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Abstract—Novel porphyrin—fullerene systems linked by ferrocene and related model compounds were successfully synthesized and
characterized. Conformationally flexible 1,1’-disubstituted ferrocene functioned as effective modulator of the conformation between
porphyrin and fullerene, as 'H NMR spectra indicated, the porphyrin and Cg, moieties in the triads showed gauche type conformation. The
electrochemical and photophysical studies showed that there were considerable interactions between porphyrin and fullerene in the ground
state due to intramolecular 7t-stacking of the these two chromophores, assisted by the ferrocence linker. Fluorescence lifetime measurements
indicated there might be two different quenching processes occurring simultaneously (intersystem crossing and electron transfer).

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Studies on systems bearing photoactive and electroactive
entities have drawn considerable attention as building
blocks to construct artificial light energy harvesting systems
and also to develop molecular electronic devices.'™ In
particular, the combination of porphyrins and fullerene has
been employed to attain long-lived charge-separated states
in high quantum yields.®"'" Fullerenes are suitable for
efficient electron transfer because of their three-dimensional
structure, low reduction potentials, and strong electronic
acceptor properties.'>™'> Porphyrins contain an extensively
conjugated two-dimensional 7 system, which is also
suitable for efficient electron transfer because the uptake
or release of electrons results in minimal structural change
upon electron transfer.'® Rates of electron transfer reactions
in donor—acceptor (D—A) systems can be well predicted in
light of the Marcus theory of electron transfer,'”'® once the
fundamental electron transfer properties of D and A
moieties such as the one-electron redox potentials and the
reorganization energies of electron transfer are determined.
In other words, the distance between the two groups, their
relative spatial orientation, and the nature of the pathway
linking the two components can act as conduit for the

Keywords: Porphyrin; Ferrocene; Fullerene; Conformation.

* Corresponding authors. Tel.: 086 10 6258 8934; fax 086 10 8261 6576
(Y.L.); fax: 081 22 217 5608 (O.1.); e-mail addresses: ylli@iccas.ac.cn;
ito@tagen.tohoku.ac.jp

0040-4020/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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energy or electron transfer.>>"'*!'? In order to understand the
nature of the dialogue between the Cgy and the porphyrin
chromophores, the topology of the two moieties in dyads
has been systematically varied and a wide range of covalent
and non-covalent assemblies have been reported.®'*!420:2!
Ferrocene derivatives are electron donors with considerably
low oxidation potentials, which have been employed for the
multi-step charge-separation systems of the triad and tetrad
molecules.”*>* Furthermore, porphyrin—ferrocene conju-
gates have great potential in many areas such as chemical
sensors, porphyrin-assisted electron transfer, solar energy
conversion and molecular devices.**® An especially
interesting issue is the conformation of the 1,1’-disubsti-
tuted ferrocene as for these two arms disposed in the same,
gauche, or opposite directions. The porphyrin (P) and Cg
moieties in dyads linked by conformationally flexible 1,1'-
disubstituted ferrocene may be in close proximity due to
T-stacking interactions. Such conformations can facilitate
through-space dialogue between the donor and acceptor, as
demonstrated by efficient and rapid quenching of porphyrin
fluorescence and generation of Cg excited states (by energy
transfer) or Py —C¢o CS states (by electron transfer).29 To
get more insight into the influence of molecular topology
on photoinduced electron transfer, we designed and
synthesized P-Fc—Cg triads in which the separation and
orientation of the T-systems would be controlled by the
1,1'-disubstituted ferrocene (their chemical structures as
shown in Chart 1).
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M=2H H2P-FC-C5O
M=Zn ZnP-Fc-ng

Chart 1.

2. Results and discussion

2.1. Synthesis and characterization

The general strategy employed for the synthesis of H,P—
Fc-Cgp was summarized in Scheme 1. The preparation of
H,P-Fc—Cgy was achieved in a simple ‘one-pot’ stepwise
procedure.”® HyP-Fc, Fe—Cg, and Fe-ref were prepared by
following the similar procedures. Their structures were
verified by spectroscopic analyses including 'H NMR and
MALDI-TOF mass spectra (see Section 4).

o
<o < on

Fe + HPp ——— Fe

<o p P S

OR, c
R1 = HZP Cso-ref
ii)

H,P-Fc-Cgo

+
m-
[

Scheme 1. Synthesis route of H,P-Fc—Cgg: (i) EtzN/CH,Cl,, 1t, Ny,
10 min; (ii) Ets3N/CH,Cly, rt, N>, 3 h.

2.2. Conformations of porphyrin—ferrocene-Cg, triad

The distance between the electron donor and acceptor in a
D-A system is one of the key factors that control the
feasibility and kinetics of electron and energy transfer.”!
This distance is regulated by the conformational properties
of the system. The conformation of 1,1’-disubstituted
ferrocene imposed a notable impact on the mutual
orientation of porphyrin and fullerene (Fig. 1).

M=2H H.P-Fc Bt
M=Zn ZnP-Fc Cao

H,P Cso-Ref

Figure 1. Possible topology of porphyrin—ferrocene—Cg, hybrids: A-
eclipse, B, F-gauche, C, D, E-opposite.

There were four conformers of the disubstituted ferrocene as
depicted in Figure 1: the ‘eclipse’ isomer (A), the ‘gauche’
isomer (B, F), the ‘opposite’ isomer (D), and an isomer in
which the porphyrin was linked at the ferrocene skeleton at
the neighboring position of the ‘opposite’ isomer (C, E). In
particular, the gauche type conformation *° was expected to
furnish closer contacts and less overlap with the fullerene
than the overlap (eclipse) type conformation due to the
steric constraints. In the case of HP—Fc and Fc—Cgy, there
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was no T—Tt interaction in these molecules, and the steric
constraint was little; thus, the ferrocene could freely move.
This could be found in the 'H NMR spectra.

In phenyl-substituted pyrrolidinofullerene derivatives, Fe—
Cgo, HyP-Fc—Cgy, ZnP-Fc—Cg, the NMR signals arising
from the protons of the phenyl group attached to the
pyrrolidine ring were broadened at room temperature by
restricted rotation. **~** And we also observed the restricted
rotation of ferrocene in the case of H,P-Fc—Cgy, ZnP-Fc—
Cgo- At room temperature, the spectra exhibited the
expected features with the characteristic signals arising
from ferrocene, two AB quartets for B—H of porphyrin, an
AB quartet for phenyl ring d, an AB quartet and a singlet for
the pyrrolidine protons. As shown in Figure 2, the pyrrole
signals (two doublets, 8.90 ppm (/J=4.6 Hz) and a singlet,
8.96 ppm) of H,P and H,P-Fc were changed into four
doublets in HyP-Fc—Cgo (9.03, 8.94, 8.81, 8.73 ppm,

i

H,P-Fc

H,P-Fc-Cy T

ch-cﬁo MJUW

9.0 85 8.0 75 70

J

H,P-Fc-Cq,
cl,c4
o’ CM 02 03 02 03 o

5.00 450 4.00

L;—
—_—
F

H,P-Fc

Figure 2. "H NMR spectra (400 MHz) of H,P, H,P-Fc and H,P—Fc—Cg,
in CDCl; at room temperature.

J=4.6 Hz). The aryl protons of phenyl ring d in H,P-Fc—
Cgo were up-shielded from that of H,P-Fe (8.22 ppm) to
7.77 ppm. The aromatic protons of trimethoxyphenyl (a, b or
b, ¢) in HP-Fc (7.48 ppm, s) were split into two single
(7.63, 7.35ppm) in the case of H,P-Fc—Cgy, which
indicated that trimethoxyphenyl a, b, ¢ became non-
equivalent. In addition, -OCHj3 protons (4.17 ppm (s, 6H),
3.92 ppm (s, 12H)) in two trimethoxyphenyl were shifted to
upfield as compared with that of H,P-Fc¢ (4.19 ppm,
3.98 ppm). The NH signal in porphyrin ring was shifted
from —2.79 ppm in HP—Fc to —3.00 ppm in HyP-Fc—Cgy.

The signals corresponding to the protons of the phenyl group
directly attached to the pyrrolidine ring were broadened at
room temperature. A variable-temperature NMR study
showed clear coalescence, and the reversible narrowing of
all these peaks revealed a dynamic effect. As typical
examples, the "H NMR spectra of ZnP-Fc—Cg recorded at
different temperatures were shown in Figure 3. At high
temperatures, an AB system was seen for the aromatic
protons of the phenyl group directly attached to the
pyrrolidine ring. And ferrocene rotated faster as attested by
the coalescence of some ferrocene protons near 5.25-
5.3 ppm. By cooling the solution to — 50 °C, the rotation of
ferrocene became slow on the NMR timescale, the mutual
orientation of porphyrin and fullerene was fixed in a gauche
type conformation as evidenced by the coalescence of an AB
quadruplet for B—H of porphyrin, the broadened signals of
meso-phenyl group and the methoxy group on it, which was
resulted from their position atop the fullerene sphere. At high
temperatures, an AA’XX’ system was seen. The exchange
between H,,, and Hy/, was fast on the NMR timescale
under these conditions, and both pairs of protons H,, and
Hpme appeared equivalent in the 'H NMR spectrum. In
contrast, by cooling the solution to —50 °C, the exchange
was slow on the NMR timescale, as attested by only one AB
quadruplet standing for two protons were observable, and the
other two protons facing the fullerene sphere were broadened.

N 1861 o ,im|s. e Jtom 5 FUL
L

T N

M_NJL ol

5 40 ppm
Figure 3. '"H NMR spectra of ZnP-Fc—Cg recorded in CDCLCDCI, at
(a) 107 °C, (b) 67 °C, (c) 47 °C and in CDCl; at (d) 25 °C, (e) —50 °C.

All these suggested that porphyrin ring was not opposite to
Ceo for steric reasons, but was locked in a gauche type
conformation.”> The chemical shifts and the resonance
pattern changes of pyrrole protons, the aryl protons of
phenyl ring d, aromatic protons and —OCHj3 protons of
trimethoxyphenyl were all due to the deshielding effect
resulted from Cg( Tt-electrons, and evidence for these effects
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could also be found from UV/vis spectra and electro-
chemical data for H,P-Fc—Cg, as shown below.

2.3. Cyclic voltammetric studies

Determination of the redox potentials in the donor—acceptor
system is important to prove the existence of charge-transfer
interactions between the donor and acceptor in the ground
state, and also to evaluate the energetic of electron transfer
reactions. The cyclic voltammograms of H,P-Fe—Cgy and
ZInP-Fc—Cgy were shown in Figure 4, and the half-wave
potentials (E») of them together with those of H,P—Fe¢, ZnP-
Fc, Fc—Cgg, Fe-ref, and Cgo-ref were summarized in Table 1.

(a)

r T T T

20 1S 1.0 05 00 -05 -10 -15 =20
Potential, V vs Ag

Figure 4. Cyclic voltammograms of (a) H,P-Fc—Cgg and (b) ZnP-Fc—Cgy
in the presence of 0.05 M (n-C4Hy)4PF¢ in o-dichlorobenzene.

The cyclic voltammogram of H,P-Fe—Cgy showed two
reversible reductions with half-wave potentials (E,,) at
—0.87 and —1.24 V (vs Ag/Ag™) based on the fullerene
core, one reversible reduction (E;,= —1.40 V) based on
porphyrin, and one overlapping reduction (E;,= —1.72 V)
corresponding to the fullerene and porphyrin, respectively.
The cyclic voltammogram of ZnP-Fc—Cgy showed three
reversible reductions at —0.79, —1.20, —1.68 V for the
fullerene core, and two reversible reductions at —1.58 and
—1.85 V for the porphyrin. The half-wave potentials for the
reductions of compounds H,P-Fc—Cgo and ZnP-Fc—Cg
corresponding to the fullerene moieties were more negative
than those of the reference compound Cggy-ref
by 80-160 mV, but compared with those of Fc—Cgy, E

(HyP-Fc-Cgyp (—0.87 V))<E (Fe—Cgp (—0.83 V))<E
(ZnP-Fc—Cg (—0.79 V)). In HyP-Fc—Cgy, the one-electron
reductions at porphyrin macrocyclic ring occured at more
negative potentials as compared to the value of H,P-Fe: E
(H,P-Fc-Cgp (anion radical)) (—1.40 V)<E (H,P-Fc)
(—1.34 V). In the case of ZnP-Fc—Cg, the reductions of
porphyrin occured at more positive potentials as compared to
the value of ZnP-Fc: E (ZnP-Fc) (—1.60 V) <E (ZnP-Fc-
Ceo (anion radical)) (—1.52 V). That is, the fullerene and
porphyrin reduction potentials were anodically shifted in the
systems containing the zinc porphyrin, whereas the reverse
was observed in the triad with the free-base porphyrin. This
could be accounted by another placement of the porphyrin
with respect to the fullerene and therefore a different
conformation of the molecules, because zinc porphyrin has
stronger electron donation ability, it may take a conformation
closer to fullerene.

The one-electron oxidation of H,P-Fc and H,P-Fc—Cgy
occurred at the porphyrin macrocyclic ring at 0.94 and
0.95 'V, respectively. The one-electron oxidation of ferro-
cene was overlapped with the oxidation of porphyrin. The
first one-electron oxidation potentials of ZnP-Fc¢ and ZnP-
Fe—Cgp were the same (E,=0.84 V). The second one-
electron oxidation potentials ascribed to ferrocene shifted to
a more negative value than that of the model compound Fe-
ref by ~100 mV for ZnP-Fc and ~40 mV for ZnP-Fc—
Ceo. Generally, the zinc porphyrin compounds (E,=0.84 V
for ZnP-Fc—Cgy and ZnP-Fc, respectively) were consider-
ably easier to oxidize than the corresponding zinc-free
porphyrin compounds (E;,=0.95V for H,P-Fc¢—Cgy and
E »=0.94 V for HyP-Fc). Thus, in each case, the first one-
electron reduction occurred at the Cgy moiety, the first one-
electron oxidation occurred at the porphyrin macrocyclic
ring in the case of ZnP-Fc—Cg, while in the case of HP—
Fe—Cgy, it occurred at the porphyrin or ferrocene ring, and
there existed interactions between porphyrin and fullerene
moiety in the ground state. The ZnP and H,P moiety
seemed to be electron donating to Cgp.

2.4. Steady-state absorption spectra

The absorption spectra of H,P—Fc—Cgo, H,P—Fe, Fe—Cgo and
Fe-ref in CH,Cl, were shown in Figure 5. The absorption and
fluorescence data of HyP-Fc—Cgy, HoP-Fc, and their zinc
complexes were summarized in Table 2. In HyP-Fe¢ and
Ceo-Fc, the absorption spectra of the dyads were virtual
superposition of the two independent chromophores: the
porphyrin component showed a very strong absorption at

Table 1. Half-wave potentials (V vs Ag wire) of triads, dyads and reference compounds in dichlorobenzene containing 0.05 M (n-C4Ho)4PF¢

Oxidation Reduction
Porphyrin Ferrocene Porphyrin Fullerene
Eqp(1) Eip(2) Eip Ep(1) Ein(2) Eypp(1) Ep(2) Ei(3)

Fc-ref 1.01
Cgo-ref —0.71 —1.09 —1.67
Fce—Cgo 1.00 —0.83 —1.22 —1.81
H,P-Fc 0.94 1.33* 0.94 —1.34 —1.61
H,P-Fc-Cgo 0.95 1.32* 0.95 —1.40 —1.72 —0.87 —1.24 —1.72
ZnP-Fc 0.84% 0.91 —1.60 —1.77
ZnP-Fc-Cqp  0.84° 1.30* 0.97 —1.52 —1.85 —0.79 —1.20 —1.68

4 Peak potential.
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2.5. Steady-state fluorescence spectra

0.9 — — Fc-ref
: —— HP-Fc-Cyo
H.P-Fc Fluorescence spectra were taken in both CH,Cl, and toluene
: —-= FcCy with excitation at 420 nm, which excited both porphyrin and
o 06 Cgo moieties. The emission spectra of HyP-Fce—Cgy and H,P-
L Fc revealed two emission bands located at 652 and 718 nm,
g— respectively. The intensity of these bands of HP-Fc—Cgg
2 0.3 was significantly quenched as compared to H,P—Fc¢ owing to
< - the presence of the appended Cgg. A similar phenomenon was
observed in the case of ZnP-Fc-Cgy and ZnP-Fc (600 and
646 nm). The fluorescence quantum yields (@) of these
0.0 4 compounds were calculated by the steady-state comparative
——T T T T method using tetraphenylporphyrin (TPP) as a reference
200 300 400 500 600 700 800 (Pr=0.11) (Table 2).*' As can be seen in Figure 6, the
Wavelength / nm fluorescence peak of Cg expected to appear at 725 nm may
Figure 5. UV/vis spectra of 2 pM of H,P-Fc—Cgg, H,P-Fc, Fe—Cg, and
Fc—ref in CH,Cl, at room temperature, above 500 nm a multiplying factor (2)18 —— H,P-Fc-Cq,
of 10 is used.
“ - — H,P-Fc
422 nm (Soret band) and four weak absorption at 516, 552, ] ) -+ - -ZnP-Fc-Cq,
592 and 646 nm (Q-band), the fullerene showed a strong 710
m—m* band at 330 nm accompanied with weak long- - 127 : B
wavelength bands tailing to 700 nm, and the ferrocene had 'é
an electronic transition at 444 nm, but its intensity was very 2
weak. Evidently there were no detectable interactions ~ 6
between the chromophores in the ground state. In contrary,
a considerable ground-state interaction of the porphyrin and
fullerene moieties was seen in the absorption spectrum of
H,P-Fc-Cgy and ZnP-Fc—Cgy in CH,Cl, and less polar 0 1
solvent as toluene. The close proximity of the pg(z){%lyrin 500 550 600 650 700 750 800
and fullerene Tt-systems gave rise to through—spape‘ - a}nd Wavelength / nm
through-bond interaction, which may be detected in the shifts
of some absorption bands. As usual, one could observe an
. . (b) —— H,P-Fe-Cy
absorption band at about 432 nm, a characteristic of the [6, 6] . MP-Fo
monoadduct of Cgq in the UV/vis absorption spectra of Cgg 1 :'1‘ e Z;P-FC-C
derivatives. In this case, the Soret band at 422 nm of H,P was y e ZnP-Fe *
shifted to 430 nm due to the withdrawing electron effect of 149
Ceo moiety, the absorption band of the [6, 6] monoadduct of > _———x10
Ceo was overlapped with that of porphyrin moiety. 2 ,
The absorption maxim of the free-base porphyrin entity in 2 P v
H,P-Fc-Cgo showed a 8 nm red shift compared to that of the 7 ”~ 2N \ N
H,P-Fc, 9 nm red-shift was also observed in the case of PN ,.",' VNS '
ZInP-Fc—Cgy, and a strong intensity decrease was seen in oo N tet Y
H,P-Fc-Cgy, ZnP-Fc-Cgyp when compared to the corres- | -._,-:’I_ ! Memel e
ponding absorptions in HyP-Fe¢ and ZnP-Fc. Concentration 04 o
dependjcnce stuc}ies (2-20 uM) rev§aled no chapges in. the 500 i 56'30 T 6(l)O ) Géo i 760 ) 750 ) 8(')0
absorption maximal band, suggestm% that the interactions Wavelenath /
o . 3 . . gth/nm
were mainly intramolecular in nature.” Effectively, red-shifts
in the Soret band were observed for covalent CGO—porphyrin Figure 6. Steady-state fluorescence spectrum of H,P-Fc-Cgy, H,P-Fc,
conjugates due to intramolecular 7t-stacking of the two ZnP-Fc—Cq, and ZnP-Fe (2 wM) in CH>Cl, (2) and toluene (b) at room
chromophores.39’40 temperature.
Table 2. Spectroscopic data of the H,P-Fc—Cgy triads and related compounds
Compound Solvent Absorption A (nm) Emission for P A (nm)* @ (X1073) for P*
H,P-Fc—Cg CH,Cl, 430, 521, 556, 596, 652 652, 715 74
Toluene 431, 520, 555, 596, 652 653, 718
ZnP-Fc-Cg CH,Cl, 431, 552, 592 596, 644 6.3
Toluene 433, 553, 593 599, 647
H,P-Fc CH,Cl, 422, 516, 552, 592, 646 652, 716 81.9
Toluene 423, 516, 552, 592, 649 652, 717
ZnP-Fc CH,Cl, 422, 548, 588 596, 644 44.3
Toluene 426, 550, 592 599, 646

& dex =420 nm.
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be hidden in the fluorescence bands of the H,P moieties,
while in the case of ZnP-Fc—Cgy, the fluorescence of the Cgy
moiety was not observed, which suggested that energy
transfer from the excited singlet state of the ZnP moiety to the
Ceo moiety may not have taken place, and there was no clear
evidence for the existence of the singlet—singlet energy
transfer from the porphyrin to the Cgo in H,P-Fe—Cgg. These
observations indicated that electron transfer predominantly
took place from the excited singlet state of the ZnP moiety to
the Cgo moiety through space in CH,Cl, and toluene or
intersystem crossing process from singlet porphyrin to triplet
porphyrin by ferrocene that had a low-lying triplet state.

2.6. Fluorescence lifetime measurements

To invest the charge separation process, the fluorescence
lifetime measurements were carried out from 650 to 800 nm
in toluene. Time profiles of the fluorescence intensities of
the H,P-Fc¢, ZnP-Fc¢, H,P-Fc-Cgy and ZnP-Fc-Cg in
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Figure 7. Time profiles of fluorescence lifetime measurement of (a) HP-
Fc (solid line) and H,P-Fc—Cgq (dotted line, 0.05 mM); (b) ZnP-Fc (solid
line) and ZnP-Fc—Cgy (dotted line, 0.05 mM) in toluene. A.x =410 nm.

PhCN (A.x =410 nm.) were shown in Figure 7. In the case of
H,P-Fc¢ and ZnP-Fc, the decay obeyed single exponential
function giving a single fluorescence lifetime as summari-
zed in Table 3. On the other hand decay of H,P-Fc—Cgy and
ZInP-Fc—Cg, consisted of fast decay component and slow
component, from which two lifetimes were evaluated as
listed in Table 3. Appreciable increase in the decay rates
was observed for H,P-Fc-Cgy when Cgz was linked
to H,P-Fe, while only slight increase was observed for
ZnP-Fc-Cgy when Cgy was linked to ZnP-Fc. Similar
results were obtained in benzonitrile (Table 3). From the
shorter lifetime compared with tetraphenylporphyrin in
polar and nonpolar solvents, it was suggested that there may
be electron transfer or energy transfer when porphyrin was
linked to ferrocene and ferrocene—fullerene. In the H,P-Fc¢
and ZnP—Fc case, there was no radical to be found when the
samples were excited by 532 nm laser in our preliminary
nanosecond transient measurement. So the short lifetime of
fluorescence may be due to the addition of ferrocene moiety
to accelerate the intersystem crossing process from singlet
porphyrin to triplet porphyrin by ferrocene. On the other
hand, there were electron transfer or energy transfer be
observed from the excited singlet state of porphyrin to
fullerene in the case of H,P-Fc—Cgy and ZnP-Fc—Cgy.
These rate constants could be calculated from the
fluorescence lifetimes.

The rate constants (ky) and quantum yields (®4) of
the fluorescence quenching of IHZP* or 1ZnP*, H,P-Fc,
ZnP-Fc¢, HyP-Fc-Cgy and ZnP-Fc—Cgq in toluene and
benzonitrile were evaluated by the following Eqs. 1 and 2,
in which the (7¢).t is referred to the fluorescence lifetimes of
tetraphenylporphyrins.

kq = (I/Tf)sample_(l/Tf)ref (1)

®q = [(l/Tf)sample _(l/Tf)ref]/(llT)sample (2
The kq and @, values were evaluated as listed in Table 3.

The lifetime measurements indicated two components in the
fluorescence of the triads, but none of them corresponded to
that determined in the porphyrin—ferrocene dyads. There
might be two different quenching processes occurring
simultaneously (intersystem crossing and electron transfer).
From the lifetime data and quenching quantum yields
indicated in Table 3, one could observe that intersystem
crossing represented an important percentage of the
quenching. Besides, the quenching rate of the porphyrin
was not sensitive to solvent polarity (Table 3). If electron
transfer was the major quenching pathway, the very large

Table 3. Fluorescence lifetime (¢), fluorescence quenching rate-constants (k), fluorescence quenching quantum-yields (@,) of H;P-Fc, ZnP-Fc, H;P-Fc—Cqgg

and ZnP-Fc—Cgy in toluene and benzonitrile (PhCN)

Solvent Sample 7 (ns) (%) kq (s l) D,

Toluene H,P-Fc 4.66 (100%) 1.4x10% 0.66
H,P-Fc—Cg 0.42 (15%), 2.43 (85%) 3.8X10% 0.84
ZnP-Fc 1.15 (100%) 5.0x108 0.57
ZnP-Fc—Cg 0.57 (52%), 1.35 (48%) 6.9x10° 0.65

PhCN H,P-Fc 5.39 (100%) 8.6 10’ 0.47
H,P-Fc—Cg 0.38 (24%), 4.17 (76%) 2.1%x108 0.68
ZnP-Fc 1.21 (100%) 3.5%108 0.43
ZnP-Fc—Cg 0.722 (66%), 844 (34%) 43x%x10% 0.47
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difference of the electron transfer driving force when passed
from toluene to benzonitrile should alter the kinetics.
Furthermore, electron transfer driving force was higher for
the ZnP system, but surprisingly, it was less quenched than
the H,P system.

3. Conclusions

In summary, novel porphyrin—fullerene system linked by
ferrocene and related model compounds were synthesized
and characterized. The porphyrin (P) and Cg, moieties in
triads linked by conformationally flexible 1,1’-disubstituted
ferrocene showed gauche type conformation, as indicated
by the 'H NMR spectra. The electrochemical and
photophysical studies showed that there were considerable
interactions between the two chromophores in the ground
state and the excited singlet state. Fluorescence lifetime
measurements indicated there may be two different
quenching processes occurring simultaneously (intersystem
crossing and electron transfer). The detailed photophysical
study is in progress.

4. Experimental
4.1. General

Reagents were of reagent grade quality, obtained commer-
cially and used without further purification except as noted
elsewhere. All solvents were purified using standard
procedures. Evaporation and concentration in vacuum were
done at water aspirator pressure and compounds were dried at
10~ 2 Torr. FT-IR spectra were recorded as KBr pellets on a
Perkin-Elmer system 2000 spectrometer. '"H NMR spectra
were measured on Bruker ARX400 or DMX300 spec-
trometers. Matrix-assisted laser desorption/ionization
(MALDI) time-of-flight mass spectra (TOF) were measured
on a Bruker Biflex IIl MALDI-TOF. Steady-state absorption
spectra in the UV and the visible regions were measured on a
Hitachi U-3010 spectrometer. Steady-state fluorescence
spectra were measured on a Hitachi F-4500 spectrometer.

The cyclic voltammetry measurements were performed on a
CHIG660B electrochemical analyzer in a deaerated o-dichloro-
benzene solution containing 0.05M (C4Hy)4PF¢ as a
supporting electrolyte at room temperature (100 mV s~ ).
The counter electrode was a platinum wire. The measured
potentials were recorded with respect to an Ag wire (Ag/Ag™)
reference electrode.

The lifetimes of the fluorescence bands were measured by a
single-photon counting method using a second harmonic
generation (SHG, 410 nm) of a Ti-sapphire laser (Spectra-
Physics, Tsunami 3950-L2S, 1.5 ps fwhm) and a streak-
scope (Hamamatsu Photonics, C43334-01) equipped with a
polychromator (Action Research, SpectraPro 150) as an
excitation source and a detector, respectively. Lifetimes
were evaluated with software attached to the equipments.

4.1.1. Synthesis of H,P-Fc—Cgy. A solution of 1,1'-
bis(chlorocarbonyl) ferrocene™*? (31 mg, 0.1 mmol), 5-(p-
hydroxyphenyl)-10,15,20-tri (3,4,5-trimethoxyphenyl)-por-
phyrin®* (90 mg, 0.1 mmol), and triethylamine (1 ml) in dry

CH,Cl, (100 ml) was stirred for 10 min at room temperature
under N,. To the reaction mixture was added Cgo-ref*
(102 mg, 0.1 mmol), and then the resulting mixture was
stirred for another 3 h. The solution was washed with water,
dried over anhydrous sodium sulfate. After evaporation, the
residue was purified by column chromatography (SiO,
(160-200 meshes), CHCIl3/CH,Cl,/EtOAc, 5:5:1) to give
H,P-Fc-Cg as a dark solid (107 mg, 50%). '"H NMR
(400 MHz, CDCl3): 9.03 (d, J=4.6 Hz, 2H), 8.94 (d, J=
4.6 Hz, 2H), 8.81 (d, J=4.6 Hz, 2H), 8.73 (d, /J=4.6 Hz,
2H), 7.77 (d, J=17.8 Hz, 2H), 7.63 (s, 2H), 7.53 (d, J=
7.8 Hz, 2H), 7.35 (s, 4H), 7.32 (d, J=28.6 Hz, 2H), 5.25 (d,
J=1.1Hz, 1H), 522 (d, J=1.1Hz, 1H), 5.17 (d, J=
1.6 Hz, 2H), 4.76 (d, /=9.2 Hz, 1H), 4.72 (d, J=1.3 Hz,
2H), 4.70 (s, 1H), 4.65-4.70 (m, 2H), 4.25 (s, 3H), 4.17 (s,
6H), 4.12 (s, 6H), 3.92 (s, 12H), 3.76 (d, /J=9.1 Hz, 1H),
3.05-3.20 (m, 1H), 2.34-2.42 (m, 1H), 1.75-1.85 (m, 2H),
1.43-1.24 (m, 18H), 0.87-0.93 (m, 3H), —3.00 (s, 2H). '°C
NMR (100 MHz, CDCl5): 169.5, 169.2, 155.6, 153.5, 152.6,
152.4, 151.5, 151.3, 150.7, 150.4, 145.7, 145.2, 144.7,
144.1, 143.5, 143.3, 143.1, 142.9, 141.7, 141.5, 141.3,
141.0, 140.1, 139.5, 139.2, 138.8, 138.4, 137.9, 137.8,
137.7, 137.6, 135.8, 134.9, 131.5, 130.4, 120.4,
120.2, 120.1, 119.2, 112.7, 112.6, 96.1, 81.7, 73.0, 72.7,
72.5, 68.3, 66.5, 614, 61.3, 56.6, 56.4, 53.1, 31.9, 29.7,
29.3,28.4,27.5,22.7,14.1. UV/vis (CH,Cl,) Anax 430, 521,
556, 596, 652 nm; fluorescence (CH,Cl,) Apax 652, 715 nm;
FT-IR (KBr, cm™'): 3313, 2924, 2851, 1735, 1579, 1502,
1456, 1407, 1357, 1267, 1235, 1197, 1165, 1126, 1104,
1012, 920.5, 801, 730, 526. MALDI-TOF MS m/z: 2161
[M+H]", 1441 [M+H]" =720, caled=2161.6
(C145H87N5013Fe). Anal. Calcd for C|45H87N5013Fe: C,
80.51; H, 4.05; N, 3.24. Found: C, 80.44; H, 4.12; N, 3.27.

4.1.2. H,P-Fc, Cg4p-ref and Fc-ref were prepared
according to the same procedure of H,P-Fc—Cg. H,P-
Fe: '"H NMR (400 MHz, CDCl5): 8.96 (s, 6H), 8.90 (d, J=
4.6 Hz, 2H), 8.22 (d, /J=8.2 Hz, 2H), 7.63 (d, /J=38.2 Hz,
2H), 7.48 (s, 6H), 7.46 (d, /J=9.2 Hz, 2H), 7.23 (d, J=
8.5 Hz, 2H), 5.23 (s, 2H), 5.19 (s, 2H), 4.72-4.75 (m, 4H),
4.19 (s, 9H), 3.98 (s, 18H), 1.30 (s, 9H), —2.79 (s, 2H). UV/
vis (CH,Cly) Amax 422, 516, 552, 592, 646 nm; fluorescence
(CH,Cl,) Apax 652, 716 nm; FT-IR (KBr, cmfl): 3160,
2937, 1733, 1580, 1502, 1457, 1408, 1358, 1271, 1235,
1202, 1169, 1103, 1011, 922, 802, 729, 520. MALDI-TOF
MS m/z: 1289 [M+H] ", calcd=1288.4 (C75sHggN4O,5Fe).
Anal. Calcd for C75sHggN4O15Fe: C, 69.87; H, 5.32; N, 4.35.
Found: C, 69.81; H, 5.38; N, 4.28.

Fce—Cgo: "H NMR (300 MHz, CDCl5): 7.97-7.75 (s, br, 2H),
7.42 (d, J=8.3 Hz, 2H), 7.19 (d, J=7.5 Hz, 2H), 7.15 (d,
J=28.3 Hz, 2H), 5.12 (m, 1H), 5.06 (d, J=5.3 Hz, 4H), 4.63
(s, 4H), 4.15-4.25 (m, 1H), 3.20-3.35 (m, 1H), 2.50-2.71
(m, 1H), 1.85-2.08 (m, 2H), 1.25-1.47 (m, 27H), 0.81-0.95
(m, 3H). FT-IR (KBr, cm ™ '): 2954, 2923, 2851, 2796,
1735, 1507, 1457, 1270, 1199, 1168, 1102, 1019, 913,
526. MALDI-TOF MS m/z: 1412 [M+H]", 692 [M+
H]T =720, caled=1411.3 (C192H53NO,4Fe). Anal. Calcd
for C,9,Hs3NO,Fe: C, 86.74; H, 3.78; N, 0.99. Found: C,
86.83; H, 3.77; N, 1.02.

Fe-ref:>> '"H NMR (300 MHz, CDCls): 7.38 (d, J=8.3 Hz,
4H), 7.11 (d, J=8.3 Hz, 4H), 5.05 (s, 4H), 4.59 (s, H), 1.32
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(s, 18H). MALDI-TOF MS m/z: 537, 560 [M+Na]™, 576
IM+K]™".

4.1.3. Synthesis of ZnP-Fc—Cgy. A saturated methanol
solution of Zn(OAc), (5 ml) was added to a solution of
H,P-Fc—Cgy (20 mg) in CHCI; (50 ml) and refluxed for
3 h. After cooling, the reaction mixture was washed with
water twice and dried over anhydrous Na,SOy, and then the
solvent was removed. Flash column chromatography on
silical gel with CHCl; as the eluent gave ZnP-Fc—Cgg as a
dark solid (98% yield, 21 mg). "H NMR (400 MHz, CDCl5):
9.12 (d, J=4.6 Hz, 2H), 9.03 (d, /J=4.6 Hz, 2H), 8.89 (d,
J=4.6 Hz, 2H), 8.81 (d, J=4.6 Hz, 2H), 7.74 (d, J=
8.0 Hz, 2H), 7.61 (s, 2H), 7.51 (d, J=38.2 Hz, 2H), 7.35—
7.31 (m, 6H), 5.25 (s, 1H), 5.21 (s, 1H), 5.17 (s, 2H), 4.81-
4.75 (m, 1H), 4.73 (s, 2H), 4.66 (s, 2H), 4.24 (s, 3H), 4.16 (s,
6H), 4.10 (s, 6H), 3.91 (s, 12H), 3.82-3.73 (m, 1H), 3.18—
3.05 (m, 1H), 2.45-2.31 (m, 1H), 1.79-1.67 (m, 2H), 1.39—
1.22 (m, 18H), 0.89-0.84 (m, 3H). UV/vis (CH,Cl,) Apax
431, 552, 592 nm; fluorescence (CH,Cl») A 596, 644 nm;
FT-IR (KBr, cm ™ '): 2923, 2851, 1736, 15797, 1498, 1456,
1406, 1349, 1270, 1238, 1196, 1164, 1126, 1104, 1003, 797,
722, 526. MALDI-TOF MS m/z: 2225.3 [M+H] ™", 1504.5
[M+H"]—720, caled=2223 (C,45HssNsO;5FeZn). Anal.
Calcd for C|45H85N50]3FCZH: C, 7822, H, 385, N, 3.15.
Found: C, 78.29; H, 3.89; N, 3.12.

ZnP-Fc: "H NMR (400 MHz, CDCl5): 9.02 (s, 6H), 8.95 (d,
J=4.6 Hz, 2H), 8.18 (d, J/=8.2 Hz, 2H), 7.58 (d, /=8.2 Hz,
2H), 7.43-7.40 (m, 6H), 7.08-7.21 (m, 4H), 5.16 (s, 2H), 5.11
(s, 2H), 4.66 (t, J=1.5 Hz, 4H), 4.13 (s, 9H), 3.94 (s, 18H),
1.29 (s, 9H). UV/vis (CH,Cly) Anax 422, 548 nm, 588 nm;
fluorescence (CH,Cly) Apax 596, 644 nm; FT-IR (KBr,
cm™ ') 2933, 1733, 1579, 1495, 1456, 1406, 1348, 1271,
1236, 1201, 1169, 1125, 1001, 798, 723, 520. MALDI-TOF
MS m/z: 1351 [M+H]", caled=1350.3 (Cy5sHgeN4O;5-
FeZn). Anal. Calcd for C;5HegN4O3FeZn: C, 66.60; H,
4.92; N, 4.14. Found: C, 66.63; H, 4.95; N, 4.13.
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Abstract—In the presence of 5-10 mol% Cp*RuCl(cod), 1,6- and 1,7-diynes were allowed to react with an ethynylboronate at ambient
temperature to give rise to bicyclic arylboronates in 64-93% isolated yields. 1,6-Diynes bearing a boronate terminal also underwent
cycloaddition with monoalkynes to give the corresponding bicyclic arylboronates.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Arylboronic acids and their congeners have become
indispensable reagents in modern organic synthesis. In
fact, they are now used for a wide variety of significant
organic transformations including Suzuki—Miyaura cross
coupling,' homo coupling,” rhodium-catalyzed asymmetric
1,2- and 1,4-additions to carbonyl compounds, + Heck-
type reaction,5 Petasis—Mannich condensation,6’7 and
others.® Arylboronic acid derivatives have been conven-
tionally prepared by the reactions of arylmagnesium or
-lithium reagents with trialkylborates, although reactive
functional groups are incompatible with this method.® To
address this issue, transition-metal-catalyzed couplings of
arylhalides, -triflates, or -diazoniums with tetraalkoxy-
diboranes or dialkoxyboranes have been developed by
several research groups.'® Furthermore, transition-metal-
catalyzed direct borylation of aromatic C-H bonds has
emerged as an environmentally benign process.'' In
addition to these methods utilizing aromatic precursors,
benzannulation or cycloaddition involving unsaturated
organoboron reagents realized the assembly of highly
substituted arylboronic acid frameworks, which are
otherwise difficult to be prepared.'*'? In this context, we
recently developed the ruthenium-catalyzed cyclotrimeri-
zation of alkynylboronates, propargyl alcohol, and a
terminal alkynes giving rise to arylboronates, which
were subjected to one-pot Suzuki-Miyaura coupling to
afford highly substituted biaryls as single regioisomers
(Scheme 1).14 As an extension of this study, we also

Keywords: Ruthenium catalysis; Cyclotrimerization; Alkynylboronate;

Arylboronate; Suzuki—-Miyaura coupling.
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0040-4020/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.02.068

explored the Cp*RuCl-catalyzed cycloaddition of o,w-
diynes with an ethynylboronate, yielding polycyclic
arylboronates.'> Herein, we wish to report the full details
of our study on the catalytic partially intramolecular
cycloaddition of alkynylboronates and diynylboronates.

(PrO),B—=——R? 5 mol%
HO + Cp*RuCl(cod) 1
N S —
+ DCE, rt
=—R?
rRo R [PdPCys] R!
‘B Arl Ar.
o
toluene  HO
R? aq. K,COs R?
70 °C 53-76%
Scheme 1.

2. Results and discussion

Aubert and co-workers recently reported the cycloaddition
of the Co,(CO)g-complexed alkynylborates with o, w-diynes
bearing various tether lengths.'® Although their protocol
efficiently afforded various bicyclic arylboronates, the direct
cycloaddition of diynes with alkynylboronates in the
presence of appropriate catalyst is highly desirable in
terms of atom economy.'” Thus, our Cp*RuCl-catalyzed
alkyne cyclotrimerization protocol would serve this purpose
well.'!® In a recent work of Dixneuf and co-workers,
Cp*RuCl(cod) also proved to be a competent precatalyst for
[2+2] dimerization of an allenylboronate.lg
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2.1. Preparation of ethynylboronate

To realize an efficient catalytic protocol, we required an
ethynylboronate because internal alkynes proved to be
inefficient monoalkyne substrates for the ruthenium
catalysis (vide infra).'® The reaction of ethynylmagnesium
bromide and 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxa-
borolane with the standard procedures of Brown and
co—workers,20 however, led to the formation of an
ethynylboronate in a moderate yield with rather low purity
because of its low boiling point. Thus, we turned our
attention to an alternative procedure to prepare alkynyl-
boronates reported by Vaultier and co-workers.>' Although
this method gave the desired 2-ethynyl-5,5-dimethyl-1,3,2-
dioxaborinane (2a), commercially unavailable chlorobis-
(diisopropylamino)borane is required as a boron source
and diaminoborane intermediates are moisture sensitive.
To overcome such disadvantages, a modified route was
developed by taking advantage of the ligand exchange
reaction of alkynyltrifluoroborates.”> As outlined in
Scheme 2, the established procedure was applied to the
synthesis of ethynyltrifluoroborate,”® which was then
treated with 2,2-dimethylpropane-1,3-diol bis(trimethyl-
silyl) ether in the presence of chlorotrimethylsilane in
acetone at room temperature to afford ethynylboronate 2a in
a reasonable yield with high purity.

1. 1.5 equiv B(OMe)3
THF, -78°C, 1 h
then -20 °C, 1 h

=—MgBr =—BFK
2. 6 equiv aq. KHF, 88%
-20°C,1h
thenrt, 1 h

Me3slo\></OS|Mes (o)

2 equiv CISiMes
acetone, rt, 24 h

Scheme 2.

2.2. Cp*RuCl-catalyzed cycloaddition of o,w-diynes
with ethynylboronate

With ethynylboronate 2a in hand, we next optimized its
cycloaddition with dimethyl dipropargylmalonate (3a) in
the presence of precatalyst Cp*RuCl(cod) (1) (Cp*=n’-
CsMes, cod=1,5-cyclooctadiene) as shown in Scheme 3.
To suppress diyne dimerization, a solution of 3a in 1,2-
dichloroethane (DCE) was added at room temperature via
syringe pump over 1 h to the DCE solution of 5 mol% 1 and

M6020 =5
X + 2a (2 equiv)
MeO,C =

3a
MeOQC
5 mol% 1
MeOZC B/O
DCE, it . JT
o]
4aa

Scheme 3.

2 equiv of 2a. As a result, the desired cycloadduct 4aa was
isolated in 77% yield after purification with silica gel
column chromatography. A similar yield was obtained with
increased amounts of 2a (4 equiv). On the other hand, the
yield was improved to 86%, when the reaction mixture was
stirred for 1 h after the syringe-pump addition of 3a. The
obtained product was characterized as bicyclic arylboronate
4aa by 'H and '3C NMR, IR, mass, and elemental analyses.
This structural assignment was also confirmed by X-ray
crystallography. '

The generality of this protocol was well demonstrated by the
results obtained with various diyne substrates (Table 1). The
present method well tolerated functional groups including
an ester, a ketone, and a nitrile, and as a consequence,
arylboronates 4aa—4ac were obtained in 80-86% yields
(runs 1-3). The quaternary center of the tether is not
essential for the cycloaddition. Although an increased

Table 1. Cycloaddition of diynes 3a—h with ethynylboronate 2a*

Run Diyne Product, yield (%)

~ 20
MeO,C_,—= MeO,C 5

.0
1 Me0,C \—= (‘)\JV
3a daa, 86
Ac
Ac><:: Ac><j©\3'o
2 Ac = o\Jv
3b 4ab, 81
NC
NC><:: NC><:©\B'O
3 NG\ = ('ng
3c

4 o ")

~
mm
%
(@]
I
m
o
(@)
o-®
S,

3g dag, 77
o O
N Gl coh

o [e] [¢)
3h 4ah, 87

# A solution of 3 in DCE was added to a DCE solution of 5 mol% (10 mol%
for runs 4, 6 and 7) Cp*RuCl(cod) 1 and 2 equiv of ethynyl boronate 2a by
syringe pump over 1h, and the solution was stirred for 1h at room
temperature.

%_/o
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catalyst loading of 10 mol% was required, the parent 1,6-
heptadiyne (3d) underwent cycloaddition with 2a to furnish
the corresponding product 4ad in 64% yield (run 4).
Similarly, N,N-dipropargyltosylamide (3e) and propargyl
ether (3f) gave borylated heterocycles 4ae and 4af in 93 and
70% yields, respectively (runs 5 and 6). In addition to these
1,6-diynes, 1,7-diynes 3g and 3h were able to react with 2a
to give tetrahydronaphthalene derivative 4ag and anthra-
quinone derivative 4ah in 77 and 87% yields, respectively
(runs 7 and 8).

As anticipated, internal alkynylboronate 2b turned out to be
less efficient than terminal 2a. The reaction with diyne 3a in
a similar manner afforded the desired arylboronate 4ba in a
lower yield of 40% (Scheme 4). In this case, two additional
by-products, protodeboration product 5§ and diyne dimer 6
are formed even with the increased loading of the
alkynylboronate (5 equiv).

E = O 5 mol% 1
X + Bu——=8B :><
E = o DCE, rt
3a 2b (5 equiv) E = CO,Me

4ba 40%

Jv 513%

E E
- XEE D
E E

6 11%
Scheme 4.

We next examined the influence of the terminal substituent
on the diyne substrates. In our previous study, it was found
that unsymmetrical diynes possessing a terminal substituent
on one of the two alkyne moieties reacted with monoalkynes
to afford meta isomers with excellent regioselectivity as
high as meta:ortho = 95:5.'8 On the other hand, the reaction
of unsymmetrical diyne 3i with 2a was carried out in the
presence of 10 mol% 1 to afford a regioisomer mixture of
cycloadduct 4ai in 73% combined yield with a diminished
selectivity of meta:ortho="7T1:29 (Scheme 5).

E ——Me 10 mol% 1
X + 2a
E = (2 equiv) DCE, rt
3i
Me Me
E E B
+
E B E
meta-4ai ortho-4ai
73% 71:29

B=—§g >< E = COMe

Scheme 5.

The plausible regioselection mechanism is outlined in
Scheme 6. The catalytic reaction starts with the oxidative
cyclization of a diyne on the Cp*RuCl fragment, leading to
a ruthenabicycle 7. On the basis of density functional theory

calculations, we and others have proposed the novel alkyne
cyclotrimerization mechanism, in which the intermediacy of
an unprecedented ruthenatricycle 9 was proposed for the
conversion of a ruthenabicycle-alkyne complex 8 to a
seven-membered ruthenacycle intermediate.'®** The co-
ordinated alkyne is considered to react predominantly with
the less substituted Ru—C bond as a consequence of the
steric influence of the substituent R!. In addition, the steric
repulsion between the chloro ligand and the substituent R*
on the coordinated monoalkyne might destabilize ruthena-
bicycle—alkyne complex 8b. Therefore, the preferential
pathway via alternative complex 8a leads to the predomi-
nant formation of a meta-substituted product. In the case for
an alkynylboronate, however, the attractive interaction
between the non-bonding electron pair on the chlorine
ligand and the vacant orbital on the boron center might
render intermediate 8¢ somewhat favorable, resulting in the
decrease of regioselectivity.

Scheme 6.

The cycloaddition of diyne 3j bearing methyl substituents
on both the alkyne termini suffered from severe steric
repulsion between the terminal substituents and the
boronate moiety of 2a (Scheme 7). Consequently, the
cycloaddition was carried out overnight with a 20 mol%
catalyst loading, but the yield of the desired penta-
substituted benzene was not higher than 50%.

2.3. Cp*RuCl-catalyzed cycloaddition of diynylboron-
ates with monoalkynes

We further explored an alternative partially intramolecular
cyclotrimerization assembling bicyclic arylboronates from
a diynylboronate and monoalkynes. Diynylboronate 10a
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M902C ——Me
X + 2a
MeO,C =Me (2equiv)
3j

MeOZC
MeO,C g©
Me CI)Jv
4aj 50%

derived from dipropargyl ether was treated with 10 mol% 1
in DCE under acetylene atmosphere at room temperature for
1 h to give rise to borylated phthalan 11a in 82% yield
(Scheme 8). It is noteworthy that phthalan boronate isomers
4ah and 11a were selectively synthesized by the judicious
choice of the precursors in our catalytic cyclotrimerization
approach. In a similar manner with a 20 mol% -catalyst
loading, biphenyl derivative 11b was obtained in 73% yield
from 10b possessing a phenyl terminal.

20 mol% 1
DCE, rt

Scheme 7.

0]
/
O/TB‘O cat1 O\B,o
__— g acgtélgne
(0]
10aR=H, 10 mol% 1 m,1h
10b R = Ph, 20 mol% 1
R
11a 82%
11b 73%

Scheme 8.

Encouraged by this result, we then examined the regio-
selectivity of the cycloaddition of 10a with terminal alkynes
(Scheme 9). Thus, 10a was allowed to react with 4 equiv of
1-hexyne in the same manner. In striking contrast to our
expectation of the selective formation of the meta isomer,
cycloadduct 11c was obtained as an approximately 1:1
regioisomer mixture in a combined yield of 70%. The total
loss of regioselectivity in this system is probably attributed
to the electron-withdrawing ability of the boronate terminal
of 10a. To confirm the generality of such an electronic
influence, diynylester 12 was subjected to the same reaction
conditions as shown in Scheme 10. Consequently, the
complete loss of regioselectivity was again observed for

10 mol% 1

10a + ——R
DCE, rt,1h

O\B,O O\B,O
R *
0] 0
R

ortho-11c,d meta-11c,d

c: R = Bu, 70% yield, ortho:meta = 55:45
d: R = CH,OMe, 58% yield, ortho:meta = 70:30

Scheme 9.

the formation of benzoate 13. On the other hand, the
moderate ortho selectivity was observed for the reaction of
10a with methyl propargyl ether (5 equiv) resulting in a
regioisomer ratio of ortho-11d:meta-11d=70:30
(Scheme 9). The attractive interaction of the ether lone
pair with the vacant orbital on the boron center might be a
cause of the ortho selectivity as depicted in Figure 1 (vide
infra). Without such an interaction of the methyl ether
terminal, the cycloaddition of ester 12 with 5 equiv methyl
propargyl ether under the same conditions lead to the almost
complete loss of regioselectivity (Scheme 10).

—=—=—CO,Me ‘“ 10 mol% 1
e} +
= DCE, rt,1h
12
CO,Me CO.Me
R,
LT L0,
R
ortho-13a,b meta-13a,b

a: R = Bu, 46% vyield, ortho:meta = 51:49
b: R = CH,OMe, 74% yield, ortho:meta = 55:45

Scheme 10.

Figure 1. Possible intermediate of cycloaddition of 10 and methyl
propargyl ether.

2.4. Density functional calculations of ruthenacycle
intermediates

As mentioned above, an electron-withdrawing terminal on a
diyne substrate exerted a deteriorative effect on the
cycloaddition regioselectivity (Schemes 9 and 10). This is
in striking contrast to the fact that internal electron-
withdrawing group made favorable contribution to the
regioselective cycloadditions.*>*® To obtain insight into the
role of the electron-withdrawing terminal, we carried out
density functional theory (DFT) calculations of model
ruthenacycle intermediates. Previous DFT calculations
revealed that boraruthenacycle I and lactone-fused ruthena-
cycle II is electronically unsymmetrical compared to parent
III as evidenced by the natural charge destributions,
although the ruthenacyclopentatriene moieties are almost
symmetrical in terms of the bond lengths and angles
(Fig. 2).%>° Thus, the alkyne insertion was considered to
take place at the more negatively charged o carbon anti to
the electron-withdrawing boronate and carbonyl groups.
With these facts in mind, we further examined ruthena-
cycles relevant to the present study. At the outset, methyl-
substituted ruthenacycle V was optimized at the
B3LYP/LACVP* level of theory to reveal that its
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-0.552 1.204
Q e -0.108
-0.203 (4 0.426
0.811C6 C3 / Cp
N <
-0.458
C5 ° C1 c
-0.104 _ -0.176  -0.431 . -0.397 =011 -0.154 o,
0.053 —0117 0.057 —0A7 0.080 0.436
1 Il ]
-0.579
-0.104 _q 92g —0-135 -0.430 -0.114 _g 43 —0-198 -0.448
v v
Typical bond lengths (A) of model ruthenacycles I-V.
Ru-Cl Ru-C1 Ru-C4 C1-C2 (C2-C3 C3-C4 (C2-C5 C5-O 0O-C6 C6-C3 O-B B-C3
| 2364 1950 1.954 1396 1.408 1.397 1509 1439 - - 1.386 1.559
Il 2350 1963 1.964 1389 1.398 1.387 1504 1444 1385 1.482 - -
M 2366 1.959 - 1.391 1400 - 1.504 1.437 - - - -
IV 2364 1969 1994 1381 1403 1397 1505 1435 1438 1505 - -
V 2374 1938 1989 1399 1394 1397 1503 1434 1437 1507 - -

Figure 2. DFT-optimized geometries of model ruthenacycles I-V at the BALYP/LACVP* level (bold numbers indicate natural charges).

ruthenacyclopentatriene moiety is remarkably unsymmetri-
cal. The distance between the ruthenium center and the
more substituted o carbon (Ru—C4) is 0.051 A longer than
that of Ru—C1 bond. On the other hand, the C3-C4
bond length is slightly shorter than that for C1-C2
(0.014 A). Similar trends were observed for boronate-
substituted ruthenacycle IV, although the difference in the
ruthenium—carbon bonds are smaller (0.025 A).

Further calculations of natural charges were carried out at
the same level of theory and the obtained data were shown
in Figure 2. The ruthenacyclopentatriene ring of V is
unsymmetrical in terms of the natural charges compared to
parent III. The less substituted o carbon Cl is more
electronegative so that the alkyne insertion selectively takes
place into the Ru—Cl bond as a consequence of the
synergistic effect of both the steric and electronic directing
effect. On the other hand, the o carbon connected to the
boronate group is considerably electronegative (C4:
—0.352) compared to the other a carbon (C1: —0.135) in
IV. On the basis of these results, it is considered that
the interference of both electronical and geometrical
desymmetrizations of the ruthenacycle ring confuses the
cycloaddition regiochemistry.

2.5. Transformations of arylboronates

Finally, we demonstrated the synthetic utility of the present
method by carrying out the transformations of the obtained
arylboronates. The Suzuki—-Miyaura couplings of 4aa
and 1la with p-iodoacetophenone were carried out in

the presence of 2.5 mol% Pd,(dba); (dba=dibenzylidene-
acetone), 11 mol% PCys, and 1.5 equiv of K3PO,4 in DMF at
100 °C to give biaryls 14 and 15 in 80% yields (Scheme 11).

|
4aa + \©\
Ac

1.5 equiv

2.5 mol % Pdy(dba);
11 mol % PCyj,

1.5 equiv K3PO,
DMF, 100 °C, 4 h

Ac
I as above O
11a + _—
Ac 4h

1.5 equiv

Scheme 11.

Electron-deficient monoalkynes such as acetylenedicarboxyl-
ates or propiolates are very reactive substrates for the
Cp*RuCl-catalyzed cyclotrimerization.'® Consequently, the
cycloaddition of a,w-diynes with those alkynes has never
been accomplished under ruthenium-catalyzed conditions.
To obtain the cycloadduct of 3a and methyl propiolate
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indirectly, the catalytic methoxycarbonylation of 4aa was
examined as shown in Scheme 12. The catalytic alk-
oxycarbonylation of arylboronates, however, has remained
almost unexplored,”” and we recently developed the new
protocol to synthesize phthalides by the catalytic carbonyl-
ation of boraphthalides.”® According to our own report, 4aa
was treated with 5 mol% Pd(OAc),, 11 mol% PPh;, and
1 equiv of p-benzoquinone in MeOH under CO atmosphere
at room temperature. The starting material was completely
consumed within 2 h to afford the desired benzoate 16 in
77% yield. Electron-rich alkoxyacetylenes are also incom-
patible monoalkyne substrates for the ruthenium catalysis,
although their cycloadducts are valuable pehenol deriva-
tives. In this context, the cycloaddition of 2a and 3a
followed by oxidation of resultant 4aa gave bicyclic phenol
17 in a good yield. These methods were further applied to
anthraquinone boronate 4ah to deliver naturally occurring
anthraquinone derivatives 18 and 19.°%%° Similarly,
phthalan derivatives 20 and 21 were obtained from 11a in
58 and 86% yields, respectively.

cat. Cp*RuCl E><:<j\
HC=CCO,Me E CO,Me

16 77%

la
cat. Cp*RuCl

2a

cat. Cp*RuCl E
HC=COR E><:©\OH

E= COzMe

(0]
aorb
4dah —— >
R
(0]

18 R = CO,Me, 53%
19 R =OH, 77%

R
aorb

11a ——

o]

20 R = CO,Me, 58%
21R = OH, 86%

Scheme 12. Conditions. (a) 5 mol% Pd(OAc),, 11 mol% PPh;, 1 equiv
p-benzoquinone, 1 atm CO, MeOH, rt, 1.5-2 h; (b) H,O,, aq NaOH, THF,
rt, 15 min.

3. Conclusion

We successfully developed a novel protocol to prepare bi-
or tricyclic arylboronates via Cp*RuCl-catalyzed cyclo-
addition of 2-ethynyl-5,5-dimethyl-1,3,2-dioxaborinane
with various 1,6- and 1,7-diynes. The present protocol
tolerates reactive functional groups including an ester, a
ketone, a nitrile, and a sulfonamide. Moreover, the

Cp*RuCl-catalyzed cycloadditions of diynylboronate
with monoalkynes successfully gave rise to similar
bicyclic arylboronates albeit with a low regioselectivity.
The obtained arylboronate products were further trans-
formed into valuable compounds such as biphenyl,
benzoate, and phenol derivatives by means of established
procedures.

4. Experimental

4.1. General

Flash chromatography was performed with a silica gel
column (Cica silica gel 60 N) eluted with mixed solvents
[hexane/AcOEt]. 'H and >C NMR spectra were obtained
for samples in CDClj; solution at 25 °C on a Varian Mercury
300 spectrometer. '"H NMR chemical shifts are reported in 6
units, in ppm relative to the singlet at 7.26 ppm for
chloroform. Coupling constants are reported in Hz. Infrared
spectra were recorded for CHCl; sample solutions in
0.2 mm path length sodium chloride cavity cells on a
JASCO FT/IR-230 spectrometer. Mass spectra were
recorded on a JEOL JMS700 mass spectrometer. Elemental
analyses were performed by the Instrumental Analysis
Facility of Nagoya University. Melting points were obtained
on a Biichi B-540 apparatus. 1,2-Dichloroethane and
DMF were distilled from CaH,, and degassed before
use. MeOH was distilled from Mg. Cp*RuCl(cod) and
Pd,(dba);-CHCl; were prepared according to the
established procedure.*®!

4.1.1. Synthesis of alkynylboronates.

4.1.1.1. 2-Ethynyl-5,5-dimethyl-1,3,2-dioxaborinane
2a. To a solution of ethynylmagnesium bromide in THF
(0.5 M THF solution 20 mL, 10.0 mmol4+THF 10 mL),
trimethylborate (1.59 g, 15.3 mmol) was added at —78 °C.
The solution was stirred for 1 h at this temperature, and then
stirring was continued for 1 h at —20 °C. To the resultant
white suspension, a solution of KHF, (4.71 g, 60.3 mmol) in
distilled water (15 mL) was added at —20°C and the
solution was stirred at this temperature for 1 h, and at room
temperature for 1 h. The obtained reaction mixture was
concentrated and dried under reduced pressure over 3 h. The
crude product was dissolved in hot acetone and the residue
was removed by filtration. The filtrate was concentrated to
afford potassium ethynyltrifluoroborate (1.15 g, 87%) as
colorless solids (mp 211.2-212.0 °C decomp.).

To a solution of the potassium ethynyltrifluoroborate
(1.32 g, 10.0 mmol) and 2,2-dimethyl-1,3-propanediol
bis(trimethylsilyl) ether (2.49 g, 10.0 mmol) in dry
acetone (10 mL) was added chlorotrimethylsilane
(2.17 g, 20.0 mmol) at room temperature, and the
solution was stirred overnight. The precipitates were
removed by filtration under N, atmosphere, and the
filtrate was concentrated in vacuo. The crude oil was
purified by bulb-to-bulb distillation (80-95 °C/22 mmHg)
to give 2a (1.53 g, 74%) as colorless oil. The spectral
data was in good agreement with those reported in the
literature.”" Alkynylboronate 2b*' was synthesized in a
similar manner.
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4.1.1.2. Diynylboronate 10. To a solution of dipropargyl
ether (2.83 g, 30.1 mmol) in THF (30 mL), n-BuLi (1.6 M
solution in hexane, 9.40 mL, 15.0 mmol) was added at
—78 °C. The solution was stirred at — 78 °C for 30 min, and
then at 0 °C for 30 min. To the resultant orange suspension,
B(OMe); (2.34 g, 22.5 mmol) was added at —78 °C, and
the reaction mixture was stirred at —78 °C for 1 h, and then
at 0 °C for 1 h. To the reaction mixture, a solution of KHF,
(7.03 g, 90.0 mmol) in distilled water (16 mL) was added at
0 °C and the reaction mixture was stirred at this temperature
for 1h, and at room temperature for 1h. The obtained
reaction mixture was concentrated and dried under reduced
pressure over 4 h. The crude product was dissolved in hot
acetone and the residue was removed by filtration. The
filtrate was concentrated to afford a potassium diynyltri-
fluoroborate (1.66 g, 55%) as colorless solids, which was
submitted to the following procedure without further
purification.

To a solution of the potassium diynyltrifluoroborate (1.60 g,
8.0 mmol) and 2,2-dimethyl-1,3-propanediol bis(trimethyl-
silyl) ether (1.99 g, 8.0 mmol) in dry acetone (16 mL) was
added chlorotrimethylsilane (1.76 g, 16.2 mmol) at room
temperature, and the solution was stirred overnight. The
precipitates were removed by filtration under N, atmos-
phere, and the filtrate was concentrated in vacuo. The crude
oil was purified by bulb-to-bulb distillation (120-130 °C/
1.0 mmHg) to give 10a (1.34 g, 81%) as colorless oil: IR
(neat) 3285 (C=CH), 2213 (C=C)cm ™ !; '"H NMR
(300 MHz, CDCl3): 6 0.98 (s, 6H), 3.64 (s, 4H), 4.26 (d,
J=2.1 Hz, 2H), 4.29 (s, 2H); '*C NMR (75 MHz, CDCl5): 6
21.8, 31.8, 56.4, 56.8, 72.6, 72.9, 78.8; MS (EI): m/z (%):
205 (1) [M*—H], 176 (100) [M*—H,CO], 151 (28)
[M* —OCH,C=CH]; EA calcd (%) for C;;H,sBOs
(206.05): C 64.12, H 7.34; found: C 63.93, H 7.47.

Dinynylboronate 10b was synthesized similarly: mp 43.1-
44.3 °C; IR (neat) 2214 (C=C) cm " '; "H NMR (300 MHz,
CDCls): 6 0.98 (s, 6H), 2.43 (t, J=2.1 Hz, 1H), 3.65 (s, 4H),
4.35 (s, 2H), 4.49 (s, 2H), 7.27-7.33 (m, 3H), 7.41-7.46 (m,
2H); '>*C NMR (75 MHz, CDCl5): 6 21.8, 31.8, 56.9, 57.3,
72.6, 84.1, 86.7, 122.3, 128.1, 128.4, 131.6; MS (EI): m/z
(%): 282 (33) [M™], 252 (87) Mt —H,CO], 166 (100)
[MT —H-CH,C=CPh]; EA caled (%) for
C,7H,o0BO5-H,0 (300.16): C 68.02, H 7.05; found: C
68.07, H 6.95.

4.1.2. Cycloaddition of «,w-diyne with alkynylboronate:
synthesis of arylboronate 4aa from ethynylboronate
2a and dipropargylmalonate 3a. To a solution of
Cp*RuCl(cod) (1) (17.1 mg, 0.045 mmol) and ethynyl-
boronate 2a (248.2 mg, 1.80 mmol) in dry degassed 1,2-
dichloroethane (4.5 mL) was added a solution of diyne 3a
(187.4 mg, 0.90 mmol) in dry degassed 1,2-dichloroethane
(6 mL) over 1h via syringe pump at room temperature
under Ar atmosphere. The solution was stirred at room
temperature under Ar atmosphere for 1h, and then, the
solvent was removed under reduced pressure. The residue
was purified by silica gel flash column chromatography
(hexane/AcOEt 15:1) to give 4aa (266.5 mg, 86%) as
colorless solids (mp 133.6-133.7°C): IR (neat) 1732
(CO,Me) cm™'; "H NMR (300 MHz, CDCl;): 6 1.01 (s,
6H), 3.59 (s, 2H), 3.60 (s, 2H), 3.73 (s, 6H), 3.75 (s, 4H),

7.19 (d, J=7.5Hz, 1H), 7.62 (d, J=7.5Hz, 1H), 7.64
(s, 1H); 3C NMR (75 MHz, CDCls): 6 21.9, 31.9, 40.4,
40.7, 52.9, 60.2, 72.2, 123.3, 129.4, 132.5, 138.9, 142.5,
171.8; MS (ED): m/z (%): 346 (29) [M "1, 286 (100) [M ' —
H-CO,Me], 227 (13) [MT —H-2CO,Me]; EA calcd
(%) for CigH»3BOg (346.18): C 62.45, H 6.70; found: C
62.41, H 6.69.

4.1.2.1. Compound 4ab. Mp 116.8-116.9 °C; IR
(CHCl3) 1699 (COMe)cm ™ '; 'H NMR (300 MHz,
CDCl5): 6 1.01 (s, 6H), 2.16 (s, 6H), 3.49 (s, 2H), 3.51 (s,
2H), 3.76 (s, 4H), 7.19 (d, J=7.5Hz, 1H), 7.62 (d, J=
7.5 Hz, 1H), 7.64 (s, 1H); '3C NMR (75 MHz, CDCls): 6
21.9, 26.6, 31.9, 37.5, 37.8, 72.2, 74.5, 123.6, 129.7, 132.7,
138.8, 142.4, 204.7; MS (EI): m/z (%): no molecular ion
peak 271 (100) [M"—COMe], 256 (41) [M* —Me-
COMe], 228 (18) [MT —2COMe]; EA caled (%) for
C,sH»;BO,4 (314.18): C 68.81, H 7.38; found: C 68.85,
H 7.46.

4.1.2.2. Compound 4ac. Mp 169.1-169.3 °C; IR
(CHCI3) 2967 (CN) cm ™~ '; "H NMR (300 MHz, CDCl5): 6
1.03 (s, 6H), 3.72 (s, 2H), 3.73 (s, 2H), 3.77 (s, 4H), 7.28 (d,
J=7.5Hz, 1H), 7.73 (s, 1H), 7.75 (d, J=7.5 Hz, 1H); °C
NMR (75 MHz, CDCls): 6 21.9, 31.8, 33.6, 44.6, 44.8, 72.3,
116.3,123.9, 123.0, 134.04, 135.4, 138.5; MS (ED): m/z (%):
280 (100) [M 1], 237 (18) [M™ —MeCHMe]; EA calcd (%)
for C;¢H;7BN,0, (280.13): C 68.60, H 6.12, N 10.00;
found: C 68.32, H 6.20, N 9.98.

4.1.2.3. Compound 4ad. Mp 111.4-111.5°C; 'H NMR
(300 MHz, CDCl5): 6 1.02 (s, 6H), 2.06 (quint, J=7.5 Hz,
2H), 2.92 (t, J=7.5Hz, 4H), 3.77 (s, 4H), 7.24 d, J=
7.5 Hz, 1H), 7.60 (d, J=7.5 Hz, 1H), 7.69 (s, 1H); >*C NMR
(75 MHz, CDCly): 6 22.0, 25.3, 31.9, 32.6, 33.1, 72.2,
123.6, 129.6, 131.7, 143.3, 147.0; MS (ED): m/z (%): 230
(100) [M ], 187 (35) [MT —MeCHMe]; EA calcd (%) for
C14H;o0BO, (230.11): C 73.07, H 8.32; found: C 73.00,
H 8.47.

4.1.2.4. Compound 4ae. Mp 195.8-196.1°C; IR
(CHCl3) 1320, 1163 (NTs)cm™'; '"H NMR (300 MHz,
CDCl5): 6 1.00 (s, 6H), 2.39 (s, 3H), 3.74 (s, 4H), 4.62 (s,
4H), 7.15 (d, J=7.5 Hz, 1H), 7.30 (d, J=8.1 Hz, 1H), 7.60
(s, 1H), 7.66 (d, J=7.5 Hz, 1H), 7.76 (d, J=8.1 Hz, 1H);
13C NMR (75 MHz, CDCl5): 6 21.6, 21.9, 32.0, 53.6, 53.9,
72.3,121.7,127.5,127.9, 129.7, 133.2, 133.6, 135.3, 138.5,
143.5; MS (ED): m/z (%): 385 (91) [M "1, 330 (100) [M T —
NTs]; EA calcd (%) for C,oH,4BNO,S (385.28): C 62.35, H
6.28, N 3.64; found: C 62.28, H 6.34, N 3.56.

4.1.2.5. Compound 4af. 'H NMR (300 MHz, CDCl3): 6
1.03 (s, 6H), 3.78 (s, 4H), 5.11 (s, 4H), 7.23 (d, J=7.5 Hz,
1H), 7.68 (s, 1H), 7.71 (d, J=7.5Hz, 1H); *C NMR
(75 MHz, CDCl5): ¢ 22.0, 32.0, 72.3, 73.5, 73.6, 120.1,
126.2, 132.9, 138.3, 141.6; MS (EI): m/z (%): 232 (100)
MT1,217 22) [M' —Me], 204 (93) [MT —COJ; EA calcd
(%) for Ci3H;7BO; (232.08): C 67.28, H 7.38; found: C
67.09, H 7.57.

4.1.2.6. Compound 4ag. Mp 116.7-116.8 °C; IR
(CHCl3) 1732 (CO.Et)cm™'; "H NMR (300 MHz,
CDCls): 6 1.01 (s, 6H), 1.20 (t, J=7.2 Hz, 12H), 3.52
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(s, 2H), 3.54 (s, 2H), 3.75 (s, 4H), 4.12-4.23 (m, 8H), 7.07
(d, J=7.5Hz, 1H), 7.52 (s, 1H), 7.53 (d, J=7.5 Hz, 1H);
13C NMR (75 MHz, CDCly): 6 13.9, 22.0, 31.9, 34.6, 34.9,
57.5, 61.7, 72.3, 127.4, 131.4, 131.7, 133.8, 135.3,
169.7, 169.8; MS (EI): m/z (%): 532 (42) [M 1], 487 (32)
[MT —OEt], 459 (31) [MT —CO,Et], 413 (70) M —
HOEt-CO,Et], 385 (50) [M™ —H-2CO,Et], 339 (100)
[M* —H-HOEt-2CO,Et]; EA calcd (%) for C,7H3,BO;q
(532.39): C 60.91, H 7.01; found: C 61.11, H 7.25.

4.1.2.7. Compound 4ah. Mp 192.6-193.0 °C; IR
(CHCl3) 1673 (quinone)cm ™ '; '"H NMR (300 MHz,
CDCls): 6 1.05 (s, 6H), 3.83 (s, 4H), 7.78-7.82 (m, 2H),
8.20 (dd, J=7.8, 1.2 Hz, 1H), 8.28 (dd, J=7.8, 0.3 Hz, 1H),
8.30-8.35 (m, 2H), 8.75 (s, 1H); '*C NMR (75 MHz,
CDCls): 6 21.9, 32.0, 72.4, 125.9, 126.93, 127.0, 132.2,
132.7, 133.4, 133.4, 133.7, 133.9, 134.5, 139.1, 183.0,
183.2; MS (EI): m/z (%): 320 (100) [M 1], 280 (85) [M T —
C5H,1, 235 (95) [M+ —CH,C(Me),CHOJ; EA calcd (%)
for C1oH;7BO, (320.15): C 71.28, H 5.35; found: C 71.05,
H 5.53.

4.1.2.8. Compound 4ba. Mp 38.0-40.8 °C; IR (neat)
1738 (CO,Me) cm ™ '; 'H NMR (300 MHz, CDCl;): 6 0.91
(t, J=7.2 Hz, 3H), 1.03 (s, 6H), 1.35 (sext, J=7.2 Hz, 2H),
1.46-1.57 (m, 2H), 2.81 (t, J=7.8 Hz, 2H), 3.55 (s, 4H),
3.73 (s, 6H), 3.75 (s, 4H), 6.99 (s, 1H), 7.55 (s, 1H); 1*C
NMR (75 MHz, CDCls): 6 14.1,21.9, 22.9, 31.6, 35.5, 35.7,
40.2, 40.7, 52.9, 60.4, 72.2, 125.0, 130.3, 136.1, 141.9,
148.2, 172.0; MS (EI): m/z (%): 402 (44) [M ], 342 (100)
Mt —H-CO,Me], 299 (24) [M" —H-CO,Me-Pr]; EA
calcd (%) for C22H31B06‘H20 (42030) C 6287, H 791;
found: C 62.79, H 7.98.

4.1.2.9. Compound 4ai. Mp 160.1-160.5 °C; IR
(CHCl3) 1732 (CO,Me)cm™'; '"H NMR (300 MHz,
CDCl3): meta-4ai 6 1.01 (s, 6H), 2.26 (s, 3H), 3.54 (s,
2H), 3.60 (s, 2H), 3.74 (s, 6H), 3.75 (s, 4H), 7.43 (s, 1H),
7.47 (s, 1H); ortho-4ai 6 1.02 (s, 6H), 2.42 (s, 3H), 3.55 (s,
2H), 3.60 (s, 2H), 3.74 (s, 6H), 3.76 (s, 4H), 7.01 (d, J=
7.5 Hz, 1H), 7.57 (d, J=7.5 Hz, 1H); >*C NMR (75 MHz,
CDCl3): meta-4ai 6 18.9, 21.9, 31.9, 39.6, 40.6, 52.9, 59.8,
72.2, 120.5, 126.8, 133.3, 138.8, 141.5, 172.0; ortho-4ai ¢
18.5, 21.9, 31.6, 39.9, 41.0, 52.9, 59.5, 72.2, 132.7, 134.0,
138.7, 139.5, 141.4, 172.1; MS (EI): m/z (%): 360 (31)
[MT1], 300 (100) M+t —H-CO,Me]; EA calcd (%) for
C,9H,5BO¢ (360.21): C 63.35, H 7.00; found: C 63.27,
H 7.01.

4.1.2.10. Compound 4aj. Mp 116.1-116.2 °C; IR (neat)
1721 (CO,Me) em ™ '; "TH NMR (300 MHz, CDCl5): 6 1.02
(s, 6H), 2.21 (s, 3H), 2.39 (s, 3H), 3.54 (s, 2H), 3.56 (s, 2H),
3.75 (s, 6H), 3.76 (s, 4H), 7.39 (s, 1H); '>°C NMR (75 MHz,
CDCl5): 6 18.3, 18.6,21.9, 31.7, 39.9, 40.2, 53.0, 59.3, 72.2,
129.6, 134.7, 136.6, 138.6, 140.4, 172.2; MS (EI): m/z (%):
374 (45) [M "], 314 (100) M —H-CO,Me]; EA calcd (%)
for C,oH,7BOg (374.24): C 64.19, H 7.27; found: C 64.13,
H 7.54.

4.1.2.11. Compound 11a. Mp 95.3-95.4 °C; '"H NMR
(300 MHz, CDCl3): 6 1.02 (s, 6H), 3.76 (s, 4H), 5.09-5.11
(m, 2H), 5.25 (t, J=2.1 Hz, 2H), 7.23-7.32 (m, 2H), 7.69—
7.72 (m, 1H); 13C NMR (75 MHz, CDCls): 6 21.9, 31.9,

72.2,73.0,75.0, 122.9, 126.3, 133.0, 138.0, 145.3; MS (EI):
miz (%): 231 (72) [M* —H], 204 (100) [M* —CO], 145
(49) [M* —OCH,C(CH;);]; EA calcd (%) for C,3H,,BO;
(232.08): C 67.28, H 7.38; found: C 67.26, H 7.40.

4.1.2.12. Compound 11b. Mp 101.6-102.0 °C; '"H NMR
(300 MHz, CDCls): 6 1.04 (s, 6H), 3.79 (s, 4H), 5.21 (t, J=
2.1 Hz, 2H), 5.32 (t, J=2.1 Hz, 2H), 7.34 (d, J=7.5 Hz,
1H), 7.36-7.46 (m, 5H), 7.82 (d, J=7.5 Hz, 1H); 3*C NMR
(75 MHz, CDCls): 6 21.9, 31.9, 72.2, 72.9, 75.1, 126.5,
127.4, 127.7, 128.5, 133.9, 136.0, 137.9, 140.1, 146.3; MS
(ED): mlz (%): 308 (89) [M ™1, 280 (100) [M™ —CO]; EA
calcd (%) for C,9H,;BO5 (308.18): C 74.05, H 6.87; found:
C 74.07, H 6.98.

4.1.2.13. Compound 11lc. Mp 86.3-86.5 °C; ca. 1:1
mixture of ortho and meta isomers: 'H NMR (300 MHz,
CDCL5): ortho-11b 6 0.95 (t, J=7.2 Hz, 3H), 1.05 (s, 6H),
1.31-1.45 (m, 2H), 1.51-1.67 (m, 2H), 2.87 (t, J=7.8 Hz,
2H), 3.77 (s, 3H), 5.07-5.09 (m, 2H), 5.20-5.23 (m, 2H),
7.08 (d, J=7.8 Hz, 1H), 7.15 (d, J=7.8 Hz, 1H); meta-11b
6 0.94 (t, J=7.2 Hz, 3H), 1.02 (s, 6H), 1.31-1.45 (m, 2H),
1.51-1.67 (m, 2H), 2.64 (t, J=7.8 Hz, 2H), 3.76 (s, 3H),
5.07-5.09 (m, 2H), 5.20-5.23 (m, 2H), 7.12 (s, 1H), 7.54
(s, 1H); '3C NMR (75 MHz, CDCls): 6 14.04 and 14.07,
21.90 and 21.91, 22.5 and 22.8, 31.6 and 31.8, 34.1 and
35.9, 35.47 and 35.51, 72.0 and 72.1, 72.9 and 73.1, 74.9
and 75.1, 121.8 and 122.9, 128.3 and 133.2, 135.2 and
138.3, 141.0 and 142.7, 145.3 and 148.1; MS (EI): m/z (%):
286 (31) [M1], 243 (25) [MT —CH,CH,CH;]; EA calcd
(%) for C7H,5BO5 (288.19): C 70.85, H 8.74; found: C
70.85, H 8.73.

4.1.2.14. Compound 11d. Mp 65.8-66.2 °C; ca. 7:3
mixture of ortho and meta isomers: IR (neat) 1720
(CO,Me) em ™ '; '"H NMR (300 MHz, CDCLs): ortho-11¢ 6
1.04 (s, 6H), 3.38 (s, 3H), 3.75 (s, 4H), 4.65 (s, 2H), 5.06 (s,
2H), 5.19 (t, J=1.8 Hz, 2H), 7.19 (d, J=7.5 Hz, 1H), 7.25
(d, J=17.5 Hz, 1H); meta-11c 6 1.01 (s, 6H), 3.38 (s, 3H),
3.75 (s, 4H), 4.46 (s, 2H), 5.08 (s, 2H), 5.22 (t, J=1.8 Hz,
2H), 7.29 (s, 1H), 7.65 (s, 1H); '*C NMR (75 MHz, CDCl5):
ortho-11¢ 6 21.9, 31.7, 58.1, 72.1, 73.0, 74.3, 74.8, 121.7,
126.7, 137.3, 142.5, 145.1; meta-11¢ 6 21.9, 31.9, 58.1,
72.2,72.9,74.6,74.9,122.5,132.9, 136.4, 138.6, 145.0; MS
(ED): m/z (%): 279 (100) [M*], 248 (28) [M" —HOMe]; EA
calcd (%) for C;sH,;BO,4 (276.14): C 65.24, H 7.67; found:
C 65.35, H 7.56.

4.1.2.15. Compound 13a. Oil; ca. 1:1 mixture of ortho
and meta isomers: "H NMR (300 MHz, CDCl5): ortho-13a 6
0.92 (t, J=7.2 Hz, 3H), 1.36 (sept, J=7.2 Hz, 2H), 1.50—
1.65 (m, 2H), 2.92 (t, J="7.8 Hz, 2H), 3.88 (s, 3H), 5.08 (s,
2H), 5.24 (t, J=1.8 Hz, 2H), 7.17 (d, J=7.8 Hz, 1H), 7.24
(d, J=7.8 Hz, 1H); meta-13a 6 0.92 (t, J=7.2 Hz, 3H), 1.02
(s, 6H), 1.36 (sept, J="7.2 Hz, 2H), 1.50-1.65 (m, 2H), 2.66
(t, J=7.8 Hz, 2H), 3.90 (s, 3H), 5.09 (s, 2H), 5.34 (t, J=
1.8 Hz, 2H), 7.23 (s, 1H), 7.74 (s, 1H); '*C NMR (75 MHz,
CDCls): 6 13.98 and 14.03, 22.3 and 22.8, 33.7 and 35.3,
34.0 and 34.3, 51.7 and 52.0, 72.9 and 73.1, 74.8 and
74.9, 123.7 and 125.3, 123.9 and 124.0, 128.7 and 130.3,
137.5 and 138.9, 140.6 and 141.2, 142.7 and 143.6,
166.4 and 167.4; MS (ED): m/z (%): 234 (100) [M™],
217 (93) M —H-Me], 206 (42) M+ —CO], 189 (64)
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[M* —2H-CH,CH,CH;]; EA caled (%) for CH;505
(234.29): C 71.77, H 7.74; found: C 71.67, H 7.79.

4.1.2.16. Compound 13b. Analyses other than 'H NMR
were omitted because 13b was obtained as a mixture with
the cyclotrimers of methyl propargyl ether. The yield and
regioisomer ratio were determined by 'H NMR analysis. 'H
NMR (300 MHz, CDCls): ortho-13b 6 3.45 (s, 3H), 3.90 (s,
3H), 4.82 (s, 2H), 5.12 (s, 2H), 5.28 (t, /= 1.8 Hz, 2H), 7.26
(dd, J=17.8, 1.8 Hz, 1H), 7.55 (d, /=17.8 Hz, 1H); meta-13b
0 3.41 (s, 3H), 3.91 (s, 3H), 4.50 (s, 2H), 5.12 (s, 2H), 5.38
(t, J=1.8 Hz, 2H), 7.42 (s, 1H), 7.89 (s, 1H).

4.1.3. Suzuki-Miyaura coupling of arylboronates. To a
solution of arylboronate 4aa (104.0 mg, 0.30 mmol) and
p-iodoacetophenone (111.8 mg, 0.45 mmol) in dry DMF
(2mL) was added Pd,(dba);-CHCIl3; (8.0 mg,
0.0077 mmol), PCy; (8.7 mg, 0.041 mmol), and K;PO,
(99.2 mg, 0.47 mmol). The mixture was degassed at
—78 °C, and stirred at 100 °C under Ar atmosphere for
4 h. The reaction mixture was diluted with distilled water
(10 mL) and extracted with AcOEt (5 mL X 3). The organic
layer was washed with brine (5 mL), dried with MgSQy,, and
concentrated in vacuo. The residue was purified by silica gel
flash column chromatography (hexane/AcOEt 20:1) to give
14 (82.9 mg, 80%) as colorless solids (mp 98.8-99.4 °C): IR
(CHCl3) 1733 (CO,Me), 1680 (COMe)cm ™ '; 'H NMR
(300 MHz, CDCl3): 6 2.63 (s, 3H), 3.65 (s, 2H), 3.67 (s, 2H),
3.77 (s, 6H), 7.29 (d, J=8.1 Hz, 1H), 7.44 (d, J=8.1 Hz,
1H), 7.45 (s, 1H), 7.65 (d, J=8.4 Hz, 2H), 8.01 (d, J=
8.4 Hz, 2H); '*C NMR (75 MHz, CDCls): 6 26.7, 40.4, 40.6,
53.1, 60.5, 123.0, 124.6, 126.2, 127.1, 127.3, 128.8, 135.6,
138.9, 140.1, 140.7, 145.7, 171.8, 197.5; MS (EI): m/z (%):
352 (79) [M™], 292 (100) [M™ —H-CO,Me], 277 (22)
Mt —H-CO,Me-Me]; EA calcd (%) for CoHyoOs
(352.38): C 71.58, H 5.72; found: C 71.68, H 5.60.

The Suzuki-Miyaura coupling of 11a with p-iodoaceto-
phenone was carried out in the same manner to give 15: mp
109.8-110.1 °C; IR (CHCl;) 1681 (COMe) cm ™ '; 'H NMR
(300 MHz, CDCl3): 6 2.64 (s, 3H), 5.18-5.19 (m, 4H), 7.27-
7.42 (m, 3H), 7.47-7.52 (m, 2H), 8.01-8.05 (m, 2H); "°C
NMR (75 MHz, CDCl;): 6 26.7, 73.3, 73.6, 120.6, 127.2,
127.9, 128.0, 128.6, 134.7, 1359, 137.0, 140.1, 144.7,
197.3; MS (ED): m/z (%): 238 (100) [M "], 223 (42) [M* —
Me], 209 (38) [M+ —H-CO], 195 (75) [M* —COMe]; EA
calcd (%) for C;6H;40, (238.28): C 80.65, H 5.92; found: C
80.52, H 5.91.

4.1.4. Methoxycarbonylation of arylboronates. To a
solution of arylboronate 4aa (104.4 mg, 0.30 mmol) in dry
MeOH (3 mL) was added Pd(OAc), (3.4 mg, 0.015 mmol),
PPh; (9.3 mg, 0.035 mmol), and p-benzoquinone (32.6 mg,
0.30 mmol). The mixture was stirred at room temperature
under CO atmosphere for 2 h. The reaction mixture was
concentrated in vacuo. The residue was purified by silica gel
flash column chromatography (hexane/AcOEt 15:1) to give
16 (68.4 mg, 77%) as colorless solids (mp 90.1-90.3 °C): IR
(CHCl3) 1735 (CO,Me)cm™'; '"H NMR (300 MHz,
CDCl,): 0 3.63 (s, 4H), 3.75 (s, 6H), 3.89 (s, 3H), 7.26 (d,
J=8.1Hz, 1H), 7.86-7.88 (m, 2H); '>*C NMR (75 MHz,
CDCl3): 6 40.2, 40.6, 52.0, 53.1, 60.3, 124.0, 125.3, 128.6,
129.0, 140.1, 145.2, 166.8, 171.5; MS (EI): m/z (%): 292

(39) [M™], 261 (23) [MT—OMe], 232 (100) M+ —
H-CO,Me], 201 (43) [MT —HOMe-CO,Me], 173 (51)
[M* —H-2CO,Me]; EA calcd (%) for C;sH;50¢ (292.28):
C 61.64, H 5.52; found: C 61.50, H 5.62.

The methoxycarbonylation of 4ah and 11a were carried out
in a similar manner. The spectral data for 18 was in good
agreement with those reported previously.?®

Compound 20 mp 61.1-61.3 °C; IR (CHCl;3) 1717
(COMe) cm ™ !; '"H NMR (300 MHz, CDCls): 6 3.91 (s,
4H), 5.12-5.15 (m, 2H), 5.39 (t, J=2.1 Hz, 2H), 7.33-7.44
(m, 2H), 7.91-7.95 (m, 1H); '>C NMR (75 MHz, CDCl;): 6
52.0, 72.9, 74.8, 124.3, 125.2, 127.4, 128.6, 140.4, 141.5,
166.2; MS (EI): m/z (%): 178 (2) [M+], 149 (100) M —
H-CO]; EA calcd (%) for CioH;005 (178.18): C 67.41, H
5.66; found: C 67.17, H 5.72.

4.1.5. Oxidation of arylboronates. To a solution of
arylboronate 4aa (104.0 mg, 0.30 mmol) in THF (3.5 mL)
was added a basic solution of H,O, (30% aq H,O, 0.5 mL +
1 N NaOH 1 mL) at room temperature. The mixture was
stirred at room temperature for 15 min. The reaction
mixture was diluted with satd NH,Cl (5 mL) and extracted
with AcOEt (5 mL X 3). The organic layer was washed with
brine (5 mL), dried with MgSQO,, and concentrated in vacuo.
The residue was purified by silica gel flash column
chromatography (hexane/AcOEt 10:1) to give 17
(69.5 mg, 93%) as colorless oil: IR (neat) 2449 (OH),
1723 (CO,Me) cm ™~ '; "H NMR (300 MHz, CDCl5): 6 3.51
(s, 2H), 3.54 (s, 2H), 3.74 (s, 6H), 4.57 (br s, 1H), 6.63 (dd,
J=8.4,2.7Hz, 1H), 6.67 (m, 1H), 7.03 (d, J=8.4 Hz, 1H);
13C NMR (75 MHz, CDCl5): 6 39.8, 40.6, 53.1, 60.8, 111.1,
114.1, 124.8, 131.4, 141.3, 155.0, 172.1; MS (EI): m/z (%):
250 (35) [M*], 190 (100) [M" —H-CO,Me], 131 (55)
[MT —H-2CO,Me]; EA calcd (%) for C;3H,405 (250.25):
C 62.39, H 5.64; found: C 62.37, H 5.67.

The oxidation of 4ah and 11a were carried out in a similar
manner. The spectral data for 19 and 21 were in good
agreement with those reported previously.?*?

4.2. Computational methods

The Q-chem 2.0 program® in Spartan’02 software
package®* was used for geometry optimizations, and atomic
charges for the optimized geometries were obtained with the
Gaussian 98 program package.”” The geometries of
ruthenacycles I-VI were fully optimized by means of the
Becke’s three-parameter hybrid density functional method
(B3LYP)*® with the LACVP* basis set, which uses a
double-{ basis set with the relativistic effective core
potential of Hay and Wadt (LanL2 ECP)*’ for Ru and the
6—31G(d)38 basis sets for other elements. Natural charges
were computed at the B3LYP/LACVP* level using the
natural population analysis method as implemented in
Gaussian 98.%
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Abstract—Solid phase synthesis has been used to carry out intramolecular aromatic homolytic substitution with benzoimidazole precursors.
The protocol attaches the radical precursors to the resins via the radical leaving groups (in the aromatic homolytic substitution). When the
radical reactions are complete, the leaving group, unaltered starting material and reduced uncylised products remain attached to the resin,
which facilitates easy separation of the cyclised products. Novel use of focussed microwave irradiation in solid phase radical reactions
drastically shortens the reactions times. Tributylgermanium hydride has been used to replace the toxic and troublesome tributyltin hydride in
the radical reactions.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction radical substitution of phenylthiyl radicals at 2-C gave good
results and used this in our initial study (Scheme .

Solid phase synthesis has become a central tool in organic
synthesis. However, there have been surprisingly few
applications to radical chemistry. The small amount of
literature has been recently reviewed' and more recent
references continue to show the untapped potential.> Solid
phase radical reagents have also been developed and show
promise. For example, we have recently demonstrated that
solid phase triorganogermanium hydride gives good results
for a wide range of radical reactions and compares very well

g—sph

addltlo\x

BU3Sn -SePh
\>~SPh
N @Ph

with the corresponding solution-phase use of tributyltin or PhSe n Bu3Sn-

tributylgermanium hydride.? Other references to solid phase %g 2 Z % eliminati n

radical reagents are included in our recent publications.‘z’4 10: n=3 )n
We sought to further investigate the potential of radical Ph PhSe.

reactions on solid phase with a view to applications in Bu3SnH

combinatorial chemistry. @: \3;‘
N
Solid phase synthesis and combinatorial chemistry have 4 In
centred on the synthesis of heterocycles because of the
importance of these compounds to the pharmaceutical
industry as likely lead compounds.” The use of radical

Scheme 1. Homolytic aromatic substitution.

This procedure of intramolecular aromatic homolytic

cyclisation for the synthesis of prospective biologically
active heterocyclic compounds has also continued to grow
in interest.® Therefore, in this study we chose radical
cyclisation onto benzoimidazoles as a suitable methodology
for investigation. We have previously shown that alkyl

Keywords: Aryl radicals; Radical cyclisation; Solid phase synthesis;

Microwave; Benzoimidazoles.
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substitution was first developed by Caddick et al. as a
novel regioselective methodology for the synthesis of [1,2-
alindoles in which SPh, SOPh or SO,Ar gro ups on the
indole-2-position act as radical leaving groups. Whereas
bimolecular homolytic aromatic substitution is relatively
unselective and therefore of limited synthetic application,
these substitutions are regioselective, controlled by stereo-
electronic effects and the good radical leaving groups.
Homolytic aromatic substitution has been recently
reviewed.’
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Scheme 2. Solid phase radical cyclisation protocol.

In our earlier synthetic studies, [1,2-a]fused-benzoimida-
zoles and -imidazoles were synthesised using new method-
ology.” In this procedure, w-phenylselanyl-alkyl side chains
were used in place of w-bromoalkyl side chains to avoid
reaction between the basic benzoimidazole nitrogen atom
reacting with alkyl halides. The aromatic homolytic
substitution mechanism is shown in Scheme 1. The
tributyltin radical (BusSn’) abstracts the phenylselanyl
group from the precursor 1 to yield an intermediate radical
2 by an Sy2 mechanism. Cyclisation gives a stabilised
o-complex 3 with the unpaired electron delocalised over the
aromatic system. The eliminated phenylsulfanyl radical
(PhS") is electrophilic and reacts extremely rapidly with the
nucleophilic tributyltin hydride (Bu3SnH) to complete the
chain cycle. This latter process has been termed polarity
reversal catalysis (PRC). 0.1

We sought to use ‘building blocks’, which could be adapted
to combinatorial chemistry. The use of N-alkylation of NH-
heteroarenes provides a route for the addition of ‘radical’
building blocks. The application of N-(w-phenylselanyl)-
alkyl ‘building blocks’ is illustrated in Scheme 1. N-(w-
Phenylselanyl)alkyl and N-(w-bromo)alkyl ‘building
blocks’ have also been applied to cyclisation of N-(w-
alkyl)-radicals onto pyrroles,'*> imidazoles'? and pyra-
zoles'? with electron withdrawing groups or radical
stabilising groups. We have recently shown that 2-(2-
bromophenyl)ethyl and 2-(2-br0m0pheny1)methP/1 ‘building
blocks’ can be used via aryl radical cyclisation.'" We sought
in the study to use these two groups of building blocks,
N-(w-phenylselanyl)alkyl and 2-(2-bromophenyl)alkyl, to
explore the use of radicals on solid phase.

The radical reactions were first carried out in solution-phase
to determine the best conditions and also to provide an
accurate comparison with the equivalent solid phase
reactions. The use of the three possible triorgano-metal
hydrides, Bu;SnH, tris-(trimethylsilyl)silane (TTMSS) and
tributylgermanium hydride (Bu3;GeH) were investigated.
The latter two reagents have the advantage of low toxicity as
compared to BuzSnH.

Our studies used the protocol shown in Scheme 2, that is, the
radical precursors are attached to the solid phase resin via
the arylsulfanyl radical leaving group. The advantage of this
protocol is that after the radical reaction, only the cyclised
product is released from the resin. Reduced uncyclised
products and unaltered starting materials remain attached
to the resin and hence do not need to be separated from
the desired product. The cyclised benzoimidazoles were
separated from the radical reagents by extraction into
dilute hydrochloric acid, thereby facilitating a very clean
separation.

reaction N N
_ = A\
=0 - w50 - (I
N
N
H

2. Discussion
2.1. Solution-phase studies with alkyl radicals

Initially, we repeated earlier studies’ on the cyclisation of
the selanides 1a and 1b (see Scheme 1) in order to test the
conditions for solution-phase homolytic aromatic substi-
tution for comparison with solid phase studies. The five-
membered ring cyclisation of 1a gave low yields (4a, 25%
as opposed to 49% in earlier studies’). Use of hexamethyl-
ditin did not improve yields of 4a (26%). The six-membered
ring cyclisation of 1b to 4b gave much better yields. The
best yield (61%) was obtained using acetonitrile as solvent
(54% in the earlier study7) whereas toluene (4b, 25%) and
cyclohexane (4b, 23%) gave lower yields. Six-membered
ring cyclisations onto heteroarene rings are less strained
than the five-membered ring cyclisations and hence give
higher yields.”-"'~"3

Initially, we synthesised the 2-(phenylsulfanyl)benzoimida-
zole by lithiation of the 1-trityl protected bezimidazole
followed by reaction with diphenyl disulfide. The yields
were variable and not suited for the preparation of
precursors for solid phase studies. We therefore investigated
SNAr substitution by thiolate of chloride at the 2-C position.
2-Chlorobenzoimidazole 5 is commercially available and
cheap. Test reactions showed that chloride was easily
replaced from 2-chlorobenzoimidazole or 1-methyl-2-
chlorobenzoimidazole (Scheme 3). Potassium hydroxide

N PhSH N
\ \

—C| —— >—SPh
©:N 85% N

Me R

PhSH 6, R
Mel 66% 7R
64%
N ArSH N
o s QL
H

H
NaH Me

5 H 8

NaH
- CO,H
\ 1”7 " seph J(\”—l 2

@[E\*C' ArsH @:\H
o 2O

Phsé n PhsSé n
9a, n=1(61%) 10a, n = 1 (61%)

9b, n = 2 (42%) 10b, n = 2 (98%)
9c, n =3 (51%) 10c, n = 3 (98%)

CO,H

Scheme 3. Synthesis of precursors, ArSH=4-(SH)-C¢H4CO,H.
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(KOH) in ethanol proved best whereas potassium carbonate/
acetone, triethylamine/DCM and NaH/DMF gave poor
yields. Attempted SyAr substitution of 1-trityl-2-chloro-
benzoimidazole failed, probably due to steric hindrance.

Our original aim was to prepare the benzoimidazole with the
linker attached thereby allowing the possibility of alkylation
and radical cyclisation on the solid phase resin. SyAr
substitution with the unprotected 2-chlorobenzoimidazole 5
using the solid phase linker, 4-mercaptobenzoic acid,
proceeded in a good unoptimised yield (68%) but subsequent
alkylations failed (Scheme 3). Alkylation may have been more
favourable with the resin acting as protection for the carboxyl
group but difficulties were encountered with selectively
attaching the 4-mercaptobenzoic acid via the carboxylate to
Wang resin. Selective thiol protection followed by attachment
also encountered problems. Selective S-trityl and S-acyl
protection of 4-mercaptobenzoic acid gave ca. quantitative
yields but trityl removal failed and acyl migration problems
were encountered. At this point, we successfully alkylated
2-chlorobenimidazole S to afford 9a—c¢ and carried out the
SNAr substitutions to give 10a—c in good yields, that is,
alkylations were carried out prior to loading on the resins
(Scheme 3).

We have also shown that chlorine is a good leaving group
and can replace phenylthiyl and phenylsulfonyl groups
in intramolecular aromatic homolytic substitutions
(Scheme 4). We tested two 2-chlorobenzoimidazoles 9a
and 12 under standard radical cyclisation conditions.
The five-membered ring cyclisation again gave a poor
yield of cyclisation (10%) with a large amount of uncyclised

©/\i§\>—a P 4 =+ ©i§>—d

X

9a,n=1,X = SePh n=1M=3n;
an=.z2=>¢ 13a (51%), 4a (10%)
12, n=2,X=Br

n=2,M=Ge;

13b (0%), 4b (54%)

. R3MH
10a-c resin, DIC
AIBN
DCM, DMF
PhSe

12a,
12b,
12c,
12d,
12e,

Scheme 4.

1, Wang, 0.96 mmol g1
2, Wang, 0.95 mmol gt
3, Wang, 0.94 mmol g1

3 3 3335
o o n

2, Rink, 0.63 mmol g1

1, amino-Merrifield, 0.78 mmol g1

10a-c + Q + \(-2
COyH

reduced material 13a (51%) whereas the six-membered ring
cyclisation gave a reasonable yield (54%) with no
uncyclised reduced material 13b. The use of Bu3GeH
allows more time for intermediate radlcals to cyclise and
syringe pump addition is not required.’ We suggest that the
mechanism is as shown in Scheme 1 (with SPh=Cl).

2.2. Solid phase studies with alkyl radicals

The alkyl radical precursors (with linker attached) 10a—c were
successfully attached to three resins, Wang, amino-Merrifield
and Rink, by standard procedures (Scheme 5). Each loading
was assessed by FTIR and MAS (magic angle) 'H NMR
spectroscopy. The FTIR showed formation of an ester linkage
for Wang resin attachments. The level of loading was
determined by cleavage of the loaded precursor from a portion
of each resin. The radical reactions were carried out using a
variety of conditions and the results are shown in Table 1. The
cyclised products 4a—c were isolated by filtration of the resin
whereas reduced uncyclised products 15a—c (if formed) and
unaltered precursors were cleaved from the resin by TFA
hydrolysis and analysed by LCMS and/or isolation. The five-
membered ring cyclisation on Wang resin 12a gave poor
yields (maximum 11% yield) as observed for the solution-
phase reactions. Slow addition of BuzSnH by syringe pump
and repeat addition appeared to give better yields. One attempt
with the amino-Merrifield precursor 12d gave very poor yields
and was not further investigated.

The six-membered ring cyclisations, as for solution-phase
reactions, gave much better yields with the optimised
maximum yield of 60%, that is, very similar yields to
solution-phase reactions. A more useful comparison would
be the solution-phase cyclisation of the carboxylic acids
10a—c or their respective esters. However, these compari-
sons were not carried out. Extended addition and reflux
times gave much lower yields. The use of TTMSS and
Bus;GeH gave lower yields than Bu3SnH but further
optimisation is needed to determine the relative utility of
the three reagents in these reactions. The use of Rink resin in
place of Wang resin gave a similar yield of cyclised product
4b (44%). As for the solution-phase reactions, the seven-
membered ring cyclisation also gave very low yields (4c,
4%) with largely the reduced uncyclised product (14¢ to
15¢, 72%) being formed.

\>—s
4a-c + + 12a-e + Q_O

1l4a-e

10% TFA l DCM

b (IZ\HQ

n

15a-c COH

Scheme 5. Radical reactions on solid phase (R;MH=Bu;SnH, Bu;GeH, TTMSS).
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Table 1. Radical cyclisation of resin-bound 1-[w-(phenylselanyl)alkyl]benzoimidazoles 12a—e

Precursor Reaction conditions Yields

12a BusSnH, syringe pump addition over 26 min, repeat addition after 3 h, 4a (11%), 10a and 15a*
AIBN, toluene, reflux, 5 h

12a Bu;SnH, syringe pump addition over 2 h, AIBN, benzene, reflux, 5 h 4a (5%), 15a*

12a Bu;SnH, syringe pump addition over 5 h, repeat addition over 5 h, AIBN, 4a (5%), 15a*
benzene, reflux, 10 h

12a Bu;SnH, syringe pump addition over 7 h, AIBN, benzene, reflux, 10 h 4a (3%), 10a (41%), 15a (10%)

12a Bu;SnH, AIBN, benzene, reflux, 24 or 48 h 4a (trace), 152"

12d BusSnH, AIBN, benzene, reflux, 18 h 4a (trace)

12b Bu3SnH, syringe pump addition over 7 h, AIBN, benzene, reflux, 7 h 4b (60%), 15b*

12b Bu;SnH, syringe pump addition over 2 h, repeat addition after 3 h, AIBN, 4b (58%, 49%), 15b*
benzene, reflux, 6.5 h

12b Bu;SnH, syringe pump addition over 7 h, AIBN, benzene, reflux, 8 h 4b (57%), 15b*

12b Bu;SnH, syringe pump addition over 7 h, AIBN, benzene, reflux, 7 h 4b (49%)

12b Bu3SnH, syringe pump addition over 12 h, AIBN, benzene, reflux, 12 h 4b (14%), 10b and15b*

12b Bu;SnH, syringe pump addition over 12 h, AIBN, benzene, reflux, 24 h 4b (trace), 10b and15b*

12b BusSnH, AIBN, benzene, reflux, 48 h 4b (3%), 10b and15b*

12b BusGeH, AIBN, toluene, reflux, 8 h 4b (22%), 10b*

12b TTMSS, AIBN, benzene, reflux, 10 h 4b (20%), 15b*

12b TTMSS, syringe pump addition over 5 h, AIBN, benzene, reflux, 8 h 4b (16%), 15b*

12¢ Bu;SnH, syringe pump addition over 6 h, AIBN, benzene, reflux, 7 h 4b (44%), 10b and 15b*

12¢ Bu;SnH, syringe pump addition over 2.5 h, AIBN, fert-butylbenzene, 4c (4%), 15¢ (72%)
heating at 130 °C, 9 h

12¢ Bu3SnH, syringe pump addition over 5 h, AIBN, fert-butylbenzene, 4c (2%), 15¢*

heating at 130 °C, 10 h

# Qualitative analysis by HPLC.

2.3. Solid phase radical cyclisation using microwave
irradiation

We used focussed microwave irradiation to cut down the
reactions times of the reactions from hours to minutes
(Table 2). Typically, non-radical solid phase reactions using
this technique take place in 1-5 min. Although the radical
reactions required the longer time of 10-20 min the time is
still considerably shorter than the non-irradiated reactions (see
Table 1). The technique gave comparable results to the non-
irradiated reactions with the highest yield (52%) achieved
using a mixture of propan-1-ol and benzene. Propan-1-ol was
found to be the most favourable solvent. Polar solvents tend to
give the best results with this technique. Propan-1-ol is a
reasonably good H-donor, which may account for the
formation of the reduced uncyclised (14b, and 15b after
cleavage from the resin). However, use of fert-butanol, which
is not a good H-donor did not improve the yields.

Table 2. Radical cyclisation with Wang resin-bound precursor 12b using
focussed microwave irradiation

Reaction conditions® Yield®

10 min, 10 min,® 100 °C, PrOH/PhH (1 cm? each) 4b (52%)"
10 min, 10 min,° 135 °C, PrOH/PhH (1.25 cm® each) 4b (44%)*
10 min, 135 °C, PrOH/PhH (1.25 cm® each) 4b (44%)*
20 min, 135 °C, PrOH/PhH (1.25 cm® each) 4b (38%)"
10 min, 10 min,° 100 °C, rert-BuOH/PhH 4b (44%)*
(1.25 cm® each)

10 min, 130 °C, PrOH (2.5 cm®) 4b (20%)°
10 min, 10 min,® 100 °C, MeCN/PhH (1.25 cm? each) 4b (17%)*

10 min, 10 min,° 100 °C, DMF/PhH (1.25 cm® each) 4b (14%)"

? Bu3SnH, AMBN [azobismethylisobutyronitrile or by JTUPAC nomencla-
ture, 2-(1-cyano-1-methyl-propylazo)-2-methyl-butyronitrile], focussed
microwave irradiation.

® The % yield of 4b was measured using "H NMR spectroscopy with an
internal standard.

¢ Second addition of reagents and further irradiation.

9 Reduced uncyclised 15b was observed by LCMS analysis of products
cleaved from the resin.

At the time of our study focussed microwave irradiation had
not been used for radical reactions on solid phase, but
recently an example has been published for the synthesis
of oxindoles by 5-exo czlclisation of aryl radicals onto
o, B-unsaturated amides."* We believe that our studies
indicate potential for the use of microwave irradiation to
shorten reaction times of solid phase radical reactions.
Further study should improve yields and determine the most
suitable reaction conditions.

The technique was also applied to the five-membered ring
cyclisation of the amino-Merrifield bound 12d. Again, poor
results were obtained [4a (3%), 20 min, propan-1-ol/
benzene, 135 °C] showing no real improvement over the
non-irradiated reaction. The cyclisation of the equivalent
non-solid phase precursor 10b under similar condition using
microwave irradiation gave inferior yields suggesting that
the solid phase reaction may be more efficient [10 min,
PrOH/PhH, 1.25cm’, BusSnH: (a) AIBN, 135°C, 4b
(11%), (b) AMBN, 100 °C, 4b (14%)].

2.4. Solution- and solid phase studies with aryl radicals

With the success of the alkyl radical cyclisation we sought
to show that aryl radicals could also be used in solid
phase synthesis. 2-(2-Bromophenyl)ethyl and 2-(2-bromo-
phenyl)methyl ‘building blocks’ have been suceessfully
used to generate aryl radicals for cyclisation onto
heteroarenes.'' The same methodology was applied as for
the alkyl radicals. The synthesis of aryl radical precursors
and attachement to the solid phase is shown in Scheme 6.
The methyl esters were prepared for prior testing of the
reactions in solution-phase in order to determine the best
conditions and to provide an accurate comparison with the
equivalent solid phase reactions.

2-Chloro-1H-benzoimidazole 5 was alkylated with suitable
aryl radical building blocks (16a and 16b) followed by the
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N
. @:/ 1. KOH, DMF @[ S—s AcCl,MeOH
+
Y N
n 2. KOBu!, ArsH )
n
16a,n=1,X=Y =1
16b,n=2, X =Br, Y = OMs X COyH
© z
17a,n =1, X = | (100%)
17b,n=2 = Br (98%) 18a,n=1, X =1, Z = Me (78%)
18b, n =2, X = Br, Z = Me (76%)
Wang resin | DIC, DMAP
DCM, DMF

18c,n =1, X = |, Z = Wang resin (0.60 mmol g'1)
18d, n = 2, X = Br, Z = Wang resin (0.98 mmol g1)

Scheme 6. Synthesis of aryl precursors, ArSH=4-(SH)-CcH,CO,H.

SNAr protocol using 4-mercaptobenzoic acid to yield 17a
and 17b in near quantitative yield (Scheme 6). The
benzoimidazoles 17a and 17b were methylated to provide
precursors for the solution studies and attached to Wang
resin using carbodiimide-mediated coupling. Good loadings
were easily achieved and quantified by cleavage from the
resin (TFA/DCM, 9:1) and measurement of the radical
precursors. The IR spectrum of the solid supported
precursors showed the formation of the ester linkages at
1713 cm ™" and MAS '"H NMR spectra showed complete
immobilisation (Scheme 7).

The solution-phase studies were similar to those observed
for alkyl radicals. Attempted five-membered cyclisation
with the radical precursor 18a using Bu;SnH gave only
reduced uncyclised material 20a (60%), even with the use of
a syringe pump. However, use of TTMSS, which is a poorer
H-donor than Bu3;SnH gave a low yield of the cyclised
product 19a (20%) with 20a (40%) as the major product. As
expected the six-membered cyclisation gave a good yield of
cyclised material 19b (50%) with no traces of the reduced
uncyclised product 20b. The results show that homolytic
aromatic substitution by aryl radicals at 2-C of benzoimida-
zoles is a useful synthetic protocol.

The better yielding six-membered ring cyclisation was
chosen for study on solid phase using Wang resin. Syringe
pump addition of Bu;SnH gave the tetracycle 19b in a
reasonable yield (44%). The use of BuzGeH proved much

TTMSS (182)

18a
180 Bi.snH (18b)
19a, n =1 (20%)
19b, n = 2 (50%)
radical ~ 19b, 44% (BuzSnH, AIBN)
reaction 71%, (BugGeH, AIBN)  +

29%, (TTMSS, EtzB)

Scheme 7. Cyclisation of aryl precursors on solid phase.

more satisafactory with a high yield of 19b (71%) but
TTMSS with Et;B as initiator at room temperature gave a
lower yield (29%). Further optimisation would be likely
to give improved yields. The result again illustrates the
potential of the non-toxic BuzGeH to replace the toxic
Bu;SnH. The by-products were cleaved from the resin and
analysed by GC-MS, which showed small amounts of the
reduced uncyclised product resulting from 21 and 17b
resulting from unreacted starting material 18d.

2.5. Homolytic aromatic substitution on imidazole

We had earlier shown that cyclisation via homolytic
aromatic substitution onto 2-(phenylsulfanyl)imidazoles
gave good yields.” We sought to extend the use of the
solid phase protocol for the synthesis of bi-and tri-cyclic
imidazoles. 2-Chloroimidazole is not readily available so
we developed an alternative procedure to widen the scope of
our protocol using the cheap and available 2-mercaptoimi-
dazole as shown in Scheme 8. The SyAr substitution, which
is reversed from the previous protocol gave a reasonable
yield of 22 (50%), which can be used for a variety of
alkylations on the imidazole-NH. The pyridine moiety has a
suitable ester handle for attaching to a solid phase resin as
required. Alkylation with the 2-(2-bromophenyl)ethyl
building block 16b gave a good yield of a radical precursor
for testing the solution-phase cyclisation. Hydrolysis of the
ester to the carboxylic acid would facilitate coupling to solid
phase resins using carbodiimide coupling.

@@ Q\H@

CO,Me

20a, n = 1, Z = Me (40%)
20b, n =2, Z = Me (0%)

HS N\
S
+ 18d + N>_
[e) Ph
13 21
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CO,Et CO,Et @l\t = |
S—sH /(j/ NaH, DMF (\ /(j/ NaH, DMF
[ N J\ N" g7 SN

N

22 (50%)

23b, X =H
45% (TTMSS)
32% (BugSnH)

N
radical [ )
N
reaction
24, 45% TTMSS)

37% (BugSnH)
20% (BuzGeH)

Scheme 8. Cyclisation of imidazole precursors.

The cyclisation was studied with the precursor 23a using
three radical-mediators of which TTMSS gave the best yield
of 5,6-dihydroimidazo[2,1-alisoquinoline 24. The results
show that the pyridine thiol 25 is an equally good radical
leaving group in aromatic nucleophilic subsitution to that of
the earlier solid phase leaving group 13 or 4-mercapto-
benzoic acid methyl ester. TTMSS and Bu;SnH were added
by syringe pump to keep their concentration low to facilitate
cyclisation over reduction. The poor result with BusGeH
indicates that syringe pump addition is required. Further
studies are required to optimise the cyclisation and apply to
solid phase synthesis.

3. Conclusions

The solid phase reactions gave very similar yields to
equivalent solution-phase reactions indicating the potential
use of radical reactions using solid phase synthesis. There
does not appear to be any side reactions in the solid phase
reactions of the radical intermediates reacting with the resm
We believe that our results give further evidence'™ that
solid phase synthesis should be fully considered as a useful
technique in radical synthesis.

4. Experimental

Commercial dry solvents were used in all reactions except
for light petroleum and ethyl acetate, which were distilled
from CaCl, and dichloromethane (DCM) was distilled over
phosphorus pentoxide. Light petroleum refers to the bp
40-60 °C fraction. Sodium hydride was obtained as 60%
dispersion in oil and was washed with light petroleum. Mps
were determined on an Electrothermal 9100 melting point
apparatus and are un-corrected. Elemental analyses were
determined on a Perkin Elmer 2400 CHN Elemental
Analyser in conjunction with a Perkin Elmer AD-4
Autobalance. IR spectra were recorded on a Perkin-Elmer
Paragon 1000 FT-IR spectrophotometer on NaCl plates. 'H
(250 MHz) and ')C (62.5 MHz) NMR spectra were
recorded on a Bruker AC-250 spectrometer as solutions of
CDCl; with tetramethylsilane (TMS) as the internal
standard for "H NMR spectra and deuteriochloroform the
standard for '*C NMR spectra unless otherwise specified.
Chemical shifts are given in parts per million (ppm) and J
values in hertz (Hz). MAS Magic angle NMR spectroscopy

56%% (BuzGeH)

16b
CO,Et X
AN
| 23a, X = Br (75%)
N
SH
25

was carried by GlaxoSmithKline. MAS spectra of the resins
were recorded, and again once the radical precursor was
loaded. Mass spectra were recorded on a JEOL SX102 mass
spectrometer or carried out by the EPSRC Mass Spec-
trometry Service at University of Wales, Swansea. All mass
spectra are electron impact spectra (EI) unless otherwise
stated. TLC using silica gel as absorbent was carried out
with aluminium backed plates coated with silica gel (Merck
Kieselgel 60 F254). Column chromatography was carried
out using neutral alumina unless otherwise specified.

1-Iod0—3—(phenylselanyl)propane 11a,” 1-iodo- 4-(pheny1-
selanyl)butane 11b,” 1-iodo-5- (phenylselan_yl)pentane 11c,’
1H-benzo[d]imidazol-2-yl phenyl sulfide 6," 1-[3- (phenylse-
lanyl)propyl] -2-(phenylsulfanyl)-1H- benzo[d]lmldazole 1a,’
1-[4- (phenylselanyl)butyl] -2-(phenylsulfanyl)-1H-benzo[d]i-
midazole 1b,” 1-iodo-2- (iodomethyl)benzene 16a, 1 2.(2-
bromophenyl)ethyl methanesulfonate 16b'' and tributyl-
germanium hydride* were prepared by literature procedures.

4.1. General procedure for radical cyclisations. 2,3-
dihydro-1H-benzo[d]pyrrolo[1,2-alimidazole 4a

4.1.1. Trlbutyltm hydride. A solution of tributyltin hydride
(0.83 cm?, 3.1 mmol) in toluene (50 cm )was added to 1-[3-
(phenylselanyl)propyl] -2-(phenylsulfanyl)-1H-benzo[d]-
imidazole 1a (0.60 g, 1.4 mmol) in toluene (150 cm?) at
reflux over 5h using a syringe pump. AIBN (0.16 g,
1.4 mmol) was added to the refluxing reaction mixture at
equal intervals. The solution was stirred and heated under
reflux for a further 1 h. Dil, hydrochloric acid was added to
the cooled reaction mixture to extract the protonated
benzoimidazole compounds into the aqueous layer and
washed with light petroleum to remove Bu;Sn-residues. The
acidic aqueous layer was basified with sodium carbonate
followed by aqueous sodium hydroxide (few drops) to
pH 14. The basic solution was extracted with DCM, and
evaporated under reduced pressure to give a pale yellow oil
crude product. The residue was purified by column
chromatography using silica gel as absorbent with light
petroleum and ethyl acetate as eluents to give 2,3-dihydro-
1H-benzo[d]pyrrolo[1,2-alimidazole 4a as white cr;/stals
(57 mg, 0.36 mmol, 25%), mp 105-107 °C (lit.

114-115 °C); 6y 2.70 (2H, quintet, J=7.4 Hz, 2-H), 3. 05
(2H, t, J=7.6Hz, 3-C), 4.1 (2H, t, J=7.2Hz, 1-C),
7.25-7.40 (3H, m, ArH) and 7.67-7.73 (1H, m, ArH).
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The spectroscopic data were identical to those reported in
the literature.’

4.1.2. Hexamethylditin. The reaction mixture of 1-[3-
(phenylselanyl)propyl]-2-(phenylsulfanyl)-1 H-benzo[d]-
imidazole 1la (89 mg, 0.21 mmol) and hexamethgflditin
(114 mg, 0.35 mmol) in tert-butylbenzene (10.0 cm”) was
irradiated with a sun lamp at 85 °C for 30 h. The work-up
was carried out as in the previous experiment to give 2,3-
dihydro-1H-benzo[d]pyrrolo[1,2-alimidazole 4a (26%).

4.1.3. 1,2,3,4-Tetrahydrobenzo[4,5]imidazo[1,2-a]-
pyridine 4b. 1-[4-(Phenylselanyl)butyl]-2-(phenylsul-
fanyl)-1H-benzo[d]imidazole 1b was reacted using the
general procedure for radical cyclisations except that
acetonitrile was used in place of toluene to yield 1,2,3,4-
tetrahydrobenzo[4,5]imidazo[1,2-a]pyridine 4b as colour-
less crystals (61%), mp 96—100 °C (lit.” mp 99.8-100.1 °C).
The spectroscopic data were identical to the reported data.’

4.2. General procedure for alkylation

The azole was added slowly to a suspension of NaH
(1.15 equiv) in dry THF (240 cm’ ). The mixture was stirred
and heated at 80 °C for 1 h. A solution of the alkylating
agent (1.5 equiv) in THF (10 cm3) was added dropwise to
the reaction mixture, which was heated under reflux for a
further 2 h. The salts were removed by filtration on a Celite
bed and the solution evaporated under reduced pressure
to yield the crude product. The crude product was purified
by column chromatography using light petroleum—ethyl
acetate (1/4) as the eluent.

4.2.1. 2-Chloro-1-[(3-phenylselanyl)propyl]-1H-benzo-
[d]limidazole 9a. 2-Chlorobenzoimidazole (2.00 g,
13.1 mmol) and 1-iodo-3-(phenylselanyl)propane 1la
gave 2-chloro-1-[(3-phenylselanyl)propyl]-1H-benzo[d]-
imidazole 9a as a pale yellow oil (2.79 g, 8.0 mmol, 61%)
(Found: C, 55.38; H, 4.40; N, 7.94 requires C, 54.95; H,
4.32; N, 8.01%); rmax (neat)/cm ™' 2930, 1615, 1578, 1469,
1450, 1375, 1329, 1247, 1154, 1022, 761, 740 and 691; iy
2.12-2.33 (2H, m, CH,), 2.88 (2H, t, J=6.9 Hz, CH,Se),
4.28 (2H, t, J=7.1 Hz, CH,N), 7.20-7.23 (6H, m, ArH),
7.43-7.45 (2H, m, ArH) and 7.65-7.68 (1H, m, ArH); ¢
24.1 (CHy), 29.3 (CH,Se), 43.8 (CH,N), 109.4 and 119.5
(4- and 7-C), 122.7 and 123.2 (5- and 6-C), 127.3 (PhCH),
129.1 (Ph 1-C), 129.2 (PhCH), 133.0 (PhCH), 135.0, 140.3
and 141.7 (2-3a, 7a-C); m/z E1 350 (M ", 43%) (Found: M,
350.0091. Cy6H;5CIN,Se requires 350.0089), 315 (55), 165
(62), 91 (100) and 77 (29).

4.3. General procedure for SyAr substitution at 2-C

4.3.1. 1-Methyl-1H-benzo[d]imidazol-2-yl phenyl sulfide
7. Benzenethiol (0.31 cm3, 3.0 mmol) was dissolved in a
solution of KOH (0.17 g, 3.0 mmol) in EtOH (30 cm’® ) and
the mixture was stirred for 5 min. 2-Chloro-1-methyl-1H-
benzoimidazole (0.50 g, 3.0 mmol) was added to the
reaction mixture and the reaction mixture heated under
reflux for 18 h. The reaction mixture was filtered and
evaporated under reduced pressure to give 1-methyl-1H-
benzo[d]imidazol-2-yl phenyl sulfide 7 as colourless
crystals (0.62 g, 2.6 mmol, 85%), mp 66-69 °C (Found:

M™, 240.0726. C,4H,,N,S requires 240.0721); . (KBr)/
cm ' 2373, 1577, 1441, 1409, 1324, 1276, 1078 and
739; 6y 3.69 (3H, m, CH3), 7.20-7.29 (6H, m), 7.34 (2H, dd,
J=8.2, 1.1 Hz) and 7.75-7.77 (1H, m); 6c 30.7 (CHs),
109.4 and 119.8 (4- and 7-C), 122.4 and 123.2 (5- and 6-C),
127.6 (ArCH), 129.4 (ArCH), 130.2 (ArCH), 132.1 and
136.5 (3a- and 7a-C), 143.1 (Ph 1-C) and 147.6 (2-C); m/z
EI239 (M™, 100%), 224 (11), 207 (14), 91 (14) and 77 (15).

4.3.2. 4-[(1H-Benzo[d]imidazol-2-yl)sulfanyl]benzoic
acid 8. 4-Mercaptobenzoic acid and 2-chlorobenzoimi-
dazole 5 gave 8 as colourless crystals (68%), mp 270—
275°C (Found: MH', 271.0541. C;,H;oN,O,S requires
271.0544); vmax (DCM)/em ™' 3500, 3054, 2987, 1690,
1593, 1567, 1506, 1423 and 1265; 6y (DMSO-dg) 7.23-7.26
(2H, m, benzoimidazole 5-H and 6-H), 7.51 (2H, d, J=
8.2 Hz, 3- and 5-H), 7.50-7.70 (2H, m, benzoimidazole 4-
and 7-H) and 7.94 (2H, d, J=8.3 Hz, 2- and 6-H); oc
(DMSO-dg) 122.0 (benzoimidazole 4- and 7-C), 126.5
(benzoimidazole 5- and 6-C), 129.5 (3- and 5-C), 130.1 (1-
(), 130.6 (2- and 6-C), 138.6 (4-C), 144.79 (benzoimidazole
2-C) and 167.1 (C=0); m/z E1 270 (M, 72%), 269 (100),
225 (15), 150 (16), 77 (18) and 44 (91).

4.3.3. Radical cyclisation of 1-(4-bromobutyl)-2-chloro-
1H-benzo-[d]imidazole 12b. Tributylgermanium hydride
(0.56 cm®, 2.16 mmol) was added to 1-(4-bromobutyl)-2-
chloro-1H-benzo[d]imidazole 12b (0.31 g, 1.1 mmol) in
toluene (100 cm®) followed by portion wise addition of
AIBN (0.35 g, 2.2 mmol) to the refluxing reaction mixture
at equal intervals. The solution was stirred and heated under
reflux for 12 h. The reaction mixture was evaporated under
reduced pressure to yield a crude product, which was
purified by column chromatography with light petroleum
and ethyl acetate as eluents to give 1,2,3,4-tetrahydroben-
zo[4,5]imidazo[1,2-a]pyridine 4b as colourless crystals
(0.10 g, 0.58 mmol, 54%); v (KBr)/em ™' 1610, 1503,
1425, 1397, 1328, 1278 and 745; 6y 1.98-2.09 (2H, m, 3-H),
2.10-2.13 (2H, m, 2-H), 3.09 (2H, t, J="7.0 Hz, 4-H), 4.06
(2H, t, J=7.0 Hz, 1-H), 7.21-7.30 (3H, m, ArH) and 7.66—
7.69 (1H, m, ArH). The data was identical to data reported
in the literature.’

4.4. Loading of alkyl radical precursors onto resins

4.4.1. General procedure. Wang resin-bound benzoimi-
dazole 12a. DCM (20 cm*) was added to a portion of Wang
resin (1.0 g, 1.7 mmol) and the resin was left to swell for 1 h
under an atmosphere of nitrogen. 4-({ 1-[3-Phenylselanyl)-
propyl]-1H-benzo[d]imidazol-2-yl}sulfanyl)benzoic acid
10a (0.55 g, 1.2 mmol), DMAP (0.36 g, 2.9 mmol) and
DIC (1.0 cm®, 5.8 mmol) were added sequentially. The
suspension was shaken for 48 h at room temperature. The
reaction mixture was filtered and washed with DCM,
MeOH, DMF, MeOH and DCM (20 cm’® each). The resin
was dried at 40 °C under vacuum for 24 h. The coupling
reaction was repeated. The (MAS) magic angle '"H NMR
spectrum showed complete immobilisation of 10a onto
the Wang resin. FTIR v, (KBr)/cm7l 3025, 2920,
1713, 1591, 1511, 1447, 1265, 1173, 1097, 1010, 822, 738
and 693.
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4.4.2. Wang resin-bound benzoimidazole 12b. The
(MAS) magic angle '"H NMR spectrum showed complete
immobilisation of the compound onto the Wang resin. FTIR
vmax (KBr)fem™!' 3026, 2921, 2363, 1713, 1591, 1512,
1447, 1356, 1265, 1173, 1097, 1011, 822, 739 and 694.

4.4.3. Wang resin-bound benzoimidazole 12¢c. The (MAS)
magic angle "H NMR spectrum showed complete immo-
bilisation of the compound onto the Wang resin. FTIR v«
(KBr)/em ™' 3024, 2921, 2851, 1943, 1717, 1592, 1511,
1451, 1421, 1374, 1353, 1266, 1238, 1173, 1098, 1013, 824,
758, 738 and 697.

4.4.4. Amino-Merrifield resin-bound benzoimidazole
12d. FTIR v, (KBr)/em™' 3424, 3024, 2923, 1655,
1594, 1511, 1478, 1422, 1245, 1014, 838, 736 and 691.

4.4.5. Rink resin-bound benzoimidazole 12e. DCM
(15 cm?®) was added to a portion of Rink resin (0.62 g,
0.5 mmol). The resin was left to swell for 1h under
an atmosphere of nitrogen. 4-({1-[4-Phenylselanyl)butyl]-
1H-benzo[d]imidazol-2-yl}sulfanyl)benzoic acid 10b
(0.3 g, 0.6 mmol), HOAT (0.25g, 1.8 mmol) and DIC
(0.5 cm®, 3.15 mmol) were added sequentially. The suspen-
sion was shaken for 48 h at room temperature. The reaction
mixture was filtered and washed with DCM, MeOH, DMF,
MeOH and DCM (20 cm? each). The resin was dried at
40 °C under vacuum for 24 h. The coupling reaction was
repeated with equimolar reagents. The (MAS) magic angle
"H NMR spectrum showed immobilisation of the compound
onto the Rink resin. FTIR ., (KBr)/lem™! 3413, 2921,
1659, 1503, 1349, 1207, 1026, 827, 742 and 695.

4.5. Radical cyclisations of resin-bound 1-[w-(phenyl-
selanyl)]benzoimidazoles

4.5.1. General procedure. Radical cyclisation of Wang
resin-bound 12a. A solution of BusSnH (0.10 cm®,
0.4 mmol) and AIBN (26 mg, 0.16 mmol) in toluene
2.0 cm3) was added to refluxing suspension of resin-
bound benzoimidazole 12a (170 mg, 0.16 mmol) in toluene
(4.0 cm®) over 26 min using a syringe pump. The reaction
was stirred at reflux for 3 h and then a further portion of
Bu;SnH and AIBN in toluene (1 cm3) was added over 5 min
and the reaction mixture was heated under reflux for a
further 1.5 h. The reaction mixture was filtered and the resin
washed with toluene, DCM and MeOH (20 cm’ each). The
resin was dried at 40 °C under vacuum for 24 h. The LCMS
analysis of the filtrate showed cyclised product 4a (3 mg,
0.018 mmol, 11%). The remaining products were cleaved
from the resin using 10% TFA in DCM. The LCMS analysis
of the cleaved sample from the resin showed the reduced
product 15a. 4a was isolated and characterised. All data
were identical to aunthentic material.

The reaction was repeated under different conditions. The
conditions and yields are reported in Table 1.

4.5.2. Radical cyclisations of resin-bound 12b. The
general procedure was used with Wang and Rink resins.
The different conditions and yields are reported in Table 1.
1,2,3,4-Tetrahydrobenzo[4,5]imidazo[1,2-a]pyridine 4b
was isolated by HPLC and characterised in each case.

The data were identical to authentic material. In several
reactions the reduced uncyclised 4-[(1-butyl-1H-benzo[d]-
imidazol-2-yl)sulfanyl]benzoic acid 15b was isolated using
HPLC and characterised. (Found: MH™, 327.1170.
C,5H;sN,0,S requires 327.1167); vpax (KBr)/em ™! 3490,
2934, 2363, 1700, 1594, 1420, 1364, 1258, 1199, 1179,
1122 and 1017; 6y (DMSO-dg) 0.78 (3H, t, J=7.4 Hz,
CH3), 1.16-1.25 (2H, m, CH,), 1.56-1.63 (2H, m, CH,),
427 (2H, t, J=7.3 Hz, NCH,), 7.23-7.31 (2H, m, ArH),
7.43 (2H, d, J=6.6 Hz, 3-H and 5-H), 7.62-7.65 (2H, m,
ArH) and 7.88 (2H, d, /=6.4 Hz, 2-H and 6-H); 6c (DMSO-
de) 13.4 (Me), 19.3 (CH,), 31.3 (CH,), 44.0 (NCH,), 110.9
and 119.0 (benzoimidazole 4- and 7-C), 122.4 and 123.3
(benzoimidazole 5- and 6-C), 128.9 (ArCH), 129.7 (1-C),
130.3 (ArCH), 135.6 (benzoimidazole 7a-C), 138.1 (4-C),
142.5 (benzoimidazole 3a-C), 145.1 (benzoimidazole 2-C)
and 166.6 (C=0); m/z (FAB) 327 (MH™", 100%), 271 (12),
176 (12), 154 (33) and 136 (31).

4.5.3. Radical cyclisations of Wang resin-bound benzo-
imidazole 12c. The general procedure for radical reactions
of resin-bound precursors was used and the conditions and
results are reported in Table 1. 7,8,9,10-Tetrahydro-6H-
benzo[4,5]imidazo[1,2-a]-azepine 4¢ was analysed by 'H
NMR spectroscopy using an internal standard. The data
were indentical to those reported in the literature.” 4-[(1-
Pentyl-1H-benzo[d]imidazol-2-yl)sulfanyl]benzoic acid
15¢ was isolated and characterised. (Found: M™,
340.1242. C;9H5oN,O,S requires 340.1246); v« (KBr)/
ecm ' 3056, 2928, 2477, 1910, 1689, 1596, 1463, 1385,
1272, 1115, 1007, 836 and 742; oy (DMSO-dg) 0.76 (3H, t,
J=6.9 Hz, CH3), 1.15-1.24 (4H, m, CH,CH,), 1.62-1.68
(2H, m, CH,), 4.28 (2H, t, J=7.3 Hz, NCH,), 7.26 (1H, t,
J=28.1 Hz, ArH), 7.31 (1H, t, J=7.9 Hz, ArH), 7.44 (2H, d,
J=7..7Hz, 3-H and 5-H), 7.64 (1H, d, J=8.0 Hz,
benzoimidazole 7-H), 7.67 (1H, d, /J=7.9 Hz, benzoimida-
zole 4-H) and 7.91 (2H, d, J=6.7 Hz, 2-H and 6-H); 6c
(DMSO-dg) 13.6 (CH3), 21.6 (CH,), 28.1 (CH,), 28.8
(CH,), 44.1 (NCH,), 110.8 and 119.1 (benzoimidazole 4-
and 7-C), 122.2 and 123.2 (benzoimidazole 5- and 6-C),
128.7 (ArCH), 130.0 (1-C), 130.2 (ArCH), 135.6 and 138.2
(benzoimidazole 3a- and 7a-C), 142.7 (4-C), 144.9
(benzoimidazole 2-C) and 166.5 (C=0); m/z 339 (M ™,
100%), 307 (14), 297 (34), 269 (86), 225 (26), 187 (28), 150
(30), 131 (24) and 73 (28).

4.5.4. Radical cyclisation of Wang resin-bound 12b using
microwave irradiation. General method. A suspension of
the Wang resin-bound 12b (22 mg, 0.021 mmol) was
prepared in propan-1-ol/benzene (1.25cm’ of each) was
prepared in a microwave pyrex tube. BuzSnH (3.57 equiv)
and AIBN (3.57 equiv) were added and the pyrex tube
sealed and placed in an automated microwave apparatus
(Smiths Personnel Chemistry Synthesiser). This synthesiser
has an integrated liquid handler, which facilitates automated
microwave reactions for up to 96 separate reaction vessels.
The sample was irradiated for 10 min at 100 °C. A second
addition of reagents the sample was carried out and the
reaction irradiated for another 10 min. After 20 min the
reaction vessel was removed from the microwave apparatus,
cooled to room temperature and unsealed. The reaction
mixture was filtered and washed with toluene, DCM and
MeOH (20 cm?® each). LCMS analysis of the filtrate showed
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only the presence of the cyclised product 1,2,3,4-tetra-
hydrobenzo[4,5]imidazo[1,2-a]pyridine 4b (52%) and tri-
butyltin residues. The yield was determined by 'H NMR
spectroscopy using the internal standard.

The reaction was repeated under various conditions to
optimise the yield and minimise the time. Conditions and
yields of reactions are reported in Table 2 and the
discussion.

4.6. Alkylations of 2-chloro-1H-benzo[d]imidazole

4.6.1. 2-Chloro-1-[(2-iodophenyl)methyl]-1H-benzo[d]-
imidazole. (3.00 g, 19.7 mmol) was added to a vigorously
stirred suspension of ground potassium hydroxide (3.30 g,
59.0 mmol) in dry DMF (80 cm3) and stirred for 30 min.
1-Iodo-2-(iodomethyl)benzene 16a (13.53 g, 39.3 mmol)
was added in one portion. The reaction was stirred for 24 h,
partitioned between ethyl acetate and water and the organic
layer was removed. The organic extract was washed with
water followed by brine, dried and evaporated under
reduced pressure. The residue was purified by column
chromatography using neutral alumina as absorbent and
light petroleum—ethyl acetate (4/1) as eluents to afford
2-chloro-1-[(2-iodophenyl)methyl]-1H-benzo[d]imidazole
as cream coloured crystals (6.87 g, 18.7 mmol, 95%), mp
106.2-109.3 °C (Found: M™, 367.9573. C;4H,(,CIIN,
requires 367.9577); Vimax (KBr)/em ™! 3059, 2920, 1700,
1615, 1455, 1428, 1329, 1282, 1240, 1198, 1013, 986, 749
and 650; 0y 5.38 (2H, s, CH,), 6.48 (1H, d, J=28.0 Hz), 7.00
(1H, dd, /=38.0, 8.0 Hz), 7.08-7.34 (4H, m), 7.75 (1H, d,
J=8.0 Hz) and 7.91 (1H, d, J=8.0 Hz); 6c 52.9 (CH,), 96.7
(Ar 2-C), 109.9 (CH), 119.7 (CH), 123.1 (CH), 123.6 (CH),
126.6 (CH), 128.9 (CH), 130.1 (CH), 135.0 (3a-C), 136.8
(7a-C), 139.7 (CH), 141.0 (2-C) and 141.8 (Ar 1-C); m/z
(EI) 368 (M ™, 62%), 241 (35), 217 (100), 205 (13), 152 (19)
and 90 (47).

4.6.2. 1-[2-(2-Bromophenyl)ethyl]-2-chloro-1H-benzo-
[dlimidazole. The general procedure for alkylation was
used with 2-chlorobenzoimidazole and 2-(2-bromophenyl)-
ethyl methanesulfonate 16b to afford 1-[2-(2-bromophenyl)
ethyl]-2-chloro-1H-benzo[d]imidazole as cream coloured
crystals (98%), mp 73.5-75.4 °C (Found: M, 333.9871.
C,5H,BrCIN, requires 333.9872); vpax (KBr)/em ™! 3042,
2932, 1614, 1473, 1452, 1378, 1357, 1329, 1329, 1263,
1170, 1032, 1004, 758, 746, 729 and 655; 6y 3.20 2H, t, J=
7.3 Hz, CH,), 4.40 (2H, t, J=7.3 Hz, NCH,), 6.89 (1H, t,
J=6.5Hz), 7.05-7.10 (2H, m), 7.22-7.23 (3H, m), 7.51-
7.54 (1H, t, J=8.0 Hz) and 7.64-7.68 (1H, m); oc 35.9
(CH,), 43.8 (NCH,), 109.3 (CH), 119.4 (CH), 122.6 (CH),
123.1 (CH), 124.4 (C), 127.8 (CH), 128.9 (CH), 131.1 (CH),
133.0 (CH), 134.9 (C), 136.4 (C), 140.4 (C) and 141.6 (C);
mlz (EI) 334 (M, 22%), 255 (11), 182 (45), 165 (100), 129
(27), 90 (34) and 70 (32).

4.7. SyAr substitutions with 4-mercaptobenzoic acid

4.7.1. 4-({1-[(2-Iodophenyl)methyl]-1H-benzo[d]imidazol-
2-yl}sulfanyl)benzene-1-carboxylic acid 17a. 4-Mercapto-
benzoic acid (1.54 g, 10.0 mmol) was dissolved in EtOH
(60 cm?) followed by potassium rert-butoxide (1.70 g,
15.2 mmol) and the mixture was stirred for 5 min.

2-Chloro-1-[(2-iodophenyl)methyl]-1H-benzo[d]imidazole
(3.74 g, 10.1 mmol) was added to the reaction mixture and
heated under reflux overnight. The reaction mixture was
filtered and evaporated to dryness to give the crude product,
which was purified by column chromatography using silica
gel as absorbent and light petroleum—ethyl acetate (1/1) as
eluents to afford the benzoimidazole 17a as pale yellow
crystals (4.88 g, 10.0 mmol, 99%), mp 98.2-103.5 °C (Found:
M, 485.9915. C, H;s5IN,O,S requires 485.9905); Vax
(KBr)/em " 3382, 3056, 2964, 1924, 1695, 1591, 1544,
1434, 1385, 1271, 1185, 838 and 734; oy 5.49 (2H, s, CH,),
6.31(1H,dd, J=7.6,1.4 Hz, CH),7.02 (1H, ddd, J=7.6,7.6,
1.4 Hz, CH), 7.19 (1H, ddd, J=7.6, 7.6, 1.4 Hz, CH), 7.25-
7.28 (2H, m, CH), 7.34 (2H,dd, J=6.6, 1.7 Hz, 3-H and 5-H),
7.40-7.44 (1H, m, CH), 7.69-7.73 (1H, m, CH), 7.81 (2H, dd,
J=6.6, 1.7Hz, 2-H and 6-H), and 791 (1H, dd, J=7.6,
1.0 Hz, CH); dc 52.8 (CHy), 98.0 (C-I), 111.1 (CH), 119.5
(CH), 122.8 (CH), 123.8 (CH), 126.8 (CH), 129.0 (CH), 129.9
(CH), 129.9 (CH), 130.4 (CH), 133.0 (C), 136.3 (C), 137.8
(0), 138.3 (O), 139.7 (CH), 143.2 (C), 147.9 (C) and 167.9
(C=0); m/z (EI) 486 (M, 4%), 465 (48), 431 (8), 378 (7),
262 (22), 217 (100), 178 (20), 154 (50), 90 (61) and 73 (58).

4.8. Methylation of aryl radical precursors

4.8.1. Methyl 4-({1-[(2-iodophenyl)methyl]-1H-benzo-
[d]limidazol-2-yl}sulfanyl)benzene-1-carboxylate 18a.
Acetyl chloride (2.0 cm?, 28.0 mmol) was added dropwise
over 10 min to MeOH (25 cm?®) cooled in an ice bath. The
solution was stirred for 5 min and 4-({1-[(2-iodophenyl)-
methyl]-1H-benzo[d]imidazol-2-yl}sulfanyl)benzene-1-
carboxylic acid (0.62 g, 1.3 mmol) was added in one portion
and the solution heated under reflux for 18 h. The solution
was cooled and evaporated under reduced pressure to give
the crude methyl ester hydrochloride. Water was added to
the crude and the aqueous layer was basified to pH 14 with
sodium carbonate and aqueous sodium hydroxide solution.
The basic solution was extracted with DCM. The organic
extracts were dried and evaporated under reduced pressure.
The residue was purified by column chromatography using
neutral alumina as absorbent and light petroleum—ethyl
acetate (1/1) as eluents to afford methyl ester 18a as
colourless crystals (0.5 g, 1.0 mmol, 78%), mp 179.1-
181.2 °C (Found: MH™", 501.0131. C5,H,7IN,O,S requires
501.0134); vpnax (KBr)/cm ™ ' 2040, 1713, 1589, 1544, 1428,
1351, 1277, 1107, 1012, 841, 824, 748 and 689; oy 3.79
(3H, s, CH3), 5.33 (2H, s, CHy), 6.19 (1H, d, J=7.2 Hz),
6.81 (1H, dd, J=7.6, 1.0 Hz), 6.94 (1H, dd, J=7.6, 1.0 Hz),
7.07 (1H,d, J=7.6 Hz), 7.17-7.27 (2H, m), 7.30 2H, d, J=
8.6 Hz, 3-H and 5-H), 7.72-7.74 (2H, m) and 7.76 (2H, d,
J=28.6 Hz, 2-H and 6-H); 6c 51.2 (CH3), 52.3 (CH,), 95.8
(C-I), 109.2 (CH), 119.3 (CH), 122.1 (CH), 123.1 (CH),
125.6 (CH), 127.6 (CH), 128.1 (1-C), 128.3 (6-C), 128.4
(CH), 129.3 (CH), 134.8 (CH), 136.2 (3a-C), 137.0 (7a-C),
138.5 (CH), 142.3 (benzoimidazole 2-C), 145.5 (1-C) and
165.2 (C=0); m/z (FAB) 501 (MH™, 32%), 327 (19), 281
(22), 217 (40), 147 (54) and 136 (100).

4.9. Radical cyclisations of methyl esters 18a and 18b
4.9.1. 5,6-Dihydrobenzo[4,5]imidazo[2,1-a]isoquinoline

19b. The general procedure for radical cyclisations was
carried out with the methyl ester 18b with Bu;SnH added at
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reflux over 5h using a syringe pump. The solution was
stirred and heated under reflux for a further 3 h. Colourless
crystals (50%), mp 125.0-130.0 °C (Found: M, 220.1000.
CisHoN, requires 220.1001); vax (KBlr)/cm7l 2922,
2370, 2344, 1480, 1458, 1406, 1325, 1171 and 736; oy
3.30 (2H, t, J=6.9 Hz, 5-H), 4.35 (2H, t, J=6.9 Hz, 6-H),
7.26-7.43 (6H, m, ArH), 7.81-7.85 (1H, m, ArH) and 8.29—
8.32 (1H, m, ArH); oc 28.3 (5-C), 40.4 (6-C), 109.0 (CH),
119.8 (CH), 122.5 (CH), 122.7 (CH), 125.7 (CH), 126.6
(12b-C), 127.8 (CH), 128.1 (CH), 130.2 (CH), 134.3 (O),
134.6 (C), 143.9 (C) and 149.1 (C); m/z (EI) 220 M ™,
100%), 109 (9), 86 (10) and 77 (9).

4.9.2. 11H-Benzo[4,5]imidazo[1,2-alisoindole 19a. The
general procedure for radical cyclisations was carried out
with the methyl ester 18a with TTMSS instead of Bu;SnH
to afford the tetracycle 19a as colourless crystals (20%), mp
144.0-149.0 °C (Found: M ™", 206.0841. C,4H;(N, requires
206.0844); vmax (KBr)/em ™' 2927, 2367, 1657, 1433, 1399,
1269 and 740; 6y 5.27 (2H, s, CH,), 7.26-7.42 (7TH, m, ArH)
and 7.70-7.72 (1H, m, ArH); 6c 46.2 (CH,), 108.3 (CH),
118.9 (CH), 122.1 (CH), 122.6 (CH), 123.4 (C), 127.1 (CH),
127.5 (CH), 127.8 (CH), 128.8 (CH), 129.1 (C), 134.7 (C),
134.7 (C) and 143.9 (C); m/z (EI) 206 (M ™, 46%), 149 (17),
119 (8), 91 (16) and 77 (18). The reduced uncyclised 4-[(1-
benzyl-1H-benzo[d]imidazole-2-yl)sulfanyl|benzene-1-car-
boxylate 20a was also isolated as a pale yellow oil (40%)
(Found: M, 375.1167. C»,H,sN,0,S requires 375.1167);
vmax (KBr)fem™!' 2950, 1721, 1594, 1434, 1350, 1276,
1181, 1108, 1016, 824 and 760; oy 3.89 (3H, s, CH3),
545 (2H, s, CH,), 7.06-7.08 (2H, m, ArH), 7.23-7.34
(8H, m, ArH), 7.88 (1H, d, J=7.6 Hz, ArH) and 7.90 (2H, d,
J=17.9 Hz, 2-H and 6-H); 6c 48.3 (CH3), 52.2 (CH,), 110.4
(CH), 120.3 (CH), 122.9 (CH), 123.9 (CH), 126.7 (CH),
128.0 (CH), 128.7 (CH), 128.9 (CH), 130.4 (CH), 128.9 (C),
135.5 (C), 136.0 (C), 138.8 (C), 143.5 (C), 146.0 (C) and
166.4 (C=0); m/z (FAB) 375 (M, 74%), 322 (20), 243
(43), 167 (87), 154 (100) and 136 (74).

4.10. Loading of aryl-radical precursors 17a and 17b
onto resins

4.10.1. Wang solid supported benzoimidazole 18d. The
general procedure for loading precursors to Wang resin was
carried out with the acid 17b. The loading on the resin
(0.98 mmol/g) was determined by cleaving a known amount
of resin using TFA-DCM (9/1). FTIR v .« (KBr)/cm ™!
3023, 2919, 1713, 1590, 1441, 1263, 1170, 1095, 1090,
1010, 821, 742 and 694. The (MAS) magic angle '"H NMR
spectrum showed complete immobilisation of the com-
pound onto the Wang resin.

4.10.2. Wang solid supported benzoimidazole 18c. The
loading on the resin (0.60 mmol/g) was determined. FTIR
Vmax (KBr)lem ™' 3424, 3058, 3024, 2919, 2365, 1944,
1717, 1596, 1510, 1492, 1445, 1371, 1266, 1239, 1173,
1099, 1011, 822, 743 and 696. The (MAS) magic angle 'H
NMR spectrum showed complete immobilisation of the
compound onto the Wang resin.

4.11. Radical cyclisations of resin-bound benzoimidazole
18d

4.11.1. Bu3;SnH. The general procedure for radical
cyclisation of Wang bound precursors with 18d (100 mg,
0.10 mmol) gave 5,6-dihydrobenzo[4,5]imidazo[2,1-a]iso-
quinoline 19b as colourless crystals (44%). The data were
indentical to authentic material.

4.11.2. Bu3;GeH. The general procedure for radical
cyclisation of Wang bound precursors with 18d (140 mg,
0.14 mmol) using Bu3GeH added in one portion at the
beginning and heated for 8 h gave 19b (71%).

4.11.3. TTMSS. TTMSS (0.06 cm®, 0.19 mmol) and Et;B
(1.0 M in cyclohexane, 0.2 mmol) were added dropwise to a
suspension of the resin-bound benzoimidazole 18d
(111 mg, 0.11 mmol) in toluene (15 cm3), The flask was
fitted with a rubber septum and air was introduced through a
needle during stirring at room temperature for 5 h. Further
addition of TTMSS (0.12 mL, 0.38 mmol) and Et;B (1.0 M
in hexane, 0.3 mmol) was carried out and the reaction
mixture was stirred for another 10 h. Standard work-up gave
19b (29%).

4.12. Ethyl 6-({1-[2-(2-bromophenyl)ethyl]-1H-imidazol-
2-yl}sulfanyl)pyridine-3-carboxylate 23a

4.12.1. Ethyl 6-[(1H-imidazol-2-yl)sulfanyl]pyridine-3-
carboxylate 22. 2-Mercaptoimidazole (2.00 g, 20.0 mmol)
was added slowly to a suspension of NaH (0.58 g,
24.2 mmol) in dry DMF (40 cm®). The mixture was stirred
and heated at 80 °C for 1 h, followed by addition of eth%/l
6-chloronicotinate (3.71 g, 20.0 mmol) in DMF (10 cm”)
and the reaction mixture was heated at 80 °C for 12 h. The
reaction mixture was evaporated under reduced pressure
and the residue purified by column chromatography
using silica gel as absorbent and light petroleum—ethyl
acetate (1/1) as eluents to afford 22 as colourless crystals
(2.49 g, 50%), mp 145.7-146.9 °C (Found: M, 249.0573.
C1H{1N30,S requires 249.0572); viax (KBr)/cm_l 3079,
2986, 2745, 2502, 1866, 1715, 1574, 1444, 1275, 1113,
1011, 965, 851 and 767; 6y 1.39 (3H, t, J=7.2 Hz, CHy),
439 (2H, q, J=7.2Hz, OCH,), 7.12 (1H, dd, J=8.6,
0.4 Hz, 5-H), 7.23-7.26 (2H, br s, imidazole 4,5-H), 8.10
(1H, dd, J=8.6, 2.4 Hz, 4-H) and 8.98 (1H, dd, /=24,
0.4 Hz, 2-H), NH was not observed; dc 14.2 (CH3), 61.5
(OCH,), 121.3 (5-C), 123.3 (imidazole 4,5-C), 133.2 and
135.1 (3-C and imidazole 2-C), 137.6 (4-C), 150.5 (2-C) and
163.2 and 164.8 (6-C and C=0); m/z (EI) 250 (MH™,
100%), 232 (33), 221 (7), 163 (11), 130 (12), 103 (21), 91
(10) and 77 (11).

4.12.2. Ethyl 6-({1-[2-(2-bromophenyl)ethyl]-1H-imida-
zol-2-yl}sulfanyl)pyridine-3-carboxylate 23a. The stan-
dard procedure for alkylation was used with the imidazole
22 and 2-(2-bromophenyl)ethyl methanesulfonate 16b to
afford 23a as a pale yellow oil (75%) (Found: M,
431.0312. C,9HgBrN3;0,S requires 431.0303); vjax
(neat)/cm ' 3105, 3056, 2981, 1716, 1584, 1472, 1456,
1429, 1366, 1283, 1269, 1173, 1128, 1025, 854 and 766; iy
1.38 3H, t, J=7.2 Hz, CH3), 3.13 (2H, t, /=7.2 Hz, CH,),
432 (4H, t, J=7.2 Hz, NCH,), 4.38 (4H, q, /J=7.2 Hz,
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OCH,), 6.88 (1H, dd, J=8.4, 0.4 Hz, 5-H), 6.96 (1H, dd,
J=175, 1.4 Hz, CH), 7.08 (1H, ddd, J=7.5, 7.5, 1.4 Hz,
CH), 7.10 and 7.27 (2H, 2Xs, imidazole 4,5-H), 7.16 (1H,
ddd, J=17.5,7.5, 1.4 Hz, CH), 7.49 (1H, dd, J=7.5, 1.4 Hz,
CH), 8.04 (1H, dd, J=8.4, 2.0 Hz, 4-H) and 8.96 (1H, dd,
2.0, 0.4, 2-H); 6c 14.2 (CH;), 37.9 (CH,), 46.7 (NCH,), 61.4
(OCH,), 1204 (5-C), 123.1 (Ar 2-C), 123.4 (imidazole
4-C), 124.4 (3-C), 127.7 (imidazole 5-C), 128.9 (CH), 131.0
(CH), 131.2 (CH), 133.0 (CH), 134.4 and 136.3 (Ar 1-C and
imidazole 2-C), 137.7 (4-C), 150.9 (2-C), 164.4 and 164.9
(6-C and C=0); m/z (EI) 431 (M *, 4%), 352 (11), 249 (46),
181 (100), 153 (64), 84 (45) and 49 (39).

4.12.3. 5,6-Dihydroimidazo[2,1-alisoquinoline 24.
Bu;SnH. The standard procedure for radical cyclisations
was carried out using the imidazole 23a (150 mg) to afford
5,6-dihydroimidazo[2,1-alisoquinoline 24 as a clear oil
(37%) (Found: M*, 170.0847. C;;H;oN, requires
170.0844); vpa (neat)em ™' 3171, 2923, 1708, 1499,
1466, 1329, 1250, 1195, 1099, 911, 772, 738 and 714; oy
3.16 (2H, t, J=6.8 Hz, CH,), 4.17 (2H, t, J=6.8 Hz,
NCH,), 6.94 (1H, d, J=1.0 Hz, 2/3-H), 7.15 (1H, d, J=
1.0 Hz, 2/3-H), 7.26-7.27 (3H, m, ArH) and 8.02 (1H, d,
J=28.0 Hz, 10-H); oc 28.6 (6-C), 43.3 (5-C), 119.1 (CH),
123.6 (CH), 127.6 (CH), 127.8 (CH), 128.3 (CH), 129.1
(CH), 129.6 (C), 132.3 (C) and 142.9 (C); m/zE1 170 M ™,
4%), 149 (5), 128 (16), 115 (16), 77 (21) and 57 (23).

TTMSS. 24 (45%). Bu3GeH. Bu;GeH was added in one
portion at the beginning of the reaction. 24 (20%).

Yields of isolated unreacted starting material 23a and
reduced uncyclised 23b are reported in Scheme 8.
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Abstract—Six novel cerebrosides, lonijaposides A;—Ay4, B and B, (1-6) have been isolated from the flowers of Lonicera japonica. Their
structures were established on the basis of 1D, 2D (DEPT, HMQC, HMBC and COSY) NMR, ESI-QTOF-MS/MS and chemical evidence.
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1. Introduction

The flowers and buds of Lonicera japonica Thunb., are used
in Chinese herbal medicine for latent-heat-clearing, anti-
pyretic, detoxicant and anti-inflammatory ailments.' This
plant is known for its properties as an anti-inflammatory
agent in Korea since ancient times and is widely used for
respiratory infections, diabetes mellitus and rheumatoid
arthritis.> Iridoid glucosidesf*5 flavonoids®® and sapo-
nins”'® have previously been reported from the plant.
Cerebrosides are a unique class of secondary metabolites,
some of which are reported to have anti-tumour, anti-HIV-1,
neuritogenic, hepatoprotective, immunosuppressive,
immunostimulatory, anti-ulcerogenic, anti-fungal and anti-
microbial activities.'' It has been proved that the polarity of
the cerebrosides is associated with the presence of extra
hydroxyls in the sphingoid base and plays a key role in the
neuritogenic activities. 2 Moreover, cerebrosides have been
observed to be correlated to the tolerance of some plants to
chilling stresses.'" In continuation of our work for a search
of novel molecules from the plant bioresource of the
western Himalayas,®'?~'> we now report the isolation and
structural elucidation of six new cerebrosides, designated as
lonijaposides Aj—A4, By and B, from the flowers of L.
Jjaponica. To the best of our knowledge this is the first report
of novel cerebrosides from the genus Lonicera (Fig. 1).

2. Results and discussion

Column chromatography of methanol extract of fresh
flowers over silica gel afforded a molecular species LIC-1

*IHBT communication no. 0580.
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Figure 1. Structures of lonijaposide A; (1), A, (2) and Az (3).

as amorphous white solid. The IR spectrum of LJC-1
showed absorption bands at 3350 and 3220, 1620 and 1540,
and 1665 cm™ ! indicated the presence of hydroxyl, amide
and olefinic functions, respectively. The "H NMR spectrum
of LJC-1 (Table 1) showed the presence of two terminal
methyls at 6 0.73 (6H, t, J=7.2 Hz), methylenes at 6 1.18
(br s), an amide proton signal at 6 8.46 (1H, d, /=28.7 Hz),
signals of a trans-olefinic bond at 6 5.38 (1H, br dt, J=16.5,
6.5 Hz) and 6 5.40 (1H, br dt, J=16.5, 6.5 Hz) and six
characteristic signals of geminal protons to hydroxyl groups
were also observed at 6 4.50 (1H, m), 4.40 (1H, dd, J=10.5,
4.5 Hz), 4.33 (1H, dd, J=10.5, 4.7 Hz), 4.23 (1H, m), 4.10
(2H, m). Another signal at low field was observed at 6 5.01
(1H, m) for a methine proton vicinal to the nitrogen atom of
the amide group. The data indicated a phytosphingolipid
structure.'®'” To further confirm, '*C NMR spectra of
LJC-1 (Table 1) showed one quaternary carbon at ¢ 176.5
(CONH), two olefinic methine carbons at 6 132.1 and 131.9
(C=0), five methines at 6 54.5 (CHNH), 78.1 (CHOH),
74.2 (CHOH), 74.1 (CHOH), 73.7 (CHOH) and one
methylene at ¢ 63.2 (CH,OH). The geometry (E) of the
double bond in the unsaturated long chain base portion
was determined on the basis of the '*C NMR chemical shift
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Table 1. 'H and '3C NMR (300 and 75.6 MHz) of LIC-1, 1 and 4

Compounds
LIC-1 1 4
No. Oc oy m (J Hz) Oc oy m (J Hz) oc oy m (J Hz)
1 63.2 4.33dd (10.5, 4.7) 63.2 4.33dd (10.5, 4.7) 70.9 4.40dd (10.3, 3.5)
4.40dd (10.5, 4.5) 4.41dd (10.5, 4.5) 4.71dd (10.3, 6.1)
2 54.2 5.0lm 54.2 5.0lm 54.9 5.00m
3 78.1 4.23m 78.2 4.23m 78.0 421m
4 353 2.30m 354 2.30m 354 2.30m
5 74.1 4.10m 74.1 4.10m 74.3 4.00m
6 74.2 4.10m 74.2 4.10m 74.3 4.10m
7 333 2.05 334 2.05 333 2.01
8 345 1.88-2.05m 344 1.88-2.05m 34.7 1.89-2.03m
9 131.9 5.38 br dt (16.5, 6.5) 131.9 5.38 br dt (16.5, 6.5) 131.9 5.33 br dt (16.5, 6.5)
10 132.1 5.40 br dt (16.5, 6.5) 132.1 5.40 br dt (16.5, 6.5) 132.2 5.46 br dt (16.5, 6.5)
11 34.2 1.88-2.05m 344 1.88-2.05m 34.7 1.89-2.03m
12 333 2.05m 334 2.05m 333 2.05m
(CH,),, 30.7-31.5 1.18 br s 30.7-31.5 1.18 br s 30.6-31.2 1.23 brs
24 30.8 1.18m 30.8 1.18m 30.6 1.23m
25 24.1 1.18m 24.0 1.18m 24.1 1.23m
26 15.5 0.73t (7.2) 15.5 0.73t (7.2) 15.5 0.67t (7.0)
NH 8.46d (8.7) 8.46d (8.7) 8.60d (8.7)
1 176.5 176.4 1754
2! 73.7 4.50m 73.6 4.50m 73.6 4.62m
3/ 36.9 1.88m 36.8 1.88m 37.0 1.90m
4! 27.0 1.64m 27.0 1.64m 27.3 1.66m
(CH,),, 30.7-31.5 1.18 br s 30.7-31.5 1.18 br s 30.6-31.2 1.23 brs
13/ 30.8 1.18 30.8 1.18 30.6 1.23
14/ 24.1 1.18m 24.0 1.18m 24.1 1.23m
15/ 15.5 0.73t (7.2) 15.5 0.73t (7.2) 15.5 0.67t (7.0)
1 106.0 4.97d (7.8)
2! 75.9
3/ 78.8
4 72.0 3.67-4.50
5! 79.7
6 65.4

value (34.2, 34.5) of the methylene carbon adjacent to
the olefinic carbon, which must be observed at 6 =27 in (Z)
isomers and at 6 =32 in (E) isomers. All these spectral data
revealed that the compound LJC-1 possessed two aliphatic
chains containing one double bond and five hydroxyl groups
and suggesting it to be a phytosphingosine type sphingo-
lipid."®"” The positive and negative charged HRESI-QTOF-
MS of LJC-1 gave three protonated [M+H]" and three
deprotonated [M—H]  molecular ion peaks at m/z
684.6121, 656.5798, 698.6278 and 682.5965, 654.5655,
696.6133, respectively. This led to the conclusion that LJC-
1 is a mixture of three cerebrosides (1-3), which was further
confirmed by methanolysis of LJC-1.

Methanolysis of LJC-1 yielded a mixture of two fatty acid
methyl esters (FAM) and two long chain bases (LCB). The
fatty acid methyl esters (FAM) were identified by GC-MS
as methyl 2-hydroxypentadecanoate and methyl 2-hydroxy-
hexadecanoate. The positive and negative mode HRESI-
QTOF-MS of mixture of long chain bases gave sodiated
[M+Na]® and deprotonated [M—H]™ molecular ion
peaks at m/z 466.3870 (calcd 466.3872), 438.3556 (calcd
438.3559) and 442.3889 (calcd 442.3897), 414.3579 (calcd
414.3584) corresponding to the molecular formulae
C,6H53NO,4 and Co4H4oNOy, respectively. The above data
suggested that LJC-1 comprised of three cerebroside (1-3)
and among the three, two cerebrosides (1 and 2) had
identical fatty acids with long chain bases of varying chain
lengths (Cy¢ and C,y, respectively). The third cerebroside

(3) contained long chain base identical to that of 1 but with a
different fatty acid (2-hydroxy hexadecanoic acid). LIC-1
showed a single spot on normal phase TLC, but different
retention times in reversed phase HPLC, thus revealing
difference in their carbon chains. HPLC of LJC-1 showed
the presence of 1 as a major constituent whereas other
constituents (2 and 3) were in lesser amounts. Therefore,
compound 1 was separated by reversed phase prep-HPLC
for detailed analysis.

'H and '*C NMR spectra of 1 (Table 1) were identical to
those of LJC-1. The molecular formula of 1 was established
as C41HgNOg by positively and negatively charged HRESI-
QTOF-MS, which gave protonated [M+H]™ and deproto-
nated [M—H] ™ molecular ion peaks at m/z 684.6121 (calcd
684.6142) and 682.5965 (calcd 682.5986).

Methanolysis of 1 yielded methyl 2-hydroxypentadecanoate
identified by GC-MS. The existence of the 2-hydroxyl-
pentadecanoyl moiety was also confirmed by the presence
of EI-MS at m/z 286 [M]" and 256 [M—15]" as well as
by the release of characteristic fragment ions at m/z 227
[M—59]* and 90 [CH,OHCOOCH; ] . Therefore, the long
chain base (LCB) was characterized as C,¢-phytosphingo-
sine having four hydroxyls, one double bond and an amino

group.

The positively charged ESI-QTOF-MS/MS of 1 showed
fragment ions at m/z 428 [M—CH3(CH,),;,CHOHCONH] ",
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Figure 2. EI mass fragmentation pattern and important HMBC correlations of compound 1.

257 [M—LCBJ] ™", 383 [428 —CH,CH,OH] ", 300 [257+
CH,CH,OH] ", 282 [300—H,O]" and 264 [300—2X
H,0]™. This further confirmed for 2-hydroxypentadecanoyl
and Cpe-long chain base in 1. The fragmentation pattern
of compound 1 in EI mode was consistent with the
pattern obtained in ESI mode (Fig. 2). The presence of
2-amino and 1,2/, 3,5, 6 pentahydroxyl groups as well as 9,
10 double bond in the main chain was established by the
analysis of 'H and '>C NMR spectroscopic data of 1, which
was unambiguously assigned by extensive 2D NMR (‘H-'H
COSY, HMQC and HMBC) techniques. The 'H-'"H COSY
spectrum of 1 showed a pair of double doublets of oxygenated
methylenes at 6 4.41 (1H, dd, /=10.5, 4.5 Hz) and 4.33 (1H,
dd, J=10.5, 4.7 Hz) coupled to the nitrogen bearing methine
signal at § 5.01 (1H, m), which coupled further to the signal at
04.23 (1H, m). Olefinic protons at 6 5.38 (1H, br dt, J=16.5,
6.5Hz) and 6 540 (1H, br dt, J=16.5, 6.5 Hz) showed
coupling with methylene protons resonated at 6 1.88 (1H, m)
and 2.05 (1H, m). In the HMBC spectrum of 1, the signal at &
4.50 correlated to the quaternary carbon and methylene
carbon resonated at 6 176.5 and 36.9, respectively. The proton
at 0 5.01 showed correlation with oxygenated methylene (6
63.2) and oxygenated methines (6 78.1). Thus, on the basis of
the above evidence, compounds 1, 2 and 3 were assigned
structures as 1,3,5,6-tetrahydroxy-2-(2'-hydroxypentadeca-
noyl amino)-9-(E)-hexacosene named as lonijaposide Aj,
1,3,5,6-tetrahydroxy-2-(2'-hydroxypentadecanoyl amino)-9-
(E)-tetracosene named as lonijaposide A, and 1,3,5,6-
tetrahydroxy-2-(2’-hydroxyhexadecanoyl amino)-9-(E)-
hexacosene named as lonijaposide Aj, respectively. The
configuration at the chiral centers could not be established
due to paucity of the compounds.

Compound 4 was obtained as a white solid showing [M+
Na]* and [M—H] ™ peaks in positive and negative mode
HRESI-QTOF-MS at m/z 882.6621 (calcd 882.6646) and
858.6668 (calcd 858.6671), respectively, corresponding to
the molecular formula C4gHo3NO;;. The IR spectrum was
similar to LJC-1 but in the '"H NMR spectrum (Table 1)
additional peaks due to the glucose moiety were observed.
The anomeric proton showed a signal at 6 4.97 (d, J=
7.8 Hz) and J value suggested a B-configuration of the
glucose unit. Other protons of glucose, geminal to hydroxyl
groups resonated at 6 3.67—4.65. The ">°C NMR spectrum
(Table 1) also revealed the presence of the sugar moiety,
which showed an anomeric carbon at 6 106.0 and hydroxyl
containing methine carbons at 6 75.9, 78.8, 72.0 and 79.7

and a signal at 6 65.4 (CH,OH). The above observations
suggested that 4 is a glycoside of 3. It was also confirmed
by ESI-QTOF-MS/MS of m/z 882, which showed
prominent peak at m/z 720 due to the elimination of
glucosyl moiety. The further fragmentation pattern
observed was similar to compound 3. The position of the
glucose moiety at C-1 was evident by the downfield
chemical shift of hydroxymethylene carbon at 6 70.9 in '°C
NMR spectrum by 7.8 ppm and further confirmed by
HMBC spectrum in which the correlation was observed
between the anomeric proton (6 4.97) with the hydroxy-
methylene carbon (6 70.9). In conclusion, glycoside 4 was
assigned as 1-O-B-p-glucopyranosyl-3,5,6-trihydroxy-
2-(2'-hydroxyhexadecanoyl amino)-9-(E)-hexacosene
designated as lonijaposide B; (Fig. 3).

Comgound 5 was also obtained as a white powder. The 'H
and *C NMR of 5 (Table 2) was found to be quite similar to
LJC-1. However, its positive and negative HRESI-QTOF-
MS gave sodiated [M+Na]™t and deprotonated [M—H] ™~
molecular ion peaks at m/z 776.6721 (calcd 776.6744) and
752.6759 (calcd 752.6768) corresponding to the molecular
formula Cy46Ho;NOg. The '"H NMR spectrum of 5 showed
the presence of two terminal methyls at 6 0.85 (6H, t, J=
7.1 Hz), methylenes at 6 1.23 (56H, br s), an amide proton
signal at 6 8.60 (1H, d, J=8.7 Hz), signals of trans-olefinic
bond at 6 5.33 (1H, br dt, J=16.5, 6.5 Hz) and 6 5.46 (1H,
br dt, J=16.5, 6.5 Hz) and six characteristic signals of
geminal protons to hydroxyl groups were also observed at 6
4.62 (1H, m), 4.50 (1H, dd, /=10.5, 4.7 Hz), 4.35 (1H, dd,
J=10.5, 45 Hz), 4.21 (1H, m), 4.10 (2H, m). A seventh
signal at low field was observed at ¢ 5.03 (1H, m) identified
for a methine proton vicinal to the nitrogen atom of the
amide groups. The '*C NMR spectra of 5 showed one
quaternary carbon at 6 176.9 (CONH), two olefinic methine
carbons at 0 132.1 and 132.3 (C=C), five methines at 0 54.9
(CHNH), 6 78.2 (CHOH), 6 74.1 (CHOH), 6 74.2 (CHOH),
0 73.6 (CHOH) and one methylene at 6 63.8 (CH,OH).
Methanolysis of § yielded methyl 2-hydroxyoctadecanoate
and one long chain base. The positive HRESI-MS of LCB
gave a sodiated [M+Na]™ molecular ion peak at m/z
494.4166 (calcd 494.4185) corresponding to the molecular
formula C,gHs7NO4Na. Thus, the molecular mass of LCB
together with 'H and '>C NMR spectroscopic data
suggested C,g-phytosphingosine-type long chain base
containing four hydroxyls, one double bond and an amino
group. Therefore, the structure of 5 was assigned to be
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Figure 3. Structures and selected HMBC (H— C) of lonijaposide B; (4), A4 (5) and B, (6).

Table 2. 'H and '3C NMR (300 and 75.6 MHz) of 5 and 6

Compounds

5 6
Position Oc oy m (J Hz) Oc oy m (J Hz)
1 63.8 4.35dd (10.5, 4.5), 4.50dd (10.5, 4.7) 70.5 4.30dd (10.5, 4.7), 4.52dd (10.5, 4.5)
2 54.9 5.03m 54.3 5.0lm
3 78.2 421m 78.2 4.23m
4 354 2.30m 354 2.28m
5 74.1 4.00m 74.1 4.11m
6 74.2 4.10m 74.2 4.10m
7 333 2.01 334 2.05
8 34.7 1.89-2.03m 344 1.90-2.05m
9 132.1 5.33 br dt (16.5, 6.5) 131.9 5.37 br dt (16.5, 6.5)
10 132.3 5.46 br dt (16.5, 6.5) 132.1 5.40 br dt (16.5, 6.5)
11 34.7 1.89-2.03m 344 1.90-2.05m
12 333 2.01lm 334 2.05m
13-23 30.5-31.2 123 brs 30.7-31.5 121 brs
24 30.6 1.23m 30.8 1.21m
25 24.2 1.23m 24.0 1.21m
26 15.5 0.85t (7.1) 15.5 0.75t (7.2)
NH 8.60d (8.7) 8.46d (8.7)
1 176.3 176.4
2/ 73.6 4.62m 73.6 4.50m
3/ 36.5 1.90m 36.8 1.88m
4/ 27.3 1.66m 27.0 1.64m
513’ 30.6-31.2 123 brs 30.7-31.5 1.18 br's
14/ 30.6 1.23 30.8 1.21
15/ 24.1 1.23m 24.0 1.21m
16/ 15.5 0.85t (7.1) 15.5 0.75t (7.2)
1" 105.9 4.97d (7.9)
2" 75.2 <
3" 76.4
4 798 — 3.90-4.52
5" 78.4
6" 63.8 «
1" 105.0 4.68d (7.6)
2" 75.2 <«
3" 78.0
4" 720 |— 3.90-4.52
5" 79.3
6" 654 «
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1,3,5,6-tetrahydroxy-2-(2'-hydroxyoctadecanoyl amino)-9-
(E)-octacosene named as lonijaposide A4 (Fig. 3).

Compound 6 was also obtained as a white solid. The
HRESI-QTOF-MS in positive and negative mode gave
sodiated [M+Na]™ and deprotonated [M—H]~ molecular
ion peak at m/z 1100.7798 (caled 1100.7801) and
1076.7810 (caled 1076.7825), respectively. On the basis
of molecular mass and 'H and "C NMR spectral data
(Table 2) the molecular formula of 6 was established as
CsgH 11NOy6. The 'H and '*C NMR spectra were found to
be identical with compound 5 except the presence of
additional peaks of two sugar moieties. In 'H NMR
spectrum anomeric peaks of two glucose units were
observed at 6 497 (1H, d, 7.9) and 6 4.68 (1H, d, 7.6)
together with overlapping peaks of other carbons at ¢
3.90-4.52. >C NMR spectrum also revealed the presence
of two glucose moieties linked together in C1"-C4”
pattern. C1”-C4” linkage in sugars was evidenced by
downfield shift of C4" carbons by 8 ppm and upfield shift
of C3” and C5” carbons by 1-1.5 ppm. This linkage was
further confirmed by HMBC correlation, which showed the
correlation between anomeric proton (6 4.68) of second
glucose with C4” carbon of first glucose. Thus, the above
observations suggested that compound 6 was a diglycoside
of 5. The presence of two glucose units was further
confirmed by ESI-QTOF-MS/MS of m/z 1100, which
showed prominent peaks at m/z 938 and 776 due to the
sequential elimination of two glucosyl moieties. This is the
first rePon of presence of any diglycoside cerebroside in
nature.'' In conclusion, diglycoside 6 was assigned the
structure as 1-O-B-p-glucopyranosyl(1 — 4)-8-p-glucopyra-
nosyl-3,5,6-trihydroxy-2-(2’-hydroxyoctadecanoyl amino)-
9-(E)-octacosene designated as lonijaposide B, (Fig. 3).

3. Experimental
3.1. General experimental procedure

Melting points were recoded on Barnstead Electrothermal
melting point apparatus and are uncorrected. Optical
rotations were determined on Horiba SEPA-300 polari-
meter. IR spectra were recorded on a Perkin-Elmer 1760
FT-IR spectrometer with KBr disc. NMR spectra were
recorded on a Bruker Avance-300 spectrometer. ESI-
QTOF-MS was performed on QTOF-Micro, Waters
Micromass and GC-MS was done on Shimadzu QP-2010
operating on EI mode at 70eV with an ion source
temperature of 200 °C; capillary column, BP20 (30 m X
0.25 mm, 0.25 pm film thickness); carrier gas, He. HPLC
was carried out on Waters prep LC 4000 system. Silica gel
(60-120 mesh, Merck) was used for column chromato-
graphy. Pre-coated silica gel 60 F,s4 (Merck) plates were
used for TLC. All other chemicals used were produced by
Merck India Ltd.

3.2. Plant material

The fresh flowers of L. japonica were collected from IHBT,
Palampur, India during May 2004. A voucher specimen
(No. 5909) has been deposited in the Herbarium of IHBT,
Palampur, India.

3.3. Extraction and isolation

The fresh flowers (400 g) of L. japonica were extracted
successively, with n-hexane (3X 1500 mL) and EtOAc
(3X1000 mL) and remaining material was air dried and
powdered. The powdered flower material was extracted at
room temperature with MeOH (3 X800 mL). Evaporation
of each solvent in vacuo, yielded n-hexane extract
(1.36 g), EtOAc (5.00 g) and MeOH extract (33.00 g).
The MeOH extract (33.00 g) was subjected to column
chromatography over silica gel (60-120 mesh) and eluted
with CHCl;, CHCI3-MeOH (95/5), (90/10), (85/15),
(80/20), (70/30), (50/50), (30/70), (10/90) and MeOH
to give a total of 150 fractions (100 mL each). Fractions
42-45, eluted with CHCl;-MeOH (85/15) were evapor-
ated and the resulting residue (95 mg) was crystallized in
MeOH to give white solid LJC-1 (55 mg), which showed
a single spot on TLC (CHCl;/MeOH, 90:10). HPLC of
LJC-1 (solvent MeOH/H,O; 40:60; flow rate 7.0 mL/min;
column: LichroCART 250X 10 mm, Lichrosphere'®®
RP18, particle size 10 pm) showed 3 peaks. Using these
conditions, 40 mg of LJC-1 was separated by HPLC to
give compound 1 (19.3 mg). Fractions 50-53, eluted with
CHCl;-MeOH (85/15) were evaporated and the white
residue on crystallization in MeOH yielded compound 5
(22.4 mg). Fractions 56-68 eluted with CHCl;-MeOH
(80/20 and 70/30), were mixed and evaporated, and the
resultant white residue (92 mg) was rechromatographed
over silica gel (60-120 mesh), which on elution with
CHCI;-MeOH (85/15), (80/20) and (70/30) provided
compound 4 (20mg) in CHCl;—-MeOH (80/20) and
compound 6 (23 mg) in CHCI;-MeOH (70/30).

3.3.1. LJC-1. Amorphous powder; IR (KBr) v.x 3350,
3220, 1665, 1620, 1540cm™'; 'H and C NMR see
Table 1; positive-ion HRESI-QTOF-MS m/z: 684.6121
[M+H]", 656.5798 [M+H]", 698.6278 [M+H]" and
negative-ion HRESI-QTOF-MS m/z: 682.5965 [M—H] ",
654.5655 [M—H] , 696.6133 [M—H] .

3.3.2. Methanolysis of LJC-1. LIC-1 (10 mg) was refluxed
with 1.5 mL of 1 M HCI in 82% aqueous MeOH for 12 h.
The reaction mixture was cooled and extracted with
n-hexane. Hexane layer was concentrated to give a mixture
of two fatty acid methyl esters, which could be identified as
methyl 2-hydroxypentadecanoate and methyl 2-hydroxy-
hexadecanoate by GC-MS showing molecular ion peaks at
miz 272 and 286, respectively, and characteristic fragments
at mlz 213 [M—59]", 90 [CH,OHCOOCH;]" and 227
[M—59]", 90 [CH,OHCOOCH;]™", respectively. The
MeOH-H,O phase was neutralized with Ag,COs, filtrated,
and the filtrate was concentrated in vacuo to give a mixture
of two long chain bases, which on ESI-QTOF-MS generated
molecular ion peaks at m/z 466.3870 [M + Na] *, 438.3556
[M+Na]™ and 442.3889 [M—H] ™, 414.3579 [M—H] ",
respectively.

3.3.3. Lonig'aposide Ay (1). Amorphous powder; mp 136—
138 °C; [a]f +13.3 (¢ 0.0011, pyridine); 'H and '>*C NMR
see Table 1; positive and negative-ion HRESI-QTOF-MS
mlz: 684.6121 [M+H] " (caled 684.6142) and 682.5965
[M—H] (caled 682.5986), respectively; positive-
ion ESI-MS/MS mlz (%): 666 [M—H,0]"(100), 648
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[M—2XH,0]"(32), 630 [M—3XH,0]"(10), 428 [M—
CH; (CH,);,CHOHCONH]*(10), 383 [428—CH,CH,-
OH] " (17), 301 [256+CH,CH,OH] " (28), 283 [301—
H,0]"(57), 265 [301 —2XH,0] " (48). Lonijaposide A,
(1) was methanolyzed as per the method described for
LJC-1 to yield methyl 2-hydroxypentadecanoate as fatty
acid methyl ester.

3.3.4. Lonijaposide A4 (5). Amorphous powder; 128—
130 °C; [a] +14.5 (c 0.0011, pyridine); 'H and '>*C NMR
see Table 1; positive and negative-ion HRESI-QTOF-MS
m/z: 776.6721 [M+Na] ™ (calcd 776.6744) and 752.6759
[M—H] ™ (caled 752.6768), respectively; positive-ion ESI-
MS/MS m/z (%): 758 [M+Na—H,0]"(100), 740 [M+
Na—2XH,0]"(40), 722 [M+Na—3XH,0]*(15), 478
[M +Na— CH;(CH,);sCHOHCONH] " (12), 433 [478—
CH,CH,OH] " (15), 321 [CH;(CH,);sCHOHCONH +
Na]*(6), 366 [321+CH,CH,OH]"(9), 348 [366—
H,0] " (25). Lonijaposide A, (5) was methanolyzed as per
the method described for LIC-1 to yield methyl 2-hydroxy-
octadecanoate as fatty acid methyl ester.

3.3.5. Lonijaposide B; (4). Amorphous powder; mp 120—
121 °C; [a] +8.9 (¢ 0.0011, pyridine) 'H and '*C NMR see
Table 1; positive and negative-ion HRESI-QTOF-MS m/z:
882.6621 [M+Na]™ (calcd 882.6646) and 858.6668 [M —
H] ™ (calcd 858.6671), respectively; positive-ion ESI-MS/
MS m/z (%): 720 [M+Na-glu] " (20); 702 [M+ Na-glu—
H,0]7(18), 684 [M+Na-glu—2XH,0]"(32), 666 [M+
Na-glu—3XH,0] " (10), 450 [M+ Na-glu—CH;3(CH,),5-
CHOHCONH] " (10), 405 [450—CH,CH,OH] " (17), 315
[CH5(CH,);3;CHOHCONHCH,CH,OH] *(28), 297 [315—
H,0]7(57), 279 [315—2 X H,0] * (48). Lonijaposide B; (4)
was methanolyzed as per the method described for LIC-1
to yield methyl 2-hydroxyhexadecanoate as fatty acid
methyl ester.

3.3.6. Lonijaposide B, (6). Amorphous Powder; mp 114—
115 °C; [a]d" +9.3 (¢ 0.0011, pyridine)'H and '*C NMR
see Table 1; positive and ne§ative-ion HRESI-QTOF-MS
m/z: 1100.7798 [M+ Na] (calcd 1100.7801) and
1076.7810 [M—H]  (caled 1076.7825), respectively;
positive-ion ESI-MS/MS m/z (%): 938 [M+Na-glu] ™ (9),
776 [M+Na-2Xglu]*(20), 758 [M+Na-2Xglu—
H,0]"(6), 722 [M+Na-2Xglu—3XxXH,0]"(4), 478
[M + Na-2 X glu— CH5(CH,);sCHOHCONH] * (10), 306
[CH5(CH,);sCHOHCO +Na] " (9), 433 [478 —CH,CH,-
OH]*(17), 366 [CH;(CH,);sCHOHCONHCH,CH,OH +
Na] " (28), 348 [366—H,0]"(27), 330 [366—2X
H,0] " (48), 347 [2 X glu+Na] (100). Lonijaposide B, (6)

was methanolyzed as per the method described for LIC-1 to
yield methyl 2-hydroxyoctadecanoate as fatty acid methyl
ester.
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Abstract—The ability of the binary complex pyrene (Py)/heptakis-(6-amino)-(6-deoxy)-B-cyclodextrin (am-B-CD) to act as a chiral selector
was tested at two pH values (8.0 and 9.0). Phenylalanine (Phe), methionine (Met) and histidine (His) were used as chiral model molecules.
The stability of ternary complexes Py/am-f-CD/amino acid was determined by means of spectrofluorimetric measurements. The data
collected showed an increase in stability going from the binary to ternary complex and above all the possibility to use the binary complex as a
chiral selector. Finally, data collected at two pH values showed that the binary complex is a better chiral selector when charged rather than in

its neutral form.
© 2006 Published by Elsevier Ltd.

1. Introduction

Chiral recognition is one of the most important topics in
modern organic chemistry. Probably this is a consequence
of the presence of chiral selectors in nature. For example,
biological systems only use L-amino acids for protein
synthesis. As amino acids and their derivatives are very
important in biological systems, the main target of many
studies has been the synthesis of macrocyclic receptors able
to discriminate between their enantiomers.! On this subject,
many different approaches have been tested such as the use
of metal complexes,” imprinted polymers® and synthetic
macrocycles like calixarenes* and cyclodextrins.” All these
systems are generally considered as models of biological
systems and could be used to identify the hierarchy of
factors governing chiral recognition. Recently, Imai et al.*®
have reported data about the chiral recognition ability of a
water soluble zinc porphyrin versus some o-amino acids and
peptides, which shows enantioselectivity ratios ranging
from 1.2 up to 3.3. Likewise Yatsimirsky et al.® have
reported data about the chiral recognition ability of N,N'-
dibenzylated S,S-(+)tetrandrine (DBT) versus some
a-amino acids and corresponding N-acetyl derivatives.

Keywords: Cyclodextrin; Chiral recognition; Fluorescence.

* Corresponding authors. Tel.: +39 091596919; fax: +39 091596825
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Differently from other macrocyclic hosts, this latter shows
higher affinity and higher enantioselectivity with smaller
guests such as N-acetylalanine (Ks/Kgr)=> 10.

Among macrocyclic hosts previously considered, cyclodex-
trins, formed by six (a-CD), seven (B-CD) or eight (y-CD)
d-(D)-glucopyranose units, can act as chiral selectors owing
to their intrinsically chiral cavity. Different studies,
previously reported, have shown that their chiral discrimi-
nation ability with some a-amino acids or small peptides
could be due to the presence of substituents on the primary
or secondary rim. These can change not only the molecular,
but also chiral recognition ability of cyclodextrin.’
Alternatively, discrimination could be a consequence of
the formation of a ternary complex among a functionalised
cyclodextrin, a metal ion and a chiral molecule.® Charged
cyclodextrins have often been used to study chiral
recognition processes. On this subject, Lincoln et al. have
studied the chiral recognition of 2-phenylpropanoic acid by
rnono-(6-amin0)-(6—deoxy)-[3-CD.9 Likewise the enantio-
mers of guests having chiral center have been separated by
capillary zone electrophoresis using cationic cyclodex-
trins.’® To identify new systems able to act as chiral
selectors, a few years ago, we reported data about the
stability and the chiral recognition ability of the binary
complex formed by pyrene (Py) in the presence of heptakis-
(6-amino)-(6-deoxy)-B-cyclodextrin (am-B-CD) and we
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pointed out the good chiral recognition ability of the system
versus some a-amino acids and their corresponding methyl
esters."! In our opinion, this ability was due to the empty
volume of the cyclodextrin cavity that, after the inclusion of
the Py molecule, can be differently taken up by amino acid
enantiomers. Recently, we have reported results about the
chiral discrimination ability of the binary complexes formed
by Py, xanthone and anthraquinone in the presence of both
B-cyclodextrin and am-B-CD versus enantiomers of phenyl-
alanine, methionine and histidine.'? Collected data have
shown that the chiral discrimination ability is influenced by
the structure of the fluorescent guest and the binary complex
symmetry. In this light, both in the presence of the -CD and
am-B-CD, the binary complex formed by Py was the best
chiral selector. Now, to evaluate how different substitution
on the carboxy or amino group of the amino acid can
influence both the molecular and chiral discrimination
ability of the binary complex Py/am-B-CD, in this work we
report data about the behaviour of some N- and O-protected
a-amino acids; phenylalanine (Phe), methionine (Met) and
histidine (His) (Fig. 1).

Cigb COOR
QCHZ*‘C*COORZ H3CSH2CHZC*C‘E*COOR2 2] 2
H H Ny NH

Phe, Met, His
R;=H R,=H
Ry =H; R, = Me; t-Bu
R;= COCHg; COC(CHg)s; COCH,Ph ; Ry=H

NH,
: 8%

Am-B-CD Py

Figure 1. Ternary agents, fluorophore and host structure.

This study was carried out by spectrofluorimetric titration,
in borate buffer solution at pH 8.0 and 9.0, to evaluate how
the different charge on the host and consequently on the
binary complex can influence the interaction with a ternary
agent.

2. Results and discussion

In Tables 1 and 2, the stability constant values (3,) for the
ternary complexes formed in the presence of amides and
esters are reported. In these Tables, the (3, values of the
binary complex Py/am-B-CD and its ternary complexes
formed in the presence of amino acids are also reported.'’

As can be seen from the Tables, in all cases, the
complexation of fluorophore to am-B-CD can be described
by sequential complexation of cyclodextrin molecules

Table 1. Stability constant values (85) of binary complexes Py/am-B-CD in
the presence of amides of amino acids

B> (M~2)y/10%

Ternary agent B, (M~ 2)/10%

pH 8.0 pH 9.0
None 1.7° 4.8°
L-Phe 8.9 5.2°
p-Phe 1.2° 7.6°
N-Ac-L-Phe 4.4 58
N-Ac-p-Phe 24.9 2.7
N-Boc-L-Phe 1.4 15.2
N-Boc-pD-Phe 3.0 332
N-Cbz-L-Phe 3.6 n.d.
N-Cbz-p-Phe 8.3 n.d.
L-Met 13.6° 2.2°
D-Met 2.5° 5.4°
N-Ac-L-Met 5.9 10.4
N-Ac-pD-Met 12.2 8.7
N-Boc-L-Met 5.9 15.8
N-Boc-p-Met 3.2 322
N-Cbz-L-Met 2.6 6.2
N-Cbz-p-Met 33 33
L-His 7.9° 6.2°
p-His 6.5 3.5°
N-Ac-L-His 2.2 8.0
N-Ac-p-His 3.6 6.9
N-Boc-L-His 1.2 12.1
N-Boc-p-His 5.6 10.7
N-Cbz-L-His 3.7 6.8
N-Cbz-p-His 3.0 7.0

 Stability constant values are reproducible within 10%.
" See Ref. 11.

(Egs. 1 and 2):13

K
S + CD=SCD (1)
K,
SCD + CD= S(CD), )

In the presence of a ternary agent K; and K, are conditional
equilibrium constants since they include a term related to
the ternary agent concentration. The overall association

Table 2. Stability constant values (3,) of binary complexes Py/am-B-CD in
the presence of esters of amino acids

Ternary agent 8, M ~2/10% 8, (M™2)/10%

pH 8.0 pH 9.0
None 1.7° 4.8°
L-Phe 8.9° 5.2°
p-Phe 1.2° 7.6°
L-PheMe 2.7° 3.9°
p-PheMe 19.3° 21.7°
L-Phe--Bu 7.3 n.d.
D-Phe--Bu 9.6 n.d.
L-Met 13.6° 2.2°
p-Met 2.5° 5.4°
L-MetMe 2.5° 1.6°
p-MetMe 29.0° 5.1°
L-Met--Bu 3.4 5.1
D-Met--Bu 4.6 3.9
L-His 7.9° 6.2"
p-His 6.5° 3.5°
L-HisMe 1.6° 3.1°
p-HisMe 3.8° 2.3°
L-His--Bu 1.0 3.8
p-His--Bu 1.4 4.4

 Stability constant values are reproducible within 10%.
" See Ref. 11.
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constant 3, will be given by Eq. 3:
By = K K, = [S(CD),J/([S][CDI,) 3)

If [CD]>>[S] the change in the fluorescence intensity as
function of CD concentration will be given by Eq. 4:

Al = (AaB,S[CDI))/(1 + B,[CDy 1) “)

where A« is the difference of emission quantum yields of
free and complexed Py, and S; and CD, are the total
concentration of the Py and am-B-CD, respectively. The Eq.
4 is the non-linearised version of Benesi—Hildebrand
treatment.'* A typical plot of Al as a function of [CDg]? is
shown in Figure 2.
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Figure 2. Curve fitting analysis of fluorescence spectral titration of Py with
am-B-CD in the presence of N-Cbz-L-Phe in borate buffer solution at
pH 9.0.

The fluorophore used in this work normally shows a good
sensitivity to microenvironmental changes. Indeed, upon its
inclusion into the am-B-CD cavity, the luminescence is
enhanced because the guest molecule is shielded from
quenching and non-radiative processes that occur in the bulk
solution.”” Typical fluorescence spectral changes upon
addition of am-B-CD to a Py and ternary agent solution
are shown in Figure 3.

180
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Figure 3. Fluorescence spectra of Py and N-Cbz-L-Phe in the presence of
increasing concentrations of am-B-CD in borate buffer solution at pH 9.0.

Job plot analysis'® had shown that the binary complex has a
(1/2) (Py-am-B-CD) stoichiometric ratio.'' However, in
this complex neither of the cavities is completely filled by
the Py molecule and therefore some water molecules are

still present. These are in an energetically disfavoured
condition. So the complex stability can be altered by adding
a ternary agent.'""'? As previously reported,'* a stoichio-
metric ratio (1/2/2) (fluorophore—cyclodextrin—ternary
agent) for ternary complexes studied was determined by
means of Job plot analysis.'® The 8, value for the ternary
complex can be either higher or lower than that for the
binary complex. A higher #, value means that the ternary
complex is more stable than the binary one, while the
contrary being due for a lower value. Stabilisation of the
ternary complex occurs when residual cavity desolvation
prevails on partial displacement of guest molecule. Of
course, extensive displacement will cause ternary complex
destabilisation. In our case, owing to the sandwich geometry
of the binary complex Py/am-B-CD (Fig. 4) we visualise the
inclusion process for the formation of a (1/2/2) (fluoro-
phore—cyclodextrin—ternary agent) ternary complex as

continuous.
[HaNI > Ci < _AINH

Figure 4. Schematic representation of binary complex Py/am-B-CD.

Initially, the ternary agent can displace some water
molecules, increasing the stability; successively a deeper
inclusion should begin to push out the fluorophore molecule,
decreasing the stability. Then the (3, value should show a
somewhat bell shaped trend as function of the inclusion
depth of the ternary agent. So the same (3, value could be
referred to two different situations.

The analysed properties of ternary complexes are obviously
influenced by the ternary agent; that is, its side chain
structure as well as its protecting group structure. In
particular, the chosen protecting groups have different steric
hindrance (the MR values for Me, #-Bu, Ac, Boc and Cbz are
5.65, 19.62, 11.18, 26.77 and 37.20, respectively)'’ and
hydrophobicity (the 7t values for Me, t-Bu, Ac, Boc and Cbz
are 0.56, 1.58, —0.55, 1.62 and 1.84, respectively).]7
Furthermore, different interactions can be present in the
systems studied as a consequence of the different charge
present on the primary rim of am-B-CD.'® Consequently
pH variation can be important in determining both the
stability and chiral recognition ability of complex.

2.1. Amides

For a quick overall evaluation, data relative to amides are
also shown in Figure 5.

Among the N-protected amino acids used in this work, the
N-Cbz-Phe, at pH 9.0, did not allow us to determine the (5,
value. In fact, in this case, solutions of the ternary complex
were too turbid to acquire steady-state fluorescence spectra.

As can be seen from data reported in Figure 5, in most cases
(30 from 34), both at pH 8.0 and at pH 9.0, addition of
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Figure 5. Stability constant values (8,) of ternary complexes formed by Py/am-B-CD in the presence of amides.

amides stabilises the binary complex. Generally these
ternary agents, present prevalently as anions,'” form more
stable complexes at pH 9.0 (13 from 16) than at pH 8.0. This
seems to indicate that the hydrogen bonds between the
carboxylate group of the ternary agents and amino groups of
am-B-CD are more efficient than electrostatic interactions,
that are operative at pH 8.0, in stabilising the system. These
results are completely different from those previously
obtained in the presence of the corresponding amino
acids.'" In general, the amount of stabilisation, going from
pH 8.0 up to 9.0, seems to increase with hydrophobicity of
the protecting group.

To evaluate the effect of N-substitution on amino acids, data
collected in this work can be compared with those,
previously reported,'' dealing with the stability of
the ternary complexes formed in the presence of the
corresponding amino acids. As can be seen from the
Table 1, the ternary complexes of L-amides are less stable
(at pH 8.0) and more stable (at pH 9.0) than those for the
corresponding amino acids. Indeed at pH 8.0, the
Coulombic interactions, operating equally in the presence
of amino acids or amides, are the main contribution to
stability of the ternary complex. On the other hand, at
pH 9.0, the presence of a bulky substituent on the amino
group, that can increase the contribution of hydrophobic
interactions, determines the higher stability of the ternary
complexes formed by amides. The different behaviour
shown by L- and p- derivatives going from pH 8.0 up to 9.0
could be traced back to the occurrence of a some variation in
host shape.

In fact, the am-B-CD in its charged form has a distorted
structure owing to electrostatic repulsion among the cationic
ammonium groups.”'

A different trend is shown for p-amides, in fact, the ternary
complexes of pD-amides are, generally, more stable than
those of the corresponding amino acids. His constitutes an
interesting exception, at pH 8.0 the N-substituted complexes
of His, irrespectively of p,L configuration, are less stable
than those of both L- and p-amino acids.

However, data obtained show that the stability of the
complexes cannot be rationalised only by considering
differences in hydrophobicity or in steric hindrance of the
protecting groups. Indeed, the stability of complexes formed
by the Phe derivatives, at pH 8.0, can be explained by
considering the steric hindrance of the substituent present on
the amino group, but the same factor does not allow us to
rationalise the trend in (8, values for the ternary complexes
formed by derivatives of Met and His. Probably the stability
of these complexes is a result of a balance between these
two factors (steric hindrance and hydrophobicity) that can
act in opposite directions.

In our opinion, it is important to analyse data in the light of
the side chain structure of amino acids. Indeed, as both at
pH 8.0 and 9.0 the His has a charged side chain, owing to a
more difficult desolvation process, it should form less stable
complexes. A comparison among data reported in Table 1
shows that, in many cases, this hypothesis is confirmed.
Indeed, considering the Met derivatives, with the exception
of the N-Cbz derivatives, ternary complexes formed by this
amino acid are more stable than those formed by the His
derivatives.

o

HOOC

NH2 F COOH NHZ

Figure 6. Schematic representation of complex formed by N-Cbz-Phe.
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The last factor to analyse is the inclusion direction of the
ternary agent. On this subject, going from N-Ac derivatives
to N-Cbz derivatives there is an increase in the hydro-
phobicity, in particular N-Cbz-Phe is an example of ditopic
ternary agent. So, it could be reasonable to think that
there will be a competition between the protecting group
and the side chain for the occupancy of the residual cavity of
am-B-CD in the binary complex (Fig. 6).

However, in our opinion, in arrangement b (Fig. 6) the
asymmetric carbon atom of the ternary agent should be too
far from the cavity to justify the different §, values
determined for the enantiomers of the same derivative and
consequently their chiral recognition (see later).

2.2. Amino esters

The influence of electrostatic interactions on stabilisation of
the ternary complexes has been investigated by esterifica-
tion of amino acids. Under the experimental conditions
these are prevalently present as neutral molecules.”” In
Figure 7, the stability constant values (83,) for the ternary
complexes formed by Py/am--CD in the presence of amino
esters are shown. Among the amino esters studied, only Phe-
t-Bu, at pH 9.0, did not allow us to determine the §, values,
because of the high turbidity of solutions.

As can be seen from Figure 7, in most cases (14 from 18), at
pH 8.0, the addition of the amino esters increases the
stability of the binary complex Py/am-B-CD, according to
the exclusion of some water molecules from the residual
cavity of the am-B-CD. The values collected at pH 9.0 show
a diversified behaviour. Indeed, the addition of amino esters
in some cases induces an increase in stability and in some
others the opposite effect is observed. However, the
comparison with the 8, values obtained in the presence of
the corresponding amino acids'' shows that the amino esters
have a very well-defined behaviour. Indeed, in general,
L-amino esters, with the exception of the L-Met--Bu at
pH 9.0, form less stable ternary complexes as compared
with the corresponding amino acids. On the contrary, the
D-amino esters have a less clear behaviour. Indeed, for
D-Phe the complexes of esters are more stable than those of
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the acid. The opposite, with the exception of the -Bu ester at
pH 9.0, occurs for p-His, whereas for p-Met the order of
stability changes going from pH 8.0 to 9.0. This indicates
that generally the increase in hydrophobic interactions
going from the amino acid to methyl ester does not
counterbalance the decrease in electrostatic interactions by
ion-pairing between the amino acid anion and protonated
amino groups of the am-B-CD.

In general, the stability of ternary complexes formed by the
amino esters increases in the order:

His < Met < Phe

according to the increase of the side chain hydrophobicity.

The two chosen protecting groups (methyl and #-butyl) are
different in their steric hindrance and hydrophobicity. The
increase in steric hindrance should lead to a destabilisation
of the complex; on the other hand an increase in
hydrophobic interactions, going from methyl esters up to
t-butyl esters, should lead to a stabilisation of the complex.
However, collected data show that the stability of studied
ternary complexes cannot be explained considering these
factors separately. Indeed, the complex formed by L-PheMe,
at pH 8.0, is less stable than that formed by L-Phe-7-Bu,
according to lower hydrophobicity, but the p-enantiomers
show an opposite stability order. Similar behaviour can be
observed for the amino esters of Met at pH 9.0. Probably,
also in this case, as in the presence of amides, stability of the
ternary complex is a result of the balance between these two
discordant forces and of some variation in the host shape.

2.3. Chiral recognition

In Table 3, the enantioselectivity ratios determined in the
presence of amides or esters of amino acids, as a function
of pH values are reported. Furthermore, for a useful
comparison, enantioselectivity ratios, previously deter-
mined for ternary complexes formed in the presence of
corresponding amino acids,'' are also reported.
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Figure 7. Stability constant values (8,) of the ternary complexes formed by Py/am-B-CD in the presence of amino esters.
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Table 3. Enantioselectivity ratios for ternary complexes formed by Py/am-
B-CD in the presence of amides and esters of amino acids

Ternary agent E.r. pH 8.0 E.r. pH 9.0
Phe 7.4 (L>D)° 6.3 (0>1)°
PheMe 7.1 (o>1)° 5.6 (0>1)°
Phe-#-Bu 1.3 (b>L) n.d.
N-Ac-Phe 5.6 (D>L) 2.2 (L>D)
N-Boc-Phe 2.2 (b>L) 2.2 (b>L)
N-Cbz-Phe 24 (b>L) n.d.

Met 5.4 @L>p)° 25 ©O>1)’
MetMe 11.6 0>L)° 32 (o>1)°
Met-1-Bu 1.3 (b>L) 1.3 _L>D)
N-Ac-Met 2.1 (o>L) 1.2 (L>D)
N-Boc-Met 1.8 (L>D) 2.0 (>L)
N-Cbz-Met 1.3 (b>L) 1.9 _L>Dp)
His 12 w>p) 1.8 (L>p)°
HisMe 23 (o>1)° 1.4 L>p)°
His-#-Bu 1.4 (b>L) 1.2 (b>L)
N-Ac-His 1.6 (O>L) 1.2 (L>D)
N-Boc-His 4.7 (p>1) 1.1 (L>p)
N-Cbz-His 1.2 L>D) 1.0

# E.r.=enantioselectivity ratio.
" See Ref. 11.

Also in this case, for a quick overall evaluation, these values
are shown in Figure 8.

As can be seen from Figure 8, the binary complex Py/am-3-
CD is able to recognise amino acids derivatives not only
according to their size and shape, but also their chirality.
According to the picture previously reported by Kano
et al.” about the arrangement of a-amino acid derivatives in
the cavity of the am-B-CD or of heptakis(6-carboxy-
methylthio)-(6-deoxy)-B-CD, also in this case it can be
supposed that the hydrophobic part of the chiral molecule is
anchored by means of interactions between the carboxy or
amino group of the ternary agent and the arms of the host.

The chiral discrimination ability of the binary complex
Py/am-B-CD seems to be affected by pH values.

The analysis of the data reported in Table 3 shows that the
enantioselectivity of the studied chiral selector changes with
the pH values. In fact at pH 8.0 a higher affinity for
D-enantiomers is shown (12 from 15), but increasing the
pH induces a higher affinity for L-enantiomers. Moreover,
enantioselectivity ratios are higher at pH 8.0 than at 9.0. At
pH 8.0 they range from 1.2 for the N-Cbz-His up to 11.6 for
MetMe; while at pH 9.0 they range from 1.0 for N-Cbz-His

up to 5.6 for the PheMe. This result seems to indicate that
the binary complex is a better chiral selector in charged
rather than in its neutral form. Furthermore, above all in the
presence of amides, our results seem to indicate that
electrostatic interactions play a determining role in
recognition of chirality in supramolecular chemistry. This
agrees with what was previously reported by Kano et al.?'
about the higher chiral discrimination ability of the mono-
(6-amino)-(6-deoxy)-B-CD and am-B-CD, in their charged
form, with respect to the native B-CD.

With the exception of the His derivatives, a comparison
with enantioselectivity ratios, previously determined in the
presence of the corresponding amino acids,'' shows that, in
all cases the binary complex is a better chiral selector for
unprotected amino acids. In general, the enantioselectivity
seems to be affected by the side chain structure of the amino
acid; in fact the L-enantioselectivity increases going from
His derivatives, to Met to Phe ones, with the increase in
hydrophobicity of the side chain. Furthermore, in many
cases, for the same derivative, the enantioselectivity ratio
decreases going from Phe to His.

Our data show that the chiral discrimination ability, in many
cases, increases with the ternary complex stability. This
result agrees with Xie et al.>* who found higher
enantioselectivity with stronger binding, studying the chiral
discrimination ability of some homochiral molecular
tweezers; but it is in disagreement with Inoue’s assertions
that stronger binding by cyclodextrin leads to a loss of the
chiral recognition.*® Nevertheless, we believe that the direct
substrate-CD interaction is not comparable with substrate-
binary complex interaction. Indeed, as we have previously
reported,'’ the former leads to the best host—guest fit,
whereas the latter should consist of an acceptable
arrangement of substrate into the available residual CD
cavity of the binary complex.

In general, the enantioselectivity ratios determined by us are
comparable or higher than those previously reported. In this
light, the enantioselectivity ratio determined by Kano
et al.*! for am-B-CD in the presence of N-Ac amino acids
ranges from 1.1 for N-Ac-Phe up to 1.6 for N-Ac-Trp. In our
case, this value ranges from 1.2 for N-Ac-His up to 5.6 for
N-Ac-Phe. Likewise Xie et al.> reported enantioselectivity
ratios for methyl esters of a-amino acids ranging from 1.2

12
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()
=
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=
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Phe-t-But
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N-Boc-Phe
N-Cbz-Phe

Figure 8. Enantioselectivity ratios (E.r.) as function of pH values.
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for AlaMe up to 7.9 for TrpMe. In our case, enantioselec-
tivity ratios in the presence of a-amino esters range from 1.4
for HisMe up to 7.1 for PheMe.

3. Conclusions

The data collected in this work show that generally the
complex Py/am-B-CD forms stable ternary complexes in the
presence of both the N- and O-protected o-amino acids
studied. The actual complex stability is a consequence of the
balance of some factors. Among these, steric hindrance and
hydrophobicity seem to be the most important. The different
stabilities determine a good chiral discrimination ability for
the binary complex, making it a useful chiral selector for
very dilute solution of enantiomers.

4. Experimental
4.1. Materials

Heptakis-(6-amino)-(6-deoxy)-B-cyclodextrin was syn-
thesised and purified according to the procedure described
in literature.”® The product was dried for 24 h in a dryer
under vacuum over phosphorous pentoxide at 60 °C and
then was stored in the same apparatus at 40 °C.

D-PheMe, p-MetMe, p-HisMe, p-Phe-#-Bu, L- and p-Met-#-
Bu, L- and p-His-#-Bu, N-Cbz-p-Phe, N-Cbz-pD-Met, N-Ac-L-
and p-His were prepared according to procedures previously
reported.”’

Borate buffer solutions (0.05 M) were prepared according to
the standard procedure, using freshly double-distilled
decarbonised water. The actual pH of the solutions was
recorded using a pH MS82 Radiometer equipped with a
GK2401C combined electrode.

4.2. Spectrometric measurements

The solution of am-B-CD in borate buffer (1.4X 107> M)
was filtered just before use by a Millipore 0.45 um filter.
Pyrene aqueous solution (2X10~°M) was prepared
injecting a pyrene methanolic solution (2 107> M) into a
buffer solution, containing the ternary agent (1X 10~ 2 M).
Measurement solutions were prepared by adding increasing
volumes of the am-B-CD to 1 mL of the pyrene and ternary
agent into a volumetric flask. In these solutions, the
concentrations of the pyrene and the ternary agent were
constant and equal to 2X 1077 and 1X 107> M, respect-
ively, while the concentration of the am-B-CD increased
from 1.4X10~*M up to 1.3X 10~ M. All measurement
solutions were deareated, before use, by Ar for 12 min.

Steady-state fluorescence spectra were acquired with a
JASCO FP-777W spectrofluorimeter. Excitation and emis-
sion slits were set at 1.5 nm and excitation wavelength was
337 nm. Spectra were recorded from 360 to 450 nm. Every
spectrum was averaged over 50 scans. A suitable
wavelength was chosen after recording a ‘difference
spectrum’ by comparison to a sample without cyclodextrin
and one with the highest cyclodextrin concentration.
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Abstract—A new synthesis of 2,5-disubstituted N-acylpyrrolidines through an Sn2’ reaction promoted by the nitrogen anion of a secondary
amide onto an allylic bromide is reported. A moderate stereoselectivity, in favour of the trans heterocycle, was observed during the
cyclization of a chiral precursor, while a good stereoselectivity, this time in favour of the cis one, was obtained when the second stereocentre
was introduced after the cyclization step to give the same product.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Pyrrolidine is a very important heterocycle present in many
biologically active compounds, such as proteins or alkaloids
and has become one of the priviledged structures in drug
discovery.! In particular, bicyclic lactams, bearing a
pyrrolidine moiety and equipped with suitable appendages,
are very popular since they can be used as constrained
peptidomimetics.”> Moreover, they are frequently able to
mimic a reverse turn, an important motif responsible for
inducing the appropriate conformation in small oligo-
peptides involved in essential interactions with many
biological targets. An example is represented by bicyclic
lactams included in a macrocycle together with the RGD
sequence: in this case, the bicyclic system acts as an
‘external scaffold’® and these molecules showed interesting
properties as inhibitors of oy B3 or oy fBs integrins.4 In the
last few years, our group has been involved in the synthesis
of either mesocyclic lactams>® or bicyclic derivatives’ as
possible inhibitors of integrins.

The previous reported synthesis of [1,3,0] (n=4, 5, 6, 7)
bicyclic systems are based on the construction of the larger
ring as the last step, employing usually the highly versatile
ring closing metathesis (RCM),® but standard lactonization’
or lactamization reactions’ or radical cyclizations'® have
been utilized too. Therefore, in the first part of these
syntheses, a suitably functionalized pyrrolidine had to be
assembled.

Keywords: Pyrrolidine; Sn2'; Peptidomimetics.
* Corresponding author. Tel.: +39 0103536126; fax: +39 0103536118;
e-mail: riva@chimica.unige.it

0040-4020/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.02.073

In our project, we planned to synthesise a series of [1,3,0]
bicyclic scaffolds such as 1 (Scheme 1) and, in view of
cyclization through RCM as the final step, we would need a
convergent synthesis of N-acyl-2-carbalkoxy-5-vinylpyrro-
lidines 2. An attractive strategy towards this goal involves
an SN2’ procedure promoted by a nitrogen nucleophile onto
a double bond equipped with a suitable leaving group at the
terminal allylic position. The acyclic precursor 3 may be
assembled, for example, by alkylation of a-acylaminoesters
or malonates 4. Malonates can be used in place of simple
esters; thanks to the possibility of removing the second
carbalkoxy group via saponification—decarboxylation. This
step can be performed either before or after cyclization.
Moreover, for an efficient and convergent approach to 1, R?
group should be equipped with both the double bond, to be
used in RCM, and NHR' group essential, together with

o via RCM
— 2
N / N~ TCOR
( Arg %
" /
=
Sash 1
VIaSNZ'ﬂ
=
,l(i R4 R4—HorC02R2
R3 NHJ\COZRZ 3 NH COZRZ
4
Scheme 1.
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CO,R?, for the creation of the macrocyclic peptidic
structure including for example RGD motif.

To the best of our knowledge, intramolecular Sx2’ reactions,
starting from simple secondary amides, were unprecedented.
While in a few cases pyrrolidines or piperidines have been
prepared through an S\2' cyclizations under palladium
catalysis,' those examples involved the use of carbamates.
Thus, the success of the envisaged strategy was not obvious,
since it is known that in amides there is often a competition
between N and O-alkylation, affording, in our case, 5 or 6,
respectively, as outlined in Scheme 2.'% In carbamates this
competition is less important. The development of a protocol
leading in one-pot to N-acyl derivatives (and not to
carbamates) would considerably shorten the approach to key
intermediate 2 (that may be in principle obtained also through
a Ugi multicomponent reaction). The feasibility of our
hypothesis was studied on a model compound, that is the
acetamide corresponding to general formula 3 (R* =Me)."”

X

=

N-cyclization ? R4  O-cyclization

R3"NH™ “CO,R2 l
3

4 R

R Mco R2
| N coRr2 N 2
R3"N0 5 R3 6

Scheme 2.

2. Results and discussion

N-Acetyl homoallylglycinates are not available commer-
cially either in racemic or in enantiopure form; thus we had
to develop a convergent racemic synthesis of them,
involving the alkylation of the enolate of unexpensive
diethyl acetamido malonate with a suitable homoallylic
bromide, equipped with a masked leaving group at the
allylic position to be exploited in the cyclization.

The initial task was therefore the preparation of a 2-pentene
substituted at position 5 (a homoallylic carbon) with a good
leaving group and at the more reactive position 1 (an allylic
carbon), with a poor one. We started from commercially
available 3-butyn-1-ol (Scheme 3), that was protected as
p-methoxybenzyl ether (PMB) and then homologated
by treatment of the magnesium acetylide of 7 with
paraformaldehyde. Compound 8, obtained in excellent
yield after hydrolysis under basic conditions of the complex
mixture of hemiacetalic derivatives of formaldehyde,"
contained two differentiated primary alcoholic functional-
ities, that have been elaborated independently during the
synthesis.'> The free propargylic alcohol was reduced to
give, with total control of the geometry of the incoming
double bond, allylic alcohol 9 in excellent yield.'® Silylation
of 9 allowed to prepare 10, with two orthogonally protected
hydroxy groups. Removal of PMB under oxidative
conditions afforded 11, ready to be converted into bromide

— a, 94% —
\—OH \—OPMB
l b, 85%
HO
c,91%
HO_~_~_OPMB NI
9 OPMB
d, 96% 8
Y e,
82%
TBDPSO -~~~ OPMB %2 TBDPSO._~_~_OH
10 11
lf
g, 83%
TBDPSO B TBDPSO~_ -~ ~_OTs
13 12

Scheme 3. (a) NaH, p-methoxybenzylchloride, DMF, 0 °C; (b) (i) EtMgBr,
paraformaldehyde, THF, rt; (ii) K,CO3, MeOH, rt; (c) LiAlH;, MeONa,
THF, reflux; (d) Ph,/BuSiCl, imidazole, DMF, rt; (e) DDQ, CH,Cl,/H,O
20:1, 1t; (f) TsCl, py, rt; (g) KBr, DMF, 100 °C.

13 in excellent overall yield, provided that tosylate 12 is
recovered by neutral work-up and submitted immediately
to nucleophilic displacement without previous purification.
Despite the long preparation, the overall yield of this
bromide from 3-butyn-1-ol was a remarkable 48%.

The alkylation of diethyl acetamido malonate was found to
be troublesome, most likely because of the propensity of the
rather unreactive bromide 13 to undergo competitive
reactions, such as elimination, to give the corresponding

OTBDPS
=
CO2EL a, 75-88% CO,Et
AcNH™ “CO,Et AcNH™ ~CO,Et
14
b, 83%
OTBDPS d, 85% OH
(19)
= =
d, 96% (17) R?
AcNH” “CO,Et AcNH” ~CO,R?
15 17,18,19
d, 80% e,
c, 75% (18) ° " 66% (20),
OTBDPS f X
88% (21),
75% (22),
Z 92% (23) v [~
Rl
AcNH™ ~CO,tBu AcNH”™ ~CO,R2
16 20,21,22,23

17: R1=H,R2=Et; 18:R1 = H,R2 = tBu; 19: Rl =CO,Et, R2 = Et
20: R1=H,R2=Et, X=Cl;21: R1 =H,R2 = Et, X = Br;
22: R1=H,R2= tBu, X = Br; 23: Rl =CO,Et, R2= Et, X = Br

Scheme 4. (a) NaH, 13, DMF, 90 °C; (b) (i) NaOH 6 M in EtOH, EtOH,
rt; (i) HT; (iii) dioxane, reflux; (c) (i) NaOH 6N, EtOH, rt; (ii)
CCl3C(=NH)O01Bu, BF;-Et,0, CH,Cl,, rt; (d) nBuyNF, THF, rt; (e) CCly,
PPh;, reflux; (f) CBry, PPh;, CH;CN, rt.
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conjugated diene. After a careful optimization of the
conditions we succeeded in obtaining 14 in good yield
(Scheme 4).17

Monodecarboxylation, following our protocol developed for
structurally similar compounds, afforded finally 15.° As the
final step, we studied the transformation of the silyl ether into
a halide, via the free alcohol 17. When we tried to prepare the
tosylate,18 we could not isolate it, but it was readily converted
into the corresponding chloride 20, albeit in unsatisfactory
yield. For this reason, we used a direct method, which
employed triphenyl phosphine and carbon tetrachloride both
as reagent and solvent.'® Although harsher conditions than the
reported ones were required, chloride 20 was finally isolated
in acceptable yield. Modified reaction conditions, using
carbon tetrabromide and triphenylphosphine in acetonitrile,
allowed the preparation of bromide 21 in higher yield and
under milder conditions.

During the first cyclization experiment (Scheme 5) we
treated chloride 20 with potassium bis(trimethylsilyl)amide
(KHMDS) and we were pleased to discover the only
products derived from N-promoted cyclization. The yield
was, however, moderate, whereas a poor diastereoselec-

X
=

R1 a (from 20, 21 or 22)
AcNH™ ~CO,R?

|
Y
20,21,22,23 /’O //O\
“"CO,R? + CO,R?2
’ a (from 23) / N / N

/go 24,25a /go 24,25h

CO,E b, 80% ]
| N COEt 12:88 24a:24b
/&o 26

24a,b: R?=Et; 25a, b: R?=tBu

Scheme 5. (a) see Table 1; (b) (i) NaOH 6 N, EtOH; (ii) H™; (iii) dioxane,
reflux.

Table 1. Cyclization of halides 2023, through S\2’ reaction

tivity in favour of the trans stereoisomer 24a was observed
(entry 1, Table l).20 Under the same conditions, bromide 21
showed to be, as expected, more reactive, affording 24a,b in
higher yield, but with similar diastereoselectivity (entry 2).
The following screening was therefore done on the best
performing substrate 21. Other bases, such as NaH gave
unsatisfactory results (entry 5), particularly from the
stereochemical point of view, while an improved diastereo-
meric ratio was observed using the lithium anion
of bis(trimethylsilyl)amide (LiHMDS).?! The reaction
temperature showed an appreciable influence just on the
rate, but not on the stereoselectivity. Also the nature of the
solvent was varied, demonstrating that optimal results can
be achieved with the aprotic dipolar ones. Interestingly,
when apolar toluene was used (entry 7) a reversal of
stereoselectivity was observed. However, this reaction was
too slow for preparative purposes. Compounds 24a,b
showed to be configurationally stable under basic
conditions, since no changes in diastereomeric ratio were
observed after prolonged storage under the reaction
conditions.

The bulkier #-butyl ester 22 was obtained from 15 by a three
step procedure (Scheme 4). Its cyclization was slower and
required a temperature of at least —50 °C in order to start,
while no improvement in the diastereomeric ratio was
realized (entry 11).

In order to improve the stereoselectivity and gain access to the
minor cis diastereoisomer, we carried out the cyclization also
starting from malonate 23 (entry 12). The reaction took place
in good yield to give 26. This reaction is particularly
interesting since the monodecarboxylation of 26 affords
24a.b with good stereoselectivity favouring this time the cis
diastereoisomer 24b in a 7.3:1 ratio. Thus, two complementary
procedures affording prevailingly either 24a or 24b are
available and, since the two diastereoisomers can be separated
although not easily by chromatography, our protocol
constitutes an original new entry for the stereoselective
synthesis of vinyl-substituted N-heterocycles.

The determination of the relative configuration of 24a and
24b was first done tentatively by "H NMR correlation with

Entry Halide Base® Solvent® Temperature (°C) Time (h) Product(s) Yield (%)° dr¢

1 20 KHMDS® THF/DMF 2:1 —10°—>rt 3.5 24a,b 50 56:44
2 21 KHMDS® THF/DMF 2:1 —10°—0° 0.67 24a,b 80 55:45
3 21 LiHMDS" THF/DMF 2:1 —10° 4 24a,b 81 54:46
4 21 LiHMDS' THF/DMF 2:1 —78°— —5° 24 24a,b 74 67:33
5 21 NaH ) THF/DMF 2:1 —10° 2 24a,b 68 51:49
6 21 LiHMDS! THF —10°—>rt 46 24a,b 55 58:42
7 21 LiHMDSf Toluene —10°>rt 50 24a.b 75 38:62
8 21 LiHMDS! THF/DMSO 3:1 —10°—>rt 4.25 24a,b 80 70:30
9 21 LiHMDS' DMF —10°—>rt 6 24a,b 81 63:37
10 21 LiHMDSf DMF —178° 25 24a,b 90 70:30
11 22 LiHMDS! DMF —78°— —50° 22 25a,b 75 69:31
12 23 LiHMDS® DMF —15°—>8° 2.5 26 78 —

#1.5 mol equiv of base.

©0.05-0.07 M with respect to substrate, with the exception of DMF (0.25 M).

¢ In entries 1-11 the yield is referred to the diastereomeric mixture.
4By GC-MS.

¢ KHMDS: potassium bis(trimethylsilyl)amide, 0.5 M solution in THF freshly prepared by dissolving solid commercial KHMDS.

T LiHMDS: lithium bis(trimethylsilyl)amide, 1.0 M commercial solution in THE.

€ LiIHMDS: 0.5 M solution in THF freshly prepared by dissolving solid commercial LIHMDS.
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similar compounds.”” In particular, while in the trans
derivatives the chemical shifts of the terminal vinylic
protons are close together, in the cis series a 0.24-0.28 ppm
difference was always observed, with the proton trans to the
other vinylic one downfield. Moreover, our expectations
were confirmed by transforming both stereoisomers into
triacetyl derivatives 29a,b (Scheme 6).23 After chemo-
selective reduction of the ester with Ca(BHy), and
acetylation of the primary alcohol, acetates 28a,b were
submitted to ozonolysis and acetylation of the crude
product®* to give, in excellent yield, desired 29a,b. Since
24a and 24b are racemic, we reasoned that a different
behaviour could, in principle, be observed if 29a and 29b
are put in a chiral medium, because the first one is racemic
and the second one is a meso compound. Chiral GLC, using
two different functionalized B-cyclodextrin-based columns,
always gave one peak for both 29a and 29b. On the
contrary, HPLC with a Chiralpak AD column, gave an
excellent separation, with two peaks eluting with R, 15.92
and 17.41 min, respectively (see Section 4), for the triacyl
compound derived from the major stereoisomer obtained in
the SN2’ cyclization. Using the same conditions, the other
diastereoisomer eluted as a single peak at R, 12.65 min.
Since, during the transformation of 24a and 24b into 29a
and 29b, the original stereogenic centres were not subjected
to manipulations, the behaviour in HPLC allows us to assign
the trans stereochemistry to the prevailing stereoisomer
obtained in the SN2’ cyclization and the cis stereochemistry
to the prevailing stereoisomer obtained in the
monodecarboxylation of 26.

a, 89%

/K /gOH

O 27ab
b, 90% or 82% ‘

O 24ab

from 24a,b

KOH c, 80%
N [N

AcO /& OAc /& OAc

O 20a,b O 28ab
a: 2,5-trans; b; 2,5-cis

Scheme 6. (a) Ca(BH,),, THF/EtOH 2:1, —20°C; (b) Ac,0O, Et3N,
4-(dimethylamino)pyridine, CH,Cl,, rt; (c) CH,Cl,/MeOH 1:1, —78 °C;
(i) NaBH; —78 °C —rt; (iii) see (b).

3. Conclusions

In this paper, we presented a new high convergent protocol
for the synthesis of functionalized N-heterocycles that can
be further elaborated to more complex structures. Moreover,
our methodology could probably be extended for the
synthesis of differently sized rings and of different
N-acylated compounds.

The development of different convergent strategies for the
preparation of acyclic precursors 3, involving, for example,
an approach based on multicomponent reactions, may
disclose a new way for the synthesis of polycyclic
derivatives, through methodologies consistent with diver-
sity oriented synthesis.”> Studies in this field are still in

progress in our laboratory and will be presented in due
course.

4. Experimental
4.1. General

NMR spectra were taken in CDCl3 at 200 or 300 MHz (‘H)
and 50 or 75 MHz (°C), using TMS as internal standard.
Chemical shifts are reported in ppm (0 scale), coupling
constants are reported in hertz. Peak assignment in 'H NMR
spectra was also made with the aid of double resonance
experiments. Peak assignment in '*C spectra was made with
the aid of DEPT experiments. GC-MS were carried out on a
HP-5971A instrument, using an HP-1 column (12 m long,
0.2 mm wide), electron impact at 70eV, and a mass
temperature of about 170 °C. Unless otherwise indicated,
analyses were performed with a constant He flow of
0.9 ml/min, init. temperature 100 °C, init. time 2 min, rate
20 °C/min, final temperature 260 °C, final time 4 min, inj.
temperature 250 °C, det. temperature 280 °C. R, are in min.
HPLC determinations were carried out on a HP-1090
instrument equipped with a DAD detector and using a
Chiralpak AD column (25 cm long, 0.4 cm wide). IR spectra
were measured with a Perkin—Elmer 881 instrument as
CHCIl; solutions. Melting points were determined on a
Biichi 535 apparatus and are uncorrected. TLC analyses
were carried out on silica gel plates, which were developed
by these detection methods: (A) UV; (B) iodine; (C) dipping
into a solution of (NH4)4Mo0O,-4H,O (21¢g) and
Ce(S0y4),-4H,0 (1 g) in H,SO4 (31 ml) and H,O (469 ml)
and warming. Ry were measured after an elution of 7-9 cm.
Chromatographies were carried out on 220-400 mesh
silica gel using the ‘flash’ methodology. Petroleum ether
(40-60 °C) is abbreviated as PE. In extractive work-up,
aqueous solutions were always reextracted thrice with the
appropriate organic solvent. Organic extracts were washed
with brine, dried over Na,SO, and filtered, before
evaporation of the solvent under reduced pressure. All
reactions employing dry solvents were carried out under a
nitrogen atmosphere, while Sy2’ reactions were performed
under ultra pure argon.

4.2. 4-(4-Methoxybenzyl)oxybut-1-yne 7

To a solution of 4-methoxybenzyl chloride (7.89 g,
50.4 mmol) in dry DMF (50 ml) previously cooled in an
ice bath, 3-butyn-1-ol (3.47 ml, 45.8 mmol) was added via
syringe. NaH (2.02 g, 60% in mineral oil, 50.4 mmol) was
added portionwise over a period of 15 min and the resulting
slurry was stirred at 0 °C for additional 45 min. After adding
NH,Cl satd soln (20 ml), the mixture was partitioned
between water and Et,O and extracted. Chromatography
with PE/Et,O 9:1 — 8:2 gave 7 (8.19 g, 94%) as a colourless
oil. R; 0.32 (PE/Et,0 9:1, A, C). Anal. found C, 75.50; H,
7.40. C1,H 40, requires C, 75.76; H, 7.42. IR: v, 3305,
2965, 2397, 1611, 1243, 1172, 1091, 1031. GC-MS: R,
5.26; m/z 190 (M ™, 7.8), 189 (13), 159 (11), 135 (25), 122
(9.6), 121 (100), 91 (7.2), 78 (14), 77 (16), 53 (9.2), 52 (5.6),
51 (8.0, 39 (10). '"H NMR (200 MHz): 1.99 [1H, t, =CH,
J=2.6 Hz]; 2.49 [2H, dt, CH,C=, J=2.6, 7.0 Hz]; 3.57
[2H, t, CH,CH,0O, J=7.1 Hz]; 3.81 [3H, s, OCH3]; 4.49
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[2H, s, CH,Ar]; 6.88 [2H, dt, aromatics ortho to OMe, J=
2.4, 8.8 Hz]; 7.28 [2H, d, aromatics meta to OMe, J=
8.8 Hz]. >*C NMR (50 MHz): 19.80 [CH,C=]; 55.17
[CH;0]; 67.75 [CH,CH,O]; 69.25 [=CH]; 72.55
[CH,Ar]; 81.28 [C=CH]; 113.72 [2C, aromatics ortho to
OMe]; 129.26 [2C, aromatics meta to OMe]; 130.00 [quat.
aromatic]; 159.17 [C-OMe].

4.3. 5-[(4-Methoxybenzyl)oxy]pent-2-yn-1-ol 8

A solution of 7 (7.22 g, 38.0 mmol) in dry THF (100 ml)
was cooled to 0 °C and then EtMgBr (3 M soln in Et,0,
21.5 ml) was dropped via syringe over a period of 2-3 min.
After 10 min, the cooling bath was removed and stirring
continued at rt for 30 min. Anhydrous paraformaldehyde
(8.11 g, 271 mmol) was then added in one-pot and the
resulting suspension was stirred at rt for 1 day. Quenching
with NH4Cl satd soln (70 ml) was followed by stirring at rt
for 15 min; then the crude was filtered through a Celite pad,
washing Celite with Et,O and AcOEt. After separation of
the two layers two additional extractions with Et,O were
performed. Solvent was removed and the crude was
dissolved in MeOH (40 ml) and stirred at rt in the presence
of anhydrous K,CO;5; (1.00 g, 7.24 mmol) for 3 h. After
filtration of the solid and solvent evaporation, the residue
was partitioned between H,O and AcOEt and extracted with
AcOEt. Chromatography with PE/Et,0 4:6—1:9 gave 8
(7.11 g, 85%) as a colourless oil. Ry 0.44 (PE/Et,O 3:7,
A, C). Anal. found C, 70.75; H, 7.35. C;3H;603 requires C,
70.89; H, 7.32. IR: v, 3401, 3003, 2416, 1612, 15006,
1300, 1172, 1087, 924. GC-MS: R, 7.52; m/z 220 (M,
0.70), 201 (6.3), 189 (20), 171 (9.2), 135 (10), 122 (9.7), 121
(100), 91 (6.5), 78 (13), 77 (14), 65 (6.5), 51 (6.4), 39 (10).
'"H NMR (200 MHz): 1.72 [IH, t, OH, J=6.0 Hz]; 2.52
[2H, tt, CH,CH,C=, J=2.2, 7.0 Hz]; 3.55 [2H, t,
CH,CH,0, J=6.9Hz]; 3.81 [3H, s, OCHs]; 4.24 [2H,
broad dt, CH,OH, J=2.1, 5.8 Hz]; 4.48 [2H, s, CH,Ar];
6.88 [2H, dt, aromatics ortho to OMe, J=2.4, 8.4 Hz]; 7.27
[2H, d, aromatics meta to OMe, J=8.8 Hz]. °C NMR
(50 MHz): 19.99 [CH,CH,C=]; 50.91 [CH,OH]; 55.15
[CH;0]; 67.80 [CH,CH,O]; 72.44 [CH,Ar]; 79.56 and
82.69 [2C, C=C(1]; 113.71 [2C, aromatics ortho to OMe];
129.28 [2C, aromatics meta to OMe]; 129.85 [quat.
aromatic]; 159.15 [C-OMel].

4.4. (E)-5-[(4-Methoxybenzyl)oxy]pent-2-en-1-0l 9

A suspension of LiAlH, (3.16 g, 83.2 mmol) in dry THF
(120 ml) was cooled to 0 °C and sodium methoxide (8.07 g,
166 mmol) was added. A solution of 8 (6.11 g, 27.7 mmol)
in dry THF (30 ml) was dropped through an addition funnel
over a period of 15 min and the cooling bath was removed
after 5 min. The funnel was substituted with a refrigerator
and the mixture was refluxed for 5 h 15 min. After cooling
the flask at 0 °C, a solution of NaOH (370 mg in 12.5 ml of
water) was added wery slowly and the mixture was stirred
overnight at rt. The white solid was readily filtered and
washed with Et,O. The collected organic layers were dryed
over Na,SO, and evaporated to give a yellow oil, pure
enough (GC-MS) for the following reaction. For analytical
purposes the crude was purified by chromatography with
PE/Et,0 1:1—2:8 to give 9 as a pale yellow oil in 91%
yield. R 0.31 (PE/Et,0 3:7, A, C). Anal. found C, 70.40; H,

8.25. C13H;30; requires C, 70.24; H, 8.16. IR: v, 3462,
2998, 2929, 2864, 1609, 1533, 1419, 1364, 1190, 1088, 972.
GC-MS: R, 7.28; m/z 222 (M™, 1.0), 150 (10), 137 (6.4),
136 (8.3), 135 (7.2), 122 (10), 121 (100), 78 (8.2), 77 (9.6).
'"H NMR (200 MHz): 1.37 [1H, t, OH, J=5.9 Hz]; 2.36
[2H, centre of m, CH,CH,C=1]; 3.49 [2H, t, CH,CH,0, J=
6.6 Hz]; 3.81 [3H, s, OCH;]; 4.09 [2H, broad s, CH,OH];
4.44 [2H, s, CH,Ar]; 5.62-5.81 [2H, m, CH=CH]; 6.88
[2H, dt, aromatics ortho to OMe, J=2.4, 8.8 Hz]; 7.26 [2H,
d, aromatics meta to OMe, J=8.8 Hz]. ">*C NMR (50 MHz):
32.53 [CH,CH,CH=]; 55.17 [CH50]; 63.33 [CH,OH];
69.23 [CH,CH,O]; 72.44 [CH,Ar]; 113.70 [2C, aromatics
ortho to OMe]; 128.96 and 130.98 [2C, CH=CH]; 129.24
[2C, aromatics meta to OMe]; 130.29 [quat. aromatic];
159.09 [C-OMel].

4.5. (E)-1-[(¢-Butyldiphenylsilyl)oxy-5-(4-methoxy-
benzyl)oxy]pent-2-ene 10

A solution of 9 (5.60 g, 25.2 mmol) in dry DMF (40 ml) was
cooled to 0°C and treated with imidazole (3.09 g,
45.3 mmol) and Ph,zBuSiCl (8.52 ml, 32.8 mmol). After
5 min, the solution was allowed to stir at rt for 3.5 h. The
reaction was diluted with PE/Et,O 1:1 and water and
extracted with PE/Et,0. Chromatography with PE/Et,O
92:8 —85:15 gave 10 as a pale yellow oil (11.14 g, 96%). Ry
0.33 (PE/Et,0 9:1, A, C). Anal. found C, 75.70; H, 7.85.
C,9H3605Si requires C, 75.61; H, 7.88. IR: v, 3465, 3001,
2931, 2856, 1610, 1506, 1190, 1109, 1031, 969. GC-MS
(usual method but with final temperature 290 °C): R, 12.89;
miz403 (M™T —57,0.30), 199 (2.9), 197 (1.5), 183 (1.1), 181
(1.1), 135 (2.2), 123 (1.0), 122 (9.9), 121 (100), 105 (1.1), 91
(1.4), 78 (1.7), 77 (3.2). "H NMR (200 MHz): 1.05 [9H, s,
tBu]; 2.34 [2H, centre of m, CH,CH,C=]; 3.46 [2H, t,
CH,CH,0, J=6.8 Hz]; 3.80 [3H, s, OCH3]; 4.16 [2H,
apparent d, CH,OTBDPS, J=3.2 Hz]; 4.44 [2H, s, CH,Ar];
5.55-5.77 [2H, m, CH=CH]; 6.86 [2H, dt, aromatics ortho
to OMe, J=2.4, 8.8 Hz]; 7.23-7.46 [8H, m, aromatics];
7.65-7.73 [4H, m, aromatics]. *C NMR (50 MHz): 19.21
[C(CH3)5]; 26.86 [3C, C(CH3)s]; 32.71 [CH,CH,CH=];
55.22 [CH;30]; 64.48 [CH,OTBDPS]; 69.57 [CH,CH,O];
72.54 [CH,Ar]; 113.75 [2C, aromatics ortho to OMe];
127.26 and 130.68 [2C, CH=CH]; 127.59 [4C, aromatics
meta to Si]; 129.21 [2C, aromatics meta to OMe]; 129.55
[2C, aromatics para to Si]; 130.59 [quat. aromatic para to
OMe]; 133.84 [2C, C ipso of Ph]; 135.54 [4C, aromatics
ortho to Si]; 159.13 [C-OMel].

4.6. (E)-5-[(t-Butyldiphenylsilyl)oxy]pent-3-en-1-0l 11

A solution of 10 (8.31 g, 18.0 mmol) in CH,Cl, (50 ml) was
cooled to 0 °C and treated with water (2.5 ml) and DDQ
(2,3-dichloro-5,6-dicyano-1,4-benzoquinone) (6.14 g,
27.1 mmol). After 5 min the solution was allowed to stir
at rt for 1 h 10 min. The mixture was partitioned between
5% NaHCO5; and CH,Cl, and filtered over a Celite pad. The
filtrate was extracted again with CH,Cl,. Chromatography
with PE/Et,0 6:4 gave 11 as a colourless oil (5.04 g, 82%).
R; 0.26 (PE/Et,0 6:4, A, C). Anal. found C, 74.15; H, 8.25.
C,H,30,Si requires C, 74.07; H, 8.29. IR: v« 3464, 3006,
2927, 2857, 1680, 1598, 1243, 1108, 1029, 927. GC-MS: R,
9.52; mlz 283 (M™ —57, 15), 253 (14), 205 (27), 201 (5.2),
200 (19), 199 (100), 197 (9.8), 187 (5.1), 181 (10), 175 (18),
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174 (5.2), 139 (17), 135 (7.7), 127 (5.2), 121 (6.4), 105 (8.3),
78 (5.4), 77 (22), 67 (6.9), 57 (5.2), 45 (14), 41 (12), 39
(5.7). '"H NMR (200 MHz): 1.06 [9H, s, rBu]; 2.29 [2H,
broad q, CH,CH,C=, J=6.0 Hz]; 3.63 [2H, t, CH,CH,OH,
J=6.0Hz]; 4.19 [2H, apparent d, CH,OTBDPS,
J=3.0Hz]; 5.54-5.75 [2H, m, CH=CH]; 7.33-7.47
[6H, m, aromatics]; 7.66-7.71 [4H, m, aromatics]. B¢
NMR (50 MHz): 19.22 [C(CH3)s]; 26.85 [3C, C(CHj3)s];
35.62 [CH,CH,CH=]; 61.85 [CH,OH]; 64.33 [CH,-
OTBDPS]; 126.58 and 132.22 [2C, CH=CH]; 127.65
[4C, aromatics meta to Si]; 129.65 [2C, aromatics para to
Si]; 133.75 [2C, C ipso of Ph]; 135.56 [4C, aromatics ortho
to Si].

4.7. (E)-5-Bromo-1-[(¢-butyldiphenylsilyl)oxy]pent-2-
ene 13

(1) Tosylate 12. A solution of 11 (2.52 g, 7.42 mmol) in dry
pyridine (7 ml) was treated at 0 °C with freshly distilled
tosyl chloride (1.98 g, 10.4 mmol) and, after 5 min, allowed
to stir at rt for 1 h 45 min (in some cases an addition of
0.4 mol equiv of tosyl chloride was required). The solution
was poured into water and extracted with AcOEt. Solvent
was removed under vacuo employing also heptane to
remove azeotropically residue pyridine and crude tosylate
was directly submitted to the nucleophilic displacement. For
analytical purposes a sample of the crude was chromato-
graphed with PE/Et,0O 9:1 — 6:4 to give 12 as a pale yellow
oil. R 0.63 (PE/Et,0 6:4, A, C). IR: v, 3004, 2932, 2855,
1599, 1360, 1191, 1110, 969. GC-MS: not feasible. 'H
NMR (200 MHz): 1.04 [9H, s, fBu]; 2.27-2.40 [2H, m,
CH,CH,C=];2.42 [3H, s, CH; (Ts)]; 4.02 [2H, t, CH,OTs,
J=6.8Hz]; 4.11 [2H, apparent d, CH,OTBDPS, J=
3.0 Hz]; 5.45-5.68 [2H, m, CH=CH]; 7.29-7.45 [8H, m,
aromatics]; 7.62-7.80 [6H, m, aromatics]. 13C NMR
(50 MHz): 19.20 [C(CHj3)3]; 21.61 [CH; (Ts)]; 26.81 [3C,
C(CH3)3]; 31.71 [CH,CH,CH=]; 64.03 [CH,OTBDPS];
69.61 [CH,OTs]; 124.03 and 132.59 [2C, CH=CH]; 127.65
[4C, aromatics meta to Si]; 127.88, 129.64 and 129.79 [6C,
CH of Ts and aromatics para to Si]; 133.16 [C-Me (Ts)];
133.60 [2C, C ipso of Ph]; 135.49 [4C, aromatics ortho to
Si]; 144.68 [C-SO,]. (2) Transformation of 12 into 13.
A solution of crude tosylate from the previous reaction in
dry DMF (20 ml) was treated with potassium bromide
(1.41 g, 11.9 mmol) and heated at 100 °C for 35 min. The
crude was poured into water and extracted with Et,O. The
collected organic layers were washed with water and then
with brine. After solvent removal chromatography with PE/
Et,0 100:0—97.5:2.5 afforded pure 13 (2.48 g, 83% two
steps) as a colourless oil. Ry 0.35 (PE/Et,O 99:1, A, O).
Anal. found C, 62.65; H, 6.70. C,;H»;BrOSi requires C,
62.52; H, 6.75. IR: v, 3303, 2930, 2855, 1422, 1110,
1051, 969, 919. GC-MS: R, 9.96; m/z 348 (11), 347
M+ (®'Br)—57, 46], 346 (11), 345 M+ ("°Br)—57, 43],
265 (12), 264 (18), 263 (100), 262 (18), 261 (99), 211 (5.1),
204 (5.5), 203 (46), 202 (6.1), 201 (49), 200 (9.7), 199 (48),
197 (23), 187 (10), 183 (12), 182 (6.6), 181 (30), 180 (7.0),
155 (5.7), 152 (8.1), 145 (15), 143 (14), 135 (14), 123 (83),
121 (14), 117 (8.7), 115 (5.6), 105 (28), 91 (24), 79 (5.9), 78
(12), 77 (44), 68 (5.1), 67 (56), 65 (8.1), 57 (28), 53 (13), 51
(11), 45 (31), 42 (5.0), 41 (75), 40 (5.4), 39 (23). '"H NMR
(200 MHz): 1.06 [9H, s, tBu]; 2.54-2.64 [2H, m,
CH,CH,C=]; 3.37 [2H, t, CH,CH,OH, J=7.1 Hz]; 4.17-

4.19 [2H, m, CH,OTBDPS]; 5.65-5.70 [2H, m, CH=CH];
7.33-7.47 [6H, m, aromatics]; 7.66-7.72 [4H, m,
aromatics]. '*C NMR (50 MHz): 19.22 [C(CHs)s]; 26.83
[3C, C(CH;)3]; 32.31 [CH,CH,CH==]; 35.57 [CH,Br];
64.10 [CH,OTBDPS]; 126.94 and 131.91 [2C, CH=CH];
127.64 [4C, aromatics meta to Si]; 129.63 [2C, aromatics
para to Si]; 133.68 [2C, C ipso of Ph]; 135.54 [4C,
aromatics ortho to Si].

4.8. (E)-Diethyl 2-acetamido-2-{5-[(z-butyldiphenyl-
silyl)oxy]pent-3-enyl}malonate 14

A suspension of NaH (60% in mineral oil, 388 mg,
9.70 mmol) in dry DMF (10 ml) was cooled to 0 °C. Then
a solution of diethyl acetamidomalonate (2.33 g,
10.7 mmol) in DMF (10 ml) was added through an addition
funnel over a period of 10 min. After stirring for additional
5 min at rt, the resulting yellow solution was treated with a
solution of bromide 13 (2.94 g, 7.29 mmol) in DMF (10 ml)
and immediately heated at 90 °C for 3 h. After this time, the
reaction was quenched, even if some unreacted bromide was
still present. The resulting solution was cautiously added to
saturated aqueous NH4Cl, diluted with water and extracted
with Et,O. Chromatography with PE/Et,0 8:2—2:8
afforded pure 14 in 75-88% yield as a pale yellow oil. Ry
0.51 (PE/AcOEt 6:4, A, B). Anal. found C, 66.80; H, 7.60.
C30H41NOgSi requires C, 66.76; H, 7.66. IR: v, 3411,
2998, 2957, 2856, 1736, 1675, 1187, 1105, 1032, 922.
GC-MS (usual method but with final temperature 290 °C):
R, 13.32; m/z 483 (15), 482 Mt —57, 44), 260 (8.9), 238
(6.0), 201 (5.6), 200 (18), 199 (100), 197 (20), 183 (12), 181
(14), 178 (11), 174 (6.5), 173 (7.3), 169 (8.3), 168 (72), 167
(7.6), 140 (10), 139 (16), 137 (6.6), 135 (20), 123 (9.6), 122
(7.5), 121 (8.6), 105 (10), 95 (5.2), 94 (21), 79 (7.2), 77 (83),
67 (12), 43 (43). '"H NMR (200 MHz): 1.05 [9H, s, fBul;
1.26 [6H, t, CH,CH3, J=7.2Hz]; 1.83-1.94 [2H, m,
CH,CH,C=]; 2.04 [3H, s, CH5CO]; 2.42 [2H, centre of
m, CH,CH,C=]; 4.12 [2H, apparent d, CH,OTBDPS, J=
3.0 Hz]; 4.24 [4H, q, CH,CH3, J=7.1 Hz]; 5.47-5.69 [2H,
m, CH=CH]; 6.76 [1H, broad s, NH]; 7.32-7.43 [6H, m,
aromatics]; 7.64-7.69 [4H, m, aromatics]. 3C NMR
(50 MHz): 13.90 [2C, CH,CH;]; 19.13 [C(CHj3)3]; 22.97
[CH5CO]; 26.46 [CH,CH,CH=]; 26.76 [3C, C(CHs)s];
31.53 [CH,CH,CH==]; 62.42 [2C, CH,CHs;]; 64.20 [CH,-
OTBDPS]; 66.19 [C(CO,Et),]; 127.56 [4C, aromatics meta
to Si]; 128.78 and 129.76 [2C, CH=CH]; 129.54 [2C,
aromatics para to Si]; 133.62 [2C, C ipso of Ph]; 135.44
[4C, aromatics ortho to Si]; 168.01 [2C, CO,Et]; 168.94
[CH5CO].

4.9. (£)-(E)-Ethyl 2-acetamido-7-[(¢-butyldiphenyl-
silyl)oxy]hept-5-enoate 15

(1) Monohydrolysis. A solution of 14 (2.07 g, 3.88 mmol) in
96% EtOH (30 ml) was treated with 6 N aqueous NaOH
(832 pl) and stirred at rt for 4 h. In some cases, an additional
little amount of NaOH (0.2-0.3 mol equiv) was needed and
not always the reaction went to completion. It is, however,
preferred not to employ an excess of NaOH in order to avoid
the double saponification, while the unreacted malonate can
be easily recovered and recycled. A solution of concentrated
HCI (400 pl in 1.5 ml of 96% EtOH) was added, followed
by 5% aqueous NH4H,PO,. The mixture was concentrated
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under vacuo, partitioned between brine and AcOEt and
extracted with AcOEt, after adjusting the pH to 2. Ry 0.36
(PE/AcOEt 7:34+5% AcOH, A, B). (2) Decarboxylation.
The crude from the previous reaction was dissolved in
dioxane (20 ml) and refluxed under nitrogen for 1 h. After
solvent removal chromatography with PE/AcOEt 7:3 —4:6
gave 15 as a pale yellow oil (1.50 g, 83%) (in some cases up
to 16% unreacted malonate can be recovered). Ry 0.31 (PE/
AcOEt 6:4, A, B). Anal. found C, 69.50; H, 7.85.
C,7H37NO,4Si requires C, 69.34; H, 7.97. IR: vy 2990,
2955, 2928, 2855, 1730, 1669, 1602, 1110, 1037, 973.
GC-MS (usual method but with final temperature 290 °C):
R, 12.30; m/z 411 (15), 410 (M ™ —57, 48), 200 (15), 199
(79), 197 (12), 183 (9.8), 181 (13), 180 (6.3), 166 (5.8), 139
(15), 138 (26), 137 (5.9), 135 (15), 123 (5.9), 121 (9.2), 105
(11), 102 (6.2),97 (9.5), 96 (100), 91 (5.2), 81 (7.1), 79 (22),
78 (7.1), 77 (27), 74 (5.6), 68 (9.5), 67 (11), 60 (83), 57
(8.8), 45 (13), 44 (5.5), 43 (92), 42 (6.9), 41 (14). '"H NMR
(200 MHz): 1.05 [9H, s, tBu]; 1.29 [3H, t, CH,CH;, J=
7.0 Hz]; 1.60-2.13 [4H, m, CH,CH,C=]; 2.02 [3H, s,
CH5CO]; 4.14 [2H, apparent d, CH,OTBDPS, J=3.2 Hz];
4.21 [2H, q, CH,CH3, J=7.2 Hz]; 4.61 [1H, dt, CHCO,Et,
J=5.0, 7.6 Hz]; 5.47-5.72 [2H, m, CH=CH]; 5.98 [1H,
broad d, NH, J=28.0 Hz]; 7.32-7.43 [6H, m, aromatics];
7.64-7.69 [4H, m, aromatics]. '*C NMR (50 MHz): 14.09
[CH,CH3]; 19.13 [C(CHj3)3]; 23.08 [CH5CO]; 26.77 [3C,
C(CHs)3]; 2791 [CH,CH,CH=]; 31.99 [CH,CH,CH=],
51.86 [CHCO,Et]; 61.35 [CH,CH3]; 64.24 [CH,OTBDPS];
127.55 [4C, aromatics meta to Si]; 128.92 and 129.96 [2C,
CH=CH]J; 129.52 [2C, aromatics para to Si]; 133.67 [2C, C
ipso of Ph]; 135.44 [4C, aromatics ortho to Si]; 169.72 and
172.51 [2C, CO].

4.10. (1+)-(E)-t-Butyl 2-acetamido-7-[(¢-butyldiphenyl-
silyl)oxy]hept-5-enoate 16

(1) Hydrolysis of the ester. The same procedure described in
the above paragraph was followed starting from 363 mg
(777 pmol) of 15, using this time 1.7 mol equiv of 6 N
aqueous NaOH. R; 0.46 (AcOEt/AcOH 95:5, A, B). (2)
Formation of the t-butyl ester. A solution of crude acid in
dry CH,Cl, (20 ml) was treated with #-butyl-2,2,2-trichloro-
acetimidate (278 ul, 1.55 mmol) and stirred at rt for 1h
10 min, before BF;-Et,O (8 pul, 65 pmol) was added. After
stirring for additional 2 h 20 min, solid NaHCO; (17 mg)
was added and the crude was filtered and concentrated under
vacuo. Chromatography with PE/AcOEt 7:3 — 1:1 afforded
16 as a pale yellow oil (289 mg, 75% from 15). R; 0.30
(PE/AcOEt 6:4, A, B). Anal. found C, 70.15; H, 8.30.
Co9H41NO,Si requires C, 70.26; H, 8.34. IR: v, 3019,
2926, 2857, 1726, 1667, 1603, 1369, 1192, 1153, 1111,
1056, 928, 876. GC-MS: not feasible. '"H NMR (200 MHz):
1.05 [9H, s, SirBul; 1.47 [9H, s, OrBu]; 1.60-2.18 [4H, m,
CH,CH,C=]; 2.01 [3H, s, CH3CO]; 4.06-4.22 [2H, m,
CH,OTBDPS]; 4.51 [1H, dt, CHCO,tBu, J=5.2, 7.6 Hz];
5.49-5.72 [2H, m, CH=CH]; 6.08 [1H, broad d, NH, J=
7.6 Hz]; 7.32-7.43 [6H, m, aromatics]; 7.64-7.69 [4H, m,
aromatics]. >C NMR (50 MHz): 19.21 [SiC(CH3);]; 23.27
[CH;CO]; 26.83 [3C, SiC(CH3)s]; 27.92 [CH,CH,CH=];
28.00 [3C, OC(CHs3)s]l; 32.28 [CH,CH,CH=]; 52.42
[CHCO,Et]; 64.36 [CH,OTBDPS]; 82.22 [OC(CHj3)s];
127.61 [4C, aromatics meta to Si]; 129.26 and 129.83
[2C, CH=CH]; 129.59 [2C, aromatics para to Si]; 133.74

[2C, C ipso of Ph]; 135.53 [4C, aromatics ortho to Si];
169.73 and 171.83 [2C, CO].

4.11. General procedure for TBDPS removal

A solution of silyl ether (1.58 mmol) in dry THF (5 ml) was
cooled to 0 °C and treated with 0.7 M solution of nBuyNF in
THF (4.51 ml); after 10 min, the solution was allowed to stir
a rt for 2 h. After dilution with brine, an extraction with
AcOEt was performed.

4.11.1. (%)-(E)-Ethyl 2-acetamido-7-hydroxyhept-5-
enoate 17. Chromatography with AcOEt/MeOH 100:0 —
8:2 gave 17 as a colourless oil in 96% yield. R; 0.47 (AcOEY/
MeOH 95:5, B). Anal. found C, 57.60; H, 8.40. C;;HoNO4
requires C, 57.62; H, 8.35. IR: v,.x 3428, 3005, 2800, 1730,
1671, 1376, 1245, 1136, 1079, 973, 703. GC-MS: R, 6.87;
m/z229 M™,0.11), 186 (5.5), 156 (15), 152 (29), 138 (18),
124 (12), 123 (9.4), 114 (16), 112 (8.4), 103 (9.0), 102 (58),
97 (11), 96 (95), 95 (6.2), 94 (7.7), 86 (5.4), 84 (5.4), 82
(7.8), 81 (5.2), 80 (5.5), 79 (44), 78 (15), 74 (20), 70 (5.7),
69 (5.6), 68 (6.9), 67 (83), 60 (11), 57 (9.1), 56 (7.9), 55
(7.5), 44 (18), 43 (100), 42 (12), 41 (18), 39 (7.1). '"H NMR
(200 MHz): 1.22 [3H, t, CH,CH3, J=7.1 Hz]; 1.59-2.11
[4H, m, CH,CH,C=]; 1.96 [3H, s, CH;CO]; 4.02 [2H,
broad s, CH,OH]; 4.14 [2H, q, CH,CH3, J=7.2 Hz]; 4.56
[IH, dt, CHCO,Et, J=54, 7.8 Hz]; 5.50-5.69 [2H, m,
CH=CH]; 6.01 [1H, broad d, NH, J=8.0 Hz]. '*C NMR
(50 MHz): 13.98 [CH,CHs]; 22.83 [CH3CO]; 27.88 [CH,-
CH,CH=]; 31.52 [CH,CH,CH=]; 51.55 [CHCO,Et];
61.34 [CH,CH3;]; 62.83 [CH,OH]; 130.18 and 130.56 [2C,
CH=CH]; 170.34 and 172.59 [2C, CO].

4.11.2. (£)-(E)-t-Butyl 2-acetamido-7-hydroxyhept-5-
enoate 18. Chromatography with AcOEt/MeOH 100:0 —
9:1 gave 18 as a colourless oil in 80% yield. R;0.18 (AcOEt,
B). Anal. found C, 60.55; H, 9.10. C{3H,3NO, requires C,
60.68; H, 9.01. IR: v, 3429, 2978, 2871, 1723, 1667,
1370, 1193, 1153, 1075, 973. GC-MS: R, 7.14; m/z 239
(M™ —18, 0.099), 184 (8.4), 183 (14), 158 (8.2), 157 (12),
156 (18), 138 (15), 124 (26), 123 (8.0), 114 (21),99 (7.1),97
(10), 96 (100), 86 (5.9), 85 (7.1), 79 (21), 74 (9.4), 60 (9.2),
57 (28), 44 (5.6), 43 (29), 41 (12). '"H NMR (200 MHz):
1.48 [9H, s, Bu]; 1.62-2.18 [4H, m, CH,CH,C=]; 2.02
[3H, s, CH5CO]; 4.09 [2H, broad s, CH,OH]; 4.53 [1H, dt,
CHCO,tBu, J=5.0, 7.6 Hz]; 5.58-5.76 [2H, m, CH=CH];
6.05 [1H, broad d, NH, J=7.8 Hz]. "*C NMR (50 MHz):
23.32 [CH3CO]; 27.93 [CH,CH,CH=]; 28.01 [3C,
C(CH3)3]; 32.19 [CH,CH,CH=]; 52.09 [CHCO,Et];
63.54 [CH,OH]; 82.31 [C(CHj3);3]; 130.30 and 131.21 [2C,
CH=CH]; 169.69 and 171.80 [2C, CO].

4.11.3. (E)-Diethyl 2-acetamido-2-5-(hydroxypent-3-
enyl)malonate 19. Chromatography with PE/AcOEt
10:90 —0:100 gave 19 as a colourless oil in 85% yield. R¢
0.44 (AcOEt, B). Anal. found C, 55.75; H, 7.80. C4H»3NOg
requires C, 55.80; H, 7.69. IR: v, 3411, 2978, 2868, 1736,
1673, 1474, 1370, 1265, 1089, 1010, 974, 856, 736.
GC-MS: R, 7.85; m/z 301 (M™, 0.092), 228 (11), 217
(5.1),186 (19), 179 (12), 178 (100), 175 (9.5), 174 (15), 171
(48), 169 (12), 168 (65), 164 (8.8), 151 (6.6), 143 (35), 140
(15), 129 (17), 125 (18), 123 (11), 122 (16), 116 (12), 115
(6.1), 112 (13), 101 (6.4), 95 (8.9), 94 (34), 93 (5.7), 88



4338 L. Banfi et al. / Tetrahedron 62 (2006) 4331—4341

(5.1), 84 (83), 80 (5.2), 79 (12), 71 (6.2), 70 (6.4), 68 (5.4),
67 (25), 55 (7.3), 54 (6.8), 53 (5.3), 43 (89), 42 (25), 41 (20),
39 (5.7). '"H NMR (300 MHz): 1.25 [6H, t, CH,CH;, J=
7.1 Hz]; 1.87-1.94 [2H, m, CH,CH,C=]; 2.03 [3H, s,
CH;CO]; 2.44 [2H, centre of m, CH,CH,C=]; 4.56 [2H,
apparent d, CH,OH, J=3.6 Hz]; 4.24 [4H, q, CH,CH3, /=
7.2 Hz]; 5.55-5.69 [2H, m, CH=CH]; 6.79 [1H, broad s,
NH]. '*C NMR (75 MHz): 13.84 [2C, CH,CH;]; 22.85
[CH5CO]; 26.38 [CH,CH,CH=]; 31.35 [CH,CH,CH=];
62.46 [2C, CH,CHs]; 63.11 [CH,OH]; 66.12 [C(CO,Et),];
130.09 and 130.49 [2C, CH=CH]; 167.94 [2C, CO,Et];
169.18 [CH5CO].

4.12. (1+)-(E)-Ethyl 2-acetamido-7-chlorohept-5-
enoate 20.

A solution of 17 (200 mg, 872 pumol) in dry CCly (1 ml) was
treated with PPh; (366 mg, 1.40 mmol) and refluxed for 6 h.
The reaction was poured into NH,4Cl saturated solution and
extracted with AcOEt. Chromatography with Et,O/AcOEt/
8:2 gave 20 as a pale yellow oil in 66% yield. R; 0.42 (Et,O/
AcOEt 8:2, A, C). Anal. found C, 53.30; H, 7.45.
C1H3CINO; requires C, 53.33; H, 7.32. IR: v.x 3430,
2978, 1731, 1671, 1494, 1375, 1187, 1125, 1092, 966.
GC-MS: R, 7.31; m/z 249 MTE'Cl), 0.039], 247
M (3D, 0.12], 212 (40), 176 (5.9), 174 (18), 170 (12),
166 (9.5), 152 (14), 145 (6.5), 138 (18), 134 (25), 133 (5.4),
132 (77), 103 (5.1), 102 (23), 99 (15), 96 (46), 85 (5.5), 81
(5.0),79 (22),78 (5.1),74 (12), 67 (7.3), 60 (17), 53 (14), 44
(8.5), 43 (100), 42 (11), 41 (12), 39 (8.0). 'H NMR
(200 MHz): 1.29 [3H, t, CH,CH;, J=7.2 Hz]; 1.67-2.18
[4H, m, CH,CH,C=]; 2.03 [3H, s, CH;CO]; 4.02 [2H,
apparent d, CH,Cl, J=6.2 Hz]; 4.21 [2H, q, CH,CH;, J=
7.2 Hz]; 4.62 [1H, dt, CHCO,Et, J=5.0, 7.8 Hz]; 5.57-5.83
[2H, m, CH=CH]; 6.08 [1H, broad d, NH, J=7.4 Hz]. °C
NMR (50 MHz): 14.16 [CH,CH;]; 23.24 [CH3CO]; 27.82
[CH,CH,CH=]; 31.77 [CH,CH,CH=]; 45.01 [CH,CI];
51.74 [CHCO,Et]; 61.61 [CH,CH3]; 127.15 and 133.94
[2C, CH=CH]J; 169.77 and 172.37 [2C, CO].

4.13. General procedure for the direct transformation
of alcohols into bromides

To a solution of alcohol (2.85 mmol) in dry CH5CN (15 ml),
previously cooled to 0°C, PPhs (4.27 mmol) and CBry
(4.27 mmol) were added and, after 5 min, the resulting
solution was allowed to stir at rt for about 35 min. After
dilution with saturated aqueous NaHCO3, an extraction with
AcOEt was performed.

4.13.1. (1)-(E)-Ethyl 2-acetamido-7-bromohept-5-eno-
ate 21. Chromatography with Et,O/AcOEt 100:0—9:1 gave
21 as a white-gray solid in 88% yield. Crystallization from
CH,ClL,/iPr,O afforded white crystals. Mp: 70.1-70.6 °C
(CH,Cl,/iPr,0). R; 0.51 (Et,O/AcOEt 8:2, A, B, C). Anal.
found C, 45.30; H, 6.15. C;;H;gBrNOj; requires C, 45.22; H,
6.21. IR: v, 3428, 3004, 1730, 1670, 1376, 1193, 1019, 967.
GC-MS: R, 7.31; m/z 248 [M*(*'Br)—45, 1.1], 246
[M T ("Br)—45, 0.92], 220 (7.2), 219 (7.1), 213 (5.6), 212
(44),178 (28), 176 (28), 170 (18), 166 (17), 138 (28), 102 (19),
97 (7.4),93 (84), 85 (8.2), 81 (6.3), 79 (20), 74 (9.9), 67 (8.1),
60 (27), 53 (11), 44 (6.3), 43 (100), 42 (11), 41 (12), 39 (7.9).
"HNMR (200 MHz): 1.30 [3H, t, CH,CH», J=7.2 Hz]; 1.69—

2.22 [4H, m, CH,CH,C=]; 2.04 [3H, s, CH;CO]; 3.87—4.01
[2H, m, CH,Br]; 4.22 [2H, q, CH,CH5, J=7.1 Hz]; 4.62 [1H,
dt, CHCO,Et, J=5.0, 7.7 Hz]; 5.69-5.80 [2H, m, CH=CH];
6.06 [1H, broad d, NH, J=7.6 Hz]. >*C NMR (50 MHz):
14.17 [CH,CH;]; 23.25 [CH5CO]; 27.85 [CH,CH,CH=];
31.74 [CH,CH,CH=]; 32.94 [CH,Br]; 51.62 [CHCO,Et];
61.62 [CH,CH5]; 127.54 and 134.39 [2C, CH=CH]; 169.77
and 172.36 [2C, CO].

4.13.2. (1)-(E)-t-Butyl 2-acetamido-7-bromohept-5-
enoate 22. Chromatography with ETP/AcOEt 2:8 gave 22
as a white foam in 75% yield. R; 0.50 (ETP/AcOEt 2:8,
A, B, C). Anal. found C, 48.75; H, 6.85. C,3H,,BrNO;
requires C, 48.76; H, 6.92. IR: v, 3009, 2958, 1723, 1666,
1189, 1149, 1097, 1010, 922. GC-MS: R, 7.60; m/z 248
IM*®'Br)—73, 3.1, 246 M+ ("Br)—73, 3.1], 220 (13),
218 (13), 185 (8.4), 184 (84), 178 (44), 176 (46), 142 (29),
140 (8.0), 138 (20), 97 (5.4), 96 (46), 86 (11), 85 (7.9), 81
(5.5),79 (14), 74 (11), 60 (19), 57 (67), 56 (6.7), 53 (11), 44
(10), 43 (100), 42 (9.8), 41 (40), 39 (10). 'H NMR
(200 MHz): 1.48 [9H, s, tBu]; 1.63-2.18 [4H, m,
CH,CH,C=]; 2.02 [3H, s, CH5CO]; 3.86-4.02 [2H, m,
CH,Br]; 4.52 [1H, dt, CHCO»tBu, J=5.4, 7.2 Hz]; 5.63-
5.84 [2H, m, CH=CH]; 6.04 [1H, broad d, NH, J=7.6 Hz].
13C NMR (50 MHz): 23.32 [CH5CO]; 27.85 [CH,CH,-
CH=]; 28.02 [3C, C(CH3)3]; 31.95 [CH,CH,CH=]; 33.01
[CH,Br]; 52.22 [CHCO,Et]; 82.39 [C(CH3)3]; 127.36 and
134.68 [2C, CH=CH]J; 169.65 and 171.54 [2C, CO].

4.13.3. Diethyl 2-acetamido-2-5-(bromopent-3-enyl)-
malonate 23. Chromatography with PE/AcOEt/ 2:8—
0:100 gave 23 as a pale yellow oil in 92% yield. R; 0.61
(Et;0, A, B, C). Anal. found C, 46.25; H, 6.05.
C4H,,BrNOs requires C, 46.17; H, 6.09. IR: v, 3410,
3005, 1734, 1676, 1481, 1369, 1268, 1230, 1094, 1006, 969.
GC-MS: R, 8.28; mi/z 320 [M"(®'Br)—45, 0.84], 318
[M*("Br)—45, 0.84], 284 (30), 250 (17), 248 (19), 243
(6.1), 242 (42), 238 (5.2), 174 (7.3), 171 (5.0), 169 (11), 168
(98), 151 (5.1), 140 (9.9), 135 (5.3), 133 (6.9), 123 (9.4), 122
(8.6), 116 (5.6), 115 (14), 112 (5.2), 111 (8.3), 96 (6.1), 95
(9.4), 94 (34), 80 (5.0), 79 (15), 77 (6.0), 71 (83), 67 (28), 60
(6.9), 55 (5.3), 54 (8.1), 53 (16), 43 (100), 42 (19), 41 (22),
39 (7.5). '"H NMR (300 MHz): 1.22 [6H, t, CH,CH;, J=
7.2 Hz]; 1.87-1.94 [2H, m, CH,CH,C=]; 2.01 [3H, s,
CH5CO]; 2.40 [2H, centre of m, CH,CH,C=]; 3.82-3.95
[2H, m, CH,Br]; 4.21 [4H, q, CH,CH;3, J=7.0 Hz]; 5.59—
5.73 [2H, m, CH=CH]; 6.77 [1H, broad s, NH]. '*C NMR
(75 MHz): 13.85 [2C, CH,CH3]; 22.91 [CH;COJ; 26.34
[CH,CH,CH=]; 31.08 [CH,CH,CH=]; 32.79 [CH,Br];
62.47 [2C, CH,CH;]; 66.02 [C(CO,Et),]; 127.10 and
134.26 [2C, CH=CH]; 167.77 [2C, CO,Et]; 169.00
[CH;3CO].

4.14. General procedure for the SN2’ cyclization

Several experiments have been performed, adding the
desired base to a solution of halide (compounds 20-23)
(for solvent and base, see Table 1) under argon. Reaction
times, temperatures, yields and dr are reported in Table 1.
Quenching with 5% aqueous NH4H,PO, was followed by
extraction with AcOEt.



L. Banfi et al. / Tetrahedron 62 (2006) 4331-4341 4339

4.14.1. (2R*,5R*)- and (2R*,55%)-Ethyl 1-acetyl-5-vinyl-
pyrrolidine-2-carboxylate 24a and 24b. Chromatography
with Et,O/AcOEt 8:2 — 6:4 gave diastereomeric products as
a pale yellow oil. The same chromatography also allowed to
obtain analytically pure diastereoisomers. trans Derivative
(2R*5R*): Ry 0.40 (Et,O/AcOEt 8:2, B). Anal. found C,
62.60; H, 8.05. C{1H;7NO; requires C, 62.54; H, 8.11. IR:
Vmax 2956, 2919, 2853, 1735, 1631, 1407, 1177, 1094, 1011,
921. GC-MS: R, 5.42; m/z211 (M, 2.3), 138 (30), 97 (7.2),
96 (100), 79 (7.1), 68 (9.1), 43 (25), 41 (9.0), 39 (5.1). 'H
NMR (200 MHz): 1.25 [3H, t, CH,CH3, J=7.2 Hz]; 1.70-
2.42 [4H, m, H3 and H,]; 2.04 [3H, s, CH;CO]; 4.12-4.23
[2H, m, CH,CH;]; 4.37-4.60 [2H, m, H, and Hs]; 5.07
[IH, dt, CHH=CH, J=1.2, 17.2Hz]; 5.17 [1H, dt,
CHH=CH, J=1.1, 10.4 Hz]; 5.80 [1H, ddd; CH,=CH,
J=5.2, 10.2, 16.8 Hz]. '>C NMR (50 MHz): 14.11
[CH,CHs;]; 22.06 [CH5CO]; 26.45 [C3]; 30.71 [C4]; 59.15
and 60.71 [2C, C, and Cs]; 61.02 [CH,CH3]; 115.18
[CH,=CH]; 137.64 [CH,=CH]; 170.27 and 172.14 [2C,
COl]. cis Derivative (2R*,55*): R; 0.30 (Et,O/AcOEt 8:2,
B). Anal. found C, 62.55; H, 8.15. C{{H7NOj requires C,
62.54; H, 8.11. IR: v, 3002, 1737, 1637, 1406, 1375,
1356, 1194, 1029, 919. GC-MS: R, 5.55; m/z 211 (M, 8.8),
139 (5.2), 138 (59), 97 (6.7), 96 (100), 79 (5.4), 68 (5.2), 43
(8.7). '"H NMR (200 MHz): 1.28 [3H, t, CH,CH;, J=
7.1 Hz]; 1.81-2.27 [4H, m, H; and H,]; 2.05 [3H, s,
CH;CO]; 4.12-4.52 [4H, m, CH,CH;3, H, and Hs]; 5.22
[IH, dt, CHH=CH, J=1.1, 104 Hz]; 5.46 [1H, dt,
CHH=CH, J=1.3, 17.2 Hz]; 5.93 [1H, ddd; CH,=CH,
J=6.6, 10.2, 17.2Hz]. ’C NMR (50 MHz): 14.15
[CH,CH;]; 22.13 [CH5CO]; 27.47 [C5]; 32.42 [C4]; 59.98
and 61.07 [2C, C, and Cs]; 61.63 [CH,CH3]; 116.52
[CH,=CH]; 137.97 [CH,=CH]; 170.14 and 172.26
[2C, CO].

4.14.2. (2R*,5R*)- and (2R*,55%)-t-Butyl 1-acetyl-5-
vinylpyrrolidine-2-carboxylate 25a and 25b. Chromato-
graphy with PE/AcOEt 4:6 gave separated diastereomeric
products as pale yellow oils. The relative configuration was
established to be trans for the major and cis for the minor
product on the basis of spectroscopic analogies with the
ethyl ester series. trans Derivative (2R* 5R*): Ry 0.37 (PE/
AcOEt 4:6, B). Anal. found C, 65.40; H, 8.80. C;3H,;NO;
requires C, 65.25; H, 8.84. IR: v, 3001, 1731, 1632, 1407,
1368, 1150. GC-MS: R, 5.79; m/z 239 (M, 2.4), 166 (7.0),
139 (8.0), 138 (67), 97 (11), 96 (100), 94 (6.1), 79 (9.3), 68
(9.2), 67 (5.8), 57 (15), 43 (29), 41 (17), 39 (7.0). "H NMR
(200 MHz): 1.45 [9H, s, C(CH3);]; 1.62-2.42 [4H, m, H;
and H,J; 2.04 [3H, s, CH5CO]J; 4.26-4.52 [2H, m, H, and
Hs]; 5.07 [1H, dt, CHH=CH, J=1.2, 16.8 Hz]; 5.16 [1H,
broad d, CHH=CH, J=10.6 Hz]; 5.80 [1H, ddd;
CH,=CH, J=5.4, 10.6, 17.2 Hz]. *C NMR (50 MHz):
22.13 [CH;CO]; 26.52 [C5]; 27.98 [3C, C(CHj3);3]; 30.72
[C4]; 59.95 and 60.78 [2C, C, and Cs]; 81.17 [C(CH3)3];
115.08 [CH,=CH]; 137.91 [CH,=CH]; 170.10 and 171.40
[2C, COl. cis Derivative (2R*,55*): R 0.23 (PE/AcOEt 4:6,
B). Anal. found C, 65.30; H, 8.90. C{3H,;NO; requires C,
65.25; H, 8.84. IR: v 3005, 1732, 1633, 1407, 1240,
1097, 1009, 924. GC-MS: R, 5.88; m/z 239 M ™, 1.3), 139
(5.4), 138 (46), 97 (7.3), 96 (100), 79 (5.6), 68 (5.4), 57
(8.7), 43 (16), 41 (9.4). '"H NMR (200 MHz): 1.47 [9H, s,
C(CH;)3]; 1.67-2.35 [4H, m, H; and H,]; 2.04 [3H, s,
CH;COJ; 4.22-4.70 [2H, m, H, and Hs]; 5.21 [1H, dt,

CHH=CH, J=1.0, 10.2 Hz]; 5.43 [1H, dt, CHH=CH, J=
1.0, 17.2 Hz); 5.94 [1H, ddd; CH,=CH, J=6.6, 10.6,
17.2 Hz]. '3C NMR (50 MHz): 22.20 [CH;COJ; 27.50 [C5];
28.01 [3C, C(CH3)3]; 32.42 [C4]; 60.83 and 61.72 [2C, C,
and Cs]; 81.16 [C(CH;);]; 116.36 [CH,=CH]; 138.25
[CH,=CH]; 169.82 and 169.89 [2C, CO].

4.14.3. (*)-Diethyl 1-acetyl-5-vinylpyrrolidine-2,2-
dicarboxylate 26. Chromatography with PE/Et,O 1:9—
0:100 gave diastereomeric products as a colourless oil. Ry
0.43 (Et,0, B). Anal. found C, 59.50; H, 7.40. C;4H,;NOs
requires C, 59.35; H, 7.47. IR: v,.x 2978, 2869, 1735, 1654,
1394, 1191, 1128, 1092, 1016, 925. GC-MS: R, 6.79; m/z
283 (M, 3.6),240 (2.5), 210 (6.6), 169 (10), 168 (100), 140
(5.3), 94 (4.7), 67 (3.5), 43 (5.0). "H NMR (300 MHz): 1.28
and 1.27 [6H, 2t, CH,CH3, J=7.2 Hz]; 1.73-2.47 [4H, m,
H; and H,); 2.06 [3H, s, CH3CO]; 4.23 [4H, centre of m,
CH,CH;]; 4.47 [1H, centre of m, Hs]; 5.22 [1H, broad d,
CHH=CH, J=10.5 Hz]; 5.40 [1H, dt, CHH=CH, J=1.1,
17.1 Hz]; 5.86 [1H, ddd; CH,=CH, J=5.7, 10.2, 16.8 Hz].
13C NMR (75 MHz): 13.90 and 13.96 [2C, CH,CH5;]; 22.36
[CH;5CO]; 31.27 and 33.64 [2C, C3 and Cy4]; 61.65 [Cs];
61.87 and 61.95 [2C, CH,CHj3]; 73.01 [C(CO;E(),]; 116.48
[CH,=CH]; 137.54 [CH,=CH]; 168.58, 168.75 and
170.16 [3C, CO].

4.15. (2R*,5R*)- and (2R*,55%)-Ethyl 1-acetyl-5-vinyl-
pyrrolidine-2-carboxylate 24a,b from 26

The same two step procedure described to obtain compound
15 was followed to give 24a,b in 80% overall yield, as a
12:88 trans:cis mixture.

4.16. (2R*,5R*)- and (2R*,55%)-1-Acetyl-2-hydroxy-
methyl-5-vinylpyrrolidine 27a and 27b

Dry CaCl, (274 mg, 2.47 mmol) was suspended in a
solution of dry THF-EtOH (2/1, 4.5 ml) and cooled to
—20°C. Solid NaBH, (156 mg, 4.12 mmol) was rapidly
added and the resulting slurry was stirred for 30 min at
—20 °C. A solution of ester 24 (174 mg, 823 umol) in dry
THF (4 ml) was added and the reaction was allowed to stir at
the same temperature overnight. Quenching with a 2:1
solution of NH4ClI (satd soln)/KH,PO, (1 M) was followed
by addition of AcOEt and filtration over a Celite pad. After
saturation with solid NaCl, the extraction was performed
with AcOEt/MeOH 9:1. The crude can then be used as such
for the following reaction, or purified by chromatography
with AcOEt/MeOH 100:0— 95:5 to give pure alcohol as a
colourless oil (124 mg, 89%). trans Derivative (2R* 5R*):
R; 0.36 (AcOEt/MeOH 95:5, B). Anal. found C, 63.70; H,
8.90. CoH;5NO, requires C, 63.88; H, 8.93. IR: v,.x 3389,
2985, 2876, 1608, 1411, 1064, 993, 968, 924. GC-MS
(parameters changed in the usual method: init. temperature
80 °C, init. time 2 min, rate 10 °C/min, final temperature
260 °C, final time 4 °C, inj. temperature 200 °C): R, 8.26;
m/z 169 M™, 2.4), 151 (1.4), 139 (5.2), 138 (41), 97 (7.1),
96 (100), 79 (12), 68 (6.3), 43 (23), 41 (7.2), 39 (5.5). 'H
NMR (300 MHz): 1.60-2.24 [4H, m, H3 and H,]; 2.06 [3H,
s, CH3CO]; 3.61-3.75 [2H, m (became the AB part of an
ABX system after exchange with D,O, »: 3.59 and 3.70,
Jap=11.1 Hz, Jox, Jgx=3.6, 7.8 Hz), CH,0OH]; 4.30-4.41
[2H, m, H, and Hs]; 4.72 [1H, broad s, OH]; 5.05 [1H, d,
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CHH=CH, J=17.1Hz]; 5.19 [1H, d, CHH=CH, J=
10.5 Hz]; 5.78 [1H, ddd; CH,=CH, J=5.4,10.2, 17.1 Hz].
3C NMR (75 MHz): 22.96 [CH5CO]; 25.40 [Cs]; 30.56
[C4]; 60.65 and 61.74 [2C, C, and Cs]; 66.11 [CH,OH];
115.04 [CH,=CH]; 137.42 [CH,=CH]; 172.46 [CO]. cis
Derivative (2R*55%): Ry 0.43 (AcOEt/MeOH 95:5, B).
Anal. found C, 63.75; H, 8.85. CoH;5NO, requires C, 63.88;
H, 8.93. IR: v, 3403, 3344, 2956, 2872, 1612, 1410, 1358,
1252, 1198, 1085, 1009, 926. GC-MS (parameters changed
in the usual method: init. temperature 80 °C, init. time
2 min, rate 10 °C/min, final temperature 260 °C, final time
4 °C, inj. temperature 200 °C): R, 8.30; m/z 169 M ™", 1.7),
151 (1.4), 139 (5.3), 138 (44), 97 (6.8), 96 (100), 79 (12), 68
(5.3), 43 (24), 41 (7.2), 39 (5.4). "H NMR (200 MHz): 1.47—
2.18 [4H, m, H; and H,]; 2.10 [3H, s, CH;CO]; 3.56-3.65
[2H, m (became the AB part of an ABX system after
exchange with D,O, »: 3.61 and 3.69, Jog=11.5 Hz, Jax,
Jex=2.0, 8.0 Hz), CH,OH]; 4.40 and 4.18 [2H, centrers of
2 m, H, and Hs]; 5.19 [1H, dt, CHH=CH, J=1.3, 18.2 Hz];
5.22 [1H, dt, CHH=CH, J=1.3,9.4 Hz]; 5.52 [1H, broad d,
OH, J=17.4 Hz]; 5.80 [1H, ddd; CH,=CH, J=5.6, 10.6,
16.8 Hz]. '>*C NMR (50 MHz): 22.63 [CH5CO]; 26.44
[C5]; 30.71 [C4]; 62.60 and 62.63 [2C, C, and Csl;
67.48 [CH,OH]; 115.89 [CH,=CH]; 137.82 [CH,=CH];
172.94 [CO].

4.17. 2R*,5R*)- and (2R*,55%)-2-Acetoxymethyl-1-
acetyl-5-vinylpyrrolidine 28a and 28b

A solution of 27 (110 mg, 650 pmol) in dry CH,Cl, (3 ml)
was cooled to 0°C and treated with EtzN (270 pl,
1.94 mmol), Ac,O (184 pul, 1.94 mmol) and 4-(dimethyl-
amino)pyridine (7.9 mg, 64.8 umol). After 5 min the
reaction mixture was stirred at rt for 1-2 h and then diluted
with water and extracted with CH,Cl,. Chromatography
with AcOEt/MeOH 100:0 — 98:2 gave 28 as a colourless oil
(123 mg, 90%). When the reaction was performed on crude
alcohol the overall yield from 24 was 82%. trans Derivative
(2R*,5R*): R; 0.60 (AcOEt/MeOH 95:5, B). Anal. found C,
62.65; H, 8.00. C;;H7NOj requires C, 62.54; H, 8.11. IR:
Vmax 2957, 1729, 1640, 1401, 1247, 1186, 1029, 991, 919.
GC-MS (parameters changed in the usual method: init.
temperature 80 °C, init. time 2 min, rate 7 °C/min, final
temperature 200 °C, then: rate 20 °C/min, final temperature
260 °C, final time 4 °C): R, 11.82; m/z 211 (M ™, 1.5), 151
(12), 138 (33), 126 (2.7), 109 (3.5), 97 (6.7), 96 (100), 79
(5.1), 68 (3.5), 43 (24), 41 (4.2). "H NMR (300 MHz): 1.68—
2.32 [4H, m, H3 and H,]; 2.01 and 2.03 [6H, 2s, CH;CO];
4.12 and 4.25 [2H, AB part of an ABX system, CH,OAc,
Jap=10.7 Hz, Jax, Jgx=3.1, 7.3 Hz]; 4.00-4.39 [2H, m,
H, and Hs]; 5.03 [1H, dt, CHH=CH, J=1.0, 17.1 Hz]; 5.16
[IH, dt, CHH=CH, J=1.0, 10.5Hz]; 5.79 [1H, ddd;
CH,=CH, J=5.4, 10.5, 17.1 Hz]. '3C NMR (75 MHz):
20.76 and 22.91 [2C, CH5CO]; 24.59 [C3]; 30.33 [C4l;
55.91 and 60.82 [2C, C; and Cs]; 63.05 [CH,0Ac]; 114.82
[CH,=CH]; 137.86 [CH,=CH]; 170.46 and 170.64 [2C,
COl. cis Derivative (2R*55%): R; 0.41 (AcOEt/MeOH 95:5,
B). Anal. found C, 62.70; H, 8.20. C;H7NO; requires C,
62.54; H, 8.11. IR: v, 2925, 2852, 1732, 1630, 1402,
1185, 1081, 989. GC-MS (parameters changed in the usual
method: init. temperature 80 °C, init. time 2 min, rate 7 °C/
min, final temperature 200 °C, then: rate 20 °C/min, final
temperature 260 °C, final time 4 °C): R, 11.94; m/z 211

M™,0.36), 151 (13), 138 (27), 109 (5.2), 97 (7.0), 96 (100),
94 (2.7), 81 (2.5), 79 (6.9), 68 (2.8), 67 (3.1), 54 (2.5), 43
(27), 41 (4.1), 39 (2.7). '"H NMR (300 MHz): 1.60-2.20
[4H, m, H; and H,]; 2.04 and 2.06 [6H, 2s, CH;CO]; 4.19
and 4.28 [2H, AB part of an ABX system, CH,OAc, Jog=
10.9 Hz, Jax, Jex=23.8, 6.8 Hz]; 4.10—4.41 [2H, m, H, and
Hs]; 5.18 [1H, d, CHH=CH, J=9.9 Hz]; 5.19 [1H, d,
CHH=CH, J=17.1 Hz]; 5.79 [1H, ddd; CH,=CH, J=6.6,
10.2, 17.1 Hz]. '3C NMR (75 MHz): 20.87 and 22.68 [2C,
CH;COJ; 26.33 [C5]; 31.63 [C4l; 56.61 and 61.71 [2C, C,
and Cs]; 64.37 [CH,OAc]; 115.54 [CH,=CH]; 138.85
[CH,=CH]; 170.73 and 170.80 [2C, CO].

4.18. (2R*,5R*)- and (2R*,55%)-2,5-Bis(acetoxymethyl)-
1-acetylpyrrolidine 29a and 29b

(1) Ozonolysis. A solution of 28 (100 mg, 475 pmol) in dry
CH,Cl1,/MeOH (1:1, 10 ml) was cooled to —78 °C and
ozonolyzed for about 5 min (at maximum power and at a
flow of 90 1/h). Ozone production was interrupted and the
apparatus was put under a static nitrogen atmosphere. Then
the solution was treated with 105 pl of Me,S, followed by
addition of NaBH, (54 mg, 1.42 mmol). The temperature
was allowed to rise to 0 °C in 2 h and the reaction was stirred
for additional 5 min at rt. Slowly, addition of NH4ClI satd
soln was followed by dilution with few ml of brine and
extraction with CHCl5/MeOH 9:1. After solvent removal
the crude yellow oil was submitted directly to acetylation.
(2) Acetylation. The same procedure described for the
preparation of 28 from 27 was followed. However, since the
starting alcohols cannot be detected in TLC, an equivalent
amount of the reagents was added again after 1 h and the
resulting solution was stirred at rt for 2 h. Chromatography
with AcOEt/MeOH 100:0— 95:5 gave 29 as a colourless oil
in 80% overall yield. Since compounds 29 were difficult to
be detected in TLC (iodine) the chromatographic purifi-
cation was followed by GC-MS. trans Derivative
(2R*5R*): Ry 0.44 (AcOEt, B). HPLC (hexane/iPrOH
87:13, 0.8 ml/min, A 220 nm): R, 15.92 and 17.41 min. Anal.
found C, 55.95; H, 7.35. C|,H;9NOs requires C, 56.02; H,
7.44.1R: vax 2999, 1738, 1631, 1385, 1187, 1031. GC-MS
(parameters changed in the usual method: init. temperature
80 °C, init. time 2 min, rate 7 °C/min, final temperature
200 °C, then: rate 20 °C/min, final temperature 260 °C, final
time 4 °C): R, 15.80; m/z 257 (M, 0.0099), 197 (7.1), 184
(14), 155 (5.4), 143 (11), 142 (100), 100 (46), 82 (38), 69
(7.1), 68 (12), 55 (18), 43 (76), 42 (7.9), 41 (7.8). "H NMR
(300 MHz): 1.80-2.18 [4H, m, H; and H,4]; 2.03, 2.06 and
2.16 [9H, 3s, CH5CO]; 3.83 and 4.14 [2H, 2 dd, CH,0OAc,
J=8.1, 10.5; 7.8, 10.8 Hz]; 4.04 and 4.29 [2H, 2 broad dt,
H, and Hs, J=3.9,7.7; 3.3, 7.1 Hz]; 4.15 and 4.20 [2H, AB
part of an ABX s?fstem, CH,0OAc, Jag=10.8 Hz, Jax,
Jex=2.0, 3.1 Hz]. >C NMR (75 MHz): 20.76, 20.88 and
22.75 [3C, CH3CO]; 25.31 and 27.27 [2C, C3 and C4]; 56.05
and 57.08 [2C, C, and Cs]; 63.10 and 64.40 [2C, CH,OAc];
169.82, 170.54 and 170.70 [3C, CO]. cis Derivative
(2R*,55%): Ry 0.31 (AcOEt, B). HPLC (hexane/iPrOH
87:13, 0.8 ml/min, A 220 nm): 12.65 min. Anal. found C,
56.15; H, 7.40. C1,HoNOs requires C, 56.02; H, 7.44. IR:
Vmax 2997, 1736, 1632, 1385, 1365, 1199, 1036. GC-MS
(parameters changed in the usual method: init. temperature
80 °C, init. time 2 min, rate 7 °C/min, final temperature
200 °C, then: rate 20 °C/min, final temperature 260 °C, final



L. Banfi et al. / Tetrahedron 62 (2006) 4331—4341 4341

time 4 °C): R, 15.65; m/z 214 (M —43, 0.11), 197 (5.2),
184 (7.3), 143 (8.7), 142 (100), 100 (41), 82 (37), 69 (5.2),
68 (9.7), 55 (18), 43 (80), 42 (8.0), 41 (7.5). '"H NMR
(300 MHz): 1.69-2.16 [4H, m, H; and H,]; 2.06, 2.09 and
2.16 [9H, 3s, CH;COJ; 3.94-4.33 [5H, m, CH,OAc, H, or
Hs); 433 [1H, dd, H, or Hs, J=4.8, 12.6 Hz]. '*C NMR
(75 MHz): 20.82, 20.93 and 22.58 [3C, CH5CO]; 25.54 and
27.46 [2C, C5 and C4]; 56.46 and 57.47 [2C, C, and Cs];
64.06 and 64.94 [2C, CH,OAc]; 170.43, 170.68 and 170.73
[3C, CO].
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Abstract—A facile, high yield stereoselective synthesis of functionalized diastereomeric 3-spirocyclopropane-2-indolones (10-17a,b) from
the isomerised bromo derivatives of Baylis—Hillman adducts of isatin(2—9a,b) by reductive cyclization with sodium borohydride is reported.
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1. Introduction

Construction of cyclopropane ring systems is of great
interest of organic chemists due to its existence as a basic
unit in a number of natural products.” Cyclopropane ring
systems are versatile building blocks in complex molecular
construction. In view of their importance as synthons,
numerous synthetic methods have been reported for their
synthesis.” The synthesis of spirocycloindolones are of great
interest because they display a variety of biological
activities and many of them used as starting materials for
alkaloid synthesis.” Different synthetic strategies are known
for the construction of 3-spirocycloalkylindolones® but the
synthesis of 3-spirocyclopropane-2-indolones by reductive
cyclization of isomerised bromo derivative of Baylis—
Hillman adducts of isatin is unexplored to date. Amongst
various carbon—carbon bond forming reactions, the Baylis—
Hillman reaction is an important reaction giving rise to
densely functionalized molecules and is considered atom
economic. Highly functionalized Baylis—Hillman adducts
have been used as starting materials for various stereo-
selective preparations of functionalized intermediates and in
natural product synthesis.” We have been working on novel
synthetic applications of the Baylis—Hillman adducts.’®
Thus, in this paper, we wish to outline the synthesis of
3-spirocyclopropane-2-indolones by reductive cyclization
of isomerised Baylis—Hillman adducts of isatin for the first
time.

Keywords: Isatin; Spirocyclopropane; Sodium borohydride; 2-Indalones;

Baylis—Hillman adduct.
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2. Results and discussion

The synthetic strategy of present study is depicted in
Scheme 1. Reductive cyclization of isomerised bromo
derivative of Baylis—Hillman adduct of isatin C would
provide functionalized 3-spirocyclopropane-2-indolones D.
The isomerised bromo derivative of Baylis—Hillman adduct
of isatin C could be synthesized from the Baylis—Hillman
adduct of isatin B by isomerisation reaction with 46%
aqueous HBr under microwave irradiation. In turn, adducts
B could be prepared from the corresponding substituted
isatins A.

Br
Ry 0 R HO Ry
s = )y
(6]
N N0 N7 O
R2 R> R
2

A B R, Cﬁ H

Scheme 1. Retrosynthetic analysis.

The details of the study are shown in Scheme 2. Some of the
Baylis—Hillman adducts of isatin used in the present study
were prepared according to literature procedure.’” Thus, as
shown, the model substrate 1 was prepared by the treatment
of N-methyl isatin with ethyl acrylate using 10% mole
percent of DABCO in methanol at rt in good yield.

The pure adduct 1 with aqueous HBr (4 equiv) embedded on
silica gel (0.2 gm) was irradiated in a microwave oven for
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Ry

] \

= N O 95%

Ry=H, RZ—CH3 z=Co,Et 1 F iSofnei ’ Zisgmer
2a  98%| b b

R, D/H
“ “yy
M, 7 z
o
N (0]
Rz
Minor 10a Major 10b

Scheme 2. Cyclopropanation of isomerised BH adducts. Reagents and
condition: (a) 4 equiv 46% HBEr, silica gel, pw, 750 W, 3 min; (b) 2 equiv,
NaBH,, THF, 0.5 h.

3 min to afford a 1:2 mixture of E:Z isomers of bromo
derivative 2a and 2b in 95% combined yield after
purification by silica gel column chromatography. Stereo-
selective cyclopropane formation from the mixture 2a and
2b in dry THF with 2 equiv of sodium borohydride at rt for
0.5 h afforded functionalized 3-cylopropyl-2-indolones as
diastereomeric mixture of 10a and 10b in 98% combined
yield. The ratio of the products (10a/10b) was found as 1:2
as estimated by 'H NMR. The new compounds were
characterized by spectral (IR, 'H and '>C NMR) and HRMS
data.

In order to study the selectivity in diastereomeric mixture
(10a and 10b) formation, we separated the E and Z isomers
of Baylis—Hillman bromo derivatives (2a and 2b) by
column chromatography and reduced them under optimized
reduction condition separately. To our surprise, the
separated geometrical isomers 2a and 2b provided the
same mixture and same ratio of cyclopropanes 10a and 10b
on exposure to sodium borohydride. Hence, it is understood
that both the isomers are undergoing reductive cyclopropa-
nation through a common stable intermediate. The
formation of diastereomeric mixture through a common
intermediate could be explained based on the plausible
mechanism proposed in Scheme 3. Thus, the hydride ion
attack on double bond of the isomerised Baylis—Hillman

7~z J

R, Z

Scheme 3. Plausible mechanism for cyclopropanation.

adducts leads to a common enolate intermediate A, which
undergoes cyclopropanation as shown in Scheme 3.

Characterization of the minor and major products (10a and
10b) was achieved based on the analysis of 'H NMR spectra
and coupling constant studies. In order to confirm the
projection of ester group (o or B) in isomers 13a and 13b,
the chemical shift variation of aromatic protons Hyq and Hy
was used as a tool. These are visualised in Figures 1 and 2.
For example, the Hy proton appeared at ¢ 7.51 due to
anisotropic influence of ester carbonyl in 13a while the Hy
proton appeared at 6 6.94 due to no influence of ester group

H]} " H., Hu/H,

o T T T
7 13a 3 2
H;-
jj )
{ a,
T T - T
! 1™ 3 2

Figure 1.

13a

Figure 2.

4

i
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in 13b. To fix the nature of protons of the cyclopropane
rings, the coupling constant and chemical shift correlation
studies were used as a tool. Thus, in compound 13a, the H,
proton appeared at 6 2.03 (dd, J,.,,=4.5 Hz, J;s=8.7 Hz),
Hy, proton appeared at 6 2.13 (dd, Je, =4.5 Hz, Jyans=
7.2 Hz) and H, proton appeared at ¢ 2.71 (dd, J.;;=28.7 Hz,

HO Br p Ph
>—< A
COZMe
co,Me
b 1c COzMe

Scheme 4. Cyclopropanation of simple isomerised BH adduct. (a) 4 equiv
46% HBr, CH,Cl,, rt, 0.5 h; (b) 2 equiv NaBH,, THF, 0.5 h.

Br
Ry HO Ry Ry z
2 a — ] N\ __= |\/Br
- "
o —
X O N O
R, R :
_ RS J R
R1=H,Br E-lsomer | Z—Isozmer
R,=Me,CH,Ph,Propargyl  25.94 b 2b-9b
Z=CO,Et,CN

Minor 10a-17a

Major 10b-17b

Scheme 5. Generality of the cyclopropanation. (a) 4 equiv 46% HBEr, silica
gel, pw, 750 W, 3 min; (b) 2 equiv NaBH,, THF, 0.5 h.

Table 1. Synthesis of 3-spirocyclopropane-2-indolones
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Jians=7.2 Hz). In contrary, in compound 13b, the H,
proton appeared at ¢ 1.80 (dd, J,.,,=5.1 Hz, J;s=8.7 Hz),
Hy proton appeared at 6 2.38 (dd, Jg,=5.1 Hz, Jyans=
8.1 Hz) and H. proton appeared at 6 2.64 (dd, J.;s=8.7 Hz,
Jirans=28.1 Hz). Hence, the structure with relative stereo-
chemistry of minor and major compounds 13a and 13b was
assigned as shown in Figure 2.

To investigate the limitation and applicability of cyclopro-
panation reaction to the simple Baylis—Hillman adducts, the
adduct 1a derived from benzaldehyde with methyl acrylate
on isomerisation with aqueous HBr at rt to afford
corresponding isomerised product 1b as a single isomer.
The isomerised bromo derivative 1b in dry THF upon
reduction with 2 equiv of NaBH, (optimised conditions) did
not yield the expected cyclopropane derivative 1c. Careful
repeatation and altering the reaction conditions provided
only the unreacted starting material. Thus, it is clear that
only isomerised bromo derivative of isatins are suitable
substrates for the cyclopropanation under reductive cycliza-
tion condition. The reaction is shown in Scheme 4.

Encouraged by the preliminary results and to show the
generality of the reaction, the reaction of isomerised bromo
adducts of isatin 2ab—9ab under optimized conditions
afforded the corresponding functionalized 3-cylopropyl-2-
indolones 10a/10b—17a/17b in excellent yield. The reaction
is showed in Scheme 5 and the results are summarized in
Table 1. All the new compounds were thoroughly
characterized by spectral (IR, '"H and '*C NMR, DEPT-
135) and HRMS data.

Entry Reactant (E and Z)* Condition® Products® Ratio Combined
yield (%)*
Minor Major
_Br EtO,C,
{ BH
CO,Et . /
1 Qi; ”21“ E[cll:ulv NaBH,, Q‘ 1 o o8
N ,0.5h, rt N/\O
|
2a ‘and 2b 10a
Br EtO,C, H
( B'H \ “1ICO,EL
=
equiv NaBH,, S L .
? N © THF, 0.5 h, 1t Ny o 0 1:2 93
LP lll\Ph \\Ph
3a and 3b a 11b
" /Br CO,E
E ol 7l t
CO,Et Q
o) 2 equiv NaBH,, .
’ ’t THF, 0.5 h, 1t 1:2 95
Ph
4a and 4b 12b
Br
Br /
P
mcoza
2 equiv NaBH,,
o B
! N THF, 0.5 h, 1t 1:1.5 96

5a and 5b
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Table 1 (continued)

Entry Reactant (E and Z)* Condition® Products® Ratio Combined
yield (%)
Minor Major
/Br H
B

CO,Et
5 o 2 equiv NaBHy,

T‘\ THF, 0.5 h, t
—

/

6a and 6b 14b
/Br B
eiH
= 2 equiv NaBH,, 2
O .
0 "\‘ THF, 0.5 h, rt 'V/\ o 1:2 94
7a and 7b
B H
=
2 equiv NaBH,, i ‘
’ N THF, 0.5 h, 1t N o 1:2.5 98
I\Ph ~ph
8a and 8b 16b
Br. B . H\
é N
A b
CN . L
g \C&\ 2 equiv NaBH,, Q‘: s %
N O THF, 0.5 h, rt 0 i1
\\Ph ~pn
9a and 9b 17b

# E/Z mixture was used as starting material.

" See typical procedure.

¢ The isomers were separated by column chromatography.
4 Estimated after column purification of the products.

3. Conclusion

In conclusion, we have demonstrated a short, novel and
facile method for the synthesis of functionalized diaster-
eomeric 3-spirocyclopropane-2-indolones from isomerised
bromo derivatives of Baylis—Hillman adducts of isatin by
reductive cyclopropanation methodology as a key step for
the first time. Further studies to apply this strategy for the
synthesis of natural products are underway in our
laboratory.

4. Experimental

4.1. General consideration

All the experiments were carried out in oven-dried
glassware. Analytical thin-layer chromatography was
performed on silica gel TLC plates. Purification by gravity
column chromatography was carried out using silica gel
(100-200 mesh). Mixture of ethyl acetate and hexane and
pure ethyl acetate were used as eluent as required. IR spectra
were run on a Nicolet (impact 400D FT-IR) spectropho-
tometer. NMR spectra were obtained using chloroform-d as
solvent on Bruker DPX 300 MHz NMR spectrometer.
Chemical shifts are given in ¢ scale with TMS as internal
reference. HRMS were measured at the JMS 600 JEOL

Mass Spectrometer. Yields refer to quantities obtained after
chromatography. Solvents used are reagents grade and were
purified before use according to the literature procedure.®

4.2. Typical experimental procedure for isomerisation
of Baylis—Hillman adducts

A mixture of Baylis—Hillman adduct 1 derived from isatin
(100 mg, 0.382 mmol) was added 4 equiv of 46% HBr and
silica gel (0.2 g) to make a slurry. The slurry was subjected
to microwave irradiation (750 W, 5 s pulse) over a period of
3 min. The crude mixture was cooled to rt and then
extracted with CH,Cl, and the organic phase was washed
with water. The organic layer was separated and dried
(Na,S0O,) and concentrated in vacuo. The crude mixture was
purified by silica gel column chromatography using a
gradient elution with hexane and hexane and EtOAc as
eluent to afford pure isomerised bromo derivatives 2a and
2b in 95% combined yield (118 mg).

4.3. Typical experimental procedure for the synthesis
of 3-spirocyclopropane-2-indolones

A mixture of isomerised bromo derivatives of Baylis—
Hillman adducts 2a and 2b (40 mg, 0.123 mmol) in dry
tetrahydrofuran (3 mL) was added 2equiv of sodium
borohydride (9.3 mg, 0.245 mmol). The mixture was stirred
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at rt until complete disappearance of starting material (TLC,
ca. 0.5h). Then, the THF was removed under reduced
pressure. The crude material was extracted with ethyl
acetate (2X30 mL) and the combined organic layer was
washed with water followed by brine. The organic layer was
separated and dried (Na,SO,4) and concentrated in vacuo.
The crude mixture was purified by silica gel column
chromatography using a gradient elution with hexane and
hexane and EtOAc as eluent to afford pure cyclopropane
derivatives 10a and 10b in 98% combined yield (29 mg).

4.4. Spectral data of new compounds

4.4.1. Spiro[cyclopropane-1,3'-[3H]indole]-2-carboxylic
acid, 1/,2'-dihydro-1'-methyl-2’-oxo0-, ethyl ester, 10a. IR
(CH,Cl,) 2968, 2925, 2863, 1746, 1722, 1617, 1468 cm ™ ';
"H NMR (300.1 MHz/CDCl5): 6 1.20 (t, J=6.9 Hz, 3H),
2.01 (dd, J=4.5,8.7 Hz, 1H), 2.13 (dd, J=4.5, 7.5 Hz, 1H),
2.70 (dd, J=7.5, 8.7 Hz, 1H), 3.28 (s, 3H), 4.13 (q, J=
6.9 Hz, 2H), 6.90 (d, J=7.8 Hz, 1H, Ar), 7.02 (t, /=7.8 Hz,
1H, Ar), 7.29 (t, J=7.8 Hz, 1H, Ar), 7.36 (d, J=7.8 Hz, 1H,
Ar); >C NMR (75.3 MHz/CDCl5): 6 14.33, 20.89, 26.87,
29.54,32.94,61.43,108.21, 122.40, 122.80, 126.06, 127.86,
144.45, 169.03, 175.29; HRMS: Calcd for C4H;5NOs:
245.1052; Found: 245.1045.

4.4.2. Spiro[cyclopropane-1,3'-[3H]indole]-2-carboxylic
acid, 1/,2'-dihydro-1'-methyl-2’-0xo0-, ethyl ester, 10b. IR
(CH,Cly): 3057, 2963, 2937, 2852, 1739, 1709, 1611,
1466 cm ™ '; 'TH NMR (300.1 MHz/CDCls): 6 1.21 (t, J=
6.9 Hz, 3H), 1.72 (dd, /=4.8, 8.4 Hz, 1H), 2.31 (dd, J=4.8,
8.1 Hz, 1H), 2.57 (dd, J=8.1, 8.4 Hz, 1H), 3.19 (s, 3H),
4.14 (q, J=6.9 Hz, 2H), 6.77 (d, J=7.2 Hz, 1H, Ar), 6.82
(d, J=7.8 Hz, 1H, Ar), 6.98 (t, J=7.5 Hz, 1H, Ar), 7.22 (t,
J=7.8 Hz, 1H, Ar); >C NMR (75.3 MHz/CDCls): 6 14.36,
20.73, 27.07, 29.42, 32.87, 61.84, 108.82, 122.67, 122.48,
126.53, 127.76, 143.56, 168.68, 174.29; HRMS: Calcd for
C14H5NO3: 245.1052; Found: 245.1043.

4.4.3. Spiro[cyclopropane-1,3’-[3H]indole]-2-carboxylic
acid, 1',2'-dihydro-1'-benzyl -2’-oxo0-, ethyl ester, 11a. IR
(CH,Cly): 2927, 2849 (cyclopropane), 1721 (ester, amide),
1608 (Ar), 1464 (cyclopropane)cm™ '; 'H NMR
(300.1 MHz/CDCl5): 6 1.25 (t, J=6.9 Hz, 3H), 2.08 (dd,
J=4.2,8.4Hz, 1H),2.18 (dd, J=4.2,7.5 Hz, 1H), 2.77 (dd,
J=17.5, 8.4 Hz, 1H), 4.15 (q, J=6.9 Hz, 2H), 5.10 (s, 2H),
6.84-7.45 (m, 9H, Ar); >C NMR (75.3 MHz/CDCls): 6
14.35, 21.27, 32.12, 33.15, 44.52, 61.51, 109.24, 118.80,
122.73, 122.95, 124.93, 127.55, 127.79, 127.85, 128.40,
128.99, 136.03, 143.60, 168.99, 175.11; HRMS: Calcd for
C,oHoNO3: 321.1363; Found: 321.1359.

4.4.4. Spiro[cyclopropane-1,3'-[3H]indole]-2-carboxylic
acid, 1/,2/-dihydro-1" -benzyl -2'-oxo0-, ethyl ester, 11b. IR
(CH,Cl,): 2983, 2927, 1735, 1705, 1613, 1466 cm™'; 'H
NMR (300.1 MHz/CDCls): ¢ 1.25 (t, J=7.1 Hz, 3H), 1.85
(dd, J=4.8, 8.4 Hz, 1H), 2.43 (dd, J=4.8, 7.8 Hz, 1H), 2.68
(dd, J=17.8, 8.4 Hz, 1H), 4.17 (q, J="7.1 Hz, 2H), 4.89 (d,
J=15.6 Hz, 1H), 5.04 (d, /J=15.6 Hz, 1H), 6.76-7.26 (m,
9H, Ar); *C NMR (75.3 MHz/CDCl,): 6 14.38, 21.16,
32.44, 33.79, 44.25, 61.63, 109.33, 118.39, 122.46, 127.38,
127.51, 127.77, 127.82, 128.93 (2C), 129.14, 136.14,

142.95, 167.23, 173.67; HRMS: Calcd for ChoH;oNOs:
321.1365; Found: 321.1363.

4.4.5. Spiro[cyclopropane-1,3’-[3H]indole]-2-carboxylic
acid, 1’,2’-dihydro-1'-benzyl-5'-bromo-2’-ox0-, ethyl
ester, 12a. IR (CH,Cl,): 2931, 2854, 1727, 1713, 1603,
1473 cm™'; 'H NMR (300.1 MHz/CDCls): 6 1.23 (t, J=
6.9 Hz, 3H), 2.10 (dd, /=4.5, 8.7 Hz, 1H), 2.17 (dd, J=4.5,
7.5 Hz, 1H), 2.78 (dd, J=17.5, 8.7 Hz, 1H), 4.18 (q, J=
6.9 Hz, 2H), 4.99 (2d, J=15.6 Hz, 2H), 6.65 (d, /=8.4 Hz,
1H, Ar), 7.26-7.32 (m, 6H, Ar, Ph), 7.52 (d, J=2.1 Hz, 1H,
Ar); >C NMR (75.3 MHz/CDCl5): 6 14.15, 21.48, 31.91,
33.24, 44.35, 61.57, 110.36, 115.14, 116.63, 125.98, 127.24
(20), 127.82, 128.87 (2C), 130.41, 135.29, 142.36, 167.98,
175.01; HRMS: Calcd for C,oH;gBrNO5: 399.0470; Found:
399.0466.

4.4.6. Spiro[cyclopropane-1,3'-[3H]indole]-2-carboxylic
acid, 1',2’-dihydro-1'-benzyl-5'-bromo-2’-ox0-, ethyl
ester, 12b. IR (CH,Cl,): 3060, 2988, 2925, 1741, 1713,
1617, 1483 cm ™ '; '"H NMR (300.1 MHz/CDCl5): 6 1.26 (t,
J=7.2 Hz, 3H), 1.86 (dd, J=5.1, 8.7 Hz, 1H), 2.25 (dd, J=
5.1, 8.1 Hz, 1H), 2.69 (dd, /=8.1, 8.7 Hz, 1H), 4.26 (q, J=
7.2 Hz, 2H), 4.87 (d, J=15.6 Hz, 1H), 5.02 (d, J=15.6 Hz,
1H), 6.62 (d, J=8.1 Hz, 1H, Ar), 6.95 (d, J=2.1 Hz, 1H),
7.24-7.33 (m, 6H, Ar, Ph); >*C NMR (75.3 MHz/CDCls): 6
14.13, 19.81, 32.01, 33.85, 44.09, 61.56, 110.51, 114.96,
121.93, 127.19 (2C), 127.73, 128.80 (3C), 130.36, 131.01,
135.39, 166.58, 172.87; HRMS: Calcd for CyoH;gBrNOs5:
399.0470; Found: 399.0464.

4.4.7. Spiro[cyclopropane-1,3’-[3H]indole]-2-carboxylic
acid, 1',2’-dihydro-1’ -methyl-5'-bromo-2’-oxo-, ethyl
ester, 13a. IR (CH,Cl,): 2984, 2921 (cyclopropane), 1717
(ester, amide), 1606 (Ar), 1464cm~'; 'H NMR
(300.1 MHz/CDCls): 6 1.23 (t, J=6.9 Hz, 3H), 2.03 (dd,
J=4.5,8.7Hz, 1H),2.13 (dd, J=4.5,7.2 Hz, 1H), 2.71 (dd,
J=17.2, 8.7 Hz, 1H), 3.26 (s, 3H), 4.17 (q, J=6.9 Hz, 2H),
6.76 (d, J=28.1 Hz, 1H, Ar), 7.42 (d, J=8.1 Hz, 1H, Ar),
7.51 (d, J=1.8 Hz, 1H, Ar); '>C NMR (75.3 MHz/CDCl5):
0 14.15, 21.11, 26.76, 29.67, 33.06, 61.50, 108.04, 115.03,
125.86, 127.94, 130.49, 143.30, 168.46, 174.17; HRMS:
Calcd for Ci4H14BrNO;5: 323.0157; Found: 323.0149.

4.4.8. Spiro[cyclopropane-1,3'-[3H]indole]-2-carboxylic
acid, 1’,2’-dihydro-1’ -methyl-5'-bromo-2’-oxo0-, ethyl
ester, 13b. IR (CH,Cl,): 2982, 1741, 1712, 1610,
1465 cm™'; "TH NMR (300.1 MHz/CDCly): 6 1.27 (t, J=
7.2 Hz, 3H), 1.80 (dd, J=5.1, 8.7 Hz, 1H), 2.38 (dd, J=5.1,
8.1 Hz, 1H), 2.64 (dd, J=8.1, 8.7 Hz, 1H), 3.24 (s, 3H),
4.20 (q, J=7.2 Hz, 2H), 6.75 (d, J=38.1 Hz, 1H, Ar), 6.94
(d, J=1.8 Hz, 1H, Ar), 7.40 (dd, J=8.1, 1.8 Hz, 1H, Ar);
3C NMR (75.3 MHz/CDCls): 6 14.13, 21.32, 26.67, 32.15,
33.39, 61.53, 109.52, 114.85, 121.85, 130.02, 131.02,
142.68, 166.67, 172.75; HRMS: Calcd for C;4H;4BrNOs;:
323.0157; Found: 323.0142.

4.4.9. Spiro[cyclopropane-1,3'-[3H]indole]-2-carboxylic
acid, 1',2/-dihydro-1'-propargyl-2'-oxo-, ethyl ester, 14a.
IR (CH,Cl,): 3063, 2959, 2927, 2846, 1728, 1706, 1611,
1462 cm™ '; 'H NMR (300.1 MHz/CDCls): 6 1.21 (t, J=
7.1 Hz, 3H), 2.05 (m, 1H), 2.17 (m, 1H), 2.26 (t, J=2.4 Hz,
1H), 2.74 (m, 1H), 4.11 (q, J=7.1 Hz, 2H), 4.57-4.62
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(d, J=2.4Hz, 2H), 6.75-7.48 (m, 4H, Ar); '*C NMR
(75.3 MHz/CDCl5): 6 14.83, 21.72, 29.79, 32.76, 33.29,
47.92,61.65,72.54,109.83, 119.20, 122.85, 127.94, 128.44,
142.21, 167.50, 173.13; HRMS: Caled for C;6H;sNOs:
269.1052; Found: 269.1050.

4.4.10. Spiro[cyclopropane-1,3’-[3H]indole]-2-carboxylic
acid, 1’,2’-dihydro-1'-propargyl-2’-oxo-, ethyl ester, 14b.
IR (CH,Cl,): 3054, 2986, 2930, 1740, 1719, 1612,
1467 cm ™~ "; 'H NMR (300.1 MHz/CDCLy): & 1.26 (t, J=
72 Hz, 3H), 1.82 (dd, J=>5.1,8.7 Hz, 1H), 2.24 (t, J=2.4 Hz,
1H), 2.39 (dd, J=5.1, 8.1 Hz, 1H), 2.66 (dd, /J=8.1, 8.7 Hz,
1H), 4.19 (q, J=7.2 Hz, 2H), 4.48-4.68 (d, J=2.4 Hz, 2H),
6.86 (d, J=7.2 Hz, 1H, Ar), 7.05-7.34 (m, 3H, Ar); '>C NMR
(75.3 MHz/CDCls): 6 14.32, 21.52, 29.70, 32.42, 33.68,
47.97, 61.62, 72.48, 109.37, 118.79, 122.83, 127.91, 128.95,
14191, 167.04, 172.55; HRMS: Calcd for C,¢H;sNOs:
269.1052; Found: 269.1047.

4.4.11.  Spiro[cyclopropane-1,3'-[3H]indole]-1',2’-
dihydro-1'-methyl -2’-oxo-2-nitrile, 15a. IR (CH,Cl,):
3086, 3027, 2236, 1701, 1614, 1469 cm™'; '"H NMR
(300.1 MHZ/CDCl,): 6 1.89 (dd, J=4.8, 6.9 Hz, 1H), 2.13
(dd, J=4.8,9.3 Hz, 1H), 2.44 (dd, J=6.9, 9.3 Hz, 1H), 3.30
(s, 3H), 6.97 (d, J=7.8 Hz, 1H, Ar), 7.12-7.42 (m, 3H, Ar);
13C NMR (75.3 MHz/CDCl,): 6 14.78, 21.31, 26.85, 31.70,
108.66, 116.85, 120.91, 122.89, 124.07, 128.83, 144.10,
172.97; HRMS: Calcd for C;,H;oN,O: 198.0793; Found:
198.0790.

4.4.12. Spiro[cyclopropane-1,3’-[3H]indole]-1',2’-
dihydro-1'-methyl -2’-oxo0-2-nitrile, 15b. IR (CH,Cl,):
3031, 2963, 2916, 2848, 2247, 1705, 1611, 1466 cm ™ '; 'H
NMR (300.1 MHz/CDCl5): 6 1.99 (dd, J=5.1, 9.3 Hz, 1H),
2.19(dd, J=5.1,7.2 Hz, 1H), 2.35 (dd, J=7.2, 9.3 Hz, 1H),
3.34 (s, 3H), 6.79 (d, J=7.1 Hz, 1H, Ar), 6.96 (d, J=
7.1 Hz, 1H, Ar), 7.07 (t, J=7.8 Hz, 1H), 7.35 (t, J=7.8 Hz,
1H, Ar); C NMR (75.3 MHz/CDCLy): & 15.09, 21.14,
26.90, 31.83, 108.41, 115.89, 118.84, 122.56, 126.02,
128.87, 144.17, 171.49; HRMS: Calcd for Cy,H,oN,O:
198.0793; Found: 198.0795.

4.4.13. Spiro[cyclopropane-1,3’-[3H]indole]-1',2’-
dihydro-1’ -benzyl -2'-oxo-2-nitrile, 16a. IR (CH,Cl,):
3030, 2925, 2855 (cyclopropane), 2240 (CN), 1717 (amide),
1612 (Ar), 1465 cm™'; 'H NMR (300.1 MHz/CDCl;): 6
1.94 (dd, J=5.1, 6.9 Hz, 1H), 2.20 (dd, J=5.1, 9.3 Hz, 1H),
2.52 (dd, J=6.9, 9.3 Hz, 1H), 4.95 (s, 2H), 6.87 (d, J=
7.8 Hz, 1H, Ar), 6.96 (d, J=7.1 Hz, 1H, Ar), 7.07 (t, J=
7.8 Hz, 1H), 7.05-7.34 (m, 8H, Ar, Ph); '3C NMR
(75.3 MHz/CDCl5): 15.00, 21.58, 30.91, 44.50, 109.67,
116.84, 121.00, 122.92, 124.08, 127.34 (2C), 127.88,
128.76, 128.89 (2C), 135.32, 143.27, 173.16; HRMS:
Calcd for C;gH4N,0: 274.1106; Found: 274.1103.

4.4.14.  Spiro[cyclopropane-1,3'-[3H]indole]-1",2'-
dihydro-1’ -benzyl -2’-o0xo-2-nitrile, 16b. IR (CH,Cl,):
3032, 2928, 2252, 1719, 1618, 1467 cm™'; '"H NMR
(300.1 MHz/CDCls): & 2.03 (dd, J=4.8, 9.0 Hz, 1H), 2.25
(dd, J=48, 7.5 Hz, 1H), 2.35 (dd, J=7.5, 9.0 Hz, 1H),
4.95-5.08 (2d, J=15.6 Hz, 2H), 6.81-7.33 (m, 9H, Ar, Ph);
13C NMR (75.3 MHz/CDCls): 15.35, 21.35, 31.84, 44.48,
109.74, 115.82, 118.93, 122.58, 126.02, 127.55, 127.83

(20), 128.73, 128.86 (2C), 135.58, 143.18, 171.62; HRMS:
Calcd for C;gH4N,0: 274.1106; Found: 274.1098.

4.4.15. Spiro[cyclopropane-1,3’-[3H]indole]-1',2’-
dihydro-1’ -benzyl-5'-bromo -2'-oxo-2-nitrile, 17a. IR
(CH,Cl,): 2975, 2852 (cyclopropane), 2249 (CN), 1721
(CO), 1613 (Ar), 1479 (cyclopropane)cm™'; '"H NMR
(300.1 MHz/CDCl5): 6 1.94 (dd, J=5.1, 7.2 Hz, 1H), 2.21
(dd,J=5.1,9.3 Hz, 1H), 2.55 (dd, J=7.2,9.3 Hz, 1H), 4.98
(s, 2H), 6.72 (d, J=8.1 Hz, 1H, Ar), 7.27-7.40 (m, 7H, Ar,
Ph); 'C NMR (75.3 MHz/CDCl5): 6 14.18, 21.01, 44.59,
31.56, 109.67, 122.92, 124.23, 127.26, 127.48, 127.87,
128.75, 128.89, 128.99, 131.68, 134.85, 135.44, 142.3,
172.60; HRMS: Calcd for C;gH3BrN,O: 352.0211; Found:
352.0203.

4.4.16.  Spiro[cyclopropane-1,3’-[3H]indole]-1’,2'-
dihydro-1'-benzyl-5'-bromo-2’-o0xo0-2-nitrile, 17b. IR
(CH,CL,): 2926, 2853, 2246, 1714, 1614, 1480 cm~; 'H
NMR (300.1 MHZ/CDCl): 6 2.03 (dd, J=5.1, 9.3 Hz, 1H),
2.29(dd, J=5.1,7.5 Hz, 1H), 2.37 (dd, J=17.5, 9.3 Hz, 1H),
4.93-5.07 (2d, J=15.6 Hz, 2H), 6.70 (d, J=8.4 Hz, 1H,
Ar), 6.94 (s, 1H, Ar), 7.26-7.34 (m, 6H, Ar, Ph); 3C NMR
(75.3 MHz/CDCls): 6 15.34, 21.54, 31.63, 44.58, 111.05,
11.23, 121.63, 125.22, 127.26, 127.47, 128.01, 128.11,
128.95, 131.52, 131.67, 135.83, 142.16, 172.03; HRMS:
Calcd for CgH3BrN,O: 352.0211; Found: 352.0193.

5. Supplementary data

Scanned copies of the 'H and '>C NMR spectra of all the
diastereomeric mixtures available as supporting data.
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Abstract—The p-glucose derived o, 3-unsaturated ester S on 1,2-acetonide deprotection, oxidative diol cleavage followed by treatment with
N-benzylamine in the presence of NaBH;CN undergoes reductive amination and a concomitant intramolecular conjugate addition reaction
leading to the formation of dihydroxypyrrolidine-ester 6a and monohydroxypyrrolidine-y-lactone 6b. Intermediates 6a and 6b were
efficiently converted to (—)-lentiginosine 3a, its 8a-epimer 3b, and pyrrolizidine azasugar 4 in good overall yield.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Polyhydroxylated indolizidine alkaloids such as castanos-
permine 1, swainsonine 2 and lentiginosine 3a (Fig. 1) are
known to be the potential glycosidase inhibitors." Among
these, the least hydroxylated lentiginosine 3a, was found to
be the selective inhibitor (ICs9 5 pg/mL) of amylogluco-
sidase enzyme and also exhibit anti-HIV activity.>> (—)-
Lentiginosine 3a was isolated from the leaves of Astragalus
lentiginous in 1990,3"‘ however, its sign of rotation and the
stereochemical assignments raised controversy” and there-
fore aroused synthetic interest in the past decade. The
known synthetic strategies mainly involve asymmetric
pathways starting from either chiral or achiral starting

1

R OH H BH
3aR=Ha 4
3b R =HB

Figure 1. Indolizidine and pyrrolizidine alkaloids.

Keywords: Alkaloids; Wittig olefination; Azasugars.
* Corresponding author. Tel.: +91 20 25601225; fax: +91 20 25691728;
e-mail: ddd @chem.unipune.ernet.in

0040-4020/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.02.074

materials,3 > however, the use of carbohydrate substrates has
received limited attention.® While working in the area of
azasugars,” we have recently exploited p-glucose derived
o, B-unsaturated ester 5 in the synthesis of trihydroxylated
pyrrolidine alkaloids A and B (Scheme 1). Thus, opening of
1,2-acetonide group in 5 followed by oxidative cleavage
afforded ethyl p-threo-hex-4-enoate, which on one pot
reductive amination and intramolecular conjugate addition
afforded hydroxy ester 6a and +y-lactone 6b in the ratio
42:58 (81%) that were converted to A and B, respectively.’®
Now, we describe herein the utility of 6a/6b in the synthesis
of lentiginosine 3a, its 8a-epimer 3b and dihydroxylated
pyrrolizidine alkaloid 4.

o} 0}
5 o OCHO
1
—_— CHO

3 21 O

o J

Bn Bn

EtO N o N

+
Y - oL
§ o
HO OBn OBn

6a 6b

H H
HO\/\Q HO_, :N:

HO' OH HO\\‘ OH
A B

Scheme 1. Synthesis of pyrrolidine alkaloids.
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2. Results and discussion

2.1. Synthesis of (—)-lentiginosine 3a

As shown in Scheme 2, treatment of hydroxy ester 6a with
hexamethyldisilazane in the presence of catalytic amount of
both TMSCI and ammonlum thiocyanate afforded 3-O-TMS
protected ester 7.% Reduction of the ester functionality in 7
with DIBAL-H followed by Wittig olefination (Phs;P=
CHCOOE?Y) gave o,B-unsaturated ester 8a (E/Z=4:1 based
on 'H NMR). Hydrogenation of 8a using ammonium
formate, 10% Pd/C afforded bicyclic lactam 9a. This one
pot four-step process involves reduction of the double bond,
hydrogenolysis of -OBn and —NBn groups, desilylation and
concomitant cyclization to give d-lactam 9a. The products 7,
8a and 9a were characterized by spectral and analytical
techniques, and the data was found to be in agreement with
the structures. In the next step, LAH reduction of 9a in THF
under reflux followed by column chromatography purifi-
cation gave (—)-lentiginosine 3a as white solid. This
compound [observed [a]p —3.5 (¢ 1.0, MeOH); lit.*P->¢-&06d
—1.6, —2.6, —3.05, —2.0, —4.5] had spectral and
analytical data in agreement with that in the literature.™

88% m o m
TMSO

TMSO
94% c
OH ¢
e
L 92%
H oH
3a

Scheme 2. Reagents and conditions: (a) HMDS, cat. TMSCI, cat. NH4SCN,
CH,Cl,, 25 °C, 30 min; (b) (i) DIBAL-H, CH,Cl,, —50°C, 2.5 h; (ii)
Ph;PCHCOOELt, CH,Cl,, 25 °C, 30 min; (c) HCOONH,, 10% Pd/C, cat.
AcOH, MeOH, reflux, 1 h; (d) LAH, THF, reflux, 8 h.

2.2. Synthesis of 1,2-epilentiginosine 3b

Similar methodology was attempted for the y-lactone 6b,
however, DIBAL-H reduction afforded lactol, which on the
Wittig olefination led to the formation of a diastereomeric
mixture of an unexpected product.” As an alternative,
reduction of y-lactone 6b with LAH in THF afforded diol 10
(Scheme 3). The primary hydroxy group in 10 was
selectively protected using TBDMSCI to get 11 that on
benzylation afforded 12. Treatment of 12 with TBAF in
THF furnished alcohol 13, which on Swern oxidation and
Wittig olefination gave o,B-unsaturated ester 8b (E/Z=4:1
based on '"H NMR). Hydrogenation of ester 8b using
ammonium formate and 10% Pd/C gave bicyclic lactam 9b.
Finally, reduction of 9b with LAH afforded 3b, an 8a-
epimer of 3a. This compound [observed [a]p+4.3 (¢ 0.5,
MeOH); lit.>*+3.4 (¢ 041, MeOH)] had spectral and
analytical data in agreement with that in the literature.”'°

Eln
a HO. ..
6b — >
88%
HO OBn
10
95% l b
Bn E’ln
.o, N R,0
Eto\”ﬂ.,\/ ", e 1 \/
-
o) 94%
B d OBnN R,O OBn
8b c 11 R, =TBDMS, R, = H
82% <
93% f
d

Cz R, = TBDMS, R, = Bn
95%\13 R, =H, R, = Bn

@M@&

3b

Scheme 3. Reagents and conditions: (a) LAH, THF, 0°C, 30 min;
(b) TBSCI, imidazole, CH,Cl,, 25 °C, 3 h; (c¢) NaH, BnBr, THF, 0 °C,
6 h; (d) TBAF, THF, 25 °C, 4 h; (e) (i) (COCl),, DMSO, NEt;, —78 °C,
2 h; (ii) PPh3CHCOOEt, CH,Cl,, 25°C 1 h; (f) HCOONH,, 10% Pd/C,
MeOH, reflux, 1 h; (g) LAH, THF, reflux, 10 h.

2.3. Synthesis of dihydroxylated pyrrolizidine alkaloid 4

The hydroxyl ester 6a was utilized in the synthesis of
dihydroxylated pyrrolizidine alkaloid 4 (Scheme 4). Thus,
hydrolysis of 6a with lithium hydroxide and activation of
carboxylate group using ethylchloroformate and triethyl
amine afforded mixed anhydride, which on treatment with
diazomethane in diethyl ether followed by Wolff rearrange-
ment using silver benzoate in methanol furnished one
carbon homologated methyl ester 14.”° Treatment of methyl
ester 14 with ammonium formate and 10% Pd/C afforded
bicyclic lactam 15 that was reduced with LAH to give
dihydroxylated pyrrolizidine alkaloid 4. The spectral data
and analytical data of 4 was found to be identical with that
reported™® [observed [a]p +6.5 (¢ 0.25, MeOH), 1it.”° [«]p
+7.6 (c 1.3, MeOH)].

6a e

Scheme 4. Reagents and conditions: (a) (i) LiOH, methanol-water,
0-25°C, 4 h; (ii) CICOOEt, NEt;, THF, 0-25 °C, 30 min; (iii) CH,N,,
diethyl ether, 25 °C, 1.5 h; (iv) PhCOOAg, NEt;, methanol, 25 °C, 3 h;
(b) HCOONH,, 10% Pd/C, methanol, reflux, 1 h; (c) LAH, THF, reflux,
10 h.
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3. Conclusion

In conclusion, a new synthetic protocol for (—)-lentigino-
sine 3a, and its 8a-epi-analogue 3b and dihydroxylated
pyrrolizidine alkaloid 4 has been developed starting from
D-glucose derived o,B-unsaturated ester 5. With our
methodology the hydroxylated C-3/C-4 carbons of
p-glucose, both with the R configuration, are retained in
the target molecule 3a. It is therefore obvious that (—)-
lentiginosine 3a has (1R,2R,8aR) absolute configuration as
reported earlier.”*6¢

4. Experimental
4.1. General

Melting points were recorded with Thomas Hoover melting
point apparatus and are uncorrected. IR spectra were
recorded with Shimadzu FTIR-8400 as a thin film or in
Nujol mull or using KBr pellets and are expressed in
reciprocal centimetre (cm_l). 'H (300 MHz) and 3¢
(75 MHz) NMR spectra were recorded with Varian Mercury
300 using CDClj; or D,O as a solvent. Chemical shifts were
reported in 0 unit (ppm) with reference to TMS as an
internal standard and J values are given in Hertz. Elemental
analyses were carried out with Elemental Analyser Flash
1112. Optical rotations were measured using a Bellingham
Stanley-ADP digital polarimeter with sodium light
(589.3 nm) at 25°C. Thin-layer chromatography was
performed on Merck pre-coated plates (0.25 mm, silica
gel 60 F,s4). Column chromatography was carried out with
silica gel (100-200 mesh). The reactions were carried out in
oven-dried glassware under dry N,. Methanol, DMF, THF
were purified and dried before use. Petroleum ether (PE)
that was used is a distillation fraction between 40-60 °C.
LAH, DIBAL-H, 10% Pd-C were purchased from Aldrich
and/or Fluka. After decomposition of the reaction with
water, the work-up involves—washing of combined organic
layer with water, brine, drying over anhydrous sodium
sulfate and evaporation of solvent at reduced pressure.

4.1.1. Ethyl 2-((2R,3R,4R)-1-benzyl-4-benzyloxy-3-tri-
methylsilyloxy-pyrrolidin-2-yl)acetate (7). To a solution
of hydroxyester’> 6a (1.00 g, 2.71 mmol) in dichloro-
methane (10 mL) was added HMDS (0.34 mL,
1.60 mmol) followed by catalytic amount of both TMSCI
(0.04 mL, 0.30 mmol) and ammonium thiocyanate (0.01 g,
0.13 mmol) at 25 °C. The reaction mixture was stirred for
30 min and extracted with dichloromethane (2X30 mL).
The combined organic layer was concentrated, adsorbed on
neutral alumina and purification by column chromatography
on neutral alumina (7% ethyl acetate/n-hexane) afforded 7
(1.10 g, 88%) as thick oil; [found: C, 67.82; H, 7.90.
C,sH35sNO,4Si requires C, 67.99; H, 7.99]; R; (10% ethyl
acetate/n-hexane) 0.47; [a]p —4.0 (¢ 0.50, CHCl3); vimax
(neat) 1728, 1217 cm™'; 6y (300 MHz, CDCl5) 6 0.22 (s,
9H), 1.25 (t,J=17.1 Hz, 3H), 2.38 (dd, /=10.9, 6.3 Hz, 1H),
247 (d, J=5.7Hz, 2H), 2.73 (dd, J=11.8, 5.7 Hz, 1H),
2.80 (dd, J=10.9, 1.9Hz, 1H), 3.14 (d, J=13.1 Hz,
1H), 3.61-3.65 (m, 1H), 3.89 (d, J=13.1 Hz, 1H), 3.98
(dd, J=17.1, 4.6 Hz, 1H), 3.99 (q, J=7.1 Hz, 2H), 4.27
(ABq, J=11.8 Hz, 2H), 7.05-7.23 (m, 10H); oc (75 MHz,

CDCl3) 6 0.13 (s), 14.1, 36.6, 56.3, 58.3, 60.3, 66.9, 71.4,
80.9, 83.5, 126.8, 127.5, 127.6 (s), 128.1 (s), 128.2 (s), 128.6
(s), 138.0, 138.8, 171.9.

4.1.2. Ethyl(E)-4-((2R,3R,4R)-1-benzyl-4-benzyloxy-3-
trimethylsilyloxy-pyrrolidin-2-yl)but-2-enoate (8a). To
a solution of 7 (2.00 g, 4.50 mmol) in dichloromethane
(20 mL) was added DIBAL-H (6.43 mL, 5.42 mmol) at
—50°C and stirred for 2.5 h. The reaction mixture was
quenched with saturated solution of NH,4Cl (5 mL), filtered
through Celite to afford aldehyde. To a solution of aldehyde
(1.78 g, 4.29 mmol) in dichloromethane (10 mL) was added
PPh3;CHCOOEt (1.17 g, 5.15 mmol) at 25 °C and stirred for
30 min. Reaction mixture was adsorbed on neutral alumina
and purified by column chromatography on neutral alumina
(10% ethyl acetate/n-hexane) afforded 8a (1.89 g, 89%) as a
thick oil; [found: C, 69.42; H, 7.88. C,;H37,NO4Si requires
C, 69.37; H, 7.97]; Ry (10% ethyl acetate/n-hexane) 0.43;
[alp —36.4 (c 0.27, CHCI3); vmax (neat) 1718, 1259 cm ™ ';
oux (300 MHz, CDCls) 6 0.18 (s, 9H), 1.25 (t, J=7.1 Hz,
3H), 2.51-2.60 (m, 4H), 3.02 (br d, /=12.0 Hz, 1H), 3.29
(br d, J=13.1 Hz, 1H), 3.78 (dt, J=5.7, 2.4 Hz, 1H), 4.01
(dd, J=5.7,3.2 Hz, 1H), 4.06 (d, J=13.1 Hz, 1H), 4.23 (q,
J=7.1Hz, 2H), 4.44 (ABq, J=11.2 Hz, 2H), 5.39 (d, J=
15.6 Hz, 1H), 7.01-7.40 (m, 11H); 6c (75 MHz, CDCl3) 6
0.1 (s), 14.2, 33.4, 56.3, 58.0, 60.1, 68.8, 71.5, 81.0, 83.6,
123.1, 127.0, 127.5 (s), 127.7 (s), 128.2 (s), 128.3, 137.9,
138.4, 145.6, 166.2. Our attempt to isolate the Z-isomer in
pure form was unsuccessful and the 89% yield reflects the
total yield of £ and Z mixtures.

4.1.3. (1R,2R 8aR)-Hexahydro-1,2-dihydroxyindolizidin-
5(1H)-one (9a). A solution of 8a (0.50 g, 1.10 mmol),
ammonium formate (0.22 g, 7.49 mmol), 10% Pd/C (0.20 g)
and acetic acid (0.02 mL, 0.34 mmol) in methanol (10 mL)
was refluxed for 1 h. The solution was filtered, concentrated
and purified by column chromatography (10% methanol/
chloroform) to afford 9a (0.17 g, 94%) as a white solid, mp
122-124 °C; [found: C, 56.21; H, 7.54. CgH,3NOj3 requires
C, 56.13; H, 7.65]; R; (10% methanol/chloroform) 0.34;
[alp +12.0 (¢ 0.25, MeOH); v, (KBr) 3357, 1720,
1656.7, 1452, 1028 cm ™ '; 6 (300 MHz, D,0) 6 1.30-1.47
(m, 1H), 1.60-1.76 (m, 1H), 1.90-2.00 (m, 1H), 2.13-2.20
(m, 1H); 2.21-2.43 (m, 2H), 3.31 (dd, /J=12.6, 6.8 Hz, 1H),
3.39 (ddd, J=15.3, 11.5, 3.5 Hz, 1H), 3.65-3.72 (m, 2H),
4.19 (dd, J=15.3, 7.1 Hz, 1H); 6c (75 MHz, D,0) 6 19.3,
25.5,29.8, 48.6, 61.5, 72.7, 79.7, 172 4.

4.1.4. (1R,2R8aR)-(—)-1,2-Dihydroxyindolizidine (3a).
To an ice-cooled suspension of LAH (0.06 g, 1.50 mmol) in
THF (3 mL) was added lactam 9a (0.07 g, 0.41 mmol) in
THF (7 mL). The reaction mixture was warmed to room
temperature, refluxed for 8 h and quenched with ethyl
acetate (2 mL) and aq NH4CI (0.3 mL). Filtration through
Celite, the filtrate was adsorbed on silica gel and column
chromatography (20% methanol/chloroform) gave 3a
(0.06 g, 92%) as a white solid, mp 106-108 °C; lit.*>3¢
106-107 °C; [found: C, 61.08; H, 9.59. CgH,;sNO, requires
C, 61.12; H, 9.62]; R; (20% methanol/chloroform) 0.30;
[observed [alp —3.5 (¢ 1.0, MeOH); 1it.*b5¢&06d 1 6,
—2.6, —3.05, —2.0, —4.5]; vmax (neat) 3578, 2929,
1134 cm™"; 6y (300 MHz, D,O) 6 1.14-1.25 (m, 2H),
1.34-1.41 (m, 1H), 1.52-1.60 (m, 1H), 1.73-1.74 (m, 1H);
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1.85-1.91 (m, 2H), 1.98 (ddd, J=14.0, 11.5, 2.7 Hz, 1H),
2.56 (dd, J=11.2, 7.6 Hz, 1H), 2.76 (dd, J=11.2, 1.6 Hz,
1H), 2.87 (d, J=10.9 Hz, 1H), 3.56 (dd, J=8.7, 3.8 Hz,
1H), 4.00 (ddd, J=7.6, 3.8, 1.6 Hz, 1H); 6c (75 MHz, D,0)
6 253,263, 29.9, 54.9, 62.5, 70.8, 77.9, 85.2.

4.1.5. (25,3R,4R)-1-Benzyl-4-benzyloxy-2-(2-hydroxy-
ethyl)pyrrolidin-3-ol (10). To an ice-cooled suspension
of LAH (0.19 g, 4.76 mmol) in THF (4 mL) was added a
solution of vy-lactone 6b (0.50g, 2.46 mmol) in THF
(10 mL) and stirred for 30 min at 25°C. Work up as
described for 3a and purification by column chromato-
graphy (30% ethyl acetate/n-hexane) afforded 10 (0.44 g,
88%) as thick oil; [found: C, 73.41; H, 7.71. C5oH»5NO;
requires C, 73.37; H, 7.70]; R¢ (50% ethyl acetate/n-hexane)
0.43; [a]lp +84.8 (¢ 0.33, CHCl3); vpax (neat) 3300-3600
(broad) cm” L ou (300 MHz, CDCl3) 6 1.90-1.97 (m, 2H),
2.18 (dd, /=10.8, 6.4 Hz, 1H), 2.73-2.79 (m, 1H), 3.22 (d,
J=12.8 Hz, 1H), 3.24 (dd, /=10.8, 6.3 Hz, 1H), 3.56 (brs,
exchangeable with D,0, 2H), 3.67-3.75 (m, 1H), 3.81-3.86
(m, 1H), 3.89 (dt, J=6.4, 2.6 Hz, 1H), 4.00 (d, J=12.8 Hz,
1H), 4.19 (dd, J=5.8, 2.6 Hz, 1H), 4.52 (ABq, J=11.7 Hz,
2H), 7.22-7.36 (m, 10H); ¢ (75 MHz, CDCl5) 6 28.9, 57.2,
58.3, 59.8, 66.4, 71.6, 76.7, 83.5, 127.2, 127.6, 127.7 (s),
128.3 (s), 129.0 (s), 137.7, 137.9.

4.1.6. (2S,3R.,4R)-1-Benzyl-4-benzyloxy-2-(2-tert-butyl-
dimethysilyloxyethyl)pyrrolidin-3-ol (11). To a solution
of diol 10 (0.40 g, 1.22 mmol), in dichloromethane (15 mL)
was added TBDMSCI (0.22 g, 1.46 mmol) followed by
imidazole (1.00 g, 1.46 mmol) and stirred for 3 h at 25 °C.
Water was added to the reaction mixture and extracted with
(3X 10 mL) dichloromethane. The combined organic layer
was concentrated, adsorbed on silica gel and purified by
column chromatography (20% ethyl acetate/n-hexane)
afforded 11 (0.81 g, 95%) as thick oil; [found: C, 70.65;
H, 8.93. C,cH39NO3Si requires C, 70.70; H, 8.90]; Ry (20%
ethyl acetate/n-hexane) 0.23; [a]p +65.5 (¢ 0.58, CHCly);
Vmax (neat) 3429, 2930, 1460, 1254 cm™'; 6y (300 MHz,
CDCl3+D,0) ¢ 0.20 (s, 6H), 0.82 (s, 9H), 1.90-2.15 (m,
2H), 2.25 (dd, J=10.1, 6.5 Hz, 1H), 2.73-2.79 (m, 1H),
3.29 (d, J=13.1 Hz, 1H), 3.32 (dd, J=10.1, 6.8 Hz, 1H),
3.73 (ddd, J=12.0, 9.3, 3.0 Hz, 1H), 3.91-3.99 (m, 2H),
4.03 (d, J=13.1 Hz, 1H), 4.23 (dd, J=5.7, 2.4 Hz, 1H), 4.6
(ABq, J=11.8 Hz, 2H), 7.13-7.21 (m, 10H); 0¢c (75 MHz,
CDCl;3) 6 18.1, 25.8 (s), 29.5, 57.5, 58.1, 61.2, 67.3, 71.6,
76.8,83.3,127.0, 127.5, 127.7 (s), 128.2 (s), 128.3 (s), 128.9
(s), 137.9, 138.1.

4.1.7. (25,3R,4R)-1-Benzyl-3,4-bis(benzyloxy)-2-(2-tert-
butyldimethysilyloxyethyl)pyrrolidine (12). To a hexane
washed sodium hydride (0.03 g, 1.25 mmol) was added a
solution of alcohol 11 (0.43 g, 0.97 mmol) in THF (8 mL)
dropwise at 0 °C and stirred for 30 min. A solution of benzyl
bromide (0.13 mL, 1.07 mmol) in THF (2 mL) was added
dropwise, followed by addition of TBAI (0.02 g,
0.05 mmol) and stirred for 5h at 25°C. The reaction
mixture was neutralized with water concentrated under
vaccum, extracted using (3 X 10 mL) dichloromethane. The
combined organic layer was concentrated, adsorbed on
silica gel and purified using column chromatography (10%
ethyl acetate/n-hexane) afforded 12 (0.41 g, 82%) as a thick
liquid; [found: C, 74.52; H, 8.43. C33H45NO5Si requires C,

74.53; H, 8.53]; R¢ (20% ethyl acetate/n-hexane) 0.75; [«]p
+48.6 (¢ 0.7, CHClL;); vnax (neat) 2926, 1456, 1252,
1092 cm ™ % og (300 MHz, CDCls) 6 0.02 (s, 6H), 0.88 (s,
9H), 1.69-1.91 (m, 2H), 2.02-2.09 (m, 1H), 2.18-2.56 (m,
1H), 2.91 (m, 1H), 3.43-3.48 (m, 1H), 3.54-5.56 (m, 1H),
3.67-3.74 (m, 1H), 3.90 (dd, /=6.0, 2.1 Hz, 1H), 3.99 (ddd,
J=17.6,6.0, 2.1 Hz, 1H), 4.06 (d, J=13.1 Hz, 1H), 4.44 (s,
2H), 4.45 (d, J=12.0 Hz, 1H), 4.63 (d, /J=12.0 Hz, 1H),
7.25-7.38 (m, 15H); 6c (75 MHz, CDCls) 6 18.2, 25.9 (s),
30.2, 57.3, 58.4, 60.7, 63.3, 71.4, 81.5, 82.9, 127.1, 127.6
(s), 127.7 (s), 128.0 (s), 128.2 (s), 128.3 (s), 128.4 (s), 129.3,
138.0.

4.1.8. 2-((25,3R,4R)-1-Benzyl-3,4-bis(benzyloxy)pyrro-
lidin-2-yl)ethanol (13). To a solution of 12 (0.15 g,
0.29 mmol), in THF (10 mL) was added TBAF (0.18 g,
0.58 mmol) and stirred for 4h at 25°C. The reaction
mixture was concentrated under vaccum and extracted with
(3X15 mL) dichloromethane. The combined organic layers
were concentrated, adsorbed on silica gel and purified by
column chromatography (10% ethyl acetate/n-hexane)
afforded 13 (0.12 g, 95%) as thick oil; [found: C, 77.63;
H, 7.50. C,;H3;NO;3 requires C, 77.67; H, 7.48]; Ry (20%
ethyl acetate/n-hexane) 0.19; [a]p +21.4 (¢ 0.28, CHCl3);
Vmax (n€at) 3494, 2922, 1377, 1217 cm ™ '; 6y (300 MHz,
CDCl;+D50) 6 1.81-1.86 (m, 1H), 1.92-2.03 (m, 1H),
2.30-2.35 (m, 1H), 3.13-3.14 (m, 1H), 3.24 (dd, /=10.4,
5.5Hz, 1H), 3.39 (br d, /J=12.6 Hz, 1H), 3.68-3.75 (m,
1H), 3.81-3.88 (m, 1H), 4.02-4.11 (m, 3H), 4.46 (s, 2H),
4.35 (d, J=11.8 Hz, 1H), 4.64 (d, /=11.8 Hz, 1H), 7.22-
7.34 (m, 15H); oc (75 MHz, CDCls) 6 29.3, 55.4, 59.5, 61.4,
64.8,71.8,72.0,82.3, 83.9, 127.2, 127.5 (s), 127.6 (s), 128.3
(s), 129.0 (s), 137.7, 137.8.

4.1.9. Ethyl (E)-4-((2S,3R,4R)-1-benzyl-3,4-bis(benzyl-
oxy)pyrrolidin-2-yl)but-2-enoate (8b). To a solution of
oxalyl chloride (0.03 mL, 0.31 mmol) in dichloromethane
(1 mL) at —78 °C was added slowly a solution of DMSO
(0.04 mL, 0.58 mmol) in dichloromethane (1 mL). After
10 min, a solution of alcohol 13 (0.11 g, 0.26 mmol) in
dichloromethane (2 mL) was added and the reaction was
stirred at —78 °C for 2h. Triethylamine (0.18 mL,
1.31 mmol) was added and the mixture was stirred at
—78 °C for 30 min. Usual work up afforded aldehyde as a
thick liquid. To the solution of aldehyde (0.11 g,
0.30 mmol) in dichloromethane (10 mL) was added PPhs-
CHCOOEt (0.12 g, 0.36 mmol) and stirred for 1 h at 25 °C.
The reaction mixture was adsorbed on silica gel
and purification by column chromatography (10% ethyl
acetate/n-hexane) afforded 8b (0.12 g, 94%) as thick oil;
[found: C, 76.61; H, 7.18. C3;H35sNO, requires C, 76.67; H,
7.26]; Ry (10% ethyl acetate/n-hexane) 0.73; [a]p +44.0 (¢
0.25, CHCL3); ¥pmax (neat) 1724, 1244 cm™'; 6y (300 MHz,
CDCly) 0 1.20 (t, J=7.1 Hz, 3H), 2.19 (dd, /=9.9, 5.7 Hz,
1H), 2.36-2.41 (m, 1H), 2.56-2.58 (m, 1H), 2.80-2.81 (m,
1H), 3.19-3.27 (m, 2H), 3.82 (dd, /=6.0, 2.4 Hz, 1H), 3.89
(d, J=12.9 Hz, 1H), 3.87-3.89 (m, 1H), 4.08 (q, /=7.1 Hz,
2H), 4.33 (s, 2H), 4.36 (d, J=11.8 Hz, 1H), 4.51 (d, J=
11.8 Hz, 1H), 5.75 (d, J=15.6 Hz, 1H), 6.90 (dt, /=15.6,
7.1 Hz, 1H), 7.19-7.25 (m, 15H); oc (75 MHz, CDCl5) 6
14.4, 30.9, 57.3, 58.6, 60.1, 65.2, 71.4, 71.7, 81.4, 83.3,
122.5, 126.9, 127.4 (s), 127.5 (s), 127.6 (s), 127.9 (s), 128.1
(s), 137.7, 146.7, 166.3. Our attempt to isolate the Z-isomer
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in pure form was unsuccessful, 94% yield reflects the total
yield of E and Z isomer.

4.1.10. (1R,2R,8aS)-Hexahydro-1,2-dihydroxyindolizin-
S(1H)-one (9b). The reaction of 8b, (0.12 g, 0.25 mmol)
with 10% Pd/C (0.08 g) and ammonium formate (0.11 g,
1.73 mmol) as described for the synthesis of 9a afforded 9b
(0.04 g, 93%) as a white solid, mp 174-176 °C; [found: C,
56.10; H, 7.59. CgH;3NO; requires C, 56.13; H, 7.65]; R;
(10% methanol/chloroform) 0.34; [a]lp —19.0 (¢ 0.42,
MeOH); vpax (KBr) 3441, 2926, 1711, 1653, 1212 cm™ ';
ou (300 MHz, D,O) 6 1.46 (m, 1H), 1.74-1.82 (m, 1H),
1.94-2.04 (m, 2H), 2.19-1.45 (m, 2H), 3.32 (d, J=13.7 Hz,
1H), 3.74-3.84 (m, 2H), 4.08-4.09 (m, 1H), 4.23 (dd, J=
4.9, 0.8 Hz, 1H); 6c (75 MHz, D,0) 6 20.0, 21.6, 30.1, 51.6,
60.8, 72.1, 76.1, 173.18.

4.1.11. (1R,2R,8aS)-(+)-1,2-Dihydroxyindolizidine (3b).
The reaction of lactam 15 (0.07 g, 0.04 mmol) with LAH
(0.06 g, 1.50 mmol) as described for the synthesis of 3a
afforded 3b (0.06 g, 91%) as a sticky solid; [found: C, 56.21;
H, 7.68. CgH;5sNO, requires C, 56.13; H, 7.65]; R; (20%
methanol/chloroform) 0.30; [observed [«]p +4.3 (¢ 0.5,
MeOH); 1it.>* +3.4 (¢ 0.41, MeOH)]; vpax (neat) 3355,
2934, 1121 cm ™ '; 64 (300 MHz, D,0) 6 1.57-1.79 (m, 3H),
1.95-2.08 (m, 3H), 2.90 (dd, /=13.2, 3.0 Hz, 1H), 3.02—
3.10 (m, 1H), 3.36 (d, J=11.8 Hz, 1H), 3.66 (d, /=12.1 Hz,
1H), 4.03 (dd, J=12.1, 6.3 Hz, 1H), 4.18 (d, J=3.0 Hz,
1H), 4.31 (dd, J=6.3, 3.0 Hz, 1H); 6c (75 MHz, D,0) é
22.9,24.7,25.2,53.1, 62.2,66.9, 77.8, 81.1.

4.1.12. Methyl 3-((2R,3R,4R)-1-benzyl-4-benzyloxy-3-
hydroxypyrrolodin-2-yl)propanoate (14). To an ice-
cooled solution of 6a (0.63 g, 1.30 mmol) in methanol-
water (5 mL, 4/1) was added lithium hydroxide monohy-
drate (0.30 g, 5.22 mmol) and stirred for 4 h at 25 °C. The
solution was neutralized and worked up to afford the acid.
To a solution of an acid in THF (5mL) was added
triethylamine (0.28 mL, 2.02 mmol) and ethylchlorofor-
mate (0.19 mL, 2.02 mmol). After 15 min, the suspension
was allowed to warm to 25 °C and filtered. The filtrate was
cooled to 0°C and a freshly prepared solution of
diazomethane in diethyl ether (0.24 g, 5.80 mmol) was
added dropwise and stirred for 3 h at 25 °C. The solvent was
evaporated to afford thick oil. To a solution of diazoketone
in methanol (8 mL) was added dropwise a solution of silver
benzoate (0.11 g, 0.49 mmol) in triethylamine (0.50 mL)
and stirred for 3 h at 25 °C. The solvent was evaporated and
the residue was purified by column chromatography (20%
ethyl acetate/n-hexane) to give 14 (0.45 g, 71%) as a thick
liquid; [found: C, 71.46; H, 7.46. C»,H»7NO, requires C,
71.52; H, 7.37]; Rs (25% ethyl acetate/n-hexane) 0.68; [a]p
—24.0 (c 0.5, CHCl3); vmax (neat) 3345, 1728, 1457,
1134 cm ™~ '; 6y (300 MHz, CDCl;+D,0): 6 1.25-1.28 (m,
2H), 2.56-2.76 (m, 3H), 2.90-3.33 (m, 2H), 2.98 (br d, J=
13.1 Hz, 1H), 3.72 (s, 3H), 3.87 (d, J=6.8 Hz, 1H), 3.96 (br
d,J=13.1 Hz, 1H), 4.11 (d, J=3.8 Hz, 1H), 4.33 (ABq, J=
12.0 Hz, 2H), 7.26-7.34 (m, 10H); ¢ (75 MHz, CDCl3) ¢
29.5, 36.7, 52.0, 57.0, 57.8, 67.1, 71.0, 82.5, 82.8, 127.2,
127.5, 127.7 (s), 128.3 (s), 128.6 (s), 128.8 (s), 137.7, 138.0,
173.9.

4.1.13. (6R,7R,7aR)-Hexahydro-6,7-dihydroxypyrro-
lizin-3-one (15). The reaction of 14 (0.20 g, 0.54 mmol)
with 10% Pd/C (0.10 g) and ammonium formate (0.23 g,
3.70 mmol) as described for the synthesis of 9a afforded 15
(0.06 g, 70%) as a sticky gum; [found: C, 53.51; H, 7.03.
C7H;{NOj; requires C, 53.49; H, 7.05]; Ry (10% methanol/
chloroform) 0.35; [a]p —15.3 (¢ 0.5, MeOH); v,.« (neat)
3335, 1723, 1659, 1433, 1214 cm ™ '; 6y (300 MHz, D,0) 6
1.54-1.79 (m, 2H), 2.58 (dd, /=10.7, 0.8 Hz, 1H), 3.16-
3.24 (m, 2H), 3.42-3.58 (m, 2H); 3.82 (dd, J=5.7, 1.8 Hz,
1H), 4.12-4.16 (m, 1H); 6c (75 MHz, D,0) 6 32.4, 49.7,
58.3, 63.2, 74.1, 78.6, 180.5.

4.1.14. (1R,2R,7aR)-(+ )-1,2-Dihydroxypyrrolizidine (4).
The reaction of lactam 15 (0.10 g, 0.63 mmol) with LAH
(0.10 g, 2.54 mmol) as described for 3b afforded 4 (0.07 g,
77%) as thick oil; [found: C, 58.68; H, 9.19. C;H53NO,
requires C, 58.72; H, 9.15]; Ry (20% methanol/chloroform)
0.32; [observed [a]p +6.5 (¢ 0.25, MeOH), lit.>° [a]lp +7.6
(c 1.3, MeOH)]; vay (neat) 3300-3600 (broad) cm ™ '; oy
(300 MHz, D,0O) 6 1.76-1.91 (m, 1H); 1.95-2.16 (m, 1H),
2.18-2.27 (m, 2H), 2.86-2.98 (m, 2H), 3.11 (dd, J=11.2,
4.9 Hz, 1H), 3.23 (dd, J=11.2, 3.8 Hz, 1H), 3.35-3.41 (m,
1H), 3.92-4.04 (m, 1H), 4.17-4.25 (m, 1H); 6c (75 MHz,
D,0) 6 28.7, 32.4, 59.8, 62.2, 72.1, 80.2, 82.3.
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Abstract—Trypanocidal constituents of Dracocephalum komarovi were investigated. Under guidance of the in vitro trypanocidal activity
against epimastigotes of Trypanosoma cruzi, the causative agent of Chagas’ disease, two new diterpenes, dracocequinones A (1) and B (2),
and two known triterpene acids, ursonic acid and ursolic acid, were isolated as trypanocidal constituents, in addition to previously reported
diterpenes, cyclocoulterone (4), komaroviquinone (5), dracocephalone A (6) and komarovispirone (7). Furthermore a new diterpene,
komarovinone A (3), was isolated, together with four known terpenes. Among these compounds, komaroviquinone (5) showed the most
potent activity with minimum lethal concentration of 0.4 uM. Structure elucidation of the new diterpenes 1-3 was described.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Chagas’ disease is a major public health problem
endemic in Central and South American countries, with
18-20 million infected people, 25% of the human
population at risk of infection, ca. 200,000 new cases,
and 21,000 deaths per year.' Its causative agent is
Trypanosoma cruzi, a parasitic protozoan transmitted to
mammalian host by blood-sucking triatomine bugs. T.
cruzi undergoes three main developmental stages during
its life cycle, that is, the replicative epimastigote form in
insect vectors and the trypomastigote and amastigote
forms in mammalian hosts. Non-dividing and infective
trypomastigotes circulate in the blood with their free
flagellum before invading host cells, preferably muscle
cells, where they lose their flagellum to differentiate into
replicative amastigotes.” Infections by 7. cruzi result in a
life-threatening, acute and/or chronic disease with severe
cardiac complications. This situation is worsened by the
lack of effective vaccines, undesirable side effects of
anti-chagasic drugs in use such as nifurtimox and
benznidazole, and the emergence of parasite resistance

Keywords: Dracocephalum komarovi; Diterpene; Trypanosoma cruzi;

Trypanocidal activity.
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0040-4020/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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to these drugs. Therefore, development of new che-
motherapeutic agents is urgently needed.

The genus Dracocephalum is an annual or perennial herb of
the Labiatae family, occurring widely in Southern Europe
and temperate Asia. Some of its species are used as an
astringent and a carminative,’ and are reported to show
antihyperlipidemic effect,” immunomodulatory effect’ and
antinociceptive effect.® Dracocephalum komarovi Lipsky is
a perennial semishrub that grows at around 2300-3600 m
above sea level in the West Tien Shan mountain system.’ It
is called ‘buzbosh’ in Uzbekistan and the local people use
the aerial parts in a tea to cure various disorders such as
inflammatory diseases and hypertony. During our screening
of medicinal plants of Uzbekistan for trypanocidal activity,
this plant showed trypanocidal activity, and we previously
reported the isolation of four new diterpenes, cyclocoulter-
one (4), komaroviquinone (5), dracocephalone A (6)8 and
komarovispirone (7)° from the hexane and EtOAc extracts.
In this paper, we report a full account of the elucidation of
trypanocidal constituents of D. komarovi, including the
isolation and structure elucidation of three new diterpenes.

2. Results and discussion

Dried whole plants of D. komarovi were extracted as
described previously® (Scheme 1). The hexane and EtOAc
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(): yield
[]: MLC (ug /ml) against
epimastigote of T.cruzi (24h)

Dried Herb of D. komarovi (1.6 kg) aovernight at r.t. three times

hexane?
\
hexane ext. residue
(22.2 g) | AcOEt?
[6.3] I I
AcOEt ext. residue
67.3
silica gel c. c. ( 12.5?) ‘ MeOH?
(hexane-acetone) silica gel c. c. ME;?HB ext.
‘ (hexane-acetone, MeOH) ( [2'519)
fr.3 fr.3
(5.56 g) (4.62 g)
[3.|1] [3.|1]
silica gel c. c.
8:1 6:1 (hexane-AcOEt) 4:1
fr.3 fr.4 fr.5
(4158 mg) (2963 mg) (778 mg)
[25] [<1.6] [3.1]
silica gel c. c. | silica gel c. c. silica gel c. c.
and HPLC and HPLC and HPLC
1 (1 mg) 2 (5 mg) 6 (5 mg)
3 (2 mg) 4 (16 mg) ursonic acid (49 mg)
7 (10 mg) 5 (124 mg) ursolic acid (25 mg)
B-sitosterol (138 mg) betulinic acid (25 mg)
(4S, 6S)-carveol (5 mg)
(4S)-p-mentha-1,8-dien-9-ol (21 mg)
Scheme 1.

extracts were fractionated by silica gel column chromato-
graphy using hexane—acetone and MeOH as eluents. The
fractions that were eluted with hexane—acetone (6/1) from
the hexane extract, and hexane—acetone (8/1) from the
EtOAc extract, showed strong in vitro trypanocidal activity
against epimastigotes of 7. cruzi. These fractions were
further separated by silica gel column chromatography and
HPLC to give seven new compounds 1 (1 mg), 2 (5 mg), 3
(2mg), 4 (16 mg), 5 (124 m%), 6 (5mg) and 7 (10 mg),
together with ursonic acid, O ursolic acid, ~ betulinic
acid,12 B-sitosterol,13 (45,6S)-carverol14 and (45)-p-
mentha-1,8-diene-9-0l."> The structures of compounds 4
(cyclocoulterone), 5 (komaroviquinone), 6 (dracocepha-
lone A), 7 (komarovispirone) were reported previously.®’
The known compounds were identified by comparisons of
the physical and spectroscopic data with those reported.

dracocequinone A (1): R{=R,=H
dracocequinone B (2): R{,R,==0

komaroviguinone ( 5)

komarovinone A ( 3)

dracocephalone A ( 6)

Compound 1 was obtained as an orange oil. The molecular
formula C,¢oH,,05 was revealed by high-resolution
electron-impact mass spectrum (HREIMS). The presence
of a tetra-substituted p-benzoquinone moiety (6c 112.4,
124.5, 183.4, 159.2, 138.5, 191.3) with methoxy (dc 60.9)
and isopropyl (6c 20.2, 20.4, 24.3) groups, which is similar
to that found in komaroviquinone (5),% was concluded from
its *C NMR and HMBC spectra (Table 1, Fig. 1). However,
the chemical shifts of the ring juncture carbons (C-8, 0c
112.4; C-9, oc 124.5) suggested the presence of further
conjugation. In fact, HMBC correlations from the chelated
hydroxy (6y 12.97) and olefin (6y 7.12) protons connected
this enol system to the p-benzoquinone part to form a
hydroxy naphthoquinone moiety (Fig. 1). Homo-gated
decoupling (HOM) experiments revealed an 'H-"H coup-
ling network between an oxymethine proton (dyg 6.09; oc
64.7) and protons of two methylenes (dy 1.36, 1.64, 1.80,
2.41). This part structure was connected to the hydroxy
naphthoquinone moiety through a quarterly carbon (¢
35.4), which also had a methyl (6c 18.6) and an
oxymethylene (6c 71.6) groups. Finally, the two oxygen-
bearing carbons (0c 64.7 and 71.6) were connected through
an ether linkage, because there was only one oxygen atom
left in the molecule. Irradiation of the H-6 proton (dy 7.12)
resulted in a nuclear Overhauser effect (NOE) on H-18 (g
1.34, a-methyl) (Figure 2). Thus, compound 1 was
concluded to have the structure indicated, and was named
dracocequinone A.

Compound 2 was obtained as an orange oil. This compound
showed very similar NMR spectra to those of 1. However,
compound 2 showed no oxymethylene protons correspond-
ing to H-19 in 1, and instead of the oxygen-bearing carbon at
0c 71.6 in 1, compound 2 had an ester carbonyl at 6c 174.2.
This was compatible with its molecular formula C,yH,(Og
revealed by HRMS. Thus, compound 2 was concluded to be
a 19-keto derivative of 1, and was named dracocequinone B.

Compound 3 was obtained as a yellow amorphous solid.
The *C NMR spectrum showed very similar chemical shifts
for C-1 to C-7 carbons to those of salvinolone (8)16
(Table 1). However, the molecular formula C,;H,30,4
(HREIMS) together with the 'H and '*C NMR spectra
indicated the presence of an additional methoxy group

komarovispirone ( 7)
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Table 1. NMR Data of 1-3*
No. 1 2 8" 3
Bc 'H HMBC®  *C 'H HMBC*® Bc Bc 'H HMBC*®
1 64.7 6.09, m 73.1 6.87, d, 33.9 343 3.33, overlap 20
J=2.8Hz
1.45, td,
J=12.5,4.0Hz
2 25.9 241, m 25.9 2.49, dddd, 3 18.2 18.7 1.95, m
J=14.0, 10.4,
5.5,2.8 Hz
1.64, m 1.88, br t, 1.61, dt,
J=14.0Hz J=14.3,4.6 Hz
3 30.1 1.80, ddd, 18, 19 29.2 2.04, ddd, 18 39.0 40.4 1.73, dt, 18, 19
J=14.0, 10.7, J=13.1, 104, J=13.2,4.6Hz
3.7Hz 3.1 Hz
1.36, m 1.60, br td, 1.43, overlap
J=128,55Hz
4 354 6, 18 45.1 ,6,18 37.6 38.2 6, 18, 19
5 153.6 18, 19 149.2 1,3, 18 173.9 176.5 18, 19, 20
6 117.3 712, s OH 118.2 7.16, s OH 122.6 123.2 6.36, s 18
7 161.4 6, OH 162.0 6, OH 183.8 190.9
8 112.4 6 113.0 6, OH 122.6 111.1 6
9 124.5 125.7 137.6 135.4 20, 11-OH
10 134.6 6 130.3 6 41.6 43.0 6, 20
11 183.4 182.9 142.5 138.1 11-OH
12 159.2 OMe 159.0 15, OMe 147.5 150.8 15, OMe,
11-OH
13 138.5 16, 17 139.2 15, 16, 17 134.2 125.8 15, 16, 14-OH
14 191.3 15 190.9 15 114.1 156.7 15, 14-OH
15 24.3 3.42, sept, 16, 17 24.4 3.42, sept, 16, 17 24.6 26.1 3.33, overlap 16
J=T7.0Hz J=7.4Hz
16 20.4% 1.9, d, 15, 17 2044 1.29,d, 17 228%  204%  1.43,d, 15, 17
J=7.0Hz J=74Hz J=7.3Hz
17 2024 1.27,d, 16 202¢  1.28.d, 15, 16 22,64 203%  1.41,d, 15, 16
J=7.0Hz J=7.4Hz J=7.3Hz
18 18.6 1.34,s 16.2 1.68, s 29.1 33.0 1.26, s 19
19 71.6 3.80, d, 18 174.2 1,3, 18 26.1 29.4 1.35,s 1, 18
J=79Hz
3.20, dd,
J=179,3.4Hz
20 329 24.8 1.65, s
OMe 60.9 4.05, s 61.1 4.09, s 62.1 3.80, s
OH 12.97, s 12.93, s 5.81, s (C-11);
13.52, s (C14)
 Recorded in CDCly at 500 MHz ('H) and 125 MHz ('*C), respectively; data in 6 ppm (J in Hz).
®Recorded in DMSO-dg; Phytochemistry, 1989, 28, 177.
¢ Protons correlated with the carbon.
4 The assignments may be interchanged within each column.
o fe) OMe
(e}
Me
H OH
98% 77X NOE

Figure 1. Key HMBC correlations and 'H-"H coupling network revealed
by HOM experiments in 1.

Figure 2. Observed NOEs in 1.

(0 3.80; 6¢ 62.1). From the HMBC spectrum, the hydroxy
groups were located at C-11 and C-14 and the methoxy
group was concluded to be at C-12. In NOE difference
experiments (Fig. 3), irradiation of the H-18 proton
(0 1.26, a-methyl) resulted in NOEs on H-6 (6y 6.36)
and H-19 protons (0y 1.35, B-methyl), whereas irradiation
of the H-20 proton (0y 1.65) enhanced the signal intensity
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of H-19. These results indicated the stereochemistry at C-10
to be 10B. Thus, 3 was determined to have the indicated
structure, and was named komarovinone A.

1.8% OMe
e

HO

16%

Me

N__~H

73%

7\ NOE

Figure 3. Observed NOEs in 3.

Trypanocidal activities of the isolated compounds are
summarized in Table 2. Dracocequinone A (1) and B (2)
showed trypanocidal activity against epimastigotes of
T. cruzi with a minimum lethal concentration (MLC) of
12.5 and 25 pM, respectively. The MLC of 1 and 2 are
similar to that of 4 (20 uM) and 7 (23 uM), but higher than
that of 5 (0.4 uM) under the same conditions. On the
contrary, komarovinone A (3), which lacks the quinone
moiety the same as 6 (200 M), did not show trypanocidal
activity even at 200 uM. Two triterpenes showed moderate
trypanocidal activity: ursonic acid, MLC =50 uM; ursolic
acid, MLC=100 uM. Betulinic acid, [B-sitosterol and
monoterpene alcohols; (45,6S5)-carveol and (45)-p-mentha-
1,8-dien-9-ol did not show trypanocidal activity even at
200 pM. These results indicated that 5 was the major
trypanocidal component of D. komarovi. The MLC of
gentian violet, which is used to disinfect trypanosomes from
transfusion blood in Latin America, was 6.3 M under the
same assay conditions. Several types of natural quinones
have been reported to show trypanocidal activity, and their
activities have been partly ascribed to the production of a
reactive oxygen species in the parasite.'” In fact, we found
that 5 underwent one electron reduction by 7. cruzi old
yellow enzyme to produce its semiquinone radical, which
subsequently generates superoxide anion radicals.'® Thus,
the trypanocidal activity of 1, 2 and 5 may be due to the
generation of a reactive oxygen species. Previously,
trypanocidal activity of several types of diterpenes and
triterpenes has been reported. Da Costa et al. reported
that kaurane diterpenes; (—)-ent kaur-16-en-19-oic acid,

Table 2. Trypanocidal activity of isolated compounds from D. komarovi

Compound MLC (uM)*
Dracocequinone A (1) 12.5
Dracocequinone B (2) 25
Komarovinone A (3) >200
Cyclocoulterone @?° 20
Komaroviquinone 5)® 0.4
Dracocephalone A 6)® 200
Komarovispirone ° 23
Ursonic acid 50
Ursolic acid 100
Betulinic acid >200
B-Sitosterol >200
(45,6S)-Carveol >200
(4S)-p-Mentha-1,8-dien-9-ol >200
Gentian violet 6.3

# Minimum lethal concentration against epimastigotes of 7. cruzi.

(—)-trachyloban-19-oic acid, (—)-kaur-16-en-19-ol and
(—)-kauran-16-o-0l were effective against trypomastigotes
of T. cruzi with ICsy of 1.66, 1.66, 0.69 and 1.72 mM,
respectively.'®?° Cassane diterpenes were also reported to
show trypanocidal activity against trypomastigotes and
amastigotes of T. cruzi with ICsq in the range of 11.5 to
104 uM and 16.6 to 95.5 uM, respectively.”"** Thus,
trypanocidal activity of 1, 2, 4 and 7 were in the same
range as those of cassane diterpenes. However, 5 showed
more potent activity than the other diterpenes.

We will test the activity of the newly isolated diterpenes
against trypomastigotes and the intracellular amastigotes
of T. cruzi.

In this work, we isolated trypanocidal constituents from
D. komarovi obtained in Uzbekistan, and trypanocidal
constituents were also isolated from D. kotschyi* and
D. subcapitatum24 collected in Iran. Thus, we examined
trypanocidal activity of some other Dracocephalum species
(Table 3). The ethyl acetate extract of D. integrifolium
collected in Uzbekistan showed moderate activity, whereas
D. nutans collected in Kazakhstan and D. argunense grown in
Japan showed weak trypanocidal activity. Elucidation of the
trypanocidal constituents of these species will be a future
interest.

Table 3. Minimum lethal concentration (MLC) of Dracocephalum extracts
against epimastigotes of 7. cruzi

Origin MLC (pg/ml)

AcOEt Acetone MeOH
D. komarovi — <25 <25
D. integrifolium Bunge® 25 — >100
D. nutans L. 100 — >100
D. ruyschiana L.° >100 — >100
D. argunense Fisch® 100 — >100
D. argunense Fisch® >100 — >100

* Collected in Uzbekistan.

® Collected in Kazakhstan.

¢ Grown in Nagano prefecture, Japan.

9 Grown in Hokkaido prefecture, Japan.

3. Experimental

3.1. General experimental procedures

Optical rotations were determined on a JASCO DIP-370
polarimeter. 'H and '*C NMR spectra were measured on a
JEOL INM-LAS500 spectrometer with tetramethylsilane as an
internal standard, and chemical shifts are given as ¢ values.
Mass spectra were measured on a JEOL JMS-HX/HX110A
spectrometer. UV and IR spectra were recorded on Hitachi
U-3210 and Shimadzu FTIR-8700 spectrometers,
respectively.

3.2. Extraction and isolation

Dried whole plants of D. komarovi were purchased at a local
market in Kumyshkan, Uzbekistan, and identified by one of
the authors (O.K.K.). A voucher specimen (ESM-4235) was
deposited at the Experimental Station of Medicinal Plants,
Faculty of Pharmaceutical Sciences, Kyoto University.
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Dried whole plants of D. komarovi (1.6 kg) were cut into
small pieces and successively extracted with hexane and
EtOAc at room temperature overnight to give hexane
(22.2 g) and EtOAc (67.3 g) extracts. Each extract was
subjected to silica gel column chromatography using
hexane—acetone (10/1, 8/1, 6/1, 4/1, 0/1) and MeOH as
eluents. The fractions from the hexane extract (eluted with
6:1, 5.6 g), and the EtOAc extract (eluted with 8:1, 4.6 g)
were combined and fractionated by silica gel column
chromatography (CC) with hexane-EtOAc to give six
fractions: fr.1 (8:1, 0.23 g); fr.2 (8:1, 0.16 g); r.3 (8:1,
4.16 g); fr.4 (6:1, 3.0 g); fr.5 (4:1, 0.78 g); fr.6 (0:1, 0.50 g).
Repeated fractionation of fr. 3 by silica gel CC with
benzene-EtOAc (10/0, 10/1), hexane-EtOAc (20/1),
hexane—acetone (15/1), hexane-benzene (1/10) gave com-
pounds 1 (1 mg), 3 (2 mg), 7 (komarovispirone, 10 mg).
Repeated separation of fr. 4 by silica gel CC with CHCl5—
acetone (200/1, 100/1), benzene-EtOAc (30/1, 20/1),
hexane—-EtOAc (8/1), hexane-CHCl; (1/1) and HPLC
(YMC Pack SIL-06, hexane-EtOAc=6:1, 5:1) afforded
compounds 2 (5 mg), 4 (cyclocoulterone, 16 mg), S
(komaroviquinone, 124 mg), (4S,6S)-carveol (5 mg),14
(45)-p-mentha-1,8-dien-9-0l (21 mg),15 and B-sitosterol
(138 mg)."® Fractionation of fr. 5 by silica gel CC with
CHCls-acetone (100/1), CHCIs—EtOAc (100/1), HPLC
(benzene—-EtOAc=30:1, hexane—acetone=8:1) and silica
gel CC with hexane-EtOAc (8/1) gave compound 6
(dracocephalone A, 5 mg), ursonic acid (49 mg), 9 ursolic
acid (25 mg),'" and betulinic acid (25 mg)."

3.2.1. Dracocequinone A (1). An orange oil; [oz]%)5 +85.8
(¢ 0.1, MeOH); UV (MeOH) A (log €) 251 (4.07), 291
(3.94), 428 (3.60) nm; IR (KBr) vy, 2932, 2858, 1666,
1632, 1601 cm™'; 'H NMR (CDCl;, 500 MHz) and *C
NMR (CDCls, 125 MHz): see Table 1; EIMS m/z 342 [M "]
(100), 328 (66), 314 (66), 298 (95), 285 (48); HREIMS m/z
342.1477 (caled for CagH,0s, 342.1461).

3.2.2. Dracocequinone B (2). An orange oil; [a]zDs —42.9
(c 0.48, MeOH); UV (MeOH) A,,.« (log ¢€) 255 (3.94), 292
(3.74), 421 (3.41) nm; IR (KBr) v, 2943, 1755, 1666,
1632, 1601 cm™'; 'H NMR (CDCl;, 500 MHz) and *C
NMR (CDCls, 125 MHz): see Table 1; EIMS m/z 356 [M 1]
(25), 342 (6), 312 (100), 298 (36), 297 (49), 283 (21);
HREIMS m/z 356.1254 (calcd for CroH,Og, 356.1260).

3.2.3. Komarovinone A (3). Yellow amorphous solid, mp
193-195°C; [a]F +29 (¢ 0.12, MeOH); UV (MeOH) Anax
(log ¢) 238 (4.13), 258 (4.26), 298 (3.84), 393 (3.78) nm; IR
(KBr) vmax 3333, 2959, 2936, 1639, 1582, 1458, 1420,
1400 cm ™ '; '"H NMR (CDCls, 500 MHz) and '*C NMR
(CDCls, 125 MHz): see Table 1; EIMS m/z 344 [M '] (95),
329 (100), 297 (15), 274 (43), 262 (45); HREIMS m/z
344.1993 (calcd for C»1Hpg04, 344.1988).

3.3. Trypanocidal assay

Trypanocidal activity against epimastigotes of 7. cruzi
(Tulahuen strain) was determined as described previously.?
Each assay was performed in duplicate.
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Abstract—myo-Inositol derived crown-4-ethers in which two of the oxygen atoms in the crown ether moiety have different relative
orientations were prepared. Metal picrate binding studies revealed that the crown ether having 1,3-diaxial orientation shows the highest
selectivity for binding to lithium although the crown ether having 1,2-diequatorial orientation exhibited the highest binding constant for
lithium picrate. These results suggest that relative binding affinity of metal ions to crown ethers can be tuned by varying the relative
orientation of crown ether oxygen atoms. The relevance of these results to the previously observed regioselectivity during the O-substitution

of myo-inositol orthoesters is discussed.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

The realization of the existence of phosphoinositol based
cellular signal transduction mechanisms in eukaryotic cells'
and the role played by myo-inositol in the anchoring of
certain proteins to the cell membranes” has driven chemists
to devise novel methods for the efficient synthesis of cyclitol
derivatives.” These synthetic investigations revealed
several unusual reactions of myo-inositol derivatives.” In
particular, the regioselectivities encountered during
O-alkylation,*’ O-acylation,® O-sulfonylation,” and trans-
esterification'” reactions of myo-inositol 1,3,5-orthoformate
and its derivatives, was attributed to their chelation with
metal ions. To investigate the extent of the binding of metal
ions with inositol derivatives, we carried out lithium and
sodium picrate extraction studies of several myo-inositol
derivatives.'" Most of the myo-inositol derivatives bound
lithium picrate better than other alkali metal picrates.
Studies on the binding of lithium to inositol derivatives are
of potential interest due to the ability of lithium to inhibit the
activity of myo-inositol-1-phosphate phosphatase.'*~'* This
has been implicated for the therapeutic effect of lithium,
which is used as a drug for manic depression.'” Lithium
selective ligands'®'® are also of interest in supramolecular
chemistry. The reports'®° on the chemistry and biology

Keywords: Crown ether; Cyclitol; Inositol; Lithium; Ligand; Metal

complex.
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cited above prompted us to prepare inositol-based crown-4-
ethers to investigate their ability to bind lithium selectively.
Although several carbohydrate derived crown ethers have
been reported in the literature as tools for asymmetric
Michael addition,>'™*® asymmetric hydrogenation,>*
O-alkylation of carbohydrates and nucleosides, other
enantioselective reactions’®® and molecular recogni-
tion,”*" there are only a few reports on inositol derived
crown ethers.'*? Earlier work in our laboratory had shown
that some myo-inositol based podands™> and crown ethers™>
bind silver ions preferentially. The present work deals with
the preparation and metal ion binding study of myo-inositol
derived crown-4-ethers.

2. Results and discussion

The myo-inositol-derived crown ethers (Scheme 1) were
prepared by the reaction of the diols 1, 3 and § with
triethyleneglycol ditosylate, in the presence of sodium
hydride. The crown ethers 7, 8 and 9 could not be easily
separated from the ditosylate by column chromatography.
Hence the crude product obtained was refluxed with sodium
methoxide in methanol to convert the unreacted triethylene-
glycol ditosylate to the corresponding dimethyl ether, from
which the required crown ethers were separable. In the
crown-4-ethers 7, 8 and 9, two of the oxygen atoms in the
ionophoric ring have varying relative orientations (1,2-
diequatorial in 7, 1,2-axial-equatorial in 8, 1,3-diaxial in 9),
as they are part of the myo-inositol ring. The association
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Scheme 1. (a) TsO(CH,CH,0);Ts, NaH, THF, reflux, 24 h; (b) NaOMe,
MeOH, reflux, 8 h.

constants (Table 1) of these inositol based crown ethers with
alkali metal picrates as well as ammonium and silver
picrates, were evaluated by Cram’s picrate method.** For
the calculation of the association constants shown in Table 1
we have assumed the formation of 1:1 complexes with all
metal ions.

Table 1. Association constants (KaX 10~* dm® mol ") in CDCl, for the
binding of crown-4-ethers 7-9 (27 °C) with metal picrates

Crown Lit Na*t K* Cst NH; Ag*
7 100 254 627 202 296 144
8 19.9 3.95 0.97 2.12 397 159
9 27.2 2.96 0.69 0.62 0.21 0.9
Kagi+y/Kag+)
7 4 16 5 34 7
8 5 20 9 5 1
9 9 40 44 130 30

From Table 1, it is seen that all three crown-4-ethers exhibit
the highest binding constant for lithium picrate (among the
picrates tested) as expected. Lithium picrate binds better to
inositol based crown-4-ethers when compared to 12-crown-
4-ether (Ka=1.6 X 104).35 Among the three crown ethers,
the crown ether 7 derived from the diequatorial diol 1 binds
lithium picrate best. Comparison of the association
constants for the extraction of lithium picrate for the
crown-4-ethers with inositol derived crown-5 and crown-6-
ethers>? shows that as expected, crown-4-ethers bind lithium
picrate more effectively than the larger crown ethers. We
had earlier reported®® the metal picrate binding character-
istics of a few myo-inositol-derived podands, which are
open chain analogs of crown-4-ethers. An increase in the

value of the association constants on going from podands to
crown ethers (ratio of Ka’s=4 to 43; Ka for podands:33
23X 10% 5.3 10% and 2.3 X 10*, respectively, for the diols
2, 4 and 6) indicates the contribution of the ionophoric ring
towards the binding of metal picrates.

The magnitude of the preference of individual crown ethers
for binding to a metal ion (MI) among a group of ‘n’ metal
ions can be estimated by the ratio of association constants
(Kvi/ Kun), for binding to the same crown ether. The ratio of
the binding constant for lithium picrate to that of other metal
picrates shows that the crown ether 9, having 1,3-diaxial
orientation exhibits the highest selectivity for lithium as
compared to other metal picrates. It is pertinent to note that
although all the crown ethers have four oxygen atoms in the
ionophoric ring, in the diequatorial (7) and axial-equatorial
(8) crown ethers all the oxygen atoms are separated by two
carbon atoms, whereas, in the diaxial crown ether (9),
oxygen atoms attached to the inositol ring (at C-4 and C-6)
are separated by three carbon atoms, but are closer to each
other due to their diaxial disposition. Interestingly, these
differences lead to better selectivity for binding to lithium
picrate. A comparison of the ratio of association constants
between crown-4-ethers having different relative orien-
tations of the two of the oxygen atoms (attached to the
inositol ring) reveals that this difference matters most for the
binding of cesium ions (K,7)/Kaw9)=33).

The observed trend in the extraction of the metal picrates by
inositol-derived crown-4-ethers, especially for lithium, is
interesting with regard to the experimentally observed
regioselectivity for the alkylation of myo-inositol ortho-
esters assisted by sodium hydride and butyllithium
(Scheme 2). Reaction of triols (10 R*=H) with alkyl
halides® in the presence of 1equiv of sodium hydride
resulted in exclusive reaction at the C4(6)-O-position to
yield the monoether 10 (R*=alkyl); further reaction of
these diols with alkyl halides in the presence of sodium
hydride resulted in the formation of a mixture of diethers 11
and 12 (Scheme 2).

R! Ri R1
oo oo oo
O a O b (@]
HO ~-<— HO —R® +11
| ! |
R2OOR3 R*0oH R20 OH
11 R?, R3 = alkyl 10R! = H, Me 12 R?, R3= alkyl,
R2 = alkyl
Rt R
(o) + —O/J\
o O M---JO O
HO -0
i
R20 R?0
13 70 14 OH
M+

Scheme 2. (a) LiH or BuLi, R*X; (b) NaH, R>X.

The use of butyllithium or lithium hydride'' instead of
sodium hydride for the same reaction resulted in better
regioselectivity, with the exclusive formation of the 4,6-di-
O-substituted derivatives 11. Reaction of the monoether
(such as 10, R*=alkyl) with alkyl halides in the absence
of metal ions provided the unsymmetrical diether 12 as
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the major product.’® The fact that the reaction assisted by
butyllithium gave the diaxial diether 11 as the major product
was attributed to the better chelation of lithium ions (as
compared to sodium ions) by the 4,6-diaxial oxygen atoms
resulting in relatively higher stability of the chelate 13 (as
compared to 14). The observed metal ion selectivity in
picrate extraction studies (Table 1), that is, better selectivity
for the binding of lithium exhibited by the 1,3-diaxial
crown-4 9 as compared to crown-4-ethers with other
orientations, now strongly supports this possibility.

3. Conclusions

A comparison of the metal picrate binding characteristics
of inositol derived crown-4-ethers shows that although
the strength of binding of metal picrates to these crown
ethers could depend on various factors, the selectivity of
binding of metal ions can be modulated by reducing the
flexibility of the crown ether oxygen atoms.”’* These
results also complement the observed regioselectivity for
the O-substitution reactions of myo-inositol 1,3,5-ortho-
esters in the presence of metal ions and support the
involvement of chelates during these reactions. We are
presently investigating the possibility of modulation of
metal ion binding to inositol derived crown ethers by
tuning the protecting groups on the hydroxyl groups (not
involved in crown ether formation) in inositol derived
crown ethers.

4. Experimental
4.1. General methods

For details on general methods see Ref. 32. Flash column
chromatographic separations were carried out using ethyl
acetate—light petroleum mixtures. The racemic isopropyl-
idine derivative 1,41 the tetrabenzyl ether 3,42 and the
orthoformate 5° were prepared according to the literature
procedures. Metal picrate—crown ether binding constants
were estimated by the method of Cram.**

4.2. Synthesis of crown ethers. General procedure

A solution of triethyleneglycol ditosylate (1.2—1.3 mmol)
in dry THF (50 mL) was added dropwise over 2h to a
refluxing solution of the required myo-inositol derived diol
(1 mmol) and sodium hydride (4 mmol) in dry THF
(100 mL), in an atmosphere of nitrogen. Refluxing was
continued for another 24 h, after which the reaction
mixture was cooled to ambient temperature and the solvent
was evaporated under reduced pressure. The residue was
extracted with chloroform and washed successively with
water and brine. The organic layer was dried over
anhydrous sodium sulfate and evaporated under reduced
pressure to give a gum. The crude product was dissolved in
dry methanol (7-10 mL) and heated under reflux with
sodium methoxide (5-10 mmol) for 8-12h (to convert
unreacted triethyleneglycol ditosylate to triethyleneglycol
dimethyl ether, which is easily separable from crown
ethers). Methanol was evaporated under reduced pressure
to get a gum, which was purified by column

chromatography on silica gel using ethyl acetate and
light petroleum (gradient elution) as eluent to obtain the
crown ether as a gum.

4.2.1. Racemic 1,2-O-isopropylidine-3,6-di-O-benzyl-4,5-
(12-crown-4)-myo-inositol (7). The diol 1 (0.4 g, 1 mmol),
sodium hydride (0.096 g, 4 mmol) and triethyleneglycol
ditosylate (0.596 g, 1.3 mmol) were used to obtain the
crown ether 7 as a gum (0.188 g, 36%). IR (neat): v 1497,
1604, 2872, 2924, 3350-3570cm™'. 6y (200 MHz;
CDCl3): 7.15-7.60 (10H, m), 4.50-5.0 (4H, m), 4.18 (1H,
t, J=4.4 Hz), 3.55-4.10 (16H, m), 3.16 (1H, t, J=9 Hz),
1.48 (3H, s), 1.33 (3H, s). oc (50.3 MHz; CDCl;): 138.7,
138.4, 128.4, 128.2, 127.9, 127.7, 127.4, 109.7, 82.7, 82.5,
81.2, 79.1, 74.6, 74.0, 73.3, 72.5, 72.3, 71.0, 70.7, 27.8,
25.9. Anal. Found: C, 6369, H, 7.41. C29H3808'2H20
requires C, 63.25; H, 7.68%.

4.2.2. Racemic 1,2-(12-crown-4)-3,4,5,6-tetra-O-benzyl-
myo-inositol (8). The diol 3 (0.541 g, 1 mmol), sodium
hydride (0.096 g, 4 mmol) and triethyleneglycol ditosylate
(0.550 g, 1.2 mmol) were used to obtain the crown ether 8
as a gum (0.185 g, 28%). IR (neat): v 1499, 1602, 2867,
2921, 3200-3600 cm ™~ !. 6y (200 MHz; CDCl5): 7.15-7.50
(20H, m), 4.55-5.0 (8H, m), 3.90—4.20 (5H, m), 3.55-3.85
(10H, m), 3.30-3.45 (2H, m), 3.16 (1H, d, J=10 Hz). oc
(50.3 MHz; CDCls): 138.9, 138.4, 129.7, 128.1, 127.8,
127.6, 127.5, 127.2, 83.5, 81.6, 81.2, 80.7, 80.6, 75.6,
72.8, 72.6, 72.5, 72.3, 71.9, 70.7, 70.5. Anal. Found: C,
69.33; H, 6.92. C40H4605-2H,O requires C, 69.54;
H, 7.29%.

4.2.3. 2-0-Benzyl-4,6-(13-crown-4)-myo-inositol 1,3,5-
orthoformate (9). The diol 5§ (0.280 g, 1 mmol), sodium
hydride (0.096 g, 4 mmol) and triethyleneglycol ditosylate
(0.596 g, 1.3 mmol) were used to prepare the crown ether 9
as a gum (0.094 g, 24%). IR (neat): v 1496, 1604, 2864,
2904, 3006, 3200-3600 cm™'. 6y (200 MHz; CDCl5):
7.25-7.50 (5H, m), 5.55 (1H, s), 4.75 (2H, s), 4.51 (1H,
m), 4.25-4.35 (2H, m), 4.15-4.25 (2H, m), 3.99 (1H, s),
3.35-3.90 (12H, m). 6¢ (50.3 MHz; CDCl3): 137.9, 128.4,
128.1, 127.8, 103.2, 74.4,72.9, 71.2, 70.4, 70.3, 69.7, 67.6,
66.9. Anal. Found: C, 5860, H, 7.14. C20H2608'H20
requires C, 58.24; H, 6.84%.

Note: As revealed by spectroscopy and analytical data,
crown ethers 7, 8 and 9 always contain water and
furthermore are not stable either as gums or in solution
for long periods of time (few weeks). We suspect that
some of the benzylic methylene groups undergo oxidation
on storage. This was indicated by the infrared and 'H
NMR spectra of samples stored over long periods of
time.
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Ring expansion of 11H-benzo[b]fluorene-11-methanols
and related compounds leading to
17,18-diphenyldibenzo|a,o ]pentaphene and related polycyclic
aromatic hydrocarbons with extended conjugation
and novel architectures
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Abstract—Condensation between 7-(1,1-dimethylethyl)-13-phenyl-8H-indeno[2,1-b]phenanthrene and paraformaldehyde produced the
corresponding 9-fluorenylmethanol derivative, which on treatment with P,Os to promote a Wagner—Meerwein rearrangement for ring
expansion furnished 14-phenyldibenzo[a.j]anthracene in 88% yield. Similarly, 17,18-diphenyldibenzo[a,o]pentaphene possessing a helical
twist and bearing two phenyl substituents at the most sterically congested C17 and C18 positions and other related compounds were likewise
synthesized. Subsequent intramolecular arylation reactions involving the phenyl substituents produced polycyclic aromatic hydrocarbons

with novel architectures.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

The Wagner—Meerwein rearrangement of 9-fluorenyl-
methanols and related fluorene derivatives provides an
efficient pathway for ring expansion to form phenan-
threnes.! Specifically, the phosphorous pentoxide-induced
rearrangement of the parent 9-fluorenylmethanol occurs in
refluxing xylene to produce phenanthrene in excellent yield
(Eq. 1).> We recently reported the synthesis of a variety of
11H-benzo[b]fluorenes and related derivatives via the
benzannulated enediynyl propargylic alcohols.”™'® We
now report the use of these benzofluorenyl derivatives to
prepare 11H-benzo[b]fluorene-11-methanols for the sub-
sequent Wagner—Meerwein rearrangement leading to
phenanthrenes having extended conjugation and bearing
one or two aryl substituents at the sterically most hindered
positions. The presence of these aryl substituents also allows
intramolecular electrophilic aromatic substitution reactions

Keywords: 9-Fluorenylmethanols; Wagner—Meerwein rearrangement; Ring

expansion; 17,18-Diphenyldibenzo[a,o]pentaphene; Polycyclic aromatic

hydrocarbons.
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to occur, producing polycyclic aromatic hydrocarbons with
refluxing xylene

novel architectures.
0 e - O
57w
30 mi
OH n 90-100%

2. Results and discussion

Indenophenanthrene 8 was prepared by a synthetic sequence
reported previously” involving condensation between tert-
butyl 2-naphthyl ketone (1) and the benzannulated
enediynyl lithium acetylide 2 to form the benzannulated
enediynyl propargylic alcohol 3 followed by reduction with
triethylsilane in the presence of trifluoroacetic acid to give 4
(Scheme 1). Treatment of 4 with potassium fert-butoxide in
refluxing toluene for 3 h then provided 7-(1,1-dimethyl-
ethyl)-13-phenyl-8 H-indeno[2,1-b]phenanthrene (8) in 89%
yield. Presumably, a cascade sequence of reactions occurred
as reported previously3 involving an initial 1,3-prototropic
rearrangement to form the benzannulated enyne-allene 5
followed by a Schmittel cyclization reaction''™ to
generate biradical 6 for the subsequent intramolecular
radical-radical coupling to furnish 7 and, after a second
prototropic rearrangement, indenophenanthrene 8. It is
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Scheme 1.

worth noting that the intramolecular radical-radical coup-
ling reaction of biradical 6 involved only the a-position of
the naphthyl ring to produce 7 preferentially. Attaching the
B-position to form an indeno-fused anthracene derivative
did not appear to occur. The higher reactivity of the
a-position than the B-position of naphthalene in homolytic
addition may be responsible for the regioselectivity.'®™”
Conversion of 8 to the 9-fluorenylmethanol derivative 9
was readily accomplished by treatment of 8 with lithium
diisopropylamide (LDA) followed by paraformaldehyde.'®
Unlike the parent 9H-fluorene, the presence of a sterically
demanding fert-butyl group in 9 appeared to prevent it from
condensation with a second molecule of formaldehyde even
in the presence of excess LDA and paraformaldehyde.
On exposure to P,Os, 9 was transformed smoothly via the
Wagner—Meerwein rearrangement to form 10 in situ
followed by the loss of the ters-butyl group to give
14-phenyldibenzo[a,jlanthracene (11) in 88% yield. The
tert-butyl group is removed from 10 by protonation of the C7

P
O 0
KO t-Bu Ph
=
Z refluxmg
toluene
4, 98% t Bu

O Ph
1.LDA

SOUORE="rx
t-Bu
8, 89%

t-Bu 11, 88%

10

carbon followed by dealkylation as observed previously
in other aromatic systems.'?>* It is also possible that the terr-
butyl group was first removed from 9 followed by a Wagner—
Meerwein rearrangement to furnish 11.

Similarly, the benzannulated enediynyl propargylic alcohol
16 was synthesized by condensation between 2,2-dimethyl-
propiophenone (15) and the benzannulated enediyne 14,
which was readily prepared by the Sonogashira reaction
between phenylacetylene and 12 to form 13 followed by
treatment of 13 with dimethyl (1-diazo-2-oxopropyl)-
phosphonate® (Scheme 2). Reduction of 16 followed by
treatment of the resulting 17 with potassium tert-butoxide in
refluxing toluene then afforded 8-(1,1-dimethylethyl)-13-
phenyl-7H-dibenzo[b,g]fluorene (18) in 80% yield along
with two minor adducts 19 and 20. Presumably, a 1,3-
prototropic rearrangement of 17 gave the benzannulated
enyne-allene 23, which could undergo either a Schmittel
cyclization reaction to give biradical 24 leading to 18 or a

1. BuLi Ph
Ph Ph Ph.__O A
X X
Br- phenylacetylene MeCOC(N,)P(O)(OMe), O 2. tBu
15
o O Pd(PPhg),Cl, o O K,COs, 1t, 4 h _ O FZ
Cul, Et;N Z 3. Hy0 .
H 42 H  13,09% 14, 75% tBu OH 16,92%
"~ 0 @ ¢
NN
- o Y LT W LY - OO0
i +
_EtsSH O _ refluxing '
CF3CO,H = toluene
s 3 tBu 18, 80% tBU H 19 59, BUR 20, 5%
tBu H 1. LDA
0,
17, 79% 2.~{CH,0)-

Scheme 2.
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17— Ph —-

‘ toluene
.

19 + 20

t-Bu

Scheme 3.

Myers—Saito cyclization reaction®*’ to form biradical 25

leading to 19 and 20 (Scheme 3). Treatment of 18 with LDA
followed by paraformaldehyde then produced 21 for the
subsequent Wagner—Meerwein rearrangement to furnish
14-phenylnaphth[1,2-a]anthracene (22) with the phenyl
substituent at one of the most sterically hindered positions
in 74% yield. Because of steric hindrance, the rotation of the
carbon—carbon bond attaching the phenyl substituent to the
naphth[1,2-a]anthracene system is restricted. As a result,
the '"H NMR signals (600 MHz) of the ortho and meta
hydrogens of the phenyl substituent appeared as broad
humps at ¢ 8.2, 7.5, 6.7, and 6.1 at 25 °C. However, at
—20 °C two doublets at § 8.24/6.14 for the ortho hydrogens
and two triplets at ¢ 7.49/6.67 for the meta hydrogens
could be clearly discerned. The coalescence temperatures
were determined to be at 50 °C for the ortho hydrogens
and at 40°C for the meta hydrogens on a 270 MHz

(o] O ) 3 steps
+ 2 equiv of 2 —_—

spectrometer, corresponding to rotational barriers of
14.4 and 14.5 kcal/mol at these two temperatures, which
are slightly higher than those of 1-phenylbenzo[a]phenan-
threnes (AGY.,=ca. 13 kcal/mol) reported earlier.”®

The diindeno-fused phenanthrene 27 was synthesized
previously from diketone 26 and 2 equiv of 2 in three
steps in 38% overall yield (Scheme 4).° The X-ray structure
of 27 showed that the presence of the two phenyl
substituents at the congested C4 and C5 positions of the
phenanthrene moiety caused a severe helical twist of the
diindeno-fused phenanthrene system. Treatment of 27 with
2 equiv of LDA followed by paraformaldehyde produced
28a—c as a mixture of three diastereomers in a 63 (28a or
28b): 34 (28c¢): 3 (28a or 28b) ratio in 76% combined yield.
The major isomer (28a or 28b) having a C, symmetry and
28c without a C, symmetry were separated by silica gel
chromatography to allow structural elucidation. The use of a
mixture of 28a—c containing all three diastereomers for two
consecutive Wagner—-Meerwein rearrangements, promoted
by P,Os in p-xylene at 110°C for 15 min, was also
successful, giving rise to 17,18-diphenyldibenzo[a,o]penta-
phene (29) with the two phenyl substituents at the most
sterically congested C17 and C18 positions.

Interestingly, when a mixture of 28a—c was exposed to P,O5
at a higher temperature (138 °C) in refluxing p-xylene for
1.5 h, compound 30 was produced in 77% yield. Treatment of
29 with P,O5 under the same condition (refluxing p-xylene,
1.5 h) also produced 30. Apparently under this reaction
condition, the transformation from 28a—c to 30 proceeds via
an initial formation of 29 in situ followed by protonation of
the C7 carbon of 29 to furnish 32 (Scheme 5). A subsequent
intramolecular electrophilic aromatic substitution reaction
involving the phenyl substituent at the C17 position to form

28a + 28b + 28¢c = 76%

P,0s, 138 °C, 12 h
P20s 88% yield
138°C, 1.5 h
77% yield

P,0s, 110 °C, 15 min

73% yield

P,0s, 138 °C

O

Scheme 4.

12h
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Scheme 5.

33 followed by deprotonation then gave 30. The reaction
sequence of protonation followed by an intramolecular
electrophilic aromatic substitution reaction is reminiscent of
what was reported previously in the transformation of
1-phenylbenzo[a]anthracene to dibenzo[a,/]pyrene.”’

It was also possible to promote a second intramolecular
electrophilic aromatic substitution reaction involving the
phenyl substituent of 30 by protonation of the C10 carbon.
Treatment of either 28a—c or 30 with P,Os in refluxing
p-xylene over a longer period of time (12 h) furnished 31
having a C, symmetry and two vertical planes of symmetry
and thus belonging to the group C»,. It is interesting to note
that 31 can be regarded as the Diels—Alder adduct of the
cycloaddition reaction between the central benzene ring of
the central anthracene unit of 34 and benzyne to produce the
triptycene moiety in 31 (Eq. 2).%07>

ORORS,
0'8'0 * @ - ¥ 2)

34

Compare to 30 in which an AB quartet of 'H NMR signals at
04.83 (J=22.8 Hz) and 6 4.77 (J=23.0 Hz) were observed
for the two methylene hydrogens because of the lack of
symmetry, a singlet "H NMR signal at 6 4.42 was observed
for the four methylene hydrogens of 31. Oxidation of 31
with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ)
produced 35 (Eq. 3), which has its structure established by
X-ray structure analysis.

31 —_—

3)

35, 77%

Similarly, treatment of 36° with 2equiv of LDA and
paraformaldehyde gave 37 as a mixture of two diastereo-
mers (isomer ratio=>55:45), which on exposure to P,O5 in
refluxing benzene at 80 °C for 15 min underwent two
Wagner—Meerwein rearrangements to give 38 (Scheme 6).
Under a harsher reaction condition (P,Os, p-xylene at

138 °C, 12 h), 39 was likewise produced. Compared to 31,
which belongs to the group C,, the structure of 39 retains
the C, symmetry but no longer has the two planes of
symmetry and thus belongs to the group C,. The chirality of
the helical structure is lost in the transformation from 27 to
31, whereas the chirality of 36 is retained in 39. As a result,
the 'H NMR signals of the diastereotopic methylene
hydrogens of 39, recorded on a 600 MHz NMR
spectrometer, were observed as an AB quartet at ¢ 4.46
(J=21.6 Hz) and 6 4.43 (J=21.0 Hz).

0P
e
s ®®ls
HO%%ﬂfOH

u
37, 77%

P,0s, 80 °C, 15 min)/ Y205, 138 °C, 12 h
Ph  Ph

38, 89%

1.2 LDA

2.~CH,0}-

Scheme 6.

The benzo[b]fluorene derivative 40° was also successfully
employed to produce 41 (Scheme 7). However, attempts to
promote the Wagner—Meerwein rearrangement to give 42

Ph Ph Ph Ph
) e ()
2.~{CH,0%}

- t-Bu
41, 59%

44, not observed

Scheme 7.
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resulted in the formation of 43 even under mild reaction
conditions (P,Os, 25 °C, 5 min). The structure of 43 was
established by X-ray structure analysis. Apparently,
protonation of the initially formed 42 and the subsequent
intramolecular electrophilic aromatic substitution reaction
are very facile under the reaction condition, preventing 42
from being isolated. However, the resulting 43 is resistant to
further transformation to 44 on heating in refluxing p-xylene
at 138 °C for 12 h. Apparently, it is difficult to protonate the
naphthalene moiety of 43 for the subsequent intramolecular
electrophilic aromatic substitution reaction.

3. Conclusion

The Wagner—-Meerwein rearrangement was successfully
applied to a variety of 11H-benzo[b]fluorene-11-methanols
and related fluorene derivatives leading to highly con-
jugated aromatic systems bearing one or two aryl
substituents at the most sterically hindered positions.
These sterically congested aromatic systems are prone to
protonation for subsequent intramolecular electrophilic
aromatic substitution reactions, leading to polycyclic
aromatic hydrocarbons with novel architectures not easily
attainable by other synthetic methods. The synthetic
sequence is simple and straightforward, making it easily
adoptable for the synthesis of other polycyclic aromatic
compounds.

4. Experimental
4.1. General

All reactions were conducted in oven-dried (120 °C)
glassware under a nitrogen atmosphere. Diethyl ether and
tetrahydrofuran (THF) were distilled from benzophenone
ketyl prior to use. n-Butyllithium (2.5 M) in hexanes, tert-
butyllithium (1.7 M) in pentane, lithium diisopropylamide
(LDA, 2.0 M) in heptane/THF/ethylbenzene, triethylsilane,
trifluoroacetic acid, potassium tert-butoxide (1.0 M) in
THF, 2-naphthoyl chloride, 1-bromo-2-naphthalenecarbox-
aldehyde (12), phenylacetylene, Pd(PPh;),Cl,, copper(I)
iodide, CuBr-SMe,, triethylamine, 2,2-dimethylpropiophe-
none (15), paraformaldehyde, and phosphorus pentoxide
were purchased from chemical suppliers and were used as
received. 1,2-Bis[(2-ethynylphenyl)ethynyl]benzene was
prepared as reported previously.” Melting points were
uncorrected. 'H (270 MHz) and '*C (67.9 MHz) NMR
spectra were recorded in CDCl; using CHCI; ("H 6 7.26)
and CDCl; (**C 6 77.0) as internal standards unless
otherwise indicated for those recorded on a 600-MHz
NMR spectrometer.

4.1.1. 7-(1,1-Dimethylethyl)-13-phenyl-8 H-indeno[2,1-
b]phenanthrene-8-methanol (9). To a solution of 0.317 g
(0.796 mmol) of 8 in 8 mL of THF under a nitrogen
atmosphere at 0 °C was added 0.53 mL of a 2.0 M solution
of LDA (1.06 mmol) in heptane/tetrahydrofuran/ethyl-
benzene. After 10 min at 0 °C, 0.030 g (1.00 mmol) of
paraformaldehyde was introduced via a 120° angle glass
tubing fitted with ground joints at both ends. The reaction
mixture was then allowed to warm to room temperature.

After an additional 15 min, 5 mL of a saturated sodium
bicarbonate solution was introduced, and the reaction
mixture was extracted with diethyl ether. The combined
organic extracts were washed with brine and water, dried
over magnesium sulfate, and concentrated. The residue was
purified by flash column chromatography (silica gel/20%
diethyl ether in hexanes) to afford 0.311 g of 9 (0.727 mmol,
91%) as a white solid: mp 207-209 °C; IR 3401 (br), 832,
750,697 cm ™', "H 6 8.50 (1H, d, J=9.6 Hz), 7.79 (1H, dd,
J=1.9,1.5Hz), 7.69-7.52 (7TH, m), 7.41-7.31 (2H, m), 7.21
(1H,td,J=7.4,1.0 Hz), 7.04-6.93 (2H, m), 5.94 (1H, d, J=
7.9 Hz), 5.02 (1H, dd, J=17.5, 3.8 Hz), 4.43 (1H, m), 3.53
(1H, m), 1.91 (9H, s), 1.50 (1H, OH); '3C ¢ 146.3, 143.3,
142.9, 140.8, 139.9, 1394, 134.2, 132.8, 132.5, 1314,
130.2, 130.0, 129.9, 128.7, 127.9, 127.6, 126.9, 126.8,
126.2, 125.6, 124.5, 124.28, 124.25, 123.6, 67.8, 51.4, 38.5,
34.6; MS m/z 429 (MH™), 415, 355.

4.1.2. 14-Phenyldibenzo[ajlanthracene (11). To a flask
containing 0.069 g (0.161 mmol) of 9 were added 0.256 g
(1.80 mmol) of phosphorus pentoxide and 10 mL of
p-xylene. The reaction mixture was heated under reflux
for 2 h. After the reaction mixture was allowed to cool to
room temperature, 10 mL of a saturated sodium bicarbonate
solution was introduced, and the organic layer was
separated. The aqueous layer was back extracted with
diethyl ether. The combined organic extracts were washed
with water, dried over magnesium sulfate, and concentrated.
The residue was purified by flash column chromatography
(silica gel/10% methylene chloride in hexanes) to provide
0.050 g of 11 (0.141 mmol, 88%) as a white solid: mp 259—
261 °C; IR 1443, 878, 790, 743, 696 cm ™~ '; 'H 6 8.35 (1H,
s), 7.82 (2H, d, /=8.9 Hz), 7.79 (2H, dd, /=8.2, 1.5 Hz),
7.69 (2H, d, J=8.7 Hz), 7.66-7.58 (3H, m), 7.52-7.48 (2H,
m), 7.39 (2H, ddd, /=79, 6.9, 1.0 Hz), 7.21 2H, d, J=
8.7 Hz), 6.99 (2H, ddd, J=8.7, 6.9, 1.7 Hz); '°C 6 145.4,
138.8, 134.2, 131.5, 131.3, 131.2, 130.6, 129.0, 128.4,
128.2, 128.13, 128.10, 127.8, 126.9, 125.9, 124.5; MS m/z
354 (M™), 337, 313; HRMS calcd for C,gH;g 354.1409,
found 354.1402.

4.1.3. Diols 28a—c. To a solution of 0.344 g (0.557 mmol) of
27 in 60 mL of benzene and 50 mL of THF under a nitrogen
atmosphere at 0 °C was added 1.80 mL of a 2.0 M solution
of LDA (3.60 mmol) in heptane/tetrahydrofuran/ethylben-
zene. After 20 min at 0°C, 0.220 g (7.33 mmol) of
paraformaldehyde was transferred into the reaction mixture
via a 120° angle glass tubing fitted with ground joints at both
ends. The reaction mixture was then allowed to warm to
room temperature. After an additional 30 min, 10 mL of a
saturated sodium bicarbonate solution was introduced, and
the reaction mixture was extracted with diethyl ether. The
combined organic extracts were washed with brine and
water, dried over magnesium sulfate, and concentrated. The
residue was purified by flash column chromatography (silica
2el/50% diethyl ether in hexanes) to afford 0.287 g of 28a—c
(0.423 mmol, 76%, a mixture of three isomers, isomer
ratio=63:34:3) as a pale yellow solid. The 'H NMR
spectrum suggested that all three diastereomers, 28a and
28b having a C, symmetry (63 and 3% not necessarily
respectively) and 28c without a C, symmetry (34%), were
produced. The major isomer (28a or 28b) and 28c were
further separated by column chromatography on a silica gel
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column. 28a-c: mp 221-225°C; IR 3412 (br), 1052,
704 cm ™ 'H (28a or 28b) 6 7.81 (2H, s), 7.49 (2H, d,
J=7.5Hz), 7.13 2H, tm, J=7.5, 1 Hz), 7.10 (2H, tm, J=
7.5, 1 Hz), 6.99 (4H, t, J="7.5 Hz), 6.78 (2H, t, J=7.2 Hz),
6.46 (4H, d, J=6.9 Hz), 6.22 (2H, d, J=7.9 Hz), 4.70 (2H,
dd, J=5.9, 3.0 Hz), 4.47 (2H, m), 3.82 (2H, m), 1.82 (18H,
s), 1.13 (2H, OH); '*C (28a or 28b) 6 146.6, 140.7, 140.6,
138.7, 137.4, 135.1, 134.9, 132.1, 131.2, 128.2, 126.56,
126.51, 126.0, 123.8, 122.9, 121.9, 67.0, 50.7, 37.7, 34.3; 'H
(28¢) 60 7.97 (1H, d, J=9.7 Hz), 7.88 (1H, d, /=9.3 Hz),
7.50 (1H, d, J=7.5Hz),7.45 (1H, d, J="7.1 Hz), 7.19-6.91
(8H, m), 6.83-6.74 (2H, m), 6.47 (4H, t, J=8.1 Hz), 6.32
(2H, t, J=6.9 Hz), 4.85 (1H, dd, /=7.7, 3.8 Hz), 4.73 (1H,
dd, J=6.1, 3.2 Hz), 4.47 (1H, m), 4.36 (1H, m), 3.74 (1H,
m), 3.47 (1H, t, J=8 Hz), 1.86 (9H, s), 1.85 (9H, s), 1.64
(1H, OH), 1.17 (1H, OH); *C (28c) 6 146.7, 146.6, 140.8,
140.5, 140.4, 139.0, 138.9, 138.5, 138.4, 137.3, 135.9,
134.9, 134.6, 133.3, 133.0, 132.5, 132.2, 127.7, 126.9,
126.6, 126.1, 123.8, 123.5, 123.3, 123.0, 122.8, 122.1, 69.6,
67.2,52.2,50.7,38.3, 37.8, 34.5, 34.2; The "H NMR signals
attributable to the minor isomer having a C, symmetry (28a
or 28b) were observed at 6 8.05 (2H, s) and 1.90 (18H, s);
MS m/z 678 (M*), 664, 647, 605; HRMS calcd for
Cs50H460, 678.3492, found 678.3496.

4.1.4. 17,18-Diphenyldibenzo[a,o]pentaphene (29). To a
flask containing 0.0134 g (0.0198 mmol) of a mixture of
28a—c were added 0.100 g (0.704 mmol) of phosphorus
pentoxide and 10 mL of p-xylene. The reaction mixture was
heated at 110 °C for 15 min. After the reaction mixture was
allowed to cool to room temperature, 10 mL of a saturated
sodium bicarbonate solution was introduced. The organic
layer was separated, and the aqueous layer was back
extracted with diethyl ether. The combined organic extracts
were washed with water, dried over magnesium sulfate, and
concentrated. The residue was purified by flash column
chromatography (silica gel/10% methylene chloride in
hexanes) to provide 0.0076 g of 29 (0.014 mmol, 73%) as
a light yellow solid: mp 272-275 °C; IR 1437, 879, 797,
744,697 cm™'; '"H 6 8.03 (2H, s), 7.71 (2H, d, J=8.9 Hz),
7.65 2H, d, J=7.7 Hz), 7.61 (2H, d, J=8.9 Hz), 7.44 (2H,
s), 7.19 (2H, td, J=7.9, 1.0Hz), 7.00 2H, tt, /=74,
1.0Hz), 6.81 (4H, t, J=7.7Hz), 6.62 (2H, td, J=7.8,
1.5 Hz), 6.51 (2H, d, /=8.7 Hz), 6.40 (4H, d, J=28.0 Hz);
BC 6 141.2, 139.3, 133.9, 132.52, 132.45, 132.3, 130.9,
128.90, 128.84, 128.2, 127.7, 127.2, 127.0, 126.37, 126.35,
126.0, 125.5, 123.6, 122.8; MS m/z 530 (M™"), 453, 437,
424; HRMS calcd for C4,H,6 530.2035, found 530.2035.

4.1.5. Hydrocarbon 30. To a flask containing 0.083 g
(0.12 mmol) of a mixture of 28a—c were added 0.310 g
(2.2 mmol) of phosphorus pentoxide and 15 mL of
p-xylene. The reaction mixture was heated under reflux
for 1.5 h. After the reaction mixture was allowed to cool to
room temperature, 10 mL of a saturated sodium bicarbonate
solution was introduced. The organic layer was separated,
and the aqueous layer was back extracted with diethyl ether.
The combined organic extracts were washed with water,
dried over magnesium sulfate, and concentrated. The
residue was allowed to precipitate out from hexanes to
provide 0.050 g of 30 (0.094 mmol, 77%) as a bright yellow
solid: mp 260-262 °C; IR 1443, 873,738,703 cm ™ ; 'H 6
9.50 (1H, dd, /=6.4, 3.5 Hz), 8.31 (2H, d, J=8.2 Hz), 8.12

(1H, s), 7.90-7.70 (6H, m), 7.64-7.58 (3H, m), 7.45 (1H, d,
J=8.4Hz), 7.36 (1H, td, J=7.1, 1.0 Hz), 7.31-7.22 (3H,
m), 7.06-6.92 (3H, m), 6.61 (3H, br s), 4.83 (1H, d, J=
22.8 Hz), 4.77 (1H, d, J=23.0 Hz); '°C ¢ 149.1, 139.5,
136.1, 133.7, 133.3, 133.0, 132.4, 131.9, 131.8, 130.5,
130.4, 130.1, 129.3, 129.2, 128.72, 128.65, 128.4, 128.2,
127.9, 127.63, 127.58, 127.0, 126.9, 126.3, 126.2, 125.7,
125.6, 125.2, 125.1, 124.6, 53.4, 35.8; MS m/z 530 (M ™),
453, 435, 424; HRMS calcd for C4oHyg 530.2035, found
530.2030.

4.1.6. Hydrocarbon 31. To a flask containing 0.048 g
(0.071 mmol) of a mixture of 28a—c were added 0.496 g
(3.49 mmol) of phosphorus pentoxide and 20 mL of
p-xylene. The reaction mixture was heated under reflux
for 12 h before it was allowed to cool to room temperature.
A saturated sodium bicarbonate solution (10 mL) was
introduced, and the organic layer was separated. The
aqueous layer was back extracted with diethyl ether. The
combined organic extracts were washed with water, dried
over magnesium sulfate, and concentrated. The residue was
allowed to precipitate out from hexanes to provide 0.033 g
of 31 (0.062 mmol, 88%) as a light brown solid: mp >
380 °C; IR 1455,797,779, 744 cm ™~ '; '"H 6 8.02 (2H, d, J=
8.2 Hz), 7.99 (2H, d, J=8.7 Hz), 7.75 (2H, d, J=8.4 Hz),
7.60 (2H, d, J=8.4 Hz), 7.49 (2H, td, J=7.7, 0.9 Hz), 7.27
(2H, td, J=8, 1 Hz), 6.85 (2H, s), 6.79-6.71 (8H, m), 4.42
(4H, s); °C 6 146.0, 134.8, 133.4, 132.5, 130.5, 128.8,
128.6, 128.2, 126.7, 125.6, 124.9, 124.7, 124.1, 123.7, 54.1,
33.8; MS m/z 530, 453; HRMS calcd for C4,H,6 530.2035,
found 530.2025.

4.1.7. Diketone 35. To a flask containing 0.021 g
(0.040 mmol) of 31 were added 0.101 g (0.445 mmol) of
DDQ and 25 mL of benzene. The reaction mixture was
heated under reflux for 72 h before it was allowed to cool to
room temperature. The reaction mixture and then diethyl
ether solvent were allowed to flow through an aluminum
oxide column. The effluent was concentrated, and the
residue was purified by flash column chromatography (silica
gel/10% diethyl ether in hexanes) to provide 0.017 g of 35
(0.030 mmol, 77%) as a light yellow solid: mp > 370 °C; IR
1654,758 cm ™ '; 'H 6 8.82 (2H, d, J=8.7 Hz), 8.31 (2H, d,
J=8.9 Hz), 8.17 (2H, d, J=8.2 Hz), 8.12 (2H, s), 7.88 (2H,
d,J=8.7 Hz), 7.74 (2H, ddd, /=8.0, 6.8, 1.2 Hz), 7.45 (2H,
ddd, /=84, 6.9, 1.2 Hz), 6.84 (4H, dd, /J=5.7, 3.2 Hz),
6.72 (4H, dd, J=5.7, 3.2 Hz); °C 6 182.6, 150.8, 143.6,
136.7, 136.5, 132.5, 131.7, 131.4, 130.3, 129.9, 129.2,
128.5, 125.79, 125.75, 125.70, 124.5, 122.9, 53.3; MS m/z
558 (M), 529, 498, 479, 464; HRMS calcd for C4,H»,0,
558.1620, found 558.1603. Recrystallization of 35 from
CH,Cl,/2-propanol produced a single crystal suitable for
X-ray structure analysis.

4.1.8. Diol 37. The same procedure was repeated as
described for 28 except that 0.094 g (0.122 mmol) of 36
in a mixture of 30 mL of benzene and 20 mL of THF was
treated with 0.50 mL of a 2.0 M solution of LDA
(1.0 mmol) in heptane/tetrahydrofuran/ethylbenzene
followed by 0.050 g (1.67 mmol) of paraformaldehyde to
afford 0.078 g of 37 (0.094 mmol, 77%, a mixture of two
isomers, isomer ratio=>55:45) as a bright yellow solid. The
major isomer does not possess a C, symmetry, whereas
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the minor isomer has a C, symmetry. Compound 37: mp
235-238 °C; IR 3416 (br), 768, 728, 696 cm ™~ '; 'H 6 8.00
(major isomer, 0.55H, d, /J=9.4 Hz), 7.90 (major isomer,
0.55H, d, /=9.4 Hz), 7.85 (minor isomer, 0.9H, s), 7.68—
7.62 (4H, m), 7.51-7.25 (12H, m), 7.13-7.05 (2H, m), 6.80—
6.73 (2H, m), 6.62-6.58 (4H, m), 6.47-6.34 (2H, m), 4.88—
4.71 (2H, m), 4.54-4.38 (2H, m), 3.92-3.73 and 3.54-3.46
(2H, m), 1.88 (major isomer, s, -Bu), 1.87 (major isomer, s,
t-Bu), 1.84 (minor isomer, s, +-Bu), 1.10 (br, OH); '*C ¢
(two isomers) 146.8, 146.6, 141.1, 141.00, 140.8, 140.73,
140.67, 140.6, 140.5, 140.4, 139.3, 139.15, 139.08, 138.91,
138.87, 137.9, 137.7, 137.56, 137.53, 137.4, 136.1, 134.9,
134.6, 134.5, 134.3, 133.0, 132.6, 132.2, 132.0, 131.2,
131.0, 128.85, 128.76, 127.2, 126.8, 126.7, 126.6, 126.4,
126.2, 126.1, 126.0, 123.9, 123.6, 123.3, 123.0, 122.9,
122.8, 122.3, 122.0, 69.6, 67.1, 66.9, 52.3, 50.7, 38.3, 37.8,
37.7, 34.5, 34.3, 34.2; MS m/z 830 (M™), 799, 681, 656;
HRMS calcd for C¢,Hs,0, 830.4118, found 830.4073.

4.1.9. Hydrocarbon 38. The same procedure was repeated
as described for 29 except that 0.0085 g (0.0102 mmol) of
37, 0.100 g (0.704 mmol) of phosphorus pentoxide, and
10 mL of benzene were used. The reaction mixture was
heated under refluxing benzene at 80 °C for 15 min to afford
0.0062 g of 38 (0.0091 mmol, 89%) as a yellow solid: mp
264-267 °C; IR 1449, 732, 697 cm ™~ '; 'H ¢ 8.06 (2H, s),
7.73 (2H, d, J=8.7 Hz), 7.65-7.54 (8H, m), 7.47 (2H, s),
7.40 (4H,t,J=7.3 Hz), 7.33-7.26 2H, m), 7.17 2H, tt, J=
7.9, 1.3 Hz), 7.12 (4H, d, /J=8.4 Hz), 6.68-6.59 (4H, m),
6.54 (4H, d, J=8.2 Hz); °C 6 140.7, 140.5, 138.8, 138.6,
134.0, 132.7, 132.5, 132.4, 130.9, 129.0, 128.7, 128.1,
127.9, 127.5, 127.3, 127.2, 126.7, 126.5, 125.9, 125.6,
123.9, 122.9; MS m/z 682 (M™), 528, 448, 425; HRMS
calced for Cs4Hz4 682.2661, found 682.2687.

4.1.10. Hydrocarbon 39. The same procedure was repeated
as described for 31 except that 0.038 g (0.046 mmol) of 37,
0.300 g (2.11 mmol) of phosphorus pentoxide, and 40 mL
of p-xylene were used. The reaction mixture was heated
under reflux for 12 h to afford 0.013 g of 39 (0.019 mmol,
42%) as a yellow solid: mp 186-189 °C; 'H 6 (600 MHz)
8.034 (2H, d, /=7.8 Hz), 8.021 (2H, d, /J=7.2 Hz), 7.90
(2H, d, /=9.0 Hz), 7.61 (2H, d, J=8.4 Hz), 7.54 (2H, ddd,
J=8.1, 6.6, 1.2 Hz), 7.35 (2H, ddd, J=7.8, 6.6, 1.2 Hz),
7.17-7.08 (6H, m), 7.03-7.01 (4H, m), 6.983 (2H, s), 6.976
(2H, dd, J=7.2, 2.4 Hz), 6.89 (2H, s), 6.86 (2H, d, J=
8.4 Hz),4.46 (2H, d, J=21.6 Hz), 4.43 (2H, d, /=21.0 Hz);
13C 6 (150 MHz) 146.6, 145.3, 142.2, 141.0, 137.2, 134.9,
133.5, 132.6, 130.4, 129.0, 128.8, 128.4, 128.2, 127.0,
126.9, 126.7, 126.5, 125.9, 125.1, 124.8, 124.1, 123.1, 54.1,
33.9; MS m/z 682 (M ™), 529, 425; HRMS calcd for Cs4Hsy
682.2661, found 682.2663.
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Abstract—Through the use of [PACI(C3Hs)]./cis,cis,cis-1,2,3,4-tetrakis(diphenylphosphinomethyl)cyclopentane as a catalyst, a range of
aryl bromides undergoes Heck reaction using 2- or 3-subtituted allylic alcohols. With these sterically congested alkenes, the selective
formation of B-aryl ketones was observed when appropriate reaction conditions were used. The influence of the functional group on the aryl
bromide and of the base on the selectivity is remarkable. With several substrates, much higher selectivities were obtained using NaHCOj;
instead of K,COj3 as base. Furthermore, this catalyst can be used at low loading with several substrates.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Aryl ketones are important building blocks in organic
synthesis. The palladium-catalysed Heck reaction using
alkenol derivatives and aryl halides is a powerful method for
the preparation of such compounds.'” The reaction of
alkenols with terminal double bonds such as alk-1-en-3-ol
derivatives generally gave regioselectively the correspond-
ing l-arylalkan-3-one derivatives by migration of the
double bond. The reaction using allyl alcohols with
disubstituted double bonds has attracted less attention.
The reaction with such substrates is slower than with alk-1-
enols for steric reasons, and most of the results were
described using aryl iodides.>® Only a few results were
obtained with aryl bromides.”™'" Calé et al. described the
efficiency of a Pd-benzothiazole—carbene complex for the
Heck reaction of 2-methylprop-1-en-3-ol, but-2-en-1-ol''?
or Baylis—Hillman adducts''® with aryl bromides. They
performed the reactions using tetrabutylammonium bro-
mide as solvent with 1-2% catalyst. The best result had been
obtained by Littke and Fu.'? They described the reaction of
4-chlorobenzonitrile with 2-methylprop-1-en-3-ol using
1.5% Pd,(dba); and 3% of P(#-Bu);z as catalyst. The Heck
reaction of arenediazonium salts with substituted allylic
alcohols using Pd(dba), as catalyst has also been described
recently.'? If monophosphine or carbene ligands have been

Keywords: Heck reaction; Baylis—Hillman adduct; Tedicyp; B-aryl.
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successfully used for the Heck reaction of allyl alcohols
with disubstituted double bonds, to the best of our
knowledge, the efficiency of polydentate phosphine ligands
has not been demonstrated. Moreover, an effective and
selective method using high substrate/catalyst ratios for the
reaction of these allyl alcohols with aryl bromides is still
subject to significant improvement.

In order to find more efficient palladium catalysts, we have
prepared the tetrapodal phosphine ligand, tedicyp'* (Fig. 1).
We have reported several results obtained in allylic
substitution,'* Suzuki cross-coupling,'”> Sonogashira'® and
Heck reaction'’° using tedicyp as ligand. Here, in order to
further establish the requirements for a successful Heck
reaction, we wish to report on the coupling of aryl bromides
with 2- or 3-substituted allyl alcohols such as 2-methylpent-1-
en-3-ol or pent-3-en-2-0l using tedicyp as the ligand.

Ph,P

PPh,
thpi\f PRI,

2. Results and discussion

Tedicyp

Figure 1.

The regioselectivity of the insertion of Heck reaction is
mainly controlled by steric factors, and with 1,1-disubstituted
alkenes we should observed selectively the addition on the
unsubstituted carbon of the alkene.!”® On the other hand, with
1,2-disubstituted alkenes, the selectivity of the insertion
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Scheme 1.

depends on the electronic and steric effects and also of the
functions of the alkene substituents. The regioselectivity of
the insertion can be partially controlled by the presence of
functions capable of coordinating the palladium catalyst.
Alcohol function of alkenols is capable of such coordination
and imposes conformational changes in the structures of the
(aryl)Pd(alkenol) intermediates. Therefore, the electronic or
steric control of the regioselectivity of the addition appears to
be modified by an adjacent alcohol function on the alkene.
The reaction with alkenols is part of the Heck substrate-
directed reactions. For these reasons, the regioselectivity of

DMF, K,CO3 or NaHCO3,
130 °C, 20 h

AN
R
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+ (0]
X
nf-
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B

Br\
Rd =< OH
Et
B

0
Dt
Ar b Et HPd(INBr Ar

the reactions with the disubstituted alkenes: 2-methylpent-1-
en-3-ol or pent-3-en-2-ol is quite unpredictable and should
depend on the reaction conditions.

First, we studied the reactivity of 2-methylpent-1-en-3-ol
(Scheme 1, Table 1). With this alkenol, for steric reasons, the
formation of isomer b should be favoured. For this study,
based on previous results, 1720 DMF was chosen as the solvent
for polarity reasons and potassium carbonate as the base. The
reactions were generally performed at 130 °C under argon in
the presence of a ratio 1:2 of [Pd(C;zHs)Cl]y/tedicyp as

Table 1. Palladium—tedicyp catalysed Heck reactions with 2-methylpent-1-en-3-ol (Scheme 1)

Entry Aryl bromide Ratio substrate/ Base Product Ratio a/b Yield (%)*
catalyst number

1 4-t-Butylbromobenzene 1000 K>CO;5 1a,b 18/82 71 (100)
2 4-t-Butylbromobenzene 10,000 K>CO;3 1a,b 12/88 (81)

3 4-t-Butylbromobenzene 100 NaHCO; 1a,b 4/96 61)

4 4-Bromoanisole 10,000 K>CO;3 2a,b 5/95 92 (100)
5 4-Bromoanisole 25,000 K,CO5 2a,b 8/92 (63)

6 4-N,N-Dimethylaminobromobenzene 1000 K,CO; 3a,b 10/90 85 (100)
7 4-N,N-Dimethylaminobromobenzene 10,000 K>CO;3 3a,b 8/92 (54)

8 4-Fluorobromobenzene 1000 K,CO5 4a,b 8/92 87 (100)
9 4-Fluorobromobenzene 10,000 K,CO; 4a,b 14/86 (69)

10 4-Trifluoromethylbromobenzene 1000 K,CO;3 S5a,b 24/76 65 (100)
11 4-Trifluoromethylbromobenzene 2500 K,CO;3 S5a,b 23/77 (76)

12 4-Trifluoromethylbromobenzene 100 NaHCO; S5a,b 5/95 89 (100)
13 4-Trifluoromethylbromobenzene 1000 NaHCO; S5a,b 2/98 67)

14 4-Bromoacetophenone 1000 K,CO3 6a,b 19/81 76 (100)
15 4-Bromoacetophenone 10,000 K>CO;3 6a,b 27/73 51

16 4-Bromoacetophenone 100 NaHCO; 6a,b 8/92 88 (100)
17 4-Bromoacetophenone 1000 NaHCO; 6a,b 5/95 (86)

18 4-Bromobenzonitrile 250 K>CO;3 7a,b 47/53 (60)

19 4-Bromobenzonitrile 100 NaHCO; 7a,b 9/91 90 (100)
20 4-Bromobenzonitrile 1000 NaHCO;5 Tb 0/100 39)

21 2-Bromotoluene 10,000 K,CO3 8a,b 16/84 78 (100)
22 2-Bromotoluene 25,000 K,CO5 8b 0/100 (10)

23 2-Bromotoluene 100 NaHCO; 8a,b 4/96 93 (100)
24 2-Bromotoluene 1000 NaHCO; 8b 0/100 (48)

25 3-Bromopyridine 250 K,CO3 9a,b 40/60 51 (100)
26 3-Bromopyridine 1000 K>CO;5 9a,b 31/69 (19)

27 3-Bromopyridine 100 NaHCO; 9a,b 9/91 80 (100)
28 3-Bromopyridine 1000 NaHCO; 9b 0/100 (63)

29 3-Bromoquinoline 250 K>CO;3 10a,b 31/69 66 (100)
30 3-Bromoquinoline 1000 K,CO5 10a,b 30/70 (50)

31 3-Bromoquinoline 100 NaHCO; 10a,b 2/98 97 (100)
32 3-Bromoquinoline 1000 NaHCO; 10a,b 1/99 (71)

# Conditions: catalyst: [CIPd(C;Hs)],/tedicyp=1:2, aryl bromide (1 equiv), 2-methylpent-1-en-3-ol (1.2 equiv), K,CO3 or NaHCOj; (2 equiv), DMF, 130 °C,
20 h, isolated yields of products 1b—10b. Yields in parenthesis are GC and NMR conversions.
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catalyst. The results presented in the Table 1, using these
conditions, disclose a medium to high selectivity of the
insertion of the allylic alcohol. With electron-rich aryl
bromides such as 4-t-butylbromobenzene, 4-bromoanisole
or 4-N,N-dimethylaminobromobenzene, selectivities of
88-95% in favour of the formation of isomer 1b-3b were
obtained (Table 1, entries 2—7). Moreover, these reactions
were performed using as little as 0.1-0.004% catalyst. On the
other hand, using electron-poor aryl bromides, lower
selectivities were obtained. For example, with 4-trifluoro-
methylbromobenzene or 4-bromobenzonitrile, 24 and 47% of
isomers S5a and 7a were obtained, respectively (Table 1,
entries 10 and 18). The formation of this isomer a probably
comes from the palladium intermediates A and A’ in
Scheme 1, which arise from the formation of the alcoholate
of 2-methylpent-1-en-3-ol.'?

The selectivity of this reaction seems to depend on the
structures of the palladium intermediates. In order to
improve the selectivity of the reaction with electron-poor
aryl bromides, we performed the coupling using the weaker
base: NaHCO5. With this base, the formation of the
alcoholate of 2-methylpent-1-en-3-ol is probably not
favoured therefore B is obtained as the major intermediate.
Then, the formation of intermediate B’ is favoured for steric
reasons, and isomers 1b—10b were obtained in 91-100%
selectivities. For example, the electron-poor aryl bromides

+ other isomers

4-trifluoromethylbromobenzene or 4-bromoacetophenone
gave isomers Sb and 6b in high selectivities (98 and 95%)
and in high TONs (Table 1, entries 13 and 17). However,
with NaHCO3; as base, much slower reactions were
observed with electron-rich aryl bromides and 1% catalyst
had to be used (Table 1, entries 3 and 23). The influence of
the base on the reaction rates might come from a slower
coordination of the alkenols to palladium to form
intermediate B, or to a slower reductive elimination of
HBr on HPdBr intermediate at the end of the catalytic cycle.

Pyridines or quinolines are Tt-electron deficient. As
expected, with 3-bromopyridine or 3-bromoquinoline
using K,COj; as base, low selectivities of 60-70% in favour
of isomers 9b and 10b were obtained (Table 1, entries 25,
26, 29 and 30). Again, more selective reactions were
obtained using NaHCOs. Selectivities of 99 and 100% were
obtained with this base (Table 1, entries 28 and 32).

In summary, with 2-methylpent-1-en-3-ol, the best results in
terms of selectivities and ratio substrate/catalyst were obtained
using K,COj as base for electron-rich aryl bromide; NaHCOj;
should be preferred with electron-poor aryl bromides.

Heck reaction using 2-methyl-3-phenylprop-1-en-3-ol gave
quite different results than the reaction with 2-methylpent-1-
en-3-ol (Scheme 2, Table 2). With this allyl alcohol, low

Table 2. Palladium—tedicyp catalysed Heck reactions with 2-methyl-3-phenylprop-1-en-3-ol (Scheme 2)

Entry Aryl bromide Ratio substrate/ Base Product Ratio ketone 11-19/ Yield (%)*
catalyst number other isomers

1 4-t-Butylbromobenzene 1000 K,COs 11 43/57 38 (100)

2 4-t-Butylbromobenzene 2500 K,CO3 11 43/57 (60)

3 4-t-Butylbromobenzene 100 NaHCO; 11 90/10 (24)

4 4-Bromoanisole 1000 K,CO; 12 45/55 40 (100)

5 4-Bromoanisole 100 NaHCO; 12 71/29 (26)

6 4-N,N-Dimethylaminobromobenzene 1000 K,CO;3 13 37/63 23 (100)

7 4-N,N-Dimethylaminobromobenzene 2500 K,CO; 13 39/61 25)

8 4-N,N-Dimethylaminobromobenzene 100 NaHCO; 13 93/7 (15)

9 4-Fluorobromobenzene 1000 K,CO3 14 47/53 (100)

10 4-Fluorobromobenzene 2500 K,CO;3 14 50/50 93)

11 4-Fluorobromobenzene 1000 NaHCO; 14 90/10 88 (100)

12 4-Bromoacetophenone 1000 K,CO;3 15 40/60 (100)

13 4-Bromoacetophenone 2500 K,CO;3 15 41/59 (48)

14 4-Bromoacetophenone 100 NaHCO; 15 94/6 86 (96)

15 4-Bromoacetophenone 1000 NaHCO; 15 94/6 (14)

16 4-Bromobenzonitrile 250 K,CO3 16 39/61 (100)

17 4-Bromobenzonitrile 100 NaHCO; 16 94/6 87 (100)

18 4-Bromobenzonitrile 1000 NaHCO; 16 94/6 (69)

19 2-Fluorobromobenzene 2500 K,CO;3 17 45/55 (100)

20 2-Fluorobromobenzene 10,000 K>,CO3 17 49/51 (13)

21 2-Fluorobromobenzene 100 NaHCO; 17 93/7 66 (79)

22 3-Bromopyridine 1000 K,CO; 18 30/70 (100)

23 3-Bromopyridine 100 NaHCO; 18 95/5 36 (42)

24 2-Bromothiophene 1000 K,CO; 19 30/70 19 (100)

25 2-Bromothiophene 100 NaHCO; 19 30/70 (90)

# Conditions: catalyst: [CIPd(C3Hs)]./tedicyp=1:2, aryl bromide (1 equiv), 2-methyl-3-phenylprop-1-en-3-ol (1.2 equiv), K,CO3 or NaHCO; (2 equiv),
DMF, 130 °C, 20 h, isolated yields of products 11-19. Yields in parenthesis are GC and NMR conversions.
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selectivities of 30-50% in favour of isomers 11-19 were
obtained when K,CO; was used. With this alkenol, the
formation of unidentified products was also observed. Here
again, much better selectivities of 71-95% in compounds
11-19, but slow reactions were observed using NaHCOs.
The best result in terms of selectivity and ratio substrate/
catalyst was obtained with 4-bromobenzonitrile (Table 2,
entries 17 and 18) with a selectivity of 94% in isomer 16 and
a TON of 690.

Methyl-3-hydroxy-2-methylenebutenoate as coupling part-
ner gave disappointing results (Scheme 3, Table 3). With
this substrate, a decarbomethoxylation of the Baylis—
Hillman adduct was observed to give selectively the
B-arylated ketones 20-23. The formation of the expected
arylketoesters was not observed. Such decarbomethoxyla-
tion of the Baylis—Hillman adducts had already been
described by Calo et al. with a Pd-benzothiazole—carbene
complexllb and by Bhat et al. using Pd(OAc),/PPh; as
catalyst.” Cald et al. explained the exclusive formation of
the B-arylated ketones by a fast decarbomethoxylation of the

Table 3. Palladium—tedicyp catalysed Heck reactions with methyl-3-
hydroxy-2-methylenebutenoate (Scheme 3)

Entry  Aryl bromide Ratio sub- Product  Yield
strate/catalyst  number  (%)*

1 4-t-Butylbromobenzene 100 20 75 (100)

2 4-t-Butylbromobenzene 250 20 (88)

3 4-Bromoanisole 100 21 87 (100)

4 4-Bromoanisole 250 21 (62)

5 4-Fluorobromobenzene 100 22 85 (100)

6 4-Fluorobromobenzene 250 22 (73)

7 4-Bromoacetophenone 2500 23 91 (100)

8 4-Bromoacetophenone 10,000 23 (50)

# Conditions: catalyst: [CIPd(C3Hs)],/tedicyp = 1:2, aryl bromide (1 equiv),
methyl-3-hydroxy-2-methylenebutenoate (1.2 equiv), K,CO; or NaHCO;
(2 equiv), DMF, 130 °C, 20 h, isolated yields of products 20-23. Yields in
parenthesis are GC and NMR conversions.

expected arylketoester in tetrabutylammonium bromide as
solvent. Our attempts to avoid this decarbomethoxylation
using lower reaction temperatures or weaker bases were
unsuccessful. The synthesis of 1-arylbutan-3-ones 20-23
using a Baylis—Hillman adduct is not attractive, since
they can be prePared more easily by Heck reaction of simple
alk-1-en-3-ols.

Then, we studied the selectivity of the reaction using three
3-substituted allylic alcohols: pent-3-en-2-ol, oct-3-en-2-ol
and hept-2-en-4-ol (Schemes 4-6, Tables 4-6). The
coupling of pent-3-en-2-ol with electron-rich aryl bromides
such as 4-t-butylbromobenzene or 4-N,N-dimethylamino-
bromobenzene using K,COj; as base gave B-aryl ketones
25-28 in 45-68% selectivities (Table 4, entries 4, 5,7, 9, 10,
12 and 13). Reactions of pent-3-en-2-ol with the electron-
poor aryl bromides 4-bromobenzophenone or 4-bromoben-
zonitrile were less selective, and the B-aryl ketones 31 and
32 were obtained in 28 and 39% selectivities (Table 4,
entries 21, 22, 25 and 26). Presumably, with K,CO;, the
formation of the alcoholate of pent-3-en-2-ol led to the
intermediates C and C’ of Scheme 4, then, intermediate C’
gave the a-aryl ketone ¢ with a mixture of isomers due to the
partial migration of the double bond.

Again, using NaHCOj; as base, higher selectivities and
slower reactions were observed in all cases. With this base,
the formation of the alcoholate of pent-3-en-2-ol is
probably not favoured, therefore D and D’ in Scheme 4
are formed as the major intermediates and B-aryl ketones d
were obtained in 80—100% selectivities. An interaction of
the alcohol function with the palladium centre probably
imposes a conformation in the structures of the (aryl)-
Pd(alkenol) intermediate leading to an higher regiocontrol
of the insertion. This interaction might also control the
migration of the double bond. With electron-rich aryl
bromides, selectivities of 80-93% in B-aryl ketones 25-27

0]

[Pd(C3H5)Cll», Tedicyp,

R_Ej/ \/Y DMF, K;COg or NaHCOs, It
=

/

130°C,20 h

Ar l Ai\r
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L~ T,—>_/<
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N Br
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OH

R =H, OMe, COPh

[Pd(C3H5)Cl],, Tedicyp,

= DMF, K,COj or NaHCOy,

OH 130°C, 20 h

[Pd(C5Hs)Cl],, Tedicyp,

were obtained (Table 4, entries 6, 8 and 11). Electron-
poor aryl bromides gave products 30-32 in 81-85%
selectivities (Table 4, entries 20, 23, 24, 27 and 28). As
expected, the reactions with the heteroaromatic substrates
3-bromopyridine and 3-bromoquinoline also led to

DMF, K,CO3 or NaHCO3,
130°C,20 h

X

R—I—/

37-39

+ other isomers

40-42

+ other isomers

higher selectivities with NaHCOj; as base (Table 4, entries

36-42).

Oct-3-en-2-ol gave quite similar selectivities than pent-3-
en-2-ol (Scheme 5, Table 5). Very low selectivities were

Table 4. Palladium—tedicyp catalysed Heck reactions with pent-3-en-2-ol (Scheme 4)

Entry Aryl bromide Ratio substrate/ Base Product Ratio ketone 24-36/  Yield (%)*
catalyst number other isomers

1 Bromobenzene 2500 K,CO;3 24 54/46 97)

2 Bromobenzene 250 NaHCO; 24 81/19 77 (100)

3 Bromobenzene 1000 NaHCO; 24 82/18 (79)

4 4-Bromotoluene 1000 K,CO;3 25 68/32 60 (100)

5 4-Bromotoluene 2500 K>CO;3 25 45/55 o7

6 4-Bromotoluene 100 NaHCO; 25 93/7 (25)

7 4-t-Butylbromobenzene 2500 K,CO;5 26 54/46 39 (97)

8 4-t-Butylbromobenzene 1000 NaHCO; 26 80/20 (38)

9 4-Bromoanisole 1000 K,CO;3 27 47/53 (100)

10 4-Bromoanisole 2500 K>CO;5 27 49/51 41 (97)

11 4-Bromoanisole 250 NaHCO; 27 80/20 31 (43)

12 4-N,N-Dimethylaminobromobenzene 2500 K,CO;3 28 56/44 46 (100)

13 4-N,N-Dimethylaminobromobenzene 10,000 K>CO;5 28 46/54 49)

14 6-Methoxy-2-bromonaphthalene 1000 K,CO;5 29 57/43 45 (94)

15 6-Methoxy-2-bromonaphthalene 2500 K,CO; 29 50/50 31

16 6-Methoxy-2-bromonaphthalene 250 NaHCO; 29 81/19 77 (100)

17 6-Methoxy-2-bromonaphthalene 1000 NaHCO; 29 83/17 (18)

18 4-Fluorobromobenzene 1000 K,CO; 30 64/36 58 (100)

19 4-Fluorobromobenzene 2500 K>CO;3 30 50/50 (40)

20 4-Fluorobromobenzene 100 NaHCO; 30 82/18 66 (89)

21 4-Bromobenzophenone 1000 K,CO;5 31 39/61 (100)

22 4-Bromobenzophenone 2500 K,CO;5 31 28/72 a7

23 4-Bromobenzophenone 100 NaHCO; 31 82/18 76 (100)

24 4-Bromobenzophenone 1000 NaHCO; 31 81/19 A1)

25 4-Bromobenzonitrile 250 K,CO;5 32 28/72 (100)

26 4-Bromobenzonitrile 1000 K,CO3 32 39/61 (40)

27 4-Bromobenzonitrile 100 NaHCO; 32 85/15 82 (100)

28 4-Bromobenzonitrile 1000 NaHCO; 32 84/16 (26)

29 2-Bromotoluene 1000 K,CO;3 33 58/42 51 (100)

30 2-Bromotoluene 2500 K,CO3 33 70/30 (18)

31 2-Bromotoluene 50 NaHCO; 33 — 0)

32 1-Bromonaphthalene 1000 K,CO;3 34 63/37 55 (100)

33 1-Bromonaphthalene 2500 K>CO;3 34 57/43 (52)

34 1-Bromonaphthalene 100 NaHCO; 34 100/0 97 (100)

35 1-Bromonaphthalene 1000 NaHCO; 34 100/0 (68)

36 3-Bromopyridine 250 K,CO3 35 62/38 53 (100)

37 3-Bromopyridine 100 NaHCO; 35 84/16 72 (100)

38 3-Bromopyridine 1000 NaHCO; 35 83/17 (34)

39 3-Bromoquinoline 250 K,CO;5 36 69/31 61 (100)

40 3-Bromoquinoline 1000 K,CO3 36 63/37 (72)

41 3-Bromoquinoline 100 NaHCO; 36 81/19 78 (100)

42 3-Bromoquinoline 1000 NaHCO; 36 83/17 (46)

? Conditions: catalyst: [CIPd(C3Hs)]»/tedicyp=1:2, aryl bromide (1 equiv), pent-3-en-2-ol (1.2 equiv), K,CO;3 or NaHCOj3 (2 equiv), DMF, 130 °C, 20 h,
isolated yields of products 24-36. Yields in parenthesis are GC and NMR conversions.
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Table 5. Palladium—tedicyp catalysed Heck reactions with oct-3-en-2-ol (Scheme 5)
Entry Aryl bromide Ratio substrate/ Base Product Ratio ketone 37-39/ Yield (%)*
catalyst number other isomers
1 Bromobenzene 250 K>CO;3 37 65/35 55 (100)
2 Bromobenzene 1000 K,CO3 37 68/32 (95)
3 Bromobenzene 100 NaHCO; 37 83/17 53 (71)
4 4-Bromoanisole 100 K,CO;5 38 68/32 47 (100)
5 4-Bromoanisole 250 K,CO;3 38 80/20 (80)
6 4-Bromoanisole 50 NaHCO; 38 — 0)
7 4-Bromobenzophenone 1000 K,CO;5 39 26/74 (100)
8 4-Bromobenzophenone 2500 K,CO3 39 14/86 (51)
9 4-Bromobenzophenone 100 NaHCO; 39 81/19 75 (100)
10 4-Bromobenzophenone 1000 NaHCO; 39 85/15 (11)

# Conditions: catalyst: [CIPd(C3Hs)],/tedicyp=1:2, aryl bromide (1 equiv), oct-3-en-2-ol (1.2 equiv), K,CO3 or NaHCOj; (2 equiv), DMF, 130 °C, 20 h,

isolated yields of products 37-39. Yields in parenthesis are GC and NMR conversions.

Table 6. Palladium—tedicyp catalysed Heck reactions with hept-2-en-4-ol (Scheme 6)

Entry Aryl bromide Ratio substrate/ Base Product Ratio ketone 4042/ Yield (%)*
catalyst number other isomers

1 Bromobenzene 1000 K,CO;5 40 24/76 (100)

2 Bromobenzene 2500 K,CO;5 40 42/58 (88)

3 Bromobenzene 1000 NaHCO; 40 73127 69 (100)

4 4-Bromoanisole 1000 K,CO;5 41 34/66 22 (100)

5 4-Bromoanisole 2500 K,CO;5 41 51/49 57

6 4-Bromoanisole 100 NaHCO; 41 78/22 71 (100)

7 4-Bromoanisole 1000 NaHCO; 41 71/29 (18)

8 4-Bromobenzophenone 1000 K,CO3 42 34/66 (100)

9 4-Bromobenzophenone 1000 NaHCO; 42 71/29 64 (100)

# Conditions: catalyst: [CIPd(CsHs)],/tedicyp=1:2, aryl bromide (1 equiv), hept-2-en-4-ol (1.2 equiv), K,CO3 or NaHCO; (2 equiv), DMF, 130 °C, 20 h,
isolated yields of products 40-42. Yields in parenthesis are GC and NMR conversions.

observed for the coupling with 4-bromobenzophenone using
K,CO; as base: 14 and 26%, but with NaHCO;, B-aryl
ketone 39 was obtained in 81-85% selectivities (Table 5,
entries 7-10). Bromobenzene or 4-bromoanisole using
K,CO; gave 37 and 38 in 65-80% selectivities (Table 5,
entries 1, 2,4 and 5). On the other hand, hept-2-en-4-ol gave
ketones 40—42 with low selectivities (24-51%) in all cases
using K,CO;5 as base (Scheme 6, Table 6). Again, higher
selectivities in B-aryl ketones 40-42 were obtained with
NaHCO;: 71-78% (Table 6, entries 3, 6, 7 and 9).

In summary, we have established that the tedicyp—palladium
system provides an efficient catalyst for the selective
synthesis of B-aryl ketones from allylic alcohols with
disubstituted double bonds and aryl bromides. The
electronic properties and steric hindrance of the aryl
bromide has an important effect on the selectivities of the
reactions. In general, medium to high selectivities in B-aryl
ketones were obtained using electron-rich aryl bromides and
K,CO; as base. More selective reactions were generally
obtained using NaHCO5 as base, especially with electron-
poor aryl bromides, however, with this base slower
reactions were observed in most cases. With sterically
hindered aryl bromides higher selectivities in favour of the
formation of the B-aryl ketones were obtained. A wide range
of functions such as methoxy, fluoro, acetyl, formyl,
benzoyl, dimethylamino or nitrile on the aryl bromide are
tolerated. A few heteroaromatic substrates have also been
used successfully. Electron-poor and electron-rich aryl
bromides can be reacted at similar substrate/catalyst ratios
when K,CO; was used as base indicating that the oxidative
addition of the aryl bromide is not the rate-limiting step
for the reaction with this catalyst. It should de noted that

the formation of non-arylated ketones deriving from allylic
rearrangement was not observed. With this Pd—tetra-
phosphine catalyst, these reactions can be performed with
as little as 0.01% catalyst with some substrates without
further optimisation of the reaction conditions. Due to the
high price of palladium, the practical advantage of such low
catalyst loadings can become increasingly important for
industrial processes. Moreover, these allylic alcohols are
commercially available and this is a practical advantage of
this reaction.

3. Experimental

3.1. General remarks

All reactions were run under argon in Schlenk tubes using
vacuum lines. DMF analytical grade was not distilled before
use. Potassium carbonate (99+) or sodium hydrogen
carbonate (99+) were used. Commercial aryl bromides
and allylic alcohols were used without purification. The
reactions were followed by GC and NMR for high boiling
point substrates and by GC for low boiling point substrates.
"H and '*C spectrum were recorded with a Bruker 300 MHz
spectrometer in CDCl; solutions. Chemical shift are
reported in parts per million relative to CDCl; (7.25 for
"H NMR and 77.0 for '*C NMR). Flash chromatography
were performed on silica gel (230—400 mesh). GC and NMR
yields in the tables are conversions of the aryl halides into
the product calculated with GC and "H NMR spectrum of
the crude mixtures.
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3.1.1. Preparation of the Pd-tedicyp catalyst. An oven-
dried 40-mL Schlenk tube equipped with a magnetic stirring
bar under argon atmosphere, was charged with [Pd(CsHs)-
Cl], 30 mg, 81 pmol) and tedicyp (140 mg, 162 pmol).
Anhydrous DMF (10 mL) were added, then the solution was
stirred at room temperature for 10 min. The appropriate
catalyst concentration was obtained by successive dilutions.
3lp NMR (162 MHz, CDCly) 6 25 (w=80Hz), 19.4
(w=110 Hz).

3.2. General procedure

In a typical experiment, the aryl halide (1 mmol), allylic
alcohols (1.2 mmol) and K,CO; (0.276 g, 2 mmol) or
NaHCO; (0.168 g, 2 mmol) were dissolved in DMF
(3mL) under an argon atmosphere. The prepared Pd-—
tedicyp catalyst complex (see Tables) was then transferred
to the reaction flask via cannula. The reaction mixture was
stirred at 130 °C for 20 h. The solution was diluted with H,O
(5 mL), then the product was extracted three times with
CH,Cl,. The combined organic layer was dried over MgSO,4
and the solvent was removed in vacuo. The crude product
was purified by silica gel column chromatography.

3.2.1. 1-(4-tert-Butylphenyl)-2-methylpentan-3-one (1b)
(Table 1, entry 1). From 4-tert-butylbromobenzene
(0.213 g, 1 mmol), 2-methylpent-1-en-3-ol (0.120 g,
1.2 mmol), K,CO; (0.276 g, 2 mmol) and Pd complex
(1 pmol), product 1b was obtained in 71% (0.165 g) yield.
"H NMR (300 MHz, CDCls) 6 7.28 (d, J= 8.3 Hz, 2H), 7.06
(d, J=8.3 Hz, 2H), 2.92 (dd, J=13.2, 6.8 Hz, 1H), 2.82
(sext., J=7.0 Hz, 1H), 2.52 (dd, J=13.2, 7.3 Hz, 1H), 2.44
(dq, J=17.8, 7.3 Hz, 1H), 2.29 (dq, J=17.8, 7.3 Hz, 1H),
1.29 (s, 9H), 1.07 (d, J=6.8 Hz, 3H), 0.97 (t, J=7.3 Hz,
3H); >*C NMR (75 MHz, CDCl;) 6 214.9, 149.0, 136.7,
128.6, 125.2, 47.9, 38.7, 35.0, 34.3, 31.4, 16.6, 7.6; MS
(70 eV); miz (%) 232 M ™", 40); C¢H40: calcd C 82.70, H
10.41; Found C 82.76, H 10.24. Before purification 1la was
also observed 'H NMR (300 MHz, CDCl3) 6 1.16 (t, J=
7.4 Hz, 3H).

3.2.2. 1-(4-Methoxyphenyl)-2-methylpentan-3-one (2b)
(Table 1, entry 4). From 4-bromoanisole (0.187 g,
1 mmol), 2-methylpent-1-en-3-ol (0.120 g, 1.2 mmol),
K,CO;5; (0.276 g, 2 mmol) and Pd complex (0.1 umol),
product 2b was obtained in 92% (0.190 g) yield. '"H NMR
(300 MHz, CDCl5) 6 7.04 (d, J=8.7 Hz, 2H), 6.80 (d, J=
8.7 Hz, 2H), 3.77 (s, 3H), 2.89 (dd, J=13.1, 7.3 Hz, 1H),
2.79 (sext., J=6.9 Hz, 1H), 2.50 (dd, J=13.1, 6.8 Hz, 1H),
242 (dq, J=17.8, 7.3 Hz, 1H), 2.24 (dq, J=17.8, 7.3 Hz,
1H), 1.06 (d, J=6.8 Hz, 3H), 0.96 (t, J=7.3 Hz, 3H); °C
NMR (75 MHz, CDCls) 6 215.0, 158.0, 131.9, 129.8, 113.8,
55.2, 48.1, 38.5, 35.2, 16.5, 7.6; MS (70 eV); m/z (%) 206
™M, 37); Ci3H;g05: caled C 75.69, H 8.80; Found C
75.43, H 8.73. Before purification 2a was also observed 'H
NMR (300 MHz, CDCls) 6 1.15 (t, J=7.3 Hz, 3H).

3.2.3. 1-(4-(Dimethylamino)phenyl)-2-methylpentan-3-
one (3b) (Table 1, entry 6). From 4-bromo-N,N-dimethyl-
aniline (0.200 g, 1 mmol), 2-methylpent-1-en-3-ol (0.120 g,
1.2 mmol), K,CO5; (0.276 g, 2 mmol) and Pd complex
(1 umol), product 3b was obtained in 85% (0.186 g) yield.
"HNMR (300 MHz, CDCls) 6 7.00 (d, J=8.7 Hz, 2H), 6.67

(d, J=8.7 Hz, 2H), 2.90 (s, 6H), 2.86 (dd, /=12.9, 6.8 Hz,
1H), 2.78 (sext., J=6.9 Hz, 1H), 2.49 (dd, J=12.9, 6.9 Hz,
1H), 2.41 (dq, J=17.9, 7.2 Hz, 1H), 2.27 (dq, J=17.9,
7.2 Hz, 1H), 1.05 (d, /J=6.8 Hz, 3H), 0.97 (t, J=7.2 Hz,
3H); *C NMR (75 MHz, CDCl;) 6 215.3, 149.1, 129.5,
127.9, 112.9, 48.2, 40.8, 38.4, 35.1, 16.4, 7.6; MS (70 eV);
mlz (%) 219 M ™", 67); C14H,;NO: caled C 76.67, H 9.65;
Found C 76.77, H 9.57. Before purification 3a was also
observed "H NMR (300 MHz, CDCl;) 6 1.00 (t, J=7.5 Hz,
3H).

3.2.4. 1-(4-Fluorophenyl)-2-methylpentan-3-one (4b)
(Table 1, entry 8). From 4-fluorobromobenzene (0.175 g,
1 mmol), 2-methylpent-1-en-3-ol (0.120 g, 1.2 mmol),
K>CO;5; (0.276 g, 2 mmol) and Pd complex (1 pmol),
product 4b was obtained in 87% (0.169 g) yield. '"H NMR
(300 MHz, CDCl5) 6 7.08 (dd, J=28.7, 5.5 Hz, 2H), 6.94 (t,
J=8.7 Hz, 2H), 2.93 (dd, J=13.3, 7.5 Hz, 1H), 2.79 (sext.,
J=7.1Hz, 1H), 2.51 (dd, J=13.3, 6.9 Hz, 1H), 2.43 (dq,
J=17.8, 7.3 Hz, 1H), 2.23 (dq, /J=17.8, 7.3 Hz, 1H), 1.07
(d, J=6.9 Hz, 3H), 0.95 (t, J=7.3 Hz, 3H); >C NMR
(75 MHz, CDCl3) 6 214.6, 161.9 (d, Jc_p=243.8 Hz), 135.5
(d, *Jor=3.4Hz), 130.2 (d, *Jc_r=8.0Hz), 115.1
(d, *Jorp=21.3Hz), 47.9, 38.3, 352, 16.6, 7.6; MS
(70 eV); mlz (%) 194 (M™", 25); C;,H,sFO: caled C
74.20, H 7.78; Found C 74.36, H 7.81. Before purification
4a was also observed 'H NMR (300 MHz, CDCl5) 6 1.16 (t,
J=17.3 Hz, 3H).

3.2.5. 1-(4-(Trifluoromethyl)phenyl)-2-methylpentan-3-
one (5b) (Table 1, entry 12). From
4-trifluoromethylbromobenzene (0.225 g, 1 mmol),
2-methylpent-1-en-3-ol (0.120 g, 1.2 mmol), NaHCO;
(0.168 g, 2 mmol) and Pd complex (10 umol), product Sb
was obtained in 89% (0.217 g) yield. "H NMR (300 MHz,
CDCly) 0 7.51 (d, J=8.1 Hz, 2H), 7.24 (d, J=38.1 Hz, 2H),
3.04 (dd, J=13.4, 7.4 Hz, 1H), 2.84 (sext., J=7.0 Hz, 1H),
2.61 (dd, J=13.4, 7.2 Hz, 1H), 2.47 (dq, J=17.8, 7.3 Hz,
1H), 2.25 (dq, J=17.8, 7.3 Hz, 1H), 1.09 (d, J=7.1 Hz,
3H), 0.97 (t, J=7.3 Hz, 3H); '*C NMR (75 MHz, CDCl3) 6
214.0, 144.1, 129.3, 128.6 (q, 2Jc_p=32.4Hz), 125.3 (q,
3Jc_r=4.0 Hz), 124.2 (q, Jc_r=271.9 Hz), 47.6, 38.7, 35.1,
16.8,7.6; MS (70 eV); m/z (%) 244 (M ™", 62); C,3H,5F;0:
caled C 63.93, H 6.19; Found C 64.04, H 6.16. Before
purification Sa was also observed '"H NMR (300 MHz,
CDCl3) 6 1.17 (t, J=7.3 Hz, 3H).

3.2.6. 1-(4-Acetylphenyl)-2-methylpentan-3-one (6b)
(Table 1, entry 16). From 4-bromoacetophenone (0.199 g,
1 mmol), 2-methylpent-1-en-3-ol (0.120 g, 1.2 mmol),
NaHCO;5; (0.168 g, 2 mmol) and Pd complex (10 pmol),
product 6b was obtained in 88% (0.192 g) yield. '"H NMR
(300 MHz, CDCl3) 6 7.85 (d, J=8.4 Hz, 2H), 7.22 (d, J=
8.4 Hz, 2H), 3.03 (dd, /=13.0, 7.3 Hz, 1H), 2.85 (sext., J=
6.9 Hz, 1H), 2.62 (dd, J=13.0, 6.8 Hz, 1H), 2.56 (s, 3H),
2.45 (dq, J=17.9, 7.2 Hz, 1H), 2.21 (dq, J=17.9, 7.2 Hz,
1H), 1.09 (d, J=6.8 Hz, 3H), 0.96 (t, J=7.3 Hz, 3H); °C
NMR (75 MHz, CDCls) 6 214.0, 197.7, 145.7, 135.4, 129.2,
128.5, 47.5, 39.0, 35.1, 26.5, 16.8, 7.8; MS (70 eV); m/z (%)
218 M ™", 80); C14H;50,: caled C 77.03, H 8.31; Found C
77.12, H 8.38. Before purification 6a was also observed 'H
NMR (300 MHz, CDCl3) 0 1.17 (t, J=7.3 Hz, 3H).
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3.2.7. 1-(4-Cyanophenyl)-2-methylpentan-3-one (7b)
(Table 1, entry 19). From 4-bromobenzonitrile (0.182 g,
I mmol), 2-methylpent-1-en-3-0l (0.120 g, 1.2 mmol),
NaHCO;5; (0.168 g, 2 mmol) and Pd complex (10 pmol),
product 7b was obtained in 90% (0.181 g) yield. '"H NMR
(300 MHz, CDCly) 6 7.55 (d, J=38.1 Hz, 2H), 7.24 (d, J=
8.1 Hz, 2H), 3.04 (dd, J=13.4, 7.5 Hz, 1H), 2.81 (sext., J=
7.1 Hz, 1H), 2.61 (dd, J=13.4, 6.8 Hz, 1H), 2.47 (dq, J=
17.8, 7.3 Hz, 1H), 2.23 (dq, J=17.8, 7.3 Hz, 1H), 1.09 (d,
J=6.9Hz, 3H), 0.96 (t, J=7.3Hz, 3H); '°C NMR
(75 MHz, CDCl;) 6 213.5, 145.5, 132.0, 129.6, 118.7,
109.9, 47.2, 38.7,34.8, 16.7, 7.4; C{3H5NO: calcd C 77.58,
H 7.51; Found C 77.32, H 7.72. Before purification 7a was
also observed "H NMR (300 MHz, CDCl5) ¢ 1.10 (t, J=
7.3 Hz, 3H).

3.2.8. 2-Methyl-1-(o-tolyl)pentan-3-one (8b) (Table 1,
entry 23). From 2-methylbromobenzene (0.171 g,
10 mmol), 2-methylpent-1-en-3-ol (0.120 g, 1.2 mmol),
NaHCO;5 (0.168 g, 2 mmol) and Pd complex (10 pmol),
product 8b was obtained in 93% (0.177 g) yield. "H NMR
(300 MHz, CDCl3) 6 7.13-7.05 (m, 4H), 2.96 (dd, /=134,
7.0 Hz, 1H), 2.83 (sext., J=7.0 Hz, 1H), 2.56 (dd, J=13.5,
7.3 Hz, 1H), 2.42 (dq, J=17.9, 7.3 Hz, 1H), 2.31 (s, 3H),
2.23 (dq, J=17.9, 7.3 Hz, 1H), 1.09 (d, J=6.7 Hz, 3H),
0.96 (t, J=7.3 Hz, 3H); >°C NMR (75 MHz, CDCl;) 6
214.9, 138.0, 136.0, 130.4, 129.7, 126.3, 125.9, 46.4, 36.5,
35.3, 19.4, 16.6, 7.6; MS (70 eV); m/z (%) 190 M ™", 15);
C,3H;50: caled C 82.06, H 9.53; Found C 82.01, H 9.72.
Before purification 8a was also observed 'H NMR
(300 MHz, CDCl3) 0 1.15 (t, J=7.3 Hz, 3H).

3.2.9. 2-Methyl-1-(3-pyridinyl)pentan-3-one (9b)
(Table 1, entry 27). From 3-bromopyridine (0.158 g,
I mmol), 2-methylpent-1-en-3-0l (0.120 g, 1.2 mmol),
NaHCO;5; (0.168 g, 2 mmol) and Pd complex (10 pumol),
product 9b was obtained in 80% (0.142 g) yield. "H NMR
(300 MHz, CDCl3) 6 8.39 (dd, J=4.8, 1.6 Hz, 1H), 8.37 (d,
J=2.0Hz, 1H), 7.41 (dt, J=17.8, 2.0 Hz, 1H), 7.14 (ddd,
J=178, 4.8, 0.7 Hz, 1H), 2.96 (dd, J=13.5, 7.3 Hz, 1H),
2.78 (sext., J=7.0 Hz, 1H), 2.56 (dd, J=13.5, 7.0 Hz, 1H),
243 (dq, J=17.9, 7.3 Hz, 1H), 2.22 (dq, J=17.9, 7.3 Hz,
1H), 1.06 (d, J=6.9 Hz, 3H), 0.93 (t, J=7.3 Hz, 3H); '°C
NMR (75 MHz, CDCl3) 6 213.8, 150.2, 147.6, 136.4, 135.2,
123.2,47.4,35.9,35.0,16.7,7.5; C{{H5NO: calcd C 74.54,
H 8.53; Found C 74.72, H 8.38. Before purification 9a was
also observed '"H NMR (300 MHz, CDCl3) 6 1.14 (t, J=
7.3 Hz, 3H).

3.2.10. 2-Methyl-1-(3-quinolyl)pentan-3-one (10b)
(Table 1, entry 31). From 3-bromoquinoline (0.136 mL,
I mmol), 2-methylpent-1-en-3-o0l (0.120 g, 1.2 mmol),
NaHCO; (0.168 g, 2 mmol) and Pd complex (10 pmol),
product 10b was obtained in 97% (0.220 g) yield. '"H NMR
(300 MHz, CDCls) 6 8.74 (d, J=1.8 Hz, 1H), 8.07 (d, J=
8.6 Hz, 1H), 7.90 (d, J=1.8 Hz, 1H), 7.75 (dd, J=28.2,
1.0 Hz, 1H), 7.65 (td, /=8.2, 1.4 Hz, 1H), 7.51 (td, J=8.1,
1.1 Hz, 1H), 3.18 (dd, J=13.7, 7.4 Hz, 1H), 2.93 (sext., J=
7.1 Hz, 1H), 2.74 (dd, J=13.7, 6.9 Hz, 1H), 2.50 (dq, /=
17.8, 7.3 Hz, 1H), 2.26 (dq, /J=17.8, 7.3 Hz, 1H), 1.15 (d,
J=6.9 Hz, 3H), 0.96 (t, J=7.3 Hz, 3H); '"C NMR
(75 MHz, CDCl3) 6 213.8, 151.8, 146.7, 135.4, 132.6,
129.0, 128.9, 128.0, 127.4, 126.8, 47.5, 36.1, 35.1, 16.9, 7.6;

MS (70 eV); m/z (%) 227 M ™", 100); C,sH;7NO: calcd C
79.26, H 7.54; Found C 79.35, H 7.46. Before purification
10a was also observed 'H NMR (300 MHz, CDCl5) ¢ 1.18
(t, J=17.3 Hz, 3H).

3.2.11. 3-(4-tert-Butylphenyl)-2-methyl-1-phenylpropan-
1-one (11) (Table 2, entry 1). From 4-tert-butylbromo-
benzene (0.213 g, 1 mmol), 2-methyl-3-phenylprop-1-en-3-
ol (0.178 g, 1.2 mmol), K,CO5 (0.276 g, 2 mmol) and Pd
complex (1 pumol), product 11 was obtained in 38%
(0.107 g) yield. "H NMR (300 MHz, CDCl3) 6 7.91 (d,
J=7.4Hz, 2H), 7.52 (t, J=7.4 Hz, 1H), 7.42 (t, J="7.4 Hz,
2H), 7.29 (d, J=8.4 Hz, 2H), 7.11 (d, J=8.4 Hz, 2H), 3.73
(sext., J=7.0 Hz, 1H), 3.13 (dd, /=13.8, 6.1 Hz, 1H), 2.65
(dd, /=13.8, 7.9 Hz, 1H), 1.28 (s, 9H), 1.20 (d, /=6.9 Hz,
3H); '3C NMR (75 MHz, CDCls) 6 203.9, 149.0, 136.8,
136.5, 132.8, 128.7, 128.6, 128.3, 125.2, 42.7, 38.8, 34.3,
31.4, 17.4; MS (70 eV); m/z (%) 280 (M ™", 58); C1oH,40:
calcd C 85.67, H 8.63; Found C 85.59, H 8.66.

3.2.12. 3-(4-Methoxyphenyl)-2-methyl-1-phenylpropan-
1-one (12) (Table 2, entry 4). From 4-bromoanisole
(0.187 g, 1 mmol), 2-methyl-3-phenylprop-1-en-3-ol
(0.178 g, 1.2 mmol), K,CO; (0.276 g, 2 mmol) and Pd
complex (1 pmol), product 12 was obtained in 40%
(0.102 g) yield. '"H NMR (300 MHz, CDCl;) ¢ 7.92 (d,
J=17.4 Hz, 2H), 7.54 (t, J=7.4 Hz, 1H), 7.44 (t, J=7.4 Hz,
2H), 7.10 (d, J=8.6 Hz, 2H), 6.80 (d, /J=28.6 Hz, 2H), 3.76
(s, 3H), 3.70 (sext., J=7.1 Hz, 1H), 3.13 (dd, J=13.8,
6.6 Hz, 1H), 2.63 (dd, J=13.8, 7.7 Hz, 1H), 1.19 (d, J=
7.0 Hz, 3H); >*C NMR (75 MHz, CDCls) 6 203.9, 158.0,
136.5, 132.9, 132.0, 130.0, 128.6, 128.3, 113.8, 55.2, 43.0,
38.5, 17.3; MS (70 eV); m/z (%) 254 (M ", 40).

3.2.13. 3-[4-(Dimethylamino)phenyl]-2-methyl-1-phenyl-
propan-1-one (13) (Table 2, entry 6). From 4-bromo-N,N-
dimethylaniline (0.200 g, 1 mmol), 2-methyl-3-phenylprop-
1-en-3-o0l (0.178 g, 1.2 mmol), K,CO5; (0.276 g, 2 mmol)
and Pd complex (1 pmol), product 13 was obtained in 23%
(0.062 g) yield. "H NMR (300 MHz, CDCl5) 6 7.92 (d, J=
7.4 Hz, 2H), 7.54 (t, J=7.4 Hz, 1H), 7.44 (t, J=7.4 Hz,
2H), 7.08 (d, J=8.7 Hz, 2H), 6.68 (d, J=8.7 Hz, 2H), 3.70
(sext., J=7.0 Hz, 1H), 3.07 (dd, J=13.9, 5.9 Hz, 1H), 2.90
(s, 6H), 2.59 (dd, /=13.8, 8.0 Hz, 1H), 1.19 (d, J/=6.9 Hz,
3H); >C NMR (75 MHz, CDCl;) 6 204.1, 158.0, 136.6,
129.7, 128.6, 128.3, 127.6, 126.4, 112.9, 43.0, 40.8, 38.4,
17.1; MS (70 eV); m/z (%) 267 (M™ ", 40); C,sH,,NO: calcd
C 80.86, H 7.92; Found C 80.78, H 8.05.

3.2.14. 3-(4-Fluorophenyl)-2-methyl-1-phenylpropan-1-
one (14) (Table 2, entry 11). From 4-fluorobromobenzene
(0.175 g, 1 mmol), 2-methyl-3-phenylprop-1-en-3-ol
(0.178 g, 1.2 mmol), NaHCO; (0.168 g, 2 mmol) and Pd
complex (1 pmol), product 14 was obtained in 88%
(0.213 g) yield. '"H NMR (300 MHz, CDCl;) ¢ 7.89 (d,
J=17.4 Hz, 2H), 7.54 (t, J=7.4 Hz, 1H), 7.43 (t, J=7.4 Hz,
2H), 7.14 (dd, J=8.7, 5.3 Hz, 2H), 6.93 (d, /=28.8 Hz, 2H),
3.71 (sext., J=6.9 Hz, 1H), 3.13 (dd, /=13.8, 6.8 Hz, 1H),
2.67 (dd, J=13.8,7.9 Hz, 1H), 1.19 (d, J=6.9 Hz, 3H); °C
NMR (75 MHz, CDCl3) 6 203.5, 161.4 (d, Jc_p=243.8 Hz),
136.4, 135.5 (d, *Jc_r=2.9 Hz), 133.0, 130.5 (d, *Jc_r=
8.0 Hz), 128.6, 128.2, 115.1 (d, *Jc_r=21.3 Hz), 42.8, 38.5,
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17.5; MS (70 eV); m/z (%) 242 (M* ", 41); C,4H,sFO: calcd
C 79.32, H 6.24; Found C 79.50, H 6.36.

3.2.15. 3-(4-Acetylphenyl)-2-methyl-1-phenylpropan-1-
one (15) (Table 2, entry 14). From 4-bromoacetophenone
(0.199 g, 1 mmol), 2-methyl-3-phenylprop-1-en-3-ol
(0.178 g, 1.2 mmol), NaHCO; (0.168 g, 2 mmol) and Pd
complex (10 pmol), product 15 was obtained in 86%
(0.229 ) yield. '"H NMR (300 MHz, CDCl;) & 7.90 (d,
J=17.3 Hz, 2H), 7.84 (d, J=8.3 Hz, 2H), 7.54 (t, /=7.3 Hz,
1H), 7.44 (t, J=17.4 Hz, 2H), 7.28 (d, J=8.3 Hz, 2H), 3.77
(sext., J=7.0 Hz, 1H), 3.22 (dd, J=13.7, 6.9 Hz, 1H), 2.76
(dd, J=13.7, 7.3 Hz, 1H), 2.55 (s, 3H), 1.21 (d, J=7.1 Hz,
3H); *C NMR (75 MHz, CDCl;) 6 203.1, 197.8, 145.8,
136.2, 135.4, 133.1, 129.3, 128.7, 128.5, 128.2, 42.4, 39.2,
26.5, 17.7; MS (70 eV); m/z (%) 266 M ™", 51); C,sH;505:
calcd C 81.17, H 6.81; Found C 81.12, H 6.96.

3.2.16. 3-(4-Cyanophenyl)-2-methyl-1-phenylpropan-1-
one (16) (Table 2, entry 17). From 4-bromobenzonitrile
(0.182 g, 1 mmol), 2-methyl-3-phenylprop-1-en-3-ol
(0.178 g, 1.2 mmol), NaHCO; (0.168 g, 2 mmol) and Pd
complex (10 pumol), product 16 was obtained in 87%
(0.217 g) yield. '"H NMR (300 MHz, CDCl;) ¢ 7.88 (d,
J=7.3 Hz, 2H), 7.53 (d, J=8.2 Hz, 2H), 7.52 (t, J="17.3 Hz,
1H), 7.45 (t, J=17.4 Hz, 2H), 7.29 (d, J=8.2 Hz, 2H), 3.75
(sext., J=7.0 Hz, 1H), 3.22 (dd, J=13.7, 7.3 Hz, 1H), 2.77
(dd, J=13.7, 6.9 Hz, 1H), 1.22 (d, J=6.9 Hz, 3H); °C
NMR (75 MHz, CDCl5) 6 202.7, 145.7, 136.0, 133.2, 132.2,
129.9, 129.5, 128.7, 128.2, 110.1, 42.3, 39.2, 18.0; MS
(70 eV); miz (%) 249 M, 31); C7H5NO: caled C 81.90,
H 6.06; Found C 81.82, H 6.06.

3.2.17. 3-(2-Fluorophenyl)-2-methyl-1-phenylpropan-1-
one (17) (Table 2, entry 21). From 2-fluorobromobenzene
(0.175 g, 1 mmol), 2-methyl-3-phenylprop-1-en-3-ol
(0.178 g, 1.2 mmol), NaHCO; (0.168 g, 2 mmol) and Pd
complex (10 pmol), product 17 was obtained in 66%
(0.160 g) yield. '"H NMR (300 MHz, CDCl;) & 7.95 (d,
J=17.4Hz, 2H), 7.54 (t, J=7.4 Hz, 1H), 7.46 (t, J=7.4 Hz,
2H), 7.21-7.10 (m, 2H), 6.94-7.02 (m, 2H), 3.82 (sext., J=
7.0 Hz, 1H), 3.16 (dd, J=13.6, 6.3 Hz, 1H), 2.72 (dd, J=
13.6, 7.2 Hz, 1H), 1.19 (d, J=7.0 Hz, 3H); '*C NMR
(75 MHz, CDCl3) 6 203.5, 161.3 (d, Jc_r=245.0 Hz),
136.3, 133.0, 131.8 (d, *Jc_r=5.2 Hz), 129.4, 128.6, 128.3,
128.1 (d, Je_p=9.2 Hz), 123.9 (d, *Jc_r=3.5 Hz), 115.2
(d, *Je_r=21.8 Hz), 41.0, 33.1, 17.2; MS (70 eV); m/z (%)
242 M*°, 52); CyH;5FO: caled C 79.32, H 6.24; Found C
79.41, H 6.36.

3.2.18. 2-Methyl-1-phenyl-3-(3-pyridinyl)propan-1-one
(18) (Table 2, entry 23). From 3-bromopyridine (0.158 g,
1 mmol), 2-methyl-3-phenylprop-1-en-3-ol (0.178 g,
1.2 mmol), NaHCO;5 (0.168 g, 2 mmol) and Pd complex
(10 pmol), product 18 was obtained in 36% (0.081 g) yield.
"H NMR (300 MHz, CDCl5) ¢ 8.48 (s, 1H), 8.42 (d, J=
4.8 Hz, 1H), 7.89 (d, J="7.5 Hz, 2H), 7.54 (m, 2H), 7.46 (d,
J=7.5Hz, 2H), 7.19 (dd, J=17.8, 4.9 Hz, 1H), 3.74 (sext.,
J=17.0Hz, 1H), 3.17 (dd, J=13.9, 7.1 Hz, 1H), 2.72 (dd,
J=13.9, 7.0 Hz, 1H), 1.22 (d, /=7.0 Hz, 3H); '°C NMR
(75 MHz, CDCl;3) 6 203.9, 150.0, 147.3, 137.0, 136.1,
135.6, 133.2, 128.7, 128.3, 123.4, 42.5, 36.3, 17.8; MS

(70 eV); m/z (%) 225 (M ", 45); C,5H,sNO: caled C 79.97,
H 6.71; Found C 79.71, H 6.85.

3.2.19. 1-Phenyl-2-[(2-thienyl)methyl]propan-1-one (19)
(Table 2, entry 24). From 2-bromothiophene (0.163 g,
1 mmol), 2-methyl-3-phenylprop-1-en-3-ol (0.178 g,
1.2 mmol), K,CO5; (0.276 g, 2 mmol) and Pd complex
(1 umol), product 19 was obtained in 19% (0.044 g) yield.
"H NMR (300 MHz, CDCl5) 6 7.94 (d, J=7.3 Hz, 2H), 7.54
(t, J=7.3 Hz, 1H), 7.46 (d, J="7.3 Hz, 2H), 7.09 (dd, J=
5.1, 1.3 Hz, 1H), 6.88 (dd, J=5.1, 3.4 Hz, 1H), 6.80 (dd,
J=3.4,1.0 Hz, 1H), 3.77 (sext., J=7.0 Hz, 1H), 3.38 (ddd,
J=14.38, 6.7, 0.8 Hz, 1H), 2.94 (dd, J=13.8, 7.3 Hz, 1H),
1.24 (d, J=7.1 Hz, 3H); >*C NMR (75 MHz, CDCl;) 6
203.2, 142.4, 136.3, 133.0, 128.7, 128.3, 126.8, 125.6,
123.6,43.2,33.2, 17.8; MS (70 eV); m/z (%) 230 M ™, 70);
C4H408S: calcd C 73.01, H 6.13; Found C 72.88, H 6.01.

3.2.20. 4-(4-tert-Butylphenyl)butan-2-one (20) (Table 3,
entry 1). From 4-tert-butylbromobenzene (0.213 g,
1 mmol), methyl-3-hydroxy-2-methylenebutyrate (0.175 g,
1.2 mmol), K,CO5; (0.276 g, 2 mmol) and Pd complex
(10 pmol), product 20 was obtained in 75% (0.153 g) yield.
"H NMR (300 MHz, CDCl5) 6 7.30 (d, J=8.4 Hz, 2H), 7.11
(d, J=8.4 Hz, 2H), 2.86 (t, J=7.7 Hz, 2H), 2.75 (t, J=
7.7 Hz, 2H), 2.14 (s, 3H), 1.30 (s, 9H).

3.2.21. 4-(4-Methoxyphenyl)butan-2-one (21) (Table 3,
entry 3). From 4-bromoanisole (0.187 g, 1 mmol), methyl-
3-hydroxy-2-methylenebutyrate (0.175 g, 1.2 mmol),
K>CO53 (0.276 g, 2 mmol) and Pd complex (10 pmol),
product 21 was obtained in 87% (0.155 g) yield. '"H NMR
(300 MHz, CDCl3) 6 7.09 (d, J=8.7 Hz, 2H), 6.82 (d, J=
8.7 Hz, 2H), 3.77 (s, 3H), 2.83 (t, J=7.3 Hz, 2H), 2.71 (t,
J=7.3 Hz, 2H), 2.12 (s, 3H).

3.2.22. 4-(4-Fluorophenyl)butan-2-one (22) (Table 3,
entry 5). From 4-fluorobromobenzene (0.175 g, 1 mmol),
methyl-3-hydroxy-2-methylenebutyrate (0.175 g,
1.2 mmol), K,CO5; (0.276 g, 2 mmol) and Pd complex
(10 pmol), product 22 was obtained in 85% (0.141 g) yield.
'"H NMR (300 MHz, CDCls) 6 7.13 (dd, J=8.5, 5.5 Hz,
2H), 6.95 (t, J=28.7 Hz, 2H), 2.86 (t, J=7.0 Hz, 2H), 2.72
(t, J=7.0 Hz, 2H), 2.12 (s, 3H).

3.2.23. 4-(4-Acetylphenyl)butan-2-one (23) (Table 3,
entry 7). From 4-bromoacetophenone (0.199 g, 1 mmol),
methyl-3-hydroxy-2-methylenebutyrate 0.175 g,
1.2 mmol), K,CO5; (0.276 g, 2 mmol) and Pd complex
(0.4 pmol), product 23 was obtained in 91% (0.173 g) yield.
"H NMR (300 MHz, CDCls) 6 7.86 (d, J=8.2 Hz, 2H), 7.26
(d, J=8.2Hz, 2H), 2.93 (t, J=7.4 Hz, 2H), 2.76 (t, J=
7.4 Hz, 2H), 2.55 (s, 3H), 2.13 (s, 3H).

3.2.24. 4-Phenylpentan-2-one (24) (Table 4, entry 2).
From bromobenzene (0.157 g, 1 mmol), pent-3-en-2-ol
(0.103 g, 1.2 mmol), NaHCO; (0.168 g, 2 mmol) and Pd
complex (4 pmol), product 24 was obtained in 77%
(0.125 g) yield. '"H NMR (300 MHz, CDCl3) 6 7.40-7.14
(m, 5H), 3.30 (sext., J=7.0 Hz, 1H), 2.75 (dd, J=16.1,
6.5 Hz, 1H), 2.64 (dd, J=16.3, 7.8 Hz, 1H), 2.05 (s, 3H),
1.26 (d, J/=6.9 Hz, 3H).
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3.2.25. 4-(p-Tolyl)pentan-2-one (25) (Table 4, entry 4).
From 4-bromotoluene (0.171 g, 1 mmol), pent-3-en-2-ol
(0.103 g, 1.2 mmol), K,CO5; (0.276 g, 2 mmol) and Pd
complex (1 pumol), product 25 was obtained in 60%
(0.106 g) yield. '"H NMR (300 MHz, CDCl3) 6 7.09 (m,
4H), 3.26 (sext., J=6.9 Hz, 1H), 2.73 (dd, /J=16.1, 6.1 Hz,
1H), 2.63 (dd, /J=16.2, 7.9 Hz, 1H), 2.30 (s, 3H), 2.05 (s,
3H), 1.24 (d, J=7.0 Hz, 3H).

3.2.26. 4-(4-tert-Butylphenyl)pentan-2-one (26) (Table 4,
entry 7). From 4-tert-butylbromobenzene (0.213 g,
10 mmol), pent-3-en-2-ol (0.103 g, 1.2 mmol), K,CO;3
(0.276 g, 2 mmol) and Pd complex (0.4 pmol), product 26
was obtained in 39% (0.085 g) yield. "H NMR (300 MHz,
CDCl3) 6 7.30 (d, J=8.3 Hz, 2H), 7.12 (d, /J=38.3 Hz, 2H),
3.26 (sext., J=6.9 Hz, 1H), 2.74 (dd, J=16.2, 6.2 Hz, 1H),
2.63 (dd, J=16.3, 8.1 Hz, 1H), 2.06 (s, 3H), 1.29 (s, 9H),
1.26 (d, J=6.9 Hz, 3H); '>*C NMR (75 MHz, CDCl5) 6
208.1, 149.0, 143.0, 126.3, 1254, 52.1, 34.8, 34.3, 31.4,
30.5, 21.9; MS (70 eV); m/z (%) 218 M ™", 11); C;5H»,0:
calcd C 82.52, H 10.16; Found C 82.45, H 10.12.

3.2.27. 4-(4-Methoxyphenyl)pentan-2-one (27) (Table 4,
entry 10). From 4-bromoanisole (0.187 g, 1 mmol), pent-3-
en-2-ol (0.103 g, 1.2 mmol), K,CO; (0.276 g, 2 mmol) and
Pd complex (0.4 umol), product 27 was obtained in 41%
(0.079 g) yield. "H NMR (300 MHz, CDCls) 6 7.12 (d, J=
8.7 Hz, 2H), 6.83 (d, J=8.7 Hz, 2H), 3.77 (s, 3H), 3.25
(sext., J=6.9 Hz, 1H), 2.71 (dd, J=16.1, 6.1 Hz, 1H), 2.61
(dd, J=16.2, 7.7 Hz, 1H), 2.04 (s, 3H), 1.24 (d, /=6.9 Hz,
3H).

3.2.28. 4-[4-(Dimethylamino)phenyl]pentan-2-one (28)
(Table 4, entry 12). From 4-bromo-N,N-dimethylaniline
(0.200 g, 1 mmol), pent-3-en-2-ol (0.103 g, 1.2 mmol),
K,CO;5; (0.276 g, 2 mmol) and Pd complex (0.4 umol),
product 28 was obtained in 46% (0.095 g) yield. '"H NMR
(300 MHz, CDCl3) 6 7.09 (d, J=8.7 Hz, 2H), 6.70 (d, J=
8.7 Hz, 2H), 3.21 (sext., J=7.0 Hz, 1H), 2.91 (s, 6H), 2.71
(dd, /=15.9, 6.7 Hz, 1H), 2.60 (dd, /=15.9, 8.0 Hz, 1H),
2.04 (s, 3H), 1.23 (d, J=6.9 Hz, 3H); '°C NMR (75 MHz,
CDCl3) 6 208.5, 149.2, 134.3, 127.3, 113.0, 52.4, 40.8, 34.7,
30.5,22.2; MS (70 eV); m/z (%) 205 M ™", 83); C3H,,NO:
caled C 76.06, H 9.33; Found C 76.13, H 9.25.

3.2.29. 4-(6-Methoxynaphthalen-2-yl)-pentan-2-one (29)
(Table 4, entry 16). From 6-methoxy-2-bromonaphthalene
(0.237 g, 10 mmol), pent-3-en-2-ol (0.103 g, 1.2 mmol),
NaHCO;5; (0.168 g, 2 mmol) and Pd complex (4 pmol),
product 29 was obtained in 77% (0.187 g) yield. "H NMR
(300 MHz, CDCl3) 6 7.67 (d, J=8.5 Hz, 2H), 7.54 (s, 1H),
7.31 (d, J=8.5 Hz, 1H), 7.15-7.07 (m, 2H), 3.90 (s, 3H),
3.43 (sext., J=7.0 Hz, 1H), 2.83 (dd, /=16.2, 6.6 Hz, 1H),
271 (dd, J=16.3, 7.8 Hz, 1H), 2.05 (s, 3H), 1.32 (d, /=
6.9 Hz, 3H).

3.2.30. 4-(4-Fluorophenyl)pentan-2-one (30) (Table 4,
entry 20). From 4-fluorobromobenzene (0.175 g, 1 mmol),
pent-3-en-2-o0l (0.103 g, 1.2 mmol), NaHCO; (0.168 g,
2 mmol) and Pd complex (10 umol), product 30 was
obtained in 66% (0.119 g) yield. 'H NMR (300 MHz,
CDCl3) 6 7.16 (dd, J=8.4, 5.4 Hz, 2H), 6.96 (t, J=8.7 Hz,
2H), 3.29 (sext., J=7.0 Hz, 1H), 2.72 (dd, /J=16.4, 6.7 Hz,

1H), 2.63 (dd, J=16.3, 7.5 Hz, 1H), 2.05 (s, 3H), 1.24 (d,
J=7.0 Hz, 3H); >*C NMR (75 MHz, CDCls) 6 207.6, 161.3
(d, Jo_p=243.8 Hz), 141.7, 128.1 (d, *Jc_r=8.0 Hz), 115.2
(d, 2Jc_r=20.6 Hz), 52.0, 34.7, 30.6, 22.1; MS (70 eV); m/z
(%) 180 M ™", 100); C,;H3FO: caled C 73.31, H 7.27;
Found C 73.29, H 7.40.

3.2.31. 4-(4-Benzoylphenyl)pentan-2-one (31) (Table 4,
entry 23). From 4-bromobenzophenone (0.261 g, 1 mmol),
pent-3-en-2-o0l (0.103 g, 1.2 mmol), NaHCO; (0.168 g,
2 mmol) and Pd complex (10 pmol), product 31 was
obtained in 76% (0.202 g) yield. '"H NMR (300 MHz,
CDCly) 6 7.78 (d, J="7.3 Hz, 2H), 7.75 (d, J=28.2 Hz, 2H),
7.57 (t,J=7.3 Hz, 1H), 7.47 (t, J=7.3 Hz,2H), 7.32 (d, J=
8.2 Hz, 2H), 3.40 (sext., J=7.0 Hz, 1H), 2.80 (dd, J=16.7,
6.7 Hz, 1H), 2.71 (dd, J=16.3, 7.5 Hz, 1H), 2.09 (s, 3H),
1.29 (d, J=7.0 Hz, 3H).

3.2.32. 4-(4-Cyanophenyl)pentan-2-one (32) (Table 4,
entry 27). From 4-bromobenzonitrile (0.182 g, 1 mmol),
pent-3-en-2-ol (0.103 g, 1.2 mmol), NaHCO; (0.168 g,
2 mmol) and Pd complex (10 pmol), product 32 was
obtained in 82% (0.154 g) yield. 'H NMR (300 MHz,
CDCls) 6 7.57 (d, J=8.4 Hz, 2H), 7.31 (d, J=8.4 Hz, 2H),
3.42 (sext., J=7.0 Hz, 1H), 2.76 (dd, /J=17.0, 6.8 Hz, 1H),
2.71 (dd, J=17.1, 7.3 Hz, 1H), 2.10 (s, 3H), 1.26 (d, J=
7.0 Hz, 3H); '>C NMR (75 MHz, CDCls) 6 206.6, 151.8,
132.4, 127.7, 118.9, 110.2, 51.2, 35.2, 30.5, 21.6.

3.2.33. 4-(o-Tolyl)pentan-2-one (33) (Table 4, entry 29).
From 2-bromotoluene (0.171 g, 1 mmol), pent-3-en-2-ol
(0.103 g, 1.2 mmol), K,CO; (0.276 g, 2 mmol) and Pd
complex (1 pmol), product 33 was obtained in 51%
(0.090 g) yield. '"H NMR (300 MHz, CDCl3) 6 7.22-7.03
(m, 4H), 3.55 (sext., J=6.9 Hz, 1H), 2.75 (dd, J=16.5,
6.0 Hz, 1H), 2.64 (dd, J=16.5, 8.3 Hz, 1H), 2.36 (s, 3H),
2.07 (s, 3H), 1.21 (d, J=6.8 Hz, 3H).

3.2.34. 4-Naphthalen-1-yl-pentan-2-one (34) (Table 4,
entry 34). From I-bromonaphthalene (0.207 g, 1 mmol),
pent-3-en-2-o0l (0.103 g, 1.2 mmol), NaHCO; (0.168 g,
2 mmol) and Pd complex (10 pmol), product 34 was
obtained in 97% (0.206 g) yield. 'H NMR (300 MHz,
CDCls) 6 8.14 (d, J=8.2 Hz, 1H), 7.86 (d, J=28.4 Hz, 1H),
7.72 (d, J=8.0 Hz, 1H), 7.57-7.33 (m, 4H), 4.21 (sext., J=
6.8 Hz, 1H), 2.91 (dd, /J=16.9, 4.8 Hz, 1H), 2.77 (dd, J=
16.9, 9.0 Hz, 1H), 2.13 (s, 3H), 1.40 (d, /=6.8 Hz, 3H).

3.2.35. 4-(3-Pyridinyl)pentan-2-one (35) (Table 4, entry
37). From 3-bromopyridine (0.158 g, 1 mmol), pent-3-en-2-
ol (0.103 g, 1.2 mmol), NaHCO; (0.168 g, 2 mmol) and Pd
complex (10 pmol), product 35 was obtained in 72%
(0.118 g) yield. "H NMR (300 MHz, CDCl;) ¢ 8.49 (d,
J=1.5Hz, 1H), 8.44 (dd, J=4.7, 1.5 Hz, 1H), 7.55 (dt, J=
7.9, 2.0 Hz, 1H), 7.24 (dd, /=7.9, 4.7 Hz, 1H), 3.35 (sext.,
J=7.1 Hz, 1H), 2.77 (dd, J=15.6, 4.4 Hz, 1H), 2.72 (dd,
J=15.7,7.1 Hz, 1H), 2.08 (s, 3H), 1.28 (d, /="7.0 Hz, 3H);
13C NMR (75 MHz, CDCl5) 6 206.8, 148.4, 147.4, 141.6,
134.8, 123.6, 51.3, 32.8, 30.5, 21.7; MS (70 eV); m/z (%)
163 (M™ ", 28); C;oH,3NO: caled C 73.59, H 8.03; Found C
73.38, H 8.00.
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3.2.36. 4-(3-Quinolyl)pentan-2-one (36) (Table 4, entry
41). From 3-bromoquinoline (0.208 g, 1 mmol), pent-3-en-2-
ol (0.103 g, 1.2 mmol), NaHCO; (0.168 g, 2 mmol) and Pd
complex (10 pmol), product 36 was obtained in 78%
(0.167 g) yield. '"H NMR (300 MHz, CDCl;) 6 8.83 (d, J=
2.3 Hz, 1H), 8.08 (d,/J=8.4 Hz, 1H), 7.95 (d, /=2.3 Hz, 1H),
7.77 (d, J=7.8 Hz, 1H), 7.66 (t, J=7.0 Hz, 1H), 7.52 (t, J=
7.0 Hz, 1H), 3.55 (sext., J=7.0 Hz, 1H), 2.89 (dd, J=17.0,
6.8 Hz, 1H),2.80 (dd, /=17.0,7.5 Hz, 1H), 2.10 (s, 3H), 1.38
(d, J=6.9 Hz, 3H); '*C NMR (75 MHz, CDCl;) ¢ 206.8,
150.6, 146.8, 138.7, 133.1, 129.0, 128.9, 128.1, 127.5, 126.8,
51.4,32.8, 30.6, 21.7; MS (70 eV); m/z (%) 213 M ", 92);
C,4H;5NO: calcd C 78.84, H 7.09; Found C 78.97, H 6.98.

3.2.37. 4-Phenyloctan-2-one (37) (Table 5, entry 1). From
bromobenzene (0.157 g, 1 mmol), oct-3-en-2-ol (0.154 g,
1.2 mmol), K,CO; (0.276 g, 2 mmol) and Pd complex
(4 pmol), product 37 was obtained in 55% (0.112 g) yield.
'"H NMR (300 MHz, CDCl;) 6 7.34-7.26 (m, 2H), 7.22—
7.13 (m, 3H), 3.15-3.03 (m, 1H), 2.70 (d, J=7.2 Hz, 2H),
2.00 (s, 3H), 1.65-1.40 (m, 2H), 1.30-1.00 (m, 4H), 0.81 (t,
J=7.0 Hz, 3H).

3.2.38. 4-(4-Methoxyphenyl)octan-2-one (38) (Table 5,
entry 4). From 4-bromoanisole (0.187 g, 1 mmol), oct-3-
en-2-o0l (0.154 g, 1.2 mmol), K,CO; (0.276 g, 2 mmol) and
Pd complex (10 pumol), product 38 was obtained in 47%
(0.110 g) yield. "H NMR (300 MHz, CDCl5) 6 7.08 (d, J=
8.7 Hz, 2H), 6.82 (d, J=8.7 Hz, 2H), 3.77 (s, 3H), 3.10-
2.98 (m, 1H), 2.66 (d, J="7.3 Hz, 2H), 1.99 (s, 3H), 1.65-
1.40 (m, 2H), 1.30-1.00 (m, 4H), 0.81 (t, J="7.1 Hz, 3H);
13C NMR (75 MHz, CDCl5) ¢ 208.3, 158.0, 128.3, 127.0,
113.8, 55.2, 51.2, 40.6, 36.3, 30.7, 29.7, 22.6, 14.0; MS
(70 eV); mlz (%) 234 (M ™", 60); C,sH,0,: calcd C 76.88,
H 9.46; Found C 76.71, H 9.38.

3.2.39. 4-(4-Benzoylphenyl)octan-2-one (39) (Table 5,
entry 9). From 4-bromobenzophenone (0.261 g, 1 mmol),
oct-3-en-2-ol (0.154 g, 1.2 mmol), NaHCO; (0.168 g,
2 mmol) and Pd complex (10 pmol), product 39 was
obtained in 75% (0.231 g) yield. '"H NMR (300 MHz,
CDCls) 6 7.79-7.70 (m, 4H), 7.55 (t, J=7.5 Hz, 1H), 7.46
(t, J=7.5Hz, 2H), 7.28 (d, J=8.2 Hz, 2H), 3.26-3.15 (m,
1H), 2.75 (d, J=7.1 Hz, 2H), 2.04 (s, 3H), 1.70-1.45 (m,
2H), 1.40-1.05 (m, 4H), 0.81 (t, J=7.1 Hz, 3H); '*C NMR
(75 MHz, CDCls) 6 208.3, 196.4, 149.9, 137.7, 135.6,
132.2, 130.4, 129.9, 128.2, 127.4, 50.4, 41.0, 35.9, 30.6,
29.5, 22.5, 13.8; MS (70 eV); m/z (%) 308 (M™ ", 92);
C,1H,405: calcd C 81.78, H 7.84; Found C 81.65, H 8.03.

3.2.40. 2-Phenylheptan-4-one (40) (Table 6, entry 3).
From bromobenzene (0.157 g, 1 mmol), hept-2-en-4-ol
(0.137 g, 1.2 mmol), NaHCO; (0.168 g, 2 mmol) and Pd
complex (1 pumol), product 40 was obtained in 69%
(0.132 ) yield. '"H NMR (300 MHz, CDCl;) ¢ 7.46 (d,
J=17.4 Hz, 2H), 7.40-7.10 (m, 3H), 3.31 (sext., J=7.0 Hz,
1H), 2.72 (dd, J=16.1, 6.5Hz, 1H), 2.61 (dd, J=16.2,
7.9 Hz, 1H), 2.35-2.20 (m, 2H), 1.53 (sext., J=7.4 Hz, 2H),
1.25 (d, J=17.0 Hz, 3H), 0.84 (t, J="7.5 Hz, 3H).

3.2.41. 2-(4-Methoxyphenyl)heptan-4-one (41) (Table 6,
entry 6). From 4-bromoanisole (0.187 g, 1 mmol), hept-2-
en-4-ol (0.137 g, 1.2 mmol), NaHCO; (0.168 g, 2 mmol)

and Pd complex (10 pmol), product 41 was obtained in 71%
(0.156 g) yield. "H NMR (300 MHz, CDCls) 6 7.12 (d, J=
8.6 Hz, 2H), 6.82 (d, /J=8.6 Hz, 2H), 3.76 (s, 3H), 3.42
(sext., J=7.0 Hz, 1H), 2.67 (dd, /=16.0, 6.7 Hz, 1H), 2.57
(dd, J=16.0, 7.7 Hz, 1H), 2.32-2.18 (m, 2H), 1.52 (sext.,
J=7.4 Hz, 2H), 1.22 (d, J=6.9 Hz, 3H), 0.83 (t, J="7.4 Hz,
3H); '>*C NMR (75 MHz, CDCls) é 210.1, 157.9, 138.3,
127.6, 113.8, 55.1, 51.3, 45.3, 34.6, 22.1, 17.0, 13.6;
C14H5004: calcd C 76.33, H 9.15; Found C 76.04, H 8.94.

3.2.42. 2-(4-Benzoylphenyl)heptan-4-one (42) (Table 6,
entry 9). From 4-bromobenzophenone (0.261 g, 1 mmol),
hept-2-en-4-ol (0.137 g, 1.2 mmol), NaHCO; (0.168 g,
2 mmol) and Pd complex (1 pmol), product 42 was obtained
in 64% (0.189 g) yield. "H NMR (300 MHz, CDCl3) 6 7.80—
7.71 (m, 4H), 7.56 (t, J=7.4 Hz, 1H), 7.46 (d, J=7.4 Hz,
2H), 7.31 (d, /=8.2 Hz, 2H), 3.42 (sext., J=7.0 Hz, 1H),
2.76 (dd, J=16.5, 6.7 Hz, 1H), 2.66 (dd, J=16.5, 7.5 Hz,
1H), 2.38-2.23 (m, 2H), 1.55 (sext., J=7.4 Hz, 2H), 1.28
(d, J=7.0Hz, 3H), 0.85 (t, J=7.4Hz, 3H); '*C NMR
(75 MHz, CDCls) 6 209.4, 196.4, 151.4, 137.8, 135.6,
132.2, 130.5, 129.9, 128.2, 126.8, 50.6, 45.4, 35.2, 21.8,
17.1, 13.6; MS (70eV); m/z (%) 294 (M™", 100);
C,0H2,05: caled C 81.60, H 7.53; Found C 81.73, H 7.38.

Registry no. Beilstein: 12, 9393189; CAS: 20, 65170-86-7;
21, 104-20-1; 22, 63416-61-5; 23, 57918-94-2; 24, 17013-
10-9; 25, 451-25-2; 27, 18344-26-8; 29, 56600-70-5; 31,
65170-91-4; 32, 189119-45-7; 33, 652994-34-8; 34,
182482-36-6; 37, 35583-33-6; 40, 59540-81-7.
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