIT|SIGET ViSRRI WINT YSYQOM . ALINP VVARSAR S ¥V VIRAQ ST . p4ARP\ANMIVEIV
CDK2 116 SHRVLEEBERSJONLIAINITE[CATESNINJINNAAFGVP VRT|YISHEVASSA SRS FNATINAGCK YRSEANAI T ITRIT,
CDKé 138 SHRVVEEBESGJOINTHIVIT|S|S[EO TN fRF-NIAT VISFOM . ALIYSVNAASR RS FNJAVIRAQ S(S| . p4ARYP A LITEV

CDK4 201 [eJehs 3 NAUIF RIAKPINYCIENKIERAIAGKIFEF DL I{e]L
CDK2 186 [efehpNALIV|TIRAINYP[EDNE T JedF RAF R'T L{elT
CDK6 206 [cJopgpNUIFRIIKPINYR[EGSEDVIeRAGKEYLD[V I{e]L

CDK4 269 QIMAL EMIAT|F|N| Hi9: 8 R FAF REWAONEIS YIL HK D
CDK2 256 SIAAS OMIAH YD) NS SRFIKIALSAALIPFF QD V|
CDKé 274 DAL KICHTF|N|JAL S SEFAY(SIAS)IPYIFQD L

PoAD D| RDVSL)Y. . RG PP RGP[RP V|Q S|VEJP EME[R]S[d
DIV VLG V|T SMiZD YKP PKWARQODF VPPD D[
GIE D| RDVAL}Y{. . RQ HSKSAQPI FN\4T D|IDIYL[e

GNPE. ...
KPVPHLRL
RCKEN. . .

Fig.3 Sequence alignment used to generate the homology model of CDK4 based on the structures of CDK2 and CDK6. Residues that are identical in
all three sequences are shown on a black background, and residues that are similar are boxed. (Figure produced using ESPRIPT.?')
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as described previously.* Protein estimation was performed using
the Bradford protein assay (Bio-Rad Laboratories) with bovine
serum albumin (BSA) as the standard and the purity of the fusion
protein was assessed by SDS-PAGE analysis. Proteins were stained
with Coomassie blue for visualisation.

Kinase assays and ICs, determination. The assay measures the
depletion in ATP concentration as a result of phosphorylation of
retinoblastoma (GST-RB152) and histone H1 (Upstate Biotech
Cat. No. 14-155) by CDK4 and CDK2, respectively. The assay
was run in a 96 well format and all steps in one assay were carried
out in a single white polystyrene plate (Sarstedt, Catalogue No.
DPS-134-050A). The compounds were dissolved in DMSO as
10 mM stock solutions. Compounds were further serially diluted
in kinase buffer (40 mM Tris (pH 7.5), 20 mM MgCl,, 0.1 mg ml™!
BSA) in order to obtain the desired concentrations. The kinase
assay was performed in 50 ul of kinase buffer containing 2 pg
of purified GST-RB152 (in case of CDK4-GST-cyclin D1) or
3 ng of histone H1 (in case of CDK2-GST-cyclin A) and 6 uM
ATP. The phosphatase and protease inhibitor cocktail containing
B-glycerophosphate, sodium fluoride and sodium orthovanadate
in the presence of reducing agent dithiothreitol was added at the
final concentrations of 10 mM, 0.1 mM, 0.1 mM and 1 mM,
respectively. The assay was initiated by adding 200 ng of active
enzyme complexes and the plate was incubated for 30 min at
30 °C in a humidified incubator. The reaction was stopped by
the addition of an equal volume of the Kinase Glow Reagent™
(Promega Cat. No. V6711). The luminescence was measured using
the Packard Luminometer (Fusion 3.50) and the rate of ATP
depletion (rate of reaction) in the control blank reactions (i.e.
without substrate or enzyme) was calculated and used to determine
the IC,, concentrations of compounds. In the case of the CDK4—
cyclin D1 assay, the two compounds fascaplysin and flavopiridol
with known ICs, values were used to validate the assay. For the
CDK2-cyclin A assay, roscovitine and flavopiridol were used as
standards for the assay.

Chemistry
General

NMR spectra were recorded on a Bruker DPX 300 (‘H,
300.13 MHz; *C, 75.47 MHz) spectrometer. Chemicals shifts were
measured relative to chloroform (*C § 77.0) or dimethylsulfoxide
(*C 6 39.5) and are expressed in ppm. Coupling constants J
are expressed in Hertz and the measured values are corrected to
one decimal place. Fast Atom Bombardment (FAB) mass spectra
were recorded on a Kratos Concept 1H using xenon and m-
nitrobenzyl alcohol as the matrix. Electrospray (ES) mass spectra
were recorded on a Micromass Quattro LC spectrometer. Accurate
mass was measured on a Kratos Concept 1H spectrometer
using peak matching to a stable reference peak. Flash column
chromatography was carried out using Merck Kieselgel 60 (230—
400 mesh). Dry solvents were provided by the system PURE
SOLV™. Innovative Technology Inc.

[2-(1 H-Indol-3-yl)-ethyl]-carbamic acid ethyl ester 3. To a
solution of tryptamine 2 (10.00 g, 62.4 mmol) in chloroform
(156 mL) at 0 °C was added ethylchloroformate (5.97 mL,
62.4 mmol) and an aqueous solution of NaOH 4 M (15.60 mL,

62.4 mmol). After addition, the mixture was stirred for 3 h
at room temperature, and then washed with water (150 mL).
The two layers were separated and the aqueous phase was
extracted with dichloromethane (2 x 150 mL). The chloroform
and dichloromethane layers were combined, dried (MgSO,), and
evaporated under reduced pressure to give an orange oil. No
purification was needed. The oil was dried in vacuo to give the
title compound 3 (13.78 g, 95%). "H NMR (300 MHz, CDCl;) &
1.33 (3H, t, J 7.0), 3.05 (2H, t, J 6.5), 3.60 (2H, q, J 6.5), 4.24
(2H, q, J 7.0), 5.12 (1H, brs), 6.99 (1H, s), 7.23 (1H, t, J 6.0), 7.30
(1H,td, J 6.0and 1.2),7.42 (1H,d,J 7.7),7.71 (1H, d, J 7.7), 8.75
(1H, s). *C NMR (75 MHz, CDCl;) ¢ 14.57 (CH;), 25.64 (CH,),
41.21 (CH,), 60.72 (CH,), 111.33 (CH), 112.33 (Cq), 118.54 (CH),
119.11 (CH), 121.83 (CH), 122.26 (CH), 127.18 (Cq), 136.39 (Cq),
156.93 (Cq). Rf (ethyl acetate-NH;,,, 100 : 5) 0.76. m/z (FAB*)
232 (M%), 233 (M + H)*, 465 2M + H)"* (found: M*, 232.12126.
C;H (N, O, requires M, 232.12118).

[2-(1 H-Indol-3-yl)-ethyl]-methylamine 4**. To a solution of 3
(13.78 g, 59.4 mmol) in dry THF (110 mL) under N, flux at
0 °C was added portionwise LAH (6.76 g, 178 mmol). After the
addition was complete the mixture was heated under reflux for
1 h. The reaction was then cooled to 0 °C and the excess of LAH
was hydrolysed by adding successively and very carefully: water
(13.25mL), 15% aqueous solution of NaOH (13.25 mL) and water
(3 x 13.25 mL). During these steps it was necessary to add THF
(100 mL) to avoid the mixture becoming very thick. The suspen
sion was filtered and the white solid, made up of LiOH and
Al(OH),, was washed with THF (30 mL). The organic layer was
dried (MgSO,) and evaporated under reduced pressure to give the
title compound 4 (9.24 g, 89%) as a beige solid. 'H NMR
(300 MHz, CDCl;) 0 1.47 (1H, s), 2.35 (3H, s), 2.81-2.86 (2H, m),
2.89-2.94 (2H, m), 6.80 (1H, s), 7.03 (1H, td, J 7.4 and 1.2), 7.10
(1H,td,J 7.4 and 1.2), 7.19 (1H, d, J 7.6), 7.54 (1H, d, J 7.6), 9.52
(1H, s). "C NMR (75 MHz, CDCl;) ¢ 25.42 (CH,), 35.99 (CHy,),
51.82(CH,), 111.32 (CH), 112.91 (Cq), 118.65 (CH), 118.85 (CH),
121.59 (CH), 122.45 (CH), 127.30 (Cq), 136.53 (Cq). Rf (ethyl
acetate-MeOH-NHj(,,, 9 : 0.5 : 0.5) 0.4. Mp 82 °C. m/z (FAB*)
175(M + H)* (found: C, 75.74; H, 8.04; N, 16.00; MH*, 175.12354.
C.1H 5N, requires C, 75.82; H, 8.10; N, 16.08%; MH, 175.12352).

General procedure for the preparation of {[2-(1 H-indol-3-yl)-
ethyl]-methylamino }-ethanone derivatives

1-(4-Bromophenyl)-2-{[2-(1 H-indol-3-yl)-ethyl]-methylamino } -
ethanone Sc. To a solution of 4 (1.00 g, 5.74 mmol) in toluene
(28 mL) was added a solution of NaHCO; (1.12 g, 13.3 mmol)
and Na,SO; (0.56 g, 4.48 mmol) in water (11.2 mL). The mixture
was stirred under a N, atmosphere and 2,4'-dibromoacetophenone
(1.59 g, 5.74 mmol) was added. The stirring was maintained for
4 h at room temperature, and the reaction mixture was washed
with a saturated aqueous solution of Na,HPO, (28 mL). The
organic layer was dried (MgSO,) and evaporated under reduced
pressure. The crude product was purified by chromatography
on silica gel. Elution was made successively with: ethyl acetate—
cyclohexane 7 : 3; ethyl acetate; ethyl acetate-methanol 1 :
1, to give the title compound 6¢ as a hard and sticky paste
(1.09 g, 51%). The identical procedure using as starting material
2-bromo-4'-chloroacetophenone and 2-bromoacetophenone was

792 | Org. Biomol. Chem., 2006, 4, 787-801

This journal is © The Royal Society of Chemistry 2006





used toward the synthesis of 5b and 5a in yields of 61% and 49%,
respectively. Note: these compounds can be kept for up to one week
at —23 °C.

'"H NMR (300 MHz, CDCl;) 6 2.49 (3H, s), 2.89-2.94 (2H,
m), 2.98-3.03 (2H, m), 3.87 (2H, s), 6.94 (1H, d, J 2.0), 7.08
(1H, td, J 7.4 and 1.1), 7.16 (1H, td, J 7.4 and 1.1), 7.31 (1H, br
d, J 7.9), 7.47 (2H, dt, J 8.6 and 2.0, para benzene), 7.56 (1H,
d, J 7.6), 7.75 (2H, dt, J 8.6 and 2.0, para benzene), 8.35 (1H,
s). ®*C NMR (75 MHz, CDCl,) 6 23.12 (CH,), 42.42 (CH,), 58.07
(CH,), 63.60 (CH,), 111.69 (CH), 113.91 (Cq), 119.09 (CH), 119.64
(CH), 122.34 (2CH), 127.76 (Cq), 128.82 (Cq), 130.20 (2CH),
132.17 (2CH), 134.84 (Cq), 136.98 (Cq), 196.38 (Cq). Rf (ethyl
acetate—cyclohexane 7 : 3) 0.58. m/z (FAB*) 371 (M*) (found: M*,
371.07600. C,yH,sBrN,O requires M, 371.07590).

1-(4-Chlorophenyl)-2-{[2-(1 H-indol-3-yl)-ethyl]-methylamino } -
ethanone 5b. 'H NMR (300 MHz, CDCl;) ¢ 2.44 (3H, s),
2.84-2.90 (2H, m), 2.95-3.00 (2H, m), 3.81 (2H, s), 6.93 (1H,
d, J 2.3), 7.08 (1H, td, J 7.8 and 1.2), 7.15 (1H, td, J 7.8 and
1.2), 7.30 (3H, 2 br d, J 7.8 and 7.8), 7.56 (1H, br d, J 7.8),
7.83 (2H, dt, J 7.8 and 2.3), 8.40 (1H, br s). "C NMR (75 MHz,
CDCl;) 6 23.25 (CH,), 42.58 (CH;), 58.34 (CH,), 64.08 (CH,),
111.32(CH), 113.64 (Cq), 118.71 (CH), 119.17 (CH), 121.87 (CH),
121.97 (CH), 127.42 (Cq), 128.74 (2CH), 129.77 (2CH), 134.15
(Cq), 136.30 (Cq), 139.52 (Cq), 196.58 (Cq). Rf (ethyl acetate—
cyclohexane 7 : 3) 0.68. m/z (FAB*) 327 (M + H)* (found MH"*,
327.12635. C,,H,,CIN,O requires MH, 327.12642).

2-{[2-(1H -Indol-3-yl)-ethyl]-methylamino } - 1-phenylethanone
5a. 'H NMR (300 MHz, CDCl;) § 2.36 (3H, s), 2.75-2.81 (2H,
m), 2.86-2.92 (2H, m), 3.78 (2H, s), 6.82 (1H, d, J 2.1), 6.94-7.06
(2H, m), 7.18 (1H, d, J 7.8), 7.26 (2H, apparent t, J 7.5), 7.39
(IH, tt, J 7.8 and 1.8), 7.47 (1H, d, J 7.5), 7.82 2H, d, J 7.2),
8.51 (1H, s). *C NMR (75 MHz, CDCl;) ¢ 23.34 (CH,), 42.75
(CH,), 58.49 (CH.), 63.79 (CH.), 111.44 (CH), 113.63 (Cq), 118.77
(CH), 119.15 (CH), 121.84 (CH), 122.13 (CH), 127.54 (Cq), 128.23
(2CH), 128.63 (2CH), 133.33 (CH), 136.07 (Cq), 136.42 (Cq),
197.65 (Cq). Rf (ethyl acetate—cyclohexane 7 : 3) 0.37. m/z (FAB*)
293 (M + H)* (found: MH*, 293.16544. C,;H, N,O requires MH,
293.16539).

General procedure for the formation of 2-(1H-indol-3-yl)-ethyl
hydrochloride salts

[2-(4-Bromophenyl)-2-oxoethyl]-{2-(1 H-indol-3-yl)-ethyl]-methyl-
ammonium chloride 8c. To a solution of 5¢ in a minimum
of diethyl ether (also for compound 5b), or dichloromethane
(for compound Sa) was flushed HCI gas. After a few seconds a
precipitate was formed, the colour generally white at the beginning
and changing to tan afterwards. The mixture was filtered and
the solid dried under vacuum to give the title compound 8c
(0.61 g, 77%). The identical procedure using as starting material
5b and 5a was used toward the synthesis of 8b and 8a in yields of
46% and 88%, respectively. 'H NMR showed traces of ether in
these products which could not be removed by treatment at high
vacuum for several days.

'"H NMR (300 MHz, DMSO) ¢ 3.00 (3H, s), 3.23 (2H, t, J 7.8),
3.40 (2H, signal obscured by the water in solvent), 5.09 (1H, d, J
16.5),5.18 (1H,d, J 16.5),7.02 (1H, td, J 7.7and 0.9), 7.10 (1 H, td,
J7.7and 0.9),7.24 (1H,d,J 2.1),7.37 (1H,d, J 7.7),7.65 (1H,d, J

7.7),7.85 (2H, dt, J 8.7 and 1.8), 7.94 (2H, dt, J 8.7 and 1.8), 10.34
(1H, s), 11.02 (1H, s). "C NMR (75 MHz, DMSO) 6 20.31 (CH.),
41.68 (CH,), 57.09 (CH.), 60.87 (CH.,), 109.32 (CH), 112.05 (Cq),
118.75 (CH), 118.95 (CH), 121.72 (CH), 123.76 (CH), 127.14 (Cq),
129.34 (Cq), 130.61 (2CH), 132.57 (2CH), 133.32 (Cq), 136.71
(Cq), 191.66 (Cq). m/z (FAB*) 371 (M — CI')* (found: C, 55.88;
H, 4.87; N, 6.76; (M — CI')*, 371.07600. C,,H,,BrN,O requires
C, 55.97; H, 4.94; N, 6.87%; (M — CI°), 371.07590).

[2-(4-Chlorophenyl)-2-oxoethyl}-[2-(1 H-indol-3-yl)-ethyl}-methyl-
ammonium chloride 8b. 'H NMR (300 MHz, DMSO) ¢ 3.00
(3H, d, J 3.9), 3.23 2H, t, J 7.8), 3.50 (2H, signal obscured by
the water in the solvent), 5.09 (1H, dd, J 18 and 4.8), 5.19 (1H,
dd, J 18 and 2.7), 7.02 (1H, td, J 7.3 and 0.9), 7.10 (1H, td, J
7.3 and 0.9), 7.24 (1H, d, J 2.4), 7.37 (1H, d, J 7.3), 7.65 (1H, d,
J 7.3), 7.71 2H, br d, J 8.7), 8.03 (2H, br d, J 8.7), 10.35 (1H,
s), 11.02 (1H, s). "C NMR (75 MHz, DMSO) ¢ 20.31 (CH,),
41.68 (CHs;), 57.10 (CH,), 60.88 (CH,), 109.32 (CH), 112.05 (Cq),
118.76 (CH), 118.94 (CH), 121.72 (CH), 123.76 (CH), 127.14
(Cq), 129.62 (2CH), 130.58 (2CH), 133.02 (Cq), 136.72 (Cq),
140.05 (Cq), 191.44 (Cq). m/z (FAB*) 327 (M — CI")* (found: C,
62.84; H, 5.47; N, 7.63; M — Cl)*, 327.12649. C,,H,,CI,N,O
requires C, 62.82; H, 5.55; N, 7.71%; (M — Cl"), 327.12642).

[2-(1H -Indol-3-yl)-ethyl]-methyl-(2-oxo-2-phenylethyl)-ammo-
nium chloride 8a. 'H NMR (300 MHz, DMSO) ¢ 3.02 (3H, d,
J 4.5), 3.21-3.29 (2H, m), 3.42-3.47 (1H, m), 3.49-3.54 (1H, m),
5.16 (1H, dd, J 18.3 and 5.4), 5.24 (1H, dd, J 18.3 and 4.2), 7.25
(1H, d, J 2.1),7.38 (1H, d, J 6.9), 7.60 (1H, t, J 7.6), 7.62 (1H, d,
J1.8),7.68 (1H,d, J 7.8), 7.75 (1H, tt, J 7.2 and 1.5), 8.02 (2H, d,
J7.2),10.66 (1H, s), 11.14 (1H, s). "C NMR (75 MHz, DMSO) ¢
20.38 (CH,), 41.51 (CHs;), 57.00 (CH,), 60.74 (CH,), 109.40 (CH),
112.06 (Cq), 118.80 (CH), 118.90 (CH), 121.66 (CH), 123.75 (CH),
127.18 (Cq), 128.67 (2CH), 129.45 (2CH), 134.36 (Cq), 135.10
(CH), 136.73 (Cq), 192.30 (Cq). m/z (FAB*) 293 (M — Cl)*,
621 2M — CI7)* (found: (M — CI7)*, 293.16534. C,,H,,CIN,O
requires (M — CI7), 293.16539).

General procedure for the formation of 2-(1 H-indol-3-yl)-ethyl
ammonium tosylate salts

|2-(4-Bromophenyl)-2-oxoethyl]-[2-(1H -indol-3-yl)-ethyl]-di-
methylammonium toluene-4-sulfonate 6¢c. To a solution of the 5¢
(1.07 g, 2.89 mmol) in acetonitrile (14.5 mL) was added methyl-p-
toluenesulfonate (0.54 g, 2.89 mmol). The mixture was heated
under reflux for 4 h. After cooling at room temperature, the
solvent was removed to give the title compound as a crude yellow
powder 6¢ (1.62 g, >100%). Further purification was not attempted
according to the nature of the compound. NMR showed the
presence of the starting material methyl-p-toluenesulfonate which
was conveniently removed in the subsequent ion exchange step,
this explains why the yield is more than 100%. The identical
procedure using as starting material Sb and 5a was used toward
the synthesis of 6b and 6a in quantitative yields for both.

'"H NMR (300 MHz, DMSO) of the expected compound 6c¢ ¢
2.29 (3H, s), 3.23-3.26 (2H, m), 3.39 (6H, s), 3.83-3.88 (2H, m),
5.35 (2H, s), 7.03-7.13 (4H, m), 7.27 (1H, d, J 2.3), 7.37 (1H, d,
J 8.0),7.48 2H, d, J 8.0), 7.59 (1H, d, J 7.7), 7.85 (2H, d, J 8.7),
7.93 (2H, d, J 8.7), 10.98 (1H, s). “*C NMR (75 MHz, DMSO) ¢
19.04 (CH,), 21.24 (CH,), 51.86 (2CH3;), 65.23 (CH,), 65.38 (CH,),
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108.52(CH), 112.10(Cq), 118.63 (CH), 119.05 (CH), 121.81 (CH),
124.13 (CH), 125.96 (2CH), 127.02 (Cq), 128.50 (2CH), 129.39
(Cq), 130.47 (2CH), 132.52 (2CH), 133.90 (Cq), 136.73 (Cq),
138.06 (Cq), 146.22 (Cq), 191.24 (Cq). m/z (FAB*) 386 (M —
CH,C,H,SO;7)*,943 (2(M — CH,C4H,SO;")* + CH,C,H,SO;")*
(found: M — CH;C,H,SO;7)*, 385.09152. C,,H,,BrN,O requires
(M — CH,C,H,S0,-), 385.09155).

[2-(4-Chlorophenyl)-2-oxoethyl]-[2-(1 H -indol-3-yl)-ethyl| - di-
methylammonium toluene-4-sulfonate 6b. 'H NMR (300 MHz,
DMSO) of the expected compound 6b ¢ 2.28 (3H, s), 3.21-3.26
(2H, m), 3.40 (6H, s), 3.83-3.89 (2H, m), 5.37 (2H, s), 7.00—
7.13 (4H, m), 7.28 (1H, d, J 2.2), 7.37 (1H, d, J 8.0), 7.48 (2H,
d, J 8.0), 7.60 (1H, d, J 7.7), 7.71 (2H, d, J 8.6), 8.02 (2H,
d, J 8.6), 10.99 (1H, s). *C NMR (75 MHz, DMSO) ¢ 19.04
(CH,), 21.24 (CH;), 51.85 (2CH;), 65.25 (CH,), 65.41 (CH,),
108.52 (CH), 112.11 (Cq), 118.64 (CH), 119.04 (CH), 121.80
(CH), 124.14 (CH), 125.96 (2CH), 127.03 (Cq), 128.50 (2CH),
129.57 (2CH), 130.45 (2CH), 133.60 (Cq), 136.73 (Cq), 138.03
(Cq), 140.09 (Cq), 146.27 (Cq), 191.04 (Cq). m/z (FAB*) 341 (M —
CH,;C¢H,SO;7)*, 854 2(M — CH,C,H,SO;7)* + CH;C¢H,SO;™)*
(found: (M — CH,C¢H,SO;7)*, 341.14202. C,,H,,CIN,O requires
(M — CH,C¢H,S0;7), 341.14207).

[2-(1 H-Indol-3-yl)-ethyl]-dimethyl-(2-oxo0-2-phenylethyl)-amm-
onium toluene-4-sulfonate 6a. 'H NMR (300 MHz, DMSO) of
the expected compound 6a ¢ 2.28 (3H, s), 3.21-3.36 (2H, m),
3.41 (6H, s), 3.84-3.90 (2H, m), 5.39 (2H, s), 7.03-7.14 (4H, m),
7.28 (1H, d, J 2.3), 7.38 (1H, d, J 8.0), 7.48 (2H, d, J 8.0), 7.60
(1H, d, J 6.9), 7.63 (2H, t, J 7.6), 7.78 (1H, t, J 7.6), 8.02 (2H,
d, J 7.2), 10.99 (1H, s). *C NMR (75 MHz, DMSO) ¢ 19.06
(CH,), 21.24 (CH;), 51.82 (2CHs;), 65.22 (CH,), 65.47 (CH,),
108.52 (CH), 112.11(Cq), 118.62 (CH), 119.05 (CH), 121.81 (CH),
124.12 (CH), 125.96 (2CH), 127.03 (Cq), 128.49 (2CH), 128.53
(2CH), 129.47 (2CH), 134.89 (Cq), 135.21 (CH), 136.73 (Cq),
138.00 (Cq), 146.30 (Cq), 192.00 (Cq). m/z (FAB*) 307 (M —
CH,C,H,SO;7)*, 786 (2(M — CH;C4H,SO;")* + CH,C,H,SO;™)*
(found: (M — CH;C,H,SO;7)* 307.18104. C, H»;N,O requires
(M — CH;C¢H,SO;7), 307.18104).

General procedure for the ion exchange of tosylate salts to chloride
salts

[2-(4-Bromophenyl)-2-oxoethyl]-[2-(1 H -indol-3-yl)-ethyl] - di-
methylammonium chloride 7c.  To a solution of the crude tosylate
salt 6¢ (0.96 g, 1.73 mmol) in acetonitrile-water 2.3 : 5 (19.7 mL),
was added Dowex® CI~ 1 x 8-400 ion exchange resin (3.60 g). The
suspension was stirred overnight at room temperature. A column
was packed with Dowex® CI- 1 x 8-400 ion exchange resin (10 g)
with the same solvent mixture. The suspension was poured onto
the column and eluted with acetonitrile-water 2.3 : 5 (150 mL) and
acetonitrile (100 mL). The combined eluate was evaporated under
reduced pressure, an aqueous solution of HCI 2 N (3.2 mL) was
added, and removed after a few minutes to give the title compound
7c as a tan solid (0.33 g, 46%). The identical procedure using as
starting material 6b and 6a was used toward the synthesis of 7b
and 7a in yields of 50% and 53%, respectively.

'"H NMR (300 MHz, DMSO) of the expected compound 2¢
3.25-3.32 (2H, m), 3.51 (6H, s), 3.92-3.97 (2H, m), 5.54 (2H, s),
7.09 (1H, td, J 7.4 and 1.0), 7.17 (1H, td, J 7.4 and 1.0), 7.34 (1H,

d,J2.3),7.43(1H,d,J 7.8),7.66 (1H,d, J 7.8),7.91 2H, d, J 8.6),
8.02 (2H, d, J 8.6), 11.13 (1H, s). *C NMR (75 MHz, DMSO)
19.09 (CH,), 51.74 (2CH,), 65.04 (CH,), 65.49 (CH,), 108.53 (CH),
112.11(Cq), 118.66 (CH), 118.99 (CH), 121.73 (CH), 124.13 (CH),
127.03 (Cq), 129.35 (Cq), 130.55 (2CH), 132.50 (2CH), 133.96
(Cq), 136.72 (Cq), 191.50 (Cq). m/z (FAB*) 385 (M — Cl)*,
807 2(M — CI")* + CI)* (found: C, 57.00; H, 5.27; N, 6.62;
M — CIM)*, 385.09152. C, H»,BrN,O requires C, 56.96; H, 5.26;
N, 6.64%; (M — CI7), 385.09155).

[2-(4-Chlorophenyl)-2-oxoethyl]-[2-(1H -indol-3-yl)-ethyl]-di-
methylammonium chloride 7b. 'H NMR (300 MHz, DMSO) of
the expected compound 7b J 3.20-3.27 (2H, m), 3.50 (6H, s),
3.87-3.93 (2H, m), 5.53 (2H, s), 7.02 (1H, td, J 6.8 and 1.0),
7.11 (1H, td, J 6.8 and 1.0), 7.29 (1H, d, J 2.3), 7.37 (1H, d,
J 7.8), 7.60 (1H, d, J 7.8), 7.70 (2H, d, J 8.6), 8.05 (2H, d, J
8.6), 11.10 (1H, s). *C NMR (75 MHz, DMSO) 6 19.08 (CH,),
51.76 (2CH;), 65.08 (CH,), 65.49 (CH,), 108.53 (CH), 112.10 (Cq),
118.65(CH), 118.99 (CH), 121.74 (CH), 124.13 (CH), 127.03 (Cq),
129.55 (2CH), 130.50 (2CH), 133.65 (Cq), 136.70 (Cq), 140.05
(Cq), 191.23(Cq). m/z (FAB*) 341 (M — CI")*, 717 2(M — CI") +
CI")* (found: C, 63.57; H, 5.67; N, 7.32; M — CI7)*, 341.14209.
CyH,,CIN,O requires C, 63.67; H, 5.88; N, 7.42%; (M — CI"),
341.14207).

[2-(1 H-Indol-3-yl)-ethyl]-dimethyl-(2-0xo0-2-phenylethyl)-ammo-
nium chloride 7a. 'H NMR (300 MHz, DMSO) J 3.19-3.27
(2H, m), 3.48 (6H, s), 3.86-3.92 (2H, m), 5.48 (2H, s), 7.03 (1H,
td, /7.0 and 1.2), 7.11 (1H, td, J 8.2 and 1.2), 7.29 (1H, d, J 2.4),
7.38 (1H, dt, J 7.9 and 0.9), 7.58-7.65 (3H, m), 7.77 (1H, tt, J 7.4
and 1.3), 8.00-8.06 (2H, m), 11.06 (1H, s). *C NMR (75 MHz,
DMSO) ¢ 18.57 (CH,), 51.25 (2CH,;), 64.61 (CH,), 65.00 (CH,),
108.01 (CH), 111.61 (Cq), 118.12 (CH), 118.52 (CH), 121.27
(CH), 123.60 (CH), 126.52 (Cq), 128.06 (2CH), 128.95 (2CH),
134.40 (Cq), 134.68 (CH), 136.21 (Cq), 191.61 (Cq). m/z (FAB*)
307 (M — CI") + H)*, 649 2(M — CI") + CI")* (found: (M —
CI")*, 307.18103. C,H; N, O requires (M — C17), 307.18104).

N-[2-(1H-Indol-3-yl)-ethyl]-N-methylbenzamide 9a§. Yellow
paste. Yield 37%. Rf (ethyl acetate—petroleum ether 50 : 50) 0.15.
Rotamers 1 : 1.4 (from the duplicated triplet signal ("H) at 3.48
and 3.81 ppm). '"H NMR (300 MHz, DMSO)  (major rotamer)
2.89 (2H, t, J 7.2), 3.11 (3H, brs), 3.48 2H, t, J 7.2), 6.81-7.29
(10H, m), 8.01 (1H, br s). 0 (distinct peaks for minor rotamer) 2.80
(3H,s), 3.81 (2H, t,J 6.9),7.65 (1H, d, J 6.9). *"C NMR (75 MHz,
DMSO) d (major rotamer) 24.33 (CH,), 32.78 (CH;), 51.89 (CH,),
110.91(Cq), 111.82(CH), 118.68 (CH), 121.39 (CH), 123.26 (CH),
123.43 (CH), 126.70 (CH), 127.38 (Cq), 128.67 (3CH), 129.26
(CH), 137.36 (2Cq), 171.17 (Cq). ¢ (distinct peaks for minor
rotamer) 23.01 (CH,), 37.83 (CH,;), 48.24 (CH,), 118.32 (CH),
127.16 (CH), 127.76 (Cq), 129.66 (CH), 136.62 (Cq), 170.33 (Cq).
m/z (ES*) 279 (MH"), 557 2M + H)*; (ES™) 277 M — H)",
555 (2M — H)~; m/z (FAB*) 279 MH* (found: MH*, 279.14977.
CsH3sN,O requires MH, 279.14974).

4-tert-Butyl- N-[2-(1H -indol-3-yl)-ethyl]-/V-methylbenzamide
9b. White solid. Yield 57%. Mp 194 °C. Rotamers 1 : 1.6 (from

§ The general procedure for the synthesis of compounds 9a—q and 10 is
the same as the general procedure for the synthesis of compounds 12a-q,
except that methyltryptamine 4 was used as a starting material and not 11.
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the duplicated triplet signal ('H) at 3.47 and 3.79 ppm). Rf (ethyl
acetate-petroleum ether, 50 : 50) 0.20. '"H NMR (300 MHz,
CDCl;) 6 (major rotamer) 1.23 (9H, s), 2.86 (2H, distorted t,
J 6.8), 3.09 (3H, s), 3.47 (2H, t, J 6.8), 6.75-7.31 (9H, m), 8.43
(1H, br s). ¢ (distinct peaks for minor rotamer) 2.81 (3H, s), 3.79
(2H, brt, J 7.1),7.62 (1H, d, J 6.3). ®.C NMR (75 MHz, CDCl;)
0 (major rotamer) 24.49 (CH,), 31.27 (3CHj;), 33.06 (CH,), 34.74
(Cq), 51.99 (CH,), 111.32 (CH), 111.60 (Cq), 118.15 (CH), 119.21
(CH), 121.86 (2CH), 125.22 (3CH), 126.20 (CH), 127.10 (Cq),
133.52 (Cq), 136.34 (Cq), 152.23 (Cq), 172.76 (Cq). ¢ (distinct
peaks for minor rotamer) 22.97 (CH,), 38.29 (CH,), 48.51 (CH,),
112.86 (Cq), 118.70 (CH), 122.28 (2CH), 126.89 (CH), 127.57
(Cq), 133.72(Cq), 152.55(Cq), 171.62 (Cq). m/z (ES*) 335 (MH");
(ES7) 333 (M — H)~; m/z (FAB*) 335 (MH"*), 670 2M + 2H)*
(found: C, 78.92; H, 7.88; N, 8.25; MH*, 335.21232. C,,HxxN,O
requires C, 79.01; H, 7.84; N, 8.38%; MH, 335.21234).

2-Fluoro-N-|2-(1 H-indol-3-yl)-ethyl]-V-methylbenzamide  9c.
Tan solid. Yield 59%. Mp 125 °C. Rotamers 1 : 1.4 (from the
duplicated triplet signal (‘H) at 3.40 and 3.79 ppm). Rf (ethyl
acetate—petroleum ether, 50 : 50) 0.27. '"H NMR (300 MHz,
CDCl,) 6 (major rotamer) 2.84 (2H, t, J 7.4), 3.10 (3H, s), 3.40
(2H, t, J 7.4), 6.73-7.29 (9H, m), 8.39 (1H, br s). ¢ (distinct peaks
for minor rotamer) 2.73 (3H, s), 3.05 (2H, distorted t, J 7.4), 3.79
(2H, t, J 7.4),7.62 (1H, d, J 7.5). "C NMR (75 MHz, CDCl;) ¢
(major rotamer) 24.29 (CH,), 32.92 (CH,;), 48.42 (CH,), 111.33
(CH), 111.43 (Cq), 112.62 (Cq), 115.83 (CH, d, J 15.5), 117.96
(CH), 118.66 (CH), 119.25 (CH), 121.90 (CH), 124.43 (CH, d, J
6.3), 127.24 (Cq, d, J 32.5), 128.64 (CH, d, J 4.6), 130.76 (CH,
d, J 7.7), 136.35 (Cq), 158.00 (Cq, d, J 224.8), 166.78 (Cq). ¢
(distinct peaks for minor rotamer) 23.05 (CH,), 37.01 (CH,),
51.53 (CH,), 115.55 (CH, d, J 15.6), 122.34 (CH), 124.66 (CH,
d, J 7.4), 12892 (CH, d, J 3.2), 131.13 (CH, d, J 8.0), 136.35
(Cq), 157.78 (Cq, d, J 302.2), 167.21 (Cq). "F NMR (282 MHz,
CDCl;) 0 (major rotamer) —115.55.  (minor rotamer) —115.15.
m/z (ES*) 297 (MH"), 593 2M + H)*; (ES7) 295 (M — H)~, 591
(2M — H)~; m/z (FAB*) 297 (MH"), 594 (2M + 2H)"* (found: C,
72.89; H, 5.70; N, 9.39; MH*, 297.14027. C;sH,;FN,O requires
C, 72.96; H, 5.78; N, 9.45%; MH, 297.14032).

3-Fluoro-N-|2-(1 H-indol-3-yl)-ethyl]- N-methylbenzamide  9d.
Tan solid. Yield 54%. Mp 144 °C. Rotamers 1 : 1.4 (from the
duplicated triplet signal (‘H) at 3.44 and 3.76 ppm). Rf (ethyl
acetate—petroleum ether 50 : 50) 0.20. '"H NMR (300 MHz,
CDCl,) 6 (major rotamer) 2.83 (2H, t, J 7.0), 3.07 (3H, s), 3.44
(2H, t, J 7.0), 6.63-7.22 (9H, m), 8.54 (1H, br s). ¢ (distinct peaks
for minor rotamer) 2.73 (3H, s), 3.76 2H, t, J 7.1), 7.60 (1H, d,
J 7.2). BC NMR (75 MHz, CDCl;) § (major rotamer) 24.20
(CH,), 33.03 (CH;), 51.81 (CH,), 111.22 (Cq), 111.42 (CH),
112.52(Cq), 113.75(CH, d, J 22.8), 116.06 (CH, d, J 21.0), 117.88
(CH), 118.62 (CH), 119.28 (CH), 121.95 (CH), 122.19 (CH, d,
J 10.6), 127.01 (Cq), 130.02 (CH, d, J 7.6), 136.33 (Cq), 138.26
(Cq, d, J 6.8), 162.28 (Cq, d, J 246.2), 170.96 (Cq). ¢ (distinct
peaks for minor rotamer) 22.92 (CH,), 30.95 (CH,), 48.62 (CH,),
114.16 (CH, d, J 23.7), 116.48 (CH, d, J 20.9), 122.41 (CH),
122.51 (CH, d, J 15.1), 127.51 (Cq), 130.28 (CH, d, J 11.3), 138.75
(Cq, d, J 10.4), 162.50 (Cq, d, J 225.0), 169.99 (Cq). “F NMR
(282 MHz, CDCl;) 6 (major rotamer) —111.84. ¢ (minor rotamer)
—111.87. m/z (ES*) 297 (MH*), 593 (2M + H)*; (ES™) 295 (M —
H)~, 591 2M — H)~; m/z (FAB*) 297 (MH*), 593 (2M + H)*

(found: C, 72.85; H, 5.70; N, 9.35; MH*, 297.14034. C;sH;;FN,O
requires C, 72.96; H, 5.78; N, 9.45%; MH, 297.14032).

4-Fluoro-N-[2-(1 H-indol-3-yl)-ethyl]-/V-methylbenzamide  9e.
White solid. Yield 58%. Mp 180 °C. Rotamers 1 : 1.5 (from the
duplicated singlet signal (®F) observed at room temperature at
—112.22 and —111.49 ppm). Rf (ethyl acetate—petroleum ether
50 : 50) 0.14. "H NMR (400 MHz, DMSO, 363 K) ¢ 2.98 (2H,
distorted t, J 5.7), 3.05 (3H, s), 3.61 (2H, t, J 5.7), 6.94 (1H, t,
J 6.5), 7.05-7.14 (6H, m), 7.27 (1H, br t, J 7.0), 7.35 (1H, d,
J 8.4), 10.54 (1H, br s). *C NMR (75 MHz, CDCl;) é (major
rotamer) 24.15 (CH,), 32.85 (CH;), 51.88 (CH,), 110.86 (Cq),
111.85 (CH), 115.41 (2CH, br d, J 20.0), 118.64 (2CH), 121.40
(CH), 123.57 (CH), 127.42 (Cq), 129.13 (2CH, d, J 11.0), 133.63
(Cq), 136.68 (Cq), 162.50 (Cq, d, J 259.6), 170.31 (Cq). J (distinct
peaks for minor rotamer) 23.01 (CH,), 37.91 (CHs;), 48.40 (CH,),
11548 (CH, d, J 29.8), 115.68 (CH, d, J 19.9), 118.24 (CH),
123.29 (CH), 127.74 (Cq), 129.80 (CH, d, J 9.2), 169.43 (Cq). “C
NMR (100 MHz, 363 K, DMSO) ¢ 23.75 (CH,), 111.69 (Cq),
111.84 (CH), 115.29 (CH), 115.51 (CH), 118.45 (CH), 118.73
(CH), 121.40 (CH), 123.32 (CH), 127.77 (Cq), 129.34 (CH),
129.43 (CH), 133.93 (Cq), 136.96 (Cq), 162.77 (Cq, d, J 245.0),
170.06 (Cq). At this temperature, one CH, and one CH; were
not observed. YF NMR (282 MHz, CDCl;)  (major rotamer)
—112.22. 6 (minor rotamer) —111.49. m/z (ES*) 297 (MH*), 593
(2M + H)*; (ES™) 295 M — H)™, 591 2M — H)~; m/z (FAB")
297 (MH"*), 593 2M + H)* (found: C, 72.85; H, 5.93; N, 9.52;
MH?*, 297.14035. C,sH;;FN,O requires C, 72.96; H, 5.78; N,
9.45%; MH, 297.14032).

2-Chloro-N-|2-(1 H-indol-3-yl)-ethyl]-/V-methylbenzamide  9f.
Tan solid. Yield 55%. Mp 176 °C. Rotamers 1 : 1.2 (from the
duplicated singlet signal (‘H) at 2.75 and 3.09 ppm). Rf (ethyl
acetate—petroleum ether 50 : 50) 0.26. '"H NMR (300 MHz,
DMSO) 6 (major rotamer) 2.85-2.93 (2H, m), 3.09 (3H, s),
3.26-3.33 (2H, m), 6.77-7.81 (9H, m), 10.82 (1H, br s). ¢ (distinct
peaks for minor rotamer) 2.75 (3H, s), 3.01-3.07 (2H, m), 3.75
(2H, br s), 10.86 (1H, s). *C NMR (75 MHz, DMSO) ¢ (major
rotamer) 24.26 (CH,), 32.38 (CH;), 51.25 (CH,), 110.71 (Cq),
111.86 (CH), 118.09 (CH), 118.77 (CH), 121.39 (CH), 123.52
(CH), 127.33 (Cq), 127.69 (CH), 128.44 (CH), 129.43 (Cq),
129.63 (CH), 130.56 (CH), 131.08 (Cq), 136.63 (Cq), 167.48 (Cq).
0 (distinct peaks for minor rotamer) 22.99 (CH,), 36.39 (CH,),
47.66 (CH,), 111.64 (Cq), 118.68 (CH), 121.41 (CH), 123.40
(CH), 128.06 (CH), 128.16 (CH), 129.83 (CH), 130.76 (CH),
137.04 (Cq), 172.00 (Cq). m/z (ES*) 313 (MH*), 625 2M + H)*;
(ES7) 311 (M — H)7, 623 2M — H)~; m/z (FAB*) 313 (MH"),
(found: C, 68.95; H, 5.57; N, 8.83; MH*, 313.11071. C;3sH;CIN,O
requires C, 69.12; H, 5.48; N, 8.96%; MH, 313.11077).

3-Chloro-N-[2-(1 H-indol-3-yl)-ethyl]-/V-methylbenzamide  9g.
Beige solid. Yield 52%. Mp 152 °C. Rotamers 1 : 1.4 (from the
duplicated triplet signal (‘"H) at 3.55 and 3.86 ppm). Rf (ethyl
acetate—petroleum ether 50 : 50) 0.23. 'H NMR (300 MHz,
CDCl,) 0 (major rotamer) 2.96 (2H, t, J 7.1), 3.17 (3H, s), 3.55
(2H, t, J 7.1), 6.89-7.38 (9H, m), 8.11 (1H, br s). & (distinct
peaks for minor rotamer) 2.85 (3H, s), 3.86 2H, t, J 7.1), 7.71
(1H, d, J 7.5). "C NMR (75 MHz, CDCl;) 6 (major rotamer)
24.20 (CH,), 33.04 (CH5;), 51.89 (CH,), 111.35 (CH), 111.49 (Cq),
117.97 (CH), 119.44 (CH), 122.14 (2CH), 124.58 (CH), 126.64

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 787-801 | 795





(CH), 126.94 (Cq), 129.56 (2CH), 134.22 (Cq), 136.22 (Cq),
137.96 (Cq), 170.76 (Cq). ¢ (distinct peaks for minor rotamer)
22.89 (CH,), 38.15 (CH3;), 48.57 (CH,), 112.78 (Cq), 118.69 (CH),
122.26 (CH), 125.02 (CH), 127.11 (CH), 127.51 (Cq), 129.16
(CH), 129.79 (CH), 134.40 (Cq), 138.40 (Cq), 169.83 (Cq). m/z
(ES*) 313 (MH*), 625 2M + H)*; (ES7) 311 M — H)~, 623
(2M — H)~; m/z (FAB*) 313 (MH"), 625 2M + H)* (found: C,
69.00; H, 5.54; N, 8.88; MH"*, 313.11073. C3H;CIN,O requires
C, 69.12; H, 5.48; N, 8.96%; MH, 313.11077).

4-Chloro-N-|2-(1H-indol-3-yl)-ethyl]-/V-methylbenzamide  9h.
Beige solid. Yield 62%. Mp 160 °C. Rotamers 1 : 1.4 (from the
duplicated triplet signal ("H) at 3.55 and 3.86 ppm). Rf (ethyl
acetate—petroleum ether 50 : 50) 0.17. '"H NMR (300 MHz,
CDCl;) 6 (major rotamer) 2.94 (2H, t, J 6.4), 3.17 (3H, s), 3.55
(2H, t, J 6.4), 6.87-7.42 (9H, m), 8.16 (1H, br s). ¢ (distinct peaks
for minor rotamer) 2.86 (3H, s), 3.86 (2H, distorted t, J 5.4), 7.70
(1H, d, J 6.9). BC NMR (75 MHz, CDCl;) 6 (major rotamer)
24.17 (CH,), 33.01 (CHj;), 51.74 (CH,), 111.31 (CH), 112.77 (Cq),
118.01 (CH), 119.42 (CH), 122.12 (2CH), 127.03 (Cq), 127.89
(2CH), 128.38 (2CH), 135.02 (Cq), 136.27 (2Cq), 171.41 (Cq).
o0 (distinct peaks for minor rotamer) 22.88 (CH,), 38.20 (CH,),
48.59 (CH,), 118.69 (CH), 122.31 (CH), 127.53 (Cq), 128.51
(CH), 128.64 (CH), 134.55 (Cq), 135.50 (Cq). m/z (ES*) 313
(MH"), 625 2M + H)*; (ES7) 311 M — H)~, 623 2M — H);
m/z (FAB*) 313 (MH*), 625 2M + H)* (found: C, 68.99; H,
5.54; N, 8.87; MH", 313.11072. C3H,;CIN,O requires C, 69.12;
H, 5.48; N, 8.96%; MH, 313.11077).

2-Bromo-N-[2-(1 H-indol-3-yl)-ethyl]-NV-methylbenzamide  9i.
Tan solid. Yield 48%. Mp 205 °C. Rotamers 1 : 1.2 (from the
duplicated triplet signal (‘H) at 3.34 and 3.79 ppm). Rf (ethyl
acetate—petroleum ether 50 : 50) 0.31. "H NMR (400 MHz, 363 K,
DMSO) ¢ (major rotamer) 2.92 (2H, t, J 7.3), 3.10 (3H, s), 3.34
(2H, t, J 7.3), 6.90-7.10 (3H, m), 7.19-7.44 (5H, m), 7.63 (1H, br
t, estimated J 9.4), 10.61 (1H, br s). ¢ (distinct peaks for minor
rotamer) 2.77 (3H, s), 3.79 (2H, t, J 7.6), 6.84 (1H, t, J 7.4). *C
NMR (75 MHz, DMSO) ¢ (major rotamer) 24.27 (CH,), 32.37
(CH;), 51.31 (CH,), 110.69 (Cq), 111.89 (CH), 118.10 (CH),
118.74 (CH), 118.82 (Cq), 121.36 (CH), 123.54 (CH), 127.66
(Cq), 128.14 (CH), 128.49 (CH), 130.68 (CH), 132.72 (CH),
136.63 (Cq), 138.79 (Cq), 168.31 (Cq). ¢ (distinct peaks for minor
rotamer) 22.94 (CH,), 36.50 (CHj;), 47.67 (CH,), 111.61 (Cq),
118.65 (CH), 118.94 (Cq), 121.42 (CH), 123.43 (CH), 127.32
(Cq), 130.87 (CH), 132.94 (CH), 136.77 (Cq), 139.16 (Cq), 168.15
(Cq). m/z (ES*) 358; (ES™) 356 M — H)~; m/z (FAB*) 357 (M*)
(found: C, 60.38; H, 4.81; N, 7.81; M*, 357.06015. CsH,;BrN,O
requires C, 60.52; H, 4.80; N, 7.84%; M, 357.06025).

3-Bromo-/N-[2-(1 H-indol-3-yl)-ethyl]-NV-methylbenzamide  9j.
White solid. Yield 76%. Mp 166 °C. Rotamers 1 : 1.4 (from the
duplicated triplet signal ("H) at 3.46 and 3.78 ppm). Rf (ethyl
acetate—petroleum ether 50 : 50) 0.35. '"H NMR (300 MHz,
CDCl;) 6 (major rotamer) 2.87 (2H, t, J 6.9), 3.09 (3H, s), 3.46
(2H, t, J 6.9), 6.76-7.61 (9H, m), 8.25 (1H, br s). J (distinct
peaks for minor rotamer) 2.76 (3H, s), 3.78 (2H, t, J 6.9). °C
NMR (75 MHz, CDCl,;) é (major rotamer) 24.20 (CH,), 33.08
(CH;), 51.94 (CH,), 111.39 (CH), 112.72 (Cq), 117.97 (CH),
119.44 (CH), 122.13 (CH), 122.30 (CH), 125.04 (CH), 126.98
(Cq), 129.79 (CH), 129.94 (CH), 132.10 (CH), 132.99 (Cq),

136.22 (Cq), 138.15 (Cq), 170.65 (Cq). ¢ (distinct peaks for minor
rotamer) 22.88 (CH,), 38.18 (CH,;), 48.61 (CH,), 118.66 (CH),
125.45 (CH), 127.52 (Cq), 129.45 (CH), 130.06 (CH), 132.51
(CH), 135.95 (Cq), 138.59 (Cq), 169.73 (Cq). m/z (ES*) 357 (M"),
358 (MH*); (ES™) 356 (M — H)~; m/z (FAB*) 357 (M*) (found:
C, 60.38; H, 4.80; N, 7.73; M*, 357.06030. C,sH;;BrN,O requires
C, 60.52; H, 4.80; N, 7.84%; M, 357.06025).

4-Bromo-/N-[2-(1 H-indol-3-yl)-ethyl]-V-methylbenzamide  9k.
White solid. Yield 73%. Mp 160 °C. Rotamers 1 : 1.5 (from the
duplicated triplet signal ("H) at 3.45 and 3.77 ppm). Rf (ethyl
acetate—petroleum ether 50 : 50) 0.23. 'H NMR (300 MHz,
CDCl;) ¢ (major rotamer) 2.83 (2H, t, J 6.3), 3.07 (3H, s), 3.45
(2H, t, J 6.3), 6.71-7.62 (9H, m), 8.41 (1H, br s). ¢ (distinct peaks
for minor rotamer) 2.76 (3H, s), 3.77 (2H, distorted t, J 7.1). BC
NMR (75 MHz, CDCl;) 6 (major rotamer) 24.17 (CH,), 32.99
(CH;), 51.72 (CH,), 111.35 (CH), 112.65 (Cq), 117.98 (CH),
119.39 (CH), 122.05 (CH), 122.38 (CH), 123.27 (Cq), 127.04
(Cq), 128.09 (2CH), 131.33 (2CH), 135.02 (Cq), 136.31 (Cq),
171.44 (Cq). ¢ (distinct peaks for minor rotamer) 22.89 (CH,),
38.18 (CH,), 48.62 (CH,), 118.65 (CH), 123.74 (Cq), 127.54 (Cq),
128.69 (CH), 131.60 (CH), 135.51 (Cq), 170.40 (Cq). m/z (ES*)
358 (MH*); (ES™) 356 (M — H)~; m/z (FAB*) 357 (M*) (found:
C, 60.58; H, 4.96; N, 7.76; M*, 357.06027. C,sH;;BrN,O requires
C, 60.52; H, 4.80; N, 7.84%; M, 357.06025).

N-[2-(1H-Indol-3-yl)-ethyl]-2-methoxy-/VN-methylbenzamide 9.
Beige solid. Yield 57%. Mp 203 °C. Rotamers 1 : 1.3 (from the
multiplet and triplet signals ('"H) at 3.38-3.46 and 3.88 ppm). Rf
(ethyl acetate—petroleum ether, 50 : 50) 0.09. "H NMR (300 MHz,
CDCl;) ¢ (major rotamer) 2.81-2.95 (2H, m), 3.17 (3H, s), 3.38-
3.46 (2H, m), 3.77 (3H, s), 7.11-7.38 (9H, m), 8.31 (1H, br s). &
(distinct peaks for minor rotamer) 2.77 (3H, s), 3.11-3.14 (2H,
m), 2.78 (3H, s), 3.88 (2H, distorted t, J 7.5), 7.71 (1H, d, J 7.5),
8.34 (1H, br s). *C NMR (75 MHz, CDCl;) § (major rotamer)
24.51 (CH,), 32.80 (CH,), 51.57 (CH,), 55.51 (CH3;), 110.96 (CH),
111.23(CH), 112.05(Cq), 118.24 (CH), 119.20 (CH), 120.83 (CH),
121.90 (CH), 122.04 (CH), 126.30 (Cq), 127.11 (Cq), 127.72 (CH),
130.06 (CH), 136.26 (Cq), 155.17 (Cq), 169.69 (Cq). ¢ (distinct
peaks for minor rotamer) 23.00 (CH,), 36.70 (CH;), 47.94 (CH,),
55.56 (CH;), 112.98 (Cq), 118.74 (CH), 120.88 (CH), 121.84 (CH),
122.26 (CH), 126.72 (Cq), 127.56 (Cq), 127.78 (CH), 130.21 (CH),
136.32 (Cq), 155.27 (Cq). m/z (ES*) 309 (MH*), 617 M + H)*;
(ES7)307(M — H)~, 615(2M — H)~; m/z (FAB*) 309 (MH*), 618
(2M + 2H)" (found: C, 73.97; H, 6.49; N, 9.02; MH*, 309.16027.
CyH, N, 0, requires C, 74.00; H, 6.54; N, 9.08%; MH, 309.16030).

N-[2-(1H -Indol-3-yl)-ethyl]-3-methoxy - NV -methylbenzamide
9m. Tan solid. Yield 54%. Mp 175 °C. Rotamers 1 : 1.2 (from
the duplicated triplet signal ("H) at 3.48 and 3.78 ppm). Rf (ethyl
acetate—petroleum ether 50: 50) 0.17. "HNMR (300 MHz, CDCl;)
0 (major rotamer) 2.89 (2H, br t, J 7.2), 3.10 (3H, br s), 3.48 (2H,
t, J 7.2), 3.63 (3H, br s), 6.65-7.28 (9H, m), 8.20 (1H, br s). ¢
(distinct peaks for minor rotamer) 2.79 (3H, s), 3.70 (3H, s), 3.78
(2H, distorted t, J 7.1), 7.64 (1H, d, J 7.2). "C NMR (75 MHz,
CDCl;) 6 (major rotamer) 24.48 (CH,), 33.03 (CH;), 51.91 (CH,),
55.25(CH;), 111.24 (CH), 111.85(CH), 112.92 (Cq), 115.08 (CH),
118.63 (CH), 118.70 (CH), 119.33 (CH), 122.00 (CH), 122.12
(CH), 127.12 (Cq), 129.46 (CH), 136.26 (Cq), 137.78 (Cq), 159.50
(Cq), 172.02 (Cq). ¢ (distinct peaks for minor rotamer) 22.90
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(CH,), 38.13 (CH,), 48.41 (CH,), 112.14 (CH), 115.39 (CH),
118.24 (CH), 119.03 (CH), 127.26 (Cq). m/z (ES*) 309 (MH*),
617(2M + H)*; (ES7)307(M — H)~, 615 (2M — H)~; m/z (FAB*)
309 MH* (found: C, 73.87; H, 6.44; N, 9.01; MH", 309.16031.
CyH,N,O, requires C, 74.00; H, 6.54; N, 9.08%; MH, 309.16030).

N-[2-(1H-Indol-3-yl)-ethyl]-2,N-dimethylbenzamide 9n. Tan
solid. Yield 63%. Mp 188 °C. Rotamers 1 : 1.4 (from the duplicated
triplet signal ("H) at 3.40 and 3.91 ppm). Rf (ethyl acetate—
petroleum ether 50 : 50) 0.24. '"H NMR (300 MHz, CDCl;) ¢
(major rotamer) 2.19 (3H, s), 2.90 (2H, t, J 7.7), 3.20 (3H, s),
3.40 2H, t, J 7.7), 6.90-7.34 (9H, m), 8.33 (1H, br s). J (distinct
peaks for minor rotamer) 2.24 (3H, s), 2.75 (3H, s), 3.16 (2H,
apparent t, estimated J 7.5), 3.91 (2H, td, J 7.5), 7.70 (1H, d, J
7.5),8.35(1H, brs). B\CNMR (75 MHz, CDCl;) § (major rotamer)
18.91 (CH,;), 24.51 (CH,), 32.52 (CH;), 51.38 (CH,), 111.24 (CH),
111.67(Cq), 118.22 (CH), 119.28 (CH), 121.84 (CH), 121.98 (CH),
125.80(CH), 125.92 (CH), 127.01 (Cq), 128.67 (CH), 130.30 (CH),
133.97 (Cq), 136.28 (Cq), 136.50 (Cq), 171.86 (Cq). § (distinct
peaks for minor rotamer) 18.81 (CH,), 23.04 (CH,), 36.80 (CH,),
47.53 (CH,), 111.28 (CH), 112.72(Cq), 118.69 (CH), 122.09 (CH),
122.21 (CH), 125.71 (CH), 127.50 (Cq), 130.32 (CH), 133.88 (Cq),
136.36 (Cq), 137.00 (Cq), 171.40 (Cq). m/z (ES*) 293 (MH"), 585
(2M + H)*; (ES7) 291 (M — H), 583 2M — H)~; m/z (FAB")
293 (MH*) (found: C, 78.08; H, 6.73; N, 9.51; MH", 293.16541.
CyHyN,O requires C, 78.05; H, 6.89; N, 9.58%; MH, 293.16539).

N-[2-(1H -Indol-3-yl)-ethyl]-3,/V-dimethylbenzamide 90.
White solid. Yield 56%. Mp 140 °C. Rotamers 1 : 1.3 (from the
duplicated triplet signal ("H) at 3.47 and 3.80 ppm). Rf (ethyl
acetate—petroleum ether 50 : 50) 0.20. '"H NMR (300 MHz,
CDCl;) 6 (major rotamer) 2.15 (3H, s), 2.89 (2H, t, J 6.9), 3.10
(3H, brs), 3.47 (2H, t, J 6.9), 6.81-7.30 (9H, m), 8.07 (1H, br s). 6
(distinct peaks for minor rotamer) 2.27 (3H, s), 2.80 (3H, s), 3.80
(2H, apparent t, estimated J 6.3), 7.65 (1H, d, J 7.2). *C NMR
(75 MHz, CDCl;) ¢ (major rotamer) 21.34 (CHj;), 24.39 (CH.,),
33.01 (CH;), 51.93 (CH,), 111.32(CH), 111.61 (Cq), 118.15 (CH),
119.24 (CH), 121.92 (2CH), 122.06 (Cq), 123.42 (CH), 127.07
(CH), 128.19 (CH), 129.81 (CH), 136.30 (Cq), 136.47 (Cq),
138.22 (Cq), 172.64 (Cq). J (distinct peaks for minor rotamer)
22.96 (CH,), 38.18 (CH;), 48.47 (CH,), 112.83 (Cq), 118.71 (CH),
122.25 (2CH), 123.86 (CH), 127.53 (CH), 130.13 (CH), 136.71
(Cq), 171.54 (Cq). m/z (ES*) 293 (MH"), 585 2M + H)*; (ES")
291 M — H)~; m/z (FAB*) 293 (MH*) (found: C, 77.88; H, 6.81;
N, 9.42; MH*, 293.16542. C,yH,,N,O requires C, 78.05; H, 6.89;
N, 9.58%; MH, 293.16539).

N-[2-(1H -Indol-3-yl)-ethyl]-4,N -dimethylbenzamide 9p.
White solid. Yield 77%. Mp 178 °C. Rotamers 1 : 1.3 (from the
duplicated broad singlet signals (‘H) at 3.46 and 3.77 ppm). Rf
(ethyl acetate—petroleum ether 50 : 50) 0.24. '"H NMR (300 MHz,
CDCl,) 0 (major rotamer) 2.24 (3H, br s), 2.84 (2H, br s), 3.07
(3H, br s), 3.46 (2H, br s), 6.70-7.15 (9H, m), 8.51 (1H, br s). 6
(distinct peaks for minor rotamer) 2.79 (3H, br s), 3.77 (2H, brs),
7.60 (1H, br s). "C NMR (75 MHz, CDCl;) 6 (major rotamer)
21.35(CH,), 24.47 (CH,), 33.14 (CH,), 52.00 (CH;), 111.36 (CH),
111.53 (Cq), 118.20 (CH), 119.11 (CH), 121.82 (2CH), 126.51
(CH), 127.08 (Cq), 128.94 (3CH), 133.56 (Cq), 136.36 (Cq),
139.15 (Cq), 172.65 (Cq). ¢ (distinct peaks for minor rotamer)
22.98 (CH,), 38.26 (CH,), 48.57 (CH,), 112.74 (Cq), 118.67 (CH),

122.26 (2CH), 127.08 (CH), 127.55 (Cq), 133.71 (Cq), 139.54
(Cq), 171.63 (Cq). m/z (ES*) 293 (MH"), 585 (2M + H)*; (ES™)
291 (M — H)~; m/z (FAB*) 293 (MH*) (found: C, 77.91; H, 6.81;
N, 9.62; MH*, 293.16543. C,yHN,O requires C, 78.05; H, 6.89;
N, 9.58%; MH, 293.16539).

Biphenyl-4-carboxylic acid [2-(1H-indol-3-yl)-ethyl]-methyl-
amide 9q. Beige solid. Yield 58%. Mp 178 °C. Rotamers 1 : 1.5
(from the duplicated triplet signal ("H) at 3.59 and 3.89 ppm). Rf
(ethyl acetate—petroleum ether 50 : 50) 0.16. "H NMR (300 MHz,
CDCl;) d (major rotamer) 2.95 (2H, distorted t, J 6.8), 3.18 (3H, s),
3.59 (2H, t, J 6.8), 6.84-7.55 (14H, m), 8.42 (1H, br s). ¢ (distinct
peaks for minor rotamer) 2.91 (3H, br s), 3.89 (2H, apparent t,
estimated J 6.9), 7.72 (1H, br d, J 6.9). *C NMR (75 MHz,
CDCl;) 6 (major rotamer) 24.41 (CH,), 33.06 (CH;), 51.92 (CH,),
111.33 (2CH), 111.57 (Cq), 118.15 (CH), 119.31 (2CH), 121.96
(2CH), 127.01 (2CH), 127.16 (2CH), 127.54 (Cq), 127.66 (CH),
128.87 (2CH), 135.21 (Cq), 136.34 (Cq), 140.45 (Cq), 141.95 (Cq),
172.35 (Cq). ¢ (distinct peaks for minor rotamer) 22.98 (CH,),
38.28 (CH;), 48.55 (CH,), 112.86 (Cq), 118.73 (CH), 122.30 (CH),
135.47 (Cq), 142.34 (Cq), 171.27 (Cq). m/z (ES*) 355 (MH");
(ES7) 353 (M — H)~; m/z (FAB*) 355 (MH") (found: C, 81.34; H,
6.07; N, 7.84; MH*, 355.18103. C,,H,,N,O requires C, 81.26; H,
6.26; N, 7.90%; MH, 355.18104).

N-[2-(1H-Indol-3-yl)-ethyl]-N-methyl-2-phenylacetamide 105.
Yellow paste. Yield 55%. Rotamers 1 : 1.2 (from the duplicated
doublet signal ("H) at 7.58 and 7.69 ppm). Rf (ethyl acetate—
petroleum ether 50 : 50) 0.27. '"H NMR (300 MHz, CDCl;) ¢
(major rotamer) 2.98 (2H, t, J 7.1), 3.08 (3H, s), 3.62 2H, t, J
7.1),3.76 (2H, s), 6.84 (1H, d, J 2.4), 7.09-7.39 (8H, m), 7.58 (1H,
d, J7.8),8.92 (1H, br s). ¢ (distinct peaks for minor rotamer) 2.94
(3H, s), 3.07 (2H, apparent t, estimated J 7.5), 3.44 (2H, s), 3.76
(2H, apparent t, estimated J 7.5), 6.91 (1H, d, J 2.4), 7.69 (1H,
d, J 7.5), 8.70 (1H, br s). *C NMR (75 MHz, CDCl;) ¢ (major
rotamer) 24.19 (CH,), 33.68 (CH,), 40.33 (CH,), 50.88 (CH,),
111.76 (CH), 112.58 (Cq), 118.09 (CH), 118.64 (CH), 119.43 (CH),
122.05(CH), 122.40 (CH), 122.78 (CH), 126.71 (CH), 127.49 (Cq),
128.60 (CH), 128.89 (CH), 135.39 (Cq), 136.52 (Cq), 171.59 (Cq).
0 (distinct peaks for minor rotamer) 23.22 (CH,), 36.50 (CH,),
41.28 (CH,), 49.25 (CH,), 111.44 (CH + Cq), 119.16 (CH), 121.77
(CH), 126.80 (CH), 127.05(Cq), 128.73 (CH), 128.94 (CH), 135.12
(Cq), 136.42 (Cq), 171.14 (Cq). m/z (FAB*) 293 (MH"*) (found:
MH?*, 293.16532. C,yHN,O requires MH, 293.16539).

General procedure for the synthesis of phenyl-(1,3,4,9-tetrahydro-
p-carbolin-2-yl)-methanone and all derivatives 12a—q, 13 and 14.
To a suspension of carboline (1.2 mmol) in dichloromethane
(3 mL) at 0 °C was added slowly an aqueous solution of sodium
hydroxide 4 M (1.2 mmol). After 5 min stirring at 0 °C, the benzoyl
chloride derivative (1.2 mmol) was added dropwise. The mixture
was stirred for 5 min at 0 °C and 3 h at room temperature. Water
(20 mL) was added. The two layers were separated and the aqueous
phase was extracted with dichloromethane (3 x 20 mL). The
organic layers were dried (MgSO,), and evaporated under reduced
pressure. The crude product was purified by chromatography
on silica gel. Elution was made successively with: ethyl acetate—
petroleum ether 50 : 50 and ethyl acetate, to give the expected
compound.
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Phenyl-(1,3,4,9-tetrahydro-p-carbolin-2-yl)-methanone 12a.
Yellow solid. Yield 82%. Mp 78 °C. Rotamers 1 : 3 (from the
duplicated broad singlet signal ('"H) at 8.71 and 9.23 ppm). Rf
(ethyl acetate—petroleum ether 50 : 50) 0.27. "H NMR (300 MHz,
CDCl;) 0 (major rotamer) 2.88 (2H, br s), 3.75 (2H, br s), 4.99
(2H, brs), 7.16-7.30 (4H, m), 7.54-7.56 (SH, m), 9.23 (1H, br s).
o0 (distinct peaks for minor rotamer) 2.97 (2H, br s), 4.16 (2H, br
s), 4.54 (2H, br s), 8.71 (1H, br s). *C NMR (75 MHz, CDCl;)
0 22.21 (CH,), 41.28 (CH,), 46.18 (CH,), 107.51 (Cq), 111.41
(CH), 117.86(CH), 119.44 (CH), 121.68 (CH), 126.86 (Cq), 126.99
(CH), 128.81 (2CH), 130.15 (2CH), 130.28 (Cq), 136.14 (Cq),
136.53 (Cq), 171.80 (Cq). No rotamers observed in *C at RT. m/z
(FAB*) 276 (M*), 277 (MH") (found: M*, 276.12624. C,sH(N,O
requires M, 276.12626).

(4-tert-Butylphenyl)-(1,3,4,9-tetrahydro-f-carbolin-2-yl)-meth-
anone 12b. White solid. Yield 90%. Mp 217 °C. Rotamers 1 : 2
(from the duplicated broad singlet signal ('H) at room temperature
at 10.66 and 10.94 ppm). Rf (ethyl acetate—petroleum ether 50 :
50) 0.34. 'H NMR (400 MHz, 373 K, DMSO) ¢ 1.36 (9H, s),
2.81 2H, t, J 5.6), 3.83 (2H, t, J 5.6), 4.79 (2H, s), 7.01 (1H,
td, J 7.4 and 1.1), 7.08 (1H, td, J 7.4 and 1.1), 7.34 (1H, d, J
8.0), 7.41-7.43 (3H, m), 7.51 (2H, d, J 8.0), 10.53 (1H, br s). °C
NMR (100 MHz, 373 K, DMSO) ¢ 21.80 (CH,), 31.48 (3CH,;),
34.95 (Cq), 43.15 (CH,), 44.10 (CH,), 107.53 (Cq), 111.51 (CH),
117.92 (CH), 119.04 (CH), 121.30 (CH), 125.55 (2CH), 127.17
(2CH), 127.35(Cq), 131.42 (Cq), 134.20 (Cq), 136.90 (Cq), 152.96
(Cq), 170.64 (Cq). No rotamers observed in *C at RT. m/z (FAB*)
333 (MH*) (found: C, 79.56; H, 7.28; N, 8.40; MH*, 333.19665.
C,,H,,N,O requires C, 79.48; H, 7.28; N, 8.43%; MH, 333.19669).

(2-Fluorophenyl)-(1,3,4,9-tetrahydro-f-carbolin-2-yl)-methanone
12¢.  Yellow solid. Yield 95%. Mp 79 °C. Rotamers 1 : 2.6 (from
the duplicated broad singlet signal (‘H) at 4.35 and 4.82 ppm). Rf
(ethyl acetate—petroleum ether 50 : 50) 0.29. '"H NMR (300 MHz,
CDClL;) 0 (major rotamer) 2.66 (2H, br s), 3.51 (2H, t, J 5.4),
4.82 (2H, s), 6.92-7.37 (8H, 2m), 8.69 (1H, br s). J (distinct peaks
for minor rotamer) 2.77 (2H, br s), 4.35 (2H, br s), 8.19 (1H, br
s). "C NMR (75 MHz, CDCl;) ¢ (major rotamer) 21.96 (CH,),
40.85 (CH,), 45.65 (CH,), 107.60 (Cq), 111.30 (CH), 116.10 (CH,
d, J 21.1), 117.82 (CH), 119.42 (CH), 121.71 (CH), 124.30 (Cq,
d, J 17.7), 124.83 (CH, d, J 3.0), 126.71 (Cq), 128.83 (CH, d, J
3.0), 129.80 (Cq), 131.56 (CH, d, J 8.0), 136.45 (Cq), 158.44 (Cq,
d, J 246.5), 166.63 (Cq). ¢ (distinct peaks for minor rotamer)
21.04 (CH,), 45.11 (CH,), 109.03 (Cq), 111.09 (CH), 115.89 (CH,
d, J 18.1), 118.13 (CH), 119.59 (CH), 121.89 (CH), 126.81 (Cq),
129.36 (Cq), 136.33 (Cq), 158.39 (Cq, d, J 241.1), 166.08 (Cq). °F
NMR (282 MHz, CDCl;) ¢ (major rotamer) —114.86. 6 (minor
rotamer) —114.47. m/z (ES*) 295 (MH*), 589 2M + H)*; (ES")
293 (M — H)~. m/z (FAB*) 294 (M*), 295 (MH"*) (found: MH",
295.12473. C,sHsFN,O requires MH, 295.12467).

(3-Fluorophenyl)-(1,3,4,9-tetrahydro-p-carbolin-2-yl)-methanone
12d. Pale yellow solid. Yield 99%. Mp 65 °C. Rotamers 1 : 5
(from the duplicated triplet signal (‘H) at 2.81 and 3.42 ppm). Rf
(ethyl acetate—petroleum ether 50 : 50) 0.35. "H NMR (400 MHz,
373 K, DMSO) ¢ (major rotamer) 2.81 (2H, t, J 5.6), 3.81 (2H, br
s),4.78 (2H, s), 7.00 (1H, td, J 7.5 and 1.0), 7.08 (1H, td, J 7.5 and
1.0), 7.27-7.35 (3H, m), 7.42 (1H, d, J 8.0), 7.50-7.55 (2H, m),
10.52 (1H, br s). 0 (distinct peaks for minor rotamer) 3.42 (2H, t,

J 7.0), 7.65 (1H, br d, J 8.8), 7.83 (1H, br d, J 8.2), 11.36 (1H,
br s). *C NMR (75 MHz, CDCl;) 6 22.10 (CH,), 41.22 (CH,),
46.07 (CH,), 107.57 (Cq), 111.26 (CH), 114.24 (CH, d, J 22.6),
117.11 (CH, d, J 20.9), 117.88 (CH), 119.56 (CH), 121.83 (CH),
122.60 (CH), 126.76 (Cq), 129.85 (Cq), 130.61 (CH, d, J 7.7),
136.40 (Cq), 138.05 (Cq, d, J 6.6), 162.99 (Cq, d, J 246.7), 170.16
(Cq). No rotamers observed in C at RT. "F NMR (282 MHz,
CDCl;) 6 (major rotamer) —111.15,  (minor rotamer) —112.77.
m/z (FAB*) 294 (M%), 295 (MH*) (found: MH*, 295.12470.
CsHsFN,O requires MH, 295.12467).

(4-Fluorophenyl)-(1,3,4,9-tetrahydro-f-carbolin-2-yl)-methanone
12e. Yellow solid. Yield 97%. Mp 76 °C. Rotamers 1 : 4 (from
the duplicated broad singlet signal ('H) at 4.43 and 4.75 ppm). Rf
(ethyl acetate—petroleum ether 50 : 50) 0.33. "H NMR (300 MHz,
CDCl;) J (major rotamer) 2.70 (2H, br s), 3.56 (2H, br s), 4.75
(2H, br s), 6.63-7.35 (8H, 2m), 8.75 (1H, br s). ¢ (distinct peaks
for minor rotamer) 4.00 (2H, br s), 4.43 (2H, br s), 8.69 (1H, br
s). *{CNMR (75 MHz, CDCl;) ¢ 22.13 (CH,), 41.41 (CH,), 46.26
(CH,), 107.57 (Cq), 111.24 (CH), 115.81 (2CH, d, J 21.7), 117.89
(CH), 119.55 (CH), 121.81 (CH), 126.78 (Cq), 129.31 (2CH, d,
J 7.9), 130.00 (Cq), 132.00 (Cq, d, J 3.2), 136.41 (Cq), 163.63
(Cq, d, J 248.6), 170.80 (Cq). No rotamers observed in *C at RT.
YF NMR (282 MHz, CDCl;) § —109.52. m/z (FAB*) 294 (M*)
(found: MH*, 295.12470. CsH;sFN,O requires MH, 295.12467).

(2-Chlorophenyl)-(1,3,4,9-tetrahydro-f-carbolin-2-yl)-methanone
12f. White solid. Yield 81%. Mp 97 °C. Rotamers 1 : 3 (from
the duplicated doublet signal ("H) at 4.56 and 5.18 ppm). Rf
(ethyl acetate—petroleum ether 50 : 50) 0.39. "H NMR (300 MHz,
CDCl;) 6 (major rotamer) 2.75 (1H, t, J 6.3), 2.84 (1H, t, J 5.1),
3.63 2H, t, J 5.7), 492 (1H, d, J 16.8), 5.18 (1H, d, J 16.8),
7.10-7.36 (8H, m), 8.27 (1H, br s). ¢ (distinct peaks for minor
rotamer) 2.73 (1H, apparent t, estimated J 6.0), 2.90 (1H, t, J
6.0), 2.98 (2H, t, J 5.7), 4.40 (1H, d, J 16.5), 4.56 (1H, d, J 16.5),
7.78 (1H, br s). *C NMR (75 MHz, CDCl;) § (major rotamer)
21.88 (CH,), 40.33 (CH,), 45.13 (CH,), 108.01 (Cq), 111.08 (CH),
117.88 (CH), 119.66 (CH), 121.94 (CH), 126.74 (Cq), 127.27
(CH), 127.65 (CH), 129.59 (Cq), 129.82 (CH), 130.34 (CH),
130.57 (Cq), 136.02 (Cq), 136.29 (Cq), 168.04 (Cq). ¢ (distinct
peaks for minor rotamer) 21.00 (CH,), 44.71 (CH,), 110.88 (CH),
118.23 (CH), 119.83 (CH), 122.11 (CH), 127.39 (CH), 127.95
(CH), 129.71 (CH). m/z (ES*) 311 (MH"), 621 2M + H)*; (ES")
309(M — H)~. m/z (FAB*) 311 (MH"*) (found: MH*, 311.09503.
CsH,5CIN,O requires MH, 311.09512).

(3-Chlorophenyl)-(1,3,4,9-tetrahydro-p-carbolin-2-yl)-methanone
12g. Pale yellow solid. Yield 73%. Mp 72 °C. Rotamers 1 :
3.3 (from the duplicated broad singlet signal (‘H) at room
temperature at 4.46 and 4.80 ppm). Rf (ethyl acetate—petroleum
ether 50 : 50) 0.44. "H NMR (400 MHz, 373 K, DMSO) ¢ 2.81
(2H, t,J 5.9), 3.81 (2H, brs), 4.78 (2H, s), 7.00 (1H, td, J 7.5 and
1.2), 7.08 (1H, td, J 7.5 and 1.2), 7.34 (1H, d, J 8.0), 7.42 (2H,
apparent dd, estimated J 7.2 and 1.6), 7.50-7.54 (3H, m), 10.52
(IH, br s). "C NMR (75 MHz, CDCl;) ¢ 22.10 (CH,), 41.17
(CH,), 46.08 (CH,), 107.69 (Cq), 111.18 (CH), 117.88 (CH),
119.63 (CH), 121.92 (CH), 124.97 (CH), 126.74 (Cq), 127.12
(CH), 129.71 (Cq), 130.10 (2CH), 134.76 (Cq), 136.32 (Cq),
137.68 (Cq), 170.03 (Cq). No rotamers observed in *C at RT.
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m/z (FAB*) 311 (MH") (found: MH*, 311.09512. C;3sH,;CIN,O
requires MH, 311.09512).

(4-Chlorophenyl)-(1,3,4,9-tetrahydro-p-carbolin-2-yl)-methanone
12h. White solid. Yield 83%. Mp 196 °C. Rotamers 1 : 2 (from
the duplicated broad singlet signal (‘H) at room temperature at
4.60 and 4.83 ppm). Rf (ethyl acetate—petroleum ether 50 : 50)
0.41. "H NMR (400 MHz, 373 K, DMSO) ¢ 2.81 (2H, t, J 5.5),
3.81 (2H, br t, J 5.5), 4.78 (2H, s), 7.01 (1H, td, J 7.5 and 0.9),
7.08 (1H, td, J 7.5 and 0.9), 7.35 (1H, d, J 8.0), 7.42 (2H, d, J 7.6),
7.48-7.53 (3H, m), 10.52 (1H, br s). *C NMR (100 MHz, 373 K,
DMSO) 6 21.74 (CH,), 43.09 (CH,), 44.17 (CH,), 107.50 (Cq),
111.54 (CH), 117.94 (CH), 119.10 (CH), 121.37 (CH), 127.31
(Cq), 129.01 (2CH), 129.15 (2CH), 131.18 (Cq), 134.96 (Cq),
135.81 (Cq), 136.91 (Cq), 169.50 (Cq). No rotamers observed
in BC at RT. m/z (ES*) 311 (MH"), 621 (2M + H)*; (ES™) 309
(M — H)". m/z (FAB*) 311 (MH") (found: C, 69.58; H, 4.54; N,
8.94; MH*, 311.09522. C3H,sCIN,O requires C, 69.57; H, 4.86;
N, 9.01%; MH, 311.09512).

(2-Bromophenyl)-(1,3,4,9-tetrahydro-p-carbolin-2-yl)-methanone
12i. White solid. Yield 64%. Mp 190 °C. Rotamers 1 : 3.3
(from the duplicated broad singlet signal ("H) at 8.03 and 8.59
ppm). Rf (ethyl acetate—petroleum ether 50 : 50) 0.35. '"H NMR
(300 MHz, CDCl;) 6 (major rotamer) 2.66 (1H, t, J 6.5), 2.73
(1H, t, J 5.0), 3.49 (2H, t, J 5.7), 4.77 (1H, d, J 16.8), 5.06 (1H,
d, J 16.8), 6.93-7.56 (8H, m), 8.59 (1H, br s). J (distinct peaks
for minor rotamer) 2.61 (1H, apparent t, estimated J 6.3), 2.79
(1H, t, J 5.0), 2.85 2H, t, J 5.7), 4.24 (1H, d, J 16.1), 4.38 (1H,
d, J 16.1), 8.03 (1H, br s). *C NMR (75 MHz, CDCl;) ¢ (major
rotamer) 21.87 (CH,), 40.47 (CH,), 45.24 (CH,), 107.63 (Cq),
111.28 (CH), 117.81 (CH), 119.34 (Cq), 119.48 (CH), 121.77
(CH), 126.70 (Cq), 127.60 (CH), 127.86 (CH), 129.68 (Cq),
130.52 (CH), 133.00 (CH), 136.39 (Cq), 138.18 (Cq), 168.93 (Cq).
0 (distinct peaks for minor rotamer) 21.01 (CH,), 44.87 (CH,),
109.18 (Cq), 111.03 (CH), 118.15 (CH), 119.10 (Cq), 119.66 (CH),
121.93 (CH), 126.81 (Cq), 129.15 (Cq), 132.87 (CH), 136.28 (Cq),
138.27 (Cq), 168.44 (Cq). m/z (ES*) 355 (MH"); (ES™) 354 (M)~.
m/z (FAB*) 355 (MH"*) (found: C, 60.75; H, 4.17; N, 7.92; M*,
354.03678. C;sH,sBrN,O requires C, 60.86; H, 4.26; N, 7.89%; M,
354.03677).

(3-Bromophenyl)-(1,3,4,9-tetrahydro-p-carbolin-2-yl)-methanone
12j.  White solid. Yield 91%. Mp 207 °C. Rotamers 1 : 1.6 (from
the duplicated broad singlet signal ("H) at room temperature at
4.60 and 4.84 ppm). Rf (ethyl acetate—petroleum ether 50 : 50)
0.41. "H NMR (400 MHz, 373 K, DMSO) ¢ 2.80 (2H, t, J 5.8),
3.81 (2H, br s), 4.77 (2H, s), 7.00 (1H, td, J 7.5 and 1.2), 7.08
(1H, td, J 7.5 and 1.2), 7.34 (1H, d, J 7.6), 7.41-7.48 (3H, m),
7.64-7.69 (2H, m), 10.52 (1H, br s). *C NMR (100 MHz, 373 K,
DMSO) 6 21.70 (CH,), 43.06 (CH,), 44.09 (CH,), 107.49 (Cq),
111.54 (CH), 117.96 (CH), 119.09 (CH), 121.37 (CH), 122.24
(Cq), 126.12 (CH), 127.29 (Cq), 129.93 (CH), 131.09 (CH + Cq),
132.84 (CH), 136.90 (Cq), 139.33 (Cq), 168.80 (Cq). No rotamers
observed in ®C at RT. m/z (ES*) 355 (MH"); (ES™) 353 (M —
H)~. m/z (FAB*) 355 (MH") (found: C, 60.94; H, 4.17; N, 7.93;
MH*, 355.04478. C3H;sBrN,O requires C, 60.86; H, 4.26; N,
7.87%; MH, 355.04460).

(4-Bromophenyl)-(1,3,4,9-tetrahydro-p-carbolin-2-yl)-methanone
12k. White solid. Yield 62%. Mp 217 °C. Rotamers 1 : 1.7 (from

the duplicated broad singlet signal ('H) at room temperature at
4.59 and 4.83 ppm). Rf (ethyl acetate—petroleum ether 50 : 50)
0.45. "TH NMR (400 MHz, DMSO, 363 K) ¢ 2.79 (2H, t, J 5.8),
3.79 (2H, br s), 4.75 (2H, s), 6.99 (1H, td, J 7.4 and 0.8), 7.07
(1H, td, J 7.6 and 1.2), 7.32 (1H, d, J 8.0), 7.40-7.44 (4H, m),
7.67 (1H, dt, J 8.8 and 2.4), 10.55 (1H, br s). *C NMR (75 MHz,
CDCl;) 6 22.03 (CH,), 40.94 (CH,), 45.94 (CH,), 107.05 (Cq),
111.55 (CH), 118.02 (CH), 119.06 (CH), 121.38 (CH), 123.53
(Cq), 126.97 (Cq), 129.47 (2CH), 131.01 (Cq), 132.03 (2CH),
135.84 (Cq), 136.46 (Cq), 169.56 (Cq). No rotamers observed
in BC at RT. m/z (ES*) 356 (M + 2H)*; (ES™) 353 (M — H)".
m/z (FAB*) 355 (MH") (found: C, 60.87; H, 4.20; N, 7.70; M*,
354.03674. CsH,sBrN,O requires C, 60.86; H, 4.26; N, 7.89%; M,
354.03677).

(2-Methoxyphenyl)-(1,3,4,9-tetrahydro-p-carbolin-2-yl)-metha-
none 121.  White solid. Yield 83%. Mp 92-93 °C. Rotamers 1 : 3.2
(from the duplicated broad singlet signals (‘H) at 2.62 and 2.78
ppm). Rf (ethyl acetate—petroleum ether 50 : 50) 0.24. '"H NMR
(300 MHz, CDCl;) ¢ (major rotamer) 2.62 (2H, br s), 3.47 (2H,
t, J 5.4), 3.69 (3H, s), 4.80 (1H, d, J 16.7), 492 (1H, d, J 16.7),
6.75-7.37 (8H, m), 8.89 (1H, br s). ¢ (distinct peaks for minor
rotamer) 2.78 (2H, brs), 3.58 (3H, s), 4.25-4.31 (2H, m), 8.20 (1H,
brs). ®.C NMR (75 MHz, CDCI;) 6 (major rotamer) 21.95 (CH,),
40.56 (CH,), 45.38 (CH,), 55.56 (CH,), 107.62 (Cq), 111.14 (CH),
111.32 (CH), 117.69 (CH), 119.23 (CH), 121.02 (CH), 121.47
(CH), 125.94 (Cq), 126.75 (Cq), 127.83 (CH), 130.29 (Cq), 130.66
(CH), 136.47 (Cq), 155.56 (Cq), 169.20 (Cq). ¢ (distinct peaks for
minor rotamer) 21.15 (CH,), 44.85 (CH,), 108.92 (Cq), 111.04
(CH), 111.14 (CH), 118.01 (CH), 119.44 (CH), 121.02 (CH),
121.63 (CH), 126.89 (Cq), 128.13 (CH), 129.98 (Cq), 130.74 (CH),
136.30 (Cq), 168.69 (Cq). m/z (ES*) 307 (MH*), 613 2M + H)*;
(ES7) 611 2M — H)~. m/z (FAB*) 307 (MH"*) (found: C, 74.53;
H, 5.91; N, 9.04; MH*, 307.14463. C,,H;sN,O, requires C, 74.49;
H, 5.92; N, 9.14%; MH 307.14465).

(3-Methoxyphenyl)-(1,3,4,9-tetrahydro-p-carbolin-2-yl)-metha-
none 12m. Yellow solid. Yield 98%. Mp 75-78 °C. Rotamers 1:
2.7 (from the duplicated broad singlet signal (‘H) at 4.48 and 4.81
ppm). Rf (ethyl acetate—petroleum ether 50 : 50) 0.34. '"H NMR
(300 MHz, CDCl;) 6 (major rotamer) 2.73 (2H, br s), 3.68 (2H,
brs), 3.73 (3H, s), 4.81 (2H, br s), 6.80-7.43 (8H, m), 8.60 (1H, br
s). 0 (distinct peaks for minor rotamer) 4.48 (2H, br s). *C NMR
(75 MHz, CDCl,) 6 22.15 (CH,), 41.13 (CH,), 46.06 (CH,), 55.42
(CH,), 107.72 (Cq), 111.19 (CH), 112.21 (CH), 115.94 (CH),
117.83 (CH), 118.97 (CH), 119.52 (CH), 121.77 (CH), 126.79
(Cq), 129.84 (CH), 130.07 (Cq), 136.34 (Cq), 137.32 (Cq), 159.73
(Cq), 171.40 (Cq). No rotamers observed in *C at RT. m/z (ES*)
307 (MHY), 613 2M + H)*. m/z (FAB*) 307 (MH") (found:
MH?*, 307.14460. C,,H5sN,O, requires MH 307.14465).

(1,3,4,9-Tetrahydro-p-carbolin-2-yl)-o-tolylmethanone 12n.
White solid. Yield 83%. Mp 186 °C. Rotamers 1 : 2.8 (from the
duplicated singlet signal ("H) at 2.24 and 2.39 ppm). Rf (ethyl
acetate—petroleum ether 50 : 50) 0.32. 'H NMR (300 MHz,
CDCl;) § (major rotamer) 2.39 (3H, s), 2.78 (2H, apparent d, J
4.8), 3.62 (2H, apparent q, J 5.7), 4.93 (1H, d, J 16.2), 5.18 (1H,
d, J 16.2), 7.10-7.57 (8H, m), 8.98 (1H, br s). J (distinct peaks
for minor rotamer) 2.24 (3H, s), 2.97 (2H, apparent t, estimated J
5.1),4.35 (2H, br s), 8.24 (1H, br s). *C NMR (75 MHz, CDCl;)
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0 (major rotamer) 19.13 (CHj;), 22.01 (CH,), 40.38 (CH,), 45.22
(CH,), 107.52 (Cq), 111.27 (CH), 117.77 (CH), 119.42 (CH),
121.70 (CH), 125.72 (CH), 126.11 (CH), 126.74 (Cq), 129.16
(CH), 130.08 (Cq), 130.65 (CH), 134.39 (Cq), 136.34 (Cq), 136.42
(Cq), 171.33 (Cq). 0 (distinct peaks for minor rotamer) 18.87
(CH,), 21.14 (CH,), 45.10 (CH,), 109.05 (Cq), 111.06 (CH),
118.15(CH), 119.62 (CH), 121.90 (CH), 126.86 (Cq), 129.52 (Cq),
130.56 (CH), 134.31 (Cq), 136.51 (Cq), 170.72 (Cq). m/z (FAB")
291 (MH*) (found: C, 78.48; H, 6.35; N, 9.77; MH", 291.14969.
CyH3sN,O requires C, 78.59; H, 6.25; N, 9.65%; MH, 291.14974).

(1,3,4,9-Tetrahydro- f-carbolin-2-yl)-m-tolylmethanone 12o.
White solid. Yield 76%. Mp 170 °C. Rotamers 1 : 3.5 (from the
duplicated broad singlet signal ('H) at room temperature at 4.44
and 4.82 ppm). Rf (ethyl acetate—petroleum ether 50 : 50) 0.40. 'H
NMR (400 MHz, 373 K, DMSO0) ¢ 2.39 (3H, 5), 2.79 (2H, t, J 5.5),
3.81 (2H, t, J 5.5),4.77 (2H, s), 7.00 (1H, td, J 7.5 and 1.1), 7.08
(1H,td,J 7.5and 1.1), 7.24-7.38 (SH, m), 7.42 (1H, d, J 8.0), 10.52
(1H, br s). "C NMR (100 MHz, 373 K, DMSO) ¢ 21.23 (CH,),
21.76 (CHs;), 43.04 (CH,), 44.13 (CH,), 107.51 (Cq), 111.51 (CH),
117.93(CH), 119.05 (CH), 121.31 (CH), 124.18 (CH), 127.34 (Cq),
127.64 (CH), 128.73 (CH), 130.50 (CH), 131.38 (Cq), 136.89 (Cq),
137.15 (Cq), 138.37 (Cq), 170.66 (Cq). m/z (ES*) 291 (MH"), 581
(2M + H)*; (ES7) 289 (M — H)~. m/z (FAB*) 291 (MH") (found:
C, 78.78; H, 6.06; N, 9.42; MH*, 291.14968. C,,H3sN,O requires
C, 78.59; H, 6.25; N, 9.65%; MH, 291.14974).

(1,3,4,9-Tetrahydro- f-carbolin-2-yl)-p-tolylmethanone 12p.
White solid. Yield 90%. Mp 186 °C. Rf (ethyl acetate—petroleum
ether 50 : 50) 0.57. '"H NMR (400 MHz, 373 K, DMSO) § 2.39
(3H,s),2.80 2H, br t, J 5.6), 3.82 (2H, t, J 5.6), 4.78 (2H, s), 7.01
(1H, td, J 7.3 and 0.8), 7.08 (1H, td, J 7.3 and 1.1), 7.28 (2H, br d,
J17.6),7.34(1H,brd, J 8.0),7.37 (2H, brd, J 8.0), 7.42 (1H, brd, J
7.6),10.52 (1H, brs). *CNMR (100 MHz, 373 K, DMSO) ¢ 21.23
(CH,), 21.78 (CH;), 43.12 (CH,), 44.17 (CH,), 107.53 (Cq), 111.52
(CH), 117.93 (CH), 119.05 (CH), 121.31 (CH), 127.28 (2CH),
127.36 (Cq), 129.36 (2CH), 131.44 (Cq), 134.24 (Cq), 136.90 (Cq),
139.70 (Cq), 170.69 (Cq). No rotamers observed at RT neither
from the '"H nor from the BC NMR. m/z (FAB*) 291 (MH*)
(found: C, 78.76; H, 6.12; N, 9.63; MH*, 291.14978. C,yH;xN,O
requires C, 78.59; H, 6.25; N, 9.65%; MH, 291.14974).

Biphenyl-4-yl-(1,3,4,9-tetrahydro-f-carbolin-2-yl)-methanone
12q. White solid. Yield 47%. Mp 239 °C. Rf (ethyl acetate—
petroleum ether 50 : 50) 0.63. "H NMR (400 MHz, 373 K, DMSO)
0283 (2H, t, J 5.6), 3.86 (2H, t, J 5.6), 4.80 (2H, s), 6.99 (1H,
td, J 7.6 and 0.7), 7.07 (1H, td, J 7.6 and 1.1), 7.33 (1H, br d,
J 8.0), 742 (2H, br d, J 7.2), 7.50 (2H, br t, J 6.8), 7.56 (2H,
dt, J 5.2 and 1.6), 7.72 (2H, dt, J 8.0 and 2.0), 7.77 (2H, dt,
J 6.0 and 2.1), 10.54 (1H, br s). *C NMR (100 MHz, 373 K,
DMSO) ¢ 21.79 (CH,), 107.51 (Cq), 111.52 (CH), 117.93 (CH),
119.05 (CH), 121.32 (CH), 127.17 (2CH), 127.21 (2CH), 127.32
(Cq), 127.90 (2CH), 128.23 (CH), 129.38 (2CH), 131.35 (Cq),
135.97 (Cq), 136.88 (Cq), 140.03 (Cq), 142.02 (Cq), 170.35 (Cq).
Two CH, are missing from the C NMR at 373 K. The two
signals were observed at 75 MHz, at RT, in DMSO at 41.11 and
45.49 ppm. No rotamers observed at RT neither from the '"H nor
from the *C NMR. m/z (ES*) 353 (MH*); (ES™) 351 (M — H)".
m/z (FAB*) 353 (MH") (found: C, 81.86; H, 5.62; N, 7.98; MH*,

353.16532. C,,H,N,O requires C, 81.79; H, 5.72; N, 7.95%; MH,
353.16539).

2-Phenyl-1-(1,3,4,9-tetrahydro-f-carbolin-2-yl)-ethanone 13.
White solid. Yield 63%. Mp 188-190 °C. Rotamers 1 : 4 (from
the duplicated singlet signal ('H) at 4.52 and 4.77 ppm). Rf
(ethyl acetate—petroleum ether 50 : 50) 0.36. "H NMR (300 MHz,
CDCl;) 6 (major rotamer) 2.56 (2H, t, J 5.7), 3.70 (2H, t, J 5.7),
3.81 (2H, s), 4.77 (2H, s), 6.99 (1H, td, J 7.3 and 1.2), 7.06 (1H,
td, J 7.3 and 1.3), 7.13-7.29 (6H, m), 7.33 (1H, d, J 7.5), 8.32
(1H, br s). 0 (distinct peaks for minor rotamer) 2.75 (2H, t, J
5.7), 3.75 (2H, s), 3.92 2H, t, J 5.7), 4.52 (2H, s), 7.41 (1H, d, J
7.8), 7.80 (1H, br s). *C NMR (75 MHz, CDCl;) ¢ 21.78 (CH.,),
40.74 (CH,), 41.36 (CH,), 44.52 (CH,), 107.76 (Cq), 111.07 (CH),
117.77 (CH), 119.48 (CH), 121.71 (CH), 126.94 (CH), 128.71
(2CH), 128.83 (2CH), 130.27 (Cq), 134.96 (Cq), 136.22 (Cq),
170.59 (Cq). One "*C quaternary is not observed. No rotamers
observed in *C at RT. m/z (ES*) 291 (MH"*), 581 2M + H)".
m/z (ES7) 289 (M — H)~, 579 2M — H)~. m/z (FAB*) 290
(M"), 291 (MH") (found: M*, 290.14192. C,,H 3N, O requires M,
290.14191).

1,3,4,9-Tetrahydro-f-carboline-2-carboxylic acid diethylamide
14. White solid. Yield 91%. Mp 102 °C. Rf (ethyl acetate—
petroleum ether 50 : 50) 0.22. '"H NMR (300 MHz, CDCl;) ¢
1.09 (6H,t,J 7.1),2.77 (2H, t,J 5.4), 3.22 (4H, q, J 7.1), 3.45 (2H,
t,J 5.4),4.37 (2H, s), 7.00 (2H, apparent quintet, estimated J 7.3),
7.20 (1H, d, J 7.5), 7.37 (1H, d, J 7.2), 9.11 (1H, br s). *C NMR
(75 MHz, CDCl;) ¢ 13.35 (2CH;), 21.78 (CH,), 42.18 (2CH,),
44.69 (CH,), 47.06 (CH,), 107.94 (Cq), 111.13 (CH), 117.78 (CH),
119.17 (CH), 121.31 (CH), 126.99 (Cq), 131.79 (Cq), 136.42 (Cq),
165.03 (Cq). No rotamers observed at RT neither from the 'H nor
from the *C NMR. m/z (FAB*) 271 (M*), 272 (MH") (found: C,
70.93; H, 7.50; N, 15.36; M*, 271.16850. C,sH,; N;O requires C,
70.82; H, 7.80; N, 15.49%; M, 271.16846).

1-Phenyl-2-(1,3,4,9-tetrahydro-p-carbolin-2-yl)-ethanone

15. To a solution of 1,2,34-tetrahydro-B-carboline (0.40 g,
2.32 mmol) in toluene (26 mL) was added a solution of NaHCO;
(0.45 g, 5.39 mmol) and Na,SO; (0.23 g, 1.81 mmol) in water
(8.0 mL). The mixture was stirred under N, atmosphere and
2-bromoacetophenone (0.23 g, 1.16 mmol) was added. The
stirring was maintained for 4 h at room temperature. The crude
mixture was evaporated under reduced pressure and the resulting
crude product was purified directly by column chromatography
on silica gel. Elution was made successively with: ethyl acetate—
cyclohexane 50 : 50 and ethyl acetate to give the title compound
19 as an orange solid (0.21 g, 61%). Mp 152-153 °C. Rf (ethyl
acetate—petroleum ether 50 : 50) 0.37. '"H NMR (300 MHz,
CDCl,) 2.78 2H, t, J 5.7), 2.98 (2H, t, J 5.7), 3.78 (2H, s), 3.97
(2H, s), 7.01 (1H, t, J 3.2), 7.01 (1H, ddd, J 10.5 and 6.9 and 1.8),
7.15-7.19 (1H, m), 7.34-7.40 (3H, m), 7.48 (1H, tt, J 7.4 and 1.7),
7.90-7.93 (3H, m). “C NMR (75 MHz, CDCl;) 20.64 (CH,),
50.08 (CH,), 51.13 (CH,), 62.70 (CH,), 107.95 (Cq), 110.87 (CH),
117.92 (CH), 119.34 (CH), 121.41 (CH), 127.17 (Cq), 128.19
(2CH), 128.63 (2CH), 131.25 (Cq), 133.39 (CH), 135.91 (Cq),
136.06 (Cq), 196.80 (Cq). m/z (ES*) 291 (MH*), 581 2M + H)*.
m/z (ES7)289 (M — H)~, 579 2M — H)~. m/z (FAB*) 291 (MH")
(found: C, 78.67; H, 6.30; N, 9.71; M*, 291.14975. C,,H3)N,O
requires C, 78.59; H, 6.25; N, 9.65%; M, 291.14974).
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2-(2-Oxo-2-phenylethyl)-2,3,4,9-tetrahydro-1 H-p-carbolin-2-ium

chloride 16. To a solution of 15 (0.20 g, 0.07 mmol) in a
minimum of dichloromethane was flushed HCI gas. After around
3 min the mixture was evaporated under reduced pressure to give
the title compound 16 (0.21 g, 95%) as a yellow solid, which was
dried under vacuum for a few days. Mp 158-159 °C. '"H NMR
(300 MHz, DMSO) 3.17 (2H, t, J 5.3), 3.74 (2H, br s), 4.70 (2H,
br s), 5.31 (2H, s), 7.10 (1H, td, J 7.6 and 1.0), 7.18 (1H, td, J
7.6 and 1.0), 7.44 (1H, d, J 7.8), 7.55 (1H, d, J 7.5), 7.67 (2H,
apparent t, estimated J 7.7), 7.82 (1H, t, J 7.4), 8.10 (2H, apparent
d, estimated J 7.2), 10.98 (1H, br s), 11.23 (1H, br s). *C NMR
(75 MHz, DMSO) 18.29 (CH,), 49.79 (CH,), 51.67 (CH,), 60.00
(CH,), 105.43 (Cq), 111.87 (CH), 118.47 (CH), 119.47 (CH),
122.18 (CH), 126.21 (Cq), 126.32 (Cq), 128.70 (2CH), 129.49
(2CH), 134.26 (Cq), 135.20 (CH), 136.74 (Cq), 192.19 (Cq). m/z
(ES*) 291 (M — CI)*, 582 2(M — Cl))*.m/z (ES7) 325(M — H)",
615 (2(M — H) — CI)~. m/z (FAB*) 291 (M — CI)* (found: (M —
Cl)*, 291.14970. C,,H;,CIN,O requires (M — Cl), 291.14974).
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A library of novel amphiphilic, self-assembling dendrimers
was designed and synthesised to evaluate the effects of
structural changes on transfection efficiency.

A number of strategies are being employed to make the efficient
delivery of foreign genetic material into a cell possible, i.e. gene
transfection. While synthetic vectors are generally less efficient
than their viral counterparts,' facile structural modifications allow
for a systematic study of the factors governing transfection
efficiency.? Cationic lipids, polymers and dendrimers are among
the most promising synthetic vectors so far.** Combination of
their essential features led to the realisation of small amphiphilic
dendrimers for use as gene carriers.’ Preliminary in vitro cell
culture studies have validated this structural motif and identified
compound 1 as the best candidate (Fig. 1). With this lead in hand,
we examined the effects of systematically altering its chemical
structure. We present here the first results in a comprehensive
study of structure—activity relationships (SARs). Due to the
diversity of the structural and biological parameters involved in the
cellular delivery of plasmid DNA, an optimisation of transfection
activity requires, in addition to exhaustive cell biological studies,
correlations to physicochemical properties. For this reason, the
basic ability of the vectors to self-assemble at the air-water
interface was explored in Langmuir films.

Amphiphile 1 consists of two first generation dendrons, one
lipophilic and one hydrophilic, connected by a rigid tolane
(diphenylacetylene) core. The first variable of interest is the size
and constitution of this linear spacer. Surprisingly, in many vector
systems the spacer length has been found to exert a large impact on
gene delivery efficacy.® Therefore, the tolane moiety was extended
by one phenylene-ethynylene unit to provide structure 2.

A common feature among both viral and cationic lipid gene
carriers is their ability to self-assemble.” The lipophilic dendrons
in our molecules are crucial as they direct this process, and the
structures were thus varied as follows. Cholesterol has strong
intermolecular packing ability® and is bio-compatable.® Hence, a
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Fig.1 Library of amphiphilic dendrimers for gene transfection. Counter-
ions to the protonated amines are trifluoroacetates.

cholesteryl ester was introduced to afford compound 3. In another
approach, the degree of lipophilicity in 1 was approximately
maintained by the incorporation of N,N-dioctylamido branches
to give vector 4. The main change involves an increase in the
volume of the resulting dendron. The further exchange of the
linear dodecylamido chains in lead compound 1 with rather exotic,
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large cyclododecylamido residues should lower the lipophilicity in
derivative 5.1

Careful design of the hydrophilic dendron is also required as
the protonated ammonium centres must bind to plasmid DNA
strongly enough for compaction and protection, allow interaction
with the negatively charged extracellular matrix, elicit cellular
uptake and then allow release into the cytosol and access to the
nucleus prior to transfection.”® In the case of cationic lipids, surface
charge density has been identified as a determinant factor for
the control of this process.™ Structural motifs from commonly
used poly(ethyleneimine) (PEI), poly(propyleneimine) (PPI), and
poly(aminoamine) (PAMAM) dendrimers were therefore incor-
porated, providing first generation vectors 6-8."

Vector 9 incorporating a second generation PAMAM dendron
was also synthesised. The DNA-cationic liposome complexes are
usually taken up into the cell by an endocytotic pathway after
which endosomal escape must occur. While the exact mechanism
of the latter process is unknown for our amphiphilic dendrimers, a
few theories in the field of gene transfection have been presented.
The internal, protonatable tertiary amine centres of 9 may result
in swelling of the complex upon acidification of the endosome,
invoking the so-called proton sponge effect. This mechanism may
facilitate the release of DNA into the cytoplasm.

With this library in hand, we determined the biological activity
and the self-assembling behaviour of the amphiphilic vectors.
In vitro transfection assays were carried out using human cer-
vical carcinoma cells (HeLa).f For compaction, plasmid DNA
encoding for green fluorescent protein (GFP) was mixed with
compounds 1-9 at various charge excess ratios (CEs)§ in the
absence of serum, and was incubated with HeLa cell cultures.
After 24 hours of incubation, the transfection efficiency (TE) was
evaluated by fluorescence activated cell sorting (FACS). Toxicity
of the compounds was determined in HeLa cells using a cell
proliferation assay. As for Langmuir films, chloroform solutions
of the vectors were deposited on the water surface and pressure—
area (n—A) isotherms were then measured. The morphology of
the amphiphilic monolayers was visualised using Brewster angle
microscopy (BAM).

Results of the transfection experiments are shown in Fig. 2a
for compounds 2-5 and in Fig. 2b for the hydrophilic library,
in comparison to reference vector 1. Generally, changes to the
cationic dendron improve gene expression slightly, whereas modi-
fications to the core and the lipophilic dendron have a negative
effect on transfection. Connecting the dendrons of compound
1 to a slightly elongated core unexpectedly results in a marked
decrease in the activity of compound 2 at CE = 2-4. A similar
outcome was observed in preliminary studies when a much
larger central scaffold was utilized and attempts at transfection
failed."”

Equally unexpectedly, dendrimer 3 has almost no activity at
low to medium charge excess ratios (CE = 2-8). Cationic lipids
incorporating cholesterol units have been widely exploited for gene
delivery but a helper lipid is usually required to destabilize the
endosomal membrane and allow cytosolic access.*'® In our case,
DNA condensation may be very tight and the resultant complex
may have too low fluidity.

Vectors 4 and 5 have similar transfection capabilities but overall
are less efficient than 1. From literature studies, a ranking of
lipophilicity in surfactants may be made.'*'? If this ranking were
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Fig. 2 Transfection efficiency of new dendrimers in HeLa cells in
comparison with reference compound 1, measured as percentage of living
cells transfected and normalized to Lipofectamine™ 2000 (LPF): (a)

Compounds 2-5, core extension and lipophilic library. (b) Compounds
6-9, hydrophilic library.

extendable to our dendrimeric system, the lipophilicity of the
vectors should be as follows, 1 ~ 4 > 5. However, this ranking is not
reflected by the transfection results. Direct correlations between
increased lipophilicity in solution and increased gene transfer
efficiency in a biological system cannot be necessarily postulated,
with each specific carrier motif having its own rationale.® Given
that the new dendrons in 4 and 5 have in common shorter, bulkier
branches than 1, it is possible that steric hindrance could disturb
the self-assembling process.!!

All vectors 6-8 bearing two positive charges have a similar to
slightly better activity than the triply charged reference compound
1 at CE > 4 (Fig. 2b). Therefore, within the first generation,
changes to the number, length and constitution of the branches
have little to no effect at these concentrations. The only difference
in activity is observed at CE = 2 between the PPI derivative 6
and the PEI derivative 7. The branches of 6 and 7 differ only by a
single methylene unit, but the activity of the shorter molecule 7 is
completely abolished at this concentration.

In spite of the expected proton sponge effect, a large decrease
in activity is observed between the first and the second generation
PAMAM derivatives 8 and 9. Different generations of globular
PAMAM dendrimers have the same charge density although
in vector 9 only one dendron has been incorporated, allowing
spreading of the charge due to electrostatic repulsion between
the protonated amines. The resultant decrease in surface charge
density may in turn hinder escape from the endosome and explain
the low activity of 9.

This journal is © The Royal Society of Chemistry 2006
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The toxicity of synthetic gene carriers is a major concern. Cell
death was evaluated at the same concentrations as were used in
the transfection assays for compounds 2-9 (Fig. 3). Structural
changes have a high impact on cell viability. The modification of
the core as in compound 2, results in a dramatic increase in toxicity
compared to reference vector 1 (Fig. 3a). On the contrary, variation
of the lipophilic dendron generally leads to a decrease in cellular
toxicity. Vectors 4 to 5 are slightly less toxic than 1. Compound
3 is harmless to the cells even at the concentrations where some
activity is detectable, which may be linked to the biodegradability
of the cholesterol sub-unit.*®
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Fig. 3 Toxicity of new dendrimers in comparison with reference com-
pound 1 and normalized to Lipofectamine™ 2000 (LPF): (a) Compounds
2-5, core extension and lipophilic library. (b) Compounds 6-9, hydrophilic
library.

The most efficient gene carriers, compounds 6 to 8, are also
found to be the most toxic ones in the whole library (Fig. 3b).
Contrasting these results is the lower toxicity of second gener-
ation vector 9. Generally, an increase in dendrimer generation
corresponds to increased toxicity.?! In this case, the low cell death
is most likely due to the low transfection activity of 9.2

While study of the Langmuir films offers some insight into
the biological results, strict correlations are naturally difficult to
establish. One may nevertheless observe some trends. The most
active vectors in this library (namely 6 to 8) are the compounds that
behave similarly to reference molecule 1: their isotherms reveal a
liquid-like behaviour, with no first-order phase transition and final
molecular areas ranging between 85 A? (molecule 1) (Fig. 4a) and
95 A2 (molecule 6). These observations and the value of the final
molecular areas indicate that the molecules most probably form
monomolecular films within which the intermolecular interactions
are dominantly van der Waals (alkyl chains) and/or electrostatic
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Fig. 4 7n-A Isotherms recorded on pure water subphase and Brew-
ster-angle microscopy images: (a) Isotherms of vectors 6-9 in comparison
with reference compound 1 and BAM images of the film of 6. (b) Isotherm
of vectors 25 in comparison with reference compound 1 and BAM images
of the film of 2.

(protonated ammonium groups). The cross-section of the tolane
(ca. 25 A?) is somewhat smaller than the cross-section of the
chains or polar heads and hence creates a void space. In order
to compensate for this void space, the cores are either strongly
tilted (70°) or, more probably, the molecules dimerise through
core—core interaction (n—r interactions). These dimers then behave
as a single “supermolecule” with a critical packing factor of
~1 (as defined in ref. 10). Brewster-angle microscopy (BAM)
observations confirm that these compounds (and also 4 and 9)
indeed form homogeneous monolayers. Molecules with such a
packing factor are usually capable of forming bilayers or vesicles,
hence the ability to mimic organic structures such as membranes
or liposomes.
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On the contrary, the compounds with lower transfection
efficiency show markedly different behaviours on the Langmuir
trough, e.g. solid-like behaviour (2 and 5) and first-order phase
transitions (2 and 4) (Fig. 4b).?® The longer core of 2 and the larger
lipophilic heads of 4 and 5 make it impossible for a dimerisation
to occur. These molecules therefore have a critical packing factor
greater than 1, which does not favour the formation of films or
membranes. Indeed, BAM observations reveal the presence of
three-dimensional supramolecular architectures in the “films” of
compounds 2, 3 and 5. Compound 4 has a transition to some
undetermined supramolecular organisation that is not a bilayer.
BAM can only hint at such supramolecular architectures through
the observation of uneven or optically heterogeneous films and
getting a definitive proof would require additional experiments
such as cryo-transmission electron microscopy (TEM) or small
angle X-ray scattering. Still, a reasonable hypothesis based on
our observations and on the molecular architecture would be that
compounds 2-5 form micelles.

In conclusion, we have presented the effect of rational structural
modifications on the transfection activity of small amphiphilic
dendrimers. A clear sensitivity to steric requirements of the
lipophilic dendron was observed. Within this first library, every
change that has an effect on the packing ability clearly lowers the
transfection efficiency. On the other hand, small alterations to the
cationic dendron structure have limited impact on the biological
activity in comparison to lead compound 1.
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Phosphoramidites are effective chiral ligands in the rhodium
catalyzed addition of arylboronic acids to aldehydes pro-
viding up to 75% enantioselectivity and up to 96% isolated
yield.

Enantiopure diarylmethanols are key structural elements in a
number of pharmacologically active compounds and therefore
represent important synthetic targets." An attractive route to chiral
enantiopure diarylmethanols is the catalytic asymmetric addition
of aryl organometallic reagents to aldehydes.? Diphenylzinc has
been used as a phenyl transfer reagent, but its background reaction
with aldehydes makes it difficult to achieve high stereoselectivity.®
This undesired activity could be moderated by the simultaneous
use of diethylzinc.* Recently, Bolm et al.’ reported an excellent
method in which the aryl transfer reagent was generated by mixing
arylboronic acids with an excess of diethylzinc.® Arylboronic acids
have received increasing attention as arylating reagents because
they are shelf stable, readily available, and compatible with a large
variety of functional groups.” From a practical point of view, the
development of an efficient protocol for their direct addition to
aldehydes would be highly desirable.

The addition of arylboronic acids to aromatic aldehydes was ini-
tially reported by Miyaura in 1998 employing rhodium catalysts.*®
With MeO-MOP as the chiral ligand, 41% ee was obtained
for the addition of phenylboronic acid to 1-naphthaldehyde.
Subsequent attempts to improve the enantioselectivity of this
reaction remained unsuccessful.’ The development of suitable
chiral ligands for this transformation is still a major goal.

Recently we have demonstrated that rhodium-catalyzed conju-
gate additions of arylboronic acids to enones can be achieved with
high efficiency and excellent enantioselectivities by employing the
monodentate phosphoramidite L1 (Fig. 1)." Phosphoramidites

- e, OO
aes ’
T e O

>P-N PN N-PS
Fig. 1 Chiral monodentate (L1) and bidentate (L2) phosphoramidites.
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comprise a low-cost class of ligands that are easily tunable
and therefore highly suitable for a combinatorial approach in
the development of asymmetric catalysts.”> Herein we report
the efficient rhodium-catalyzed addition of arylboronic acids to
aldehydes with enantioselectivities up to 75% using bidentate
phosphoramidite L2 (Fig. 1).

Preliminary studies were carried out with p-chlorobenzaldehyde
(1a), 3 equiv. of phenylboronic acid (2a), and a catalyst prepared in
situ from 3 mol% Rh(acac)(eth), and 7.5 mol% phosphoramidite
L1. Although a promising 41% enantioselectivity was obtained,
conversion was incomplete under the aqueous conditions com-
monly used for the rhodium-catalyzed conjugate addition of
arylboronic acid (dioxane : H,O = 10 : 1, Table 1, entry 1).

Interestingly, it was observed that the reaction also proceeded
in non-protic media without water as a co-solvent (entries 2,
4, and 6). In conjugate addition processes of arylboronic acids,
water or alcohol additives have been proven essential to protonate
the rhodium oxa-rn-allyl intermediate and thus achieve catalytic
activity.” If work-up with 12.5% aqueous ammonia was omitted,
a mixture of product 3a and a considerable amount of a product
related compound was found. This intermediate was identified as
borate ester 4 (see proposed catalytic cycle in Scheme 1)."* The
presence of 4 suggests that under these conditions the alcoholate
functionality of species D is able to induce the transmetallation

Table 1 Solvent variation in the rhodium-catalyzed asymmetric addition
of arylboronic acids to aldehydes”

Q Rh(acac)(eth), (3 mol%) o
H L1 (7.5 mol%)
o + PhB(OH), Solvent, Reflux, 4h
(3 equiv)
1a 2a 3a
Entry  Solvent Conversion (%)*  ee (%)°
1 Dioxane/H,O (10: 1) 79 41
2 Dry dioxane 87 36
3 Toluene/H,0O (10 : 1) 17 44
4 Dry toluene 26 20
5 Tetrahydrofuran/H,0 (10 : 1) 24 44
6 Dry tetrahydrofuran 31 42
7 1,2-Dimethoxyethane/H,O (10: 1) 45 30
8 2-Propanol >99 52

“Reactions were carried out on 0.2 mmol scale in 2 mL of solvent at
reflux for 4 h with 3 equiv. of phenylboronic acid (2a) in the presence
of a catalyst generated from 3 mol% Rh(acac)(eth), and 7.5 mol% of
phosphoramidite L1. * Conversion determined by "H-NMR after work-
up with 12.5% aqueous ammonia. ¢ Determined by chiral HPLC.
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Table 2 Scope of the rhodium-catalyzed asymmetric addition of arylboronic acids to aldehydes®

Rh(acac)(eth), (3 mol%)

e L2 (3.5 mol%) OH
| )k + APB(OH),
Ar H
(3 equiv) 2-propanol, Reflux, 4 h Ar! Ar?
1 2 3
Entry Ar' (1) Ar? (2) Product Yield (%)® ee (Yo)d
1 p-CIC¢H, Ph 3a 91 60 (R)
2 p-CF;C¢H, Ph 3b 94 51 (R)
3 p-PhC¢H, Ph 3c 93 59 (R)
4 p-MeCH, Ph 3d 80 60 (R)
5 p-MeOC,H, Ph 3e 61 60 (R)
6 Ph p-MeCH, 3d 93 47 (S)
7 Ph 2-Naphthyl 3i 92 53 (S)
8 m-MeOC4H, Ph 3f 96 61 (R)
9 0-MeOC,H, Ph 3g 89 50 (R)
10 1-Naphthyl Ph 3h 67 52 (R)
11 2-Naphthyl Ph 3i 92 75 (R)

“ Reactions were carried out on 0.2 mmol scale in 2 mL of 2-propanol at reflux for 4 h with 3 equiv of boronic acid 2 in the presence of a catalyst
generated from 3 mol% Rh(acac)(eth), and 3.5 mol% of bidentate phosphoramidite (S,S)-L2. ® Isolated yields after column chromatography on silica gel
(heptane:EtOAc — 15 : 1). ¢ Determined by chiral HPLC. ¢ The absolute configuration of 3a—i was established by comparison of the optical rotation with
literature values or deduced by analogy (see electronic supplementary information (ESI)f).

(HO),B_ A-B(OH), l
o) 2
/l\ P*\ 0
A AR Rh—Ar
4 i A TH
1
Ar?-B(OH),
2
PR Ar? -
Rh—O N
Rh
P b ‘<Ar1 M

Scheme 1 Proposed mechanism.

step between arylboronic acids and the rhodium center. Due to the
equilibrium between phenylboronic acid and its boroxine trimer,
the water content can not be defined. Although formation of 4
from the product and boronic acid during the reaction can not
be excluded, the 3a : 4 ratio increased during the course of the
reaction, pointing to slow hydrolysis of borate ester 4.

A study of various solvents showed that 2-propanol is the most
suitable solvent for this reaction (compare entries 1-8), increasing
both reactivity and enantioselectivity. Full conversion is obtained
within 4 h resulting in 52% ee. Because of the protic nature of
2-propanol, quenching with aqueous ammonia is not required.
Using these optimized conditions, the parallel synthesis and in situ
screening of a diverse library of phosphoramidites indicated that
bidentate ligand L2 will provide the highest enantioselectivity in
this reaction. Full conversion was reached within 4 h and product

3a was obtained in 91% isolated yield with 60% ee (Table 2,
entry 1).

The rhodium-catalyzed arylation of aldehydes is compatible
with a wide range of functional groups (Table 2). As already
observed by Miyaura® and Frost, the reaction is rather sen-
sitive to electronic effects both in aldehyde and arylboronic
acid. Phenylation of aldehydes with electron-withdrawing chloro-
and trifluoromethyl-substituents at the para position gave the
corresponding alcohols 3a and 3b in high yields with 60% and
51% enantioselectivity, respectively (entries 1 and 2). In the case
of a para-phenyl group, the product could be isolated in 93% yield
with 59% ee (entry 3). Substrates with electron-donating methoxy-
and methyl-substituents at the para position both provided 60% ee,
but did not proceed to full conversion in 4 h (entries 4 and 5). The
alternative reaction of benzaldehyde with substituted arylboronic
acids did give high yields but showed decreased enantioselectivities
(entries 6 and 7). A slightly lower ee and reactivity is also observed
for sterically hindered substrates like ortho-methoxy benzaldehyde
(entry 9) and 1-naphthyl carboxaldehyde (entry 10). On the
contrary, 2-naphthyl carboxaldehyde could be phenylated in 92%
isolated yield with an ee of 75% (entry 11).

In summary, catalytic asymmetric synthesis of diaryl-
methanols has been realized with good enantioselectivities (up
to 75%) and high isolated yields (up to 96%) employing a
rhodium/phosphoramidite catalyst system.
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