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A concise four-step synthesis of 9,9'-spirobixanthene-1,1'-diol is reported, featuring a practical
preparation at large scale without the use of column chromatography purification. Co-crystallization
with N-benzylcinchonidinium chloride and N-benzylquininium chloride rendered the optically pure

product in both enantiomers.

Introduction

Connected with quaternary carbon, spiro aromatic compounds
are of more conformational rigidity than atropisomeric biaryl
analogues, constituting a desirable element in the design of
chiral ligands for transition metal catalyzed asymmetric reactions.
Although first synthesized in the 1930s,! the significance of spirans
in asymmetric catalysis has not been well recognized until recently.?
Soon after Chan’s work on spirophosphinite, Birman designed
and synthesized a new C,-symmetric 1,1’-spirobiindane-7,7-diol
1.* Improved resolution of 1 via co-crystallization® enabled
Zhou et al. to prepare a series of spiro ligands for asymmetric
catalysis.** Following a strategy similar to the synthesis of
1, Zhou et al. also prepared 9,9-spirobifluorene-1,1’-diol 2.*
Meanwhile, we have developed 9,9'-spirobixanthene-1,1’-diol 3
and its phosphoramidite derivatives for highly enantioselective
hydrogenation and conjugate addition reactions.”*¢ Although the
two step synthesis of 3 is highly convergent without the extra pro-
tection and deprotection steps that are required for the preparation
of 1 and 2, the Lewis-acid mediated simultaneous cyclization and
demethylation involve harsh work up with hydrochloric acid and
column chromatography separation. In searching for a practical
synthesis of 9,9'-spirobixanthene-1,1’-diol, 3, on a large scale, we
report herein a convenient four step procedure without the use of
column chromatography purification.
O
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Results and discussion

Acid-mediated cyclization of tertiary alcohols is a classic method
for the synthesis of spirans.! Compared with double cyclization
of ketones, it remains rarely explored so far for the preparation
of spiro diols such as 1, 2, and 3. An attempt to prepare 2 via an
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alcohol intermediate was unsuccessful due to an uncontrollable
side reaction under bromination conditions.* For our target
molecule 3, we envisaged that a straightforward route can be
accessed through the key intermediate 6, which will be subject
to cyclization and then demethylation to give the desired product
(Scheme 1). A prerequisite for this approach is that the precursor 1-
methoxyxanthone 5 shall be assembled in an efficient way. Inspired
by recent advances in synthetic chemistry utilizing directed
metalation strategy,” we found that 5 can be prepared directly
from 3-phenoxyanisole 4 via tandem directed ortho metalation
(DoM) and directed remote metalation (DreM).® Thus 2-methoxy-
N,N-dimethyl-6-phenoxybenzamide was first generated via DoM
by selective deprotonation of 4 with n-BuLi at —78 °C and then
treatment with equivalent amount of dimethylcarbamyl chloride.
Without being isolated, this intermediate was in situ converted to
5 in the presence of LDA via DreM. Addition of another lithiated
4 to 5 produced the tertiary alcohol 6 as expected, which further
underwent ring closure in refluxing HCl and HOAc to form the
spirocyclic backbone. In the final step, BBr; was initially tested as
demethylation reagent. To our surprise, side reaction occurred
without the formation of 3. After screening several available
reagents, we found that refluxing 7 in melt pyridine-HCI for less
than 30 minutes gave the desired product 3 in satisfactory yield.
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Scheme 1 Reagents and conditions: (a) (i) n-BuLi (1.2 equiv.), THF,
—78 °C, (ii) Me,NCOCI (1 equiv.), THF, —78 °C, (iii) LDA (2.4 equiv.),
THEF, 0 °C; (b) lithiated 4 (1 equiv.), THF, —78 °C; (c) HCI, HOAC, reflux;
(d) pyridine-HCI, reflux.

Our recent studies* showed that rac-3 can be resolved efficiently
via co-crystallization with some alkaloid-derived quaternary
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ammonium salts, i.e., N-benzylcinchoninium chloride 8 and
N-benzylquininium chloride 9. Differing only in a methoxy group,
8 preferentially forms co-crystals with (R)-3 whereas 9 with (S)-
3. X-ray diffraction experiments further confirmed the absolute
configuration of the resolved enantiomers, revealing distinct
molecular packing modes of the co-crystals of (R)-3:8 and (.5)-
3:9 developed from acetonitrile (Fig. 1 and 2).

Fig. 1 ORTEP representation of co-crystal of (R)-3 and N-benzyl-
cinchoninium chloride 8 (1 : 1) at 50% probability for the drawing of
thermal ellipsoids (hydrogen atoms and solvent molecules are omitted for
clarity).

Fig. 2 ORTEP representation of co-crystal of (S)-3 and N-benzyl-
quininium chloride 9 (1 : 1) at 50% probability for the drawing of thermal
ellipsoids (hydrogen atoms and solvent molecules are omitted for clarity).

Conclusions

In summary, we have established a concise synthesis of 9,9'-
spirobixanthene-1,1’-diol 3 in four steps. Because no column
chromatography is applied throughout the whole procedure, the
title compound can be prepared and resolved conveniently at large
scale. Application of chiral 3 and its derivatives for asymmetric
catalysis will be reported in due course.

Experimental
General

All reactions were carried out using standard Schlenk techniques
unless specified otherwise. The degassed dry solvents are used
throughout each experiment. 3-Phenoxyanisole was prepared
according to literature. The other chemicals used in this work
were purchased from either Aldrich or Acros Inc. '"H NMR
and “C NMR data were recorded on Bruker DPX-300, CDPX-
300, and AMX-360 spectrometers. MS data were recorded on
KRATOS mass spectrometer for LR-APCI and HR-APCI. Chiral
HPLC anaylsis was carried out on a Waters 600 chromatography
equipped with an UV detector (254 nm) and a Chiralcel OD-
H column. X-ray single crystal diffraction intensity data were
measured on a Bruker SMART APEX CCD area detector system
equipped with a graphite monochromator and a MoKa fine-focus
sealed tube (1 = 0.71073 A) operated at 1600 watts power (50 kV,
32 mA).

Synthetic details

1-Methoxyxanthone (5). To the solution of 4 (24.6 g,
0.123 mol) in THF (100 mL) was added n-BuLi (2.5 M, 50.7 mL,
0.142 mol) at —78 °C in 1.5 h. After being stirred at this tempera-
ture for 1 h, it was allowed to warm slowly to room temperature
over 1 h. Then it was cooled to —78 °C and added into the solution
of dimethylcarbamic chloride (11.3 mL, 0.123 mol) in THF
(50 mL) at —78 °C in 30 min. After stirring at this temperature
for 1 h, the cooling bath was removed and it was warmed to room
temperature over 4 h. Then it was added dropwise into freshly pre-
pared LDA solution (0.3 mol in 370 mL dry THF) at 0 °C, which
was stirred overnight. Aqueous HCI (3 N, 100 mL) was introduced
carefully to quench the reaction mixture at 0 °C. The organic phase
was separated and washed with saturated NaHCO; solution and
brine. The water layer was extracted with EtOAc, washed with
saturated NaHCO; solution, and brine. The combined organic
solution was dried with anhydrous Na,SO, and concentrated. The
crude product was triturated with EtOAc/hexane (1:9) to afford 5
as light yellow powder (24.8 g, 89%). "H NMR (300 MHz, CD,Cl,)
0 3.98 (s, 3H, ArO-CH,), 6.83 (d, 1H, J = 8.3 Hz, Ar-H), 7.06
(dd, 1H, J, = 8.5 Hz, J, = 0.9 Hz, Ar-H), 7.34 (td, IH, J, =
79Hz, J, = 1.0 Hz, Ar-H), 7.41-7.44 (m, 1H, Ar-H), 7.59-7.68
(m,2H, Ar-H),8.22(dd, 1H, J, =8.0 Hz, J, = 1.7 Hz, Ar-H); *C
NMR (100 MHz, CDCl;) 6 56.7, 105.6, 110.3, 112.8, 117.5, 123.3,
124.0, 127.1, 134.4, 135.0, 155.3, 158.4, 161.0, 176.8. HRMS m/z
found: 226.0636, calculated: 226.0630.

1-Methoxy-9-(2-methoxy-6-phenoxyphenyl)xanthen-9-01  (6).
Lithiation of 4 (20.6 g, 0.103 mol) was achieved as described in
the previous step (43.3 mL 2.5 M n-BuLi and 100 mL THF were
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used), and the solution was added into the solution of 5 (23.3 g,
0.103 mol) in THF (400 mL) at —78 °C within 1 h, then stirred
overnight. The reaction mixture was quenched with saturated
NH,CI solution at 0 °C, and then extracted with CH,Cl,. The
organic phase was washed with brine, dried with anhydrous
Na,SO,, and concentrated. The crude product was triturated
with acetone to afford 6 as white powder (34.7 g, 79%). 'H
NMR (360 MHz, CDCl;) ¢ 3.73 (s, 3H, ArO-CH;), 3.83 (s,
3H, ArO-CH,), 6.38 (d, 1H, J = 8.2 Hz, Ar-H), 6.49-6.56 (m,
3H, Ar-H), 6.66-6.71 (m, 2H, Ar-H), 6.87 (d, 1H, J = 7.9 Hz,
Ar-H), 6.94-7.00 (m, 3H, Ar-H), 7.07-7.16 (m, 5H, Ar-H), 7.48
(d, 1H, J = 7.9 Hz, Ar-H); "C NMR (75 MHz, CD,Cl,) ¢ 56.1,
57.3, 70.8, 105.7, 108.8, 109.3, 114.1, 115.4, 116.8, 118.1, 122.6,
123.0, 128.1, 128.2, 128.3, 128.6, 129.1, 129.5, 149.8, 150.6, 154.6,
157.4, 158.4, 158.5. HRMS m/z found: 426.1473, calculated:
426.1467.

1,1’-Dimethoxy-9,9’-spirobixanthene (7). The tertiary alcohol
6 (34.7 g, 0.081 mol), acetic acid (300 mL), and concentrated HCl
(200 mL) were refluxed for 6 h. After acetic acid was removed under
reduced pressure, the residue was dissolved in CH,Cl,, washed
with saturated NaHCO; solution, brine, and dried with anhydrous
Na,SO,, and then concentrated. The crude product was triturated
with acetone to afford 7 as white powder (27.5 g, 83%). '"H NMR
(360 MHz, CDCl;) ¢ 3.25 (s, 6H, ArO-CH), 6.39 (dd, 2H, J, =
8.2 Hz, J,=1.0Hz, Ar-H), 6.77-6.84 (m, 6H, Ar-H), 7.04-7.16
(m, 6H, Ar-H); "C NMR (90 MHz, CDCl;) ¢ 42.1, 55.8, 100.6,
111.6, 116.5, 122.6, 124.1, 128.2, 130.4, 131.9, 132.6, 149.6, 150.5,
159.6. HRMS m/z found: 408.1347, calculated: 408.1362.

9,9’-Spirobixanthene-1,1'-diol (3). The mixture of 7 (4.9 g,
0.013 mol) and pyridine-HCI (30.4 g, 0.263 mol) were melted with
a heating mantle and reflux for 25 minutes. After cooled to room
temperature, the reaction mixture was diluted with HCI solution
(4 N, 90 mL) and extracted with EtOAc (100 mL). The organic
phase was washed with HCI (4 N, 10 mL) twice, water, saturated
NaHCO; solution, brine, and dried with anhydrous Na,SO,, and
then concentrated. The crude product was triturated with acetone
to afford 3 as white powder (3.2 g, 70%). '"H NMR (300 MHz,
CD;COCD:;) 6 6.30 (dd, 2H, J, = 8.0 Hz, J, = 1.2 Hz, Ar-H),
6.60 (dd, 2H, J, =8.2 Hz, J, = 1.2 Hz, Ar-H), 6.78-6.80 (m, 4H,
Ar-H), 6.96-7.10 (m, 6H, Ar-H), 8.15 (s, 2H, Ar-OH); "C NMR
(75 MHz, CD,COCDs) ¢ 38.3, 107.3, 110.8, 115.5, 116.4, 123.1,
127.6, 128.7, 131.5, 131.9, 150. 0, 151.7, 156.5. HRMS m/z found:
380.1036, calculated: 380.1049.

Resolution of rac-(3). The mixture of rac-3 (3.14 g, 8.26 mmol)
and N-benzylcinchonidinium chloride 8 (1.84 g, 4.37 mmol) was
suspended in 30 mL of acetonitrile (CH;CN) and refluxed for 6 h.
After cooled naturally to room temperature, the white precipitate
was collected by filtration, which was again suspended in 20 mL
of CH;CN and refluxed for another 6 h. When it was cooled to
room temperature, the precipitate (1 : 1 complex of (R)-3 and 8)
was collected from the mother solution by filtration and washed
twice with small amount of CH;CN. The solid was then stirred in
EtOAc (30 mL) and diluted HCI (2 N, 20 mL) until the entire solid
was dissolved. The organic phase was then separated and washed
with 2 N HCI (20 mL) and brine, dried over Na,SO,. Evaporation
of the solvent under reduced pressure produced enantiomerically
pure (R)-3 as a white powder (1.24 g, 79% yield, >99.9% ee).

[al¥ = +40.2 (¢ 1.0, CHCI;). To obtain the other enantiomer of
3, the mother solution was concentrated, and refluxed with N-
benzylquininium chloride 9 (1.97 g, 4.37 mmol) in CH;CN (30 mL)
for 6 h. After being cooled to room temperature, the precipitate
(1 : 1 complex of (S5)-3 and 9) was collected by filtration, washed
with small amount of CH;CN. Treatment of the co-crystal with
EtOAc (30 mL) and 2 N HCI (20 mL) resulted in two layers.
The organic phase was separated, washed with 2 N HCI (20 mL)
and brine, and dried over Na,SO,. Evaporation of the solvent
under reduced pressure produced enantiomerically pure (S)-3 as
white powder (1.22 g, 78% yield, 99.8% ee). The ee value of 3 was
determined by HPLC at 25 °C using isopropanol/hexane (4 : 96)
as eluent, ] mL min™"', 7z = 31.6 min, 7y = 36.3 min.

Crystal structure determination of (R)-3:8. A clear flat-needle
shaped crystal of (R)-3:8 grown from CH;CN was selected with
approximate dimensions 0.40 x 0.18 x 0.15 mm, and used for
the X-ray crystallographic analysis. Crystal data. Cs;H,3CIN;Os
(moiety formula C,HyN,O-CysH,;0,-C,H;N-Cl), M = 842.39,
monoclinic, a = 14.322(4) A, b =8.975(2) A, c = 17.1574) A, U =
2185.2(10) A®, T = 95(2) K, space group P2,, Z = 2, u(Mo Ka) =
0.141 mm~', the R value for the refinement with 6628 observed
data is 0.0571 and the wR, value for refinement of all 9403 data is
0.1637.7

Crystal structure determination of (S5)-3:9. A clear brick
shaped crystal of (5)-3:9 grown from CH;CN was selected with
approximate dimensions 0.28 x 0.21 x 0.20 mm, and used for the
X-ray crystallographic analysis. Crystal data. Cg; 53Hg2Cl N 604
(moiety formula C,;H;N,O,-C,sH;40,-5.764(C,H;N)-Cl), M =
1068.00, orthorhombic, ¢ = 9.2512(15) A, b = 19.807 3) A, ¢ =
34.048(5) A, U=6238.7(17) A3, T = 98(2) K, space group P2,2,2,,
Z=4,uMoKa)=0.120mm™"', the R value for the refinement with
12467 observed data is 0.0670 and the wR, value for refinement of
all 14773 data is 0.1690.F
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The parent allenediazonium monocation H,C=C=CH(N,") and ten of its substituted derivatives
XYC=C=C(Z)N,* (with F, CF;, Me, OMe, and Me,N as substituents) were studied by DFT at the
B3LYP/6-31++G** level. Except for the Me,N-substituted derivative that forms a monocation-N,
complex, structurally intact allenediazonium ions were obtained as minima in all cases. Protonation
studies at various sites were performed on allenediazonium cations, and relative energies of the resulting
minima were used to identify the energetically most favored dications. In the majority of cases,

protonation at the central carbon of the allenic moiety (C,) is most favored, forming delocalized allyl

cation—N," species. The same dication structure is formed via initial C;-protonation, followed by a
formal hydride shift, in cases where a carbocation-stabilizing group is placed at C;. When a CF; group
is placed at C;, initial protonation at C, resulted in a 1,3-fluorine shift, to generate a fluoroallyl cation
linked to a CH,N,* moiety. Structural features in the allenediazonium monocations and their

protonated dications were examined, taking into account their geometrical features, computed charges,

and the GIAO NMR shifts.

Introduction

The available literature on vinyldiazonium ions is relatively exten-
sive, encompassing their isolation in specific cases as stable salts, X-
ray analysis, generation from suitable precursors under stable ion
conditions for direct NMR studies, and theoretical studies.? The
commonly employed strategy for their experimental generation
involves O-alkylation (O-protonation) of suitably substituted
diazoketones or diazoesters. It is known that alkenediazonium
ions exhibit vastly different relative stabilities depending on their
structures, ranging from those that can be isolated as salts and
stored at room temperature for an extended period of time,** to
those that require in situ generation and trapping,® to those that
can be generated under stable ion conditions at low temperature
in superacids for direct NMR studies.”®

Although only a limited number of studies point to generation
of ethynyldiazonium cations under solvolytic conditions,” several
theoretical studies on these species have been published.*

In comparison, no studies pertaining to the “missing relative”,
namely allenediazonium ions XYC;=C,=C,(Z)N,* seem to exist.
Weakly-bound complexes of C;H;* cations with dinitrogen
have been studied by IR-photodissociation spectroscopy and by
ab initio calculations. Electron impact ionization of parent allene
generated two isomeric C;H;* cations, namely the cyclopropenyl
cation and the propargyl cation, and these gave weakly-bound
complexes with dinitrogen. In the case of propargyl cation, the
complex in which N, was bound to the acetylenic-H is a global
minimum, whereas the complex with N, bound to a CH, proton
is a local minimum (from MP2 calculations)."

“Institute of Chemistry, Universidade Federal do Rio de Janeiro, Brazil
*Department of Chemistry, Kent State University, Kent, Ohio, USA. E-mail:
klaali@kent.edu; Fax: +1 330-6723816; Tel: +1 330-6722988

T Electronic supplementary information (ESI) available: Optimized struc-
tures for cations C, D, E, G, I, J and K. See DOI: 10.1039/b611304b

Electrophilic addition to allenes has been studied in a number
of cases,'> demonstrating that the kinetically favored protonation
leads to a vinyl cation intermediate. Thus HX addition to simple
allenes gives vinyl halides as initial products. Kinetic studies and
solvent isotope effect measurements in strong acids underscored
the importance of vinyl cation formation (attack at C,)." Several
examples of addition of in situ-generated carbenium ions to allenes
have also been reported that involve allyl cation as intermediate
(attack at C,)." Addition of PhSeX to allenes was consistent
with attack at C, and allyl cation generation.”® For Me;Si-
substituted allenes, the regiochemistry of addition is controlled
by the formation of a f-silyl-stabilized vinyl cation by attack at
C.1

Protonation of tert-alkyl-substituted alkynes such as 3,3-
dimethyl-1-butyne in FSO,;H-SbF; (1 : 1) led to the observation
of allyl cation via a transient vinyl cation (attack at C,), followed
by skeletal rearrangement (1,2-methyl shift). Similarly, zerz-butyl
cation reacted with 2-butyne to give allyl cation by initial attack
at C, and subsequent methyl shifts.'s

Given the importance of both allyl cations and vinyl cations
as intermediates in electrophilic addition to allenes, protonation
studies on allenediazonium ions seemed highly relevant. In
principle, it might be possible to control the energy and relative
stability of the allenyldiazonium ions, and possibly also the
chemoselectivity of electrophile addition, depending on the choice
of the substitutents on the allene moiety. It was also of interest
to understand how the resulting allyl or vinyl cation formed by
protonation at the allenyl moiety would interact with the -N,*
group. Geometrical features, computed charges and GIAO NMR
data on the resulting minima were used to shed light on the
structural/electronic features in the dications. It was hoped that
the insights gained from the present DFT study could facilitate the
design of experiments aimed at the synthesis of allenediazonium
salts as energetic materials and as precursors to novel electro-
philes.
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Results and discussion
Computational protocols

Geometry optimizations were performed employing standard
techniques.’® Optimized structures were subsequently checked by
vibrational analyses with respect to being true minima on the
potential energy surface, as shown by the absence of imaginary fre-
quencies. Allenediazonium monocations were first calculated by
at the B3LYP/6-31++G** level and then at the MP2/6-31++G**
level. Since there were no notable differences in the optimized
geometries, subsequent calculations were all performed at the
B3LYP/6-31++G** level. NMR chemical shifts were computed
by GIAO/B3LYP/6-31++G** and were referenced relative to
the Si(CH,), (TMS) for “C, CFCl, for YF and to NH, for "N
NMR. All energy differences correspond to enthalpy differences
at 298 K and 1 atm, and take into account zero-point energy
and thermal corrections. In all structures, charges at the atomic
centers were calculated by fitting to a density-derived electrostatic
potential by using the CHelpG scheme.'”*® The calculations were
performed with the Gaussian 03 package of programs.®

Rationale for the choice of the substituents

The allenediazonium cations XYC=C=C(Z)N," listed in Table 1,
bearing electron-withdrawing substituents (monocations B-G),
electron-donating and electron-withdrawing substituents (H), and
electron-donating substituent(s) (I-K) were studied in this work,
for which various modes of protonation (see Scheme 1) led to
minima on the potential energy surface. The substituents were
primarily chosen on the basis of the relative stability of the
dications formed by protonation of allenediazonium cations.

Allenediazonium monocations (A-K)

The optimized structures, geometric parameters and the GIAO
NMR chemical shifts for the optimized allenyldiazonium mono-
cations are summarized in Fig. 1. In accordance with the
experimental NMR data reported for simple allenes,” GIAO "*C
shifts for the formally sp-hybridized carbon of the allenic moiety
(C,) are the most deshielded (A: 239 ppm; B: 181 ppm; C; 251 ppm;
D: 204 ppm; E: 217 ppm; F: 239 ppm; G: 238 ppm and H: 255
ppm). For the MeO-substituted allenediazonium ions (I and J)
C; is most downfield, suggesting a larger contribution by the “no-
bond resonance” structure (see Scheme 2 and further discussion).
This is consistent with the computed longer/weaker C—N bonds
in these diazonium ions.

Table 1 Allenediazonium cations studied

XYC=C=C(Z)N,* X Y V4
A H H H
B F F F
C F F H
D F H F
E H H F
F CF,; H H
G CF; CF; H
H Me F H
1 OMe OMe H
J H OMe OMe
K Me,N H H

Scheme 1 Various protonation modes.
(1] (1)
X G?(é” X R NN
a b c

Scheme 2 Contributing resonance structures in allenediazonium cations.

Optimization of the Me,N-substituted allenediazonium ion K
resulted in the formation of a monocation—-N, complex (k), whose
cationic moiety has distinct characteristics of an iminium ion
bonded to ethyne (Scheme 3). The complex is rather similar to
that formed via propargyl cation—N,."!

H @N H
>:'# 2 >—._—H------N=N
o — =
M AN H C/DN/\
° Me Me Me
K k

Scheme 3  Structure optimization on allenediazonium ion K leading to
monocation-N, complex k.

Experimental NMR values reported for C, in parent allene,
and various methyl-substituted derivatives, are typically in the
200-213 ppm range.* Comparing the experimental chemical shift
data for the parent allene (H,C=C=CH,, 74 ppm; H,C=C=CH,,
213 ppm; H,C=C=CH,, 4.67 ppm) with the calculated values
in this study (H,C=C=CH,, 76 ppm; H,C=C=CH,, 228 ppm;
H,C=C=CH,, 4.84 ppm), shows reasonable agreement, with
differences in the order of ~2 ppm for the methylene carbon,
~15 ppm for the quaternary carbon and ~0.17 ppm for the
hydrogens. It is known that the NMR chemical shifts suffer
from systematic error due to the approximations employed in the
calculations. Hence the calculated NMR chemical shift values
for the other systems should have similar standard deviations as
in the allene itself.

It is noteworthy that the chemical shift of the =C= moiety in
allenediazonium cations does not change greatly relative to that
in neutral allene. Whereas the GIAO "N shifts for the diazonium
moiety in A are close to the reported values for PhN,* (224 and
317 ppm),? they were generally found to be more deshielded in
the other allenediazonium cations examined in the present study.
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Fig. 1 Optimized structures for the allenediazonium cations A-K, obtained at B3LYP/6-31++G** with selected geometric parameters, CHelpg charges

(¢) and GIAO NMR chemical shifts.
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Parent allenediazonium ion H,C=C=CH(N,") A has a linear
allenyl moiety with near-equivalent allenyl C—C bond-lengths, and
with the positive charge residing primarily on N, and on C,. Based
on GIAO NMR, the most deshielded carbon resonance is C, (at
244 ppm) followed by C; (113 ppm).

Fluorine substitution at C, and/or C; (as in allenediazoniums
B-E) shortens the attached allenic C-C bonds. It also exerts a
deshielding effect at C,/C;. In the bis-CF; derivative (G), positive
charge resides mainly on C,, on N, and on the fluorines.

Allenediazonium cation I, with two methoxy-substituents at C;,
has an interesting optimized structure, exhibiting a short C,~C,
and a long C,—C; bond, two relatively short C-O bonds (with near
identical bond-lengths), and with the positive charge localized
mainly at C;. These features taken together with the GIAO NMR
data (deshielded OMe groups, a relatively deshielded C; and a
deshielded N,) underscore the importance of the carboxonium-
mesomeric structure (Scheme 4).

CHj

CH
O/ ®¢/N s N’//N
i l\lz 0>7 e
- D)=
P H ! H

!
HyC HyC

Scheme 4 Mesomeric structures for I.

Protonation studies on allenyldiazonium cations

Protonations at the allenyl moiety, at C, (mode 3), C, (mode
4), and C; (mode 5), as well as N-protonation (mode 6) (see
Scheme 1) were considered in all cases. Mode 1 protonation
was included only with OMe, F, and Me,N as substituents, and

mode 2 protonation was only considered as a possibility when
Z = F or OMe. Relative energies, geometrical features, charge
delocalization modes and computed NMR chemical shifts of the
resulting dications were examined. Table 2 contains the relative
energies for the studied protonated allenyldiazonium dications.
As the following discussion details, in the majority of cases, the
most stable dications were derived by protonation in mode 4, i.e.
by attack at the central allene carbon.

Parent allenyldiazonium ion A

Fig. 2 shows the structures obtained after geometry optimization
by protonation of H,C=C=CH(N,") via modes 3-6. Among vari-
ous doubly-charged minima, dication A4 (in the E-configuration)
formed by C,-protonation is the most stable, followed by A3
(protonated at C,) which is 4.8 kcal mol™' higher in energy
(Table 2). Competitive formation of dication A5 by protonation
at C; should not be considered likely, as it is ~17 kcal mol™
less stable. Dication A6, formed by protonation at Nj, was not a
minimum.

The allylic nature of A4 and the vinylic nature of A3 and AS
can be clearly deduced, taking into account the computed bond-
lengths, charges and the GIAO NMR shifts. Hence A4 is best
viewed as an allyl-N,* hybrid dication, whereas A3 and A5 are
best viewed as vinyl-N,* hybrid dications.

Protonation studies on the fluorinated allenediazonium ions B-E
and H

Fig. 3 shows the structures obtained after geometry optimization
by protonation of F,C=C=CF(N,"). Among various protonation
modes, B4 (protonation at the central allenic carbon) is most

Table 2 Relative enthalpies (at 298 K and 1 atm) of the protonated allenediazonium dications and their related/derived structures

Relative Relative Relative Relative

Structure®  energy/kcal mol~'  Structure energy/kcal mol~!  Structure energy/kcal mol™'  Structure energy/kcal mol™!

A+ H* 39.5 B+ H* 65.9 C+H" 50.0 D+ H* 55.8

Al N/A B1 HF 48.5 C1 48.8 D1 25.9
complexed

A2 N/A B2HF lost 323 C2 N/A D2HF lost 29.5

A3 4.8 B3 69.2 c3 55.5 D3 51.8

A4 (E) 0.0 (E),5.6(2) B4 (E) 0.0 (E),49(2) C4(2) 5.1 D4 0.00

5 16.9 BS 23.2(E)/28.7(2) C5— C4(E) 0.0 D5 0.004

A6 b B6 b C6 66.6 D6 54.7

E + H* 41.0 F+H* 83.4 G+ H* 355 H+H" 80.5

El N/A F1 N/A Gl N/A H1 b

E2 b F2 N/A G2 N/A H2 N/A

E3 17.2 F3 0.0 G3 3.3 H3 453
rearranged

E4 0.0 F4 44.7 G4 0.0 (E), 5.4 (2) H4 (E) 0.0 (E), 7.3 (2)

ES — E4 F5 b G5 — F + CF;* H5 — H4(Z)

E6 28.2 F6 68.3 G6 24.6 Hé6 65.2

I+ H* 55.1 J+H" 57.6 K + H* b

I 53.0 J1 53.0 K1 24.9

12 N/A J2 48.1 K2 N/A

13 40.5 J3 N, lost 0.8 K3 rearranged  56.8

14 0.0 J4 N, lost 0.0 K4 0.0

15 b J5 17.3 K5 rearranged  40.2

16 b J6 65.6 K6 rearranged  66.8
rearranged

“ A1 means mode 1 protonation for allenediazonium A. * Not a minimum.
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Fig.2 Optimized structures for protonated allenediazonium cation A, with selected geometric parameters, CHelpg charges (¢) and GIAO NMR chemical

shifts.

favored (with the E-configuration being more stable than Z).
Comparing B4 with A4, it can be seen that fluorine substitution
at C,/C; causes very little change in the bond-lengths, but the
computed charges at C,/C; increase in B4. The computed GIAO
shifts at C, are similar in the two dications, but C; is noticeably less
deshielded in B4. This, taken together with fluorine deshielding at
C;, points to fluoronium ion character in dication B4. The resulting
dication is best viewed as a fluoroallyl-N,* hybrid dication. Initial
protonation at C; (mode 5) forms a vinyl cation—N,* species,
which is not a stable structure, rearranging via fluorine shift to
dications B5 (E) and B5 (Z) that are at least 23 kcal mol™' less
favored relative to B4 (see Table 2). Considering the bond-lengths,
computed charges and the GIAO shifts, the resulting rearranged
dications have the characteristics of fluoroallyl cation—N,* hybrids.
Protonation at Ny (which should lead to dication B6) affords the
coulombic (charge—charge) explosion products, F-C*=C=CF, +
HN,*. This likely stems from stabilization of the allenyl cation by
p-= back-bonding to fluorine. Other protonation modes, despite
being minima, were considerably less stable, and their competitive
formation is considered unlikely.

Dicationic structures obtained after geometry optimization by
protonation of F,C=C=CH(N,") in various modes are sketched
in Fig. S1f along with their geometric parameters, charges
and GIAO NMR shifts. Based on relative energy data for the
dications (Table 2), the C,-protonated species is by far the best
possibility, resulting in dication C4 (in the Z-configuration). The
C;-protonated dication C5 rearranges via a formal hydride shift
to dication C4 (in the E-configuration). This species is the global
minimum (C4 lies 5.1 kcal mol~' higher) (Table 2). Preference for
the E-configuration is likely because positive charges are more
distant (interatomic distance N, - - - Cicp,, = 3.725 A, as opposed
to N, - - Cp,, = 3.043 A for the Z configuration).

Fig. S2f summarizes the structures obtained after geometry
optimization in various protonation modes for the difluoroal-

lenyldiazonium cation FHC=C=CF(N,*). Relative energy data
for the resulting minima indicate that the most viable protonation
mode is D4 i.e. by C-protonation at the central allenic carbon.
The same dication is formed by initial protonation at C; followed
by a formal hydride shift. Fluorine protonation at C; resulted in
the formation of a fluoroallyl-N,*/HF complex (dication D1),
while fluorine protonation at C, led to HF loss and formation of a
monofluoroallyl cation—N,* species (dication D2). These dications
are at least 26 kcal mol™' less stable than D4. The product of
protonation at C, (dication D3) lies ~52 kcal mol™' above D4.
Considering the bond-lengths, computed charges and the GIAO
shifts, D4 is best viewed as a fluoroallyl cation—N,* hybrid having
significant fluoronium ion character, whereas the much less favored
D3 is a vinyl cation-N,* hybrid.

Dicationic structures obtained after geometry optimization by
protonation of H,C=C=CF(N,") in various modes are sketched
in Fig. S37f, along with their geometric parameters, charges
and GIAO NMR shifts. Once again, protonation at the central
allenic carbon (C,) leads to the most viable dication (E4). The
same species is formed by initial C;-protonation by a formal
hydride shift. As with D4, dication E4 has clear characteristics
of a fluoroallyl cation-N,* species. The vinyl cation-N,* species
formed via C,-protonation (dication E3) is the next best possibility
(17 kcal mol™" less stable).

Fig. 4 illustrates the structures obtained after geometry
optimization for various protonation modes in the case of
H;C(F)C=C=CH(N,)". Protonation at C, (central allenic moiety)
gives rise to the most stable dication H4. The Z-configuration of
this dication is the most stable. Protonation at C; (dication H5) as
an initial structure gave rise to dication H4 as the final structure by
a formal hydride shift. Protonation at C, generates dication H3 asa
minimum, but given the relative energy data (Table 2), competitive
formation of this dication is unlikely. Taking into account the
geometrical features, charges and the GIAO shifts, dication H4 is
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Fig.3 Optimized structures for protonated allenediazonium cation B, with selected geometric parameters, CHelpg charges (¢) and GIAO NMR chemical

shifts.

best considered as a fluoroallyl cation—N,* hybrid with fluoronium
ion character, whereas H3 is best viewed as a fluorovinyl cation
linked to a CH,N," moiety.

Protonation studies on the trifluoromethylated allenediazonium
ions F and G

Optimized  structures for the dications formed via
protonation of the CF;-substituted allenediazonium cation
(F;C)HC=C=CH(N,)* are shown in Fig. 5, along with their

computed bond-lengths, charges and GIAO NMR data. Although
the dication resulting from protonation at the central allenic
carbon (dication F4) is a minimum, based on relative energy data
its formation is unfavorable. This can be understood given the
destabilizing effect of a-CF; on an allyl cation (see later). In this
instance, protonation at C, as a starting structure afforded F3
(rearranged), skeletally rearranged by a formal 1,3-fluorine shift,
as the most viable structure. Dication F4 has clear characteristics of
a (trifluoromethyl)allyl cation—N,* species, in which the C; carbon
of the allylic moiety is strongly deshielded by CF;. The rearranged
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Fig. 4 Optimized structures for protonated allenediazonium cation H, with selected geometric parameters, CHelpg charges (¢) and GIAO NMR

chemical shifts.
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Fig. 5 Optimized structures for protonated allenediazonium cation F,
with selected geometric parameters, CHelpg charges (¢) and GIAO NMR
chemical shifts.

dication represents a 1,3,3-trifluoroallyl cation moiety linked to
the diazonium group via a methylene spacer. The FC-CH,N,*
bond is significantly longer than the other allylic C—C bonds.

Dicationic structures obtained after geometry optimization
by protonation of the bis(trifluoromethyl)allenediazonium ion
(CF;),C=C=CH(N,)" in various modes are sketched in Fig. S41
along with their geometric parameters, charges and GIAO NMR
shifts

Surprisingly in this case, dication G4 formed by protonation at
C, (central allenic carbon) is most favored, despite the presence
of two 0-CF; groups on the allylic moiety! Dication G3, formed
by C, protonation, is only 3.3 kcal mol™' higher in energy
and represents a reasonable possibility. Comparing the GIAO
shifts in G4 and F4, it can be seen that the second CF; group
exerts additional deshielding at C;. As with F4, dication G4
represents a polyfluorinated allyl cation—-N,* hybrid dication. The
E-configuration of this dication is the most stable. Comparison
of the geometrical features, charges and the GIAO data in G3
and F3 (rearranged), provides evidence that G3 is best viewed
as (CF;),C=C*-CH,N," ie. a bis(CF;)-substituted vinyl cation
joined to a -CH,N," moiety, rather than a polyfluoroallyl cation—
N,* species. Initial protonation at C; led to columbic explosion,
forming the monocation F and CF;*. This is understandable
considering internal charge—charge repulsion and the stability of
CF;".

Protonation studies on allenediazonium ions I, J and K, with OMe
or NMe, substituents

Optimized structures for the dications formed by protonation
of (MeO),C=C=CH(N,)* are shown in Fig. S5f, along with
their computed bond-lengths, charges and GIAO NMR data.
Formation of dication 14, resulting from protonation at the central
allenic moiety, is most favored. The same dication is formed by
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initial protonation at C; (I5), followed by hydride shift. This
structure reflects the distonic character of the dication and the
ability of the oxygen to stabilize positive charge (see below).

CH,
/

[0} H ‘N
“>/_‘~K<%//
/r@ N

o} H

HaC
14

Distinct carboxonium ion character in I4 is revealed by con-
sidering the geometrical features, charges and the GIAO shifts.
O-Protonation gave rise to dication I1, as a high energy minimum.
Protonation at C, resulted in “dediazonation” (see Fig. S51). The
resulting dication (see below) may be best viewed as a carboxonium
moiety linked to a vinyl cation.

Fre
N ®
®‘,\.’_.:<H
i
\
CH;

Finally, N-protonation (dication I6) led to the formation of
coulombic explosion products, i.e. (MeO),C=C=C*"-H + N,H".

Dicationic structures obtained after geometry optimization by
protonation of the 1,3-dimethoxy-substituted allenediazonium
cation (MeO)H-C=C=C-OMe(N,)* (J) are sketched in Fig. S6,
along with their geometric parameters, charges and GIAO NMR
shifts. The most reasonable skeletally intact dication is formed
by protonation at C, (dication J5). But this species is less stable
(by 17 kcal mol™") relative to structures J3 (rearranged) and to
J4 (rearranged), derived from initial protonation at C, or G,
followed by H-migration and C-N bond cleavage. As with several
earlier discussed dicationic structures, dication J5 is best viewed
as a delocalized allyl cation-N,* species. Tendency for skeletal
rearrangement and nitrogen cleavage in protonation of J is likely
due to additional stability gained by the bis(carboxonium) dication
mesomeric structures. The oxonium-azonium dication formed
by mode 1 protonation (J1) was considerably less stable. Initial
N-protonation (mode 6) resulted in cyclization to generate J6
(rearranged) as a high energy minimum.

Optimized structures for the dications formed by protona-
tion of the dimethylamino-substituted allenediazonium cation
(Me,N)HC=C=CH(N,)* are shown in Fig. S7t, along with their
computed bond-lengths, charges and GIAO NMR data. Unlike
its precursor (K) which was not a minimum and converged
to monocation—-N, complex k on optimization (see earlier), a
skeletally intact dication was formed by protonation at C, as the
most viable dication (K4). This species can best be viewed as an
iminium-vinyldiazonium dication (Scheme 5).

No+
H ’1\12+ H 12
_C v ~=Co
>7C’ "H - L C TH
. @ ] 70
o’o\l\ H \
Scheme 5

The N-protonated ammonium-diazonium dication K1 is a
minimum, but lies 25 kcal mol~" higher. Initial protonation at C,

and C; resulted in the formation of cyclized azirinium—diazonium
dications K3 and K5. Formation of these unusual cyclized species
reflects neighboring group participation by the Me, N group on the
incipient vinyl cations. However, given their significantly higher
relative energies, their competitive formation is unfavorable.

Comparative discussion

Protonation at C, (formally the sp-hybridized carbon of the
allenyl moiety) (mode 4) leads to the formation of an allyl
cation—diazonium species with the general formula X(Y)C*—
CH=C(Z)-N,*. Preference for C,-protonation is consistently
observed throughout this study.

Focusing on the relationship between the computed carbon
charges in allenediazonium ions and the preferred protonation
sites, agreement is found only in limited cases, as substituent effects
play a dominant role in controlling the protonation outcomes.
Therefore, in several cases, initial protonation at a seemingly
favorable site (judging only based on computed carbon charges),
resulted in rearrangement to the energetically more favored
dication.

Protonation at C, resulted in the formation of vinyl
cations bonded to a -CH(Z)-N," group with general structure
X(Y)C=C*-CH(Z)-N,*. For allenediazonium F (X = CF,),
skeletal rearrangement (via a formal 1,3-F shift) generated a
delocalized fluorinated allyl cation bonded to a -CH(Z)-N,*
group. For the C;-fluorinated allenediazonium cations (C, D, and
E), initial protonation at C; (mode 5), to form a vinyl cation—
diazonium species of general structure X(Y)HC-C*=C(Z)-N,*,
was accompanied by rearrangement via a formal hydride shift
to generate X(Y)C*—~CH=C(Z)-N,*, thus leading to the same
dication as that formed by C, protonation. Protonation at the
diazonium group did produce stable minima in several cases, but
the resulting dications were considerably less stable than those
resulting from attack at C,. Preference for C,-protonation is
also noted in the case of (MeO),C=C=CH(N,"), generating a
delocalized carboxonium cation—N,* species. With J, protonation
at C, and at C, resulted in stable dications with loss of nitrogen,
while protonation at C; led to a skeletally intact dication that
was energetically less favored. With the intact NMe, derivative
K (itself not a minimum), the most favored dication was the
skeletally intact K4, formed by C, protonation, with the dication
exhibiting iminium—diazonium character. For allenediazonium
cations I, J, and K (with OMe or Me,N as substituents), mode
1 protonation (on the heteroatom substituent) generated stable
oxonium—diazonium or ammonium-diazonium structures, but
with considerably higher energies than those resulting from C,-
protonation. Likewise, protonation of the -N,* group in several
cases resulted in minima, but with considerably higher energies.

In conclusion, the present model computational study has given
some encouraging indications as to the feasibility of generating
allenediazonium ions experimentally (either under stable ion con-
ditions or in situ), and as to their potential to yield a host of novel
dications. Given the growing interest in allenes as building blocks
in organic synthesis,”** and the availability of synthetic routes to
numerous substituted allenes, including the fluorinated, methoxy-
and amino-substituted derivatives,* experimental studies along
these lines appear to be an attainable goal.
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The photochemistry of 31 a-oxoamides capable of undergoing y-hydrogen transfer has been examined
within zeolites. These molecules, upon excitation, yield two products—a B-lactam and oxazolidinone—

in solution, both resulting from y-hydrogen transfer. While in benzene the major product is
oxazolidinone, within an MY zeolite, the main product is a f-lactam. In this investigation, we have
focused our attention on asymmetric induction in the formation of the -lactam product. Two

approaches—using a chiral inductor and chiral auxiliary—have been employed. While in solution, in

the presence of chiral inductors, achiral a-oxoamides yield B-lactams with zero enantioselectivity;

within zeolites, an ee of up to 44% has been achieved. 0-Oxoamides appended with a chiral auxiliary
gave B-lactams with less than 5% diastereoselectivity in solution while within zeolites, the same
a-oxoamides gave the products with de’s of up to 83%. Such a remarkable influence of zeolites is

attributed to an alkali ion interaction with the reactant a-oxoamides and to the confined environment

of the zeolite interior. At this stage, we have not been able to provide a model with predictive power and

further work is needed to understand this valuable asymmetric induction strategy.

Introduction

A number of elegant and efficient chiral induction strategies have
evolved for thermal reactions in the past few decades. The short
lifetimes of excited states have hampered the development of an
effective interaction between an excited reactant and a chiral
perturber thus slowing down similar progress with photoreactions.
Despite the stumbling blocks, due to the persistent efforts of vari-
ous groups notably of Bach,"? Inoue,** Pete,® Scharf.,® Scheffer,”®
Toda,' Turro' and ours,'*'* advances have been made during the
last decade. In 1965, Hammond and Cole established that chiral
induction could be obtained in solution through sensitization of
an achiral molecule with a chiral sensitizer."® A few years later,
the groups of Kagan'®'” and Calvin®® obtained chiral induction in
solution by irradiation of helicenes with circularly polarized light.
Schmidt and Penzien® established in 1969 that global chirality
due to crystallization of achiral molecules into a chiral space
group could be transformed into local chirality by irradiation
of the crystal. The efforts of Scharf® and Pete®* and their co-
workers have established the value of chiral auxiliaries in solution.
Following the initial observation by Hammond and Cole, Inoue
and co-workers have extensively explored the chiral sensitization
technique using cyclooctene photoisomerization as the model.

The elegant technique of transformation of chiral crystals
of achiral molecules into chiral products has been slow to
develop.* Using an ionic chiral auxiliary approach, Scheffer
and co-workers,”*?* who introduced this new methodology, have
repeatedly crystallized achiral molecules in a chiral space group to
subsequently transform to chiral products.
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During the last two decades supramolecular approaches to-
wards chiral photochemistry have attracted considerable atten-
tion. Lahav, Leiserowitz and their co-workers* and Toda and
co-workers*!® employed optically pure hosts to form solid host—
guest complexes with achiral guest molecules. The use of chiral
hosts such as cyclodextrins, proteins and DNA to complex
achiral reactant molecules in aqueous solution has resulted in low
chiral induction in photoproducts.***! In this context, a novel
method being developed by Bach and co-workers is particularly
noteworthy."? In this approach, upon complexation an optically
pure template distinguishes the two pro-chiral faces of an achiral
molecule allowing chiral selectivity in the photoproducts. How-
ever, to obtain significant chiral induction, the irradiations had
to be conducted at low temperatures as the association constants
for host to guest with toluene as solvent were low. Thus chiral
photochemistry, clearly still in its infancy, needs development of
more general methods.

Towards this need our contribution to chiral photochemistry
has been the introduction of zeolite as a medium for photoreac-
tions. We proposed that the confining cavities of zeolites studded
with alkali ions would force a stronger interaction between the
reactant and a chiral inductor which would result in chiral
induction higher than that encountered in solution. During the
last decade, we have provided several examples in which enantio-
and diastereoselectivities were obtained in zeolites but not in
solution.**** Recognizing the lack of availability of chiral zeolites,
we have modified the interior of an achiral zeolite by adsorbing
optically pure chiral inductors. In another approach, we employed
covalently linked chiral auxiliaries to bring about chiral induction
in photoreactions. By this technique, we were able to achieve
chiral induction (de) over 85% with a few examples that gave less
than 5% de in solution. These examples revealed the importance
of a cation—7 interaction in the chiral induction process within
zeolites.* Beyond discovering more and newer examples, a clear
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understanding of how the cation—r interaction and confinement
provided by a zeolite bring about chiral induction remains elusive
to us. In this report, admitting that we have yet to develop a general
model for chiral induction within zeolites, we present our results
on chiral induction during the photocyclization of a-oxoamides
to B-lactams. There have been a considerable amount of studies
related to chiral induction during photocyclization of oxoamides
in crystals and in solid inclusion complexes. We believed that the
photobehavior of the same molecules in crystals would help us
understand the chiral induction process within zeolites. Examples
provided in this report further confirm the usefulness of zeolites
as media in performing chiral photochemistry.*!

Results

In order to establish the value of zeolites as media for achieving
enantio- and diastereoselectivities during a photoreaction, we
have investigated thirty one a-oxoamide derivatives (la—g, 4a—x;
Schemes 1 and 2). f-Lactams and oxazolidinones are the main
products of y-hydrogen transfer on excitation of o-oxoamides
(Scheme 1).**** The y-hydrogen transfer, depending upon the

medium in which the photochemical reaction is conducted, can
occur either via direct transfer or through two steps—electron
transfer followed by proton transfer (Scheme 3).** B-Lactam
was the major product (60-88%) from all a-oxoamide derivatives
investigated in this study although oxazolidinone was obtained
as the major product (>85%) in benzene solution (Table 1).
Despite the fact that the mechanism of hydrogen transfer has
yet to be resolved, we believe that the chiral induction could be
understood by either one of these two primary processes—electron
or hydrogen atom transfer. We focused our attention on the -
lactam product and the enantiomeric/diastereomeric excess in this
product was monitored through HPLC. Since the oxazolidinone
product was formed in smaller amounts, no enantiomeric excess
(ee) or diastereomeric excess (de) measurements of this product
were made.

In this article we show that reactions conducted within zeolites
are more selective both in terms of product distribution and chiral
induction, than those in solution. Two independent approaches
we have been exploring were utilized:"® (a) the ‘chiral inductor
approach’ where a chiral inductor adsorbed onto the zeolite
interior provides an asymmetric environment; (b) the ‘chiral
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Scheme 2 Diastereoselective studies on covalent chiral auxiliary derivatives 4a—x.

auxiliary approach’ where the chiral information is covalently
attached to the reactant molecule. The absolute configurations
of the photoproducts except 5a were not determined due to
the relatively difficult conversion of the B-lactam products to
compounds with known absolute configuration. In the absence of
this information, we denote the two enantiomeric or diasteromeric

product peaks in GC and HPLC as A and B. The isomer
that eluted first was always assigned as A. Our main goal of
establishing the utility of zeolites as useful media for achieving
asymmetric induction in photochemical reactions was achievable
even without the absolute configurations of the enantiomeric
and diastereomeric products. However, our recent studies in the
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Table 1 Photoreaction of la—g in solution and within NaY: percentages
of the two photoproducts, B-lactam (2) and a-oxazolidinone (3)*

Benzene NaY
Substrates® 2 3 2 3
la 11 89 88 12
1b 9 91 85 15
1c 7 93 87 13
1d 6 94 80 20
le 5 95 60 40
1f 2 (f1) 45 (f1) 48 (f1) 10 (f1)
3(f2) 50 (2)) 37 (f2) 4 (f2)
1g 11 89 78 22

“Based on GC analysis, the relative ratios of the product peaks are
presented; the reported values represent averages of three independent
runs. ® All irradiations were conducted at room temperature.

crystalline state of one of the systems enabled us to assign
the absolute configuration of the newly formed chiral center
in the photoproduct 5a.¥

Chiral inductor approach

The major products upon irradiation of zeolite included o-
oxoamides la—-g were the B-lactams 2a-g (Scheme 1). Among
the various chiral inductors explored, ephedrine, norephedrine
and pseudoephedrine gave better results (Table 2). Alkali ion
exchanged Y type zeolites rendered chiral by adsorption of the

above chiral inductors on their internal surfaces were used as
reaction media. The experimental section provides details for
the inclusion of the reactants and the chiral inductors within a
zeolite, irradiation procedure, extraction and analysis. The loading
level (represented as (S) and defined as the average number of
molecules per supercage) of 1 and 0.01 of the chiral inductor and
the substrate, respectively, were maintained. A higher ratio of the
chiral inductor was employed to maximize the chances of the
substrate molecule being adjacent to the chiral inductor within
the supercage. Sample handling was carried out under laboratory
conditions (temperature, 20 °C; humidity, 50%). Since the external
surface of the NaY zeolites constitutes less than 1% of the total
surface area, in the absence of any specific interactions, adsorption
of molecules would be expected to be on the internal surface
thereby leading to photoreaction within and not on the external
surface of a zeolite.

Photoreaction of 1a in solution in the presence of a chiral
inductor and within NaY in the absence of a chiral perturber
resulted only in racemic 2a. Photoreaction of 1a within chirally
modified NaY using (—)norephedrine as a chiral inductor gave the
B-lactam 2a with 44% ee (Table 2). Moderate enantioselectivities
ranging between 10-23% (maximum) depending upon the chiral
inductor used were obtained with substrates 1b—d (Table 2).
Irradiations of 1a—d included within Li*, Na*, K*, Rb* and Cs*
exchanged Y zeolites were conducted to investigate the role of
alkali ions in asymmetric induction showed enantioselectivities
varying with the alkali ion with all substrates proving their
importance (Table 2).
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Table 2 Enantioselective studies on p-lactam photoproducts®

Medium/chiral inductor®? 2a ee (%) 2b ee (%) 2c ee (%) 2d ee (%) 2e ee (%) 211 ee (%) 2g ee (%)
Benzene 0 0 0 0 0 0
Benzene/(—)ephedrine 0 0 0 0 0 0
NaY 0 0 0 0 0 0
LiY/(—)-ephedrine 3A 6A 4A 1A 1A 4A
NaY/(—)-ephedrine 18B 27A 13A 10A SA 4A 10A
KY/(—)-ephedrine 3A 7A 13A 2A 3A 13A
RbY/(—)-ephedrine 3B 3A SA 0 0 SA
NaY/(—)-ephedrine/50° C 18B 27A 11A — — 11A
NaY/(—)-ephedrine/—60 °C 17B 27A 25B 8A — — 8A
NaY/(+)-ephedrine 20B 23B 12B 11B 5B 5B 11B
NaY/(—)-norephedrine 44B 4A SA 3B 20B SA
NaY/(+)-norephedrine 40A 6B 7B 2A 19A 7B
NaY/(—)-pseudoephedrine 10B 10A — — 10A 5B —
NaY/(—)-phenylethylamine 10B 10A — — 3B 23A 15A

« All irradiations unless stated were conducted at room temperature. * The A’s and B’s refer to the first and second peak that elute from the HPLC column.

The isopropyl groups of the amide moiety of the substrate 1a
were replaced with two methyl, one isopropyl and one cyclohexyl,
and two cyclohexyl groups (le-g respectively) to determine the
influence of the structure of the substrate on enantioselectivity.
The best ee obtained within an MY zeolite for the photoproducts
(2e—2g) using a specific chiral inductor is presented in Table 2.

Examination of the effect of temperature on systems la—d
showed it had no effect on the enantioselectivity of B-lactam
products 2a, 2b, and 2d (Table 2). Product 2¢ showed variation
in ee with temperature (RT to —60 °C; Table 2) and a switching
of enantiomer was observed from 13% (A) at 23° to 25% (B) at
—60 °C.

Chiral auxiliary approach

It is evident from the presentation above that photoreaction of
a-oxoamides la—g within chirally modified zeolites produced only
low to moderate enantioselectivity. Hence we explored a strategy
in which the chiral influence on the reactant is brought forth by
a chiral substituent covalently linked to the reactant at a location
remote to the reaction site. A variety of chiral auxiliaries such
as amines, amino acid methyl esters and amino alcohols were
examined by covalently linking them via the carboxyl group at
the para or meta position of the phenyl unit of the o-oxoamide
(Scheme 2). Attempts to synthesize ortho substituted o-oxoamides
were unsuccessful.

Excitation of the chiral auxiliary coupled oxoamides 4a—x
within zeolites gave B-lactams Sa—x as major products (Scheme 2).
The oxazolidine product 6a—x was formed only in 15-20%
within zeolites. The percentage de’s obtained on the B-lactam
photoproduct with various covalently linked chiral amines, amino
acids, and amino alcohols as chiral auxiliaries at para (4a—
o) and meta (4p—x) positions of the phenyl moiety of N,N-
diisopropylglyoxylamides are presented in Table 3. In all cases,
higher de’s were obtained within a zeolite than in solution.
Examples 4e and 4v are particularly noteworthy. Both 4e and 4v
photolyzed in NaY zeolite resulted in a maximum 83% de of Se and
Sv. It is important to note that the same compounds in solution
(CH;CN) gave 2% and 7% de. Additionally, the diastereoselectivity
in all examples (Table 3) varied with the alkali ion in the zeolite.
For example, the de obtained on compound 5e within MY zeolites
were: LiY, 2%; NaY, 83%; KY, 54%; and RbY, 16%. Apart from the

Table 3 Influence of para- and meta-amide, amino alcohol and amino
acid derivatives on % de of the B-lactam photoproducts (5a-5x)**

Substrates Solution LiY NaY KY RbY CsY
4a 2A 5A 62A 25A 16A —
4p 0 13A 45A 19A SA —
4b 2A 30A S54A 16A 15A —
4q TA 14A 38A 1A 1A —
4c 2A 19A 22A 30A 12A SA
4r 0 SA 25A 1A 40B 33B
4d 6B 17A 30B 19B 14B 3B
4s 2A 3A 40A 19A 1A 44B
de 2B 2B 83B S4A 16A —
4t 6B 10B 35B 9B 5B —
a4f 3B 6A 40A 47B 12B 10B
4g 5B 8B 43B 12B 20A SA
4h 6A 9A 22A 17B 20B 25B
4qu 0 12A 49A 40A 35A 16A
4i 1B 12B 60B 11A 40A 47A
4v TA 1A 83A 42A 3A 0
4j 1A 29A 20A 5B 30B —
4w 2A 0 45A 19A 10A 5A
4k 5A SA 20A 60B 25B —
4x 3A 9B 25B 24B 8A SA
41 S5A 40A 68A 74B 30B 5B
4m 5B 41B 50B 9A 30A 10A
4n 5B 2B 9B 10B 8A —
40 15B 20A 9B 16B 5B 4B

« All irradiations unless stated were conducted at room temperature. > The
A’s and B’s refer to the first and second peak that elute from the HPLC
column.

alkali ion dependent de, in some cases, the diastereomer formed
in excess was dependent on the alkali ion present in zeolites. For
example, compounds 4e and 41 gave 83% and 74% B respectively
within NaY and 54% and 68% respectively of A within KY. Unlike
the para substituted derivatives, most meta substituted oxoamides
did not show an alkali ion dependent diastercomer switch on
the B-lactam products. Our desire to investigate the asymmetric
induction with the chiral auxiliaries appended at the ortho position
of the N,N-diisopropylglyoxylamide could not be realized owing
to the difficulties in their synthesis.

The dependency of diastereoselectivity on the nature of the
alkali ion when various alkali ion exchanged zeolites were used
as listed in Table 3 clearly points out that no single alkali ion
is in general more effective than others and that it varies with
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the different compounds. There was a drastic reduction in de to
2% when irradiation of silica gel-adsorbed 4a was conducted (no
alkali ion and no supercage). Furthermore, even when irradiation
was conducted in NaY with increases in the silicon content (with
a corresponding adjustment of the alkali ion content), the de
decreased. For example an increase in Si-Al ratio from 2.4 to
40 resulted in the de of product 5a changing from 62% to 7%
respectively. Similarly, changes in moisture content of the zeolite
that would alter alkali ion concentration were reflected in changes
in de. For example, 4a within dry and wet (alkali ion exposed to
normal laboratory humidity) NaY resulted in 62% and 18% de
respectively in the product 5a. All these observations emphasize
the importance of the alkali ion in the chiral induction process. In
addition to the effect observed due to the absence of both alkali
ion and supercage when silica gel was used the importance of the
confined space became apparent when irradiation of 4a in LiCIO,
or NaClO, saturated acetonitrile produced 5a with 5% de. Thus
the above observations lead us to conclude that both the alkali ion
and the confined space of zeolites are crucial to chiral induction
during y-hydrogen transfer in a-oxoamides.

Discussion

As presented above, we have experimented with two approaches
to achieve chiral induction during the photocyclization of o-
oxoamides to f-lactams within zeolites. We discuss the ‘chiral
inductor approach’ first. The ideal approach to achieve chiral
induction within zeolites would be the use of ‘chiral zeolites’
as reaction media. In the absence of stable chiral zeolites, we
have resorted to modifying an achiral zeolite to a chiral one by
physical adsorption of optically pure organic molecules (chiral
inductors) within zeolites. The chiral inductors were selected based
on their availability, size, functionality and inertness to irradiation
conditions. Recently we succeeded in achieving moderate enan-
tioselectivity by this approach in diverse reactions including (1)
photocyclization of tropolone and pyridone derivatives,* (2) light
initiated geometric isomerization of 1,2-diphenylcyclopropanes
and 2,3-diphenyl-1-benzoyl cyclopropanes,®*¢ (3) Norrish type IT
reaction of phenyl adamantyl ketones, phenyl norbornyl ketones
and phenyl cyclohexyl ketones** and (4) oxa-di-t-methane re-
arrangement of naphthalenones and cyclohexenones.”®** Despite
the extensive list, we are unable to formulate rules that would
allow prediction of the chiral outcome of a photoreaction within
a zeolite. Nevertheless we have established, unequivocally, the

usefulness of zeolites as reaction media to bring about chiral
induction in photochemical reactions. In the following paragraphs
a brief discussion of the observations on the photocyclization of
a-oxoamides is presented.

Photoreaction of o-oxoamides la—g using the chiral inductor
approach gave enantioselectivities ranging between 4-44% on f3-
lactam products within zeolites (Table 2). It is important to note
that in solution, even in the presence of chiral inductors, only
a racemic product mixture was obtained. The best results were
obtained with 1a. Photoreaction of la within NaY using (—)-
norephedrine as a chiral inductor gave ee (44%, B) on the B-
lactam photoproduct. As expected, the enhanced isomer switched
when (+)-norephedrine was used confirming the observed chiral
induction to be no artifact. Unfortunately, this observation could
not be extended to 1b—g where the same chiral inductor gave the
B-lactams with very low ee (3-20%). As indicated in Table 2, the
chiral inductor that gave the best ee in each case was different.
Based on our experience with a-oxoamides as well as the systems
investigated earlier, we conclude that the best chiral induction
is usually obtained with ephedrine, norephedrine and/or pseu-
doephedrine. In our hands, depending on the system, one of these
compounds works best though the exact one can’t be predicted.

We visualize chiral induction to be the result of close interaction
between the reactant and the chiral inductor enforced by the
alkali ion present within a zeolite. Our computational and solid-
state NMR results in the case of phenyl cyclohexyl ketones were
recently presented.** In this example, we showed that the alkali
ion enforces an interaction between the chiral inductor and the
ketone. We believe that the same phenomenon plays a role in o-
oxoamides as well. If this was true one would expect that any
variation of the structure of the ternary supramolecular complex
made up of an alkali ion, chiral inductor and o-oxoamide would
have a consequence on the ee within a zeolite. This was found
to be the case. As seen in Table 2, the ee was dependent on the
nature of the alkali ion, and the structures of the a-oxoamide and
the chiral inductor. Even though prediction of the structure of
the ternary complex and its chiral outcome might be possible,
we at this time are unable to do so. Since the flexibility of the
ternary complex would depend on the temperature, one would
expect the ee also to depend on the temperature of irradiation.
This was found to be so in the case of 1¢ where a difference in
ee was observed when irradiations were conducted at different
temperatures (Fig. 1). Not only was there a variation in ee
but also the isomer being enhanced switched between high and

25°%

%ee = 13(A) Y%ee = l(A)

iy A A

30%
%ee = 12(B)

45%
%ee = 20(B)

-60°C
%ee = 25(B)

Fig. 1

HPLC traces showing the temperature effect on enantioselectivity of B-lactam (2¢) within NaY; reactant: 1¢, chiral inductor: (—)-ephedrine.
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low temperatures. Such a temperature dependent enantiomer
switch has been noted during the geometric isomerization of
cis-cyclooctene in solution.®® We anticipate that the temperature
dependent enantioselectivity might be due to the rigidity of the
substrate—cation—CI complex on lowering the temperature. This
rigidity results in better interaction between the CI and the
substrate. The above mentioned argument is supported by the
observation that during the high temperature (50° C) photolysis
of substrate 1¢ within NaY/(—)-ephedrine, the % ee reduced to
7(A) owing to an increase in the mobility of the substrate and
the chiral inductor. Whereas at RT or higher, the molecule is still
flexible and therefore favors a different conformation from which
hydrogen abstraction might result in enantiomeric excess of the
opposite isomer A. Since the temperature effect was not uniform
with other substrates, it was not pursued in detail. We do not have a
clear explanation why only 1¢ showed the temperature dependence
but not the others.

Having obtained partial success with chiral inductor method-
ology, we decided to explore the chiral auxiliary approach. In
this approach with an achiral Y zeolite as the reaction medium,
the chiral influence is provided by an optically pure substituent
covalently linked to the reactant molecule. In the case of o-
oxoamides, to examine the influence of the location as well as
the nature of the chiral auxiliary on the extent of chiral induction,
we covalently linked various chiral auxiliaries at the para and meta
positions of the aryl ring of the a-oxoamide (Table 3).

The greater efficiency of chiral auxiliaries containing aromatic
or carbonyl groups as noted in our earlier studies proved true
in this study as well.” For example S(—)-phenyl ethyl amide
as the chiral auxiliary (4a) gave the product with a de of 55%
while cyclohexyl ethyl amide as the chiral auxiliary (4d) gave only
30%. Similar differences were observed between 4e containing an
aryl substituent and 4h, 4i and 4j that contain alkyl substituents.
Perusal of Table 3 reveals that 4e yields a maximum de of 83% in
NaY while 4h, 4i and 4j gave the products in 22%, 60% and 20%
de respectively in NaY.

B & = 7480 kealimol
(a)

In order to gain an insight into the role of the cation
during the chiral induction process, structures of the cation—
reactant supramolecular complexes were computed at HF/3—
21G* level.* We find gas phase computational data useful as
a guide in formulating a preliminary working model for the
chemical behavior of molecules within a zeolite. We recognize
that the above computations refer to a naked cation whereas the
chemistry relates to the cation bound to the walls of the zeolite.
Therefore, conclusions drawn using the computational results are
expected to be only approximate. The substrates chosen for the
study were para substituted S(—)-phenyl ethyl amide and S(—)-
cyclohexylethylamide of N,N-diisopropylglyxylamide. Geometry
optimization of the above structures in the presence of Na* gave
four cation-reactant bound complexes for (S(—)-4a and S(—)-4d).
The most stable structure (—74.8 kcal mol™") obtained for S(—)-4a
is the one where Na* is bound to the carbonyl and the phenyl
moiety of the chiral auxiliary through cation-dipolar and cation-n
interactions (Fig. 2a). In such a structure, the chiral auxiliary has
very little conformational flexibility. On the other hand, in the case
of S(—)-4d, the structure with the cation-dipolar (with the carbonyl
group) interaction with energy of only —58 kcal mol™' (Fig. 2b)
that would allow free rotational mobility of the chiral auxiliary was
obtained. Based on the above results, we believe that ‘rigidification’
of the chiral auxiliary through a cation—chromophore interaction
plays a role in the chiral induction process within a zeolite. One
should note that the zeolite supercage contains several cations
and even though visualization of structures with more than one
alkali ion interacting with the reactant molecule within a zeolite
is possible, we did not perform computation in the presence of
multiple cations. From our above computational data, we wish
to draw attention only to the fact that an interaction between the
alkaliion and the chiral auxiliary, depending on the chromophores
present, could restrict the conformational flexibility of the chiral
auxiliary that would influence the extent of chiral induction.

We observed, in the case of 2,3-diphenyl-1-benzoyl cyclo-
propane derivatives, that the chiral auxiliary functions better at

B & =58.86 kealimol
ib)

Fig. 2 Binding affinity of Na* with (a) S (—)-phenyl ethyl amide of N,N-diisopropyl-a-oxoamide (4a) and (b) S(+)-cyclo hexyl ethyl amide of
N,N-diisopropyl-a-oxoamide (4d), optimized using Gaussian-98 software [HF, 3-21G*].
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the meta than at the para position. We ascribe this effect to the
proximity of the chiral auxiliary to the reaction site. The results
of examination of the influence of a chiral auxiliary linked at the
para and meta positions of the aryl ring of an 0-oxoamide as shown
in Table 3 are not clear-cut with the chiral auxiliary functioning
better at the para position in some cases and at the meta position
in others. For example, bulkier chiral auxiliaries such as phenyl
ethyl amide, naphthyl ethyl amide and phenyl alanine methyl ester
functioned better at the para position while slightly smaller chiral
auxiliaries such as 3-methyl-2-butyl amide, valine methyl ester,
leucine methyl ester and isolecuine methyl ester functioned better
at the meta position. Results with 0-oxoamides suggest that the
conclusion drawn based on 2,3-diphenyl-1-benzoyl cyclopropane
derivatives, namely that a chiral auxiliary works better when it is
closer to the reaction site, is not general and that the mechanism
by which a chiral auxiliary functions within a zeolite is yet to be
understood.

The geometry optimized structures (HF/3-21G*) of the
para and meta substituted phenyl ethyl amide of N,N-
diisopropylglyoxylamide (4a and 4p) shown in Fig. 3 are larger
than the dimensions of the supercage (dia 13 A).5' We believe that
it is quite likely that the reactant molecule is stationed between
the two supercages through the window (~8 A dia). Under such a
condition, it is possible that two cations are holding the reactant
molecule in two different cages by interacting with the chiral
auxiliary in one cage and with the reactant chromophore, diketone,
in the other cage. Although we are confident that the chiral
induction within a zeolite is far more effective than in an organic

Fig. 3 a) Geometry optimized meta-substituted phenyl ethyl amide
of o-oxoamide (4a); b) geometry optimized para-substituted phenyl
ethyl amide of o-oxoamide (4d), optimized using Gaussian-98 software
[HE, 3-21G*].

solvent and the cation present within a zeolite plays an important
role in the process, at this stage we do not have an insight into how
the cation within the supercage influences the chiral outcome.

Among the 24 para and meta substituted compounds studied
within zeolites, 15 compounds (4d—o, 4r, 4s, and 4x) showed an
alkaliion dependent diastereomer switch on the 3-lactam products
upon variation of cations occupying the zeolite framework.
Among the 15 compounds, 13 of them are para substituted
derivatives and 2 are meta substituted derivatives. It is particularly
revealing in the case of product 4e which gave 83% of the B
isomer with NaY but switched to the 54% of A diastereomer
in KY. Though the exact reason for this behavior has not been
understood we believe that the probable reason for the switch could
be the difference in site to which the two alkali metal ions (Na or K)
bind. This suggestion, although in our case has no experimental
support, has literature precedence.”** Based on density functional
calculations and low energy collisionally activated and thermal
radiative dissociation experiments, a difference in binding pattern
between Li* and K* ions with valine and glycine has been
proposed. For example, Li* binds to these molecules through N,
O coordination (oxygen on the carboxyl group and nitrogen on
the amino group), whereas K* binds through O, O coordination
(oxygens on the carboxyl moiety). A similar switch in the binding
site has also been reported during the interaction of Li* and Cs*
to arginine. Such a phenomenon could be involved within a zeolite
and responsible for the observed cation controlled diastereomer
switch within a zeolite. It is important to recognize that it is
not only the cation size that controls the extent and direction of
diastereoselectivity but also the binding ability and charge density
of cations play an important role. Overall, too many factors control
the chiral induction process within a zeolite making prediction a
bit risky.

The final part of the presentation deals with the identification
of the absolute configuration of the B-lactam product from 4a.
Knowledge of the absolute configuration of the newly formed
chiral center allows us to speculate the mechanism of chiral
induction within zeolite Y. Using the data obtained from our
recent studies on single crystal to single crystal transformation of
4a to Sa, we were able to identify the -lactam 5a that is enhanced
within NaY to have the R configuration at the newly formed chiral
center. As illustrated in Scheme 3 upon excitation of a-oxoamide
either an electron transfer (followed by proton transfer) or a
hydrogen abstraction (the exact nature of it being dependent on
the medium and the substituents attached to the amide nitrogen)
is believed to be the primary process. Independent of the primary
step, the 1,4-biradical intermediate is involved in the formation
of B-lactam and 1,3-zwitterion in the formation of oxazolidinone
products (Scheme 3). In general, the absolute configuration of
the newly formed chiral center in the -lactam product is decided
at the stage of the ring closure of the 1,4-biradical intermediate
(Scheme 3), i.e., to which face of the prochiral benzylic radical
center the y-carbon radical adds. In media where the equilibrium
between the two rotomers of the biradical (biradicals A and B
in Scheme 3) is not established, the chirality would be decided at
the hydrogen abstraction (or proton transfer) stage. Both crystal
structure determination*” on 4a and computation of 4a’ suggest
that the dicarbonyl part of 4a and 4a’ is twisted with respect to
the aryl ring. As illustrated in Fig. 4 the torsion angle O=C-C,—
N; in 4a could be either positive or negative, i.e., the carbonyl

4540 | Org. Biomol. Chem., 2006, 4, 4533-4542

This journal is © The Royal Society of Chemistry 2006





N—C N—C
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y-H abstraction: top face bottom face

Torsion angles: 0-C-Co-Ng

Fig.4 Positive or negative torsion angles based on carbonyl group facing
above or below the aromatic n-plane.

could be above or below the aryl n-plane. Under these conditions
the hydrogen abstraction could occur from either the top or
the bottom prochiral face of the carbonyl group leading to two
biradical rotomers A and B (Scheme 3).

In the isotropic media, the chiral auxiliary has little or no
influence on the reactant o-oxoamide and therefore there is
no preference for either of the rotomers leading to very low
diastereoselectivity on the B-lactam (Table 3). Clearly within a
zeolite this is not the case and enhanced formation of an RR
diastereomer (5a)'® during photoreaction of 4a suggests that the
hydrogen abstraction occurs preferentially from one rotomer of
the reactant a-oxoamide. Based on formation of the R isomer, the
same one formed during crystal irradiation, we believe that 4a
adopts a structure similar to that in a crystal where the torsion
angle O=C-C,—N; is positive. In this structure, of the two y-
hydrogens present in two isopropyl groups, one is expected to
be closer to the carbonyl chromophore. Based on comparing the
isomer (A or B) enhanced during irradiation of eight oxoamide
molecules included within zeolites or as crystals we believe that the
majority of molecules have a conformation in which the reactive
carbonyl chromophore has a positive tilt with respect to the aryl
n-plane within zeolites (Fig. 5). The comparative study presented
in Table 4 reveals six out of eight molecules (except 4¢ and 4p)
adopt a positive tilt within the NaY zeolite with respect to the
aryl m-plane. Understanding how the chiral auxiliary controls the
torsion angle O=C-C,—Nj of the diketoamide part might get us
closer to uncovering the mechanism of chiral induction within a
zeolite.

Experimental
Loading and photoreaction of a-oxoamides

All photoreactions were performed by using a 450 W medium
pressure mercury lamp placed in a water-cooled Pyrex immersion
well (transmits 1 > 290 nm). For solution photolysis, the sample

Fig. 5 X-Ray crystal structure of oxoamide derivative 4¢; note the
two y-hydrogens are placed at different distances from the carbonyl
chromophore.

was taken in a Pyrex test tube and dissolved in methanol or ethyl
acetate solution.

Loading and photolysis of achiral a-oxoamides (1a—g) in the
presence of chiral inductors in MY zeolites

In order to activate the zeolite, commercially available NaY (300
mg) was kept in a furnace maintained at 500 °C for 12 h prior to
use. The activated NaY was added to the hexane—dichloromethane
(4 : 1) solution of the substrate, being careful not to add it too fast
which would result in charring of the sample, and not too slow
as the moisture in the atmosphere would hydrate the zeolite. a-
Oxoamides (~4 mg) and the chiral inductor (25 mg) were stirred
with activated NaY (300 mg) in 5 mL of dichloromethane-hexane
(1:4)for 12 h at room temperature. The loading level of the chiral
inductor was maintained at one molecule in every supercage, while
the loading level of the substrate was kept at one molecule in every
ten supercages. A higher ratio of the chiral inductor is employed to
maximize the chances of the substrate molecule being adjacent to
the chiral inductor within a supercage. The zeolite containing both
the reactant and the chiral inductor was collected by filtration,
washed with hexane and irradiated (450 W medium pressure Hg
lamp, Pyrex filter) as a hexane slurry for 1-3 h. Sample handling
was carried out under laboratory conditions (temperature = 20 °C,
humidity 55%). The product was extracted with dichloromethane
and analyzed by GC or HPLC.

Loading and irradiation of a-oxoamide derivatives (4da—x)

The a-oxoamide derivative (4 mg), was dissolved in a mixture of
dry methylene chloride-hexane (1 : 4). NaY (300 mg), dried at
500 °C was added to the above. The slurry was stirred for 12 h,
filtered and washed with hexane (3 x 5 ml). The supernatant
hexane layer was tested for complete loading by removing hexane

Table4 Comparison of isomers enhanced within the NaY zeolite and in the crystalline state

Substrate Torsion angle in crystalline state/deg % de (in crystals) % de (within NaY)
4a 90.36 >99A 60A
4c 89.55 96B S54A
4e —89.51 82A 83B
4f —86.99 99B 40A
4m 86.48 91B 50B
4n 88.12 95B 9B
4p —69.12 80A 45A
4q —100 99B 45A

This journal is © The Royal Society of Chemistry 2006
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under a positive pressure of nitrogen. The zeolite complexed with
the guest was dried under vacuum (3 x 10~* Torr) at 65 °C for 6 h
and irradiated (450 W medium pressure Hg lamp) in dry hexane
(5 ml) for 45 min. The products were extracted from the zeolite by
stirring with 5 mL of acetonirile.
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A reactivity study, aided by NMR spectroscopy, allowed a mechanistic rationale to be postulated for
the palladium-catalyzed regioselective coupling of arylboronic acid (and arylstannane where feasible) at
the position next to the sulfur atom in functionalized dibromothiophenes and dibromothiazoles. The
analysis of the NMR spectra (using “F from the boronic acid CF; group and *'P from the phosphine of
the catalyst as probes) of the entire reaction starting from the dibromoheterocycles allowed the
qualitative proposal that the transmetalation is the rate-limiting step for both sequential substitution
processes. The extremely facile oxidative addition at the C—Br bond next to the sulfur atom of the
heterocycle instead determines the positional selectivity. An additional Stille reaction then replaced the
second halogen, providing the trisubstituted heterocyclic scaffolds of PPAR ligands, which displayed
PPAR/d agonist activity, as revealed by reporter assays in living cells.

Introduction

In recent years, there has been a growing interest in the study
of site-selective palladium-catalyzed cross-coupling reactions of
dihaloheteroarenes.’™ These halogenated heterocycles have proved
to be suitable precursors for the synthesis of a plethora of carbon-
substituted heterocycles with interesting biological activities.

We have recently described a new total synthesis of thiazole
derivative GW501516 1a, a potent PPARPB/d selective agonist,
based on the palladium-catalyzed site-selective cross-coupling
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of a functionalized dibromothiazole and organometallics.® This
approach serves as an attractive alternative to the classical
Hantzsch reaction commonly used for thiazole formation, and
facilitates the preparation of a group of derivatives with increased
structural diversity by incorporating aryl and heteroaryl substi-
tuents at the thiazole C4-position (Scheme 1).

We envisioned that the synthetic methodology thus developed
could be successfully applied to the preparation of some other
substituted heterocyclic compounds with promising biological
activity. For instance, the case of highly substituted thiophenes,
which find wide application in materials science and medicinal
chemistry. In fact, the thiophene analogues of GW501516, namely
3a, 3b,* 4a and 4b are interesting synthetic targets as potential
PPARP/d selective agonists, an activity that has been proven
for 3b® (Fig. 1). Analogues 3—4 can be efficiently prepared using
the same methodology, namely site-selective palladium-catalyzed
cross-coupling reactions of the appropriate starting materials
(5a, Sb) with organometallics. We report a new total synthesis
of compounds 3-4 based on site-selective palladium-catalyzed
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cross-coupling reactions with organometallic compounds, and the
study of their biological activity as PPAR ligands.

From a mechanistic point of view, palladium-catalyzed cross-
coupling reactions have been thoroughly studied. The complex
reaction mechanism can be simplified to include three key steps:
oxidative addition, transmetalation and reductive elimination
(Fig. 2). In close dependence with the substrate and the reaction
conditions employed for the cross-coupling process either the
oxidative addition, the transmetalation or the reductive elimi-
nation have been proposed as the rate-determining step of the
catalytic cycle. Site-selectivity, i.e. the differentiation in favour
of a certain position in di- or polyhalogenated electrophiles can
conceivably occur at any of these three steps. A detailed study
on the regioselectivity of the palladium-catalyzed cross-coupling
reactions of substituted dibromothiophenes and dibromothiazoles
with organometallics and a mechanistic investigation of the site-
selectivity observed in the reaction with arylboronic acids will
also be presented. Our findings support that transmetalation is
the rate-determining step in these coupling reactions.
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|
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Reductive elimination

L
R—Pd-L L
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Results and discussion

Regioselectivity on the palladium catalyzed cross-coupling of 5a
and 5b

With the focus on the potential PPARB/J targets, we selected
methyl 4,5-dibromothiophene-2-carboxylate (5a”) and ethyl 3,5-
dibromothiophene-2-carboxylate (5b,® Scheme 2) as substrates.
These are positional isomers of dibromothiophene carboxylate
which keep the ester and the bromine vicinal to the sulfur atom,
but differ on the location of the second halogen. They are readily
prepared from commercially available 4,5-dibromothiophene-2-
carboxylic acid and 2,3,5-tribromothiophene,’ respectively. Aimed
at establishing the optimal experimental conditions for the regiose-
lective cross-coupling reactions of substrates Sa and 5b, a thorough
investigation of their reactions with different organometallics
was carried out. Previous reports on the reactivity of dibromo-
thiophenes have shown regioselective reactions occurring on the
carbon atom close to the sulfur. The disubstituted derivative was
also produced as the result of a competitive process.**/ ¢ Whereas
these precedents might anticipate position-selective replacement
of the Br at C5 in 5a by the aryl group, the presence of an
electron-withdrawing substituent vicinal to the C3-Br bond in
5b was expected to alter the reactivity at this position, making the
prediction on selectivity less reliable.

In keeping with the anticipated enhanced reactivity at C5, the
first organometallic component of the sequence was chosen to be
the 4-trifluoromethylphenyl metal derivative 6 en route to targets 3
and 4. We surveyed the common metal derivatives 6 prepared
from commercially available 4-bromotrifluoromethylbenzene.'
The results of the palladium-catalyzed cross-coupling reactions
of 5a and 5b with 6 are listed in Table 1. The electron-withdrawing
nature of the trifluoromethyl substituent reduces the reactivity of
the organometal partner 6 relative to the unsubstituted analogue,
and temperatures in excess of 70 °C were required for efficient
coupling.

The organotin derivative 6 (M = SnBu;) coupled at 80 °C
with dibromothiophene 5a using the conditions developed by
Farina" [Pd,(dba);—AsPh; as palladium-ligand combination in
NMP] to provide a 96 : 4 mixture of the monocoupled and
bis-coupled derivatives 7a and 8a, respectively, in 78% overall
yield (entry 1). However, use of the same reaction conditions
for 5b at 60 °C provided a disappointing 57 : 43 mixture of the
mono-coupled 7b and bis-coupled 8b derivatives in unacceptable
yield (40%), thus proving the anticipated greater reactivity of
the second bromine of 5b relative to Sa (entry 2). Attempts at
reducing the reaction temperature by employing the modification
described by Fu, with the bulky P‘Bu; [Pd,(dba);—P'Bu;, CsF,
dioxane, 25 °C],”> proved unrewarding (entries 3 and 4). The

R?2 R1 R2

+ 7\
RO,C g
CF3 CF3
8aR=Me, R'=H,R2 =3¢ )-cr,
8bR=Et R'= 3¢ Ycr ,RZ=H

Scheme 2
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Table 1 Position-selective Pd-catalyzed cross-coupling of dibromothiophenes Sa and Sb

Yield (%)

Entry  Min6 (molequiv.)  Substrate Reaction conditions T/°C t/h Selectivity 7 : 8 7 8 5
1 SnBu; (1.5) 5a Pd,(dba);, AsPh;, NMP 80 5 96 : 4« 75 3 —
2 SnBu; (1.3) 5b Pd,(dba);, AsPh;, NMP 60 4 57:43% 40¢ —

3 SnBu; (1.3) 5a Pd,(dba),, P'Bus, CsF, dioxane 25 to 60 25 92 : 8 44 4 52
4 5b 50 : 50° 28¢ 71

5 ZnCl (1.6) Sa Pd(PPh;),, THF 70 21 — — 100

6 5b — — 100

7 B(OMe), (2) Sa Pd(PPh,),, T,CO;, THF 100 2 — —d 100

8 5b — — —

9 B(O'Pr), (2) 5a Pd(PPh,),, T,CO;, THF 100 2 — — —

10 5b — — —

11 B(OMe), (2) 5a Pd(PPh;),, K,CO;, PhMe 100 18 95:5¢ 82 4 —

12 5b 75:25° 50¢" 18

137 B(OMe), (2) 5a Pd(PPh;),, K,CO;, PhMe 70 24 36 : 64 31 54 —

14 5b 100 19 70 : 30° 70¢7 —

15 B(OMe), (1.6) 5a Pd(PPh;),, K,CO;, PhMe 70 25 100 : 0 90 <1 —

16' 5b 78 :22° 89¢ —

17 B(OMe), (1.2) 5a Pd,(dba),, P'Bus, Cs,CO;, dioxane 25 to 60 25 89:11“ 57 7 36

18° 5b 71:29° 41¢ 59

197k B(OMe), (2) 5b Pd(PPh;),, K,CO;, PhMe 50 72 ~100: 0° 90¢ —

96 60 : 40°
20° B(OMe), (1.2) 5b Pd(PPh;),, K,CO;, PhMe 50 96 100 : 0* 40 — 44
217 B(OMe), (1.2) 5b Pd(PPh;),, K,CO;, PhMe 70 24 100 : 0° 90 — —

“ Selectivity was determined after isolation of the substituted thiophenes by chromatography. ? Selectivity was determined by '"H NMR integration of the
crude mixture. ¢ Yield refers to the inseparable mixture of the substituted thiophenes. “ The homocoupling product 4,4 -bistrifluoromethylbiphenyl 9 was
isolated in 100% yield. ¢ Mixture of the esters (Me and Et) of the starting dibromide and the substituted thiophene. / Unidentifiable mixture of products.
£ The homocoupling product 4,4'-bistrifluoromethylbiphenyl 9 was isolated in 20% yield. * The homocoupling product 4,4-bistrifluoromethylbiphenyl 9
was isolated in 17% yield. ' The reaction mixture was thoroughly degassed with freeze-thaw cycles (3x).7 Trace amounts of the homocoupling product 9

were detected. ¥ Reaction progress was monitored by '"H NMR.

reaction appears to stop at about 30-50% conversion and seems
unaffected by higher reaction temperatures (up to 60 °C). Likewise,
the reaction of the organozinc derivative [Pd(PPh;),, THF]"
or the dimethyl organoboronate under thallium carbonate rate-
acceleration conditions [Pd(PPh;),, T1,CO;, THF]* led to recov-
ery of the starting dibromide accompanied by the homocoupling
product, 4,4'-bis-trifluoromethylbiphenyl 9 (entries 5, 6 and 7),
or scrambling of ester groups both in the recovered starting
material and in the product (entry 8). The use of the di-isopropyl
organoboronate under the same reaction conditions (entries 9
and 10) led to an intractable mixture of products. Changing
the base of the Suzuki reaction to K,CO; and using toluene
as solvent” provided a better ratio (5a 95 : 5, entry 11; 5b
75 : 25, entry 12) of the above reaction mixture, in particular
for 5a, but the homocoupling product 9 (entries 11 and 12)
and recovered starting material (entry 12) were also isolated.
Mindful of precedents showing a direct influence of oxygen in the
formation of homocoupling products in Pd-catalyzed reactions,
the reaction flasks were thoroughly degassed. Only trace amounts
of the secondary product 9 were now detected under these
conditions. The disubstituted thiophene 8a was the main product
(36 : 64 ratio) when two equiv. of the boronate were employed with
substrate 5a (entry 13). Furthermore, lowering the quantities of
boronate to 1.6 equivalents, and heating the degassed mixture for
25 h at 70 °C proved optimal, and a 90% yield of compound 7a,
the bromothiophene-2-carboxylate selectively substituted at the
C5 position, was obtained (entry 15). However, for the positional
isomer 5b, the ratio of 7b to 8b did not improve even when
the reaction temperature or the amounts of organoborane were

lowered (entries 14 and 16). Attempts at accelerating the cross-
coupling with P'Bu;—Cs,CO; faced incomplete conversion at room
temperature, with no further evolution observed upon heating up
to 60 °C (entries 17 and 18)." Interestingly, at the lowest reaction
temperatures required for detectable coupling of 5b with excess
organoborane (50 °C) we observed complete selectivity albeit slow
conversion (72 h). Upon extended reaction time (96 h) selectivity
was lost (entry 19). This result, however, was encouraging and
suggested that selectivity could be achieved through a precise
control of the reaction variables. Lowering the amount of boronate
to 1.2 equivalents and heating for the same time period (96 h)
returned 44% of starting dibromide, although position-selectivity
was maintained (entry 20). Upon further optimization, conditions
were developed (entry 21) that afforded the desired product 7b in
high yield and complete position-selectivity using a slight excess
of organoborane (1.2 equivalent) and heating to 70 °C for 24 h.
The positional selectivity of the cross-coupling was determined
by NOE experiments on advanced intermediate 11 of the planned
synthetic sequence (Scheme 3). A second Stille cross-coupling
of compounds 7a and 7b with tetramethyltin in DMA at 90 °C
afforded the trisubstituted thiophene derivatives 10a and 10b in
92% and 83% yield, respectively. Reduction of the esters to the
alcohols using LAH furnished the thiophene carbinols 11a and
11b in 93% and 79% yield, respectively. The latter compound is
an intermediate in the previously reported synthesis of analog
3b.* NOE experiments on 11a revealed cross-peaks at the C3-H
and ArC-H signals upon irradiation of the methyl substituent,
whereas 11b showed cross-peaks at the -CH,OH and C4-H signals
on irradiating its methyl group. These experiments confirm the
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Scheme 3  Reagents and conditions: (a) Me,Sn, PdCL,(PPh;),, DMA, 90 °C, 7 h, 92% (10a); 15 h, 83% (10b); (b) LiAlH,, THF, 0 °C, 2.5 h, 93% (11a);

2 h, 79% (11b).

substitution pattern depicted in structures 1la and 11b (and
hence, that of precursors 7a and 7b) and discard the alternative
constitutional isomer, the product of sequential cross-coupling at
C4 or C3 and then at C5.

None of the conditions listed in Table 1 led to the monosub-
stituted thiophene isomer by coupling at C4 of 5a or C3 of 5b.
The activating nature of the 4-trifluoromethyl group in 7 does
accelerate a second coupling reaction at C4 or C3 but the bis-
coupled product 8 only competes when excess organometallic
reagent is present in the reaction media. The presence of an
electron-withdrawing group at the neighboring position to the
C3-Br bond in 5b increases the reactivity at this position, calling
for a strict control of the reaction conditions in order to achieve
selectivity.

In accordance to our published results on the synthesis of
the thiazole derivatives GW501516 and analogues,® appropriate
experimental conditions for the selective synthesis of the C-
5 monosubstituted thiophene derivatives 7a and 7b have been
designed, completely avoiding the other possible monosubstituted
products (at C-4 or C-3, respectively), which are not isolated or
even detected.

Mechanistic studies

Mechanistic studies of cross-coupling reactions using different
techniques (*'P NMR, “F NMR, UV, cyclic voltammetry, etc.)
have been applied to all key steps of the catalytic cycle (oxidative
addition,' transmetalation or reductive elimination') as well as
to the entire process.?

More recently, the tools of computational chemistry have
also added a new view on the metal-catalyzed reaction through
the characterization of reaction profiles of the catalytic cycles,
including transition structures.”

In order to gain insights into both the origin of the disubstituted
product and the nature of the rate-determining step of the cross-
coupling processes, the reactions of 5a and Sb were carefully
monitored by NMR using the *P and "“F signals for the
catalyst and the organometallic reagent, respectively, as probes. In
addition, since similar regioselectivity had been previously noticed
for the dibromothiazole analogues,® the study was extended to
include both types of dibromoheteroarenes with two functional
groups of different electronic properties.

A great number of studies have focused on the oxidative
addition of aromatic halides to palladium complexes.’** Some
lines of evidence suggest that, in many cases, the oxidative
addition is the rate-limiting step of the cycle.® Strikingly, the
reaction of methyl 4,5-dibromothiophene-2-carboxylate 5a with
stoichiometric quantities of Pd(PPh;), in toluene proceeded at

ambient temperature to afford exclusively the palladium complex
16 resulting from oxidative addition on the carbon atom at position
C5 (Scheme 4), which was isolated and fully characterized.*

Br Br, Br
N
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MeO,C” ~8” "Br R”™ °s” "Br R” ™8~ "Br
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259G 13 R = CH,OH 27 |25
25°C
Br Br Br
N
/ \_ PPhs 7\ PPhs !/ W PPhy
MeO,C” *s” Pd. R g 3&, R™ ™8™ Pd
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16 17R=H 20 R =CO,Me
18 R = CO,Et 21 R = CH,OH
19 R = CH,OH
Br Br,PdPPh3
7\ 90°C PhsP I\
EtOZC S EtOQC S
CF,
7b 22 CFs
Scheme 4

Dibromoheteroarenes 5b, 12, 13, 14 and 15* were converted
in a similar fashion into the C-5 (C-2 for the thiazole derivatives)
palladium insertion complexes in good yields (Scheme 4).

Complexes 16, 17, 20 and 21 have been characterized by X-ray
analysis and drawings of their molecular structures are given in
Fig. 3. They all show a square-planar geometry with the heteroaryl
group and the bromine atom in trans disposition, and two
triphenylphosphine ligands completing the coordination sites. The
finding that only the complexes resulting from oxidative addition
on the carbon-halogen bond close to the sulfur were isolated not
only corroborates the reactivity pattern experimentally observed
throughout this study, but also confirms previous reports by
different authors.>*

In turn, preparation of the oxidative addition palladium com-
plex 22 derived from coupling product 7b required the reaction
temperature to be raised to 90 °C. The molecular structure of 22
was also elucidated by single-crystal X-ray analysis and a plot
with thermal ellipsoids is displayed in Fig. 4. The more drastic
conditions employed for oxidative addition of monosubstituted
thiophene 7b further confirm the significant difference in reactivity
between positions C-3 and C-5 of the dibromoheteroarene. This
in turn suggests that the selectivity in the palladium catalyzed
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Fig. 3 Representation of molecular structures of 16, 17, 20 and 21. Ellipsoids are shown at the 30% probability level. Cocrystallized solvent molecules
in 16 and 20, hydrogen atoms of the PPh; ligands and one set of disordered ligands in 17 and 21 have been omitted for clarity.

22

Fig. 4 Representation of molecular structure of 22. Ellipsoids are shown
at the 30% probability level. Hydrogen atoms of the PPh; ligands and
the minor component of the disordered CF; group have been omitted for
clarity.

cross-coupling reactions of dibromothiophene derivatives” is
primarily due to this rate difference. To confirm this assumption,

the experiment was performed at the temperatures required for the
C-C bond forming process. The reaction of 5b and boronic acid
6 was monitored by P NMR spectroscopy using increasingly
higher reaction temperatures. A similar study (not shown: Sup-
porting Informationt) was carried out for the remaining analogues
depicted in Scheme 4 with comparable findings.

The oxidative addition of palladium to the C-Br bond of
5b is complete at room temperature after just a few minutes
(spectra acquisition time). The *'P NMR spectrum of the mixture
reveals the presence of three signals: a singlet for complex 18 at
0 23.9 ppm, a second singlet at 6 — 4.2 ppm, characteristic of
free triphenylphosphine, and a third peak at J 24.2 ppm, tenta-
tively assigned (vide infra) to some palladium—triphenylphospine
species (Supporting Informationt). Signals for other substrate—
phosphorus-containing species were conspicuously absent, which
appears to discard alternative oxidative additions on the C-Br
bond more distant from the sulfur atom either alternatively or in
addition to (double oxidative addition) that at C5.

The reaction between monobromothiophene derivative 7b and
Pd(PPh;), was also monitored by *'P NMR. The signals can be
attributed to complex 22 (singlet at 6 23.8 ppm) and the unidenti-
fied Pd(PPh;), species at J 24.2 ppm (Supporting Information).
The presence of this Pd(0) species in solution starting also from a
monobrominated substrate confirms that these signals resonating
at 0 24.2 ppm are due to some species comprising only palladium
and triphenylphosphine. On the other hand, heating to 90 °C
for 3 h afforded a spectrum exhibiting a peak at & 23.8 ppm,
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which corresponds to 22, the intensity of which is notably smaller
than that attributed to the palladium species, and this leads to
the conclusion that the oxidative addition process is considerably
slower at C-3 than at C-5.

The transmetalation step of the catalytic cycle has received
considerable attention, especially in the context of the Stille
reaction.”® In many cases, this has proven to be the rate-limiting
step,” a consideration that also extends to the Suzuki reaction.*
The characterization of the intermediate palladium complexes 18
and 22 resulting from the oxidative addition of 5b and 7b allowed
the remaining steps of the catalytic cycle to be investigated in
order to elucidate which of them is responsible for the observed
selectivity and which, if different, is the rate-determining step.

Scheme 5 shows possible reaction pathways leading to the
disubstituted product 8b, with indication of chemical shifts (*'P
NMR and “F NMR resonances) for the selected nuclei determined
previously on known isolated intermediates.

Judging from the spectroscopic characterization of the products
resulting from the oxidative addition step just discussed, and the
absence of the alternative oxidative addition complexes 23 (OA-
1, ky negligible) in solution, we concluded that the disubstituted
product 8b must arise from two coupling reactions occurring in
a sequential manner: first at position C-5 and then at position
C-3. Monitoring the reaction by *'P and F NMR confirmed this
assumption and further clarified which of the remaining steps of
the cycle, transmetalation and reductive elimination, must be rate-
limiting.

The reaction of the product substituted at C5 7b with Pd(PPhs;),
at 90 °C produces, as seen before by *'P NMR, complex 22 and
the Pd(0)-(PPh;), species. After addition of 1 mol equivalent of
boronic acid (and base), the latter peak at o 24.2 ppm disappears
in favour of a broad signal at lower field, confirming the nature
of these substances as Pd(0) species in equilibrium with free
triphenylphosphine in the reaction medium. On the other hand,
the peak corresponding to complex 22 progressively diminishes its
intensity until the reaction is complete, which occurs after 15 h
(Supporting Informationt). The failure to detect any additional
signal that could be assigned to the proposed transmetalation
intermediate 25 (Scheme 5) seems to confirm that transmetalation
(TM-2) is the rate-limiting step of the process.

The entire coupling process starting from ethyl 3,5-
dibromothiophene-2-carboxylate Sb and an equimolar amount
of Pd(PPh;), at 90 °C in toluene was then monitored by NMR
(*'P and "F). Signals corresponding to complex 18 (J 23.9 ppm,
'P NMR, Scheme 5) arose rapidly. After addition of 1 mol
equivalent of p-trifluoromethylphenylboronic acid 6 and base (1,),
the peak at 0 24.2 ppm shifted to a downfield position, varying
its location throughout the analysis in accordance to its proposed
nature as equilibrating Pd(0) species. The new peak that resonates
at 0 23.8 ppm increases its intensity with time (the reaction
requires 13 h at 90 °C to reach completion), and corresponds
to complex 22, resulting from the oxidative addition at C-3 of
the monosubstituted product 7b. Signals for additional species
corresponding to other reaction intermediates that could be
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accumulating were absent, thus confirming that transmetalation
is likely the rate-determining step. Consequently, for the first
coupling process, OA-1 and RE-1 are the rapid steps leading to
monosubstituted product 7b, and TM-1 is the slow, limiting event.
Addition of the second molar equivalent of boronic acid and base
(¢;) induces slow disappearance (the second coupling requires more
than 15 h) of the signal corresponding to complex 22, pointing to
the transmetalation TM-2 as the rate-limiting step of the second
cross-coupling as well (Scheme 5).

The entire experiment starting from dibromide 5b was likewise
monitored by "F NMR spectroscopy (Supporting Informationt).
YF NMR analysis of the cross-coupling process shows evidence
for formation of the monosubstituted product 7b (6 —62.95 ppm),
since the peak corresponding to the boronic acid 6 (6 —63.0 ppm)
diminishes in intensity, concomitantly with the oxidative addi-
tion of Pd(PPh;), to thiophene 7b to provide complex 22 (0
—62.76 ppm). A second equivalent of boronic acid 6 leads to a
complete transformation of 7b into complex 22 and the latter
into disubstituted product 8b (signals at 6 —62.85 ppm and J
—62.69 ppm are already present at early stages of the process, ¢, =
5 h, albeit their intensity is low). Like the experiment followed by
'P NMR, monitoring the reaction by "F NMR reveals solely the
oxidative addition species and corroborates that transmetalation
is the limiting process for both cross-coupling reactions, with a
qualitative estimate of k, (TM-1) slightly higher than ks (TM-2)
judging from the reaction times required for completion.

With regard to the clear preference for monosubstitution
observed in the first cross-coupling reaction of all the dibromo-
heteroarenes under study, we interpret this as a consequence of
the pronounced difference in reaction rates for the two sequen-
tial oxidative additions: k; (OA-1) > k, (OA-2). Nevertheless,
although the transmetalation is proposed to be the limiting step,
the high temperature required for promoting the coupling turns
the second oxidative addition (OA-2) into a competitive process.
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In consequence, the control of the reaction temperature and the
quantities of the organometal counterpart are crucial for the
selective synthesis of the monosubstituted coupling products at
the position next to the sulfur atom in both (functionalized)
dibromothiophenes and dibromothiazoles.

Synthesis of PPARB/d agonists

Compound 11b is an intermediate in the previously reported
synthesis of these analogues.® With the patent synthesis intercepted
at this stage, the remaining steps followed the sequence depicted
in Scheme 6. Alcohols 11a and 11b were converted into the
corresponding chlorides 26a and 26b upon treatment with mesyl
chloride in Et;N. Aryl thiols 275! and 28*' displaced the chlorides
at room temperature when treated with Cs,CO; in CH;CN, and
the esters were then saponified to the desired targets, 3b and its yet
undescribed analogs 3a, 4a and 4b.

Biological studies

The transcriptional activity of the newly synthesized compounds
has been studied using a PPARP/S ‘reporter’ cell line and
compared to the activity of the previously identified potent agonist
GW501516 1a. At 1 uM all investigated compounds (3a, 3b, 4a,
4b) are quite similar in their ability to activate reporter gene
transcription through PPARB/8 and work as full agonists (Fig. 5).
Dose-response curves with increasing ligand concentrations were
performed to assess the cellular potency of the synthesized
compounds to PPARPB/d (Figs. 6 and 7). Similar curves were
obtained with all four analogues (3a, 3b, 4a, 4b), albeit all of
them exhibited higher ECs, values than the reference compound
GW501516 1a (5 x 107°,3 x 1077,9 x 1075, 4 x 1077, and 1 x
107" M, respectively for 1a, 3a, 3b, 4a and 4b).

R
2 o~ Yo
R MeO,C—

27 R=Me
28R=H

CF; b

26a R'=H, R2=Me
26b R'=Me, R2=H

R! R2
R3 S /\
IO
)o CF;
HO2C™ 33 R'=H, R2=Me, R® = Me
4aR'"=H, R?2=Me, R®=H
3bR'=Me, R2=H, R%=Me
4bR'=Me, RZ=H, R3=H

Scheme 6 Reagents and conditions: (a) CISO,Me, Et;N, CH,Cl,, 0 °C, 2 h, then 25 °C, 16 h, 97% (26a); 90% (26b); (b) 27 or 28, Cs,CO;, CH;CN, 25 °C,
2 h, 87% (29a); 67% (30a); 77% (29b); 80% (30b); (c) K,CO;, MeOH, 80 °C, 1 h, 92% (3a); 89% (4a); 88% (3b); 91% (4b).
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Fig.5 Transactivation studies were performed to assess PPAR /3 activity
of synthetic compounds using stably transfected HeLa cells expressing
chimeric proteins containing the GAL4 DNA-binding domain fused to
the ligand binding domain of PPAR/d and a luciferase gene driven by a
pentamer of the Gal4 recognition sequence (‘17m’) in front of the 3-globin
promoter, as illustrated at the top. This reporter system is unaffected by
the presence of endogeneous receptors as they cannot recognize the Gal4
binding. Cells were incubated with various synthetic compounds at 1 uM.
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Fig. 6 Transactivation studies to assess PPARB/9 activity of compounds
3a and 3b. Gal-PPARf/6 reporter cells were incubated with increasing
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Fig. 7 Transactivation studies for compounds 4a and 4b. Gal-PPARB/d
reporter cells were incubated with increasing concentrations of 1a ([J), 4a
(A), or 4b (@) for 16 hours.

Conclusion

Control of the reaction variables, at a particular temperature
and equivalents of arylstannane or arylboronic acid, allowed
the regioselective (or position-selective) coupling at the position
next to the sulfur atom in functionalized dibromothiophenes
and dibromothiazoles. An additional Stille reaction under more
drastic conditions then replaced the second halogen, providing
trisubstituted heterocyclic scaffolds of interest for the diversity-
oriented preparation of PPAR ligands, as shown by the synthesis
of agonists 3 and 4. Mechanistic insights were gleaned from
the analysis of the NMR spectra (F and *'P as probes) of the
entire reaction starting from the dibromoheterocycles once the
signals for the putative intermediates were previously assigned
and the oxidative addition products properly characterized by
X-ray diffraction. We conclude that the transmetalation is likely
to be the rate-limiting event for both steps of the cycle, whereas
the positional selectivity is determined by the extremely favorable
oxidative addition at the C—Br bond next to the sulfur atom of
the heterocycle, which then enters the transmetalation step at a
rate comparable to that of the oxidative addition at the alternative
C-Br bond. Using the isolated oxidative addition intermediate as
starting material, it was noticed that the coupling to the boronic
acid releases Pd(0) which then inserts into the alternative Pd-Br
bond to complete the second palladium-catalyzed cross-coupling
leading to the doubly substituted derivative.

Experimental
General

Solvents were dried according to published methods and were
distilled before use. All other reagents were commercial com-
pounds of the highest purity available. Analytical thin-layer
chromatography (TLC) was performed using Merck silica gel (60
F-254) plates (0.25 mm) precoated with a fluorescent indicator.
Column chromatography was performed using Merck silica gel 60
(particle size 0.040-0.063 um). Melting points (mp) were measured
on a Gallenkamp apparatus and a Stuart SMP10 apparatus
and are uncorrected. Magnetic resonance spectra (NMR) were
recorded on a Bruker AMX-400 [400 MHz for 'H, 100 MHz
for ¥C, 162 MHz for *'P and 376 MHz for F] Fourier transform
spectrometer, and chemical shifts are expressed in parts per million
(0) relative to tetramethylsilane (TMS, 0 ppm) or chloroform
(CHCl;, 7.26 ppm for 'H and 77.00 ppm for C) as internal
reference, or 85% H;PO, ('P NMR) or CFCl; (YF NMR) as
external standard. *C multiplicities (s, singlet; d, doublet; t, triplet;
g, quartet) were assigned with the aid of the DEPT pulse sequence.
Infrared spectra (IR) were obtained on a MIDAC Prospect
Model FT-IR spectrophotometer. Absorptions are recorded in
wavenumbers (cm™'). Low-resolution mass spectra were taken on
an HP59970 instrument operating at 70 eV. High-resolution mass
spectra were taken on a VG Autospec M instrument. Elemental
analyses were obtained on a Carlo Erba Elemental Analyzer
EA1108.

X-Ray diffraction

Crystallographic data were collected on a Bruker Smart 1000 CCD
diffractometer at CACTI (Universidade de Vigo) at 20 °C using
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graphite monochromated Mo Ko’ radiation (1 = 0.71073 A),
and were corrected for Lorentz and polarisation effects. The
frames were integrated with the Bruker SAINT?? software package
and the data were corrected for absorption using the program
SADABS.* The structures were solved by direct methods using
the program SHELXS97.%* All non-hydrogen atoms were refined
with anisotropic thermal parameters by full-matrix least-squares
calculations on F? using the program SHELXL97.% Hydrogen
atoms were inserted at calculated positions and constrained
with isotropic thermal parameters. Drawings were produced with
PLATON.* Crystal data and structure refinement parameters are
summarized in Table 2 (see Electronic Supplementary Informa-
tion). Selected bond distances and angles are listed in Table 3 (see
Electronic Supplementary Information).

Preparation of methyl 4-bromo-5-(4-trifluoromethylphenyl)-
thiophene-2-carboxylate (7a). General procedure for Stille
reactions

To a solution of Pd,(dba); (0.05 g, 0.05 mmol) in NMP (0.5 mL)
was added, in one portion, AsPh; (0.1 g, 0.33 mmol), followed
by a solution of methyl 4,5-dibromothiophene-2-carboxylate Sa
(0.5 g, 1.67 mmol) in NMP (2 mL). After stirring at 25 °C for
10 min, a solution of tributyl(4-trifluoromethylphenyl)stannane 6
(1.1 g, 2.5 mmol) in NMP (2.5 mL) was added and the resulting
mixture was heated to 80 °C for 5 h. After cooling down to
25 °C, a KF saturated solution was added and the mixture was
stirred for 30 min. It was then extracted with TBME (3x), the
combined organic extracts were washed with H,O (2x) and KF
saturated solution, dried (Na,SO,) and evaporated. Purification
of the residue by chromatography (SiO,, 98 : 2 hexane-AcOEt)
afforded 0.46 g (75%) of a white solid (mp 62 °C, hexane) identified
as 7a and 0.02 g (3%) of 8a as a white solid (mp 102 °C, hexane—
AcOEt). Spectroscopic data for Ta: "H NMR (400 MHz, CDCl;)
03.92 (s, 3H, CO,CH,), 7.72 (d, J/ = 8.3 Hz, 2H, H3 + HY'), 7.76
(s, IH, H3), 7.79 (d, J = 8.3 Hz, 2H, H2' + H6') ppm. “C NMR
(100 MHz, CDCl;) J 52.6 (q, CO,CH;), 109.0 (s, C4), 123.8 (s,
CF;, 'Jer = 272.3 Hz), 125.7 (d, 2C, C3' + C5,*Jr = 3.7 Hz),
129.4 (d, 2C, C2' + C6)), 131.1 (s, C4, *J-r = 32.7 Hz), 133.0
(s), 135.5 (s), 137.2 (d, C3), 143.1 (s), 161.4 (s, CO,Me) ppm. IR
(NaCl) v 2956 (w, C-H), 1724 (s, C=0), 1616 (m), 1532 (w), 1513
(m), 1448 (m), 1326 (s), 1289 (s), 1249 (s), 1169 (s), 1129 (s), 1073
(s), 1017 (m), 830 (s), 750 (m) cm~'. MS m/z (%) 368 (M + 2]
[*'Br], 5), 366 (M* [*'Br], 97), 365 (M + 1]* ["Br], 15), 364 (M*
["Br], 91), 335 ((IM — OMe]* [*'Br], 100), 333 ((M — OMe]* [’Br],
95), 226 (54), 69 (22). HRMS (EI*) calcd for C;H,*BrF;0,S
365.9360 and C,;H”BrF;0,S 363.9380, found 365.9358 and
363.9379. Anal. Calcd for C;HyBrF,0,S: C, 42.76; H, 2.21; S,
8.78. Found: C, 43.04; H, 2.27; S, 8.70%. Spectroscopic data
for methyl 4,5-bis(4-trifluoromethylphenyl)thiophene-2-carboxylate
(8a): '"HNMR (400 MHz, CDCl;) ¢ 3.94 (s, 3H, CO,CHj;), 7.35 (d,
J=8.1Hz, 2H, ArH), 7.40 (d, / = 8.1 Hz, 2H, ArH), 7.58 (d, J =
8.2 Hz, 4H, ArH), 7.85 (s, 1H, H3) ppm. *C NMR (100 MHz,
CDCl;) 6 52.4 (q, CO,CH,), 123.7 (s, CF;, 'Jor = 272.4 Hz),
123.8 (s, CF;, 'Je ¢ = 272.4 Hz), 125.6 (d, 2C, *J-¢ = 3.7 Hz),

1 CCDC reference numbers 612416-612420 for compounds 16, 17, 20, 21
and 22, respectively. For crystallographic data in CIF or other electronic
format see DOI: 10.1039/b612235¢

125.7 (d, 2C, *J ¢ = 3.7 Hz), 129.1 (d, 2C), 129.4 (d, 2C), 129.7
(s, *Jer = 33.8 Hz), 130.5 (s, >*Jr = 32.6 Hz), 132.8 (s), 135.7
(d, C3), 136.3 (s), 138.1 (s), 138.4 (s), 144.2 (s), 162.1 (s, CO,Me)
ppm. IR (NaCl) v 2956 (w, C-H), 1718 (s, C=0), 1617 (w), 1451
(w), 1326 (s), 1294 (m), 1252 (m), 1168 (m), 1124 (s), 1069 (s), 839
(m) cm™'. MS m/z (%) 432 (IM + 2], 7), 430 (M*, 100), 411 (12),
400 (15), 399 (IM — OCH;]*, 71), 327 (25), 302 (15). HRMS (EI*)
caled for C,)H,F;0,S 430.0462, found 430.0461. Anal. Calcd for
C,H,F,O,S: C, 55.82; H, 2.81; S, 7.45. Found: C, 55.77; H, 2.78;
S, 7.40%.

Preparation of 7a. General procedure for Suzuki reactions

To a cold (—78 °C) solution of 4-bromotrifluoromethylbenzene
(0.05 g, 0.22 mmol) in THF (1 mL) was added dropwise n-BuLi
(0.16 mL, 1.44 M in hexane, 0.23 mmol), and the mixture was
stirred for 30 min at —78 °C. Then B(OMe); (0.03 mL, 0.23 mmol)
was added dropwise. After stirring for an additional 30 min, the
mixture was allowed to warm to 25 °C. The solvent was removed
and toluene (1 mL) was added. The solution was transferred
to a Schlenk tube charged with methyl 4,5-dibromothiophene-
2-carboxylate 5a (0.05 g, 0.17 mmol) and Pd(PPh;), (0.01 g,
0.008 mmol) in toluene (0.5 mL). After addition of K,CO;
(0.11 mL, 3 M in H,0, 0.33 mmol), the reaction mixture was
thoroughly degassed with three freeze-thaw cycles, the Schlenk
tube was sealed, placed in a 70 °C oil bath and stirred for 25 h. After
cooling to room temperature, water was added and the mixture
was extracted with TBME (3x). The combined organic extracts
were dried (Na,SO,), and the solvent was evaporated. Purification
of the residue by chromatography (SiO,, 98 : 2 hexane-AcOEt)
yielded 0.05 g (90%) of thiophene 7a as a white solid (mp 62 °C,
hexane).

Preparation of methyl 4-methyl-5-(4-trifluoromethylphenyl)-
thiophene-2-carboxylate (10a). General procedure for the second
Stille coupling

A Schlenk tube was charged with methyl 4-bromo-5-(4-trifluoro-
methylphenyl)thiophene-2-carboxylate (7a) (0.42 g, 1.16 mmol),
PdCl,(PPh;), (0.04 g, 0.06 mmol), SnMe, (0.41 g, 2.32 mmol)
and DMA (5 mL), sealed and placed in a 90 °C oil bath. After
stirring for 7 h, the reaction mixture was cooled to 25 °C. A
NH,Cl saturated aqueous solution was then added and the
mixture was extracted with TBME (3x). The combined organic
extracts were dried (Na,SO,), and the solvent was evaporated.
Purification of the residue by chromatography (SiO,, 95 : 5
hexane-AcOEt) afforded 0.32 g (92%) of methyl 4-methyl-5-(4-
trifluoromethylphenyl)thiophene-2-carboxylate (10a) as a white
solid (mp 65 °C, hexane-TBME). '"H NMR (400 MHz, CDCl;) 6
2.32 (s, 3H, C4-CHs;), 3.89 (s, 3H, CO,CH;), 7.58 (d, J = 8.2 Hz,
2H, H2' + H6), 7.64 (s, IH, H3), 7.69 (d, J = 8.2 Hz, 2H, H¥
+ H5) ppm. "C NMR (100 MHz, CDCl;) ¢ 14.9 (q, C4-CHj;)
52.2 (q, CO,CH,), 124.0 (s, CF,, 'Jo . = 272.3 Hz), 125.7 (d, 2C,
C3 + C5,%Jcr =3.7Hz), 129.2 (d, 2C, C2' + C6'), 130.1 (s, C4,
*Jer=32.5Hz), 131.5(s), 135.1(s), 137.0 (d, C3), 137.3 (s), 143.3
(s), 162.5 (s, CO,Me) ppm. IR (NaCl) v 2955 (m, C-H), 2927 (m,
C-H), 2852 (w, C-H), 1717 (s, C=0), 1615 (m), 1551 (w), 1447
(s), 1325 (s), 1292 (s), 1251 (s), 1193 (s), 1168 (s), 1127 (s), 1073
(s), 1016 (m), 842 (s), 753 (m) cm~". MS m/z (%) 302 ((M + 2]*, 5),
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301 (M + 1]%, 15), 300 (M*, 100), 197 (39), 171 (20), 128 (28),
115 (21), 69 (17). HRMS (EI*) calcd for C,H,,F;0,S 300.0432,
found 300.0430. Anal. Calcd for C,,H,,F;0,S: C, 55.99; H, 3.70;
S, 10.67. Found: C, 55.56; H, 3.64; S, 11.03%.

Preparation of [4-methyl-5-(4-trifluoromethylphenyl)thien-
2-yllmethanol (11a). General procedure for the reduction of esters
to alcohols

A solution of methyl ester 10a (0.2 g, 0.67 mmol) in diethyl ether
(1 mL) was added to a cold (0 °C) suspension of LiAlH, (0.03 g,
0.80 mmol) in Et,O (1 mL). The reaction mixture was stirred at
0 °C for 2.5 h, after which time a mixture of MeOH-H,O (90 :
10) was added, followed by a 10% NH,Cl aqueous solution. After
extraction with TBME (3x), the combined organic extracts were
washed with H,O, dried (Na,SO,) and evaporated. Purification
of the residue by column chromatography (SiO,, 80 : 20 hexane—
AcOEt) afforded 0.17 g (93%) of a colourless oil identified as [4-
methyl-5-(4-trifluoromethylphenyl)thien-2-yljmethanol (11a). 'H
NMR (400 MHz, CDCl;) 6 1.83 (t, J = 6.0 Hz, 1H, OH), 2.30 (s,
3H, C4-CH;), 4.80 (d, J = 6.0 Hz, 2H, 2H1), 6.87 (s, |H, H3),
7.55(d, J =8.6 Hz, 2H, H2" + H6"), 7.66 (d, J = 8.6 Hz, 2H, H3"
+ H5”) ppm. *C NMR (100 MHz, CDCl;) 6 14.9 (q, C4-CH,),
59.9 (t, Cl), 124.1 (s, CF;, 'Jor = 272.0 Hz), 1254 (d, 2C, C3”
+ CY, *Jcr = 3.8 Hz), 128.9 (d, 2C, C2" + C6"), 129.0 (s, C4",
*Jer=232.5Hz),129.7(d, C3), 134.1 (s), 136.1 (s), 138.3 (s), 142.9
(s) ppm. IR (NaCl) v 3600-3000 (br, O-H), 2927 (w, C-H), 1614
(m), 1408 (w), 1326 (s), 1166 (m), 1115 (s), 1070 (m), 1015 (m),
840 (m) cm~'. MS m/z (%) 274 (IM + 2]*, 6), 273 (IM + 1]*, 16),
272 (M*, 100), 271 (IM — 1]+, 15), 255 (36), 243 (51), 239 (17), 86
(12), 84 (18). HRMS (ET*) calcd for C;;H,,F;0S 272.0483, found
272.0481.

General procedure for the synthesis of palladium complexes 16, 17,
18, 19, 20, 21 and 22

A mixture of Pd(PPh;), (1 mmol) and bromo heterocycle (1 mmol)
in toluene (0.1 M) was deoxygenated and stirred overnight in
a Schlenk flask under argon at room temperature for 16, 17,
18, 19, 20, 21 and 90 °C for 22. The resultant yellow solution
or suspension was evaporated to dryness in vacuo. The solid
residue was triturated with Et,O and the ether solution discarded.
Washing was repeated twice and the residual product purified
by recrystallization from CHCl;-hexane or CH,Cl,~hexane. Data
collection and refinement parameters for X-ray structures of
complexes 16, 17, 20, 21 and 22 are given in Table 2 (See
Electronic Supplementary Information). For the spectroscopic
characterization of complexes 16-22 see also ESI. ¥

3'P NMR monitoring of the heteroarenes cross-coupling reaction

The heteroarene (1 mmol) and Pd(PPhs;), (0.1 mmol) were added to
dg-toluene (0.75 mL) in an NMR tube under an argon atmosphere.
The tube was warmed to 90 °C (0.5 h or 1 h). *'P NMR data were
obtained at this temperature. Then the organometallic (1 mmol)
and base (2 mmol) were added, and the reaction was monitored by
'PNMR at 90 °C until the organometallic reagent was consumed.
New portions of organometallic (1 mmol) and base (2 mmol)
were subsequently added and *'P NMR spectroscopic data were
collected at various reaction times.

Preparation of 5-chloromethyl-3-methyl-2-(4-trifluoromethyl-
phenyl)thiophene (26a). General procedure for the preparation of
chlorides from alcohols

Methanesulfonyl chloride (0.05 mL, 0.88 mmol) was added drop-
wise to the solution of [4-methyl-5-(4-trifluoromethylphenyl)thien-
2-yllmethanol 11a (0.06 g, 0.22 mmol) and Et;N (0.12 mL,
0.88 mmol) in CH,Cl, (2 mL) at 0 °C. After 2 h at 0 °C, the
mixture was stirred at 25 °C for 16 h. Then CH,Cl, (3 mL)
was added and the mixture was washed with saturated NaHCO,
aqueous solution (2x) and water (2x). Drying (Na,SO,) and
evaporation of the solvent afforded 0.62 g (97%) of chloride 26a
as a yellow oil, which was used in the next step without further
purification, due to its instability. A small sample was purified by
column chromatography (SiO,-C,;, CH;CN) for characterization
purposes. '"H NMR (400 MHz, CDCl;) ¢ 2.29 (s, 3H, C3-CH,),
4.77 (s, 2H, CH,Cl), 6.95 (s, 1H, H4). 7.55 (d, J = 8.2 Hz, 2H,
H2' + H6'), 7.66 (d, J = 8.2 Hz, 2H, H3 + HY) ppm. "C NMR
(100 MHz, CDCl;) 6 14.9 (q, C3-CHs;), 40.4 (t, CH,Cl), 124.1 (s,
CF;, 'Jer = 271.7 Hz), 125.5 (d, 2C, C3' + C5, *Jr = 3.7 Hz),
129.0 (d, 2C, C2 + C6), 129.4 (s, C4, *J-r = 32.2 Hz), 131.9
(d, C4), 134.2 (s), 137.6 (s), 137.9 (s), 138.9 (s) ppm. IR (NaCl) v
2927 (w, C-H), 1615 (m), 1407 (w), 1325 (s), 1259 (m), 1167 (s),
1126 (s), 1069 (s), 1016 (m), 840 (s), 678 (w) cm~'. MS m/z (%)
292 (M* [FCl1], 7), 291 (IM + 1]* [*CI], 3), 290 (M* [*Cl1], 19), 257
(5), 256 (16), 255 (M — CIJ*, 100), 185 (3). HRMS (EI*) calcd
for C;;H,,*CIF;S 290.0144 and C;H,,*’CIF;S 292.0114, found
290.0149 and 292.0118.

Preparation of methyl (2-methyl-4-[4-methyl-5-(4-trifluoromethyl-
phenyl)thien-2-ylmethylthio]phenoxy)acetate (29a). General
procedure for the nucleophilic displacement of chlorides by thiols

Cs,CO; (0.23 g, 0.70 mmol) was added to a solution of
chloride 26a (0.09 g, 0.32 mmol) and methyl (4-mercapto-2-
methylphenoxy)acetate 27 (0.09 g, 0.42 mmol) in CH;CN (2 mL).
After stirring the mixture at 25 °C for 2 h, water was added
and the solution was extracted with TBME (3x). The combined
organic extracts were washed with brine (2x), dried (Na,SO,)
and evaporated. Purification of the residue by chromatography
(Si0O,, 87 : 10 : 3 hexane—AcOEt-Et;N) afforded 0.13 g (87%) of
thiophene 29a as a yellow solid. '"H NMR (400 MHz, CDCl;) 6
2.24 (s, 3H, Ar-CHj;) 2.26 (s, 3H, Ar-CH;), 3.79 (s, 3H, CO,CH,),
4.16 (s, 2H, SCH,), 4.64 (s, 2H, 2H2), 6.62 (d, J = 8.4 Hz, H6)),
6.66 (s, IH, H3"), 7.19 (dd, J = 8.4, 2.1, 1H, HY"), 7.23 (br s, 1H,
H3), 7.52 (d, J = 8.1 Hz, 2H, H2” + H6"), 7.64 (d, J = 8.1 Hz,
2H, H3” + H5”) ppm. *C NMR (100 MHz, CDCl;) ¢ 14.9 (q,
Ar-CHj;), 16.0 (q, Ar-CHj;), 35.4 (t, CH,S), 52.1 (q, CO,CH5;), 65.4
(t, C2), 111.4 (d, C6'), 124.0 (s, CF5, 'Jo ¢ = 271.7 Hz), 125.3 (d,
2C, C3” + C5”,Jcr = 3.3 Hz), 126.5 (s), 128.1 (s), 128.6 (d, 2C,
C2” + C6"), 128.7 (s, C4", *J - = 32.5 Hz), 130.5 (d, C3"), 130.8
(d, C5), 133.9 (s), 135.0 (d, C3'), 135.3 (s), 138.2 (s), 140.2 (s),
155.7 (s), 169.2 (s, C1) ppm.

Preparation of (2-methyl-4-[4-methyl-5-(4-trifluoromethyl-
phenyl)thien-2-ylmethylthio]phenoxy)acetic acid (3a). General
procedure for the hydrolysis of esters

A solution of methyl ester 29a (0.11 g, 0.24 mmol) and 3 M K,CO;
(0.8 mL, 2.4 mmol) in MeOH (2.5 mL) was heated to 80 °C for 1 h.
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After cooling to 25 °C, the mixture was acidified with 10% HCl
(pH =~ 3). It was then extracted with AcOEt (5x), and the extracts
were dried (Na,SO,) and evaporated. Purification of the residue by
recrystallization (hexane—CHCI;) afforded 0.10 g (92%) of acid 3a
as a white solid (mp 100 °C). "TH NMR (400 MHz, CD,COCD)
0 2.05 (s, 3H, Ar-CHs;), 2.08 (s, 3H, Ar-CHs;), 4.10 (s, 2H, SCH,),
4.58 (s, 2H, 2H2), 6.59 (s, 1H, H3"), 6.66 (d, J = 8.5, 1H, H6),
7.06 (d, J = 8.5, 1H, HY), 7.10 (s, 1H, H3'), 7.48 (d, J/ = 8.0 Hz,
2H, H2” + H6"), 7.58 (d, J = 8.0 Hz, 2H, H3” + H5”) ppm.
BC NMR (100 MHz, CD;COCDs) 6 15.2 (q, Ar-CHs;), 16.2 (q,
Ar-CHj;), 35.2 (t, CH,S), 65.5 (t, C2), 112.6 (d, C6'), 125.3 (s, CF;,
'Jer =270.7Hz), 126.4 (d, 2C, C3" + C5",*J ¢ = 3.7 Hz), 127.0
(s), 128.4 (s), 129.0 (s, C4”, *J-r = 32.2 Hz), 129.7 (d, 2C, C2”
+ C6”), 131.3 (d, C5), 131.8 (d, C3"), 135.1 (s), 135.1 (d, C3),
135.6 (s), 139.5 (s), 141.9 (s), 156.8 (s), 170.1 (s, C1) ppm. IR
(NaCl) v 3400 — 2700 (br, O-H), 2925 (w, C-H), 1734 (s, C=0),
1614 (m), 1490 (s), 1325 (s), 1228 (m), 1124 (s), 1069 (s), 1016 (W),
840 (m) cm~'. MS m/z (%) 453 (M + 1]*, 4), 452 (M*, 17), 257
(18), 256 (47), 255 (IM-C,H,0;S]*, 100), 139 (10). HRMS (ET*)
calcd for C,,H,,F;0,S, 452.0728, found 452.0732. Anal. Calcd for
C,H,F;0,S,: C, 58.39; H, 4.23; S, 14.17. Found: C, 58.06; H,
4.16; S, 14.15%.

Cell culture

HeLa cells were routinely maintained in DMEM supplemented
with 5% FCS and ligand assays were performed in the same
medium.

Stable reporter cell lines

A stable Gal4-hPPARP/3S cell line was generated as described
previously to facilitate assessment of agonistic activity at PPARB/d
with minor modifications.’” Briefly, HeLa cells were cotransfected
with Gal4-hPPARB/8and (17m)s-Bglobin-Luc-Neo reporter gene.
At 48 h post-transfection, the cell line was selected with Geneticin
at 0.8 mg mL~' and puromycin at 0.3 ug mL~'. Clones expressing
PPARP/& agonist-inducible luciferase activity were selected as
described.

Assessment of agonistic activity

To test the different compounds, identical aliquots of the Gal-
hPPAR/d reporter cell line were seeded and exposed in parallel
to the known agonist GW501516 1a, the test ligand, and vehicle
for 16 h. Cells were lysed in 100 pL of lysis buffer (25 mM Tris
phosphate [pH 7.8], 2 mM EDTA, | mM DTT, 10% glycerol, and
1% Triton X-100). A 100 uL portion of luciferin buffer (20 mM
Tris phosphate [pH 7.8], 1.07 mM MgCl,, 2.67 mM MgSO,, | mM
EDTA, 33.3 mM DTT, 0.53 mM ATP, 0.47 mM luciferin, and
0.27 mM coenzyme A) was added prior to direct photon counting.
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Molecularly imprinted polymers bearing atrazine transforming activity were prepared by using newly
designed templates that are atrazine analogues attached with an allyl or a styryl group via a disulfide
bond at the 6-position, methacrylic acid as a functional monomer and styrene/divinylbenzene as
crosslinkers. After polymerization, the disulfide bond was reduced to remove the atrazine moiety from
the polymer matrix, followed by oxidation of the remaining thiol group to generate sulfonic acid
(post-imprinting treatment), so that both a methacrylic acid residue and a sulfonic acid residue existed
in an atrazine-imprinted cavity. The polymers indicated the selective binding of triazine herbicides and

catalytic activity for methanolysis at the 6-position of atrazine, yielding a low toxic atraton.

Introduction

Molecular imprinting has come to be regarded as one of the
potentially promising and convenient methods for the preparation
of synthetic polymers having specific binding/catalytic sites." In
this technique, a molecular template that is often a target molecule
itself or its analogue is added to a prepolymerization mixture
containing crosslinker(s) and other monomers. After polymeriza-
tion, the template molecule is removed from the obtained polymer,
yielding three dimensional binding cavities specific for the target
molecule.

Many molecularly imprinted catalysts (MIC) for various reac-
tions have been prepared by using various template molecules such
as transition state analogues, substrates and products.* For the
preparation of MIC, both covalent® and non-covalent* molecular
imprinting have been used, in which the most important issue is
how we can insert catalytic functional groups into the specific
binding sites, since randomly located catalysts may cause non-
specific catalytic reactions.

Covalent molecular imprinting, in which polymerizable tem-
plates are used, can provide fairly homogeneous binding sites,
because the remaining functional groups in the resulting polymers
are only located inside the binding sites after the cleavage of
templates. Therefore covalent molecular imprinting would be more
favorable for the introduction of desirable functional groups into
target-selective binding sites than non-covalent techniques in order
to develop catalytic activities.

Herein we propose a technique for preparing substrate-selective
catalysts by the combined use of covalent and non-covalent
molecular imprinting coupled with a post-imprinting chemical
modification (post-imprinting process). As a model catalytic
reaction, methanolysis assisted by acids of a herbicide, atrazine
(6-chloro-N*-ethyl-N*-isopropyl-1,3,5-triazine-2,4-diamine), was

Graduate School of Science and Technology, Kobe University, Kobe 657-
8501, Japan. E-mail: takeuchi@gold.kobe-u.ac.jp; Fax: +81-788036158;
Tel: +81-788036158

T Electronic supplementary information (ESI) available: Michaelis—
Menten plots of IP(T1) and IP(T2), Lineweaver-Burk plot of IP(T2),
selectivity of catalysis by IP(T2). See DOI: 10.1039/b612407k

employed, where 6-Cl is replaced by OCHj; to yield atraton (6-
methoxy-N?-ethyl-N*-isopropyl-1,3,5-triazine-2,4-diamine).

Atrazine has two amino groups and the three nitrogen atoms
of a triazine in its structure and they can be utilized to form hy-
drogen bonding with carboxylic acid. By using hydrogen bonding,
atrazine-imprinted polymers have been successfully prepared, in
which specific binding was shown for atrazine.” Thus we utilized
this non-covalent atrazine imprinting system as a way to construct
carboxylic acid-based binding cavities for the recognition of
atrazine. As a catalytic functional group inside the recognition
cavities, we intended to introduce a strongly acidic functional
group such as sulfonic acid at a desirable position inside the specific
binding sites, preferably around the 6-Cl position of atrazine in its
bound position, because the nucleophilic reaction should proceed
at the 6-position of atrazine.

For this purpose, novel atrazine analogue template molecules
attached to a polymerizable group via a disulfide bond at the
6-position were designed. By using these templates, molecularly
imprinted polymers bearing an atrazine transforming activity
were prepared, involving covalent and non-covalent molecular
imprinting (Scheme 1). This strategy can introduce minimum
amounts of sulfonic acid at appropriate positions and this may
lead to enhanced specificity due to low non-specific binding.

Results and discussion

Firstly, we designed Template 1 (T1: allyl 4-ethylamino-6-
isopropylamino-1,3,5-triazine-2-yl disulfide) that is an atrazine
analogue attached to an allyl group via a disulfide bond at the
6-position, in order to obtain MIC bearing carboxylic acid-based
atrazine imprinted cavities with a sulfonic acid group located
inside the cavity. The imprinted polymers were prepared by radical
polymerization of a monomer mixture containing T1, methacrylic
acid (MAA) as a functional monomer for the construction
of atrazine binding sites, and divinylbenzene and styrene as
crosslinkers in chloroform. After polymerization, the disulfide
bonds originating from T1 were reduced by NaBH, to remove the
atrazine moiety, yielding the atrazine binding cavities. In the final
step, the remaining thiol groups in the polymers were transformed
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Scheme 1 Illustration of the preparation of atrazine transforming polymers using the post-imprinting process.

into sulfonic acids by oxidation with hydrogen peroxide (post-
imprinting process).® After all the processes were completed, the
imprinted polymer IP(T1) had binding/catalytic sites containing
both MAA and sulfonic acid residues. The conversion of T1 in
the obtained polymer was about 20% (215 pmol per g polymer) as
estimated by the S-content determined by elemental analysis.”

Binding properties of IP(T1) were investigated by batch binding
tests, where the imprinted polymers were incubated with triazine
herbicides and other pesticides (100 uM) in chloroform for 24 h
at 25 °C. Under the conditions, no catalytic reaction proceeded
because no nucleophilic reagent existed. IP(T1) showed strong
adsorption for triazine herbicides (atrazine, atraton, ametryn, and
cyanazine), while other pesticides (thiuram, propyzamide, and
iprodion) were hardly adsorbed (Fig. 1). These results clearly
indicate that atrazine imprinting was successfully achieved in
IP(T1). The binding of cyanazine, that has a bulky substituent, was
weaker than others, suggesting that the polymers cannot recognize
the difference between Cl and OCH; substitutes at the 6-position,
however they can recognize larger side chains even if the base
structure is the same.

The transformation of atrazine (methanolysis of atrazine to
atraton) by IP(T1) was examined by incubation with atrazine in
CHCI1,-MeOH (9 : 1, v/v) at 40 °C. Transformation velocities of
atrazine in the presence of IP(T1) were estimated by monitoring
the atraton production with time. Upon the investigation of
the effects of atrazine concentrations on the reaction velocities,
saturation behaviors were observed and a linear Lineweaver—Burk
plot was obtained (Fig. 2), suggesting that the reactions may
proceed with Michaelis—Menten kinetics under the conditions
employed. Therefore, similar to enzymatic catalysis, the substrate
bound to the binding site in the imprinted polymers should react
with a nucleophilic reagent, methanol. Kinetic parameters were
calculated to be as follows; V,.: 2.1 x 1007 M min™!, K,,: 1.6 x
107* M, ke 4.9 x 10~ min~!, whereas the total concentration
of catalytic sites was estimated from the result of elemental
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Fig. 1 Binding selectivity of IP(T1). Selectivity is shown by binding
amounts for 100 uM substrate solution.

analysis (4.3 x 107 M). At high substrate concentrations, product
inhibition may occur. To avoid this, other nucleophilic reagents
could be helpful if chemical properties of products can be
significantly changed after the nucleophilic reaction.

To prove that the catalytic reaction proceeded inside the binding
sites of the imprinted polymers, competition experiments were
carried out using an inactive triazine herbicide, ametryn, for
methanolysis with two different atrazine concentrations. The
reaction velocities diminished with the increase of ametryn
concentrations. This means that atrazine is transformed in the
binding sites that can be bound by ametryn, i.e. the catalytic site is
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Fig.2 Lineweaver—Burk plots on atraton production catalyzed by IP(T1)
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located inside the cavity constructed during the imprinting process.
The inhibition constant K; was estimated to be 2.6 x 10~° M from
a Dixon plot (Fig. 3). The figure is smaller than for the previously
reported MIC prepared by non-covalent molecular imprinting
using 2-sulfoethyl methacrylate as a catalytic monomer (4.7 x
10°M),? indicating that the homology of binding/catalytic sites
could be improved by the proposed combined method involving
covalent and non-covalent imprinting.
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Fig.3 Inhibition of the transformation activity by ametryn. Atrazine (A:
160 uM, @: 320 uM) and ametryn were incubated with IP(T1).

The specificity of the catalytic activity for various triazine
herbicides was evaluated by the ratio of the amount of product to
the initial amount of substrate after 12 h (Fig. 4). IP(T1) exhibited
catalytic activities for all the triazine substrates and atrazine se-
lectivity was observed. This also proved that the atrazine-selective
binding sites catalyze the transformation of triazine herbicides.

Because the co-polymerization efficiency of T1 with other
monomers was not good (20%), we designed Template 2 (T2:
4-vinylbenzyl (4-ethylamino-6-isopropylamino-1,3,5-triazine-2-yl
disulfide). It has a styryl group instead of an allyl group that
should easily co-polymerize with styrene/divinylbenzene. For the
preparation, a smaller amount of T2 was used because T2 may give
a high conversion rate and further, higher content of crosslinker
would give more highly selective binding sites. As expected,
when an imprinted polymer was prepared using T2 (IP(T2)), the
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Fig. 4 Proportions of transformed substrates catalyzed by IP(T1) for
250 uM substrate solutions after 12 h incubation at 40 °C.

conversion rate was almost 100% (256 pmol per g polymer), as
estimated by the S-content in elemental analysis,® and the binding
specificity observed was higher than that of IP(T1) (Fig. 5).

Template 2

atrazine
ametryn
cyanazine
atraton
thiuram

iprodion

propyzamide

0 10 20 30 40 50
Bound [ tmol/g]

Fig. 5 Binding selectivity of IP(T2). Selectivity is shown by binding
amounts for 100 uM substrate solutions.

Table 1 summarizes kinetic parameters of IP(T1) and IP(T2)
(detailed data are given in the ESI¥). The value of V,,,, for IP(T2)
was higher than that for IP(T1), meaning that more catalytic sites
exist per unit weight of IP(T2) than in IP(T1). Methanolysis of
atrazine was catalyzed by the sulfonic acid residues in the binding
sites and with the concentration of catalytic sites estimated by the
S-contents in the polymers, k., values of IP(T1) and IP(T2) were
calculated to be 4.9 x 10~* and 1.2 x 10~ min™', respectively; this
is a measure of the catalytic activity. These results reveal that the
imprinting process using T2 can provide higher catalytic ability,
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Table 1 Kinetic parameters of the imprinted polymers for the catalytic
atrazine transformation

IP(T1)  IP(T2)
Viw (107 Mmin™) 2.1 6.0
K, (104 M) 1.6 5.7
ke (107 min™") 4.9 12

IP(T1): [Elow = 4.3 x 107 M; IP(T2): [Elow = 5.1 x 104 M.

i.e. the population of properly working sites may be higher. The
K., of IP(T1) was smaller than that of IP(T2). Thus, relatively
more stable substrate—catalyst complexes may form in the less
sterically hindered binding sites of IP(T1) because of the absence
of a phenylene group. Since the catalytic activity was affected by
the conversion rate of the templates used and the steric hindrance
of the linkers between the disulfide and vinyl groups, more careful
design of the template molecules would lead to the development
of higher catalytic activity.

Conclusions

We proposed new MIC preparation methods involving the
combination of covalent and non-covalent molecular imprinting
processes with post-imprinting chemical modification for the
introduction of one catalytic site per one specific binding cavity.
The resulting imprinted polymer has a catalytic activity for the
transformation of atrazine to atraton with Michaelis-Menten
kinetics-like behavior. This method will provide a new way to
introduce catalytic functional groups into molecularly imprinted
cavities, resulting in more homogeneous catalytic sites.

Experimental
Preparation of T1 and T2

4-Ethylamino-6-isopropylamino-2-(4-methoxybenzylsulfanyl)-
1,3,5-triazine (1). A solution of atrazine (2.15 g, 10 mmol), 4-
methoxy-o-toluenthiol (1.4 ml, 10 mmol), sodium-zert-butoxide
(1.92 g, 20 mmol), tetrakis (triphenylphosphine)palladium(0)
(1.15 g, 1.0 mmol) in DMF (200 ml) was stirred at 100 °C for
20 h under nitrogen. The resulting mixture was concentrated and
extracted with CHCl;. The mixture was purified by silica gel
column chromatography (dichloromethane-methanol = 100 : 1)
to yield 1 (2.26 g, 68%); oy (300 MHz; CDCl;; Me,Si) 1.23 (9H,
m, CHj;), 3.45 (2H, m, NCH,), 3.80 (3H, s, OCH,), 4.38 (3H, m,
NCH and SCH,), 6.78 (2H, d, ArH), 7.21 (2H, s, NH) and 7.20
(2H, d, Ar-H).

4-Ethylamino-6-isopropylamino-1,3,5-triazine-2-thiol (2). A
solution of 1 (1.97 g, 5.9 mmol) in TFA (20 ml) was stirred at room
temperature for 6 h. The resulting mixture was diluted with CHCI,
and was washed with NaHCO; solution. The crude product was
purified by silica gel column chromatography (chloroform-ethyl
acetate = 1 : 1) to yield 2 (1.29 g, 100%); oy (300 MHz; CDCl;;
Me,Si) 1.25 (9H, m, CH;), 3.48 (2H, m, NCH,), 4.20 (1H, m,
NCH), 8.70 (1H, s, NH) and 8.99 (1H, s, NH).

Allyl 4-ethylamino-6-isopropylamino-1,3,5-triazin-2-yl disulfide
(T1). A solution of 2 (422 mg, 1.98 mmol) and N-allylsulfanyl

succinimide (810 mg, 1.98 mmol) in benzene (45 ml) was stirred at
70 °C for 12 h. Afterwards hexane was added to the mixture,
which was filtered to extract precipitate and the filtrate was
evaporated. The crude product was purified by silica gel column
chromatography (dichloromethane-methanol = 200 : 1) to yield
T1 (215 mg, 44%); oy (300 MHz; CDCl;; Me,Si) 1.25 (9H, m,
CH,), 3.49 (4H, m, NCH, and SCH,), 5.15 (2H, m, =CH,) and
5.90 (1H, m, =CH).

4-Vinylbenzyl 4-ethylamino-6-isopropylamino-1,3,5-triazin-2-yl
disulfide (T2). A solution of 2 (296 mg, 1.40 mmol), di(4-
vinylbenzyl)disulfide (2.70 g, 11.2 mmol) and tricthylamine
(3.5 ml) in benzene (150 ml) was stirred at 80 °C for 48 h. The
crude product was purified by silica gel column chromatography
(dichloromethane—ethyl acetate = 10 : 1) to yield Template 2
(150 mg, 30%); oy (300 MHz; CDCl;; Me,Si) 1.23 (9H, m, CHj;),
3.45(2H, m, NCH,), 4.15 (3H, m, NCH and SCH,), 5.19 and 5.70
(2H, d, =CH,), 6.70 (1H, m, =CH) and 7.33 (4H, m, ArH).

Preparation of IP(T1) and IP(T2)

IP(T1). T1 (720 mg, 2.52 mmol), the functional monomer
MAA (214 pl, 2.52 mmol), divinylbenzene (1.08 pl, 7.56 mmol)
and styrene (533 ul, 3.78 mmol) as crosslinkers were mixed in
1.64 pul of chloroform. Polymerization was initiated by photo-
irradiation using a radical initiator, 2,2'-azobis(isobutyronitrile)
(60 mg) for 12 h at 5 °C, and the solution was heated for 4 h at
60 °C to remove the solvent. The resulting polymer was ground to
obtain polymer particles. The polymer particles (2.0 g) and sodium
borohydride (2.0 g, 20 eq. with respect to the disulfide bond)
were suspended in methanol (80 ml). The mixture was stirred.
This cleavage procedure was repeated a further two times. After
reduction, the polymer particles were washed with methanol—
water (9 : 1) and methanol at room temperature. Post-imprinting
treatment to convert of thiol groups in the polymers to sulfonic
acid groups was performed as follows. The polymer particles were
suspended in H,0,-acetic acid (80 ml, 1 : 1, v/v) and stirred at
room temperature for 12 h. This post-imprinting treatment was
repeated a further two times. After post-imprinting treatment, the
polymer particles were stirred in 100 mM sulfuric acid—methanol
(1 : 1) for 8 h at room temperature, then were washed with
methanol.

IP(T2). T2 (181 mg, 0.50 mmol), the functional monomer
MAA (42.5 ul, 0.50 mmol), divinylbenzene (1.67 ml, 10 mmol)
and styrene (573 pl, 5.0 mmol) as crosslinkers were mixed in 1.6 ml
of chloroform. Polymerization was initiated by photo-irradiation
using a radical initiator, 2,2'-azobis(isobutyronitrile) (59 mg) for
20 h at 5 °C, and the solution was heated for 4 h at 60 °C to remove
the solvent. The resulting polymer was ground to obtain polymer
particles. The polymer particles (1.34 g) and sodium borohydride
(380 mg, 20 eq. with respect to the disulfide bond) were suspended
in methanol (100 ml). The mixture was stirred. This cleavage
procedure was repeated a further three times. After reduction,
the polymer particles were washed with methanol-water (9 : 1)
and methanol at room temperature. Post-imprinting treatment to
convert the thiol groups in the polymers to sulfonic acid groups
was performed as follows. The polymer particles were suspended
in H,O,-acetic acid (100 ml, 1 : 1, v/v) and stirred at room
temperature for 8 h. This post-imprinting treatment was repeated
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a further two times. After post-imprinting treatment, the polymer
particles were stirred in 1.0 N hydrochloric acid—-methanol (1 : 1)
for 12 h at room temperature, then were washed with methanol.

Binding selectivity of imprinted polymers

The polymer particles (3.0 mg) were incubated with atrazine,
ametryn, cyanazine, atraton, thiuram, iprodion or propyzamide
(100 uM at 25 °C) in chloroform (1.5 ml) for 24 h. After incubation,
the suspensions were filtered, and the filtrates (1.0 ml) were dried
in vacuo. The residues were dissolved in acetonitrile (1.0 ml) and
analyzed by an HPLC system consisting of a 306 pump, a 234
autoinjector (Gilson), a 170 Diode Array Detector (Agilent) and
a 502 degasser (M & S Instruments) with a reversed phase column
(TSKgel ODS-80TsQA) and an eluent of acetonitrile-10 mM
ammonium acetate buffer (55 : 45 v/v, pH 6.0, 1.0 ml min™").

Kinetic experiments

The polymer particles (3.0 mg) were incubated with atrazine (0
400 uM at 40 °C) in methanol-chloroform (1.5 ml, 1:9, v/v) for
40, 80, 120, 160 and 200 min. After incubation, the suspensions
were filtered, and the filtrates (1.0 ml) were dried in vacuo. The
residues were dissolved in acetonitrile (1.0 ml) and analyzed by
HPLC with a reversed phase column (TSKgel ODS-80TsQA) and
an eluent of acetonitrile-10 mM ammonium acetate buffer (50 :
50 v/v, pH 6.0, 0.8 ml min™").

Inhibition experiments

The polymer particles (3.0 mg) were incubated with atrazine (160
and 320 uM) and ametrin (0-80 pM) for 50, 100, 150 and 200 min
at 40 °C. After incubation, the suspensions were filtered and the
filtrates (1.0 ml) were dried in vacuo. The residues were dissolved in
acetonitrile (1.0 ml) and analyzed by HPLC in the same conditions
as for the kinetic experiments.

Catalytic activities for various triazine substrates

The polymer particles (3.0 mg) were incubated with atrazine,
simazine, propazine and cyanazine (250 uM at 40 °C) in methanol-
chloroform (1.5 ml, 1 : 9, v/v) for 12 h. After incubation, the
suspensions were filtered and the filtrates (1.0 ml) were dried in
vacuo. The residues were dissolved in acetonitrile (1.0 ml) and
analyzed by HPLC in the same conditions as for the kinetic
experiments.
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Economic and environmentally friendly bio-mimetic one-pot three and four-component
Knoevenagel-hydrogenation (K—H), five-component Knoevenagel-hydrogenation—alkylation
(K-H-A) and six-component Knoevenagel-hydrogenation—alkylation—Huisgen cycloaddition
(K-H-A-HC) reactions of aldehydes, CH-acids, o-phenylenediamine, alkyl halides and azides
using proline, proline-metal carbonate and proline-metal carbonate—Cu'-catalysis, respectively
have been developed. Many of K-H and K-H-A compounds have direct application in

pharmaceutical chemistry.

Introduction

The reduction chemistry of flavines and dihydropyridines has been
extensively studied in conjunction with the enzymic processes
mediated by these types of cofactors.! Although not as extensively
explored, it is also well established that heterocyclic compounds
having a hydrogen-donating ability, such as dihydrobenzazoles®
or 1,4-dihydropyridines® are useful as such selective bio-mimetic
reducing agents. Recently, we* and others® have been developing
the organocatalytic bio-mimetic chemoselective reduction of
olefinic double bonds in o,B-unsaturated carbonyls by using
1,4-dihydropyridine derivatives (so-called NADPH model
compounds) such as 3,5-bis(ethoxycarbonyl)-1,4-dihydro-2,6-
dimethyl-pyridine (Hantzsch ester) as reducing agent. The main
drawback in these useful reactions is removal of by-product
pyridine from the reaction mixture. In this regard, we are interested
to develop novel bio-mimetic reductions by utilizing in situ
generation of both hydrogen source and olefins via amino acid-
catalysis and separation of by-products through simple filtration.

Herein we disclose a highly efficient and remarkably chemo-
selective metal-free catalytic transfer hydrogenation process for
in situ generation of both hydrogen-donating heterocyclic benzim-
idazoline and chemically activated olefins in a cascade approach
via amino acid-catalysis and both the resulting hydrogenated
products and by-products are showed to have direct application in
pharmaceutical chemistry.

Taking inspiration from nature’s approach, we address here the
development of a set of powerful, highly reliable, and selective
cascade reactions for the rapid synthesis of useful pharmaceutical
intermediates and ingredients through proline, metal carbonate
and Cu'-catalyzed Knoevenagel, hydrogenation, alkylation and
Huisgen cycloaddition reactions, an approach we call “organo-
click reactions”. Recently, Sharpless and co-workers introduced
the concept of click chemistry.® Later on Ramachary and Barbas
combined organocatalytic reactions with click chemistry (organo-
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T Electronic supplementary information (ESI) available: Experimental
procedures and analytical data ("H NMR, “C NMR and HRMS) for
all new compounds. See DOI: 10.1039/b612611a

click chemistry).” Ideally, organocatalytic cascade reactions can
also fulfil all aspects of click reaction conditions, such as the
reactions must be modular, wide in scope, high yielding, generate
only inoffensive by-products, and be stereospecific.

As we are interested in the engineering of direct organo-
catalytic cascade reactions,® herein we report the direct organo-
catalytic chemoselective cascade Knoevenagel-hydrogenation
(K-H), Knoevenagel-hydrogenation—alkylation (K-H-A) and
Knoevenagel-hydrogenation—alkylation-Huisgen cycloaddition
(K-H-A-HC) reactions that produce highly substituted cascade
products 7, 8, 10, 11 and 12 respectively, from aldehydes la—u,
CH-acids 2a-j, o-phenylenediamine 3, alkyl halides 9a—d, benzyl
azide, catalysts 4a—b, potassium carbonate, copper and copper
sulfate as shown in Scheme 1. Cascade products 7, 8, 10 and
11 are attractive intermediates and ingredients in medicinal
chemistry, and analogues thereof have broad utility in pharma-
ceutical chemistry®!® (herbicidal, anti-diabetic, analgesic, anti-
inflammatory, anti-thrombotics, anti-ulcers, anti-hypertensives,
anti-virals, anti-fungals, anti-cancers, and anti-histaminics) and
in organic synthesis.

Results and discussion

We found that cascade K-H reaction of two equivalents of
aldehyde 1a, CH-acid 2a, o-phenylenediamine 3 and catalyst 4a
furnished the products 7aa and 8a with very good yields in MeOH
at25°Cfor 1 h(Table 1, entry 1), which are purified by using simple
filtration followed by flash column chromatography. The same
reaction, catalyzed by proline 4a at 25 °C under cascade conditions
furnished the product 7aa with 80% yield and by-product 8a with
80% yield in aprotic polar solvents for 24 h (Table 1, entries 3-4);
and in water gave products 7aa and 8a in moderate yields (Table 1,
entry 7). The optimum conditions (entry 2) involved the use of
catalyst 4a in cascade K-H reaction of la, 2a and 3 in EtOH
at 25 °C to furnish 7aa and 8a in very good yields. To see the
effect of chiral amino acid, L-proline 4a for asymmetric induction
in cascade K-H reactions, we measured the optical rotation of
cascade product 7aa obtained from optimum conditions (Table 1,
entry 2). But unfortunately we have not seen enantioselectivity in
this reaction (a = 0).

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 4463-4468 | 4463





R—CHO
R—CHO 1
1 + NH,
EWG™ CEWG
2 NH;
3
Amino acid 4
Solvent, RT

EWG ©:H><H
RVI\EWG ' N R
5 l 6 H
EWG N

\
RJ\EWG * @[,\P—R

7 g H

i) HCCCHzBr/K2003
ii) R"CH,Ng/Cu'

KoCO;4 l R'CH,X l
9

Substrates and Catalysts Screened:

1a R = CgHs 1t R = CH3(CHy)4CH>
1b R = 2-CICgH4 1u R =PhCH,CH,

1c R = 3-CICgH,4 2a Ethyl cyanoacetate
1d R = 4-CICgH,

2b Methyl cyanoacetate

2c Ethyl nitroacetate

2d Malononitrile

2e (Toluene-4-sulfonyl)-acetonitrile

2f N,N-Dimethylbarbituric acid

2g Meldrum's acid

2h Indandione

2i 1,5-Dioxa-spiro[5.5]undecane-2,4-dione
2j Dimethyl malonate

4a Proline

1e R = 2-BrCgH,
1f R = 3-BrCqH,

1g R = 4-BrCgHy

1h R = 2-FCgH,

1i R = 4-FCgH,

1j R = 4-CNCgH,4

1k R = 4-OMeCgH,

11 R = 4-CHOCgH,4

TmR= 2,4,6-(CH3)3CGH2
1n R = 4-HCCCH,0CqH.
10 R = 4-H,CCHCH,0CgH,

1p R = 2-Thiopheny 4b é""'”e
1qR = 3,4-(OCH,0)CeH; 23 CHal
1r R = (CH3),CHCH, 9b CH3CH,Br

9¢ H,C=CHCH,Br
9d HCCCH,Br

1sR= CH3(CH2)20H2

Scheme 1 Towards organo-click reactions in one-pot.

Interestingly, cascade K-H reaction of la, 2a and 3 in the
absence of catalyst at 25 °C for 2 h furnished the expected
products 7aa and 8a in 81% and 85% yields in EtOH respectively
(Table 1, entry 9). This is the best demonstration of the self
and auto-catalytic nature of reagents in cascade reactions.* The
catalyst effect on proline-catalyzed Knoevenagel condensation of
aldehydes 1a and 1d with ethyl cyanoacetate 2a were revealed in
Table 2. Simple amine, aniline 4b also catalyzed the Knoevenagel
condensation of la with 2a to produce 5aa with reduced conver-
sion (entry 2), which gives support for the self-catalytic nature
of 3. Interestingly, cascade by-product 2-phenyl-benzimidazole 8a
also catalyzed Knoevenagel reaction (entry 3), which gives strong
support for the auto-catalysis in cascade K—H reactions. Catalyst
loading revealed that 20% of 4a was required to increase the rate of
reaction (entries 4-6). From these results we have strong support
for the useful self and auto-catalysis in organocatalytic cascade
K-H reactions.

After these interesting results, we decided to investigate the
scope and limitations of the cascade K—H reaction with a range

Table 1 Optimization of bio-mimetic reductions®

Proline 4a
cHo <CN ©[NH2 (20 mol%) ;\OZB @[N\%Ph
T + + —_— +
Ph CO,Et NH, Solvent CN N
(0.5M) Ph H1
1a 2a 3 RT 7aa 8a
Entry  Solvent Time/h  Conversion (%)°  Yield (%)¢ 7aa
1 MeOH 1 99 90
2 EtOH 1 99 93
3 DMSO 24 90 80
4 DMF 24 90 80
5 CH,CN 24 90 75
6 CHCl; 24 40 30
7 H,O 6 90 60
8 [bmim]BF, 24 90 53
9° EtOH 2 99 81

“ All reactants [1a (2 equivalents), 2a, 3] and catalyst 4a were mixed at the
same time in solvent and stirred at room temperature. * 80-95% of 8a was
isolated. © Conversion based on TLC analysis. ¢ Yield refers to the filtration
followed by column purified product. ¢ Without catalyst.

Table 2 Catalyst effect on Knoevenagel reaction of 1a and 1d with 2a

NC.__CO,Et
/©/CHO CO,Et Catalyst4or8 |
+ —_——
X <CN EtOH (0.5 M)

1a, X =H RT X

1d, X =ClI 2a baa, da

(0.5 mmol) (0.5 mmol)
Entry Aldehyde  Catalyst Time/h  Product  Conv. (%)
1 1a 4a (20 mol%) 1 Saa 95
2 la 4b (20 mol%) 1 Saa 85
3 la 8a (20 mol%) 20 5aa 929
4 1d 4a (5 mol%) 4 5da 99
S 1d 4a (10 mol%) 3 Sda 99
6 1d 4a (20 mol%) 2 5da 99

“ Determined by 'H NMR analysis.

of aldehydes 1a—u, active CH-acids 2a—j and o-phenylenediamine
3 under proline-catalysis in EtOH (Tables 3 and 4). As shown
in Table 3, acyclic CH-acids ethyl nitroacetate 2¢ and toluene-4-
sulfonyl-acetonitrile 2e furnished cascade products 7ac and 7ae
in lower yields than the other CH-acids 2. CH-Acid, dimethyl
malonate 2j did not furnish the expected cascade product 7aj and
gave only Knoevenagel product 5aj (entry 10). This may be due to
the difference in acid strength and HOMO-LUMO gap between
in situ generated both 2-phenyl-benzimidazoline 6a and olefins 5
respectively.

As shown in Table 4, we studied the effect of aldehydes 1 in
proline-catalyzed cascade K—H reactions of 1, 2a and 3. Aromatic
aldehydes 1b—d and 1j-k furnished the expected hydrogenated 7ba—
da and 7ja—ka and heterocyclic 2-aryl-benzimidazole 8b—d and
8j—k products in good yields without being affected by electronic
factors. But cascade K—H reaction with aliphatic aldehydes 1r—
u furnished the expected products 7ra—ua and 8r—u in moderate
yields due to the self-aldol reactions of aldehydes Ir-u under
proline-catalysis.

We generated a useful library of four-component, one-pot
K-H products 7 under proline-catalysis. The results in Table 5
demonstrate the broad scope of this in situ reductive green
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Table 3 Cascade in situ reduction with a variety of CH-acids 2a—j*

Proline 4a

NH o EWG N
cHo EWG 2 (20 mol%) ©: S—ph
T + + e —— +
Ph EtOH EWG N
EWG NHz  05M) Ph H
1a 2 3 RT 7aa-aj 8a®
Entry CH-Acid Time/h Product Conv. (%)* Yield (%)* 7
1 2a 1 CN >99 93
7aa
Ph\)\COZEt
2 2b 1 CN >99 99
7ab
F'h\/kcone
3 2¢ 6 NO, 90 73
Tac
Ph CO,Et
4 2d 1 CN 99 92
7ad
ph. A N
5 2e 3 o \/iN 7ae 85 75
S0,CH4CH3
6 2f 1 o rl\l o 99 92
\[4 7af
Ph N
[e]
7 2g 1 o NNo) \( 99 90
Ph\Iﬂ/O 7ag
[e]
8 2h 1 o >99 99
Ph\: :f 7ah
o]
9 2i 1 \Q >99 95
0.0
th\l\im/o 7ai
(o]
10° 2j 20 CO,Me _
7aj
Ph CO,Me

“ All reactants [1a (2 equivalents), 2, 3] and catalyst 4a were mixed at the same time in solvent and stirred at room temperature. ® 80-95% of 8a were
isolated in all reactions. ¢ Conversion based on TLC analysis. ¢ Yield refers to the filtration followed by column purified product. ¢ 75% of Knoevenagel

product Saj were isolated.

methodology covering a structurally diverse group of less reactive
aldehydes la—u and CH-acids 2a—j with many of the yields
obtained being very good, or indeed better, than previously
published reactions starting from the corresponding olefins 5.
One-pot, proline-catalyzed K—H reaction of 1q, 2a or 2b, 1a and
3 did not furnished the expected products 7qa, 7qb and 8a at RT
but furnished the hydrogenated products with moderate yields at
50 °C for 8 h (see Table 5).

Hydrogenated product 7ia is important intermediate for
the synthesis of methyl 3-(4-fluorobenzyl)-1-methylpiperidine-3-
carboxylate as ingredient for chemokine receptor antagonists;*
K-H product 7pa is a useful intermediate for the synthesis of
anthelmintic and pesticidal compositions;” one-pot products 7qa
and 7qb are useful intermediates for the synthesis of anti-malarial

and cardiovascular products;’®*" heterocyclic by-products 8a—8u'
are useful intermediates for the preparation of estrogen agonists/
antagonists, anti-bacterial, anti-fungal, muscarinic agonists, in-
hibitors of HIV-1 reverse transcriptase, preventing sleep apnea
and for treating physiological disorders emphasizing the value of
this cascade K—H approach.

To show direct applications in pharmaceutical chemistry, we
extended the three and four-component cascade K-H reactions
into a novel one-pot five-component proline-K,CO;-catalyzed
K-H-A reaction of aldehydes 1, CH-acid 2a, o-phenylenediamine
3 and benzaldehyde 1a with various alkyl halides 9a—d (Table 6).
2,2-Disubstituted ethyl cyanoacetates 10 and 1-alkyl-2-phenyl-
benzimidazoles 11aa—ad were constructed in good to moderate
yields with various substitutes as shown in Table 6. One-pot
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Table 4 Cascade in situ reduction with a variety of aldehydes 1a—u*

Proline 4a
CN NHy (20 mol%) — GO2Et N
£ ¢ +©[ g KKCN+®[\>_R
R CO,Et NH EtOH N
2 2 (05M) R H
1 2a 3 RT 7 8b-8u’
Entry R  Time/h  Product Yield (%)°
1 b 25 Cl 80
CN 7ba
CO,Et
2 Ic 25 Cl CN 85
7ca
CO,Et
3 1d 25 CN 90
CoEt 1%
cl 2
4 1j 5 CN 88
CoEt @
NC 2
5 1k 5 /@/\(CN 82
7ka
VO CO,Et
6 Ir 3 50
CN Tra
CO,Et
7 1s 3 CN 60
CO,Et
8 1t 3 CN 62
Tta
CO,Et
9 Iu 3 CN 70
Ph 7ua
CO,Et

“ All reactants [1 (2 equivalents), 2a, 3] and catalyst 4a were mixed at the
same time in solvent and stirred at room temperature. * 80-95% of 8b—
d, 8j—k and 50-70% of 8r—u were isolated. ¢ Yield refers to the filtration
followed by column purified product.

products 10 are useful as analgesics, antidepressants, and anti-
inflammatories;” and products 11 have many applications in
pharmaceutical chemistry as ingredients for example active an-
thelmintic agents, treatment for anti-obesity, fungicides and anti-
microbial action.'

Here we demonstrated the two, five and six-component Cu'-
catalyzed regiospecific [3 + 2] cycloaddition of one-pot products
10 and 7 with benzyl azide to produce highly functionalized 1,2,3-
triazoles 12 and 13 as shown in Scheme 2. 1,2,3-Triazoles 12dad
and 13na were furnished with same yields in both two and five or
six-component strategy but the purity of the product is good in
two-component reactions.

Conclusions

In summary, we have developed the direct proline, proline—
metal carbonate, proline-metal carbonate-Cu'-catalyzed cascade
K-H, K-H-A and K-H-A-HC reactions through formation of
two C-H, two C-C and five C-N bonds in a single step. This
experimentally simple, environmentally and economically friendly

Table 5 Chemically diverse libraries of cascade K-H products 7*

Proline 4a EWG

EWG NH2 20 mol%) A

ArCHO + (_ + Ph-CHO + r EWG
EWG NH; EtOH (05M);RT |}
1b-u 2 1a 3 15to4h 7
0.75t03h
cl cl CN CN
@A(CN CO,Et al CO,Et
CO,Et 90% (7ca) 93% (7da)

85% (7ba)

Br Br CN CN
CN
CO,Et CO,Et
Br
CO,Et 90% (7fa) 88% (7ga)

85% (7ea)

F CN CN
CN
E NC .
CO,Et 93% (7ia) 90% (7ja)

90% (7ha)

N
CO,Et
MeO CO,Et NG 2 0]

85% (7ka) 86% (7la) =

0707,
CN CN
Oszt o CO,Et

75% (7Tmg)
80% (7na) H 85% (70a)

\_s Co,Et
0o CN 0 CN 0. O\(
<osze <Om2Et /\/\/\I‘(O

\

86% (7pa)
65% (7qb)® 65% (7qa)” 65% (Ttg)® O

“Yield refers to the filtration followed by column purified product.
? Reaction performed at 50 °C for 8 h. ¢ Aldehyde 1t were taken as two
equivalents.

CuSOy4 (125 mg)
= Cu (10 mg)
Cl >
PhCH,N; (0.8 mmol)
CO,Et EtOH (0.5 M)

cl 18 h, RT
0.4 mmol (10dad) Cl

NON\N©
CN
CO,Et
86% (12dad)

CN

CO,Et
CuS0, (125 mg)

CN
CO,Et
Cu (10 mg)
PhCH,N; (0.75 mmol) =N,
2IN3 \V. N
~ EtOH (0.5 M) o=/
0\/ 12 h, RT

(

0.5 mmol (7na) 85% (13na)

Scheme 2 Cu'-catalyzed click reaction on cascade products 7na and
10dad.

green approach can be used to construct highly substituted cyano-
esters 7,10, 12 and 1,2-substituted benzimidazoles 8 and 11 in a re-
gioselective fashion with very good yields. Many of these products
are showed to have direct application in pharmaceutical chemistry.
Further work is in progress to utilize synthetic application of this
cascade process.
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Table 6 Chemically diverse libraries of cascade K-H-A products 10

i 0,
Ar-CHO i) 4a (20 mol%) R

1 2a coEt FOHOZM ne copt N(
NH, + _— . %Ph
Ph-CHO ii) KoCO3 R Ar N
NH; 1a RT.6h 10 11aa-ad”
RCH,X 9
Entry Product Yield®
1 = 76
CN
CO,Et
10aad
2 Cl 75
CN
CO,Et
10baa
3 | 78
CN
CO,Et
10aac
4 cl 65
CN
CO,Et
10bab
5 cl // 85
CN
CO,Et
10bad
CO,Et
a 10daa
7 = 88
CN
CO,Et
c 10dad
8 66
CN
CO,Et
cl 10dab

“25-35% of 1-alkyl-2-phenylbenzimidazole 11aa—ad and 55-65% of unre-
acted 2-phenylbenzimidazole 8a were isolated. ? Yield refers to the column
purified product.

Experimental

General methods

The "H NMR and “C NMR spectra were recorded at 400 MHz
and 100 MHz, respectively. The chemical shifts are reported in
ppm downfield to TMS (0 = 0) for "H NMR and relative to
the central CDCI; resonance (0 = 77.0) for *C NMR. In the *C
NMR spectra, the nature of the carbons (C, CH, CH, or CH;) was
determined by recording the DEPT-135 experiment, and is given
in parentheses. The coupling constants J are given in Hz. Column
chromatography was performed using Acme’s silica gel (particle

size 0.063-0.200 mm). High-resolution mass spectra were recorded
on a micromass ESI-TOF MS. GCMS mass spectrometry was
performed on a Shimadzu GCMS-QP2010 mass spectrometer.
Elemental analyses were recorded on a Thermo Finnigan Flash
EA 1112 analyzer. LCMS mass spectra were recorded on either a
VG7070H mass spectrometer using EI technique or a Shimadzu-
LCMS-2010A mass spectrometer. IR spectra were recorded on
a JASCO FT/IR-5300. For thin-layer chromatography (TLC),
silica gel plates Merck 60 F254 were used and compounds were
visualized by irradiation with UV light and/or by treatment with
a solution of p-anisaldehyde (23 mL), conc. H,SO, (35 mL), acetic
acid (10 mL), and ethanol (900 mL) followed by heating.

Materials

All solvents and commercially available chemicals were used as
received.

General experimental procedures for the organo-click reductions

Proline-catalyzed cascade Knoevenagel-hydrogenation reactions.
In an ordinary glass vial equipped with a magnetic stirring bar,
solvent (1.0 mL) was added to the aldehyde 1 (1.0 mmol), the CH-
acid 2 (0.5 mmol) and the o-phenylenediamine 3 (0.5 mmol). The
amino acid catalyst 4 (0.1 mmol) was then added and the reaction
mixture stirred at 25 °C for the time indicated in Tables 1, 3 and 4.
Pure cascade products 7 and 8 were obtained by simple filtration
of crude product through a sintered funnel with dichloromethane
to produce 85-90% purity. High purity products were obtained
by column chromatography (silica gel, mixture of hexane—ethyl
acetate).

Proline—K,CO;-catalyzed one-pot Knoevenagel-hydrogenation—
alkylation reactions. In an ordinary glass vial equipped with a
magnetic stirring bar, solvent (2.0 mL) was added to the aldehyde 1
(0.5 mmol) and the CH-acid 2 (0.5 mmol). The proline catalyst 4a
(0.1 mmol) was added and the reaction mixture was stirred at 25 °C
for 1.5-4 h. o-Phenylenediamine 3 (0.5 mmol) and benzaldehyde
1a (0.5 mmol) were then added and stirring continued at the same
temperature for 1-3 h. RCH,I (4.0 mmol) or RCH,Br 9 (2.5 mmol)
and K,CO; (4.0 mmol) were then added and stirring continued at
the same temperature for 6 h. The crude reaction mixture was
worked up with aqueous NH,Cl and the aqueous layer extracted
with dichloromethane (2 x 20 mL). The combined organic layers
were dried (Na,SO,), filtered and concentrated. Pure products
10 and 11 were obtained by column chromatography (silica gel,
mixture of hexane—ethyl acetate).

Proline-K,CO;—Cu'-catalyzed one-pot Knoevenagel-
hydrogenation—alkylation—Huisgen  cycloaddition  reactions.
In an ordinary glass vial equipped with a magnetic stirring bar,
solvent (2.0 mL) was added to the aldehyde 1 (0.5 mmol) and
the CH-acid 2 (0.5 mmol). The proline catalyst 4a (0.1 mmol)
was added and the reaction mixture was stirred at 25 °C for
1-4 h. o-Phenylenediamine 3 (0.5 mmol) and benzaldehyde 1a
(0.5 mmol) were then added and stirring continued at the same
temperature for 1-3 h. HCCCH,Br 9d (2.5 mmol) and K,CO;
(4.0 mmol) were then added and stirring continued at the same
temperature for 6 h. Excess propargyl bromide 9d was removed
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by vacuum pump then CuSO, (0.75 mmol), Cu wire (10 mg) and
benzyl azide (0.75 mmol) were added and stirring continued at
the same temperature for 18 h. The crude reaction mixture was
worked up with aqueous NH,Cl and the aqueous layer extracted
with dichloromethane (2 x 20 mL). The combined organic layers
were dried (Na,SO,), filtered and concentrated. Pure products 12
were obtained by column chromatography (silica gel, mixture of
hexane—ethyl acetate).

Many of the cascade products 7, 8, 10 and 11 are commercially
available, or have been described previously, and their analytical
data match literature values. New compounds were characterized
on the basis of IR, 'H and “C NMR and analytical data (see
supporting informationt).
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A method for solid-supported synthesis of N,N-disubstituted (3H-imidazo[2,1-i]purin-7-yl)methyl
amines has been developed. The key features of this library synthesis are: (i) immobilization of

commercially available N°-benzoyl-5-0-(4,4' -dimethoxytrityl)-2'-deoxyadenosine 3'-(2-cyanoethyl
N,N-diisopropylphosphoramidite) by phosphitylation to a hydroxyl-functionalized support, (ii)
quantitative conversion of the deprotected adenine base to 3 H-imidazo[2,1-/]purine-7-carbaldehyde
with bromomalonaldehyde in DMF in the presence of formic acid and 2,6-lutidine, (iii) reductive

amination of the formyl group followed by N-alkylation or N-acylation, and (iv) release from the

support by acidolytic cleavage of the N-glycosidic bond. Steps (ii) and (iii) have been optimized in some
detail by using (adenin-9-yl)acetic acid anchored to a Phe-Wang resin as a model compound.

Introduction

Purine-based compounds display an exceptionally wide spec-
trum of biological activities. As summarized by Legraverend
and Grierson' in their recent review, numerous purine-based
compounds are currently in medical use against viral infections,
cancer, systemic mastocytosis and organ rejection, and an in-
creasing number of purine derivatives have been reported to show
potential as inhibitors of kinases,? phosphodiesterases,® chaperone
Hsp90* and sulfotransferases,® as inducers of interferon® and
effectors of cell dedifferentiation,” as agonists® and antagonists®
of adenosine receptors, as antagonists of corticotropin-releasing
factor, and as anti-mycobacterium agents."! Numerous targeted
combinatorial libraries of substituted purines have been prepared
to improve the efficiency and reduce the toxicity of the drug
candidates. However, in surprisingly few cases has solid-phase
chemistry been utilized, but the libraries have been obtained
by conventional solution phase transformations. Only libraries
of 2,6-disubstituted,”? 2,6,9-trisubstituted"® purines and 2.,6,8-
trisubstituted purine nucleosides' have been prepared by solid-
phase parallel synthesis. The present study is aimed at adding
a solid-supported synthesis of 7-substituted 3H-imidazo[2,1-
ilpurines to this repertoire. The idea of using 3H-imidazo[2,1-
iJpurine as a scaffold of a combinatorial library is based on the
observations of others,"s according to which pyrrolo-, imidazo-
and triazolo-purinones, i.e. tricyclic extensions of xanthine nu-
cleus, exhibit high affinity to adenosine receptors. 3 H-imidazo[2,1-
iJpurines have previously been obtained in solution by a reac-
tion of 9-substituted adenine with a-halocarbonyl compounds,'®
epoxycarbonyl compounds,'” 2-chloroketene diethyl acetal’® and
1-acetoxy-4-(acetoxyimino)-1,4-dihydroquinoline.” In the present
study, the reaction of adenine with bromomalonaldehyde was
successfully optimized to result in a quantitative conversion of
a support-bound adenine to 7-formyl-3H-imidazo[2,1-i]purine
that served as a starting material for the subsequent transfor-
mations.

Department of Chemistry, University of Turku, Turku, FIN-20014, Finland

Results and discussion

The solid-supported synthesis applied to the preparation of 7-
substituted 3 H-imidazo[2,1-i[purines is outlined in Scheme 1. The
key steps of this library synthesis are quantitative conversion
of adenine base to 3H-imidazo[2,1-i]purine-7-carbaldehyde and
reductive amination of this product. These steps were first studied
in some detail by using (adenin-9-yl)acetic acid anchored to a
Phe—Wang resin as a model compound.
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The preparation of [N°-(4-methoxytrityl)adenin-9-yl]acetic acid
(5) has been recently described.” This compound was cou-
pled to deprotected commercially available N-Fmoc-Phe-Wang
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resin using O-(benzotriazol-1-yl)-N,N,N',N'-tetramethyluronium
tetrafluoroborate (TBTU) in the presence of N,N-diisopro-
pylethylamine (DIEA) as an activator (Scheme 2). Two equivalents
of the acid component and three hours reaction time gave 6 in a
70% yield, according to the 4-monomethoxytrityl cation assay. A
separate capping step was not introduced to protect the unreacted
amino groups, since they reacted with bromomalonaldehyde®!
in the next step and were most likely converted to (2-bromo-3-
oxopropenyl)amino groups.

Bromomalonaldehyde is known to react with pyrimidine and
purine bases, yielding a variety of products'****?* in aqueous so-
lutions. Adenosine and 9-methyladenine, for example, give the re-
spective 3H-imidazo[2,1-i]purine and 3 H-imidazo[2,1-i[purine-7-
carbaldehyde derivatives.” Both have been suggested to be formed
through a common intermediate, viz. an acyclic carbinolamine
that still contains the halogen substituent. This intermediate may
undergo cyclization by displacement of the halogen substituent
by the adenine N1 atom, or hydrolytic deformylation may take
place prior to the cyclization and, hence, a 7-unsubstituted ring-
system is obtained. In both cases, elimination of water from the
cyclic carbinolamine intermediate obtained then leads to the 3H-
imidazo[2,1-i]purine ring system, bearing either a formyl group
or a hydrogen atom at C7. These two derivatives are obtained in
an approximately equimolar ratio when the pH is below 3.5. At
higher pH, the unsubstituted derivative predominates.

On the basis of the preceding results, water was considered to
be a suboptimal solvent for the fabrication of 3H-imidazo[2,1-
iJpurine-7-carbaldehydes. Fortunately, anhydrous DMF turned
out to allow almost quantitative conversion of adenine to this
product, when the reaction was carried out on a polystyrene solid
support at somewhat elevated temperature (60 °C). According
to a previous report,* the reaction of bromomalonaldehyde

with 2’-deoxyadenosine gives the 7-formyl derivative in DMF
at room temperature in modest 19% yield. Under similar con-
ditions, an even lower yield may be expected on polystyrene.
Elevated temperature and an appropriate buffer system, how-
ever, dramatically alter the situation. As seen from Table 1, a
somewhat acidic buffer system is needed to drive the forma-
tion of 3H-imidazo[2,1-i]purine-7-carbaldehyde to completion.
Triethylammonium acetate buffer® gave only a 14% conver-
sion of 6 to solid-supported N-[(7-formylimidazo[2,1-i]purin-3-
yl)acetyl]phenylalanine (7) with five equivalents of bromomalon-
aldehyde in 330 min (entry 1). Triethylammonium formate buffer
(entries 2 and 3) was more efficient, but the yield was still lower
than that obtained in the absence of any buffer constituents (entries
4-6). When triethylamine was replaced with a weaker base, viz. 2,6-
lutidine, a good yield was obtained (entries 7-10). The reaction rate

Table 1 Effect of buffer on the solid-supported synthesis of N-[(7-
formylimidazo[2,1-i[purin-3-yl)acetyl]phenylalanine (7) on Wang resin in
DMF (see Scheme 1)

Entry Buffer Equiv.” t/min Yield
1 Acetic acid-triethylamine 10/10 330 14%
2 Formic acid-triethylamine 10/10 330 35%
3 Formic acid-triethylamine 28/10 270 39%
4 — — 65 51%
5 — — 180 55%
6 — — 360 62%
7 Formic acid-2,6-lutidine 50/10 65 54%
8 Formic acid-2,6-lutidine 30/10 180 87%
6 Formic acid-2,6-lutidine 10/10 270 92%

10 Formic acid-2,6-lutidine 30/10 360 93%

“Compared to the amount of 6. 5 equiv. of bromomalonaldehyde was
used. 7= 60 °C.
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was rather insensitive to the ratio of the concentrations of formic
acid and 2,6-lutidine. For the synthesis of 7, indicated in Scheme 2,
a1:1ratio was used.

Reductive amination of the support-bound 3H-imidazo[2,1-
iJpurine-7-carbaldehyde (7) was sluggish when acetic acid was used
as a catalyst. With ten equivalents of benzylamine and sodium
cyanoborohydride in DMF acidified with 4% acetic acid, 30%
of the starting material remained unreacted after 24 hours. On
using formic acid, the amination was complete in 5 hours. No
reduction of the formyl group®?* to a hydroxymethyl function
was detected under these conditions. This was the case even
when amination with a sterically hindered amine was attempted:
all the aldehyde remained unchanged after 4 hours treatment.
The source of the hydride ion markedly influenced the reaction
rate. Under similar reaction conditions, 6.7 equiv. of sodium
cyanoborohydride (20 equiv. of hydride ions) gave 2.4 times as
high yield as 8 equiv. of sodium triacetoxyborohydride (8 equiv. of
hydride ions). Sodium cyanoborohydride in a mixture of MeOH
and DMF was, hence, used for the syntheses. Although 10 equiv.
of benzylamine and a short 30 minutes reaction time for imine
formation prior to sodium cyanoborohydride addition was used,
about 6% of dialkylated product was formed.

Acetylation of the solid-supported N-benzyl(imidazo[2,1-
iJpurin-7-yl)methylamine group was performed with acetic an-
hydride in dichloromethane. Acidolytic release from the support
yielded N-{[7-(N-benzylacetamidomethyl)imidazo[2,1-i]purin-3-
ylJacetyl} phenylalanine (8). Fig. 1 shows the HPLC trace of the
crude product.
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Fig. 1 HPLC trace of crude N-{[7-(N-benzylacetamidomethyl)imidazo-
[2,1-i]purin-3-ylJacetyl} phenylalanine (8) (RP HPLC, 0-100% MeCN,
0.1% TFA, 42 = 220 nm).

The conditions described above were then applied to the
synthesis of a library of substituted (imidazo[2,1-i]purin-7-
yl)methylamines, as outlined in Scheme 1. This approach makes
use of the facile acid-catalyzed depurination of purine 2'-
deoxyribonucleosides as a release method from the solid-support.
The method is mild; the products can be cleaved from the support
with 5% trifluoroacetic acid in dichloromethane in one hour, i.e.
under conditions that #-butyl ester protections largely tolerate.
The N-glycosidic bond nevertheless withstands the formic acid
treatments involved in generation of the additional imidazole ring
and subsequent reductive amination of the formyl group.

Aminomethylpolystyrene was first acylated with (4-methoxy-
trityloxy)butyric acid in DMF using diisopropylcarbodiimide
(DIC) and 1-hydroxybenzotriazole (HOBt) as activators. The
trityl protection was then removed and a N°-benzoyl-5-O-
(4,4 -dimethoxytrityl)-2’-deoxyadenosine  3'-(2-cyanoethyl-N,N-
diisopropylphosphoramidite) building block was coupled to the
exposed hydroxy functions by 4,5-dicyanoimidazole activation
and oxidized to a phosphate triester (1) with aqueous iodine
(Scheme 1). All the protecting groups were then removed, the 4,4'-
dimethoxytrityl group acidolytically and the N-benzoyl and O-
(2-cyanoethyl) protections by treatment with aqueous alkali. The
exposed 5'-hydroxy and phosphodiester groups did not hamper
the subsequent reactions. Treatment of the deprotected support-
bound 2'-deoxyadenosine with bromomalonaldehyde under the
conditions described in the foregoing gave the desired support-
bound 3-(2'-deoxy-p-D-erythro-pentofuranosyl)-3 H-imidazo[2,1-
iJpurine-7-carbaldeyde (2) in an almost quantitative yield, as seen
from the HPLC traces of the acidolytically released crude product
(Fig. 2).
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Fig. 2 HPLC trace of crude 3H-imidazo[2,1-i]purine-7-carbaldehyde
cleaved from the resin (RP HPLC, 0-100% MeCN, 0.1% TFA, 2 =220 nm).

Reductive amination of 2 was attempted with a set of ten
amines under the conditions optimized with 7 (Scheme 3). It was
observed that after the one hour imine formation and subsequent
four hours reduction step, aniline (entry 4a) had reacted quantita-
tively, unhindered primary amines (entries 4b—d) had produced
84-92% product, while sterically hindered primary amines, ¢-
butylamine and tris(hydroxymethyl)aminomethane (entries 4e.f),
gave only a 35% yield. Among secondary amines, diethylamine
and diisopropylamine (entries 4g,h) did not react. By contrast,
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Scheme 3

piperidine (entry 4i) reacted smoothly, giving a 73% yield. It
was, hence, concluded that the method is suitable for unhindered
amines but sterically more demanding amines give lower or non-
existent yields. Benzylamine (entry 4b) and z-butyl glycine acetate
(entry 4d) both gave, additionally, 4% of dialkylated products.
Support 2 was finally subjected to consecutive reductive ami-
nation and alkylation to obtain 4-aminobutyric acid derivatives
4]-n and to reductive amination followed by acylation to ob-
tain derivatives 40—q and N-benzyl-N-[(3 H-imidazo[2,1-i]purin-7-
yl)methyl]acetamide (4r). The synthesis of 4r was performed as de-
scribed for 8, except that the reductive amination was repeated be-
fore the acylation. Reductive amination of 2 with 4-aminobutyric
acid -butyl ester and 4-aminobutyric acid gave, besides the
expected 4j and 4k, 4-6% of dialkylated side products. In addition,
the reaction with 4-aminobutyric acid yielded 7% of a lac-
tamized product, obtained in all likelihood by cyanoborohydride
activation.®3 The lactam formation was verified by HPLC by

spiking with 1-[(3H-imidazo[2,1-/]purin-7-yl)methyl]pyrrolidin-
2-one (4q), synthesized by 2-(1H-benzotriazol-1-yl)-1,1,3,3,-
tetramethyluronium hexafluorophosphate (HBTU)/DIEA medi-
ated cyclization of 4j, and by identical mass spectra of the side
product and 4q. Lactamization of 4j was also achieved by acetic
anhydride treatment. The latter method is of minor practical value,
owing to concomitant formation of 21% of acetylated product 4o.

Reductive alkylations leading to compounds 4l-n were per-
formed under similar conditions as the reductive aminations
discussed above. For all the alkylations, three hours reaction
time was sufficient when ten equivalents of aldehyde were used.
Acylation of 4k was tested with acetic anhydride (40) and Fmoc
protected glycine by TBTU/DIEA activation (4p). As expected, 4k
was fully acetylated in one hour under the conditions employed.
Coupling of Fmoc glycine by using an active ester method was
also completed in 1 hour. By contrast, 65% of the starting
material remained unchanged after the same reaction time when a
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symmetrical anhydride preformed in a 1 : 9 mixture of DMF and
CH,Cl, was used for the coupling in the same solvent (data not
presented).

In summary, a solid-supported synthesis for N,N-disubstituted
(3H-imidazo[2,1-i]purin-7-yl)methylamines has been developed.
Commercially available 2'-deoxyadenosine phosphoramidite
reagent immobilized by conventional phosphitylation to a
hydroxy-functionalized support may be used as a traceless
acid-labile linker. Alternatively, [N°-(4-methoxytrityl)adenin-9-
ylJacetic acid may be immobilized by acylation to commercially
available amino acid derivatized Wang resins to obtain the N,N-
disubstituted (3H-imidazo[2,1-i]purin-7-yl)methylamines as N3-
linked amino acid (or peptide) derivatives.

Experimental
General Remarks

The chemical shifts are given in ppm downfield from internal
(CH,;),Si. Appropriate 2D NMR methods, e.g. HMBC, HSQC
and COSY, were used for peak assignment. RP HPLC analyses
and separations were performed on a Hypersil HyPurity Elite
C18 (150 x 4.6 mm, 5 um) and Hypersil ODS column (250 x
10 mm, 5 pm), respectively, applying a linear gradient from 0.1%
aq. TFA to MeCN in 30 min at a flow rate of 1.0 mL min™!
(Hypurity column) or 3.0 mL min~' (ODS column). The detection
wavelength was 220 nm.

Solvents and reagents were dried or tested for dryness before
use. Unless otherwise indicated, analytical samples and products
were cleaved from the resin by shakingin 1 : 1 TFA-DCM mixture
for 1 hour. Resin was filtered by suction, rinsed successively with
CH,CI, (I mL) and MeOH (1 mL), and the solvents were removed
under reduced pressure (rotary evaporation). Yields for products
4a-r were calculated from HPLC chromatograms of filtrates.
HPLC fractions containing purified products were evaporated
to dryness on a centrifugal concentrator. Trityl protections were
removed by washing the resin with 3% dichloroacetic acid and
3% MeOH in CH,Cl, until no colour evolved when rinsed with
3% dichloroacetic acid in CH,Cl,. The deprotected resin was
subjected to successive washings with CH,Cl,, CH,Cl,/MeOH,
10% pyridine in CH,Cl,, CH,Cl,, CH,Cl,-MeOH and MeOH
and dried in a vacuum desiccator.

N-[(Adenin-9-yl)acetyl]phenylalanine-Wang resin (6). Com-
mercial N°-Fmoc-Phe-Wang polystyrene resin (0.15 g,
1.0 mmol g') was deprotected by 20 min treatment with 20%
piperidine in DMF. The resin was washed successively with DMF,
CH,Cl,, 10% MeOH in CH,Cl, and MeOH, and dried in vacuum.
The pyridine salt of [N°®-(4-methoxytrityl)adenin-9-yl]acetic acid
(163 mg, 0.30 mmol), TBTU (96.3 mg, 0.30 mmol) and DIEA
(0.10 mL, 0.60 mmol) were dissolved in DMF (1.40 mL). The
solution was added onto Phe-Wang resin and the reaction mixture
was shaken for 3 h. The resin was subsequently washed with
DMEF, CH,Cl,, 10% MeOH in CH,Cl, and MeOH. According
to the 4-methoxytrityl cation assay, the loading of the resin was
70% of the theoretical value. Removal of the 4-methoxytrityl
protection yielded 6. HRMS (FAB*) for the product cleaved
from the resin: calcd for [MH*] C,¢H,;;NsO; 341.1362; found
341.1363.

Optimization of the formation of N-[(7-formylimidazo|2,1-i]-
purin-3-yl)acetyl|phenylalanine on Wang resin. Resin 6 (5 mg)
was preswollen in DMF (20 pL). Bromomalonaldehyde, formic
or acetic acid, triethylamine or 2,6-lutidine from freshly prepared
stock solutions were added in quantities indicated in Table 1 and
the volume of the reaction mixture was filled up to 50 uL with
DMF. The mixture was agitated at 60 °C for a chosen time, after
which the resin was washed with DMF, CH,Cl,, MeOH, CH,Cl,,
and MeOH, and dried in a vacuum desiccator. Reaction products
were cleaved from the solid support and assayed by RP HPLC as
described in general remarks.

Solid supported /N-|(7-formylimidazo|2,1-i[purin-3-yl)acetyl]-
phenylalanine (7). Formic acid (57 pL, 1.5 mmol), 2,6-
lutidine (175 pL, 1.5 mmol) and bromomalonaldehyde (113 mg,
0.75 mmol) were dissolved in 1.27 mL DMF. The solution was
added onto 6 (150 mg, 0.105 mmol). The mixture was stirred at
60 °C for 4 h. The resin was washed with DMF, MeOH, DMF,
CH.(l,, 10% MeOH in CH,Cl, and MeOH. '"H NMR (500 MHz,
(CD»),S0) for the product cleaved from the resin: 6 = 2.92 (dd,
2J = 13.8 Hz, *Jyuupa = 5.1 Hz, 1 H, Hpp,A), 3.08 (dd, 2J =
13.8 Hz, *Jyuus = 8.8 Hz, 1 H, Hyp, B), 4.47 (ddd, *Jugmpa =
5.1 Hz, *Jy,upm = 8.8 Hz, *Jyuw = 8.0 Hz, 1 H, H,p), 5.01
(d, *J = 16.7 Hz, 1 H, CH,,CO), 5.14 (d, *J = 16.7 Hz, 1 H,
CH,;CO), 7.19-7.29 (m, 5 H, Arp,.), 8.43 (s, 1 H, H 2/), 8.60 (s,
1 H,H?¥),878(d, *Juxu = 8.0 Hz, | H, NH), 9.88 (s, 1 H, H
5), 10.01 (s, 1 H, CHO) ppm; “C NMR (125 MHz, (CD;),SO):
6 = 36.75 (CHapy.), 45.73 (CHaac), 53.80 (CHpye), 122.08 (C9b),
124.68 (C7), 126.51 (C4pp.), 128.24 (C3py), 129.20 (C24y.), 136.47
(CS), 137.23 (Clpy), 142.01 (C3a), 144.79 (C2), 144.96 (C9a),
147.99 (C8), 165.92 (CONH), 172.49 (CO,H), 179.12 (CHO) ppm.
HRMS (ET*) calcd for CyH,sNsO, 392.1233; found 392.1233.

N-{[7-(N-benzylacetamidomethyl )imidazo[ 2,1-7]purin-3-yl]-
acetyl }phenylalanine (8). Benzylamine (35.2 uL, 323 umol) and
formic acid (20 pl) dissolved in DMF (215 pL) were added on
resin 7 (46 mg, 32.3 umol). After 30 min shaking, 85% NaCNBH;
(19.1 mg, 258 pmol) in a mixture of DMF (200 uL) and MeOH
(30 pL) was added and the reaction mixture was shaken for
additional 5 h. The support was washed with DMF, 10% MeOH in
DMEF, H,0, MeOH, CH,Cl,, 10% MeOH in CH,Cl, and MeOH
and dried in vacuum desiccator. The resin was shaken in 20% acetic
anhydride in CH,Cl, (1 mL) for 1 h and washed with CH,Cl,, 10%
Pyin CH,Cl,, CH,Cl,, 10% MeOH in CH,Cl, and MeOH. Release
from the resin and HPLC purification of the product, as described
above, gave 8 (7.2 mg, 42%, overall yield 29%). The product
exhibited NMR signals as two conformers in 4 : 1 ratio. Only the
major conformer is assigned here. '"HNMR (500 MHz, (CD5),SO):
0=2.12(s,3H, CH;CO), 2.94 (dd, *J = 13.8 Hz, *J 4, s = 8.8 Hz,
1H, Hyp A), 3.08(dd,?J = 13.8 Hz, * Sy = 4.9 Hz, | H, H 1, B),
4.48 (ddd, *Jy,upe = 4.9 Hz, *Jyyompa = 8.8 HzZ, * Sy = 7.9 Hz, | H,
Hophe)> 4.59 (s, 2 H, CH,,), 4.99 (d, ?J = 15.8 Hz, 1 H, CH, ,Im),
5.03(d, *J = 15.8 Hz, 1 H, CH,3Im), 5.10 (d, *J = 16.8 Hz, | H,
CH,,CO), 5.16 (d, *J = 16.8 Hz, 1 H, CH,;CO), 7.12-7.33 (m,
10 H, Arpy., Arg,), 7.92 (s, 1 H, H8), 8.50 (s, 1 H, H2), 8.87 (d,
3 Juann = 7.9 Hz, 1 H,NH), 9.40 (s, | H, H5), 12.88 (s, 1 H, CO,H)
ppm; “C NMR (125 MHz, (CD;),SO): 6 = 22.52 (CH;,), 36.79
(CHuppe), 37.70 (CH,Im), 45.78 (CH,Pur), 50.49 (CH,4,), 53.83
(CHppe), 119.07 (C9b), 122.12 (C7), 125.37 (C8), 126.42 (C24,),
126.58 (Cépy), 127.33 (C4y,), 128.31 (C3py), 128.74 (C3g,), 129.23

4510 | Org. Biomol. Chem., 2006, 4, 4506-4513

This journal is © The Royal Society of Chemistry 2006





(C2p0), 135.95 (C5), 136.93 (Cly,), 137.21 (Clyye), 138.50 (C9a),
142.00 (C3a), 145.23 (C2), 165.92 (CONHyy,.), 171.47 (CONH,,),
172.48 (CO,H) ppm. HRMS (FAB") caled for [MH*] CyHxN-O,
526.2203; found 526.2201.

4-d-Methoxytrityloxy)butyramidomethyl polystyrene. Sodium
(4-methoxytrityloxy)butyrate (0.941 g, 2.5 mmol), diisopropyl-
carbodiimide (0.392 mL, 2.5 mmol) and 1-hydroxybenzotriazole
hydrate (0.384 g, 2.5 mmol) were dissolved in DMF (21 mL)
and added on a preswollen aminomethyl polystyrene resin (2.5 g,
0.5 mmol g'). After 5 h of shaking, the resin was washed
successively with DMF, CH,Cl,, 10% MeOH in CH,Cl, and
MeOH. According to the monomethoxytrityl cation assay, the
loading of the resin was 0.40 mmol g~'.

Solid-supported 3-(3'-O-phosphono-2'-deoxy-p-D-erythro-pento-
furanosyl)imidazo|2,1-/]purine-7-carbaldehyde (2). 4,5-Dicyano-
imidazole (0.738 g, 6.25 mmol) and N°®-benzoyl-5-0-(4,4-
dimethoxytrityl)-2'-deoxyadenosine 3'-(2-cyanoethyl-N,N-diiso-
propylphosphoramidite (5.36 g, 6.25 mmol) were dissolved in
THF (25 mL). The solution was added onto detritylated and
preswollen 4-(4-methoxytrityloxy)butyramidomethyl polystyrene.
The mixture was shaken for 1 h, washed with THF and subjected
to 20 min oxidation with 0.1 mol L~" iodine in pyridine containing
2% water. The resin was rinsed with pyridine, 5% water in
pyridine, pyridine, CH,Cl,, CH,Cl,-MeOH and MeOH and dried.
According to the dimethoxytrityl cation assay, the loading of the
resin was 0.360 mmol g='. The DMTr protection was removed
as described earlier. The base labile N®-benzoyl and OF-(2-
cyanoethyl) protections were removed by refluxing the resin for
4 hin THF (36 mL) containing 1 mol L' aqueous NaOH (4 mL).
The resin was rinsed with THF, water, THF-water, THF, CH,Cl,
and MeOH, after which it was dried, giving solid-supported 2'-
deoxyadenosine 3'-phosphate (1).

Formic acid (2.83 mL, 75 mmol), 2,6-lutidine (2.91 mL,
25 mmol) and bromomalonaldehyde (1.89 g, 12.5 mmol) were dis-
solved in 19.3 mL DMF. The solution was added onto preswollen
1. The mixture was stirred at 60 °C for 3.5 h. The resin was
washed with DMF, CH,Cl,, pyridine, 10% MeOH in CH,Cl, and
MeOH. According HPLC analysis of a cleaved sample, conversion
of the starting material to the solid-supported 3H-imidazo[2,1-
iJpurine-7-carbaldehyde had not taken place quantitatively and,
hence, the reaction was repeated using halved amounts of reagents.
'"H NMR (500 MHz, D,0) for 7-formyl-3 H-imidazo[2,1-i]purine
released from the support: 0 = 8.45 (s, 1 H, H2), 8.52 (s, 1 H, HS),
9.93 (s, 1 H, CHO), 10.01 (s, 1 H, H5). HRMS (EI") calcd for
CHsN;50 187.0494; found 187.0499.

Synthesis of N-alkyl-(3H-imidazo|2,1-/]purin-7-yl)methylamines
(4a—i). An appropriate primary or secondary amine (16.7 pmol)
and formic acid (2.0 pL, 52 umol) dissolved in DMF (25 uL) were
added on support 2. After 1 h imine formation, 85% NaCNBHj;
(0.84 mg, 11 umol) dissolved in DMF (20 uL) and MeOH (3 pL)
were added and the reaction mixture was shaken for additional
4 h. Solid support was washed with DMF, 10% MeOH in DMF,
H,0, MeOH, DCM, 10% MeOH in DCM and MeOH.

N-Phenyl-(3H -imidazo[2,1-i/]purin-7-yl)methylamine  (4a).
Yield 100%. HRMS (EI*) calcd for C,,H;N; 264.1123; found
264.1121.

N-Benzyl-(3H -imidazo| 2,1-i|purin-7-yl)methylamine  (4b).
Yield 84%. HRMS (EI*) caled for C;sH,N¢ 278.1278; found
278.1278.

N-Propyl-(3H -imidazo[2,1-i]purin-7-yl)methylamine (4c).
Yield 92%. HRMS (EI*) caled for C; H;;N, 230.1280; found
230.1280.

tert-Butyl {[(3H-imidazo[2,1-/]purin-7-yl)methyl]amino }acetate
(4d). 91% of tert-butyl protections were removed under the
cleavage conditions employed. The combined yield of the zert-
butyl ester and free acid was 90%. HRMS (ESI*) caled for
[MH*] C,,H,;,N(O, 303.1564; found 303.1560 and for C,,H;,N,O,
247.0938; found 247.0938.

N-tert-Butyl-(3H-imidazo[2,1-/]purin-7-yl)methylamine  (4e).
Yield 36%. HRMS (EI*) caled for C,; H;;N, 244.1436; found
244.1439.

2-(Hydroxymethyl)-2-{[(3H -imidazo|2,1-i]purin-7-yl)methyl]-
amino }propane-1,3-diol (4f).  Yield 35%. HRMS (ESI*) calcd for
[MH*] C},H,;NO; 293.1357; found 293.1352.

7-[(Piperidin-1-yl)methyl]-3 H-imidazo[2,1-i]purine (4i). Yield
73%. HRMS (FAB*) calcd for [MH*] C,;H,,N, 257.1515; found
230.1524.

N-[(3H-Imidazo[2,1-i]purin-7-yl)methyl]-4-aminobutanoic acid
(4j). 4-Aminobutyric acid (41.2 mg, 0.40 mmol) was suspended
in a mixture of formic acid (60 ul), MeOH (90 ul), and DMF
(1.35 mL). The suspension was added onto resin 2 (150 mg,
50 umol) and the mixture was shaken 30 min before adding 85%
NaCNBH; (25.1 mg, 0.34 mmol). After 5 h 30 min shaking, the
resin was washed with DMF, MeOH, 10% MecOH in DMF, DCM,
10% MeOH in DCM and MeOH. Yield 88%. HRMS (ESI*) caled
for [MH*] C,,H5sN,O, 275.1251; found 275.1257.

tert-Butyl N-[(3H -imidazo|2,1-i|purin-7-yl)methyl]-4-amino-
butanoate (4k). The synthesis was performed as described for
4j, except that fert-butyl 4-aminobutanoate (79.6 mg, 0.50 mmol)
was used instead of 4-aminobutyric acid. Analytical sample was
cleaved from the resin by shaking in 5% TFA in DCM for
1 hour. The resin was filtered by suction and rinsed successively
with CH,Cl, (1 mL) and MeOH (1 mL). The filtrate was
neutralized with pyridine and solvents were evaporated under
reduced pressure. Yield 91%. HRMS (EI*) caled for C,¢H,,N,O,
330.1804; found 330.1801.

N-Ethyl-N-|(3H -imidazo[2,1-i]purin-7-yl)methyl]-4-aminobuta-
noic acid (41). Acetaldehyde (4.0 mg, 91 umol), 85% NaCNBH;
(6.7 mg, 91 umol), formic acid (12 ul), MeOH (30 pl) and DMF
(260 pl) were mixed and added onto solid-supported 4j (30 mg,
9 umol). The reaction mixture was shaken for 3 h and then washed
with CH,Cl,, 10% MeOH in DMF, MeOH, CH,Cl,, 10% MeOH
in CH,Cl, and MeOH. Yield 74%. '"HNMR (500 MHz, D,0): 0 =
1.40 (t, *J w7y = 7.3 Hz, 3 H, CH,p,), 2.07 (m, 2 H, H3), 2.50 (t,
*Jwms = 6.9 Hz, 2 H, H2), 3.34 (m, 2 H, H4), 3.40 (q, *Ju17py =
7.3 Hz, 2 H, CH,y,), 4.99 (s, 2 H, CH,Im), 8.04 (s, 1 H, HY'), 8.48
(s, 1 H, H2), 9.31 (s, 1 H, HY). HRMS (FAB") calcd for [MH*]
C,HyNO, 303.1569; found 303.1564.

N-(2-Hydroxyethyl)-N-|(3H -imidazo|2,1-i]purin-7-yl)methyl]-
4-aminobutanoic acid (4m). The synthesis was performed as
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described for 41, except that glycolaldehyde dimer (10.8 mg,
90 umol) was used instead of acetaldehyde. Yield 80%. "H NMR
(500 MHz, D,0): 6 = 2.11 (m, 2 H, H3), 2.51 (t, *Jy.13 = 6.8 Hz,
2 H, H2), 3.40 (t, *Jusms = 8.1 Hz, 2 H, H4), 3.53 (t, *Jnyr o =
5.1 Hz, 2 H, CH,Ny), 4.04 (t, *Ju74r = 5.1 Hz, 2 H, CH,Oy,),
5.09 (s, 2 H, CH,Im), 8.10 (s, 1 H, H8'), 8.51 (s, 1 H, H2), 9.37 (s,
1 H, HY). HRMS (FAB") caled for [MH*] C,;H,N;O; 319.1519;
found 319.1507.

N-(Carboxymethyl)- V-[(3H -imidazo|2,1-i|purin-7-yl)methyl]-
4-aminobutanoic acid (4n). The synthesis was performed as
described for 41, except that glyoxylic acid monohydrate (8.3 mg,
90 umol) was used instead of acetaldehyde. Yield 80%. "H NMR
(500 MHz, D,0): 6 = 2.23 (m, 2 H, H3), 2.67 (t, *Jy.13 = 6.8 Hz,
2H,H2),3.52(t,*Jusme = 7.9 Hz, 2 H, H4), 4.08 (s, 2 H, CH,CO),
5.15(s, 2 H, CH,Im), 8.26 (s, 1 H, H8'), 8.71 (s, 1 H, H2), 9.78 (s,
1 H, HY). HRMS (FAB*) calcd for MH*] C,,H,,N(O, 333.1311;
found 333.1322.

N-Acetyl- N-[(3H -imidazo|2,1-i|purin-7-yl)methyl]-4-amino-
butanoic acid (40). Solid-supported 4k (30 mg, 9 umol) was
flushed 1 h with freshly prepared solution of acetic anhydride
(100 ul), 2,6-lutidine (100 pl), and N-methylimidazole (160 ul)
in THF (1.64 mL). The resin was washed with THF, CH,Cl,, 5%
AcOH in CH,Cl,, 10% MeOH in CH,Cl, and MeOH. The product
was cleaved from the solid support and purified as 4l. Yield 91%.
'"H NMR (500 MHz, D,0): 6 = 1.91 (m, 2 H, H3), 2.23 (s, 3 H,
CH;CO), 241 (t, *Jyous = 7.1 Hz, 2 H, H2), 3.45 (t, *Juspe =
7.8 Hz, 2 H, H4), 5.11 (s, 2 H, CH,Im), 7.89 (s, 1 H, HY'), 8.51
(s, 1 H, H2'), 9.29 (s, 1 H, H5). HRMS (FAB") calcd for [MH*]
C,H;N4O; 317.1362; found 317.1350.

N-|N-(Fluoren-9-ylmethoxycarbonyl)glycyl]-N-[(3H -imidazo-
|2,1-i]purin-7-yl)methyl]-4-aminobutanoic acid (4p). N-(Fluoren-
9-ylmethoxycarbonyl)glycine (13.4 mg, 45 umol), TBTU (14.4 mg,
45 pmol) and DIEA (7.8 pl, 45 pmol) were dissolved in DMF
(295 ul). The mixture was shaken 1 h with solid-supported 4k
(30 mg, 9 umol). The resin was subsequently washed with CH,Cl,,
10% MeOH in CH,Cl, and MeOH. The product was cleaved
from the solid support and purified as 4l. Yield 60%. '"H NMR
(500 MHz, (CD;),CO): 6 = 1.94 (m, 2 H, H3), 2.39 (m, 2 H, H2),
3.40 (m, 2 H, H4), 4.15 (s, 2 H, CH,CO), 4.28 (t, *Jun = 7.2 Hz,
1 H, Fmoc), 4.34 (dist. d, *Jy 4 = 7.2 Hz, 2 H, Fmoc), 5.16 (s, 2 H,
CH,Im), 7.34 (m, 2 H, Fmoc), 7.41 (m, 2 H, Fmoc), 7.72 (s, 1 H,
HY'), 7.76 (m, 2 H, Fmoc), 7.86 (m, 2 H, Fmoc), 8.29 (s, 1 H, H2'),
9.22 (s, 1 H, HY). HRMS (FAB*) calcd for [MH*] C,HN;Os
554.2152; found 554.2174.

1-|(3H-Imidazo|2,1-{]purin-7-yl)methyl|pyrrolidin-2-one  (4q).
HBTU (5.7 mg, 15 umol) and DIEA (5.2 uL, 30 pmol) were
dissolved in DMF (45 pL). The solution was added onto 4j
(4.3 mg, 3 pmol). The mixture was shaken for 1 h and then washed
with DMF, CH,Cl,, 10% MeOH in CH,Cl, and MeOH. Yield
89%. "H NMR (500 MHz, (CDCl;): 6 = 2.03 (m, 2 H, H2'), 2.48
(t, *Jun = 8.1 Hz,2 H, H1"), 3.33 (t, *Jyn = 7.1 Hz, 2 H, H3),
491 (s, 2 H, CH,Im), 7.59 (s, 1 H, HS8), 8.28 (s, 1 H, H2), 9.33
(s, 1 H, HS). HRMS (EI*) calcd for C,;H;N;O 256.1073; found
256.1076.

N-Benzyl-N-[(3H -imidazo|2,1-i]|purin-7-yl)methyl]acetamide
(4r). Benzylamine (10.7 mg, 0.1 mmol) and formic acid (12 pL,

0.32 mmol) dissolved in DMF (275 uL) were added onto 2
(30 mg, 10 umol). After 30 min shaking, 85% NaCNBH; (6.3 mg,
85 umol) was added to the reaction mixture and the shaking was
continued for 4 h 30 min. The resin was washed with DMF, 10%
MeOH in DMF, MeOH, CH,Cl,, 10% MeOH in CH,Cl, and
MeOH. The reaction was repeated and the resin was dried in a
vacuum desiccator. The resin was shaken in 20% acetic anhydride
in CH,Cl, (1 mL) for 1 h and washed with CH,Cl,, 10% Py in
CH,Cl,, DCM, 10% MeOH in CH,Cl, and MeOH. Yield 79%.
'H NMR (500 MHz, 10% CD,;0D, CDCl;): § = 2.28 (s, 3 H,
CH,;CO), 4.54 (s,2 H, CH,3,), 5.05 (s, 2 H, CH,Im), 7.16 (m, 2 H,
Hy,2), 7.35-7.38 (m, 3 H, Hy,3, Hy,4), 7.51 (s, 1 H, HS), 8.33 (s,
1 H, H2), 9.40 (s, 1 H, H5). HRMS (EI*) calcd for C,;H(N,O,
320.1386; found 320.1389.

Acknowledgements

This project was financed by TEKES (The National Technology
Agency).

References

1 M. Legraverend and D. S. Grierson, Bioorg. Med. Chem., 2006, 14,
3987-4006.

2 (a) H. Daub, K. Specht and A. Ullrich, Nat. Rev. Drug Discovery, 2004,
3, 1001; (b) F. I. Raynaud, P. M. Fischer, B. P. Nutley, P. M. Goddard,
D. P. Lane and P. Workman, Mol. Cancer Ther., 2004, 3, 353; (¢) Z. A.
Knight and K. M. Shokat, Chem. Biol., 2005, 12, 621; (d) Y. Liu and
N. S. Gray, Nat. Chem. Biol., 2006, 2, 358.

3 (a) P. Raboisson, C. Lugnier, C. E. Miiller, J.-M. Reimund, D. Schultz,
G. Pinna, A. Le Bec, H. Basaran, L. Desaubry, F. Gaudiot, M.
Selouma and J.-J. Bourguignon, Eur. J. Med. Chem., 2003, 38, 199;
(b) J. W. F. Whitehead, G. P. Lee, P. Gharagozloo, P. Hofer, A. Gehrig,
P. Wintergerst, D. Smyth, W. McCoull, M. Hachicha, A. Patel and D. J.
Kyle, J. Med. Chem., 2005, 48, 1237; (¢) F. S. Menniti, W. S. Faraci and
C. J. Schmidt, Nat. Rev. Drug Discovery, 2006, 5, 660.

4 L. Llauger, H. He, J. Kim, J. Aguirre, N. Rosen, U. Peters, P. Davies
and G. Chiosis, J. Med. Chem., 2005, 48, 2892.

5 E.Chapman, M. D. Best, S. R. Hanson and C.-H. Wong, Angew. Chem.,
Int. Ed., 2004, 43, 3526.

6 A.Kurimoto, T. Ogino, S. Ichii, Y. Isobe, M. Tobe, H. Ogita, H. Takaku,
H. Sajiki, K. Hirota and H. Kawakami, Bioorg. Med. Chem., 2004, 12,
1091.

7 (a) X. Wu, J. Walker, J. Zhang, S. Ding and P. G. Schultz, Chem. Biol.,
2004, 11, 1229; (b) S. Chen, Q. Zhang, X. Wu, P. G. Schultz and S.
Ding, J. Am. Chem. Soc., 2004, 126, 410.

8 P. G. Baraldi, F. Fruttarolo, M. A. Tabrizi, R. Romagnoli, D. Preti, A.
Bovero, M. J. Pineda de Las Infantas, A. R. Moorman, K. Varani and
P. A. Borea, J. Med. Chem., 2004, 47, 5535.

9 (a) S.-A. Poulsen and R. J. Quinn, Bioorg. Med. Chem., 1998, 6, 619;
(h) Y. C. Kim, X. Ji, N. Melman, J. Linden and K. A. Jakobsen, J. Med.
Chem., 2000, 43, 1165; (c) J. Hockemeyer, J. C. Burbiel and C. E. Miiller,
J. Org. Chem., 2004, 69, 3308; (d) J. Zablocki, R. Kalla, T. Perry, V. Palle,
V. Varkhedkar, D. Xiao, A. Piscopio, T. Maa, A. Gimbel, J. Hao, N.
Chu, K. Leung and D. Zeng, Bioorg. Med. Chem. Lett., 2005, 15, 609.

10 J. P. Beck, A. G. Arvanitis, M. A. Curry, J. T. Rescinito, L. W. Fitzgerald,
P. J. Gilligan, R. Zaczek and G. L. Trainor, Bioorg. Med. Chem. Lett.,
1999, 9. 967.

11 A. K. Pathak, V. Pathak, L. E. Seitz, W. J. Suling and R. C. Reynolds,
J. Med. Chem., 2004, 47, 273.

12 (@) T. C. Norman, N. S. Gray, J. T. Koh and P. G. Schultz, J. Am. Chem.
Soc., 1996, 118, 7430; (b) V. Brun, M. Legraverend and D. S. Grierson,
Tetrahedron Lett., 2001, 42, 8165; (c) W. J. Pitts, W. Vaccaro, T. Huynh,
K. Leftheris, J. Y. Roberge, J. Barbosa, J. Guo, B. Brown, A. Watson,
K. Donaldson, G. C. Starling, P. A. Kiener, M. A. Poss, J. H. Dodd and
J. C. Barrish, Bioorg. Med. Chem. Lett., 2004, 14, 2955; (d) E. Gunic,
R. Amador, F. Rong, J. W. Abt, H. An, Z. Hong and J.-L. Girardet,
Nucleosides, Nucleotides Nucleic Acids, 2004, 23, 495; (e) J. Chang, C.
Dong, X. Guo, W. Hu, S. Cheng, Q. Wang and R. Chen, Bioorg. Med.
Chem., 2005, 13, 4760.

4512 | Org. Biomol. Chem., 2006, 4, 4506-4513

This journal is © The Royal Society of Chemistry 2006





13 (a) Y.-T. Chang, N. S. Gray, G. R. Rosania, D. P. Sutherlin, S. Kwon,
T. C.Norman, R. Rarohia, M. Leost, L. Meijer and P. G. Schultz, Chem.
Biol., 1999, 6, 361; (b) S. Ding, N. S. Gray, Q. Ding and P. G. Schultz,
J. Org. Chem., 2001, 66, 8273; (c) P. H. Dorff and R. S. Garigipati,
Tetrahedron Lett., 2001, 42, 2771; (d) V. Brun, M. Legraverend and
D. S. Grierson, Tetrahedron, 2002, 58, 7911; (¢) S. Ding, N. S. Gray, Q.
Ding, X. Wu and P. G. Schultz, J. Comb. Chem., 2002, 4, 183.

14 Y.-h. Koh, M. B. Landesman, R. Amador, F. Rong, H. An, Z. Hong
and J.-L. Girardet, Nucleosides, Nucleotides Nucleic Acids, 2004, 23,
501.

15 (a) P. G. Baraldi, D. Preti, M. A. Tabrizi, F. Fruttarolo, R. Romagnoli,
A. A. Zaid, A. R. Moorman, S. Merighi, K. Varani and P. A. Borea,
J. Med. Chem., 2005, 48, 4697; (b) S. Moro, Z.-G. Gao, K. A. Jacobson
and G. Spalluto, Med. Res. Rev., 2006, 26, 131.

16 (a¢) N. K. Kochetkov, V. N. Shibaev and A. A. Kost, Tetrahedron
Lett., 1971, 22, 1993; (b) J. R. Barrio, J. A. Secrist, IIT and N. J.
Leonard, Biochem. Biophys. Res. Commun., 1972, 46, 597; (¢) R. B.
Meyer, Jr., D. A. Shuman, R. K. Robins, J. P. Miller and L. N. Simon,
J. Med. Chem., 1973, 16, 1319; (d) V. Nair, R. J. Offerman and G. A.
Turner, J. Org. Chem., 1984, 49, 4021; (¢) N. J. Leonard and K. A.
Cruickshank, J. Org. Chem., 1985, 50, 2480; (f) J. Maki, R. Sjoholm
and L. Kronberg, J. Chem. Soc., Perkin Trans. 1, 1999, 2923; (g) P.
Virta, T. Holmstrom, T. Munter, T. Nyholm, L. Kronberg and R.
Sjoholm, Nucleosides, Nucleotides Nucleic Acids, 2003, 22, 85; (h) M. B.
Doughty, K. Aboudehen, G. Anderson, K. Li, B. Moore, II and T.
Poolson, Nucleosides, Nucleotides Nucleic Acids, 2004, 23, 1751.

17 (@) V. Nair and R. J. Offerman, J. Org. Chem., 1985, 50, 5627; (b) R. S.
Sodum and F.-L. Chung, Cancer Res., 1991, 5, 137; (¢) V. M. Carvalho,
D. Gasparutto, P. Di Mascio, M. H. Medeiros and J. Cadet, Bioorg.
Med. Chem., 2003, 11, 2445.

18 B. Devadas and N. J. Leonard, J. Am. Chem. Soc., 1990, 112, 3125.

19 N. Tohme, C. Courseille, M. Demeunynck, M. F. Lhomme and J.
Lhomme, Tetrahedron Lett., 1985, 26, 3799-3802.

20 L. Bialy, J. J. Diaz-Mochon, E. Specker, L. Keinicke and M. Bradley,
Tetrahedron, 2005, 61, 8295.

21 S. Trofimenko, J. Org. Chem., 1963, 28, 3243.

22 S. Mikkola, N. Koissi, K. Ketomiki, S. Rauvala, K. Neuvonen and H.
Lonnberg, Eur. J. Org. Chem., 2000, 2315.

23 A. M. Ruohola, N. Koissi, S. Andersson, I. Lepisto, K. Neuvonen, S.
Mikkola and H. Lonnberg, Org. Biomol. Chem., 2004, 2, 1943.

24 F. Le Curieux, T. Munter and L. Kronberg, Chem. Res. Toxicol., 1997,
10, 1180.

25 G. F. Field and W. J. Zally, US Pat. 4194049, 1980.

26 R. F. Borch, M. D. Bernstein and H. D. Durst, J. Am. Chem. Soc.,
1971, 93, 2897-2904.

27 A. F. Abdel-Magid, K. G. Carson, B. D. Harris, C. A. Maryanoff and
R. D. Shah, J Org. Chem., 1996, 61, 3849-3862.

28 A. F. Abdel-Magid, B. D. Harris and C. A. Maryanoff, Synlett, 1994,
81-83.

29 A. Pelter and T. E. Levitt, Tetrahedron, 1970, 26, 1545-1553.

30 D. B. Collum, S. C. Chen and B. Ganem, J. Org. Chem., 1978, 43,
4393-4394.

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 4506-4513 | 4513






PAPER

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

Energy transfer in chiral co-assemblies of triple hydrogen-bonded
oligo(p-phenylene vinylene)s and porphyrinf

Freek J. M. Hoeben, Maarten J. Pouderoijen, Albertus P. H. J. Schenning* and E. W. Meijer*

Received 4th September 2006, Accepted 13th October 2006

First published as an Advance Article on the web 2nd November 2006

DOI: 10.1039/b612790h

n—r Stacking of hydrogen-bonded porphyrin and oligo(p-phenylene vinylene)s (OPVs) yields helical

co-assemblies which exhibit energy transfer from OPV to porphyrin.

Self-organisation and molecular recognition based on hydrogen
bonding are widely observed phenomena in natural systems,
illustrating the strength of hydrogen bonding on directional
and cooperative self-assembly.! Numerous heterocomplementary
hydrogen bonding motifs have been designed; a classic example
being the combination of either barbituric or cyanuric acid
and melamine via triple hydrogen bonding. Originally described
in detail by Whitesides et al.,> the powerful combination of
synthetic accessibility and directionality has induced extensive
studies aiming at regular patterning of molecular building blocks.?
Its wide applicability is illustrated by implementation in varying
fields including e.g. covalent casting,* supramolecular networks,*
electro-optic thin films,® gels,” double rosette assemblies® and
supramolecular catalysis.” The use of similar, complementary hy-
drogen bonding interactions for creating functional, n-conjugated
assemblies has proven to be an attractive strategy,' however,
requires a thorough molecular design. Energy or electron transfer
studies using hydrogen-bonded dyes are ubiquitous but the
molecular components are generally not programmed to self-
assemble into elongated, stacked architectures."

We have previously studied self-organisation of hexameric
hydrogen-bonded cycles into tubular assemblies in apolar solvent,
based on oligo(p-phenylene vinylene) derivatives equipped with
s-triazine units (OPVnTs).”? Mixed assemblies were obtained by
addition of perylene bisimide, bearing a triple hydrogen bonding
array complementary to OPVnT." The hydrogen-bonding motif
of perylene bisimide resembles that of cyanuric acid and self-
assembly of naphthalene bisimides® and perylene bisimides'*
has indeed been achieved by complementary hydrogen bonding to
melamine.

The present paper focuses on stacked co-assemblies displaying
energy transfer® to an incorporated acceptor moiety bearing a
cyanuric acid motif (Chart 1)." Cyanuric acid is in principle easily
functionalized with any chromophore, rendering this approach
widely applicable. A porphyrin derivative bearing enantiomerically
pure 3,7-dimethyloctyloxy sidechains was equipped with cyanuric
acid (CN-Por), resulting in two available sites for hydrogen
bonding to OPVnT. CN-1 and CN-2 bearing dodecyl tails were
synthesized for reference purposes.

Laboratory of Macromolecular and Organic Chemistry, Eindhoven Univer-
sity of Technology, P.O. Box 513, 5600, M B Eindhoven, The Netherlands.
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T Electronic supplementary information (ESI) available: Synthetic proce-
dures, product characterisation and additional optical studies. See DOI:
10.1039/b612790h
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Chart 1

To prove 1 : 2 complexation, CN-Por was titrated to molecu-
larly dissolved OPVA4T. Since the association constant for triple
hydrogen bonding in chloroform is low (K,, ~ 200 M),
additional n—7 stacking interactions were required to prove 1 :
2 complexation. Therefore, the experiment was performed in
methylcyclohexane (MCH, [OPV4T] = 2 x 10~° M), an apolar
solvent used previously to induce OPV self-assembly. Upon
addition of CN-Por, quenching of OPV4T fluorescence, caused by
both aggregation as well as energy transfer to the porphyrin (vide
infra), clearly indicated the formation of a 1 : 2 stoichiometric
assembly (Fig. 1). It must be stressed that at the relatively low
concentrations used, pure OPV4T is not self-assembled, as was
concluded from concentration-dependent optical studies (Fig. 2).

Having established the intermolecular binding ratio, stoichio-
metric 1 : 2 CN-Por-OPVnT (n = 1,2)"® complexes were subjected
to temperature-dependent UV-vis, CD and fluorescence mea-
surements in MCH (Fig. 3 for OPV4T).” At low temperatures,
OPV4T and CN-Por display highly broadened spectral UV-vis
signatures, represented by a red-shifted band at the onset of
OPVA4T absorption at A = 487 nm and a broad, diminished
porphyrin Soret band. The presence of assembled species is corrob-
orated by a Cotton effect which appears to contain contributions
from both chromophores.® In the assembled state, the UV-vis
spectrum is a summation of the self-assembled spectra found for
pure CN-Porf and pure OPV4T** (at elevated concentrations)
and OPV fluorescence is almost completely quenched in favor of
porphyrin luminescence. This suggests co-assembly of porphyrin
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Fig. 1 Fluorescence spectra (/. = 340 nm)" for the addition of up to
4.5 x 10> M CN-Por to OPV4T (constant at 2 x 10~° M) in MCH. The
inset shows the fraction of aggregated species, determined by plotting the
ratio of luminescence intensities at 4 = 497 nm and A = 527 nm, as a
function of CN-Por addition.
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Fig.2 Self-assembly of OPV4T (A) and of its 1 : 2 hydrogen-bonded com-
plexes with CN-1 (@) and CN-Por (M), based on concentration-dependent
fluorescence data. Lines to guide the eye.

and OPVnT into separate, hydrogen-bonded stacks* displaying
energy transfer from the OPVs to the porphyrin moiety. Moreover,
since porphyrin absorption at 4., = 340 nm does not change
significantly with temperature,t a considerable antenna effect is
observed in the co-assemblies, as evidenced by the significant
increase of porphyrin luminescence.

At high temperature, the spectral features indicate disassembly
of the system characterised by molecularly dissolved absorption
features, the loss of the Cotton effect and recovery of OPV
fluorescence. This fully reversible transition from co-aggregates to
molecularly dissolved species occurs at a transition temperature
of 48 °C using OPV4T (4 x 10~ M) and, surprisingly, showed no
significant dependence on conjugation length.*

1.0

Stoichiometric 1 : 2 CN-1-OPVnT (n = 1,2)" complexes were
also subjected to temperature-dependent optical measurements
in MCH to probe the influence of the cyanuric acid moiety
on co-assembly.T At low temperature, the absorption maximum
of OPVA4T exhibits a relatively large bathochromic shift from
A = 427 nm to A = 443 nm and concomitantly, OPV4T
luminescence is strongly quenched and red-shifted. Moreover,
the chirality of the (S)-methylbutyloxy sidechains is expressed
at the supramolecular level in a bisignate Cotton effect with a
zero-crossing at 4 = 448 nm, close to the absorption maximum
at low temperatures. All observed spectral changes are fully
reversible and the transition temperature is 33 °C for OPV4T
(4 x 107° M), again showing no dependence on conjugation
length. From these overall results it can be concluded that both
OPVnTs form 1 : 2 helical co-assemblies with cyanuric acid. For
both oligomers, the observed transition temperature is higher in
hydrogen-bonded co-assemblies with CN-Por then with CN-1,
presumably as a consequence of additional porphyrin stacking
interactions. The clear absence of a significant stability dependence
on OPV conjugation length is in sharp contrast with previously
studied systems,'™!>22 suggesting that in the specific assembly
geometry the OPVs have a diminished influence on the stacking
behavior.

Apparently, hydrogen bonding to cyanuric acid provides a
scaffold for aggregation via stacking of the m-conjugated back-
bones. Since both pure OPVnTs are not aggregated at 4 X
10° M and a 1 : 1 CN-2-OPVA4T complex did not show any
signs of aggregation,t increased m—m interactions are required
for assembly at this concentration. This hypothesis was further
enhanced by concentration-dependent measurements on OPV4T
and 1 : 2 complexes of CN-1-OPV4T and CN-Por-OPV4T
(Fig. 2). Assembly of both hydrogen-bonded complexes occurs
at a lower concentration as compared to pure OPV4T. Moreover,
aggregation of the complex with CN-Por is stabilized with respect
to CN-1 as a consequence of additional n—r stacking interactions
of the porphyrin moiety. These findings confirm the increased
transition temperature upon going from a CN-1 to a CN-Por co-
assembly.

In the co-assembled state, CN-Por is expected to act as an
energy acceptor from OPV.2® When comparing the previous
experiments, the fluorescence of both OPVnTs is much more
quenched in co-assemblies with CN-Por than with CN-1. This
effect seems to be stronger for OPV4T than for OPV3T, which
may be a consequence of the more red-shifted fluorescence of
OPVAT, allowing for a better spectral overlap between OPV
fluorescence and the Q-bands of CN-Por.** To probe energy
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Fig. 3 Temperature-dependent (a) UV-vis (b) CD and (c) fluorescence (A = 340 nm) studies on 1 : 2 CN-Por-OPV4T ([OPV4T] = 4 x 10> M) in

MCH. The arrows indicate a temperature increase from 0 °C to 80 °C.
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Fig. 4 Exchange experiments performed by the addition of 0 to 40 mol% CN-Por to co-assembled CN-1-OPV4T in MCH at room temperature
monitored with (a) UV-vis (b) CD and (c) fluorescence (L. = 340 nm) spectroscopy ((OPV4T] = constant at 4 x 10~ M).

transfer from OPVA4T to the porphyrin, an exchange experiment
was performed starting from a 1 : 2 CN-1-OPV4T co-assembly in
MCH (Fig. 4, /... = 340 nm). Upon increasing the CN-Por content
from 0 to 40 mol% (compared to OPV4T), the characteristic
self-assembled OPV4T fluorescence with its principal peak at
Aen = 530 nm decreases in intensity in favour of porphyrin
luminescence at A, = 660 nm and /A, = 724 nm, indicative
of energy transfer from OPV4T to the porphyrin moiety. The
initial decrease follows Stern—Volmer behaviour (Kgy = 3.0 x
10° M) with a positive deviation from linearity at higher CN-
Por concentrations.t Concomitantly, the UV-vis and CD spectra
show a gradual transition from a pure 1 : 2 CN-1-OPV4T assembly
to a mixed OPV-porphyrin assembled system. At the point where
a 1 : 2 CN-Por-OPVAT stoichiometry is reached, the OPV4T
fluorescence quenching is similar to that observed in Fig. 3. The
enhanced stability of co-assembled OPV4T-CN-Por apparently
ensures the complete exchange of CN-1 for CN-Por.

In conclusion, we have made use of the classical melamine-
cyanuric acid hydrogen-bonding couple for the formation of
helically ordered, n-conjugated co-assemblies in dilute solution.
Non-covalent incorporation of an energy acceptor, thus impart-
ing functionality to these architectures, may prove valuable in
the quest for the successful implementation of supramolecular
electronics.
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The development and application of three new solid-supported reagents for use in the synthesis or
olefination of carbonyl compounds are described. The reagents include the Weinreb amide,
Mukaiyama’s S-2-pyridyl thioate and a Peterson methylenation reagent. As solid-supports p-benzyl
alcohol resin, Wang resin and Merrifield resin (1-2% crosslinked polystyrene) have been used.

Introduction

Throughout the last decade, the pharmaceutical industry has
gone through a major development which has resulted in an
ever growing demand for faster formation of new, structurally
diverse compounds. In the search for improved technologies
for fast preparation of chemical libraries, a new variation of
polymer-based synthesis has emerged. The method is termed
polymer assisted solution-phase synthesis or synthesis using solid-
supported reagents and catalysts. The technique relies on the
addition of a polymer-bound reagent or catalyst to a substrate in
solution in order to effect a chemical transformation. The product
is isolated by simple filtration of the mixture and evaporation of
the solvent. Since both substrate and product remain in solution
during the reaction, it is possible to use traditional analytical
techniques such as TLC, NMR and LCMS to monitor reaction
progress.’

The methodology has found wide application over the last
ten years, both in industry and in academic research groups.
In particular the impressive achievements of the Ley group in
preparing complex natural products exclusively by means of solid-
supported reagents and catalysts have highlighted the versatility
of this technique.**

Here we present the development and application of three new
solid-supported reagents for use in the synthesis or olefination of
carbonyl compounds. Carbonyl compounds and olefins are both
important building blocks in organic synthesis, and an easy route
to access these structures using solid-supported reagents would be
of considerable synthetic interest. In the present work, the solid
supports have been chosen based on which linker was suitable for
attachment of starting materials.

Results and discussion
Weinreb amide

The Weinreb amide 1 (Scheme 1) constitutes one of the classical
routes to carbonyl compounds through the combination of a
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Scheme 1 Formation of carbonyl compounds using the Weinreb amide.

carboxylic acid derivative and an organometallic reagent (Grig-
nard, organolithium or DIBAL-H). Normally, no over-addition
occurs due to formation of a stable chelated intermediate 2
which prevents further reaction with the organometallic reagent.
Subsequent treatment with acid promotes decomposition of the
intermediate to release the desired carbonyl compound 3.7 Since
its discovery in the early eighties by Weinreb and co-workers, the
method has found wide application in the synthesis of a variety of
compounds.'**2

The feasibility of attaching a Weinreb amide to a solid support
seems appealing, and with the increasing focus on solid-phase
chemistry during the last decade, several examples of solid-
supported Weinreb amides have appeared in the literature.’*™*

We envisioned constructing a solid-supported Weinreb amide 4
(Scheme 2) that could be easily synthesized on a solid support and
be regenerated by a simple acylation process and reused.

R'MgXx |
gX or o

O ! H*
P R'Li LN
2 — % '
o o
4
\ Reacylation

O.

b8
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)
o
A

Scheme 2 Formation of carbonyl compounds using a solid-supported
Weinreb amide.

Furthermore, we wanted to investigate other types of nucle-
ophiles apart from the simple organometallic reagents that have
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Scheme 3 Reagents and conditions: (i) p-benzyl alcohol resin, THF, PPh;, DIAD, rt, 16 h, (i) MeONH,HCI, DIPEA, DMF, reflux, 8 h, (iii) NaCNBHj;,

THEF, H,SO,~MeOH, rt, 16 h, (iv) RCOCI, Et;N, DCM, rt, 16 h.

already been reported, and to expand the range to include small
heterocycles and alkynes containing an acidic hydrogen.

A solid-phase synthesis of the Weinreb amide was thus proposed
(Scheme 3). p-Hydroxybenzaldehyde 7 was first attached to
the polystyrene via a benzylalcohol linker under Mitsunobu
conditions. The resulting resin 8 was next treated with O-
methylhydroxylamine hydrochloride in the presence of DIPEA
giving the oxime 9. Reduction of 9 to the hydroxylamine was
achieved by treatment with NaCNBH; in THF-MeOH in the
presence of sulfuric acid, and finally acylation of amine 10 using
benzoyl chloride or hydrocinnamoyl chloride in the presence
of Et;N completed the synthesis of the Weinreb reagents 11
and 12.

The solid-bound Weinreb reagents were first employed in the
synthesis of carbonyl compounds using commercially available
organometallic reagents (Table 1). The reactions were carried out
at 0 °C in THF using a four fold excess of organometallic reagent.
After stirring for one hour, a mixture of HCI (aq)-THF (1 : 1)
was added whereby the carbonyl compound was liberated into
solution. After filtration of the resin, the solvent was removed
under reduced pressure and the crude product was passed through
a short silica gel column.

No over-addition to give the tertiary alcohol was observed. We
also tested lithiated alkynes and small heterocyclic compounds as
nucleophiles (Table 1). The lithiation was carried out by treatment
with an equivalent amount of n-BuLiin THF at 0 °C. After stirring
for 30 min, the solution was transferred to the solid-supported
Weinreb amide. Also in these cases no over-addition to give the
tertiary alcohol was observed. After washing and drying, the spent
resins 14 were reacylated and reused. Typically the yield of the
carbonyl compound was unchanged after the first recyclization,
hereafter it dropped with approximately 5% for each time the resin
was recycled and the purity of the crude products was lower. It
was possible to reuse a resin up to three times and still obtain an
acceptable yield of carbonyl compound. The yields reported in

Table 1 were obtained with a solid-bound Weinreb amide that had
not been recycled.

The results obtained using simple organometallic reagents as nu-
cleophiles are comparable to what has been reported by others.’!*
To our knowledge there are no examples in the literature of using
lithiated alkynes and heterocyclic compounds as nucleophiles in
the reaction with solid-supported Weinreb amides. Nor are we
aware of any examples of solid-supported Weinreb amides that
have been recycled. The decrease in yields observed with recovered
solids may be due to the low mechanical resistance of these solids
under stirring, which gives rise to loss during filtration.

S-(2-Pyridyl) thioate

The formation of carbonyl compounds via addition of Grignard
reagents to S-(2-pyridyl) thioates 15 (Scheme 4) was first reported
by Mukaiyama and co-workers in 1973.'%Y At that time the
method proved to be superior over other known routes to
carbonyl compounds such as addition of Grignard reagents to
acid chlorides, amides or acid anhydrides, in that no formation
of tertiary alcohols occurred. A mechanism was proposed by
Mukaiyama as illustrated in Scheme 4.

0
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Scheme 4 Application of a solid-supported S-(2-pyridyl) thioate.

Upon addition of a Grignard reagent to the S-(2-pyridyl)
thioate 15, the 6-membered chelated intermediate 16 is formed
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Table 1 Synthesis of carbonyl compounds using solid-supported Weinreb amide

(i) R'MgX or
R'Li, THF

OJ\R 9]

Ph
(CH2)2Ph

T

11R=
12R=

(i) HCI (aq)/THF

i

o]

Pt

R

13

RCOCI, EtsN,

DCM

Entry Nucleophile, R’ Yield (R = Ph)* Yield (R = (CH,),Ph)”
1 DIBAL-H 13a 27% 13g 24%
2 MeMgBr 13b 38% 13h 33%
3 PhMgBr 13¢ 37% 13i 38%
4 AllyIMgBr 13d 35% 13§ 30%
5 HexylMgBr 13e 35% 13k 27%
6 EthylMgBr 13 32% 13129%
7 13m 35% 13q 31%

A
Li
8 13n 25% 13r 23%
F
Li
9 S 130 34% 13s 33%
(e
10 13p 36% 13t 33%

“The reported yields are based on the initial loading of the commercially available resin.

which initially was believed to be stable, thus preventing further
addition of Grignard reagents. However, IR experiments during
the reaction revealed the constant presence of a carbonyl stretch,
indicating that the intermediate was not stable but immediately
transformed to 17 and the carbonyl compound. It was hence
concluded that the formation of carbonyl compounds could be
attributed to the higher reactivity of the S-(2-pyridyl) thioates
towards Grignard reagents compared to the ketone. This could
be explained on the basis of a six-membered transition state in
which the Grignard reagent is co-ordinated to the pyridyl nitrogen

and the R’ group is transferred intramolecularly. Although not
as common as the Weinreb amide, the above-described method
has been applied in a number of synthetic transformations since it
was first reported.’*2° We were surprised that this useful technique
has been under-used and the aim of our work was to develop a
solid-supported version of the S-(2-pyridyl) thioate 18 (Scheme 5).

In contrast to the Weinreb amide, which forms a stable chelated
intermediate, only an equivalent amount of Grignard reagent
should be added to the S-(2-pyridyl) thioate. As for the solid-
supported Weinreb amide we also wanted to investigate the

0O
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: Rng O (j\ &

‘ ’— ]
1 : \
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O R SMg
18 19 20
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Scheme 5 Formation of carbonyl compounds using S-(2-pyridyl) thioate.
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recovery and recycling of the spent solid-supported pyridine-2-
thiol 20.

It was decided to focus on 6-mercaptonicotinic acid 21 as
precursor for the reagent (Scheme 6).

o
() N
HO | t - HO | )
N SH N SH
21 22
0) Ho/\Ej\
—_—
~
N~ > SCPh;
23

Scheme 6  Reagents and conditions: (i) LiAlH,, THF, 0 °C-rt, 16 h, 56%,
(ii) CCIPh,, Et;N, DCM-THF, 0 °C, 3 h, 83%.

Reduction of the carboxylic acid functionality using LiAIH, was
accomplished in a moderate yield of 56%. Due to strong chelating
abilities of compound 22, extensive extraction with EtOAc-MeOH
mixtures was necessary. A range of protecting groups was next
tested for protection of sulfur. The protective group should
be selectively introduced on sulfur in solution-phase and easily
removed from the solid-supported compound and the trityl group
turned out to be the best choice. Introduction was achieved by
selective alkylation on sulfur using chlorotriphenylmethane in the
presence of triethylamine in THF-DCM providing compound
2324

The synthesis of the solid-supported reagents was carried
out as shown below (Scheme 7). Attachment of compound 23
to the linker 24 was achieved under Mitsunobu conditions.”
Subsequent removal of the trityl group was performed by
treatment with Et;SiH-TFA in DCM.? Upon the deprotection,
triphenylmethane was liberated to the solution as evident from
TLC. The resulting resin 26, which was now strongly yellow
coloured, presumably due to the free mercapto group, was acylated
employing triethylamine and benzoyl chloride or hydrocinnamoyl

(iv) 0] > N
—
S

27 R=Ph
28 R = (CH,),Ph

Scheme 7 Reagents and conditions: (i) KOH, DMF, 90 °C, 16 h,
(ii) PPh;, DIAD, 23, rt, 14 h (iii) Et;SiIH-TFA-DCM (5 : 5: 90), rt, 30 min,
(iv) RCOCI, Etz;N, DCM, 0 °C, 3 h.

chloride in DCM providing resins 27 and 28. During the acylation
process partial disappearance of the yellow colour was observed.

By measuring the weight gain or loss after each transformation,
the loadings were determined to 90-95% for all steps. Reagent
27 was next tested in the synthesis of carbonyl compounds
(Table 2). Addition of phenylmagnesiumbromide (1 eqv.) in
THF at 0 °C immediately liberated the corresponding carbonyl

Table 2 Addition of nucleophiles to solid-supported S-(2-pyridyl) thioate 27 and 28

B R
ad | \[]/ 1) R'MgX, THF

o. ~_.N O 2) NH,CI (aq)
]

0 °C, 30 min

27R =Ph
28 R = (CH,)zPh

e B sriseiN
S |

29 26

Entry Nucleophile, R’ Yield (R = Ph) Yield (R = (CH,),Ph)
1 PhMgBr 70% 45%

2 DIBAL-H No reaction No reaction

3 EtMgBr Over-addition Over-addition

4 AllylMgBr Over-addition Over-addition

“The yields are based on the initial loading of the commercially available resin.

4500 | Org. Biomol. Chem., 2006, 4, 4497-4505

This journal is © The Royal Society of Chemistry 2006





compound (benzophenone). The carbonyl compound was released
after addition of only 0.5 eqv. of Grignard reagent without any
acidic work-up. This observation verified Mukaiyama’s proposed
mechanism, which suggested that the chelated intermediate 16
(Scheme 4) was not stable but immediately decomposed to the
carbonyl compound and the magnesium thiolate. During the
reaction the resin stayed relatively colourless and only upon
addition of water the strongly yellow colour appeared, presumably
due to breakdown of the magnesium thiolate. Upon reaction
of resin 28 with phenylmagnesiumbromide the corresponding
carbonyl compound 1,3-diphenylpropan-1-one was obtained in
45% vyield together with traces of the corresponding tertiary
alcohol. After washing and drying, the spent resins 26 were
reacylated, and reused in the synthesis of carbonyl compounds.
An approximately 5% drop in the yields of carbonyl compounds
(benzophenone and 1,3-diphenylpropan-1-one) after the second
and third recycle was observed. Encouraged by these results we
tested the addition of other nucleophiles to 27 and 28.

Addition of DIBAL-H did not lead to any product formation
(which was also the case in solution-phase experiments). Quite
disappointingly, addition of either allylmagnesium-bromide or
ethylmagnesiumbromide led to exclusive over-addition to give the
tertiary alcohols even when only 0.5 eqv. of Grignard reagent were
added (Table 2). We believe this is due to the decreased reactivity
of the solid-bound S-(2-pyridyl) thioate reagent compared to the
solution-phase analogue probably due to diffusion limitations,
even though THF is a good solvent to swell the resin. As a
result of this, the Grignard reagent is more prone to react with
the already released carbonyl compound than the solid-supported
S-(2-pyridyl) thioate reagent. That this does not seem to be the case
in the formation of benzophenone is probably a result of both steric
and electronic factors. (Solution-phase experiments using lithiated
phenylacetylene, pentyne, furan and thiophene as nucleophiles (as
described in Table 1 for the Weinreb amide) led to exclusive over-
addition. Performing the reactions at low temperature (—78 °C)
did not change the result.) Based on these results the method must
therefore be considered to be limited to the synthesis of di-aryl
ketone derivatives. Only an equivalent amount of organometallic
reagent is allowed, which is naturally a limitation of the method.
This can to some extent be compensated by the possibility to
determine the loading of the resin relatively precisely, in that all the
solid-phase transformations towards the reagent seem to proceed
in almost quantitative yields. Moreover, the carbonyl compound
is released and can be isolated prior to the aqueous work-up.

Methylenation using a solid-supported Peterson reagent

The Peterson olefination reaction is one of the most powerful
routes to obtain olefins, and the method has been applied in
the construction of a wide range of molecules.**** We therefore
wanted to investigate a solid-supported version of a Peterson
methylenation reagent. The Peterson methylenation reaction has
not found as wide an application in organic synthesis as for
example the Wittig or Tebbe methylenation reactions, mainly due
to the susceptibility of the silyllithium reagents to act as bases
thus resulting in poor chemoselectivity. This can to some extent be
overcome by concomitant treatment with ceriumtrichloride and
TMEDA as described by Johnson and Tait.”” Our approach to
methylenation of carbonyl compounds using a solid-supported

Peterson reagent was envisioned to proceed as shown below
(Scheme 8).

\ P \ OH
S‘ &
v 0 S'\/\KR
— H
30 31
\S_,OH
(ii !
- A -
32 33

Scheme 8 Reagents and conditions: (i) a) n-BuLi b) RCHO (ii) acid or
base.

Halogen-lithium exchange of the solid-supported reagent 30
followed by addition of a carbonyl compound would generate the
B-hydroxysilane 31. Subsequent treatment with acid or base would
liberate the olefin 32 into solution, leaving the silanol by-product
33 bound to the solid support which could then be removed
by filtration. It was decided to focus on aromatic aldehydes as
carbonyl compounds.

In order to form the solid-supported reagent, p-bromophenol 34
(Scheme 9) was first attached to the polystyrene using Mitsunobu
conditions. The resulting solid-supported arylbromide 35 was
treated with n-BulLi to effect the halogen-lithium exchange. Sub-
sequent addition of (bromomethyl)dimethylsilylchloride provided
compound 36 which was isolated by filtration and dried under
reduced pressure.”® Resin 36 was re-suspended in THF and treated
with n-BulLi followed by addition of the aromatic aldehyde. After
filtration and drying of the resulting B-hydroxysilane 37, it was
re-suspended in THF and treated with KOrBu, whereby the
olefin was released into solution.”” The solid-supported silanol
by-product was removed by filtration and the olefin isolated by
evaporation of the solvent. A range of aromatic aldehydes with
a diverse substitution pattern on the aromatic ring was tested in
the methylenation reaction as shown in Table 3. The results clearly
demonstrate the utility of the reagent in methylenation of aromatic
aldehydes and to our knowledge this is the first example of a solid-
supported Peterson reagent.

Conclusions

Two new solid-supported reagents have been developed and tested
in the formation of carbonyl compounds, the Weinreb amide and
the S-(2-pyridyl) thioate.

Addition of commercially available Grignard reagents or lithi-
ated small heterocyclic compounds and alkynes to the solid-
supported Weinreb amides gave the corresponding carbonyl
compounds in good yields. Likewise, addition of phenylmagne-
siumbromide to the solid-supported S-(2-pyridyl) thioates resulted
in the corresponding carbonyl compounds. However, reaction with
aliphatic Grignard reagents led to exclusive over-addition to give
the tertiary alcohols. The method must therefore be considered to
be limited to the synthesis of di-aryl ketone derivatives.
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Table 3 Methylenation of aromatic aldehydes using a solid-supported
Peterson reagent

Entry Olefin Yield*

1 =
B
2 30%
AL -

OMe 21%

7z
38¢
OMe

OMe
4 = O, 18%
/\©: > 384
(¢]
25%
O 38e

6 22%
=
38f

23%"

25%"

“The yields are based on the initial loading of the commercially available
resin. * Due to volatility some material might have been lost during work-

up.

Methylenation of aromatic aldehydes was achieved by means
of a solid-supported Peterson reagent. A range of aldehydes with
different substituents on the aromatic ring was tested. In all cases
the methylenation reaction worked satisfactorily giving rise to the
corresponding olefin products. For all reagents tested, the yields
are lower than those obtained in solution, which in our experience
is the norm for solid-supported reagents.

Experimental

General experimental

'H NMR and “"C NMR spectra were recorded on a Varian
Mercury 300 Spectrometer or on a Varian Unity Inova 500
Spectrometer. Chemical shift values ¢ are reported in ppm relative
to the residual undeuterated solvent signal as internal standard.
IR spectra were recorded on a Perkin Elmer 1720 Infrared
Fourier Transformer Spectrometer using KBr tablets. TLC was
performed on 0.25 mm E. Merck silica gel plates (60F-274).
The plates were visualized using ultraviolet light or by exposure
to phosphomolybdic acid (10% in EtOH) followed by heating.
Column chromatography was performed using Merck silica gel
60 with a particle size of 0.040-0.063. Melting points were
obtained using a Heidolph capillary melting point apparatus
and are uncorrected. HRMS was recorded at the Department
of Chemistry, Copenhagen University.

THF was freshly distilled from sodium and benzophenone,
DCM and Et;N were freshly distilled from calcium hydride. DMF
and MeOH were dried and stored over 4 A molecular sieves.
Other commercially available reagents were used without further
purification unless otherwise noted.

Solid-supported reactions were carried out using a IKA KS
130 basic synthesizer. Solid-supported reactions under inert
atmosphere or at low temperature were performed using standard
glassware equipment and a magnetic stirrer bar. Resins were
purchased from Nova Biochem or Aldrich. The loadings reported
are based on the initial loading of the commercial resin and
should be considered as approximations based on weight gain
or loss of the resin after each chemical transformation. When
several sequential synthetic steps were performed on solid phase
the loadings are corrected for weight gain or loss of the resin.

Experimental procedures

Spectral and physical data for the following compounds are in
accordance with those reported in the literature.

13a,*° 13b,** 13¢,* 13d,** 13e,** 13f,* 13g,* 13h,* 13i,* 131,*
13n,** 130, 13p,* 13r,* 13s,* 13t,* 38a,” 38b,* 38c,* 38d,*
38e,*! 38f.
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Solid-supported 4-hydroxybenzaldehyde 8. p-Benzyl alcohol
resin (1.2 mmol g', 2.5 g, 3.0 mmol) was suspended in THF
(25 ml) and p-hydroxybenzaldehyde (1.86 g, 15.0 mmol) and PPh,
(3.93 g, 15.0 mmol) were added followed by DIAD (3.30, 2.8 ml,
15.0 mmol) in THF (2 ml). The mixture was agitated for 16 hours,
filtered and washed with DCM (3 x 20 ml) and dried under
reduced pressure. Loading: 95%; IR v,,,./cm™' 1697 (CO).

Solid-supported (E)-benzaldehyde O-methyl oxime 9. Resin 8
(2.4 g, 2.51 mmol) was suspended in DMF (20 ml) and O-
methylhydroxylamine hydrochloride (2.10 g, 25.1 mmol) and
DIPEA (3.24 g, 4.30 ml, 25.1 mmol) were added. The mixture was
heated at reflux for 8 hours. After cooling to room temperature
the resin was filtered and washed with DMF (3 x 20 ml), THF-
MeOH (1:1) (3 x 20 ml), THF (3 x 20 ml) and DCM (3 x 20 ml).
The resin was dried overnight under reduced pressure.

Solid-supported 4-((methoxyamino)methyl)phenol 10. Resin 9
(2.4 g, 2.36 mmol) was suspended in THF (20 ml) and NaCNBHj,
(1.04 g, 16.5 mmol) was added. A mixture of MeOH-sulfuric acid
(10 : 1) (5 ml) was added dropwise at 0 °C and the mixture was
agitated for 16 hours at room temperature. The resin was filtered
and washed with water-MeOH (1 : 1) (5 x 20 ml), THF-MeOH
(1:1) (3 x 20 ml), THF (3 x 20 ml), and DCM (3 x 20 ml) and
dried overnight under reduced pressure.

Solid-supported Weinreb amide, R = Ph 11, R = (CH,),Ph 12.
Resin 10 (2.0 g, 1.96 mmol) was suspended in dry DCM (20 ml)
and Et;N (1.39 g, 1.92 ml, 13.7 mmol) was added. The resin was
agitated for 20 min followed by dropwise addition of the acid
chloride (7 eqv.) in dry DCM (1 ml). After agitating for 16 h, the
resin was washed with water-MeOH (1 : 1) (3 x 15 ml), THF-
MeOH (1:1)(3 x 15ml), THF (3 x 15ml), and DCM (3 x 15 ml)
and dried overnight under reduced pressure. Loading: 60% (over
three steps); 11: IR v,,./cm™" 1610 (CO); 12: IR v, ./cm™' 1718
(CO).

General procedure for synthesis of carbonyl compounds using
solid-supported Weinreb amides 11 and 12. To an ice-cooled sus-
pension of the solid-bound Weinreb amides 11 (0.5 g, 0.43 mmol)
or 12 (0.5 g, 0.41 mmol) in dry THF (5 ml), was added the
nucleophilic reagent (4 eqv.) dropwise under argon. After agitating
for one hour, HCI (aq) (IM)-THF (1 : 1) (2 ml) was added slowly.
The mixture was agitated for an additional 15 min, filtered and
washed with THF (3 x 5 ml) and DCM (3 x 5 ml). The filtrate
was evaporated to dryness, dissolved in EtOAc-hexane (1: 1) and
passed through a short silica gel column. The solvent was removed
under reduced pressure and the product was dried overnight.

General procedure for preparation of lithiated nucleophiles

The substrate was dissolved in dry THF at 0 °C under argon and n-
BulLi (1 eqv.) was added dropwise. The mixture was stirred at 0 °C
for 30 min and then added dropwise to the solid-bound Weinreb
amide.

General procedure for reacylation of used resin 14. The spent
resin was washed with water-MeOH (1 : 1) (3 x 5ml), MeOH (3 x
Sml), THF (3 x 5ml), and DCM (3 x 5 ml) and dried overnight
under reduced pressure. Dry DCM (5 ml) was added to the resin
followed by Et;N (7 eqv.). After 30 min, the acid chloride (7 eqv.)
in DCM (1 ml) was added dropwise, and the mixture was agitated

for 16 hours. The resin was filtered and washed with THF-MeOH
(1:1)(3 x 10ml), THF (3 x 10 ml) and DCM (3 x 10 ml) and
dried overnight under reduced pressure.

1-Phenylhex-2-yn-1-one 13m. Compound 13m (26 mg,
0.15 mmol, 35%) was prepared following the general procedure.
Jn (300 MHz, CDCl;) 8.15 (2 H, d, J 8.0), 7.58 (1 H, m), 7.45 (2
H,m),2.452H,t,J7.2),1.67(Q2H,tq,J7.2,7.0),1.05 3H, t,J
7.1); 6 (75 MHz, CDCl,) 178.2, 136.8, 133.9, 129.5, 128.4, 96.7,
79.7,21.3, 21.1, 13.6; m/z (+FAB) 173.0966 (M + H*). C,,H,,O
requires 172.0888.

1-Phenylhex-5-en-3-one  13j. Compound 13j (21 mg,
0.12 mmol, 30%) was prepared following the general procedure.
Jn (300 MHz, CDCl;) 7.15-7.37 (5§ H, m), 5.90 (1 H, m), 5.15 (1
H, m), 5.11 (1 H,m), 3.17(2H, m),2.92 (2 H, t, J 6.9),2.75 (2 H,
t, J 6.9); oc (75 MHz, CDCl;) 193.2, 140.9, 130.0, 128.4, 128.3,
126.1, 118.9, 47.8, 43.8, 29.6; m/z (+FAB) 175.1121 (M + H").
C,H,,0 requires 175.1123.

1-Phenylnonan-3-one 13k. Compound 13k (24 mg, 0.11 mmol,
27%) was prepared following the general procedure. d; (300 MHz,
CDCl;) 7.31(2H, m), 7.18 3H, m),2.91 (2 H, t,J 7.2),2.71 2 H,
t,J7.2),2.35(2H,t,J7.1),1.53 (2 H, m), 1.27 (6 H, m), 0.88 (3
H,t,J 7.1);0¢ (75 MHz, CDCl;) 210.4, 141.1, 128.4, 128.3, 126.0,
44.2,43.0,31.5,29.7,28.8, 23.7, 22.4, 14.0; m/z (+FAB) 241.1568
(M + Na*). C;sH»,O requires 241.1568.

1-Phenyloct-4-yn-3-one  13q. Compound 13q (22 mg,
0.13 mmol, 31%) was prepared following the general procedure.
Jn (300 MHz, CDCl,) 7.25 (2 H, m), 7.08-7.12 (3 H, m), 2.90 (2
H,t,J7.0),2.75(2H,t,J7.0),210(2H,t,J 6.9), 1.55 (2 H, tq,
J 7.0,7.0),0.93 3H, t,J 7.0); dc (75 MHz, CDCl;) 187.8, 140.7,
128.6, 127.5, 126.3, 98.6, 91.9, 43.8, 32.7, 21.3, 20.3, 13.5; m/z
(+FAB) 223.1106 (M + Na*). C,,H 5O requires 223.1099.

6-(Mercaptopyridine-3-yl)methanol 22. To an ice-cooled solu-
tion of LiAlH, (1 M in THEF, 58 mmol, 58.0 ml) in dry THF
(200 ml) was added 6-mercaptonicotinic acid (6.0 g, 38.8 mmol) in
small portions. After stirring for 16 hours, the mixture was cooled
to 0 °C and cold water (2.4 ml) was added slowly followed by
NaOH (aq) (4 M, 2.4 ml) and additional cold water (6.8 ml). The
mixture was filtered and the solid was extracted repeatedly with
a mixture of EtOAc-MeOH 9 : 1. The filtrate was concentrated
under reduced pressure and purified by column chromatography
(eluent: EtOAc-MeOH 9 : 1) to give compound 22 (3.06 g,
21.6 mmol, 56%) as a yellow solid. Mp.: 85-87 °C; dy; (300 MHz,
CDCl) 7.98 (1 H, s), 7.75 (1 H, m), 7.61 (1 H, m), 4.68 (2 H, s);
dc (75 MHz, CDCl;) 176.8, 137.8, 136.0, 133.2, 128.1, 60.1; m/z
(+ED) 141.

(6-Tritylthio)pyridine-3-yl)methanol 23. Compound 22 (6.0 g,
42.6 mmol) was dissolved in dry DCM-dry THF (1 : 1) (150 ml)
and Et;N (8.60 g, 11.8 ml, 85.1 mmol) was added. The solution was
cooled to 0 °C and triphenylchloromethane (13.05 g, 46.8 mmol)
in dry THF (60 ml) was added slowly. After stirring for 3 hours, the
solvent was removed under reduced pressure and the residue was
dissolved in EtOAc and washed with saturated NaHCO; (aq) (2 x
100 ml) and saturated NaCl (aq) (2 x 100 ml). The organic phase
was dried over Na,SO,, concentrated under reduced pressure and
the crude product was purified by column chromatography (eluent:
hexane-EtOAc 8 : 1 to 2 : 1) to give compound 23 (13.5 g,
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35.3 mmol, 83%) as a light yellow solid. Mp.: 137-140 °C; dy
(300 MHz, CDCl;) 8.22 (1 H, s), 7.43 (6 H, m), 7.23 (10 H, m),
6.60 (1 H, d, J 8.1), 4.51 (2 H, s), 2.67 (1 H, s); 6c (75 MHz,
CDCl;) 158.4,147.5,143.9,134.9,132.9,130.0, 127.9, 127.0, 124.9,
70.3, 62.1; m/z (+FAB) 384.1422 (M + H"). C,sH,,NOS requires
384.1422.

Solid-supported p-mercaptophenol 24. To a suspension of
Merrifield resin (1.0 mmol g, 3.0 g, 3.0 mmol) in dry DMF (30 ml)
was added KOH (1.65 g, 30 mmol) and p-mercaptophenol (1.89 g,
15 mmol). The mixture was heated at 90 °C for 16 hours. After
cooling to room temperature the resin was filtered and washed
with water—-MeOH (1 : 1) (3 x 25 ml), DMF (3 x 25 ml), MeOH
(3 x 25 ml), THF (3 x 25 ml) and DCM (3 x 25 ml). The resin
was dried under reduced pressure overnight. Loading: 93%.

Solid-supported (6-(tritylthio)pyridin-3-yl)methanol 25. Resin
24 (2.5 g, 2.27 mmol) was suspended in THF (20 ml) and PPh;
(2.38 g, 9.1 mmol) and compound 23 (3.49 g, 9.1 mmol) was
added. DIAD (1.84 g, 1.79 ml, 9.1 mmol) in THF (2 ml) was
added dropwise and the resin was agitated for 14 hours, filtered
and washed with MeOH (3 x 20 ml), THF (3 x 20 ml) and DCM
(3 x 20 ml) and dried under reduced pressure overnight. Loading:
97%.

Solid-supported (6-mercaptopyridine-3-yl)methanol 26. Resin
25 (3.0 g, 1.63 mmol) was treated with a mixture of TFA-Et;SiH-
DCM (5:5:90) (20 ml) for 15 minutes. After filtration of the resin,
the procedure was repeated. The resin was washed with MeOH-
THF (1:1) (3 x 20 ml), THF (3 x 20 ml), DCM (3 x 20 ml) and
dried under reduced pressure. Loading: 96%.

Solid-supported S-(2-pyridyl) thioate (mercaptophenol linker),
R = Ph 27 R = (CH,),Ph 28. Dry DCM (10 ml) was added
to resin 26 (1.0 g, 0.8 mmol) at 0 °C followed by Et;N (5 eqv.).
After 45 minutes the acid chloride (5 eqv.) in dry DCM (1 ml) was
added dropwise. The resin was agitated for 3 hours at 0 °C, filtered
and washed with MeOH-water (1 : 1) (3 x 10 ml), MeOH (3 x
10 ml), MeOH-THF (1: 1) (3 x 10 ml), THF (3 x 10 ml), DCM
(3 x 10 ml). The resin was dried under reduced pressure. Loading
27: 95%, 28: 90%.

General procedure for solid-phase synthesis of carbonyl com-
pounds using S-(2-pyridyl) thioate resins 27 and 28. Dry THF
(3 ml) was added to the resin 27 (0.5 g, 0.34 mmol) or resin 28 (0.5 g,
0.33 mmol) under argon at 0 °C followed by dropwise addition
of the organometallic reagent (1 eqv.) The mixture was stirred at
0 °C for 30 min followed by slow addition of saturated NH,Cl (aq)
(2 ml) and water (1 ml). The resin was stirred for 15 min, filtered
and washed with THF (5 x 5 ml). The filtrate was concentrated
under reduced pressure, dissolved in EtOAc-hexane (1 : 1), passed
through a short silica gel column and concentrated under reduced
pressure. Alternatively, the carbonyl compound could be isolated
by filtration of the resin prior to the aqueous work-up. Saturated
NH,Cl (aq) should then be added to the resin afterwards to break
down the magnesium thiolate.

General procedure for reacylation of used resin 29. The spent
resin 29 was washed with water-MeOH (1: 1) (3 x 5 ml), MeOH
(3 x 5ml), THF (3 x 5 ml) and DCM (3 x 5 ml) and dried
overnight under reduced pressure. Dry DCM (5 ml) was added to
the resin followed by Et;N (5 eqv.) and the mixture was cooled

to 0 °C. After 45 min, the acid chloride (5 eqv.) in DCM (1 ml)
was added dropwise, and the mixture was agitated for 3 hours. The
resin was filtered and washed with THF-MeOH (1: 1) (3 x 10 ml),
THF (3 x 10 ml) and DCM (3 x 10 ml) and dried overnight under
reduced pressure.

Solid-supported 4-bromophenol 35. Wang resin (1.2 mmol g~',
3.0 g, 3.6 mmol) was suspended in dry THF (30 ml) and p-
bromophenol (2.49 g, 14.4 mmol) and PPh; (3.77 g, 14.4 mmol)
were added, followed by DEAD (2.51 g, 2.34 ml, 14.4 mmol) in
THF (1 ml) dropwise. The mixture was agitated for 16 hours,
filtered and washed with THF-MeOH (1 : 1) (3 x 20 ml), THF
(3 x 20 ml) and DCM (3 x 20 ml). The resin was dried under
reduced pressure overnight. Loading: 96%.

Solid-supported  4-((bromomethyl)dimethylsilyl)phenol  36.
Resin 35 (3.0 g, 2.92 mmol) was suspended in dry THF (25 ml)
under argon and cooled to —78 °C. n-BuLi (1.6 M in hexane,
5.48 ml, 8.76 mmol) was added dropwise and stirring was
continued for 2 hours at —78 °C. The resin was washed under
argon with dry THF (3 x 20 ml) and re-suspended in dry THF
(20 ml). (Bromomethyl)dimethylchlorosilane (2.74 g, 1.98 ml,
14.6 mmol) in dry THF (1 ml) was added dropwise at —78 °C
and the mixture was stirred for 5 hours and then quenched by
addition of saturated NH,Cl (aq) (3 ml). After warming to room
temperature the resin was filtered and washed with H,O-THF
(1:1) (5 x 20 ml), THF (5 x 20 ml) and DCM (3 x 20 ml) and
dried under reduced pressure overnight.

General procedure for methylenation of aromatic aldehydes using
resin 36. n-BuLi (3 eqv.) was added dropwise to a suspension of
resin 36 (0.5 g, 0.44 mmol) in THF (5 ml) at —78 °C under argon.
After stirring for two hours, the aldehyde (5 eqv.) in THF (0.5 ml)
was added dropwise and stirring was continued for 3 hours at
—78 °C. The mixture was allowed to warm to room temperature
overnight, water (2 ml) was added slowly and the resin was filtered
and washed with THF-water (1 : 1) (3 x 5ml), THF (3 x 5 ml),
DCM (3 x 5 ml) and THF (3 x 5 ml). After drying, the resin
was re-suspended in dry THF (5 ml) under argon and KO7Bu
(3 eqv.) was added at 0 °C. The mixture was allowed to warm
to room temperature overnight, filtered and washed with THF
(3 x 5ml) and DCM (3 x 5 ml). The solvent was removed in
vacuo and the crude olefin was dissolved in pentane-EtOAc (4 :
1), passed through a short silica gel column (eluent: pentane) and
concentrated under reduced pressure.

2,4-Dichloro-1-vinylbenzene 38g. Compound 38g (17 mg,
0.1 mmol, 23%) was prepared following the general procedure.
Jn (300 MHz, CDCI;) 7.48 (1 H, m), 7.38 (1 H, m), 7.20 (1 H, m),
7.02 (1 H,dd, J17.8,11.6),5.72 (1 H, dd, J 17.8, 1.1), 5.40 (1 H,
dd, J 11.6, 1.1); o (75 MHz, CDCl;) 134.2, 133.8, 133.6, 132.1,
129.3, 127.3, 127.2, 117.0; m/z (+FAB) 171.9754 (M*). C;H(Cl,
requires 171.9847.
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Mannuronic acid (5) was transformed into the densely functionalised D,L-dipeptide mimic 1 and
subsequently inserted into the cyclic hexapeptide 3. The gulo-configurated seven-membered lactam 1
exhibits an inverted ring conformation compared to the previously described L,L-dipeptide mimic 2. In
spite of this considerable difference, both prefer the same i to i + 1 positions of a -turn within a cyclic

hexapeptide.

Introduction

Peptides are of outstanding interest in pharmaceutical research
because they play an important role in many biologically rele-
vant processes. Macrocyclisation' and short-range® cyclisation,
respectively, are effective methods to restrain either globally or
locally the flexibility of peptides in order to obtain selective
protein ligands. Fused rings lock further torsions by eliminating
the possible ring inversions of monocyclic systems. Various classes
of bicyclic dipeptides were recently reviewed by Cluzeau and
Lubell.® The published synthetic strategies which make use of
two amino acid precursors are generally cumbersome because
temporary protecting groups are needed, many bicyclic lactams are
obtained as bridge-head epimers, and above all, the bicyclic ring
formation consumes the amino acid side chain functionalities. The
chemistry of sparsely functionalised oxa-* or thiazolidinlactams®
is well developed.

Our research is focused on uronolactone precursors because
sugars bear a hydroxyl group on every carbon, thus allowing the
optional attachment of amino acid side chains on any ring position
of the bicyclic dipeptide.*” The hybrid dipeptides 1 and 2 combine
the over-functionalised character of sugars with the rigidity of
fused dipeptides. Their synthesis is straightforward because the
lactam forms without the need of a coupling reagent and the
bridge-head stereocenter is fully controlled by the stereochemistry
of the neighbouring hydroxyl. In relation to the well studied con-
formational preferences of gluco-configured 2 (a L,L-dipeptide),
the bicyclic lactam 1 has an inverted chair-conformation and an
L-gulo-configuration, and thus represents a D,L-dipeptide (Fig. 1).
In order to emphasise the side chain variability of our approach, 1
was decorated with apolar functional groups combining different
amino acid side chains, which are the geminal methyl group (Val
or Leu mimetic), a benzyl group (Phe mimetic), and a fused
thiaproline (#rans-Pro mimetic). Three different side chains on a
dipeptide backbone make 1 a locked mimic of tripeptide sequences
like Val-Phe-Pro (found in, for example, ergopeptine) or Leu-D-
Phe-Pro (found in, for example, gramicidin S). Conformational
preferences of potentially turn-inducing dipeptide isosteres are

Philipps-Universitit Marburg, Fachbereich Chemie, Hans Meerwein Strasse,
35032, Marburg, Germany. E-mail: geyer@staff.uni-marburg.de; Fax: +49
6421 2822021; Tel: +49 6421 2822030
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Fig. 1 The seven-membered ring of the gulo-configurated bicycle 1
exhibits the inverted chair-conformation (*C,s) of the gluco-configured
bicycle 2 (*°Cy). A CP-exo-conformation is observed in the thiaproline ring
of 1. In the thiaproline of 2 the S-atom experiences the largest out-of-plane
displacement in the twisted ring (S-exo).

identified in model peptides with Gly, which fits any turn position.
The C,-symmetric cyclic hexapeptide 3 was synthesised in order
to experimentally characterise the conformational behaviour of 1
in an oligopeptide context, and to study the compatibility of the
side chain modifications with peptide chemistry.

Results and discussion

According to the observation that D-amino acids are likely to be
found in the i + 1 position of a BII'-turn and that Pro fits into the
i + 2 position of a B-turn, 1 is expected to occupy the i + 1 to i +
2 positions of a B-turn.® Previous studies have already shown the
limitations of such general rules,” and the first X-ray structures
of cyclic hexapeptides with varying amino acid composition have
been recently described.' Independently of the chirality of other
amino acids, the fused dipeptide 2 is found in the long side of the
cyclic hexapeptide, equivalent to the i to 7 + 1 positions of each of
the two B-turns, in the solid state as well as in solution, with the
hydrogen-bonding pattern indicated in Fig. 2. In spite of the severe
change of incorporating two stereocenters with D-configuration
in the backbone of hexapeptide 3, there are obvious similarities
between the NMR data of hexapeptides 3 and 4. The '"H NMR
resonance signals of the amide protons of 3 in DMSOJ[d,] show a
strongly deshielded GlyNH, which exhibits a sizable temperature
dependence (A6/AT = —4.7 ppb K™') as opposed to 6NH, which
is shielded and exhibits a weak temperature dependence (AS/AT =
+0.2 ppb K). It follows from the above that GlyNH is solvent-
accessible while 6NH participates in an intramolecular hydrogen
bond. The strong NOE contacts GlyNH-6NH and GlyNH-H3
identify the BII-turn (Fig. 3). The weak NOE contact GlyNH-9aH

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 4491-4496 | 4491





Table 1 Backbone torsions of the dipeptide mimetics in 3 and 4; large ¢,
and y, values are found in the f-sheet region i.e. in the long side of the
hexapeptide; thiaproline (¢,, w,) fits the i + 1 position of a BII-turn

¢1/° wi/° #./° wa/°
3 +149 —178 —65 +121
4 (BII-turn)' —155 —177 -53 +134
4 (BI-turn)*® —152 —179 —63 -34

hexapeptide 3. Cis-amide bonds are excluded by the absence of
a,0-NOEs. An energy-minimised average structure, obtained using
molecular modelling that included torsional and NOE restraints is
shown in Fig. 4. The calculated backbone torsions of the dipeptide
building block in 3 are shown in Table 1.

Synthesis

Uronic acids condense with vicinal aminothiols by forming
thiazolidinlactams of variable ring-size and stereochemistry. In
all cases studied, the stereochemistry of the new bridge-head was
controlled by the stereochemistry of the neighbouring hydroxyl
group.” Likewise, mannurono-3,6-lactone (5) and the methyl ester
of L-cysteine formed the expected fused ring system 6 in MeOH—
pyridine (10 : 1). A single acetonide 7 was obtained upon
reaction with dimethoxypropane (DMP). The isopropylidene
group spans the bisequatorial trans-diol moiety, leaving the o-
hydroxyl accessible for the introduction of the azido group.
Acetonide 7 was mesylated in the more activated a-position using
mesyl chloride (MsCl) in the presence of triethylamine to give
lactam 8, and subsequently benzylated at the single remaining

4[Lit"°)

Fig. 2 The seven-membered lactam ring of D,L-dipeptide 1 is function-
alised to mimic amino acids with hydrophobic and aromatic side chains.
Intramolecular hydrogen-bonds of 3 equal those of 4 in spite of the inverted
stereochemistry of the C* between the two antiparallel hydrogen-bonds.
Further distinctions are the 7-membered ring conformations (*C, s chair
vs. #*Cy chair) and the 5-membered ring puckering (CP-exo vs. S-exo).

cannot arise from this main conformation, but can result from the
contribution of a BI-BII flip, which is fast on the NMR time
scale but which can be observed for many turns," even in rigid

heptacyclic fused ring systems like 3 and 4, respectively. The 5-
membered thiazolidine ring of 1 assumes the C*-exo conformation
with a3J5,.4™ coupling too small to be resolved. All derivatives
of 1 exhibit this ring-puckering in the solid state’? as well as

hydroxyl to yield 9."* The axial mesylate was exchanged in an
Sx2-type fashion with an equatorial azide, yielding exclusively the
D,L-dipeptide precursor 10. Hydrolysis of the methyl ester and
subsequent peptide-coupling with glycine methyl ester formed

in solution. Epimerisation can be excluded by the observation
of a tripeptide signal set in the NMR spectra of C,-symmetric

the tripeptide 11. Separate N-terminal hydrogenation and C-
terminal saponification yielded the semiprotected tripeptides 12

2mos

\
6.0

T \
45 4.0

T T 1 T
7.5 7.0 6.5 55 5.0 35 ppm

Fig.3 'HNMR and ROESY spectra of the cyclopeptide 3 (600 MHz, solvent: DMSO[d,], * = DCM). The expansion from the '"H NMR at 350 K shows
the strong temperature dependence of GlyNH. The high-field resonance at 3.6 ppm shows an NOE contact to 6NH and was assigned as GlyHa™®. The
NOE contact between the aromatic protons (7.3-7.4 ppm) and 2H"™® possibly indicates that the benzylic group is in the vicinity of the thiaproline ring.
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Fig. 4 Energy-minimised average conformation of hexapeptide 3. The
direction of view is perpendicular to the macrocyclic 18-membered ring.
The two hydrogen-bonds of the antiparallel mini-p-sheet are indicated as
dashed lines. The benzylic and the acetonide protons are not shown for
clarity. The backbone torsions are ¢, = 90°, we, = 32°.

and 13, respectively. Peptide-coupling to give 14 was followed by
another hydrogenation (yielding 15) and saponification, leading
to hexapeptide 16, which was cyclised under dilute conditions
with diphenylphosphorylazide (DPPA) and solid base to give
compound 3 (Fig. 5). The O-benzyl group in ring-position 9 was
not affected by the two hydrogenation steps.

o, 5
w8 ¥ S
N\>
CO,Me R % COo,Me
7 (R'=R’= OH)
Ea = OMs; R®= OH)
9 (R' = OMs; R* = OBn)"
OBn
9
\/
10 MR =N, R’ = OMe
oB h|gLl.q2 (R' = NH,; R* = OMe)
o " 13(R'=N; R3=OLi)
y S
12 +13 o) o
N ¥ \)j\ o  H
RS 1 N oo N._COR
0 .
E14(R*=N3; R® = OMe) [N
[ 18 (R'=NH; R°= ONle) 0 s/
ml:1e(R*—NH R® = OLi) 7\0
3 OBn

Fig. 5 Reagents and conditions: a) L-CysOMe-HCl, MeOH-Py (10 : 1),
60 °C, 80%; b) DMP, pTsOH, DMF, 93%; c¢) MsCl, Et;N, DCM-Py (5 :
1), =78 °C, 82%; d) BnBr, NaH, DMF, 0 °C, 75%; ¢) NaN,, DMF, 80 °C,
95%; f) 1. 1 N LiOH, MeOH, 2. HCI, 3. HCI-H,N-Gly-OMe, PyBOP,
NMM, DME, 89%; g) H,, Pd/C, MeOH, 99%; h) 1 N LiOH, MeOH,
quant.; i) PyBOP, NMM, DMEF, 45%; k) H,, Pd(OH),, MeOH, 54%; 1) 1.
1 N LiOH, MeOH, 2. HCI, quant.; m) DPPA, NaHCO;, DMF, 4 °C, 43%.

Conclusion

An o-amino acid with D-stereochemistry in the / position of a
B-turn in a cyclic hexapeptide has not previously been observed,
but this fits into the general picture that bicyclic dipeptides prefer
extended conformations. Dipeptide 1 is not a so-called B-turn
mimic (as these are expected to occupy the i + 1 to i + 2 positions
of reverse turns), even in the context of a cyclic hexapeptide like
3 which is forced to form two turns. Dipeptide 1 and other 6,5-
and 7,5-bicyclic lactams are more suited to terminate B-sheets by
restraining an extended backbone conformation with their lactam
ring, and inducing a kink with their 5S-membered ring.

Experimental
General methods and materials

Solvents were purified and dried according to standard procedures.
Dry solvents were kept over molecular sieves. Dry DMF and
DMF for peptide synthesis were bought. Chromatography was
performed on Merck silica 60 (0.040-0.063 nm) and the solvent
was eluted under pressure.

Characterisation

Measurements of optical rotations were performed on a Perkin—
Elmer 241 polarimeter in a 1 dm cell at the temperature and con-
centration (¢/g per 100 mL) noted. HRMS spectra were recorded
on a Finnigan MAT 95 spectrometer. IR spectra were recorded
on a Bruker IFS 88 spectrometer. NMR spectra were recorded
with a Bruker DRX-500 and a Bruker Avance-600 spectrometer at
300 K unless otherwise noted. The residual peak of the solvent was
used as the internal standard. Chemical shifts are shown in ppm.
Splitting patterns are designated as s = singlet, d = doublet, t =
triplet, ¢ = quartet, m = multiplet, br = broad, p = pseudo. For
better comparability, the atom numbering of each compound in
the NMR analysis is referenced to the numbering of compound
6, not according to TUPAC nomenclature. In the case of *C-shifts
only being detectable in the 2D-spectra, only one decimal place
is specified. Diastereomeric groups which are not assigned are
marked with t (low-field shift) and h (high-field shift).

(3R,68,7S5,85,95,9a5)-Methyl  6,7,8,9-tetrahydroxy-5-oxo-
octahydrothiazolo|3,2-a]azepine-3-carboxylate (6). A solution of
mannurono-3,6-lactone (5) (11.0 g, 62.6 mmol) and L-cysteine
methyl ester (16.2 g, 94.2 mmol) in 250 mL of MeOH-pyridine
(10 : 1) was stirred for 5 days at 60 °C under a N, atmosphere.
The solvent was removed to leave a brown resin, which was
purified by column chromatography on silica using MeOH-DCM
(5:1) to give the bicycle 6 (14.9 g, 50.7 mmol; 82%) as a colourless
powder; v, (KBr)/cm™ 3503, 2957, 2908, 2853, 1783, 1625,
1436, 1363, 1347, 1301, 1284, 1241, 1190, 1113, 1056, 1005, 742;
0n(500 MHz, DMSO[d¢]) 6.09 (d, *Jeonen = 5.0 Hz, IH, 6-OH),
5.58 (s, 1H, 9a), 5.27 (d, *Joouon = 4.9 Hz, 1H, 9-OH), 4.90
(dd, 3J54,"°R 4 = 7.7 Hz, 3J34,"5 4 = 1.4 Hz, 1H, 3-H), 4.80 (d,
3Jronn = 4.6 Hz, 1H, 7-OH), 4.65 (d, *Jsonsn = 5.3 Hz, 1H,
8-OH), 4.18 (dd, *Jeneon = 5.0 Hz, *J¢y7m = 1.6 Hz, 1H, 6-H),
3.87 (dd, *Jonsn = 3.0 Hz, *Joyoon = 5.0 Hz, 1H, 9-H), 3.72
(ddd, *Jyn7m = 9.4 Hz, *Jgyon = 3.0 Hz, *Jsyuson = 5.2 Hz, 1H,
8-H), 3.61 (s, 3H, OCH,), 3.52 (dd, *J,P°R,,»*Sy = 11.4 Hz,
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R s = 7.7 Hz, 1H, 2"°R-H), 3.47 (ddd, *Jousu =
9.4 Hz, *Jiy7.0n = 4.6 Hz, *J6u = 1.6 Hz, 1H, 7-H), 2.93
(dd 2,78 PR = 11.4 Hz, *J,7 ., = 1.4 Hz, 1H, 27°S-H);
5¢(125 MHz, DMSO[d,]) 170.1 (5), 169.1 (3-CO), 79.1 (9), 77.8
(6), 72.0 (8), 68.1 (7), 63.7 (3), 61.1 (9a), 52.0 (OCHj;), 31.0 (2);
HRMS (ESI) Caled for M + Na*: 316.0458; found: 316.0461;
optical rotation [a]3, = —146.4, [a]%, = —152.7, [a]%, = —173.9,
[a]%, = —230.2, (¢ 0.8 in MeOH); mp 189-191 °C.

(3a5,45,4aS5,7R,95,9aS)-Methyl 4,9-dihydroxy-2,2-dimethyl-
8-oxo-octahydro-1,3-dioxa-5-thia-7a-azacyclopenta|f]azulene-7-
carboxylate (7). Compound 6 (6.0 g,20.4 mmol), 2,2-dimethoxy-
propane (5.0 mL, 40.8 mmol) and a catalytic amount of pTsOH
were dissolved in 50 mL of DMF. The solution was stirred
overnight. Brine (100 mL) was added and the mixture was
extracted with ethyl acetate (7 x 50 mL). The combined organic
phases were dried over MgSO, and the solvent was evaporated to
yield the desired product (7) (5.81 g, 89%) as a colourless solid;
Vmax (KBr)/cm™" 3470, 3293, 2988, 2967, 2925, 1763, 1633, 1440,
1379, 1265, 1232, 1201, 1177, 1131, 1081, 724, 629; 64(500 MHz,
DMSOIdq]) 6.48 (brs, 1H, 6-OH), 5.63 (brs, 1H, 9-OH), 5.31 (s,
1H, 9a-H), 4.89 (dd, *J;u,"* 4y = 7.4 Hz, *J341,"% 4 = 1.1 Hz,
1H, 3-H), 4.39 (brs, 1H, 6-H), 4.15-4.11 (m, 2H, 8-H, 9-H), 3.80
(d, *Jousu = 9.0 Hz, 1H, 7-H), 3.62 (s, 3H, OCHj;), 3.50 (dd,
2J,PR oSy = 11.5 Hz, *J,7R ,n = 7.5 Hz, 1H, 27°R-H), 2.96
(dd,2J,Po8 4Ry = 11.5 Hz, 3,78 ;54 = 1.1 Hz, 1H, 2/°5-H),
1.33 (s, 3H, isopr.-CH3"), 1.31 (s, 3H, isopr.-CH;"); d(125 MHz,
DMSOId,]) 169.89(5), 168.77 (3-CO), 107.21 (isopr.®**), 75.66 (8),
73.67(9), 72.02 (7), 71.81 (6), 64.83 (3), 61.55 (9a), 52.04 (OCH,),
30.42 (2), 26.73 (isopr.-CH3"), 26.66 (isopr.-CH;"). HRMS (ESI)
Calcd for M + Na*: 356.0774; found: 356.0788; pyrolysis 238 °C.

(3aS5,45,4a5,7R,95,9a5)-Methyl 4-hydroxy-9-methanesulfonyl-
oxy-2,2-dimethyl-8-oxo-octahydro-1,3-dioxa-5-thia-7a-azacyclo-
penta|f|azulene-7-carboxylate (8). MsCl (1.4 mL, 18.0 mmol)
was slowly added to a solution of 7 (5.0 g, 15.0 mmol) and Et;N
(2.5 mL, 18.0 mmol) in 100 mL of DCM,,,—pyridine,,, (5 : 1) at
0 °C. After 40 min, the reaction mixture was poured onto ice and
extracted with ethyl acetate (3 x 80 mL). The combined organic
phases were dried (MgSO,) and the solvent was removed to give
a brown oil, which was purified by column chromatography on
silica (ethyl acetate—toluene = 2 : 1) to give the activated alcohol
8 (5.41 g, 73%) as a yellow solid; v, (KBr)/cm™' 3459, 3021,
2986, 2956, 2935, 2913, 1760, 1652, 1409, 1373, 1336, 1212, 1180,
1131, 1071, 945, 909, 841, 527; 6,,(600 MHz, DMSOJ[d,]) 5.96 (d,
*Joonon =6.2Hz, 1H,9-OH), 5.24 (s, 1H, 9a-H), 5.23 (d, *J¢.1.7.u =
1.1 Hz, 1H, 6-H), 5.05 (dd, *J5u,""y = 7.1 Hz, 354"y =
1.1 Hz, 1H, 3-H), 4.19 (dd, *Jono.on = 6.1 Hz, *Joy5n = 2.5 Hz,
1H, 9-H), 4.10 (dd, *Jg7.u = 9.4 Hz, *J o = 2.5 Hz, 1H, 8-H),
4.06 (dd, *J,4sn =9.4Hz,’J, 4en = 1.1 Hz, 1H, 7-H), 3.65 (s, 3H,
OCH,;), 3.51 (dd, 2J,P°R ;7S = 11.8 Hz, *J,"® 454 = 7.1 Hz,
1H, 2r°R-H), 3.29 (s, 3H, SCHs), 3.07 (dd,*J,"™5 ;,"* y = 11.8 Hz,
3,7 ysn = 1.1 Hz, 1H, 2/°S-H), 1.36 (s, 3H, isopr.-CH;"), 1.35
(s, 3H, isopr.-CH;"); 6.(150 MHz, DMSO[d,]) 169.38 (5), 162.98
(3-CO), 108.22 (isopr.*+), 78.31 (6), 75.91 (8), 72.96 (9), 69.85 (7),
65.51 (3), 61.88 (9a), 52.37 (OCH3;), 38.57 (SCH3;), 30.44 (2), 26.50
(isopr.-CH3'), 26.37 (isopr.-CH;"); HRMS (ESI) Calcd for M +
Na*: 434.0550; found: 434.0569; mp 154 °C.

(3aS5,45,4aS,7R,95,9aS)-Methyl 8-oxo-octahydro-1,3-dioxa-5-
thia-7a-azacyclopenta|f]azulene-7-carboxylate (9). NaH (86.0 mg,
3.59 mmol) was carefully added to a solution of 8 (985 mg,
2.39 mmol) and BnBr (8.53 mL, 7.18 mmol) in 20 mL of DMF
at 0 °C. The reaction mixture was stirred for 2.5 h at room
temperature, then poured onto ice and extracted with toluene (3 x
20 mL). The combined organic phases were dried over MgSO,
and the solvent was evaporated. The crude product was purified
by column chromatography on silica using ethyl acetate—toluene
(1: 1) to give compound (9) (863 mg, 72%) as a yellow powder;
Vmax (KBr)/cm™" 3049, 2995, 2955, 2907, 2109, 1749, 1649, 1391,
1370, 1353, 1219, 1178, 1158, 1087, 842; 6,,(600 MHz, DMSO[d,])
7.38-7.28 (m, 5H, Ph), 5.30 (s, 1H, 9a-H), 5.27 (s, lH, 6-H), 5.06
(d,*J3u,"R y = 6.8 Hz, 1H, 3-H), 4.90 (d, *J, = 11.2 Hz, 1H, Ph-
CH,"), 4.73 (d, 3Jy, = 11.2 Hz, 1H, Ph-CH,"), 4.30 (d, *Jopsu =
2.2 Hz, 1H,9-H),4.26 (dd, *Js17.0 = 9.5Hz, *Jynon = 2.2 Hz, 1H,
8-H), 4.15(dd, *Jrusn = 9.5Hz,*Jo4en < 1 Hz, 1H, 7-H), 3.64 (s,
3H, OCH,), 3.37(dd, *J,"R 41,75 y = 11.8 Hz,*J,"™® ;5,4 = 7.0 Hz,
1H, 2r°R-H), 3.29 (s, 3H, SCH3), 3.09 (d, 2J,75 ;;,7* ; = 11.8 Hz,
1H, 2r<S-H), 1.39 (ps, 6H, isopr.-CH;); 6-(150 MHz, DMSO[d,])
169.24 (5), 163.02 (3-CO), 137.93, 128.30, 127.82, 127.71 (Ar),
108.61 (isopr.®), 80.51 (9), 78.10 (6), 76.23 (8), 75.11 (CH,-Ph),
70.47 (7), 65.63 (3), 60.84 (9a), 52.43 (OCH,), 38.59 (SCH;), 30.47
(2), 26.33 (isopr.-CH,"), 26.24 (isopr.-CH;"); HRMS (ESI) Calcd
for M + Na*: 524.1019; found: 524.1041.

(3aS.,45,4aS,7R,9R,9aS)-Methyl  9-azido-4-methanesulfonyl-
oxy-2,2-dimethyl-8-oxo-octahydro-1,3-dioxa-5-thia-7a-azacyclo-
penta[f]azulene-7-carboxylate (10). A solution of 9 (0.5 g,
1.00 mmol) and NaN; (195 mg, 3.00 mmol) in 80 mL of DMF
was stirred for 5 days at 80 °C. The reaction mixture was diluted
with H,O (250 mL) and extracted with toluene (3 x 100 mL). The
combined organic phases were washed with H,O (1 x 50 mL),
dried (MgSO,) and the solvent was removed to give the dipeptide
precursor 10 (415 mg, 93%) as a yellow solid; v, (KBr)/cm™
3033, 2985, 2952, 2891, 2113, 1753, 1664, 1454, 1437, 1380, 1307,
1210, 1176, 1151, 1082, 1043, 1027; 0x(500 MHz, DMSO[d,])
7.38-7.28 (m, 5H, Ph), 5.32 (s, 1H, 9a-H), 4.94 (dd, *J;,"" , =
7.4 Hz, J:4,"w < 1 Hz, 1H, 3-H), 4.88 (d, Js, = 11.2 Hz, 1H,
Ph-CH,"), 4.77 (d, *Jen-u = 10.8 Hz, 1H, 6-H), 4.70 (d, *Jg, =
11.2 Hz, 1H, Ph-CH,"), 4.25 (d, *Jonsu = 2.4 Hz, 1H, 9-H),
4.03 (dd, *Jypsn = 8.9 Hz, *Jgyon = 2.4 Hz, 1H, 8-H), 3.80
(dd, *Jonsn = 8.9 Hz, *J,uen = 10.8 Hz, 1H, 7-H), 3.65 (s, 3H,
OCHs;), 3.44 (dd, 2J,"R 4,75y = 11.8 Hz, *J,"R 454 = 7.4 Hz,
1H, 2r°R-H), 3.06 (d,>J,"S PR ;; = 11.8 Hz, *J,"5 ;;,4 < 1 Hz,
1H, 27°S-H), 1.42 (s, 3H, isopr.-CH3"), 1.37 (s, 3H, isopr.-CH;");
0c(125 MHz, DMSOI[d,]) 169.44 (5), 165.72 (3-CO), 137.98,
128.30, 127.76, 127.67 (Ar), 108.63 (isopr.®**), 82.01 (8), 79.89
(9), 75.03 (CH,-Ph), 70.47 (7), 65.03 (3), 61.42 (6), 60.71 (9a),
52.27 (OCHj;), 30.83 (2), 26.55 (isopr.-CH3'), 26.21 (isopr.-CH;");
HRMS (ESI) Calcd for M + Na*: 471.1309; found: 471.1327; mp
68 °C.

(3a5,4S5,4aS,7R,9R,9a5)-Methyl [(9-azido-4-benzyloxy-2,2-
dimethyl-8-oxo-octahydro-1,3-dioxa-5-thia-7a-azacyclopenta|f]-
azulene-7-carbonyl)amino]acetate (11). A solution of 10 (300 mg,
0.69 mmol) in 10 mL of MeOH was treated with 1 N LiOH
(1.37 mL, 1.37 mmol) for 4 h at room temperature, and the
solution then neutralised with 1 N HCI. The solvent was removed
and the desired free acid (332 mg, quant.) was used without
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further purification. PyBOP (484 mg, 0.93 mmol) was added
to a solution of the free acid (300 mg, 0.62 mmol) and glycine
methyl ester hydrochloride (117 mg, 0.93 mmol) in 20 mL of
DMF at 0 °C, and the pH of the solution adjusted to 7-8 with
DIPEA. The mixture was stirred overnight at room temperature.
The solvent was evaporated and the remaining brown oil was
purified by column chromatography with ethyl acetate-toluene
(3 : 1) as the eluant to yield product 11 (280 mg, 89%) as a
colourless powder. v,,.(KBr)/cm™' 3281, 3089, 3033, 2986, 2953,
2875, 2110, 1752, 1668, 1642, 1407, 1382, 1277, 1229, 1217, 1155,
1082; 014(500 MHz, DMSO[d¢]) 8.33 (t, *Jaynmwyn = 5.8 Hz,
1H, Gly-NH), 7.42-7.27 (m, 5H, Ph), 5.26 (s, IH, 9a-H), 4.90 (d,
2Je = 11.2 Hz, 1H, Ph-CH,"), 4.79 (d, *Jsu,"" 4 = 7.4 Hz, 1H,
3-H), 4.69 (d, *Jg, = 11.2 Hz, 1H, Ph-CH,"), 4.57 (d, *Jey7n =
11.0 Hz, 1H, 6-H), 4.25 (d, *Jonsn = 2.3 Hz, 1H, 9-H), 4.04
(dd, *Jsn7n = 8.8 Hz,*Jyyon = 2.3 Hz, 1H, 8-H), 3.90-3.78 (m,
2H, Gly-H), 3.81 (dd, *J7pen = 11.0 Hz, *J, 45 = 8.8 Hz, 1H,
7-H), 3.62 (s, 3H, OCH,), 3.44 (dd, *J,™R 4,5y = 11.5 Hz,
PR yan = 7.4 Hz, 1H, 2P°R-H), 2.90 (d,2J,"5 PRy =
11.5 Hz, 1H, 2/°S-H), 1.43 (s, 3H, isopr.-CH,'), 1.38 (s, 3H,
isopr.-CH;"); 6.(125 MHz, DMSO[d,]) 170.28, 170.07, 165.27
(5, 3-CO, a®¥-CO), 138.07, 128.33, 127.75, 127.70 (Ar), 108.66
(isopr.at), 82.20 (8), 80.44 (9), 75.03 (CH,-Ph), 70.37 (7), 66.60
(3), 61.53 (6), 61.15 (9a), 51.64 (OCHj;), 40.59 (a), 32.06 (2),
26.58 (isopr.-CH;'), 26.24 (isopr.-CH;"); HRMS (ESI) Calcd
for M + Na*: 528.1523; found: 528.1529.

(3aS,45,4a8,7R,9R,9aS)-Methyl  [(9-amino-4-benzyloxy-2,2-
dimethyl-8-oxo0-octahydro-1,3-dioxa-5-thia-7a-azacyclopenta|f']-
azulene-7-carbonyl)amino]acetate (12). Compound 11 (120 mg,
0.240 mmol) was dissolved in MeOH (15 mL) and treated with
Pd/C (25.0 mg) under an H, atmosphere. The suspension was
stirred vigorously for 7 h. The reaction mixture was filtered
through Celite and the solvent was removed to give product 12
as a colourless solid (110 mg, 97%). 64(600 MHz, DMSO[d,])
8.28 (t, *Jaynmwayn = 5.9 Hz, 1H, Gly-NH), 7.40-7.27 (m, 5H,
Ar), 5.26 (s, 1H, 9a-H), 4.90 (d, *Jg, = 11.2 Hz, 1H, Ph-CH,"),
4.78 (d, *J5u."Ry = 7.5 Hz, 1H, 3-H), 4.69 (d, *Js, = 11.2 Hz,
1H, Ph-CH,"), 4.18 (d, *Jonsn = 2.4 Hz, 1H, 9-H), 3.91 (dd,
3enrn = 9.0 Hz Jgyou = 2.4 Hz, 1H, 8-H), 3.86-3.77 (m, 3H,
Gly-H, 6-H), 3.61 (s, 3H, OCH,), 3.51 (dd, *J,4eu = 10.6 Hz,
3 omsn = 9.0 Hz, 1H, 7-H), 3.44 (dd, *J,"R ;7% ; = 11.3 Hz,
3,7 s = 7.5 Hz, 1H, 2P°R-H), 2.86 (d,2J,"S "R y = 11.3 Hz,
1H, 2rS-H), 1.67 (brs, 2H, NH,), 1.40 (s, 3H, isopr.-CH;"), 1.34
(s, 3H, isopr.-CH;"); 5.(150 MHz, DMSO[d,]) 170.10 (¢“¥-CO),
169.91 (3-CO), 169.52 (5), 138.27, 128.30, 127.61 (Ar), 107.74
(isopr.2t), 82.33 (8), 80.77 (9), 74.86 (CH,-Ph), 73.37 (7), 66.50
(3), 61.03 (9a), 53.92 (6), 51.62 (OCHj;), 40.59 (a“), 32.01 (2),
26.87 (isopr.-CH;'), 26.28 (isopr.-CH;"); HRMS (ESI) Calcd
for M + H*: 480.1799; found 480.1795.

(3aS,45,4a8,7R,9R,9aS)-Lithium [(9-azido-4-benzyloxy-2,2-
dimethyl-8-o0xo0-octahydro-1,3-dioxa-5-thia-7a-azacyclopenta|f']-
azulene-7-carbonyl)amino]acetate-lithium chloride (13). A solution
of 11 (120 mg, 0.24 mmol) in MeOH-THF (1 : 1) (15 mL) was
treated with 1 N LiOH (0.48 mL, 0.48 mmol) for 4 h at room
temperature, and the solution then neutralised with 1 N HCL
The solvent was removed and the desired product 13 (130 mg,
quant.) was used without further purification. 0,4(600 MHz,
DMSO[d¢]) 7.63 (brs, 1H, Gly-NH), 7.39-7.28 (m, SH, Ph), 5.32

(s, 1H, 9a-H), 4.88 (d, *Jy, = 11.1 Hz, 1H, Ph-CH,"), 4.84 (d,
3Py = 7.5 Hz, 1H, 3-H), 4.69 (d, *J,, = 11.1 Hz, 1H,
Ph-CH,"), 4.65 (d, *Jesr = 10.8 Hz, 1H, 6-H), 4.23 (d, *Jossn =
2.3 Hz, 1H, 9-H), 4.06 (dd, *Jsyusu = 8.8 Hz,*Jyyon = 2.3 Hz,
1H, 8-H), 3.80 (dd, *J> 1y = 8.8 Hz, Jo o = 10.8 Hz, 1H, 7-H),
3.47 (dd, *ugyn = 17.0 HzZ Jugyn' s = 5.4 Hz, 1H, Gly-H),
3.41 (dd, *J,roR 28y = 11.4 Hz, 3J,PR 54 = 7.5 Hz, 1H,
2R H), 339 (dd, 2 ugya = 17.0 Hz Jogyn" o = 4.5 Hz, 1H,
Gly-H"), 2.94 (d,*J,"5 .7,y = 11.4 Hz, 1H, 2/°S-H), 1.41 (s, 3H,
isopr.-CH;"), 1.38 (s, 3H, isopr.-CH;"); d(150 MHz, DMSO[d,])
170.6 (0°%-CO), 168.2 (3-CO), 165.2 (5), 138.1, 128.33, 127.7,
127.6 (Ar), 108.5 (isopr.*), 81.8 (8), 80.2 (9), 74.8 (CH,-Ph),
70.2 (7), 66.6 (3), 61.5 (6), 60.8 (9a), 43.1 (a), 32.0 (2), 26.3
(isopr.-CH3"), 26.0 (isopr.-CH;"); HRMS (ESI) Calcd for M~:
490.1391; found: 490.1389.

N;-Hexapeptide-OMe 14. Compound 13 (110 mg,
0.20 mmol), 12 (97.0 mg, 0.20 mmol) and PyBOP (160 mg,
0.31 mmol) were dissolved in DMF (15 mL) at 0 °C, and the pH
of the solution was adjusted to 7-8 with DIPEA. The mixture
was stirred overnight at room temperature. The solvent was
evaporated and the remaining yellow oil was purified by column
chromatography with DCM-MeOH (25 : 1) as the eluant to yield
product 14 as a colourless powder (105 mg, 54%); J,;(600 MHz,
DMSOId¢]) 0 = 8.31-8.25 (m, 2H, Gly-NH*, Gly-NH?), 7.82 (d,
*J % e = 8.8 Hz, 1H, 6°-NH), 7.40-7.28 (m, 10H, Ar*, Ar®),
5.43 (s, 1H, 9a®-H), 5.28 (s, 1H, 9a*-H), 4.99-4.97 (m, 1H, 65-H),
490 (d, *Jg, = 11.0 Hz, 1H, Ph-CH,""), 4.89 (d, *Jy, = 11.1 Hz,
IH, Ph-CH,*"), 4.78-4.73 (m, 2H, 3®-H, 3*-H), 4.71 (d, *Jy, =
11.0 Hz, 1H, Ph-CH,?"), 4.69 (d, *Jy, = 11.1 Hz, IH, Ph-CH,*"),
4.55 (d, *J ura = 109 Hz, 1H, 6*-H), 4.24 (d, *J,* us*y =
2.4 Hz, 1H, 9*-H), 4.20 (d, *J,® ;144 = 2.4 Hz, 1H, 9%-H), 4.04
(dd, *J* 7w = 8.8 Hz, *J* o™y = 2.4 Hz, 1H, 8*-H), 4.04 (dd,
3B . n = 8.8 Hz, *J8,,,% = 2.4 Hz, 1H, 8%-H), 3.87-3.71
(m, 5H, og,*-H, 0g,%-H, 7*-H), 3.71-3.61 (m, 1H, 7°-H), 3.60 (s,
3H, OCH,), 3.45 (dd,2J,PoRA P84 = 11.4 Hz, *J,PoRA L0y =
7.46 Hz, 1H, 2r°RA-H), 3.59 (dd,>J,PoRE,,reSE = 11.2 Hgz,
3JpoRE By = 7.3 Hz, 1H, 2r°RE_H), 3.00 (d,2J,Po5A ,PoRA | =
11.4 Hz, 1H, 2/°SA-H), 2.86 (d,>J,P°SB ,roRE 1 = 11.2 Hz, 1H,
2rSB_H), 1.43 (s, 3H, isopr.-CH;*"), 1.38 (s, 3H, isopr.-CH,*"),
1.35(s, 3H, isopr.-CH;®Y), 1.32 (s, 3H, isopr.-CH;%"); 6(150 MHz,
DMSOI[d,]) 170.11 (a°¥-COP), 169.66 (3-COP), 169.35 (3-CO*),
168.10 (a¥-CO*), 166.61 (5®), 165.41 (5*), 138.22, 138.07, 128.30,
127.72, 127.62, (Ar), 108.64 (isopr.a*-*), 127.62 (isopr.a-B),
82.67, 82.26 (8*, 8®), 80.73 (9*), 80.43 (9%), 74.97, (Ph-CH,",
Ph-CH,®), 70.79 (7%), 70.38 (7*), 66.84 (3*), 66.58 (3®), 61.57
(6%), 61.21 (9a%), 61.11 (9a®), 52.08 (6®), 51.60 (OCHj;), 40.55,
40.06 (oS, oS¥®), 32.22 (2*), 32.04 (28), 26.71 (isopr.-CH,%),
26.58 (isopr.-CH;*"), 26.30 (isopr.-CH;®"), 26.23 (isopr.-CH,*");
HRMS (ESI) Calcd for M + Na*: 975.2987; found 975.2976.

H,N-Hexapeptide-OMe 15. Compound 14 (50.0 mg,
53.0 umol) was dissolved in MeOH (7.00 mL) and treated with
Pd(OH), (5.0 mg) under H, atmosphere. The suspension was
stirred for 20 h at room temperature, filtered through Celite and
the solvent was removed to give a yellow crude product, which
was purified by column chromatography (MeOH-DCM = 1 :
15). The desired product 15 (29.0 mg, 60%) was obtained as a
colourless solid; 9,(600 MHz, DMSO[d,]) 8.28 (t, *J61,* noy™ 1 =
6.1 Hz, 1H, Gly-NH?*), 8.26 (t, *Jay,® xuay"n = 6.1 Hz, 1H,
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Gly-NH?), 7.74 (d, *J®xu.6".n = 8.8 Hz, 1H, 6°-NH), 7.39-7.28
(m, 10H, Ar*, Ar®), 5.43 (s, 1H, 9a®-H), 5.29 (s, 1H, 9a*-H),
4.98 (brs, 1H, 6°-H), 4.90 (d, *Jy, = 11.1 Hz, 1H, Ph-CH,",
4.89 (d, *Jg, = 11.2 Hz, 1H, Ph-CH,*"), 4.75-4.73 (m, 2H, 3%-H,
32-H), 4.71 (d, *Js, = 11.1 Hz, 1H, Ph-CH,"), 4.69 (d, >/, =
11.2 Hz, 1H, Ph-CH,A"), 4.20 (d, *J,% 11s®.n = 2.3 Hz, 1H, 98-H),
4.19 (d, *Jo* us* sy = 2.3 Hz, 1H, 94-H), 4.04 (dd, *J5,%n =
8.9 Hz, *J®,°n = 2.3 Hz, 1H, 8%-H), 3.92 (dd, *J* 4 *n =
8.9 Hz, *J¢* yo*n = 2.3 Hz, 1H, 8*-H), 3.91-3.64 (m, 6H, 6*-H,
aay*-H, 0g,®-H, 7°-H), 3.60 (s, 3H, OCH,), 3.54 (m, 1H, 7*-H),
3.45 (dd2JproRA p ,preSA = 11.4 Hz, *J,PoR4 34y = 7.6 Hz, 1H,
2roRAH), 3.44 (dd,2J,PR 4,788 = 11.3 Hz, 3J,°RB By =
7.3 Hz, 1H, 2r°RE-H), 2.97 (d,2J,Po5A ,PoR4A 1 = 11.4 Hz, 1H,
2poSAH), 2.86 (d,2J,P08E ,poRE = 11.3 Hz, 1H, 2r°SE-H), 1.41,
1.35, 1.34, 1.31 (s, 3H, isopr.-CH;); 6-(150 MHz, DMSO[d,])
170.4, 169.7, 169.6, 168.1 (3-CO", 3-CO*, a°¥-CO*, a“¥-CO",
58, 5%), 138.2, 128.1, 127.6 (Ar), 107.9, 107.8 (isopr.®), 82.4
(8®), 82.1 (8%), 80.4 (9%, 9%), 74.7, 74.6 (CH,-Ph*, CH,-Ph®),
72.6 (7*), 70.6 (7%), 66.6, 66.4 (3%, 3%), 60.9 (9a*, 9a®), 53.6
(6*), 51.4 (OCHs), 41.7 (0e,™), 40.3 (0,®), 31.9 (2°), 31.8 (2%),
26.6 (isopr.-CHj;), 26.4 (isopr.-CHj;), 26.1 (isopr.-CHj;), 26.0
(isopr.-CHj;); HRMS (ESI) Caled for M + Na*: 949.3082; found
949.3075.

H,N-Hexapeptide-OH 16. A solution of 15 (16 mg, 17.2 umol)
in MeOH (0.15 mL) was treated with 1 N LiOH (36 pL,
36 umol) for 3 h at room temperature, and the solution then
neutralised with 1 N HCI. The solvent was removed and the desired
product 16 (17 mg, quant.) was used without further purification.
01 (600 MHz, DMSO[d,]) 8.31 (t, *J61,* nuaiy . = 6.1 Hz, 1H, Gly-
NH#*), 8.03 (brs, 1H, Gly-NH®), 7.70 (d, *J® xne®n = 8.7 Hz, 1H,
65-NH), 7.39-7.26 (m, 10H, Ar*, Ar®), 5.45 (s, I1H, 9a%-H), 5.31
(s, 1H, 9a*-H), 4.98 (brs, 1H, 6%-H), 4.90 (d, *Jg, = 11.1 Hz, 1H,
Ph-CH,", 4.89 (d,*Jg, = 11.2 Hz, 1H, Ph-CH,""), 4.78-4.73 (m,
2H, 3®-H, 3*-H), 4.70 (d, *Jy, = 11.1 Hz, 1H, Ph-CH,""), 4.69 (d,
*Jg, = 11.2 Hz, 1H, Ph-CH,*"), 4.20 (d, *Jo* ys* = 2.4 Hz, 1H,
94-H),4.19(d,*Jo® 4% 4y =2.4Hz, 1H, 9%-H),4.05(dd, *Js® 4 ,° =
9.0 Hz, *J®,%y = 2.5 Hz, 1H, 8%-H), 3.98 (dd, *J¢* 1
10.8 Hz, 1H, 6*-H), 3.95 (dd, *J* u-*n = 8.9 Hz, 3J* no*n =
2.4 Hz, 1H, 8*-H), 3.79 (dd, *Ja,* = 16.9 Hz, *Jo,* u' 6 xu =
6.4 Hz, 1H, 05,-H*"), 3.70 (dd, *J6,* = 16.9 Hz, *J 5, 1" 61y 5 =
5.7 Hz, 1H, 0g,-H™"), 3.68-3.55 (m, 4H, og,*-H, 7*-H, 7°-H),
3.50-3.40 (m, 2H, 2*-H, 28-B), 2.97 (d,2J,P5* ; ,poRA L = 11.3 Hz,
1H, 2r°SA-H), 2.88 (d,2J,"88 R = 11.3 Hz, 1H, 2rSB-H),
1.41 (s, 3H, isopr.-CH;), 1.35 (s, 3H, isopr.-CHj;), 1.34 (s, 3H,
isopr.-CH;), 1.31 (s, 3H, isopr.-CHj;); 0.(150 MHz, DMSO[d,])
170.7 (a°¥-COP), 169.9 (5%), 169.4 (3-CO*), 168.8 (3-CO®), 167.9
(0Y-C0O*), 166.6 (5%), 138.0, 128.1, 127.4, (Ar), 107.7 (isopr.a=-*,
isopr.au-B) 82 4 (8%), 82.1 (8%), 80.5 (9%), 80.3 (9%), 74.7, 74.5,
(Ph-CH,*, Ph-CH,?), 72.0 (7*), 70.6 (7®), 66.7, 66.4 (3®, 3*), 60.9
(9a%), 60.9 (9a%), 53.5 (6*), 41.7, 41.2 (agy™, 0ay®), 31.9 (2%), 31.8
(2%), 26.6 (isopr.-CHs), 26.4 (isopr.-CHj), 26.1 (isopr.-CHj;), 26.0
(isopr.-CHj;); HRMS (ESI) Caled for M + Na*: 935.2926; found
935.2913.

Cyclohexapeptide 3. DPPA (5.85 pL, 27.0 umol) was added
to a solution of 16 (9.00 mg, 9.42 pmol) and NaHCO; (3.80 mg,

45.0 umol) in DMF (25 mL) at 0 °C. The solution was stirred
for 5 days at 4 °C. The reaction was quenched with two drops of
H,O and the solvent was removed. The oily crude product was
purified by column chromatography (DCM-MeOH = 15 : 1) to
give the cyclohexapeptide 3 (3.5 mg, 42%) as a white powder.
0u(600 MHz, DMSO[d,]) 8.69 (t, *Jgyxmecyn = 6.3 Hz, 2H, Gly-
NH), 7.41 (d, *Jexuen = 6.3 Hz, 2H, 6-NH), 7.39-7.29 (m, 10H,
Ar), 5.49 (s, 2H, 9a-H), 4.93 (dd, *Jeyenn = 6.3 Hz, *Jopom =
10. Hz, 2H, 6-H), 4.89 (d, *Jg, = 11.2 Hz, 2H, Ph-CH,"), 4.70
(d, *Js, = 11.2 Hz, 2H, Ph-CH,"), 4.62 (dd, *J;41,"* ;s = 8.2 Hz,
"y = 1.6 Hz, 2H, 3-H), 4.22 (d, *Jousn = 2.1 Hz, 2H,
9-H), 4.11 (dd, *Jgn7u = 9.0 Hz, *Jeyon = 2.1 Hz, 2H, 8-H),
3.79 (dd, *Jgy = 17.1 Hz, *Jgen' yan = 6.2 Hz, 2H, Gly-H"),
3.63 (dd, *Jgy = 17.1 Hz, *Jg,u"ayan = 6.4 Hz, 2H, Gly-H"),
3.55(dd, *Jryen = 10.5Hz, *Joen = 9.0 Hz, 2H, 7-H), 3.46 (dd,
2J PR oSy = 11.3 Hz, *J,"°R 4.4 = 8.2 Hz, 2H, 2P°R-H), 2.89
(dd,2J,PoS PRy = 11.3 Hz, 3J,"S 54 = 1.6 Hz, 2H, 2r°S-H),
1.35, 1.30 (s, 3H, isopr.-CHs;); d(150 MHz, DMSOId,]) 169.7 (3-
CO), 168.5 (Gly-CO), 165.6 (5), 138.1, 128.0, 127.4, (Ar), 107.6
(isopr.a2), 82.5 (8), 80.5 (9), 74.6 (Ph-CH,), 72.0 (7), 69.5 (3),
61.1 (9a), 51.7 (6), 42.6 (0gy), 31.3 (2), 26.3 (isopr.-CHy"), 26.0
(isopr.-CH;"); HRMS (ESI) Calcd for M + Na*: 917.2820; found
917.2807.
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We report the first catalytic Sakurai reaction of N-alkoxy-
carbonylamino sulfones with allylsilanes. The allylation
reaction of N-alkoxycarbonylamino phenylsulfones with al-
lyltrimethylsilane proceeded smoothly with low catalyst load-
ing of bismuth triflate (2.0 mol%) to afford the corresponding
protected homoallylic amines in moderate to very good yields
(up to 96%).

The development of new methods for the preparation of homoal-
lylic amines is an important area of synthetic efforts. Homoallylic
amines are extremely important as biologically active molecules.!
Among the variety of synthetic methods so far reported, the Lewis
acid-catalyzed reaction of imines with allylsilanes provides an
efficient route for the synthesis of homoallylic amines. Catalytic
allylation reactions have been reported by several groups as
an efficient method to prepare homoallylic amines.> However,
imines in general tend to be unstable during the purification
process. Therefore, methods involving the in situ generation of
imines are highly attractive, among which the one-pot allylation
of imines, have been proposed.® Yet, most Lewis acids cannot
be used in this reaction because they deactivate or decompose
in the presence of the amine and water produced during imine
formation. Very reactive N-acyliminiums, easily prepared from
stable precursors, provide an attractive alternative. Scheme 1
illustrates the preparation of the N-acylimine precursor from
corresponding aldehydes.* N-Alkoxycarbonyl imines have been
prepared from basic treatment of the N-alkoxycarbonylamino
sulfones 1; and the corresponding N-alkoxycarbonyl iminium
derivatives have been prepared by the use of a Lewis acid with

(o]
JCJ)\ N OR
o) HN 1J\H
ROC(O)NH, J\
B ——
R'" H pﬂ(s;gzua R'” > 80,Ph \ o
2 Lewis X+ JJ\
acid J‘]l\ OR
R “H
Scheme 1 N-Alkoxycarbonylamino sulfones as precursors of

N-alkoxycarbonyl imine derivatives.

Département de chimie, Université Laval, Québec, Canada G1K 7P4. E-mail:
thierry.ollevier@chm.ulaval.ca; Fax: +1418 6567916, Tel: +1 418 6565034

1 (Scheme 1).° This approach has previously been used for
highly enantioselective amine syntheses.® We wish to report herein
the first catalytic Sakurai reaction of N-alkoxycarbonylamino
sulfones with allylsilanes. Alkoxycarbonyl protected homoallylic
amines are obtained efficiently in the presence of 2-5 mol% of
Bi(OTf);-4H,0. To the best of our knowledge, a catalytic version of
this reaction has never been reported. The only reported allylation
reaction from N-alkoxycarbonylamino sulfones involves a Lewis
acid like TiCl, or SnCl, used in a stoichiometric quantity or in
large excess.*’

Recently, several laboratories have disclosed significant ad-
vances regarding rare-earth and lanthanide triflates as catalysts
for allylation reactions.® High catalytic activity, low toxicity,
moisture and air tolerance make lanthanide triflates valuable
catalysts. Bismuth compounds provide a good alternative as they
have recently attracted attention due to their low toxicity, low
cost, and good stability.” Bismuth salts have been reported as
catalysts for opening of epoxides,® Mukaiyama-aldol reactions,
Mannich-type reactions,’ formation of acetals,”® Friedel-Crafts
reactions," and Fries and Claisen rearrangements.” Bi(OTf); is
particularly attractive because it is commercially available or can
be easily prepared from commercially available compounds.'* We
recently reported the Bi(OTf);-catalyzed allylation reaction of a
variety of aldimines generated in situ using aldehydes, amines, and
allyltrimethylsilane in a three-component reaction.’” One draw-
back of this method could be eventual formation of homoallylic
alcohol as a trace by-product. These results encouraged us to
pursue an alternative approach using N-alkoxycarbonylamino
phenylsulfones as stable imine precursors.

Initially, we screened various solvents for the Sakurai reaction of
N-alkoxycarbonylamino sulfones with allyltrimethylsilane in the
presence of Bi(OTf);-4H,0. N-Benzyloxycarbonylamino phenyl-
sulfone 1a was chosen as model substrate for the following studies
(Scheme 2). Interestingly, when la was treated with 2 mol%
Bi(OTf);-4H,0 in dichloromethane (1.3 equiv. allyltrimethylsi-
lane, 25 °C, 5 h), the corresponding Cbz-protected homoallylic
amine 3a was isolated in moderate yield (73%) (Table 1, entry 1).
An increase of the quantity of the allyltrimethylsilane used led to
an increased yield, albeit with a lower catalyst loading (Table 1,
entry 2). Only 2 mol% of the catalyst with 1.5 equivalents of al-
lyltrimethylsilane 2 was necessary to obtain the homoallylic amine
3a in excellent yield (Table 1, entry 3). Among various solvents
tested, dichloromethane and acetonitrile furnished the expected
product in the highest yield (Table 1, entries 3-7). Because of the
poor solubility in acetonitrile of many N-alkoxycarbonylamino
sulfones 1 presented here (Table 2), dichloromethane was selected
as the solvent of choice.
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Scheme 2 Bi(OTf);-catalyzed Sakurai reactions involving N-benzyloxycarbonylamino phenylsulfone 1a and allyltrimethylsilane.

Table 1 Allylation of N-benzyloxycarbonylamino phenylsulfone 1a with
allyltrimethylsilane using Bi(OTf);-4H,O as catalyst*

Entry x mol% Bi(OTf); Allylsilane 2 (equiv.) Solvent Yield 3a (%)”
1 2 1.3 CH,Cl, 73
2 1 1.5 CH,Cl, 80
3 2 1.5 CH,Cl, 96
4 2 1.5 Et,O 0
5 2 1.5 THF 43
6 2 1.5 MeCN 94
7 2 1.5 PhMe 16

“All new compounds were characterized by 'H NMR, "C NMR
spectroscopy and mass spectroscopy. ? Isolated yields after purification
by column chromatography.

Given that the same reaction does not occur in the pres-
ence of N',N',N®,N*-tetramethylnaphthalene-1,8-diamine proton
sponge® (1 equiv. of 1a, 1.5 equiv. of allyltrimethylsilane 2,
0.02 equiv. of Bi(OTf);-4H,0, 0.06 equiv. of proton sponge®,
25 °C, 28 h, 99% recovery of la) but still proceeds with
K,CO; used as a proton scavenger (1 equiv. of 1a, 1.5 equiv. of
allyltrimethylsilane 2, 0.02 equiv. of Bi(OTf);-4H,0, 0.06 equiv.
K,CO;, 25°C, 19 h, 62% of 3a) does not indicate unambiguously
that triflic acid is involved in the mechanism. However, when HOTf
is used as the catalyst, the reaction proceeds to afford the expected
product 3a, indicating that HOTT is also an effective catalyst for
the transformation (1 equiv. of 1a, 1.5 equiv. of allyltrimethylsilane
2, 0.06 equiv. of HOTT, 25 °C, 4 h, 67% of 3a). Also, Me;SiOTf
might be involved as a catalyst in our conditions since it appears
to be an effective catalyst as well (1 equiv. of 1a, 1.5 equiv. of
allyltrimethylsilane 2, 0.06 equiv. of Me;SiOTTf, 25 °C, 5 h, 82%
of 3a). Since the chemical yields of the 6% HOTf and Me;SiOTf-
catalyzed reactions are lower than when using 2% Bi(OTf);-4H,O
(compare with Table 1, entry 3), a bismuth(1) salt is likely to
be involved as a Lewis acid. More detailed investigations on the
mechanism of this transformation are in progress.

Several examples of Bi(OTf),-4H,O-catalyzed Sakurai reac-
tions of various N-benzyloxycarbonylamino phenylsulfones 1
with allytrimethylsilane are summarized in Table 2.7 N-Benzyl-
oxycarbonylamino sulfones 1 derived from differently substi-
tuted benzaldehydes were reacted with allytrimethylsilane in
dichloromethane at room temperature (Scheme 3). The corre-
sponding homoallylic amines 3 were obtained in moderate to

Cbz

~

NH
+ o~ _SiMe;
R1J\SOZPh N
1 2

Bi(OTf)3*4H,0 (2 mol %)

good yields (Table 2, entries 1-9). Sulfones derived from several
electron-rich aromatic aldehydes led to the desired products
in good to very good yields (Table 2, entries 1-3), including
starting with o-substituted benzaldehyde (Table 2, entries 1 and 3).
The reaction was efficient using electron-deficient benzaldehyde-
derived sulfones and the corresponding homoallylic amines 3 were
obtained with moderate to good yields (Table 2, entries 4-9).
Benzyloxycarbonylamino sulfone 1j could be selectively prepared
from p-acetyl benzaldehyde and subsequently allylated to give 3j
with an overall complete aldehyde vs. ketone selectivity (Table 2,
entry 9). In addition, heteroaromatic aldehyde derived sulfone 1k
could also serve as a substrate in this reaction, albeit giving the
corresponding homoallylic amine in a moderate yield (Table 2,
entry 10). Aliphatic aldehydes led to a moderate to good yield of
3 (Table 2, entries 11-15). For selected substrates, higher yields
were obtained when using a catalyst loading of 5 mol% instead of
2 mol% with 5 equiv. of allyltrimethylsilane in dichloromethane at
reflux (Table 2, entries 3, 10, 13, and 14).

In summary, we have found that the Sakurai reaction of
N-benzyloxycarbonylamino sulfones 1 proceeds smoothly with
allyltrimethylsilane in the presence of a catalytic amount of
Bi(OTf);-4H,0. This method offers several advantages includ-
ing mild reaction conditions, low catalyst loading (2-5 mol%),
and no formation of by-products. To the best of our knowl-
edge, this is the first report of a catalytic Sakurai reaction of
N-alkoxycarbonylamino sulfones with allyltrimethylsilane. More-
over, our process involves an environmentally benign, cheap, and
easy to handle catalyst. The homoallylic amine, already protected
as a Cbz derivative, is smoothly obtained under mild conditions.
Because of its numerous benefits, the Bi(OTf);-4H,O protocol
should find utility in the synthesis of biologically active com-
pounds. Research is under way to demonstrate other significant
applications of this Bi(OTf);-4H,0O-catalyzed Sakurai reaction.
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Table 2  Allylation of N-benzyloxycarbonylamino phenylsulfones 1 with 1.5 equiv. allyltrimethylsilane 2 using 2 mol% Bi(OTf);-4H,O as catalyst

Entry Reactant Product” Time/h Product Yield (%)®
1 NHCbz NHCbz 23 3b 84
©\)\802Ph ©\)\/\
Me Me
2 NHCbz NHCbz 12 3¢ 86
/©)\SOZPh ©)\/\
MeO Me0”
3 NHCbz NHCbz 22 3d 62¢
dsozph ©5\/\
OMe OMe
4 NHCbz NHCbz 24 3e 74
©\/J\802Ph @ﬁ\/\
NO, NO,
5 NHCbz NHCbz 26 3f 78
@sozph Q)W
cl cl
6 NHCbz NHCbz 24 3g 73
dsozph W
F F
7 NHCbz NHCbz 24 3h 78
/©)\SOZPh X
F F
8 NHCbz NHCbz 43 3i 58
/©/kSOZPh /@)\/\
FiC FsC
9 NHCbz NHCbz 27 35 56
W(©)\sozph W(©/K/\
Me Me
o o
10 NHCbz NHCbz 24 3k 45¢
<O/\,)\302Ph O N
\ ! \ !
11 NHCbz NHCbz 24 31 73
\)\SOZPh \)\/\
12 NHCbz NHCbz 44 3m 61
A~ o PPN
13 NHCbz NHCbz 22 3n 76¢
P SO,Ph Ph\)\/\
14 NHCbz NHCbz 28 30 74¢
S0,Ph \H\/\
15 NHCbz NHCbz 26 3p 74
SO.Ph

b

« All new compounds were characterized by '"H NMR, “C NMR spectroscopy and mass spectroscopy. * Isolated yields after column chromatography.
¢ The reaction was run with 5 mol% Bi(OTf);-4H,O and 5 equiv. allyltrimethylsilane 2 at reflux.
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T General procedure for the bismuth-catalyzed Sakurai reaction: Under
an inert atmosphere of argon, the allyltrimethylsilane 2 (0.75 mmol)
was added dropwise to a solution of Bi(OTf);-4H,0O (0.01 mmol) and
N-alkoxycarbonylamino sulfone 1 (0.5 mmol) in dry CH,Cl, (1.5 mL)
at 25 °C. The mixture was stirred until the reaction was completed as
indicated by TLC. The reaction was quenched with distilled H,O and
extracted with EtOAc. The combined organic phases were washed with
H,O0, sat. aq. NaCl, dried over MgSO,, and concentrated under vacuum
(rotary evaporator). The crude product was purified by column chro-
matography (eluent hexane-EtOAc 92 : § to 85 : 15, or toluene). Spectral
data for 3a,c,'® 3i,' 3j,'® 3k,¥ 31,'% 3m,"™ 3n—0,¥ and 3p" agree with
those previously reported in the literature. Benzyl 1-(4-fluorophenyl)but-
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methyl carbamate 1h (201 mg, 0.5 mmol), allyltrimethylsilane 2 (121 pl,
1.5 mmol), and Bi(OTf);-4H,0 (7 mg, 0.01 mmol). The reaction was
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The stereoselective preparation of novel C-alkyl 5S-membered
ring imino sugars and their biological evaluation with regard
to GCS inhibition and cytotoxicity in a murine melanoma
model are reported.

Glucosylceramide synthase (GCS, EC 2.4.1.80) catalyses the
transfer of glucose to the C-1 hydroxyl of ceramide, the first step
in the biosynthesis of glucosylceramide-based glycosphingolipids
(GSLs). Slowing glucosylceramide production already consti-
tutes a relevant approach against lysosomal storage disorders
characterized by inherited deficiencies in GSL catabolism.! This
strategy, the so called substrate deprivation therapy, resulted in
the commercialisation of Zavesca® (N-butyl-1-deoxynojirimycin)
for the treatment of mild to moderate type I Gaucher disease.
Notably, GSLs have been involved in many cellular processes
including cell-cell communication, cell adhesion, differentiation,
proliferation and oncogenic transformation.?> Overexpression of
GCS observed in cancer cells has been related to the ineffec-
tive host immune response and to tumour progression and/or
metastasis.® Moreover, by reducing the accumulation of the pro-
apoptotic ceramide, GCS could prevent cancer cell death in
response to some chemotherapeutic agents.* Conversely, GCS
inhibition may resensitize multidrug resistant (MDR) cancer cells
to antineoplastic agents, suggesting that an elevated GCS activity
participates in a new MDR mechanism.’ These observations have
led to the concept that GCS may represent a key enzymatic target
in anti-cancer chemotherapy.®

Known synthetic low molecular mass GCS inhibitors belong
to two main classes. The “P drug” family encompasses highly
lipophilic D-threo sphingolipid analogues based on a 1-phenyl-2-
alkoylamino-3-amino-1-propanol pattern (Fig. 1).” The N-butyl-
1-deoxynojirimycin (NB-DNJ), and analogues thereof, represent
the second category of GCS inhibitors.® Derived from imino
sugars, these non-cytotoxic derivatives typically retain their glu-
cosidase inhibition potency, which represents a limitation to the
therapeutic use of NB-DNJ.

Whereas the N-alkyl imino sugars such as NB-DNJ have
been extensively studied, examples of their C-alkyl congeners are
less common and concern 1-substituted derivatives.” Compain
and Martin have prepared series of N-alkyl-1-deoxynojirimycin
analogues bearing additional C-branched lipophilic chains in
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D-threo-1-phenyl-2-palmitoylamino-3-pyrrolidino-1-propanol (P4)

N-butyl-1-deoxynojirimycin (NB-DNJ)

Fig. 1 Structure of two GCS inhibitors.
an attempt to enhance GCS inhibition through better ceramide
mimicry. Potent B-glucocerebrosidase inhibitors based on a
6-alkyl isofagomine scaffold have also been described by Fan.!
Interestingly, the potential of 5S-membered ring imino sugars in the
context of sphingolipid metabolism remains almost unexplored.'
We anticipated that a pyrrolidine-based imino sugar could
represent a suitable molecular scaffold to elaborate GCS in-
hibitor candidates. In the course of the development of a
stereoselective route towards imino sugars, we gained access to
the versatile epoxypyrrolidine intermediate 2, which appeared
to be a suitable precursor of novel C-alkyl 5-membered ring
imino sugars (Scheme 1)."* We decided to take advantage of a
regioselective epoxide opening reaction to achieve branching of the
aliphatic chain in the 4-position, yielding all-frans trisubstituted
pyrrolidines. Further oxidative manipulation of the vinyl moiety
would allow access to a proper imino sugar framework through
formation of an hydroxymethyl group at C-2. The structural and
stereochemical homology between the aminodiol moiety of the

OH
: .0
o REYAt
HN N
1 2 pBn

OH
HOWVVW\Me
HN Me
o Ceramide

Scheme 1 Structure of the ceramide, of the GCS inhibitor candidate 1
and of its synthetic precursor.
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targeted pyrrolidines and that of the sphingosine backbone of
ceramide further prompted us to initiate this study.

We thus report here the stereoselective preparation and the bio-
logical evaluation in regard with GCS inhibition and cytotoxicity
of C-alkyl 5-membered ring imino sugars of type 1.

Introduction of the n-alkyl residue was achieved via treatment of
epoxide 2 with the corresponding Gilman-like cuprate (Scheme 2).
Remarkably, the expected adducts were isolated as a unique regio-
and diastereoisomer. Thus a methyl, n-butyl and n-octyl residue
could be readily branched in 60 to 77% yields. In order to prepare
analogues lacking the lipophilic chain, unsubstituted intermediate
6 was also prepared in 95% yield by totally regiocontrolled
C-4 hydride delivery. This level of regioselectivity is worth noting
with regard to the relatively modest steric bulk generated by
the vinyl moiety. Setting up of the hydroxymethyl appendage
was smoothly accomplished using a metal-free oxidative cleavage.
Thus, ozonolysis of olefins 4-6 was carried out after protection
of the amino group by salification. Immediate reduction of the
resulting sensitive amino aldehydes afforded the expected inter-
mediates 7-9 in 52 to 70% overall yields. A final hydrogenolysis
gave the targeted pyrrolidines 10-12 in good yields. Treatment of
intermediate 4 and 6 under same conditions delivered derivatives
13 and 14 bearing an ethyl residue in place of the hydroxymethyl
group.

OH OH
w0 :
& aorb R c R
74 — =7 ™ Ho
N N N
Bn Bn Bn
2 3,R=Me 7, R = n-butyl
4, R = n-butyl 8, R = n-octyl
5, R = n-octyl 9, R=H
6,R=H
‘|
OH OH
2 R R H R
HN HN
13, R = n-butyl 10, R = n-butyl
14, R=H 11, R = n-octyl
12,R=H

Scheme 2 Synthesis of the tested pyrrolidines. Reagents and conditions:
(a) Me,CuLi, or n-Bu,CulLi, or n-Oct,CuLi, Et,0, —20 °C, 3, 77%; 4, 63%;
5, 60%; (b) LiAlH,, Et,0, 0 °C, 6, 95%; (c) (i) HCI, MeOH, 0 °C; (ii) Os,
MeOH, —78 °C; (iii) NaBH,, MeOH, —78 to —10 °C, 7, 70%; 8, 52%;
9, 68%; (d) 7-8 bar H,, Pd/C, conc. HCI, MeOH, 10, 90%; 11, 52%; 12,
quant. brsm at 82% conversion; (e) 7-8 bars H,, Pd/C, MeOH, 13, quant.;
14, 40%.

In order to highlight the eventual relevance of the pyrrolidinic
scaffold of our GCS inhibitor candidates, we decided to compare
them to their direct 6-membered ring analogues. Having in hands
2-hydroxymethyl pyrrolidines, we thus focused our attention on
the stereospecific ring expansion reaction developed by Cossy.™
Although precedents are scarce, such a process should allow
access to all-trans 3-alkyl-4,5-dihydroxy piperidines (Scheme 3).
Interestingly, these structures could also be viewed as relevant
2-deoxy-2-alkyl DNJ analogues. Indeed, it has been proposed,
on the basis of Butters’ ceramide mimicry model, that an
alkyl chain at the 2-position of NB-DNJ would simulate the
hydrophobic portion of the sphingosine framework (Fig. 1)."° In

OBn OH
2. R HOWL _~_ LR
a, b c,d
3or4 —> HO \ e
3 N
Bn H

15, R =Me
16, R = n-butyl

17, R=Me
18, R = n-butyl

Scheme 3 Synthesis of the tested piperidines. Reagents and conditions:
(a) BnBr, NaH, Nal, 4 A MS, DMF, R = Me, 85%:; R = n-butyl, 84%;
(b) (i) HCI, MeOH, 0 °C; (ii) O;, MeOH, —78 °C; (iii) NaBH,, MeOH,
=78 °C to —10 °C, 15, 63%; 16, 63%; (c) (i) TFAA, p-dioxane; (ii) Et;N,
reflux; (iii) NaOH 2.5 M, R = Me, 91% brsm at 85% conversion; R =
n-butyl, 78% brsm at 86% conversion; (d) 7-8 bar H,, Pd/C, conc. HCI,
MeOH, 17, 71%; 18, 78%.

this event, intermediates 3 and 4 were first benzylated before being
converted to primary alcohols 15 and 16 via ozonolysis. These
3,4-disubstituted precursors initially proved to be poorly reactive
when treated with trifluoroacetic anhydride and Et;N. However,
after careful optimisation of the reaction conditions, the expected
enlarged products could be secured in good yields. In this respect,
the use of p-dioxane as solvent proved decisive. The deprotected
piperidines 17 and 18 were finally obtained after hydrogenolysis
of the benzyl groups.

5-Membered ring imino sugars 8 and 10-14 were tested on
a mouse melanoma B16 cell line (Fig. 2)."5 Indeed, melanoma is
largely considered to be a radiation- and chemotherapy-refractory
neoplasm. As observed after incubating intact living cells with
a fluorescent ceramide substrate, not only pyrrolidine 10 (at
50 uM) exerted a 34% GCS inhibition but also this potency was
comparable to that of NB-DNIJ under the same conditions (49%
inhibition).!® Tn order to distinguish the contribution to activity
of the different structural features of imino sugar 10, we then
tested a series of analogues. The primary hydroxyl group appeared
crucial as its replacement by a methyl residue proved unfavourable,
giving around 6% inhibition for 13. The observed drop in potency
(16% inhibition) for the C-4 unsubstituted compound 12 clearly
indicated the importance of the lipophilic portion of inhibitor 10.
Compound 14, lacking both the primary hydroxyl group and the

&

LS
o

GCS activity (% of inhibition)

Fig. 2 Glucosylceramide synthase inhibition. Melanoma cells were
pre-incubated overnight with the indicated compounds (10 uM for
8 and 11, 50 uM for 10, 12-14 and NB-DNJ). NBD-C6-ceramide
(5 uM) was added and after 2 h lipids were extracted. The extent
of NBD-C6-glucosylceramide formation was then assessed. Data are
expressed as a percentage of the values of B16 untreated cells.
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C-alkyl chain, was also shown to be inactive. Notably, introduction
of an n-octyl residue, instead of an n-butyl, was accompanied by a
dramatic enhancement in potency, reaching 73% GCS inhibition
(at only 10 uM) for 11. Finally, the detrimental influence of the
substitution at the nitrogen atom was suggested by the comparison
of 11 with its N-benzyl analogue 8 (10% inhibition at 10 uM).

Remarkably, the pyrrolidinic framework of these C-alkyl
imino sugars revealed a determinant for their activity, since the
piperidines 17 and 18 only displayed a marginal GCS inhibition.

We next investigated the potential cytotoxic effect of our new
GCS inhibitors on the B16 cell line (Fig. 3). Compound 10
exhibited dose-dependent cytotoxicity, reaching 50% activity at
25 uM. Additional findings, namely caspase activation'” and an
elevation of intracellular ceramide concentration (not shown),"
suggest that derivative 10 triggered a ceramide-mediated apoptotic
cell death. Notably, cytotoxicity was raised to 70% at 5 uM with
the more potent inhibitor 11.

-&- Compound 10
-3~ Compound 11

Viability (%)
3

Compound (uM)

Fig. 3 Sensitivity of melanoma cells to compounds 10 or 11. Melanoma
B16 cells were seeded in 24-well plates and at 50% confluency, compounds
10 or 11 were added at the indicated concentrations. After 48 h, cell viability
was estimated by assessing the cellular MTT conversion capacity. Data are
expressed as a percentage of the values of untreated cells. Shown are the
means + SE (n = 2-5).

The present results showed that imino sugars 10 and 11
displayed an activity profile contrasting with that of the non-
cytotoxic deoxynojirimycin-like GCS inhibitors." This might be
related to the branching position of the aliphatic residue on the
imino sugar scaffold, which has been shown to influence the
inhibition of sphingolipid glucosidic processing. This structural
feature might somehow broaden their inhibition pattern and hence
modulate their overall activity on cancer cells.

We thus described a straightforward and enantioselective access
to 4-alkyl pyrrolidine-based imino sugars, relying on a regio-
and stereocontrolled epoxide opening reaction, as well as their
conversion into six-membered ring imino sugars.

The novel C-alkyl 5-membered ring imino sugars behaved as
potent GCS inhibitors, displaying furthermore a marked cytotoxic
behaviour in a murine melanoma model. The close resemblance
between these structures and the sphingosine backbone of sphin-
golipids suggests that they might act as ceramide mimics. Studies
aiming at elucidation of their mode of enzymatic interaction
are currently pursued. The present work should also open up

new prospects for the development of chemotherapeutic anti-
cancer agents potentially acting through alterations of ceramide
metabolism.?
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Unsymmetrical dispiro- and spirotetraoxanes have been de-
signed and synthesized via acid-catalyzed cyclocondensation
of bis(hydroperoxides) with ketones. Incorporation of water-
soluble and polar functionalities, via reductive amination and
amide bond formation, produces several analogues with low
nanomolar in vitro antimalarial activity. Several analogues
display an unprecedented level of oral antimalarial activity
for this class of endoperoxide drug.

The discovery of artemisinin’? and the establishment that the
endoperoxide bridge is crucial for antimalarial activity** has led
to many attempts by chemists to synthesise simple but effective
synthetic endoperoxides.>® Artemisinin (1) is a naturally occur-
ring endoperoxide sesquiterpene lactone compound of Artemisia
annua, a herbal remedy used in Chinese medicine. Although
artemisinin derivatives are extensively used against malaria, cost,
supply and high recrudescent rates remain issues with this
class of drug.”® Other known cyclic peroxides with antimalarial
potency include Yingzhaosu A (2) and the 1,2,4,5-tetraoxanes
WR148999°(3) and steroid amide (4) (Fig. 1).

Tetraoxanes are cyclic peroxides that have received considerable
attention in the literature. Initially, these systems were used
industrially for the production of macrocyclic hydrocarbons and
lactones."> Subsequent pioneering work by the Vennerstrom
group in the early 1990s demonstrated that symmetrical dispiro
1,2,4,5-tetraoxanes such as (3) possess impressive in vitro anti-
malarial activity.’ It has been proposed that these compounds
share a similar antimalarial mode of action to the naturally
occurring peroxides such as artemisinin.'**?

Surprisingly, in spite of the development of a variety of synthetic
methodologies for the synthesis of the tetraoxane heterocycle,'*?
there has been little success in the discovery of molecules with
high stability and good oral bioavailability in rodent models of
malaria. One notable exception is the steroidal-based 1,2,4,5-
tetraoxanes, such as 4. Many of the first generation tetraoxane
derivatives are highly lipophilic, suggesting that poor absorption
is the key factor affecting bioavailability, but it is also apparent
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WR148999 (3) 4

Fig.1 Naturally occurring endoperoxides artemisinin (1), Yingzhaosu A
(2) and synthetic tetraoxanes (3) and (4).

that first pass metabolism plays a role in reducing effective
drug absorption.** Therefore, our aim was to prepare more
stable unsymmetrical 1,2.4,5-tetraoxanes functionalised by polar
water-solubilising functionalities. The synthetic routes described
in this paper have been designed to be modular to enable
many different analogues to be prepared from common achiral
synthetic intermediates. Key reactions employed include reductive
amination and mixed anhydride amide coupling reactions.

The synthesis of 1,2,4,5-tetraoxanes is dependent on several
factors such as the structure of the ketone or aldehyde, temper-
ature, solvent, pH, the catalyst, concentration of the substrate
as well as the equilibria between the ketone and the precursors
of cyclic peroxides.® All of these factors result in variable yields
being achieved from selected carbonyl starting materials. Having
surveyed the literature, our initial target molecule was prepared
by the method reported by Iskra er al** (Scheme 1) in which
cyclohexanone 5 and 1,4-cyclohexanedione 6 are allowed to react
in a two-step sequence.

The required 1,2,4,5-tetraoxane 7a, formed by cross-
condensation of the bis(hydroperoxide) 5a and the 1,4-cyclo-
hexanedione 6, was obtained in rather low yield. A significant
amount of the symmetrical 1,2,4,5-tetraoxane 7b, resulting from
competitive homo-cyclocondensation of bis(hydroperoxide), also
was recovered, with a small amount of trimeric cyclic peroxide
by-product 7¢. Tt was earlier reported,* that the presence of excess
hydrogen peroxide after the formation of the bis(hydroperoxide)
leads to the formation of this trimeric cyclic by-product. As a
result, we decided to remove any excess hydrogen peroxide by
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7a + 7b
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Scheme 1 Reagents and conditions: (i) 30% H,O, (2 equiv.), methyltrioxo-
rhenium (MTO) (0.1 equiv.)-TFE (0.5 M); (ii) 6 (2 equiv.), EtOAc, HBF,
(1 equiv.), 28%.

carrying out a two-step synthesis of the tetraoxanes; first, by
preparing the bis(hydroperoxide) and removing any unreacted
hydrogen peroxide, then followed by the tetraoxane formation
reaction (Scheme 2). The yield of the required tetraoxane was
improved slightly. We then investigated various methodologies
available for the formation of the bis(hydroperoxide) and examined
the method reported by Ledaal.®* Performing the reaction in
acetonitrile led to the elimination of the formation of a solid
mass in the flask, leading to quantitative conversion of the ketone
to the bis(hydroperoxide). While some methodologies led to an
exclusive formation of the symmetrical tetraoxanes, others led to
the formation of compound 8 (Fig. 2). Several attempts to form the
cyclic product according to existing literature** procedures failed.

- O
0030 =+ 000

9, R'=CH(CHy),, R2=H, 55%

10, R" = CH,CHoN(CHa)4, R? = H, 85%
11, R1 = CH,CH,N(CH,)s, R2 = H, 60%
12, R" = CHyCHoN(CH2)40, R = H, 47%
13, R! = CH,CHoN(CoHs), RZ =H, 20%
14,R" R? = (CH)40, 56%

Scheme 2 Reagents and conditions: (i) 30% H,0,(2 equiv.), CH,CN, 0 °C,
4 min, 76%; (ii) 1,4-cyclohexanedione 6 (2 equiv.), EtOAc, HBF, (1 equiv.),
38%; (iii) R'R*NH (1.3 equiv.), NaBH(OAc); (1.3 equiv.), CH,Cl,, 18 h.

Fig. 2 Open chain dimeric peroxide.

Reductive amination® of the ketone 7a with various amino
compounds afforded compounds 9-14 in moderate to good yields
(20-85%) (Scheme 2). Next, we examined the reaction between 5a
and ethyl-4-oxocyclohexane carboxylate (the acetal deprotected
product of 15) and also the reaction between 16 and cyclohex-
anone. The latter gave a significant reduction in the trimeric
by-product. Intermediate 16 was formed either by hydrolysing
the ketal 15, followed by formic acid catalysed formation of the
bis(hydroperoxide) and subsequent acid catalyzed condensation
with cyclohexanone or via tungstic acid catalysed® formation
directly from the ketal (Scheme 3).

Q

o]
O i, ii O~OH
EtO j — > 0 i,
o —OH

0]

15 16

o)
0—0 v 0—0,

N OLXO - OO
0—0 0—0

17 18

Et
o
X XO
d 0—0
, 0
7
- 1
200"
—_——
N\
0—0 R?

19, R"= CH(CH,),, R2=H, 76%
20, R'= CHoCH,N(CoHs)p, R? = H, 48%

21, R1 CHchZN(CH2)4O R?=H, 78%
22, R, R?= (CHp)40, 80%

Scheme 3 Reagents and conditions: (i) 20% H,SO,, ethanol; (ii) 30% H,O,
(4equiv.), HCOOH (4 equiv.), CH;CN, 0 °C, 63% or (i,ii) H, WO, (2 equiv.),
THEF, 30% H,0,, 0 °C, 48 h; (iii) cyclohexanone (2 equiv.), EtOAc, HBF,
(1 equiv.), 35%; (iv) KOH (5.5 equiv.), CH;OH, 70 °C, 1 h, 85%; (v)
NEt; (1 equiv.), CICO,C,Hs (1.3 equiv.), CH,Cl,, 0 °C, 1 h; (vi) R'"R*NH
(2 equiv.), 0 °C-rt.

The ester was hydrolysed to the corresponding acid (Scheme 3)
by a procedure reported by Opsenica et al'® The resulting
acid was coupled with a selection of amino compounds via a
mixed anhydride intermediate to give the corresponding amides
(Scheme 3).

Considering the relatively high cost of 15, we prepared the higher
homologue via an alternative route, by first carrying out a Wittig
reaction between 1,4-cyclohexanedione monoethylketal and ethyl
(triphenylphosphoranylidene)acetate (Scheme 4). Hydrogenation
in the presence of palladium on carbon afforded the required start-
ing material 25. The bis(hydroperoxide) formed was condensed
with various ketones to afford the corresponding tetraoxanes 27a,
28a and 29a. Hydrolysis, followed by amide coupling reactions led
to various water-soluble analogues listed in Table 1.

For analogues 27h and 29h crystals were grown by slowly evapo-
rating a dichloromethane-hexane mixture and the single crystal
X-ray structures were solved for these two tetraoxanes (Fig. 3).§
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Table 1 Yields for amide synthesis

\N 0-0 R?
A XX
o) 0-0 R!
27¢-27h, R'and R? = (CH,)s

28c¢-28h, R'and R? = (CH,)44
29¢-29h, R and R? = Adamantylidine

Acid Amide product Yield (%)
27b 27¢, R* = CH(CH,),, R* =H 85
27b 27d, R® = CH,CH,N(CH,),, R* = H 78
27b 27e, R® = CH,CH,N(CH,);, R* = H 81
27b 27f, R* = CH,CH,N(CH,),0, R* =H 76
27b 27g, R = CH,CH,N(C,H;),, R* = H 58
27b 27h, R*, R* = (CH.),0 84
28b 28¢, R* = CH(CH,),, R* = H 88
28b 28d, R’ = CH,CH,N(CH.),, R* = H 81
28b 28e, R* = CH,CH,N(CH,);, R* = H 82
28b 28f, R* = CH,CH,N(CH,),0, R* = H 78
28b 28g, R* = CH,CH,N(C,H;s),, R* = H 74
28b 28h, R*, R* = (CH,),0O 90
29b 29¢, R’ = CH(CH,),,R* =H 83
29b 29d, R’ = CH,CH,N(CH,)., R“ H 80
29b 29¢, R* = CH,CH,N(CH,);, R* = H 78
29b 29f, R® = CH,CH,N(CH,),0, R* = H 77
29h 29g, R* = CH,CH,N(C,H; )2, =H 66
29b 29h, R, R* = (CH,),0 81
Et
001 08
o) j i = j
o} —_— o)
23 24
H
o}

27a,R'and R? = (CHy)s, 50%
28a, R'and R? = (CH,) 4, 33%
29a, R' and R? = Adamantylidine, 50 %

27b, 75%R" and R? =
28b, 66%, R'and R? = (CHy)41
29b, 87%, R' and R?=

In addition to the synthesis of dispiro derivatives we also decided
to investigate the synthesis of some simple spiro derivatives. How-
ever, in the reaction of bis(hydroperoxide) 5a and ethyl levulinate,
only the trimeric cyclic product 31 (Scheme 5) was produced.
Incorporation of amino functionalities into 31 was carried out to
see if this class of cyclic endoperoxide had antimalarial properties;
hydrolysis of the ester function of 31 to the carboxylic acid,
followed by amide coupling gave analogues 32-34.

By reversing this route, by preparing the bis(hydroperoxide)
from ethyl levulinate and condensing with cyclohexanone
(Scheme 6) the required tetraoxane was made in low yield; we
attribute this low yield to the instability of the bis(hydroperoxide)
30a.

The ester handle was converted into the corresponding amides
37-40 as shown in Scheme 6.

A selection of the 1,2,4,5-tetraoxanes was tested against the
3D7 strain of the Plasmodium falciparum and the results are
summarized in Table 2 below. Most of the analogues have
comparable antimalarial IC50 values to the naturally occurring
endoperoxide artemisinin. The incorporation of a methylene
spacer into 19-22 generally improves activity. The adamantane
analogues of the tetraoxanes and their corresponding amide have
a better activity than their cyclohexanone and cyclododecanone
counterparts. Notably, the spiro-amides 37-40 have much lower
potency than members of the dispiro series.

A 4-day Peter’s suppressive test was performed on a selection
of the compounds and the results are summarized in Table 3. The

OEt

(0] —OH
iv
O-OH
25 26
R3
N. 4
O R? i, vii 0= RC o—o><R2
0-0 R! 0-0 R'
(CH2)s 27¢-27h, R'and R? = (CH.)s

28c-28h, R'and R? = (CHy)y4

Adamantylidine  29c-29h, R" and R? = Adamantylidine

Scheme 4  Reagents and conditions: (i) Ph;P=CHCO,Et (1.1 equiv.), benzene-toluene, reflux, 24 h, 90%; (ii) Pd/C, H,, EtOAc, 95%; (iii)) H,WO,
(2 equiv.), THF, 30% H,0,(2 equiv.), 0 °C, 48 h, 88%; (iv) cyclohexanone/cyclododecanone/adamantanone (2 equiv.), EtOAc, HBF, (1 equiv.); (v) KOH
(5.5 equiv.), CH;0H, 70 °C, 1 h; (vi) Et;N (1 equiv.), CICO,C,H; (1.3 equiv.), 0 °C, 1 h; (vii) R*R*NH (2 equiv.), 0 °C-rt.

27h

29h

Fig. 3 Single crystal X-ray structures of compounds 27h and 28h.q
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32, R"= CH(CHy)p, R? =H, 70%
33, R"= CHyCHoN(CH,)40, R? = H, 74%
34, R" R?= (CH)40, 78%

Scheme 5 Reagents and conditions: (i) ethyl levulinate (2 equiv.), EtOAc,
HBF,(1 equiv.), 68%; (ii) KOH (5.5 equiv.), CH;0OH, 70 °C, 1 h; (iii) Et; N
(1 equiv.), CICO,C,H;s (1.3 equiv.), CH,Cl,, 0 °C, 1 h; (iv) R'R*NH
(2 equiv.), 0 °C-rt.

o) i OH OH i
OEt .
M 0><0/\H/0Et
o
o
30 30a
0
0-q 0-0
<:>< OEt ii D( OoH
0-0 0-0

35 36
R1
ivv - N
I —— \RZ
0-0

37, R'= CH(CHy), R?=H,77%

38, R" = CHoCH oN(CHlO, R?=H, 70%
39, R" = CH,CH ,N(C,Hs)p, R2=H, 78%
40, R", R?= (CH)40, 75%

Scheme 6 Reagents and conditions: (i) 30% H,O, (2 equiv.), CH;CN,
0 °C, 4 min, (ii) cyclohexanone (2 equiv.), EtOAc, HBF, (1 equiv.), 18%;
(iii) KOH (5.5 equiv.), CH;OH, 70 °C, 1 h, 86%; (iv) Et;N (1 equiv.),
CICO,C,H; (1.3 equiv.), CH,Cl,, 0°C, 1 h; (v) R'R?*NH (2 equiv.), 0 °C-rt.

2-adamantanone derived analogues 29¢ and 29h showed 100%
inhibition by oral administration at a dose of 30 mg kg'; in
addition, the cyclododecylidene analogue 28h displayed potent
activity at this dosing level. Based on these exciting results,
analogues 29c and 29h were assessed in the 4-day Peter’s test to
determine oral in vivo ED50 and ED90 values versus Plasmodium
berghei (ANKA). Compound 29h demonstrates outstanding oral
activity and is superior to the semi-synthetic control artemether
(Table 4). Compound 29¢ was less potent in these tests.

A conformational search using a Monte-Carlo method with
the MMFF94 force field was performed on molecules 28h and
29h.*! Fig. 4 displays low energy conformations of 28h and 29h

Table 2 in vitro antimalarial activity of 1,2,4,5-tetraoxanes versus 3D7
strain of Plasmodium falciparum

Compound Mean IC50/nM Compound ~ Mean IC50*/nM
Artemether 34 27¢ 19.9
Chloroquine 8.5 27d 19.1
Artemisinin 9.5 27e 19.2
7a 6.0 27f 19.1
9 20.0 27g 5.15
12 28.1 27h 22.2
14 294 28¢ 18.7
17 59.7 28h 15.5
19 26.1 29¢ 2.3
20 1.5 29h 5.2
21 21.3 37 469.2
22 23.6 40 473.7
27a 24.2

“The mean IC50 was calculated from triplicate results. Antimalarial
activities were assessed by a previously published protocol.®®

Table 3 Peter’s suppressive test results versus Plasmodium berghei ANKA
strain in mice.**

R3
0-0 R?
MK X
R" % 0-0 R!
Percentage of
inhibition at
Compound  R!'and R? R’ and R* 30 mg kg™ (po®)
27¢ (CH,)s H and CH(CH,), 24.8
27h (CH,)s (CH,),O 33.0
28¢ (CH,)y, H and CH(CH,), 50
28h (CH,),, (CH,),O 99.6
29c¢ Adamantylidine  H and CH(CH,;, 100
2%h Adamantylidine  (CH,),O 100
Artesunate — — 100
Artemether — — 100

“ Compounds were administered orally in a standard suspending vehicle
(SSV). The aqueous formulation used contained medium-viscosity (CMC)
(0.5%), ‘4-day’ test benzyl alcohol (0.5%), Tween 80 (0.4%) and NaCl
(0.9%). ® po = oral route of administration.

respectively, rendered using DS Visualizer.** The polar surface
area (PSA) was calculated for each conformation, and the
Boltzmann weighted average calculated for the two compounds.
Interestingly, the calculations revealed that the two molecules have
very similar Boltzmann weighted polar surface areas, but very
different logP values. Calculations demonstrate that compound
29h is significantly more hydrophobic than 28h.*

In summary, we have prepared a small array of tetraoxane
derivatives that have remarkable antimalarial activities in vitro.
Preliminary in vivo evaluation demonstrates that adamantylidene
and cyclododecylidene derivatives have very promising oral ac-
tivities; it is clear from this study that the cyclododecyl?” and
adamantyl functional groups are unique in imparting extra levels
of antiparasitic activity. The latter observation follows on from
studies with 1,2,4-trioxolanes (ozonides)* and 1,2,4-trioxanes,**
where only systems containing this functional group had oral
activities in mouse models of malaria. The 1,2,4,5-tetraoxanes
described here have significant advantages over the racemic
synthetic endoperoxides that have been prepared to date>® since
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Table 4 Oral activities of 29¢ and 29h versus Plasmodium berghei ANKA®*

Compound R' and R? R’ and R* ED50/mg kg™ ED90/mg kg™
29¢ Adamantylidine H and CH(CH,), 10.27 20.33
2%h Adamantylidine (CH,),O0 3.18 3.88
Artemether — — 5.88 10.57

“ Compounds were administered orally in a standard suspending vehicle (SSV). The aqueous formulation used contained medium-viscosity CMC (0.5%),

‘4-day’ test benzyl alcohol (0.5%), Tween 80 (0.4%) and NaCl (0.9%).

28h PSA (A2) = 59.25, logP = 3.67

29h PSA (A?) = 59.61, logP = 5.54

Fig.4 Low energy conformations of tetraoxanes 28h and 29h.

they have equivalent activity to the natural product artemisinin,
are achiral and can be synthesized in good yields from simple
starting materials. Further studies will establish whether these
1,2,4,5-tetroxane derivatives are viable alternatives to the 1,2,4-
trioxolane class of antimalarial recently described by Vennerstrom
and co-workers.*
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§ Crystal data for 27h: CsH,NOg; space group P1, a = 5.9604(12) A,
a = 92.596(4)°, b = 8.5899(17) A, f = 95.039(4)°, ¢ = 17.360(3) A, y =
99.803(4)°; crystal size 0.5 x 0.4 x 0.1 mm; crystal system: triclinic; V' =
870.8(3) A’; Z = 2; density (calculated) = 1.356 g cm™?; reflections =
5294; angle range; 0.80 < 6 < 28.13; F(000) 384; number of reflections
measured = 4499; number of observed reflections = 2270; independent
reflections = 3017; refinement method: full-matrix least-squares on F?;
goodness-of-fit on F?: 1.014; final R indices [/ > 20()]: R, = 0.0761,
wR, = 0.1793; R indices (all data): R, = 0.0948, wR, = 0.1924. CCDC
616879. For crystallographic data in CIF or other electronic format see
DOI: 10.1039/b613565j

Crystal data for 29h: C,,H;;NOg; space group P2,/n; a = 6.2610(6) A a=
90°, b = 37.479(3) A, = 90.841(2)°, ¢ = 8.6291(8) A, y = 90°; crystal
size 0.4 x 0.3 x 0.2 mm; crystal system: monoclinic; V' = 2024.7(3) A%;
density (calculated) 1.337 g cm™*; reflections = 12387; angle range =
0.90 < 6 < 28.12; number of reflections measured = 10349; independent
reflections = 3562; refinement method: full-matrix least-squares on F?;
goodness-of-fit on F?: 1.056; final R indices [/ > 2o(I)]: R, = 0.0707,
WwR, = 0.1875; R indices (all data): R, = 0.0779, wR, = 0.1943. CCDC
616880. For crystallographic data in CIF or other electronic format see
DOI: 10.1039/b613565j

9 The structures were solved using the SHELXS-97 program* and refined
by full-matrix least-squares on F* with SHELXL-97.%
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Crown ether macrocycle 1 including a zinc-salophen unit is obtained via a de novo synthetic design to
give a potential pH-driven two-stationed wheel component of [2]-pseudorotaxane systems.

Introduction

Considerable efforts in supramolecular chemistry and nanoscience
have been devoted lately to the construction of dynamic molecular
assemblies whose movements can be controlled by external
stimuli.! A number of studies in this field have been focused
on supramolecular systems that can be switched between two
stable states in the prospect for applications as memory units for
information storage of a single bit in binary code.?

Pseudorotaxanes formed by a crown ether and a dialkylammo-
nium cation belong to such systems, since the write—erase process
consists of a reversible threading—dethreading motion achieved by
pH changes'* that can easily be detected by optical methods.* As
a matter of fact, their practical application as nanoscale devices is
limited by the fact that one of the two states corresponds to the
disassembled components. To overcome this problem, many [2]-
rotaxanes have been developed in which the disassembling process
is prevented by the presence of bulky groups at the ends of the axle.
In this way, the deprotonation of the ammonium group does not
lead to dissociation, but it promotes the shuttling of the wheel to
another station positioned on the axle itself.®> A quite different
approach is the one adopted by Sauvage and coworkers who
prepared an electrochemically driven [2]-rotaxane system based
on the Cu(11)-Cu(1) couple, in which the molecular axis contains a
2,2'-bipyridine motif and the wheel a 1,10-phenanthroline and
a trispyridine unit. Depending on its oxidation state, copper
translocates between the two stations of the wheel, to coordinate
the bidentate chelate or the tridentate fragment.®

(CH,0CHy)7

Here we report on the newly synthesised zinc-salophen com-
plex 1 that represents a potential two stationed wheel for the
construction of dynamic systems in which the movement of the
axle is promoted by pH-changes rather than by electrochemical
stimuli. Actually, compound 1 is a ditopic receptor, since it can

Dipartimento di Chimica and IM C-CNR Sezione Meccanismi di Reazione,
Universita La Sapienza, Box 34 Roma 62, 00185, Roma, Italy. E-mail:
antonella.dallacort@uniromal.it; Fax: +3906490421; Tel: +390649913087
T Electronic supplementary information (ESI) available: Spectrophoto-
metric titrations, computational details and coordinates of calculated
structures. See DOI: 10.1039/b613705a

1 The HTML version of this article has been enhanced with colour images.

bind a secondary ammonium ion by means of the crown ether
oxygens (Fig. 1) and the corresponding deprotonated species
thanks to the ability of zinc-salophen compounds to form 1 : 1
complexes with amines.” The peculiarity of the 5,5 junction of the
polyoxyethylene chain implies that one of the axial binding sites of
zinc is oriented inside the cavity pointing toward the chain. Such a
feature qualifies 1 as a candidate to act as a wheel in the formation
of [2]-pseudorotaxanes feasible of a pH promoted translocation
of a dialkylammonium axle between two stations. The status of
the system can be easily monitored thanks to the presence of the
zinc-salophen moiety that acts as a luminescent sensor.

Fig. 1 Calculated structure of the complex between 1 and a dibenzylam-
monium cation.

Salophens are tetradentate ligands that bind strongly to metal
dications to form neutral complexes widely used as receptors,
catalysts, and carriers.? These complexes are usually square planar
and one or two coordination sites are available on the central
metal for axial complexation of additional ligands. As far as we
know, in all macrocyclic metal salophen compounds reported in
the literature, the polyether chain connects either positions 3 and
3’ of the side rings® or two positions of the central ring,'* and in
both cases lies more or less on the same plane as the salophen
ligand. The consequence of this is that any species bound to the
polyether chain remains far from the axial coordination site of the
metal centre. Conversely, a chain connecting positions 5 and 5
of the side rings has to pass above one of the faces of the planar
salophen moiety so that one axial coordination site of the metal
centre points toward the inside of the cavity. The appropriate chain
length was chosen on the basis of a computational study aimed at
establishing the right size to form a pseudorotaxane complex with
the dibenzylammonium cation.
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CH,0, HCI
H,0, 24 h

Scheme 1 Synthetic route to compound 1.

Results and discussion

Compound 1 was synthesised in three steps (Scheme 1) in reason-
able yield, from easily available starting materials. Introduction
of the methylene group between the aromatic rings and the first
oxygen atoms of the chain was essential to avoid slow oxidation
of the final product.

Unambiguous evidence for the formation of a strong complex
between 1 and a dibenzylammonium cation is provided by 'H
NMR spectra in CDCI; (Fig. 2). In the spectrum of the free
macrocycle, the imine and benzyl protons appear as multiplets
(signals a and b of spectrum (i) in Fig. 2) which suggests the
coexistence of at least three slowly equilibrating species, possibly
corresponding to aqua complexes involving variable numbers of
water molecules. Upon addition of dibenzylammonium methane-
sulfonate (spectrum (ii) in Fig. 2) signals a and b turn into
sharp singlets. Consistent with the spectra of similar systems
available in the literature,”*!! the resonances of the CH,N* and
the NH,* protons of dibenzylammonium (signals B and C) are
shifted downfield and upfield, respectively, as a consequence of
the formation of N-H - - - O hydrogen bonds.

B B
2 A0
H, HC—S0; B
(4

(iii) : J)L

(i)

6 ML*_JJ%U\\_,,

T T T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 35 5.0 4.5 4.0 35 3.0 25
(ppm)

Fig. 2 'H NMR spectra of (i) 1, (ii) 1-dibenzylammonium methane-
sulfonate, and (iii) dibenzylammonium methanesulfonate at 300 MHz in
CDCI, at 298 K. Resonances a and b correspond to the imine and benzyl
protons in 1, respectively.

The formation of the complex is also confirmed by small
but detectable changes in both UV-Vis and fluorescence spectra

of 1 upon addition of dibenzylammonium methanesulfonate,
Fig. 3. UV-Vis titration experiments showed that association
is virtually quantitative (K > 10° M~'). Even larger spectral
changes are detected upon formation of the complex with neutral
dibenzylamine.
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Fig. 3 Absorption and emission spectra (4, = 350 nm) at room
temperature in an air equilibrated CHCI; solution of 1 (full lines),
1-dibenzylammonium complex (dashed lines), and 1-dibenzylammine
complex (dash—dotted lines). Concentrations are 5.4 x 107> M.

To verify the reversibility of the axle motion between the two
stations of the wheel, we used the classical protocol consisting of
successive additions of stoichiometric amounts of base and acid.'
Since the association constant between 1 and dibenzylamine (K =
90 M~!, CHCI;, 25 °C) measured by UV-Vis titration is too
small to guarantee a high association degree, the less hindered
dipropylamine (K = 4500 M) was chosen to play the role
of the axle.”” The expectation is that after deprotonation, the
neutral secondary amine does not remain free in solution, but
is complexed by the metal centre either inside or outside the
cavity (Fig. 4). A molecular mechanics calculation carried out
utilising the force field MM3 indicates that in the gas phase,
inner complexation is favoured by 14.5 kcal mol™' mainly due
to intra complex hydrogen bonding between the amino group of
dipropylamine and one of the oxygen atoms of 1 (Fig. 5). The
molecular motions were followed by '"H NMR spectroscopy on a
0.05 M solution of both components, a concentration at which the
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Fig.4 Schematic representation of the pH-driven motion of the dynamic
molecular system formed by compound 1 and a secondary ammonium
salt.

Fig.5 Calculated structure of the complex between 1 and dipropylamine
showing the intra complex hydrogen bond between the amino group of
dipropylamine and one of the oxygen atoms of 1.

association degree is calculated to be 93.5%. Association with 1
shifts downfield the resonances of all the amine protons (spectra
(1) and (ii) in Fig. 6). Addition of 1 mol equiv. of acid to the
1-amine complex (full arrows) converts this complex into the
pseudorotaxane (compare spectra (iii) and (v)). The subsequent
deprotonation of the dipropylammonium cation with use of 1 mol
equiv. of Hiinig base (dotted arrows) causes the amine to move
back to the metal centre (compare spectra (ii) and (iv)).

Experimental
Methods

"H NMR spectra were recorded with either a Bruker AC 200 or a
Bruker AC 300 spectrometer. UV—Vis spectra were recorded with
a Perkin Elmer Lambda 18 spectrophotometer. Luminescence
spectra were recorded with a Shimadzu RF-5001PC spectroflu-
orimeter.

Materials

Solvents and chemicals were purchased from Aldrich and were
used as received. Hexaethylene glycol was prepared according to
a literature procedure.'®

5-Chloromethyl-2-hydroxybenzaldehyde (2). According to an
already described procedure,™ salicylaldehyde (5.0 mL,
0.047 mol), formaldehyde 37 wt. % in H,O (3.6 mL), and

........................

Fig. 6 'H NMR spectra at 300 MHz in chloroform at 25 °C: (i)
dipropylamine, (ii) 1-dipropylamine complex, (iii) after addition of 1 mol
equiv. of methanesulfonic acid, (iv) after addition of 1 mol equiv. of
Hiinig base, (v) 1-dipropylammonium complex. The signals labeled with
w represent water, the signal labelled with an asterisk belongs to the
protonated Hiinig base, and the signal labelled with d represents the methyl
group of the methanesulfonate anion.

concentrated hydrochloric acid (48 mL) were mixed and stirred
overnight. The solid that separated from the reaction mixture was
filtered, dissolved in diethyl ether, and dried over sodium sulfate.
Recrystallization from n-hexane afforded 2 in 50% yield. '"H NMR
(200 MHz, CDCl;, 25 °C) o 11.05 (s, 1H); 9.89 (s, 1H); 7.57-7.52
(m, 2H); 7.01-6.97 (d, 1H, J = 8.46 Hz); 4.58 (s, 2H).

5-[(2-{2-[2-(2-{2-[2-({ 3-formyl-4-hydroxybenzyl oxy)  ethoxy]
ethoxy} ethoxy) ethoxylethoxy }ethoxy)methyl]-2-hydroxybenzal-
dehyde (3). Sodium hydride 60% dispersion in mineral oil (1.07 g,
26.8 mmol) was placed under an argon atmosphere in a dry flask,
washed three times with n-hexane, and suspended in anhydrous
DMF (4 mL). The flask was then cooled with an ice bath and a
solution of hexaethylene glycol (1.06 g, 3.75 mmol) in anhydrous
DMF (4 mL) was slowly added. After the evolution of hydrogen
had ceased, 2 (1.30 g, 7.61 mmol) was slowly added. The resulting
yellow solution was stirred overnight at room temperature and
then poured over ice. After the ice had dissolved, the resulting
water solution was neutralized with 0.1 M hydrochloric acid and
extracted with two 25 mL portions of dichloromethane. The
organic layers were collected, washed with brine, and dried over
anhydrous sodium sulfate. Chromatographic purification of the
crude product (silica gel, 10% acetone in diethyl ether) afforded
the desired product as a colourless oil in 21% yield. '"H NMR
(200 MHz, CDCl;, 25 °C) 6 10.98 (s, 2H); 9.88 (s, 2H); 7.55-7.47
(m, 4H); 6.98-6.93 (d, 2H, J = 8.51 Hz); 4.51 (s, 4H), 3.64 (m,
24H). "C NMR (50 MHz, CDCl;) 0 = 197.4, 160.3, 138.3, 131.2,
130.0, 127.7, 115.3, 73.0, 71.3, 70.2 ppm.

Compound 1. A solution of 3 (0.102 g, 0.185 mmol) in
2.5mL of dichloromethane and a solution of 1,2-diaminobenzene
(0.020 g, 0.184 mmol) in 2.5 mL of a 1 : 1 dichloromethane-
methanol mixture were added separately and simultaneously by
a syringe pump over 4 h to a solution of zinc acetate dihydrate
(0.046 g, 0.209 mmol) in 100 mL of refluxing methanol. The
mixture was refluxed for an additional 30 minutes and then sodium
carbonate (0.046 g, 0.434 mmol) was added. After cooling, the
reaction mixture was filtered, slowly concentrated under reduced
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pressure at room temperature to a volume of about 5 mL, and
kept overnight at —18 °C. Under these conditions, the product
precipitated as a yellow solid that was separated from the mother
liquor by filtration (0.029 g, yield 23%). Elemental analysis: calcd
(%) for C3,H4,4N,0,Zn-3H,0: C, 55.27; H, 6.23; N, 3.79; found: C,
55.46; H, 6.01; N, 3.77. "H NMR (200 MHz, acetone-d,, 25 °C) &
8.77 (bs, 2H); 7.88-6.75 (bm, 10H); 4.34 (bs, 4H); 3.76 (s, 2H);
3.60-3.09 (m, 22H). *C NMR (50 MHz, CDCl;) 0 = 164.3,
158.9, 148.5, 136.1, 135.0, 129.7, 127.8, 122.9, 119.0, 116.8, 73.0,
71.3,70.2 ppm. MS-ESI-TOF for C;,H,N,0,Zn Na* calcd: 707.2;
found: 707.3.

Computational details

Geometries of all the stationary structures were fully optimised
using the force field MM3 as implemented in Macromodel
version 6.0. Additional parameters have been introduced for zinc,
imine nitrogens, phenoxide oxygens, and imine hydrogens and
are reported in the ESI.{ Partial atomic charges were computed
using the electrostatic potential (ESP) from the wavefunction
obtained by an AM1 calculation in SPARTAN version 5.0.1. A +2
charge was used for the zinc cation. These parameters gave good
agreement with X-ray structures of known complexes between
zinc-salophen compounds and amines.”

Conclusions

In summary, we have synthesised and fully characterised the
new crown ether macrocycle 1 containing a zinc-salophen unit.
The novel design of this host, based on the 5,5 junction of the
polyoxyethylene chain, allows for the first time the isolation of a
metallomacrocycle in which the zinc orients one of its two axial
binding sites towards the inside of the cavity of the macrocycle to
face the crown ether chain. This compound behaves as a wheel in
the formation of [2]-pseudorotaxanes with secondary ammonium
ions. We found that the alternate addition of base and acid controls
guest shuttling between the two different binding sites of the
macrocycle. The future development of stoppering methodologies
compatible with the metal salophen moiety will lead to rotaxanes
in which the motion of the axle between the two stations will be a
“pure” intra-wheel translocation.
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The design, synthesis and biological activity of a series of non-planar dihydro-p-carboline and
B-carboline-based derivatives of the toxic anticancer agent fascaplysin is presented. We show these
compounds to be selective inhibitors of CDK4 over CDK2 with an ICs, (CDK4-cyclin D1) = 11 pmol
for the best compound in the series 4d. The crystallographic analysis of some of the compounds
synthesised (3b/d and 4a-d) was carried out, in an effort to estimate the structural similarities between

the designed inhibitors and the model compound fascaplysin.

Introduction

The cyclin-dependent kinases (CDKs) are a set of proteins that
play a vital role in the regulation of the cell cycle checkpoints,
controlling the transition between the different phases of the
process.! As a wide variety of diseases (cancer in particular)
are characterised by a deregulation in the cell cycle causing
uncontrolled cell proliferation, the inhibition of CDKs by small
molecules is one of the most active fields in current anti-cancer
research.?

In this context, the specific inhibition of the CDK4-cyclin D1
complex has arisen as an interesting anticancer target.* CDK4 is
one of the key players in the transition between G, and S phases
of the cell cycle and is constitutively activated in many human
cancers. Similarly, cyclin D1 is often over expressed, whereas the
CDK4 inhibitor (p16) is deleted in a variety of human tumours.

In recent times our group has been interested in the design, mod-
elling, synthesis and biological evaluation of novel, specific CDK4-
cyclin DI inhibitors based on the structure of the pentacyclic
quaternary salt fascaplysin 1.*° This natural product, originally
isolated from the Fijian sponge Fascaplynosis Bergquist sp,’
inhibits the growth of several microbes including Staphylococcus
aureus, Escherichia coli, Candida albicans and Saccharomyces
cerevisiae, and suppresses the proliferation of mouse leukemia
cells (L-1210) with EDy, = 0.2 pg mL~"'. Fascaplysin has been also
reported to specifically inhibit CDK4-cyclin D1 (ICs, = 0.55 uM),
causing G, arrest of both tumour (U2-OS, HCT-116) and normal
(MRC-5) cells.® The use of fascaplysin 1 as an anticancer drug is
limited due to its high toxicity; because of its planar structure it can
act as a DNA intercalator.” The aim of the present study consists
of the design of non-toxic (non-planar) analogues of the natural
product with increased activity as CDK4-cyclin D1 inhibitors.

“Department of Chemistry, University of Leicester, Leicester, UK LE] 7RH.
E-mail: kin@le.ac.uk; Fax: +44(0)116 252 3789, Tel: +44(0)116 252 2124
!School of Pharmacy, De Montfort University, Leicester, UK LEI 9BH.
E-mail:  bchaudhuri@dmu.ac.uk;  Fax:  +44(0)116 257 7287,
Tel: +44(0)116 250 7280

T Electronic supplementary information (ESI) available: Colour versions
of Fig. 1-3. See DOI: 10.1039/b613861f

It has been shown, using a computational approach, that one
of the most important features of the predicted binding mode of
fascaplysin 1 in the ATP binding site of a CDK4 homology model
is a double hydrogen bonding to Val 96.%'° It is also noteworthy
that our most active compound so far, the tryptamine based
compound 2 (ICs, = 6 pm), was predicted to be located in the
ATP binding site of the CDK4 homology model in a similar
fashion to fascaplysin 1 but with the double hydrogen-bonding
interaction being with the backbone of His 95/Val 96 and an extra
stabilization arising from a -7 stacking interaction between the
biphenyl moiety of the ligand with the side chains of Phe 93 and
Phe 159 (Scheme 1).¢

Scheme 1 Structures of fascaplysin 1 and the tryptamine based
analogue 2.

Taking these facts into account we designed a series of
non-planar B-carboline-based analogues of the natural product
fascaplysin 1 of general type 3 and 4 with different substituents in
the benzenoid ring by removing bond « in the original structure
(Scheme 2) and in some cases converting double bond 4 into a
single bond. As four of the five rings of fascaplysin 1, and the
relative disposition of the H-bond acceptors/donors needed for
the double interaction with Val 96 (i.e. the carbonyl and the

3: Dihydro
4: Dehydro

Scheme 2 Strategy used to produce the non-planar B-carboline deriva-
tives 3 and 4 from fascaplysin 1.
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indolyl NH group in 3/4), is nearly the same as in fascaplysin
1, by inference, the binding mode and hence the CDK4 inhibition
activity was expected to be retained.

Moreover, the introduction of different aromatic substituents in
the benzenoid ring into the parent compounds of type 3 and 4,
was also planned in an attempt to explore the presence or not of
stabilizing m—m interactions as for compound 2 leading to increased
activities as CDK4-cyclin D1 specific inhibitors.

Results and discussion
B-Carboline and dihydro B-carboline compounds

In a previous communication," the investigation of the spon-
taneous photo-oxidation of the 1-(2-bromo-benzyl)-4,9-dihydro-
3H-B-carboline, led us to the development of a mild, green,
regioselective and practical protocol for the preparation of a
series of dihydro-f-carbolines of type-3 and [-carbolines of
type-4 from tryptamine derivatives 5 by a sequential Bischler—
Napieralski cyclisation followed by induced photo-oxidation of
the non-isolated 1-benzyl-4,9-dihydro-3 H-B-carboline derivatives
6 (Scheme 3).

o I
5

o-Cl

o-Br
0-NO,
o0-OMe

m-Br

TO Q0T
TP VDD D

Ta

?
@
%

iv)

Scheme 3 Reagents and conditions: 1) RC,H,CH,COCI, CH,Cl,,
NaOH,,. ii) POCI;, toluene, N,, reflux, basic work-up. iii) hv, O,, toluene,
30 °C. iv) hv, O,, toluene, reflux.

To circumvent the intrinsic instability of type-6 compounds,
purification after cyclisation of the corresponding acetamide
derivatives 5 was avoided, so the crude reaction product after
basic work-up of the Bischler—Napieralski reaction was irradiated
under the conditions detailed in Scheme 3.

Irradiation of 6a-h in toluene with a 500 Watt halogen lamp
(290-300 nm frequency cut-off) at 30 °C led, regioselectively
in most cases, to the dihydro-B-carbolines (3a-d, 3g-h) with
satisfactory yields (44-59%) from the corresponding tryptamine
derivative 5. Irradiation under these conditions of crude 6e led to
decomposition of the starting material to a complex mixture, and
irradiation of 6f yielded a mixture of the dihydro-f-carboline 3f
(31% isolated yield) and the B-carboline 4f (10% isolated yield).
A slight modification of the irradiation method, inducing reflux
of the toluene solution, produced the fully aromatic -carbolines
4b—d, 4f and 4h with modest to acceptable yields from 5a-h (11—

55%). On other occasions, the fully aromatic compounds 4a—e
were obtained in good yields (62-99%) by irradiation in refluxing
toluene of the isolated ketoimines 3a—e.

Solid state structure

As we wished to maintain the double H-bond to Val 96 as seen in
fascaplysin 1, X-ray structure analysis was carried out for some of
the compounds 3/4 synthesised (3b/d and 4a—d).

The conformation of type 4 compounds can be described by
means of the torsion angles 7, (C11-C1-C12-O1) and 7, (C1-
C12-C13-C14) (Fig. 1). Whilst 7, gives a qualitative idea of the
deviation of the carbonyl group from the plane of the heterocyclic
moiety, 7, is connected to the relative disposition of the 3-carboline
substructure and the benzenoid ring. For compounds of type 3
an extra degree of conformational freedom arises from the non-
planar (non-aromatic) cyclic imine substructure in the f-carboline
so a third torsion angle 7; (C4-C3-C2-N1) was included. In both
cases, for type-3 and type-4 compounds, these defined torsion
angles are interrelated because of the geometry of the molecules.

Fig.1 MERCURY projection (displacement ellipsoids, 50% probability)
of one of the two conformers of 4a in the minimal asymmetric unit of the
crystal, with the arbitrary labelling used in the study.t

As exemplified in Fig. 1 for compound 4a, we found all the
structures 3/4 displaying a strong N2-H - - - Ol intramolecular H-
bond as in the model compound. The geometrical features of this
interaction are shown in Table 1.

This intramolecular hydrogen bond is forced by the molecular
geometry, with the carbonyl group located nearly in the same
plane as the B-carboline moiety (the same situation occurs for
fascaplysin), so the free rotation around the CI1-CI12 bond
(characterized by the torsion angle 7,) in compounds 4 is restricted.
Once this geometry is constrained, the phenyl ring in 4 acquires
a tilted-T shape relative to the planar heterocyclic substructure
characterized by the torsion angle 7,. For type-3 molecules the
non-planar configuration of the dihydro-B-carboline substructure
(characterized by t;), causes the carbonyl group to be more out
of the plane of the heterocyclic moiety than for type-4 molecules,
increasing 7, as exemplified in Fig. 2 for compounds 3d and 4d.

Moreover, this nearly planar configuration of the intramolecular
donor/acceptors allows the molecule to form intermolecular cyclic
dimers by a double hydrogen bonding as exemplified in Fig. 3
for 4a. The B-carboline substructures of the two molecules are
arranged in parallel planes separated by a perpendicular distance
di (see Table 1 for geometrical details of the intermolecular
hydrogen bonding).

This journal is © The Royal Society of Chemistry 2006
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Table 1 Geometrical data discussed in the textf

3bdihydroR =F
3d dihydro R = Br
4a dehydroR=H
4b dehydro R =F
4c dehydro R = ClI
4d dehydro R = Br

Monomers Dimers
Structure  d(N2---O1)/A  ZN2HO1/° 1,/° 7,/° d(N1---R)/A  d(N2..-O1)/A  sN2HO1/° di/Ac
4a’ 2.744 117.2 2.13 50.05  — 2.603 2.945 154.9 0.616

2.767 115.7 11.78 —49.70  — 2.567 2.944 154.2 0.616
4b 2.889 113.4 —12.54 —63.18  — 3.099 3.056 144.4 1.095
4c 2.808 113.9 —570 —-7049 = — 3.262 2.996 145.6 0.275
4d 2.813 114.2 —411 —68.10 — 3.351 3.013 145.0 0.000
3b 2.837 120.5 19.90 50.34  —45.53  2.939 — — —
3d 2.935 116.6 —2494 5896 —17.30 3.361 3.088 153.8 0.770

“Data measured using the program Mercury. * Two different conformers are presented in the asymmetric unit cell for compound 4a. ¢ Perpendicular
distance between the parallel planes containing the B-carboline (type 4 compounds) or indolyl (type 3) moieties of the molecules involved in the double

hydrogen bonding.

Fig. 2 MERCURY capped sticks representation of the minimal asym-
metric unit in the crystalline structure for compound 3d (left) and 4d
(right).f

Fig. 3 MERCURY capped sticks representation of the cyclic symmetric
dimer formed by two molecules of 4a (symmetry codes x,y,z and —x + 1,
—y, —z). Intramolecular (N2H1 - - - O1,N2'H2' - - - O1) and intermolecular
(N2H---Ol',N2'H’ - - - Ol). Hydrogen bonds shown as dashed blue lines.

This finding modifies one of Etters rules for hydrogen bond
priorities' which asserts that: “six-membered-ring intramolecular
hydrogen bonds form in preference to intermolecular hydrogen
bonds”, showing that the two situations can coexist for the same
pair of donor/acceptors.

One interesting consequence of the rigidity of the molecules
studied is the presence in most of the cases of short contacts
between the pyridine-type nitrogen in 3/4 and the ortho-R

group linked to C14 in the benzenoid ring. These non-covalent
interactions are characterized by a d(N1-R) slightly lower (see
Table 1 for details) than the corresponding sum of the van der
Waals radii of the atoms r (ry 1.47 A, ro 1.75 A, re, 1.85 A, 1y
1.55 A" and ry 1.09 A)." Although these could be considered
as halogen bonding for the compounds 4¢/d and 3b/d, and non-
classic hydrogen bonding for the two conformers found in the unit
cell for 4a, these interactions could be artefacts imposed by the
constrained molecular geometry.{

It is also probable that in solution, as in the solid state, these
compounds could present a preferred rigid conformation arising
from the inter/intramolecular H-bonding. For instance, in the 'H-
NMR spectra (CDCl;, 300 MHz) of compounds 6d, 3d and 4d the
ONH 4, signal is respectively 8.00, 9.48 and 10.43 ppm; depending
on the environment of the NH group as well as its ability to form
intra and intermolecular hydrogen bondings.

Bi/triphenyl compounds

Based on the good biological activity of compound 2, our group
has explored the design, synthesis and biological activity of a wide
range of biphenyl derivatives of 2 demonstrating the existence of
a m-stacking region in the active site of CDK4," that could be
analogous to the “Phe 80 pocket” of CDK?2.'®

In an effort to evaluate the importance of this m-stacking
interaction compared to the double hydrogen bonding presented
for fascaplysin, we planned a further functionalization of the
parent dehydro and dihydro-B-carboline derivatives using the
Suzuki-Miyaura cross-coupling reaction to prepare a library of
bis/triphenyl compounds related to 3 and 4 (Scheme 4).

In a first attempt to use this approach, the para-brominated
dihydro-B-carboline 3h was used as starting material for the cou-
pling reaction. This compound was reacted with phenylboronic

1 The expected priority order for the halogen bond interactions C-X - - - B
is B=S < N < O for the Lewis base and X = Cl < Br < I for the halogen, '
the contact with X = F being rarely reported and quite controversial.'®
In our case, with the carbonyl group involved in two hydrogen bonds, the
pyridine-like nitrogen is the only available acceptor for the intramolecular
interaction.
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Compound Ar
8a o-Ph 8b

Compound Ar

Compound Ar
m-Ph 8¢ p-Ph

8d 0-4-Me-Ph 8e m-4-Me-Ph 8f p-4-Me-Ph
8g 0-4-F-Ph 8h m-4-F-Ph 8i p-4-F-Ph
8j 0-4-Bu-Ph 8k m-4-Bu-Ph 81 p-4-Bu-Ph

8m 0-4-Ph-Ph 8n m-4-Ph-Ph 80 p-4-Ph-Ph

Scheme4  Reagents and conditions: 1) PA(PPh; )y, K;COjq), ArB(OH),,
toluene—EtOH, 90 °C.

acidina 1 : I mixture of toluene-EtOH at 90 °C using Pd(PPh;), as
catalyst and aqueous K,CO; as base. This produced an unresolved
mixture of the desired dihydro-B-carboline 7 and the fully aromatic
B-carboline 8d in a 10 : 1 ratio.

Using the same reaction conditions with the corresponding
ortho/meta/para brominated B-carbolines 4d, 4e and 4h as starting
materials, the synthesis of the target compounds 8a-o was
achieved in a straightforward fashion with high yields (82-99%,
see experimental part for further details).

Biological results

The CDK4 and CDK2 inhibitory activities of compounds 3a—
d, 3g-h, 4a—d, 4f-h, 7, and 8a—o0 were measured in terms of I1Cs,
using standard methods® and the results are shown in Table 2.
As expected, all the compounds are active as CDK4 inhibitors
showing a clear selectivity for this kinase compared to CDK2.

The first series of compounds discussed above, the dihydro-f-
carboline derivatives, shows, in general, better activities compared
to the corresponding fully aromatic compounds. In both series the
introduction of a halogen in the ortho-position of the benzenoid
ring increases the activity, the greater the electronegativity of
the halogen the lesser the effect. Furthermore, taking the ortho-
brominated derivatives 3d and 4d as reference, the activity of these
compounds is decreased if the halogen is located in the meta or
para-positions on the aromatic ring. For these two series the best
hits correspond to the ortho-brominated compounds 3d (IC, =
11 um) and 4d (ICs, = 14 um).

As the crystallographic analysis of compounds of type 3 and
4 has shown, these should exist in a rigid conformation, differing
from fascaplysin only in the relative disposition of the outer phenyl
group (characterised by 7,), so a similar binding mode in the ATP
site of the enzyme is expected.

Concerning the bi/triphenyl derivatives, the introduction of
aromatic ring or rings in the initial structure decreases the activity
with respect to the parent brominated compounds, the exception
being 8f (more active than 4h) and 8k (more active than 4g).

For these series of compounds, instead of a synergic effect
between the two interactions (i.e. the fascaplysin-like double
hydrogen bonding and the m-stacking present in compound 2),

Table 2 CDK4 activity versus CDK2 activity

CDK4 measured CDK2 measured
Compound 1Cs,/uM* 1Cy,/uM?
Fascaplysin 0.55 500
1
2 6+t1 521 £ 12
3a 45+ 4 515+ 11
3b 16 +2 812 £ 8
3c 12+1.8 630 + 15
3d 11+2 818 + 16
3g 718+ 6 1209 + 15
3h 3442 538+9
4a 3943 913+ 38
4b 24 +2.5 974 £ 11
4c 2242 855+ 10
4d 14+1 940 £ 12
4f 65+ 3.5 512+7
4g 3243 868 + 10
4h 34+2 538 +9
(7+8a)° 61 +4 712+ 7
8a T2+£5 1216 + 11
8b 67+ 3 920 £ 20
8c 77+4 1135 £ 18
8d 75+ 4 496 +9
8e 5945 384 £ 15
8f 30+ 1 983 +17
8g 6543 865+ 13
8h 5445 367 £8
8i 4242 350 £ 8
8j 48 £2.5 423 £ 15
8k 25+2 971 £ 11
8l 5843 800 + 15
8m 77+ 4 526 + 14
8n 58 +£2.5 437 £ 10
8o 61 +£3.5 566 + 12

“ CDK4-cyclin D1 assay, using GST-RB152 fusion protein as the substrate.
®* CDK2-cyclin A assay using histone H1 as the substrate. © Tested as an
unresolved mixture of 7 and 8ain a 10 : 1 ratio.

in our case, the decreased activities for the coupling products
can be rationalized in terms of a competition between the two
binding modes. Once the molecule is located in the ATP binding
site in a similar fashion as for fascaplysin 1, the bulky introduced
bis/tris aromatic moieties are possibly not oriented properly in the
direction of the nt-stacking pocket.

Conclusions

A series of dehydro-f-carboline and B-carboline-based com-
pounds related to the toxic anticancer agent fascaplysin 1 were
synthesised and their biological activities as CDK4-cyclin D1
specific inhibitors measured.

Compounds 3a—d, 3g-h, 4a—d and 4f-h were designed to retain
the double hydrogen bonding to Val 96 and prepared with
acceptable yields by a novel synthetic methodology previously
reported.

Compounds 7 and 8a—o were produced using the well estab-
lished Suzuki-Miyaura coupling methodology in an effort to
increase the activities of the parent compounds by interaction
with a proposed 7-stacking pocket (Phe 93-159).

The structural similarity between compounds of type 3/4, and
fascaplysin 1 was estimated by means of the solid state structure
analysis of some of the compounds synthesised (3b/d and 4a—d).

This journal is © The Royal Society of Chemistry 2006
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This analysis showed the compounds have a rigid conformation,
keeping the carbonyl group and the indolyl NH approximately
in the same plane as for fascaplysin 1 caused by a strong
intramolecular hydrogen bonding. As predicted, the compounds
showed a good activity as CDK4-cyclin D1 inhibitors with an ICs,
for the best compound of 11 pm.

The second series (compounds 7 and 8a-o0), showed in general
a decreased activity compared to the parent compounds. This was
attributed to a competition between the two proposed binding
modes.

Experimental
General

All reactions were performed under an atmosphere of nitrogen
(unless otherwise stated in the text) and solvent extractions dried
with anhydrous sodium sulfate. NMR spectra were recorded on a
Bruker DPX 300 ('H, 300.13 MHz; ¥C, 75.47 MHz) spectrometer.
Chemical shifts were measured relative to chloroform (*C ¢ 77.0)
or dimethylsulfoxide (*C 6 39.5) and are expressed in ppm.
Coupling constants J are expressed in Hertz and the measured
values are rounded to one decimal place. Fast atom bombardment
(FAB) mass spectra were recorded on a Kratos Concept 1H using
xenon and m-nitrobenzyl alcohol as the matrix. Electrospray
(ES) mass spectra were recorded on a Micromass Quattro LC
spectrometer. Accurate mass was measured on a Kratos Concept
1H spectrometer using peak matching to a stable reference peak.
Flash column chromatography was carried out using Merck
Kieselgel 60 (230-400 mesh). Melting points were recorded on
a Reichert Kofler thermopan and are uncorrected.

Crystal structure determinations§

Single crystals of compounds 3b/d and 4a-d suitable for X-
ray diffractometry were obtained by dissolving crystals of the
corresponding pure compound in the minimum quantity of cold
EtOH in an open vial that was then placed in a larger container
with a little H,O in its bottom; the container was closed, and after
a few days in a cool, dark place free from vibrations, afforded
the desired single crystals. These were mounted in inert oil and
transferred to the cold gas stream of the diffractometer.

General method for the Suzuki coupling reaction

To a stirred solution of the corresponding brominated intermedi-
ate (3h, 4d/e/h, 1 mmol) in toluene (10 mL), under nitrogen, was
added K,CO; (1 mmol, 2M aqueous solution) and Pd(PPh,), (5
mol%, 0.05 mmol). The solution was stirred for 20 minutes at room
temperature before the addition of a solution of the appropriately
substituted phenylboronic acid (1.2 mmol) in EtOH (10 mL), the
reaction mixture was then heated to 90 °C for 24 h and allowed
to cool to room temperature before the addition of H,0, (30%,
1 mL). The reaction mixture was then stirred for a further hour,
and extracted into CHCI;, washed with saturated brine solution
(2 x 25 mL) and H,O (2 x 25 mL), aqueous washings being re-
extracted with CH,Cl, (3 x 50 mL). The combined organic phases

§ CCDC reference numbers 621742-621747. For crystallographic data in
CIF or other electronic format see DOI: 10.1039/b613861f

were then dried over anhydrous sodium or magnesium sulfate,
filtered and isolated under reduced pressure. The crude products
were then purified by flash column chromatography on silica from
CH,CL,.

Suzuki coupling of compound 3h. The reaction between the
brominated derivative 3h and phenylboronic acid in the conditions
explained above yielded, after column chromatography (CH,Cl,),
an unresolved mixture of 7 + 8a in a 10 : 1 ratio (isolated overall
yield 67%). The spectroscopic data for the major compound is
described below.

Biphenyl-4-yl(4,9-dihydro-3H -pyrido|3,4-b]indol-1-yl)-methan-
one 7. 67% (Mixture), yellow sticky solid, "H-NMR (300 MHz,
CDCly) 0 3.05 (2H, t, J 8.8), 4.21 (2H, t, J 8.8), 7.18 (1H, ddd, J
8.0, 7.0, 1.0), 7.33 (1H, ddd, J 8.3, 7.0, 1.2), 7.42-7.52 (4H, m),
7.63-7.66 (3H, m), 7.71 (2H, d, J 8.6), 8.28 (2H, d, J 8.6) and
9.51 (1H, br s) ppm; *C-NMR (75 MHz, CDCl;) § 19.1 (CH,),
49.3(CH,), 112.3(CH), 118.0 (Cq), 119.9 (CH), 120.3 (CH), 124.8
(Cq), 125.1 (CH), 126.6 (Cq), 126.9 (CH), 127.3 (CH), 128.2 (CH),
128.9 (CH), 131.6 (CH), 134.0 (Cq), 136.9 (Cq), 140.0 (Cq), 146.2
(Cq), 155.9 (Cq) and 192.8 (Cq); m/z (ES*) 351 (MH").

Biphenyl-2-yl-(9 H-B-carbolin-1-yl)-methanone 8a. 99% Yield,
yellow solid; mp 194-195 °C (from EtOH); Found: C, 82.83; H,
4.70; N 7.84%; C,H (N,O requires: C, 82.74; H, 4.63; N, 8.04%;
Vamar /€M~ 3366, 3058, 1635, 1425, 1315, 1210, 1117, 969, 748, 737,
701; "TH-NMR (300 MHz, CDCl;) 6 7.06-7.17 (3H, m), 7.30-7.35
(3H, m), 7.48-7.64 (5H, m), 7.72 (1H, dd, J 1.2 and 7.4), 8.00 (1H,
d,J4.9),8.11(1H, d, J 8.0 Hz), 8.42 (1H, d, J 4.9) and 10.28 (1H,
br s, D,O exch, NH) ppm; *C-NMR (75 MHz, CDCl;) § 112.0
(CH), 1154 (CH), 118.5 (CH), 120.1 (CH), 120.7 (Cq), 120.8
(CH), 121.8 (CH), 126.8 (CH), 126.9 (CH), 128.1 (CH), 128.9
(CH), 129.2 (CH), 129.5 (CH), 130.2 (CH), 130.6 (CH), 131.4
(Cq), 136.4 (Cq), 136.6 (Cq), 138.5 (CH), 138.6 (Cq), 141.1 (Cq),
142.01 (Cq) and 200.6 (CO) ppm; m/z (ES*) 349 (MH*); m/z
(FAB*) 351 (MH") (found: MH*, 349.13407; C,,H,;N,O requires
349.13409).

Biphenyl-3-yl-(9 H-p-carbolin-1-yl)-methanone 8b. 93% Yield,
yellow solid; mp 151-152 °C (from EtOH); Found: C, 82.83; H,
4.56; N 7.99%; C,,H,N,O requires: C, 82.74; H, 4.63; N, 8.04%;
Vm/cm ! 3436, 3057, 1614, 1425, 1316, 1203, 748, 722, 693; 'H-
NMR (300 MHz, CDCl,) 6 7.34-7.41 (2H, m), 7.48 2H, t, J 7.4),
7.59-7.70 (5H, m), 7.85 (1H, dt, J 1.4 and 7.8), 8.18-8.21 (2H, m),
8.29 (1H, dt,J 7.7 and 1.3), 8.52 (1H, t, J 1.7), 8.62 (1H, d, J 4.9)
and 10.46 (1H, br s, D,O exch, NH) ppm; "C-NMR (75 MHz,
CDCl;) ¢ 110.9 (CH), 117.5 (CH), 119.7 (CH), 119.7 (Cq), 120.7
(CH), 126.2 (CH), 126.5 (CH), 127.3 (CH), 127.8 (CH), 128.2
(CH), 128.4 (CH), 128.7 (CH), 129.1 (CH), 129.9 (Cq), 129.9
(CH), 130.6 (Cq), 135.1 (Cq), 136.2 (Cq), 137.0 (CH), 139.5 (Cq),
140.0 (2 x Cq) and 194.5 (CO) ppm; m/z (ES*) 349 (MH*); m/z
(FAB*) 351 (MH") (found: MH*, 349.13404; C,,H,,N,O requires
349.13409).

Biphenyl-4-yl-(9 H-p-carbolin-1-yl)-methanone 8c. 99% Yield,
yellow solid; mp 183-184 °C (from EtOH); Found: C, 82.63; H,
4.59; N 7.91%; C,H(N,O requires: C, 82.74; H, 4.63; N, 8.04%;
vme/Ccm ™! 3377, 3055, 1641, 1425, 1318, 1205, 742, 728, 709, 688;
'"H-NMR (300 MHz, CDCl;) ¢ 7.33-7.43 (2H, m), 7.49 (2H, t,
J 1.3), 7.62-7.64 (2H, m), 7.66-7.60 (2H, m), 7.76 (2H, dt, J 1.8
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and 8.4), 8.18-8.21 (2H, m), 8.43 (2H, dt, J 1.7 and 8.4), 8.63
(1H, d, 4.9 Hz) and 10.48 (1H, br s, D,O exch, NH) ppm; "*C-
NMR (75 MHz, CDCIl;) 6 112.0 (CH), 118.5 (CH), 120.7 (CH),
120.8 (Cq), 121.8 (CH), 126.7 (CH), 127.3 (CH), 128.0 (CH), 128.9
(CH), 129.2 (CH), 131.6 (Cq), 131.8 (CH), 136.3 (Cq), 136.4 (Cq),
137.3 (Cq), 138.0 (CH), 140.3 (Cq), 141.0 (Cq), 145.0 (Cq) and
194.8 (CO) ppm; m/z (ES*) 349 (MH"); m/z (FAB*) 351 (MH")
(found: MH", 349.13416; C,,H;N,O requires 349.13409).

(9H -B-Carbolin-1-yl)-(4'-methyl-biphenyl-2-yl)-methanone  8d.
99% Yield, yellow solid; mp 185-186 °C (from EtOH); Found:
C, 82.95; H, 4.98; N 7.65%; C,sH3sN,O requires: C, 82.85; H,
5.01; N, 7.73%; v /cm™" 3407, 3045, 1641, 1463, 1315, 1207,
1114, 972, 766, 750, 728, 711; '"H-NMR (300 MHz, CDCl;) 6 2.20
(3H, s), 6.96 (2H, d, J 7.9), 7.20 (2H, d, J 8.0), 7.34 (1H, t, J
7.3), 7.45-7.63 (5H, m), 7.69 (1H, dd, J 1.0 and 7.6), 8.05 (1H,
d, J4.9), 8.13 (1H, d, J 7.8), 8.45 (1H, d, J 4.9) and 10.31 (1H,
br s, D,O exch, NH) ppm; "C-NMR (75 MHz, CDCl;) 6 21.01
(CH;), 111.9 (CH), 118.5 (CH), 120.7 (CH), 120.7 (Cq), 121.7
(CH), 126.4 (CH), 128.7 (CH), 128.9 (CH), 129.2 (CH), 129.5
(CH), 130.2 (CH), 130.4 (CH), 131.4 (Cq), 131.6 (Cq), 136.3 (Cq),
136.6 (2 x Cq), 138.1(Cq), 138.4(CH), 141.0(Cq), 141.9 (Cq) and
200.6 (CO) ppm; m/z (ES*) 363 (MH"); m/z (FAB*) 363 (MH")
(found: MH", 363.14973; C,sH N, O requires 363.14975).

(9H -B-Carbolin-1-yl)-(4'-methyl-biphenyl-3-yl)-methanone  8e.
94% Yield, yellow solid; mp 159-160 °C (from EtOH); Found:
C, 82.75; H, 5.11; N 7.63%; C,sH3sN,O requires: C, 82.85; H,
5.01; N, 7.73%; v /cm™ 3437, 3060, 1615, 1425, 1316, 1249,
1204, 978, 785, 750, 734, 723; "H-NMR (300 MHz, CDCl) 6 2.41
(3H, s), 7.27 (2H, d, J 8.0), 7.36 (1H, quintet, J 4.0), 7.57-7.64
(5H, m), 7.81 (1H, dt, J 1.7 and 7.7), 8.18-8.21 (2H, m), 8.28
(1H, dt, J 1.3 and 7.7), 8.50 (1H, t, J 1.6), 8.62 (1H, d, J 4.9)
and 10.46 (1H, br s, D,O exch, NH) ppm; "C-NMR (75 MHz,
CDCly) 0 21.2 (CH,), 112.0 (CH), 118.6 (CH), 120.8 (CH), 120.9
(Cq), 121.8(CH), 127.1 (CH), 128.4(CH), 129.3(CH), 129.6 (CH),
130.0 (CH), 130.9 (CH), 131.70 (Cq), 136.3(Cq), 137.3 (Cq), 137.4
(2xCq), 137.8 (Cq), 138.1 (Cq), 138.2 (CH), 141.0 (Cq) and 195.7
(CO) ppm; m/z (ES*) 363 (MH*); m/z (FAB*) 363 (MH") (found:
MH*, 363.14976; C,sH sN,O requires 363.14975).

(9H -B-Carbolin-1-yl)-(4'-methyl-biphenyl-4-yl)-methanone  8f.
97% Yield, yellow solid; mp 209-210 °C (from EtOH); Found: C,
82.77; H, 4.96; N 7.61%; C,sH3N,O requires: C, 82.85; H, 5.01;
N, 7.73%; vma/cm™" 3398, 3056, 1640, 1424, 1317, 1214, 1204,
970, 793, 737, 727, 707; "H-NMR (300 MHz, CDCl;) ¢ 2.42 (3H,
s), 7.31 (2H, d, J 8.0 Hz), 7.36 (1H, quintet, J 4.0), 7.57-7.63 (4H,
m), 7.74 (2H, dt, J 1.7 and 8.4), 8.17-8.20 (2H, m), 8.28 (2H, dt,
J 1.3 and 7.7 Hz), 8.64 (1H, d, J 4.9 Hz) and 10.48 (1H, br s,
D,0 exch, NH) ppm; "C-NMR (75MHz, CDCl;) 6 21.2 (CH,),
112.0 (CH), 118.5 (CH), 120.7 (CH), 120.8 (Cq), 121.8 (CH),
126.5 (CH), 127.18 (CH), 129.3 (CH), 129.6 (CH), 131.7 (Cq),
131.8 (CH), 136.0 (Cq), 136.5 (Cq), 137.3 (Cq), 137.4 (Cq), 138.0
(Cq), 138.1 (CH), 141.0 (Cq), 141.0 (Cq) and 194.9 (CO) ppm;
m/z (ES*) 363 (MH"); m/z (FAB*) 363 (MH*) (found: MH*,
363.14979; C,sH s N, O requires 363.14975).

(9H -B-Carbolin-1-yl)-(4'-fluoro-biphenyl-2-yl)-methanone  8g.
97% Yield, yellow solid; mp 245-246 °C (from EtOH); Found:
C, 78.52; H, 4.07; N 7.58%; C,,H,;sFN,O requires: C, 78.68; H,
4.13; N, 7.65%; v /cm™' 3390, 3059, 1634, 1624, 1426, 1316,

1209, 1117, 970, 859, 750, 734; '"H-NMR (300 MHz, CDCl;) ¢
6.84 (2H, t, J 8.6), 7.27-7.36 (3H, m), 7.48-7.62 (SH, m), 7.71
(1H, d, J 7.2), 8.03 (1H, d, J 4.9), 8.13 (1H, d, J 8.0), 8.41 (1H,
d, J 4.9) and 10.28 (1H, br s, D,O exch, NH) ppm; “C-NMR
(75 MHz, DMSO) ¢ 113.0 (CH), 114.7 (CH, d, “Jr 21.5), 119.0
(CH), 119.9 (Cq), 120.2 (CH), 121.8 (CH), 126.7 (CH), 128.9
(CH), 129.1 (CH), 129.6 (CH), 130.0 (CH), 130.2 (CH, d, *J¢»
8.1), 130.8 (Cq), 135.1 (Cq), 136.2 (Cq), 137.0 (Cq), 137.4 (CH),
139.3 (Cq), 139.6 (Cq), 141.8 (Cq), 161.2 (Cq, d, 'Jr 243.6) and
198.8 (CO) ppm; m/z (ES*) 367 (MH*); m/z (FAB*) 367 (MH")
(found: MH", 367.12476; C,,HsFN,O requires 367.12468).

(9H-p-Carbolin-1-yl)-(4'-fluoro-biphenyl-3-yl)-methanone  8h.
97% Yield, yellow solid; mp 188-189 °C (from EtOH); Found:
C, 78.59; H, 4.04; N 7.51%; C,,H,;sFN,O requires: C, 78.68; H,
4.13; N, 7.65%; v /cm™ 3437, 3053, 1615, 1593, 1425, 1317,
1204, 1162, 979, 840, 751, 736; '"H-NMR (300 MHz, CDCl;) ¢
7.16 2H, t, J 8.7), 7.37 (1H, quintet, J 4.0), 7.58-7.66 (SH, m),
7.78 (1H, dt, J 1.4 and 7.7), 8.18-8.21 (2H, m), 8.30 (1H, dt, J
1.3 and 7.7), 8.47 (1H, t, J 1.6), 8.3 (1H, d, 4.9) and 10.46 (1H,
br s, D,O exch, NH) ppm; *C-NMR (75 MHz, CDCl;) § 113.0
(CH), 115.8 (CH, d, J. 21.4), 118.9 (CH), 120.0 (Cq), 120.2
(CH), 121.8 (CH), 128.6 (CH), 128.8 (CH), 128.9 (CH), 130.0
(CH), 129.6 (CH), 130.2 (CH), 131.1 (Cq), 135.9 (Cq), 136.0 (Cq),
136.1 (Cq), 137.2 (CH), 138.3 (Cq), 138.7 (Cq), 141.7 (Cq), 162.0
(Cq, d, 'J¢r 244.6) and 193.9 (CO) ppm; m/z (ES*) 367 (MH");
m/z (FAB*) 367 (MH") (found: MH*, 367.12462; C,,H,sFN,O
requires 367.12468).

(9H-B-Carbolin-1-yl)-(4' -fluoro-biphenyl-4-yl)-methanone  8i.
95% Yield, yellow solid; mp 221-222 °C (from EtOH); Found:
C, 78.53; H, 4.05; N 7.54%; C,,H,;sFN,O requires: C, 78.68; H,
4.13; N, 7.65%; v /cm™' 3431, 3041, 1601, 1426, 1317, 1215,
1164, 970, 837, 794, 736, 714; '"H-NMR (300 MHz, CDCl,) ¢
7.17 (2H, t, J 8.7), 7.36 (1H, quintet, J 4.0), 7.62-7.66 (4H,
m), 7.71 (1H, d, J 8.4), 8.18-8.20 (2H, m), 8.42 (2H, d, J 8.4)
and 10.48 (1H, br s, D,O exch, NH) ppm; "C-NMR (75 MHz,
CDCl;) 6 113.0 (CH), 115.8 (CH, d, *J 21.5), 118.8 (CH), 120.0
(Cq), 120.2 (CH), 121.8 (CH), 126.1 (CH), 128.1 (CH), 128.9
(CH), 131.0 (Cq), 131.5 (CH), 135.6 (Cq), 135.7 (Cq), 135.8 (Cq),
136.2 (Cq), 136.3 (Cq), 137.1 (CH), 141.7 (Cq), 142.6 (Cq), 162.3
(Cq, d, 'J¢r 245.3) and 193.0 (CO) ppm; m/z (ES*) 367 (MH");
m/z (FAB*) 367 (MH") (found: MH*, 367.12471; C,,H,sFN,O
requires 367.12468).

(4'-tert-Butyl-biphenyl-2-yl)-(9 H-B-carbolin-1-yl)-methanone 8j.
96% Yield, yellow solid; mp 176-177 °C (from EtOH); Found: C,
83.02; H, 5.86; N 6.83%; C,xH,,N,O requires: C, 83.14; H, 5.98; N,
6.93%; v /cm™! 3421, 2921, 1651, 1429, 1315, 1245, 1206, 969,
835, 762, 752, 737, 725; '"H-NMR (300 MHz, CDCl;) ¢ 1.12 (9H,
s), 7.11 (2H, d, J 8.4 Hz), 7.22 (2H, d, J 8.4 Hz), 7.32 (1H, t, J
6.5 Hz), 7.46-7.63 (SH, m), 7.71 (1H, dd, J 0.8 and 7.4 Hz), 7.98
(1H,d,J 5.0Hz),8.12(1H,d,J 7.9 Hz), 8.40 (1H, d, J 5.0 Hz) and
10.23 (1H, brs, D,0 exch, NH) ppm; *C-NMR (75 MHz, CDCl;)
0 31.1 (CH,), 31.3 (Cq), 112.0 (CH), 118.3 (CH), 120.7 (CH),
120.7(Cq), 121.8 (CH), 125.0 (CH), 126.5 (CH), 128.5 (CH), 129.2
(CH), 129.4 (CH), 130.2 (CH), 130.6 (CH), 131.3 (Cq), 136.5 (Cq),
136.7 (Cq), 138.0 (Cq), 138.4 (CH), 138.7 (Cq), 141.1 (Cq), 142.0
(Cq), 149.7 (Cq) and 194.9 (CO) ppm; m/z (ES*) 405 (MH*); m/z
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(FAB*) 405 (MH") (found: MH*,405.19661; C,sH,,N,O requires
405.19670).

(4-tert-Butyl-biphenyl-3-yl)-(9 H-B-carbolin-1-yl)-methanone 8k.
99% Yield, yellow solid; mp 173-174 °C (from EtOH); Found: C,
83.06; H, 5.89; N 6.83%; C,xH,,N,O requires: C, 83.14; H, 5.98;
N, 6.93%; v /cm™" 3423, 2962, 1621, 1427, 1317, 1248, 1207,
979, 841, 791, 754, 728; "H-NMR (300 MHz, CDCl;) ¢ 1.38 (9H,
s), 7.36 (1H, quintet, J 4.0 Hz), 7.50 (2H, d, J 8.4 Hz), 7.60-7.64
(5H, m), 7.83 (1H, d, J 7.8 Hz), 8.18-8.21 (2H, m), 8.28 (1H, d, J
7.7Hz), 8.52 (1H, br t), 8.63 (1H, d, J 4.9 Hz) and 10.47 (1H, brs,
D,0 exch, NH) ppm; *C-NMR (75 MHz, CDCI;) ¢ 31.3 (CH,),
34.5(Cq), 112.0 (CH), 118.5 (CH), 120.7 (CH), 120.8 (Cq), 121.8
(CH), 125.8 (CH), 126.9 (CH), 128.3 (CH), 129.2 (CH), 129.7
(CH), 129.9 (CH), 130.9 (CH), 131.6 (Cq), 136.3 (Cq), 137.3 (Cq),
137.7 (Cq), 138.0 (Cq), 138.1 (CH), 140.9 (Cq), 141.0 (Cq), 150.6
(Cq) and 195.6 (CO) ppm; m/z (ES*) 405 (MH"); m/z (FAB*) 405
(MH?*) (found: MH", 405.19660; C,sH,,N,O requires 405.19670).

(4'-tert-Butyl-biphenyl-4-yl)-(9 H-f-carbolin-1-yl)-methanone 8l.
99% Yield, yellow solid; mp 245-246 °C (from EtOH); Found: C,
83.21; H, 5.88; N 6.82%; C,xH,,N,O requires: C, 83.14; H, 5.98;
N, 6.93%; v /cm™' 3420, 2964, 1649, 1604, 1424, 1309, 1242,
1203, 1182, 1118, 964, 827, 796, 747, 732; '"H-NMR (300 MHz,
CDCl;) 0 1.38 (9H, s), 7.36 (1H, quintet, J 4.0 Hz), 7.52 (2H, d,
J 7.5 Hz), 7.62-7.65 (4H, m), 7.77 (2H, d, J 8.3 Hz), 8.18-8.21
(2H, m), 8.28 (1H, d, J 7.7 Hz), 8.43 (2H, d, J 8.3 Hz), 8.64 (1H,
d, J 4.9 Hz) and 10.48 (1H, br s, D,O exch, NH) ppm; *C-NMR
(75 MHz, CDCl;) 0 31.4 (CHs;), 34.6 (Cq), 112.0 (CH), 118.5(CH),
120.8 (CH), 120.9 (Cq), 121.8 (CH), 125.9 (CH), 126.6 (CH), 127.0
(CH), 129.3 (CH), 131.7 (Cq), 131.9 (CH), 136.0 (Cq), 136.5 (Cq),
137.3 (Cq), 137.4 (Cq), 138.1 (CH), 141.0 (Cq), 145.0 (Cq), 151.2
(Cq) and 194.9 (CO) ppm; m/z (ES*) 405 (MH*); m/z (FAB*) 405
(MH") (found: MH", 405.19663; C,sH,,N,O requires 405.19670).

(9H-p-Carbolin-1-yl)-[1,1’;4’,1”|terphenyl-2-yl-methanone  8m.
98% Yield, yellow solid; mp 216-217 °C (from EtOH); Found:
C, 84.93; H, 4.56; N 6.55%; C;HyN,O requires: C, 84.88; H,
4.75; N, 6.60%; v /cm™' 3324, 3027, 1644, 1425, 1313, 1205,
966, 755, 721; "H-NMR (300 MHz, CDCl;) 6 7.22-7.42 (10H, m),
7.48-7.64 (SH, m), 7.73 (1H, dd, J 0.7 and 7.5), 7.98 (1H, d, 7 4.9),
8.07 (1H, d, J 7.9), 8.42 (1H, d, J 4.9) and 10.32 (1H, br s, D,O
exch, NH) ppm; *C-NMR (75 MHz, CDCl;) ¢ 112.0 (CH), 118.5
(CH), 120.7 (Cq), 120.8 (CH), 121.8 (CH), 126.8 (CH), 126.9
(CH), 127.1 (CH), 128.6 (CH), 129.2 (CH), 129.6 (CH), 130.2
(CH), 130.6 (CH), 131.4 (Cq), 136.3 (Cq), 136.6 (Cq), 138.5 (CH),
138.5 (Cq), 139.6 (Cq), 140.1 (Cq), 140.5 (Cq), 141.1 (Cq), 141.5
(Cq) and 200.4 (CO) ppm; m/z (ES*) 425 (MH"); m/z (FAB*) 425
(MH?*) (found: MH", 425.16543; C;,H,,N,O requires 425.16540).

(9H-p-Carbolin-1-yl)-[1,1";4’,1”|terphenyl-3-yl-methanone ~ 8n.
97% Yield, yellow solid; mp 216-217 °C (from EtOH); Found: C,
84.80; H, 4.80; N 6.58%; C3;H,N,O requires: C, 84.88; H, 4.75;
N, 6.60%; vy./cm™ 3424, 3034, 1619, 1425, 1315, 1203, 977,
757, 733, 717, "H-NMR (300 MHz, CDCl;) ¢ 7.37 (2H, quintet,
J 3.8),7.47 2H, t, J 7.5), 7.61-7.67 (5SH, m), 7.73 (4H, q, J 8.3
and 17.5), 7.89 (1H, d, J 7.8), 8.19-8.22 (2H, m), 8.30 (1H, d, J
7.7), 8.57 (1H, br t), 8.65 (1H, d, J 4.9) and 10.48 (1H, br s, D,O
exch, NH) ppm; *C-NMR (75 MHz, CDCl;) ¢ 112.0 (CH), 118.6
(CH), 120.8 (Cq), 120.8 (CH), 121.8 (CH), 127.1 (CH), 127.4

(CH), 127.6 (CH), 127.7 (CH), 128.5 (CH), 128.8 (CH), 129.3
(CH), 129.7 (CH), 130.3 (CH), 130.9 (CH), 131.7 (Cq), 136.3
(Cq), 137.2 (Cq), 137.4 (Cq), 138.2 (CH), 139.5 (Cq), 140.4 (Cq),
140.5 (Cq), 140.6 (Cq), 140.5 (Cq), 141.1 (Cq) and 195.6 (CO)
ppm; m/z (ES*) 425 (MH*); m/z (FAB*) 425 (MH") (found:
MH*, 425.16536; C;H,,N,O requires 425.16540).

(9H-p-Carbolin-1-yl)-[1,1';4',1”]terphenyl-4-yl-methanone  8o.
82% Yield, yellow solid; mp 255-256 °C (from EtOH); v,,,,/cm™
3387, 3053, 3034, 1640, 1426, 1316, 1247, 1206, 1117, 970, 758,
735; '"H-NMR (300 MHz, CDCl,) 6 7.34-7.40 (2H, m), 7.48 (2H,
t, J 7.6), 7.63-7.84 (10H, m), 8.19-8.21 (2H, m), 8.44 (2H, d, J
8.2),8.66 (1H, d, J 4.9) and 10.48 (1H, br s, D,O exch, NH) ppm;
BC-NMR (75 MHz, DMSO) ¢ 113.5 (CH), 116.2 (CH), 119.4
(CH), 120.6 (CH), 120.7 (Cq), 122.3 (CH), 126.4 (CH), 127.8
(CH), 128.0 (CH), 128.2 (CH), 128.4 (CH), 129.2 (CH), 129.5
(Cq), 131.6 (CH), 136.3 (Cq), 136.8 (Cq), 136.9 (Cq), 137.7 (CH),
138.6 (Cq), 139.9 (Cq), 140.5 (Cq), 142.2 (Cq), 143.6 (Cq) and
193.6 (CO) ppm; m/z (ES*) 425 (MH"); m/z (FAB*) 425 (MH")
(found: MH*, 425.16538; C;,H,,N,O requires 425.16540).
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Two isomeric 4-methylumbelliferyl-a-D-N-acetylneuraminylgalactopyranosides (1 and 2) were
synthesised. These compounds contain either the natural a-2,3 or a-2,6 sialyl-galactosyl linkages, as
well as an attached 4-methylumbelliferone for convenient detection of their hydrolyses. These
compounds were designed as natural sialoside analogues to be used in a continuous assay of sialidase
activity, where the sialidase-catalysed reaction is coupled with an exo-p-galactosidase-catalysed
hydrolysis of the released galactoside to give free 4-methylumbelliferone. The kinetic parameters for 1
and 2 were measured using the wild-type and nucleophilic mutant Y370G recombinant sialidase from
Micromonospora viridifaciens. Kinetic parameters for these analogues measured using the new
continuous assay were in good agreement with the parameters for the natural substrate, 3'-sialyl lactose.
Given the selection of commercially available exo-B-galactosidases that possess a variety of pH optima,
this new method was used to characterise the full pH profile of the wild-type sialidase with the natural
sialoside analogue 1. Thus, use of these new substrates 1 and 2 in a continuous assay mode, which can
be detected by UV/Vis or fluorescence spectroscopy, makes characterisation of sialidase activity with

natural sialoside linkages much more facile.

Introduction

A critical task involved for complete characterisation of an enzyme
entails the careful monitoring of its kinetic behaviour in the
presence of substrates and/or inhibitors. Such studies of biological
activity should ideally involve the use of natural substrates, if
experimentally practical. Nonetheless, many enzymatic processes
are monitored using non-natural substrates that upon reaction
produce changes in either the UV-visible absorption spectrum
or the fluorescence emission intensity. Spectroscopic techniques
such as these allow researchers to monitor reaction rates using
low enzyme concentrations and small quantities of substrates,
which often must be synthesised. An unwelcome consequence
of using chromophoric substrates is that these materials often
possess a greater intrinsic reactivity than do the corresponding
natural substrates. For instance, with regard to chemical models
of proteinases and esterases the use of activated esters, such as
p-nitrophenyl acetate, generally results in the observation of large
rate accelerations. This occurs because nucleophilic attack is rate-
limiting, while for unactivated esters and amides breakdown of the
tetrahedral intermediate is at least partially rate-determining. This
effect has been labelled as “the p-nitrophenyl ester syndrome”.!

In addition with respect to the corresponding enzymatic sys-
tems, it has been reported that p-nitrophenyl acetate initially
acylates o-lytic protease on its active site histidine residue, and
that this acylated imidazole species undergoes a subsequent N-O
acyl transfer to give the expected acyl-enzyme intermediate.?

In the case of sialidases, two separate papers appeared in 2003 in
which it was proposed that the exo-sialidase family of glycosidase
and trans-glycosidases react via a double displacement mechanism
and that a tyrosine residue acts as a nucleophile during the enzy-

Department of Chemistry, Simon Fraser University, 8888 University Drive,
Burnaby, British Columbia, Canada V5A4 1S6. E-mail: bennet@sfu.ca

matic reaction to give a transient sialosyl-enzyme intermediate.®*
Before this time, doubts concerning the identity of the nucleophile
in sialidase-catalysed reactions resulted, in part, from contra-
dictory kinetic data on the activity of tyrosine-mutant containing
enzymes against activated substrates. For example, Chien et al.
reported for a sialidase from C. pefringens that: “The mutation of
Tyr**” — Tle did not change the activity of NanH significantly”,’
whereas Ghate and Air reported that the Tyr*” — Phe mutant of
the influenza B sialidase displayed no observable activity.® Also,
Wang et al. reported that mutation of the conserved tyrosine,
to a cysteine, in the human membrane-associated sialidase gave
about a 10-fold reduction in activity against both activated and
natural substrates.” Such apparent paradoxical data likely results
from the enzymatic rate-determining steps for k., and/or k. /K,
not involving cleavage of the glycosidic bond. That is, even if
mutation of an active site residue dramatically reduces the rate
of glycosidic bond cleavage, this effect can be masked if either a
conformational change or deglycosylation is the rate-determining
step for the wild-type enzyme; a conclusion that is supported
by several kinetic studies on sialidase mutant enzymes.®®!
Therefore, it is critical to measure the rate of enzyme-catalysed
cleavage of both activated and natural substrates using both
wild-type and mutant enzymes before drawing any mechanistic
conclusions about the catalytic role of the residue in question.

The current assay used to monitor the hydrolysis of natural
sialoside substrates, such as sialyl lactose, involves the discon-
tinuous monitoring of the reaction mixture for the presence of
sialic acid using N-acetylneuraminate lyase (EC 4.1.3.3) and
coupling the pyruvate formed to either NADH oxidation using
lactate dehydrogenase (LDH)* or to the formation of H,O, using
pyruvate oxidase.” An alternative method is based on an analysis
of the released lactose."

The current report details a simplified procedure for monitoring
the enzymatic hydrolysis of natural sialoside linkages by coupling

This journal is © The Royal Society of Chemistry 2006
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the first hydrolytic event, cleavage of a sialosyl-galactoside
bond, to a second hydrolytic enzyme—an exo-p-galactosidase—
to give a large change in either fluorescence intensity or UV-
visible absorbance. Thus, two isomeric 4-methylumbelliferyl-o-D-
N-acetylneuraminylgalactopyranosides (1 and 2) were synthesised
and the biological activity of these compounds were compared to
that of a natural substrate, sialyl lactose, as well as the standard ac-
tivated substrate 4-methylumbelliferyl-o-D-N-acetylneuraminide
(3) using wild-type and the Y370G mutant Micromonospora
viridifaciens sialidases.

Results and discussion

The syntheses of the two galactosyl acceptors 6 and 8 are
shown in Scheme 1. Whilst formulating the synthetic route to
1 and 2, several different sialosyl donor and promoter pairs
were tried, and these included: (i) sialosyl chloride with one of
silver carbonate,' silver salicylate,' or silver zeolite;' (ii) sialosyl
xanthate and NIS with TMSOTT as a catalyst;'® and (iii) sialyl
hemiketal with Ph,SO and Tf,0." In the current system, the
best reagent combination found was the sialosyl xanthate 9 using
TMSOTf and NIS as the activators. In all other cases studied,
the undesired 2,3-didehydrosialic acid was isolated as the major
product. Thus, coupling of 9 with 8 and 6 proceeded in acceptable
yields to give after column chromatography the fully protected
sialyl lactose analogues 10 and 11, respectively. Subsequently, two
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step deprotection gave the required analogues 1 and 2 in yields
of 76 and 47%, respectively (Scheme 2). Of note, it had been
previously shown that for a 6-monoprotected B-galactopyranoside
that the 2,3-isomer predominates.?
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Scheme 2 Reagents and conditions: (i) 6 or 8, NIS, cat TMSOTT, —40 °C
(ii) MeOH, cat. NaOMe, rt, 0.5 h; (iii) LiOH, H,O-THF (1 : 1 v/v), 0 °C,
0.5 h.

For the current kinetic protocols to be an effective tool for
monitoring the rate of sialidase-catalysed reactions, the second
enzymatic process must not be, even partially, rate-limiting
(Scheme 3). In order to demonstrate that this condition was
fulfilled, the kinetic data acquired at the highest and lowest
concentrations of 1 (or 2) were repeated using twice the quantity
of B-galactosidase. In all cases, the observed rate for formation of
4-methylumbeliferone was unchanged.

In order for 1 and 2 to be considered good analogues of their
respective natural substrates, it is important to verify that when
the sialidase-catalysed reactions of 3 proceed at much greater rates
than do the reactions of sialyl lactose, then the observed rates

oOH OTBDPS
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Scheme 1  Reagents, conditions and yields: (1) MeOH, cat NaOMe, r.t., 95%; (ii) TBDPSCI, imidazole, DMF, 0 °C, 87%; (iii) BzCl, DCM, pyridine, cat.

DMAP, 84%; (iv) 3% HCl in MeOH, 48 h, r.t. 82%.
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Table 1 Michaclis—Menten kinetic parameters for the Y370G mutant M.
viridifaciens sialidase-catalysed hydrolysis of 1, 2, 3 and 3'-sialyl lactose at
pH 5.25and 37 °C

Substrate ke /87! (kew/K)/M™'s7' K,/ mM

1 0.069 + 0.003 290 £ 50 0.24 +0.03
2 0.20 + 0.02 530 £+ 150 0.38 +0.07
3 44 4+ 0.1 (1.34+0.2) x 10° 0.035 £ 0.006
3'-sialyl lactose ~ 0.012¢ 12.6* 0.954+0.27

“ Data taken from ref. 10.

for 1 and 2 are similar to those for sialyl lactose. Table 1 lists
the kinetic parameters for the Y370G mutant M. viridifaciens
sialidase-catalysed hydrolysis of 3, 3'-sialyl lactose and the two
new substrates (1 and 2).

The data in Table 1 reveals that both 1 and 2 display similar
reactivity to that of 3'-sialyl lactose with the Y370G M. viridifa-
ciens mutant enzyme. More importantly, for the enzyme-catalysed
hydrolyses of 1 and 2, full Michaelis—Menten curves were obtained.
In contrast, because of the complexity of using a discontinuous
assay the reported rate constant values for the hydrolysis of 3'-
sialyl lactose were calculated based on the measured rate at a
single high concentration of substrate and a binding affinity that
was measured in a competitive assay.'

An additional advantage of the current methodology over the
previous discontinuous assays is the commercially availability of
exo-B-galactosidases that possess very different pH optima. Thus,
it is relatively easy to probe the catalytic activity of sialidases
against these natural substrate analogues at pH values between 3.8
and 8.9 (Table 2). Shown in Fig. 1 and 2 are the pH-rate profiles
for the M. viridifaciens sialidase-catalysed hydrolysis of 1 and 3.*

As can be seen from the data shown in Fig. 1 and 2 the
pH-rate profiles for the sialidase-catalysed hydrolysis of 1 and
3 are remarkably similar. This observation is consistent with the
rate-limiting steps for both the activated and natural substrate
analogue being the same at each pH value. In the case of the
M. viridifaciens sialidase the rate-determining steps, at a pH
of 5.25, have been proposed for the two kinetic terms k./K,
and k., to be a conformational change of the initial Michaelis
complex and deglycosylation, respectively.!! Furthermore, this
impediment to the measurement of full Michaelis—Menten curves
using natural substrates is undoubtedly the reason that previous

Table 2 Michaelis—Menten kinetic parameters for the M. viridifaciens
sialidase-catalysed hydrolysis of 1 at 37 °C*

pH ke /87! 10° x (key/K )/ Mt s7! K,/uM
3.83 60.1 +5.7 32412 19.0+5.5
4.25 90.4+24 6.11 £0.80 148 £ 1.5
4.78 83.5+2.0 5.76 +0.53 14.54+1.0
5.25 46.7 + 3.4 1.60 + 0.44 292458
6.14 22.74+0.9 1.73 £0.31 13.1+1.8
7.15 7.52 4+ 0.36 1.514+0.29 4.9740.73
8.03 1.754+0.02 1.93 +£0.09 0.91 +£0.03
8.92 0.553 4+ 0.005 0.61 +0.02 0.91 £0.02

“The enzyme stock used in these experiments is the same one as that used
for the hydrolysis of 3."°

pH-activity profiles have been made using a single substrate
concentration.*"?>%

Conclusions

In summary, two new sialidase substrates have been synthesised
that contain the natural sialyl-galactose linkage, yet have the
advantage of being detected in a continuous assay mode when
coupled with an exo-B-galactosidase to release the chromophore
4-methylumbelliferone. Monitoring of sialidase activity by this
method allows for the complete characterisation of natural sialo-
side activity, using a continuous assay over a broad pH range and
is amenable to a variety of UV or fluorescence detection methods.

Experimental

All pH values were measured using a Radiometer pHMS2
standard pH meter and a standard combination glass electrode
standardised with Fisher certified buffers (pH = 4.0, 7.0 and 10.0).
NMR spectra were acquired on Varian Unity-500 spectrometer.
Chemical shifts (05 and d¢) are in ppm downfield from signals
for TMS. The residual signal from deuterated chloroform and
external TMS salt (D,O) were used as "H NMR references; for *C
NMR spectra, natural abundance signals from CDCI; and external
TMS salt (D,0) were used as references. Coupling constants (J)
are given in Hz. Melting points were determined on a Gallenkamp
melting point apparatus and are not corrected. Optical rotations
were measured on a Perkin-Elmer 341 polarimeter.

This journal is © The Royal Society of Chemistry 2006
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4-Methylumbelliferyl--p-galactopyranoside (5)**

A solution of 4-methylumbelliferyl-2,3,4,6-tetra-O-acetyl-p-D-
galacto-pyranoside (4, 20.0 g, 0.039 mol) in methanol (250 cm?)
that contained a catalytic amount of sodium methoxide was
allowed to stir at rt for 0.5 h. Part of the product precipitated
from the solution and it was filtered and washed thoroughly with
methanol. The filtrate was neutralised by the addition of Dowex
50 (H*) ion-exchange resin, filtered and concentrated to obtain
a second crop of crystalline 5. Total yield (12.7 g, 95%). The 'H
NMR spectrum is identical to that reported in the literature.*

4-Methylumbelliferyl-6- O-(tert-butyldiphenylsilyl)-p-p-
galactopyranoside (6)**

tert-Butyldiphenylsilyl chloride (2.4 cm?, 8.9 mmol) was added,
over a period of 5 min, to a cooled solution of 4-methylumbelli-
feryl-B-p-galactopyranoside (5, 3 g, 8.9 mmol) and imidazole
(1.2 g, 17.7 mmol) in dry DMF (30 cm?) at 0 °C. The resultant
solution was stirred overnight at rt. Subsequently, the solution was
diluted with diethyl ether (500 cm?), washed with water (500 cm?)
and brine (500 cm?) and then dried over anhydrous Na,SO,. A
pale yellow solid was obtained after evaporation of the solvent
and this was purified by flash column chromatography using ethyl
acetate as the eluent to afford 6 as a white solid (4.5 g, 87%): mp
168-169 °C. [a]® —70.6 (¢ 0.3, CH;CN), '"H NMR (500 MHz,
CDCl) o: 1.07 (s, 9 H, t-Bu), 2.40 (s, 3 H, CH;), 3.69-3.72 (m,
2 H, H-3, H-6a), 3.97-4.00 (m, 3 H, H-2, H-5, H-6b), 4.17 (d, | H,
J,:=3.0,H-4),494(d, 1 H,J,,=7.5H-1),6.18 (d, | H, Jy ;. =
1.0, H-3"),6.94 (d, l H, Jy¢ = 2.5, H-8), 7.00 (dd, 1 H, J¢5 =
9.0, Joy = 2.5, H-0'), 7.28-7.67 (m, 11 H, H-5 and Ar-H). *C
NMR (125 MHz, CDClL;)0: 18.9, 19.4, 27.0, 63.5, 69.2, 71.5, 73.8,
75.1,100.8, 104.5, 112.9, 113.8, 115.2, 125.8, 128.0 (2 x C), 130.1,
132.8, 133.0, 135.8 (2 x C), 152.7, 154.8, 159.9, 161.2. Anal. calcd
for C;,H;,04Si: C, 66.6, H, 6.3; found: C, 66.3, H, 6.45.

4-Methylumbelliferyl-2,3,4-tri- O-benzoyl-6- O-(tert-
butyldiphenylsilyl)-p-pD-galactopyranoside (7)

A solution of 4-methylumbelliferyl 6-O-(zert-butyldiphenylsilyl)-
B-D-galactopyranoside (6, 1.0 g, 1.7 mmol) in pyridine (15 cm?)
and dichloromethane (10 cm®) was cooled to 0 °C. Then
benzoyl chloride (1.0 cm?®, 8.7 mmol) and a catalytic amount
of N,N-dimethylaminopyridine were added and the mixture
was stirred overnight. The resulting solution was diluted with
dichloromethane (50 cm?), washed with 1 M HCI (50 cm?),
saturated NaHCO; (100 cm?), water (100 cm?) and brine (100 cm?®)
and dried over anhydrous Na,SO,. The crude product obtained
after evaporation of the solvent was purified by flash column
chromatography using ethyl acetate-hexane (1 : 2) as the eluent to
afford 7 as a white solid (1.3 g, 84%): mp 246-247 °C. [a]¥ +111.4
(¢ 0.5, CHCl;), "H NMR (500 MHz, CDCl;) d: 1.02 (s, 9 H, #-Bu),
2.36 (s, 3 H, CH;), 3.86 (dd, 1 H, J4, 6 = 10.5, J¢,5 = 7.0, H-6a),
3.90 (dd, 1 H, Jge = 10.5, J s = 7.0, H-6b), 4.24 (t, | H, J54, +
Jsen = 14.0, H-5), 541 (d, 1 H, J,, = 8.0, H-1), 5.70 (dd, 1 H,
Ji, =105, J;, = 3.5, H-3), 6.00 (dd, 1 H, J,, = 8.0, J,; = 10.5,
H-2),6.08(d, 1 H, J,; =3.5,H-4),6.17(d, | H, Jy . = 1.0, H-3"),
6.95-8.03 (m, 28 H, Ar-H). "C NMR (125 MHz, CDCl;) o: 18.7,
19.0,26.7, 61.5 (C-6), 67.6 (C-4), 69.5 (C-2), 71.7 (C-3), 74.7(C-5),
99.5 (C-1), 104.7 (C-3), 113.2, 113.8, 115.5, 125.7, 127.7, 127.8,

128.3, 128.5, 128.6, 128.8, 129.0, 129.3, 129.7, 129.9, 130.0, 132.4,
132.7,133.3, 133.4, 135.5, 135.6, 152.0, 154.7, 159.4, 160.8, 165.2,
165.3, 165.5. Anal. calcd for C5;H,50,,Si: C, 71.6, H, 5.4; Found:
C,71.4,H, 5.6.

4-Methylumbelliferyl-2,3,4-tri- O-benzoyl-p-p-
galactopyranoside (8)

4-Methylumbelliferyl-2,3,4-tri-O-benzoyl-6-O-(tert-butyldiphenyl-
silyl)-B-D-galactopyranoside (7, 1.0 g, 1.1 mmol) was added into a
round-bottomed flask containing methanol (35 cm?) and diethyl
ether (35 cm?®). To this mixture acetyl chloride (1.5 cm?) was
added dropwise over a period of 5 min and the solution was then
stirred for 2 d at rt. After removal of the solvent under vacuum the
resultant residue was purified by flash column chromatography
using ethyl acetate-hexane (5 : 3) as the eluent to afford 8 as
a white solid (0.6 g, 82%): mp 264-265 °C. [a]y +169.4 (¢ 0.5,
CHCL), "H NMR (500 MHz, CDCl,) J: 2.39 (s, 3 H, CH;), 3.72
(dd, 1 H, Jge = 12.0, Je s = 7.0, H-6a), 3.89 (dd, 1 H, Jge =
12.0, Jg5s = 7.0, H-6b), 4.23 (t, 1 H, Js4, + J5e, = 14.0, H-5), 5.48
(d,1H,J,,=8.0,H-1),5.70 (dd, 1 H, J;, = 10.5, J,, = 3.5, H-3),
592(d, 1H,J,; =3.5H-4),6.14(dd, 1 H, J,, = 8.0, J,5; = 10.5,
H-2), 6.19 (s, 1 H, H-3), 6.96 (dd, | H, Jg¢y = 8.5, Jggy = 2.5,
H-6'), 7.02 (d, 1 H, Jy¢ = 2.5, H-8), 7.26-8.15 (m, 16 H, H-5
and Ar-H). "C NMR (125 MHz, CDCl,) o: 18.6, 60.5, 68.6, 69.5,
71.6, 74.7, 99.5, 104.7, 113.3, 113.7, 115.6, 125.8, 128.4, 128.5,
128.7,129.7,130.1, 133.5, 134.0, 152.1, 154.8, 159.3, 160.8, 165.3,
165.5, 166.7. Anal. caled for C;H;,0,,: C, 68.3, H, 4.65; found:
C, 68.3,H,4.7.

4-Methylumbelliferylmethyl(5-acetamido-4,7,8,9-tetra- O-acetyl-
3,5-dideoxy-D-glycero-a-D-galactonon-2-ulopyranosyl)onate]-
(2— 6)-2,3,4-tri-O-benzoyl--p-galactopyranoside 10

A mixture of donor 9% (500 mg, 0.84 mmol), acceptor 8 (819 mg,
1.26 mmol) and powdered 3 A molecular sieves (2 g) in dry CH,Cl,
(15 cm?) was stirred at rt in an atmosphere of N, for 15 h. The
mixture was cooled to —40 °C and a solution of NIS (378 mg,
1.68 mmol) and TMSOTT (0.03 cm?, 0.17 mmol) in dry CH;CN
(5 cm?®) was added. The mixture was allowed gradually to warm to
room temperature over a period of 3 h. The resulting mixture
was diluted with CH,Cl, (10 c¢cm?) and filtered through a pad
of celite. The celite pad was thoroughly washed with CH,Cl,
(30 cm?®). The combined filtrates were washed successively with
10% (w/v) aqueous Na,S,0; (50 cm?), sat. NaHCO; (50 cm?),
water (50 cm?), brine (50 cm?®), dried over anhydrous Na,SO,
and concentrated. The residue was purified by flash column
chromatography using CHCL,—-CH;OH (25 : 1) to afford an o
mixture and the elimination product. This mixture was separated
on a chromatotron using CHCL,—CH;OH (100 : 1 v/v) as the
eluent. Yield: 10 (o-isomer) 318 mg, 34%. B-Isomer: 106 mg, 11%.
Data for 10: mp 142-145 °C. [a]¥ +70.2 (¢ 0.2, CHCL;), 'H NMR
(500 MHz, CDCl;) J: 1.83, 1.84, 2.23, 2.24, (4 x s, 12 H, CHj;),
1.88-1.94 (m, 4 H, H-3"a, CH;), 2.31 (s, 3 H, CH;), 2.42 (dd, 1 H,
Jyreya =13.0, Jy.pr =4.5,H-3"¢), 3.61 (s, | H, CHs;), 3.65-3.71 (m,
2 H, H-6a, H-6b),3.98 (dd, 1 H, Jy, 91, = 12.5, Jyr,» = 7.5, H-9"a),
4.04 (q, 1 H, J5 4 + Jse¢ + Jsan = 30.0, H-57), 4.14 (dd, 1 H,
Joos=10.0,J.7»=2.0,H-6"),4.42(dd, 1 H, Jgr,gr, = 12.5, Jyr,5n =
3.0, H-9"b), 4.63 (t, | H, Js4 + Jsq = 16.0, H-5), 4.76 (dt, 1 H,
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Jioza + 4o =20.0, J 5. = 4.5, H-4"), 5.03 (d, 1 H, Jyus» = 10.0,
N-H),5.21(dd, 1 H, J;. =10.0, J;.c = 2.0, H-7"),5.55(ddd, 1 H,
Joor =10.0, Jgegrs = 7.5, Jgog, = 3.0, H-8"), 5.64 (d, 1 H, J,, = 8.0,
H-1),5.82(dd, 1 H, J,, =10.5,J,, =3.5,H-3),5.95(dd, 1 H, J,, =
10.5,J,, =8.5,H-2),6.06 (d, 1 H, J,; =3.5,H-4),6.09 (s, 1 H, H-
3),6.94(dd, 1 H,Jyy =8.5,Jgy =2.5,H-6'), 7.18-8.03 (m, 17 H,
H-5, H-8, Ar-H). *C NMR (125 MHz, CDCL,) 6: 18.9 (CH,),
21.0,21.1 2 x C), 21.3, 23.4, 29.9, 38.1 (C-3"), 49.5 (C-5"), 53.2
(-OCH,;), 63.5(C-6), 63.8 (C-9"), 67.5(C-7"), 67.8 (C-8", C-4), 68.8
(C-4), 69.8 (C-2), 71.9 (C-3), 72.6 (C-5), 73.1 (C-6"), 98.9 (C-1),
100.1 (C-2"),104.4,113.1, 114.4,115.4, 125.7, 128.5, 128.6, 128.8,
129.3, 129.5, 129.8, 130.0 (2 x C), 130.2, 133.3, 133.5 (2 x C),
152.4,155.3,159.9,161.2,165.4,165.5(2 x C), 168.1, 170.3, 170.8,
171.2 (2 x C), 171.3. Anal. calcd for Cs5;Hs;NO,;: C, 60.9, H, 5.1,
N, 1.25; found: C, 60.7, H, 5.3, N, 1.5.

4-Methylumbelliferyl(5-acetamido-3,5-dideoxy-p-glycero-a-D-
galactonon-2-ulopyranosylonic acid]-(2— 6)-§-D-
galactopyranoside (1)

To a solution of 10 (280 mg, 0.25 mmol) in dry methanol (10 cm?)
was added a methanolic sodium methoxide solution (25 cm?) and
stirred for 30 min at rt. Then the solution was neutralised by
adding Amberlite IR-120 (H* form). The resulting solution was
filtered and the resin was washed several times with methanol. The
solutions were combined and evaporated to give a solid residue
that was subsequently dissolved in an aqueous solution of LiOH
(1M, 15 cm?) and THF (15 cm?®) that was maintained at 0 °C. The
resultant solution was stirred for 30 min at rt. The solution
was then neutralised by adding Amberlite IR-120 (H* form) and
filtered. The resin was washed several times with methanol. The
solutions were combined and evaporated to give a solid residue
that was purified by flash column chromatography using ethyl
acetate: methanol-water (10 : 2 : 1). The fractions that contained
the product were combined and concentrated. The concentrated
aqueous solution was then lyophilised to obtain a solid. (120 mg,
76%): mp 205 °C (decomp). [a]y —80.8 (¢ 0.2, H,0), '"H NMR
(500 MHz, D,0O) o: 1.68 (t, 1 H, Jy1, 3. = Jyrar = 12.0, H-3"2),
1.98 (s, 1 H, CH;), 2.39 (d, 3 H, Jy.y = 1.0, CH;), 2.78 (dd, 1 H,
Jyeya = 12.0, Jyor = 4.0, H-3"¢), 3.49 (dd, 1 H, H-8"), 3.57 (dd,
L H, Jyrugn, = 12.5, Jyr,» = 6.5, H-9"a), 3.63-3.72 (m, 4 H, H-4,
“H-6”, H-5, H-6a), 3.78-3.85 (m, 4 H, H-9"b, H-7, “H-2, H-3),
3.95-4.02 (m, 3 H, H-6b, H-4, H-57), 5.10(d, | H, J,, = 7.0, H-1),
6.17 (d, 1 H, Jy . = 1.0, H-3), 7.06 (d, | H, Jy¢ = 2.5, H-8),
7.08 (dd, 1 H, J¢y = 9.0, Jgy = 2.5, H-6),7.66 (d, | H, Jy¢ =
9.0, H-5). "C NMR (125 MHz, D,0) ¢: 18.2 (CH;), 22.1 (CH,),
40.5 (C-3%), 52.0 (C-4”), 62.7 (C-9"), 63.1 (C-6), 68.3 (C-8,“C-5),
68.5 (C-57), 70.5 (C-3), 71.7 (C-7"), 72.5 (C-2), 72.7 (C-6"), 74.1
(C-4), 100.4 (C-1, C-27), 103.6 (C-8'), 111.1 (C-3), 114.1 (C-6)),
114.9 (C-4), 126.6 (C-5), 153.6 (C-9'), 156.0 (C-10), 159.7 (C-7),
164.2 (C-2),173.4(C-1"),175.1 (C=0, amide). HRMS (FAB) m/z
(M-H"), C,;H3,NO,, requires 628.1883, found 628.1891.

4-Methylumbelliferyljmethyl(5-acetamido-4,7,8,9-tetra- O-acetyl-
3,5-dideoxy-D-glycero-a-D-galactonon-2-ulopyranosyl)onate]-
(2— 3)-6-O-(tert-butyldiphenylsilyl)-p-pD-galactopyranoside (11)

Donor 9% (500 mg, 0.84 mmol) and the acceptor 6 (726 mg,
1.26 mmol) were coupled and purified as described in the synthesis

of 10. Yield: 308 mg, 35%: mp 129-130 °C. [a]y —26.9 (c 0.5,
CHCL), 'H NMR (500 MHz, CDCl;) d: 1.05 (s, 9 H, C(CHjs)5),
1.90,2.00,2.12,2.16, (4 x s, 12 H, CH;), 2.03-2.06 (m, 4 H, H-3"a,
CH;),2.39(s,3H, CH;),2.76 (bs, 1 H,OH), 2.82 (dd, 1 H, J 31,37, =
13.0, Jy.or = 4.5, H-3"¢), 2.98 (bs, 1 H, OH), 3.76-3.81 (m, 4 H,
H-6a, CHj;), 3.86-3.89 (m, 2 H, H-6b, H-4), 3.95 (dd, 1 H, Js¢, =
10.5, Js4, = 6.5, H-5), 3.99-4.06 (m, 3 H, H-2, H-5", H-9"a), 4.12
(dd, 1 H, J4.5 = 11.0, J5.» = 2.0, H-6"), 4.25 (dd, | H, J5, = 12.5,
Js4=2.5,H-3),4.29 (dd, | H, Jyn,97, = 13.0, Jyrper = 3.0, H-9"b),
498 (ddd, 1 H, J,-3, = 12.0, J,-5 = 10.0, J 3. = 4.5, H-4"), 5.22
(d, 1 H, Jyus = 10.0, N-H), 5.24 (d, 1 H, J,, = 8.0, H-1), 5.34
(dd, 1 H, J;.¢ = 9.5, J; = 2.0, H-7"), 5.49 (m, | H, H-8"), 6.15
(d,1H,Jyn.=1.0,H-3),7.03(d, | H, Jy ¢ =2.5,H-8'), 7.04 (dd,
1H, Jgsy =9.0, Jgy = 2.5, H-6), 7.25-7.65 (m, 11 H, H-5, Ar—
H). "'C NMR (125 MHz, CDCl;)d: 18.9,19.4,21.0 (2 x C), 21.1,
21.5,23.4,26.9,27.0,29.9, 38.2 (C-3"),49.7 (C-5"), 53.5 (C-6), 62.6
(C-9"), 63.0 (C-5), 67.1 (C-7"), 68.1 (C-8", C-4), 68.7 (C-2), 68.9
(C-4"), 72.9 (C-6"), 74.2 (-OCHy;), 77.0 (C-3), 97.6 (C-2"), 100.2
(C-1),104.3, 112.7,114.2, 114.9, 125.6, 127.9, 128.0, 130.0, 130.1,
132.8, 133.0, 135.7, 135.8, 152.8, 155.0, 160.1, 161.5, 168.4 (C-1"),
170.2, 170.4, 170.6, 170.8, 171.1. Anal. caled for C5,He; NO,,Si: C,
59.5,H, 6.05, N, 1.3; found: C, 59.3, H, 5.9, N, 1.6.

4-Methylumbelliferyl(5-acetamido-3,5-dideoxy-D-glycero-a-D-
galactonon-2-ulopyranosylonic acid]-(2— 3)-p-p-
galactopyranoside (2)

Compound 11 (250 mg, 0.24 mmol) was treated with sodium
methoxide in methanol and then with LiOH (H,O-THF) as
described above for the synthesis of 1. The crude product obtained
was purified by flash column chromatography using ethyl acetate—
methanol-water (10 : 2 : 1) as the eluent. The fractions that
contained the product were combined and concentrated. The
concentrated aqueous solution was then lyophilised to obtain a
solid (70 mg, 47%): mp 215 °C (decomp.). [a]} —14.5 (¢ 0.2, H,0),
"H NMR (500 MHz, D,0) J: 1.82 (t, 1 H, J3, 5 + J3r,.00 = 25.0,
H-3"a),2.01(s, 1 H, CH;),2.41 (d,3H, Jy.y = 1.0, CH;), 2.78 (dd,
1 H, Jyey, = 12.5, Jyer = 5.0, H-3"e), 3.57-3.62 (m, 2 H, H-8",
H-9"a), 3.64 (dd, 1 H, J»g» = 10.5, J ¢ = 2.0, H-7"), 3.69 (ddd,
1 H, Jyy, =12.5, Jp s = 10.0, Jy 3. = 4.5, H-4"), 3.77 (m, 2 H,
H-6a, H-6b), 3.81-3.93 (m, 5 H, H-2, H-5, H-5", H-6", H-9"b),
4.04(d, 1H, J,; =3.0,H-4),424 (dd, 1 H, J;, =9.5, J;, = 3.0,
H-3),5.24(d, 1H,J,, =8.0,H-1),6.21 (d, 1 H, Jy . = 1.0, H-3),
7.07(d, 1 H, Jygy =2.5,H-8),7.11 (dd, | H, Jg5 = 9.0, Jgy =
2.5, H-6'),7.71 (d, 1 H, Jy¢ = 9.0, H-5). "C NMR (125 MHz,
D,0)0:18.0(CHj;), 22.2 (CHj;), 39.8 (C-3"), 51.9 (C-5"), 60.8 (C-6),
62.6 (C-9), 67.4 (C-4), 68.1 (C-8"), 68.5 (C-4"), 68.9 (C-2), 71.9
(C-6"),73.0 (C-7"), 75.4 (C-5), 75.7 (C-3), 100.1 (C-1, C-2"), 103.3
(C-8), 111.0 (C-3), 114.1 (C-6), 114.7 (C-4), 126.5 (C-5), 153.5
(C-10), 155.9 (C-9), 159.5 (C-7'), 164.1 (C-2), 174.1 (C-1"),175.1
(C=0, amide). HRMS (FAB) m/z (M-H"), C,;H;,NO,, requires
628.1883, found 628.1872.

Kinetic protocols

Michaelis-Menten parameters were measured under identical
conditions for both wild-type and the Y370G mutant. Each
0.4 cm’® reaction was performed at 37 °C by equilibrating the buffer,
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Table 3 Wavelength and Ae values used to measure hydrolysis of 1 at
various pH values and 37 °C*

pH Wavelength/nm Ae/M~em™!
3.83 341 3284

4.25 342 3175

4.78 340 3336

5.25 357 549

6.14 340 3170

7.15 342 3962

8.03 Ex. 365/em. 450 6.05 x 10°
8.92 Ex. 365/em. 450 9.82 x 10°

“For pH 8.03 and 8.92, hydrolysis was detected by the change in
fluorescence intensity, where the ‘A¢’ listed refers to the change in
fluorescence observed using a 10 x 2 mm cell with a PMT voltage of
450 V.

substrate and exo-galactosidase in the cell block for 3 min prior
to the addition of sialidase (0.05 cm?®). Kinetic parameters were
determined from a minimum of seven initial rate measurements
within a substrate concentration range of at least K,,/5 to
SK.

To determine the effect of pH on catalysis, kinetic mea-
surements were carried out over a pH range of 3.8-8.9. The
buffers used were NaOAc-HOAc (pH range 3.8-5.7), 2-(N-
morpholino)ethanesulfonic acid (MES-NaOH, pH range 5.6-7.2)
and tris-(hydroxymethyl)aminomethane (Tris-HCI, pH range 7.1
8.9), ionic strength was maintained at 0.1 M (NaCl). The following
B-galactosidases were used in the various assays: for the pH range
3.8-7.15 the Aspergillus oryzae enzyme (Sigma G-5160) and for
the pH values 8.03 and 8.92 the Escherichia coli enzyme (Roche
Diagnostics 10745731001). For the pH range 3.8-7.2, the progress
of the reactions was continuously monitored for 10 min using a
Cary 3E spectrophotometer equipped with a Peltier temperature
controller. Extinction coefficient differences were calculated by
measuring the change in absorbance of the substrate and that
of the products released by enzymatic hydrolysis. For the pH
values 8.03 and 8.92, the progress of the reactions was contin-
uously monitored for 10 min using a Cary Eclipse fluorescence
spectrophotometer equipped with a Peltier temperature controller.
Wavelength and extinction difference values for hydrolysis of 1 at
each pH are given in Table 3. Hydrolysis of 2 at pH 5.25 was
monitored at 341 nm (Ae value of 2612 M~' cm™"). The rate versus
substrate concentration data were fitted to the Michaelis—Menten
equation using a standard nonlinear least-squares program
(GraFit).
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Wender and Howbert’s remarkable synthesis of a-cedrene in 1981 brought the attention of the synthetic
community to the alkene—arene meta-photocycloaddition reaction. Here we review the natural product
syntheses that have been achieved, over the last 25 years, utilising this strategic level reaction.

Introduction

This year is the 25" anniversary of the publication of the remark-
able synthesis by Wender and Howbert of o-cedrene 1 and with
it the introduction of the alkene—arene meta-photocycloaddition
reaction into the canon of synthetic chemistry (Scheme 1).!

OMe

2 o-cedrene 1

Scheme 1 Wender’s approach to o-cedrene 1.

The remarkable brevity of this route, beginning as it does
from a simple aromatic compound 2 with one stereogenic centre,

Department of Chemistry, University of Reading, Whiteknights, Reading,
UK RG6 6AD. E-mail: a.t.russell@reading.ac.uk; Fax: +44 (0)118 378
6331; Tel: +44 (0)118 378 6234

completes the synthesis of o-cedrene 1 in four further steps.
To reach this tricyclic sesquiterpene so rapidly, with the correct
relative stereochemistry at each of its four chiral centres, is truly
impressive and suggests that the key meta-photocycloaddition step
should be a standard, strategic-level reaction in the arsenal of
synthetic chemists. In this perspective, by reviewing the literature
of its use in natural product synthesis up to July 2006, we hope
to demonstrate not only the impressive achievements to date but,
by understanding the features that control the outcome of these
powerful reactions, to suggest that many opportunities exist to
further develop the application of this reaction in synthesis. The
fundamental discovery, mechanistic and theoretical aspects of this
reaction have been thoroughly and expertly reviewed elsewhere
and will only be discussed in so far as is necessary to understand
the synthetic chemistry that follows; many of these reviews also
deal with synthetic aspects of this area.?

The meta-photocycloaddition reaction—observed selectivities

Mode selectivity. Photochemically mediated cycloaddition of
an alkene to an arene ring requires excitation of the aromatic
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undergraduate degree at the University of Reading. He graduated with first class honours in July 2003 and was awarded the GlaxoSmithKline
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synthesis of natural products utilising photochemical key steps. He has completed two syntheses and is currently working on a terpenoid

molecule, utilising the meta-photocycloaddition.
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moiety to its first singlet excited state with 253.7 nm light. This
can occur to give ortho-, meta- or para-adducts (Scheme 2). The
latter class is only rarely observed and no synthetic work has been
reported.® The ortho- and meta-adducts are more frequently en-
countered and much work has been reported regarding a predictive
model to delineate which is favoured in a given situation.? Mattay
and Meuller have developed a satisfying empirical method based
on an assessment of the free energy for electron transfer (AGgy),
estimated by the Rehm-Weller equation, for the two reacting
groups.* For the purposes of this review we will focus exclusively on
the meta-photocycloaddition, a mode favoured for alkene-arene
pairs with a AGgr > 1.5eV.

para i ortho

meta

Scheme 2 Three modes of the photocycloaddition of an alkene to a
benzene ring.

The first examples of a meta-photocycloaddition reaction were
reported contemporaneously by Bryce-Smith es al. at Reading®
and Wilzbach and Kaplan at Illinois in 1966.¢ Morrison and Ferree
reported the first intramolecular example just three years later in
1969.7

Intermolecular reactions

a. Regioselectivity issues. A representative example of a
meta-photocycloaddition, illustrating the commonly observed
two regioisomeric cyclopropane products 3 and 4, is shown in
Scheme 3.8

hv
P = *
253.7 nm
3 4

5 : 4

Scheme 3 Regioselective cyclopropane formation in the meta-photo-
cycloaddition reaction.

In addition, if the benzene ring bears substituents then there is
potential for the cycloaddition to occur with varying regioselec-
tivity. In general it is observed that addition of the alkene takes
place, preferentially, 2,6 across electron donor groups, e.g. methyl
or methoxy, whilst electron-withdrawing groups such as cyanide
or trifluoromethyl groups favour 2,4-addition (Scheme 4).%°

b. Stereoselectivity issues.
(i) exo—endo-Selectivity. Closer examination of the products
in Scheme 4 reveals a characteristic preference for the formation

hv
+ —
2 6 @ 253.7 nm

OMe

hv
2 + e
253.7 nm

plus a minor 1,3-isomer

Scheme 4 Regiochemical preferences in the meta-photocycloaddition
with substituted benzenes.

of the endo-isomer in many intermolecular reactions.? The case for
anisole and cyclopentene is shown in Scheme 5. The observed
endo-selectivity can be explained in the same way as the exo/ endo-
selectivity in the Diels—Alder reaction; on the basis of favourable
secondary orbital interactions. Houk has discussed this in terms
of frontier molecular orbitals for benzene and cis-but-2-ene."
Details of the key primary and secondary interactions are shown
in Scheme 5.

oY _OMe . OMe
I v EE hoa
- + —_— +
~
[ 253.7 nm p—
OMe io5
N~
87 E 13
endo exo

Primary and secondary
orbital interactions

between S/A* benzene
and n/n* cis-but-2-ene.

o [e]
o ]
Q 2 b
i T S
VO :

i
PR
i I '
: ! ‘f_B"
.—gf
r i !
’ ;

endo-Selectivity in the intermolecular meta-cycloaddition

Scheme 5
reaction.

(ii) m-Facial selectivity in the alkene component. The degree
of m-facial selectivity in the attack on the alkene, as might be
expected, varies considerably with the alkene structure but the
example shown in Scheme 6 illustrates that essentially complete
selectivity is possible.'?

hv
+ - .
R 253.7 nm

Scheme 6 1-Facial selectivity in attack on the alkene component.

Intramolecular reactions

a. Regio-/stereoselectivity issues. In intramolecular reac-
tions regio- and stereochemical issues become intertwined. The
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majority of studies have used substrates with a three-atom tether
connecting the arene and alkene moieties. It might be anticipated
from the forgoing discussion that if the tether were the only
substituent on the benzene ring then cycloaddition would occur
across that tether. For terminal and E-disubstituted double bonds
this regiochemistry of addition is often found to furnish the major
product e.g. 5 to 6 (Scheme 7)"* and has found an application
in the approach by Wender et al. toward desdimethylquadrone
(Scheme 25).>'* Interestingly, the presence of a Z-double bond
leads to a strong preference for 1,3-addition e.g. 9 to 10/11. This
has been rationalised on the basis of steric interactions of the
vinyl methyl group with hydrogens in the linking tether."”*> An
overwhelming preference for the exo-isomer is found in nearly
all cases, dictated by the need to minimise strain in the tether
whilst maximising orbital overlap of the relevant alkene and
arene orbitals (Scheme 7).2* Implicit in these results is that alkene
geometry is retained during meta-photocycloaddition reactions.

\

A

(4]
[=2]
~
@

d l ’_'//’\‘\
—

~

exo

endo-9
great strain in tether

Scheme 7 Regio- and stereochemical preferences in intramolecular
meta-photocycloaddition reactions.

Generally, when an ortho-donor group is present this can
significantly direct the regioselectivity of addition in favour of
the 1,3-mode (e.g. Chanon et al’s ceratopicanol synthesis,'
Scheme 43).

Asymmetric induction from stereogenic centres on the tether
has been proven to be effective in a number of studies,* not least
in the a-cedrene synthesis, and will be discussed in the course of
the synthetic work reported below.

In the context of intramolecular reactions with a three-carbon
tether the relationship of the two regioisomeric cyclopropane
products to linear and angular triquinanes has led to their
being named as shown in Fig. 1. When MM2 calculations were
performed on this prototypical case by Wender and Howbert the
‘linear’ isomer was found to be 3.6 kcal mol~' lower in energy
than the ‘angular’ isomer.'*!” In applying this result in a predictive
manner, the difference between the position of equilibrium under
photochemical and thermal conditions must be considered in
conjunction with the influence of the substituents. Nonetheless,

H H

‘angular' isomer 'linear' isomer
AH(MM2) = AH{(MM2) =
44.84 keal/mol 41.26 kcal/mol
Cleave Cleave
bond a bond b
e : H
i

angularly fused linearly fused
triquinane triquinane

Fig. 1 Calculated relative energies of ‘angular’ and ‘linear’ isomers.

calculations of product stability have proved useful in rationalising
the outcome of these reactions e.g. Wender er al.’s laurenene
synthesis (Scheme 34)."®

Consideration of the structure of these cycloadducts reveals
the general truth that it is not these compounds that are likely
to be of use in synthesis but rather what they may be converted
into. As with any reaction that significantly increases molecular
complexity it is a key issue whether that complexity is relevant to
the target molecule. In the case of the mera-photocycloaddition
the adducts are usually too complex as the cyclopropanes so-
formed are frequently not required in the target molecule. Thus
any method that couples the fragmentation of the cyclopropane
to a transformation that further advances the synthesis is of
significant value, e.g. the formate solvolysis during Mehta et al.’s
descarboxyquadrone synthesis (Scheme 58)." Some exemplar ring
systems that might be prepared from a meta-photocycloadduct are
shown in Fig. 2.

H
b b a
one bond
=8 =5
H

ﬂ ﬂ ac
H
Two bond
cleavages
H

Fig. 2 Some potential ring systems accessible from a meta-photo-
cycloadduct.

b. The significance of tether length. Fundamental studies on
intramolecular meta-photocycloaddition reactions identified a sig-
nificant difference in quantum yields dependent on whether there
were three or four atoms in the tether linking the alkene and arene
moieties, e.g. for 6-phenylhex-1-ene, ¢ < 0.005,* whereas for the
isomeric Z-6-phenylhex-2-ene ¢ = 0.26."'*!* This appears to have
discouraged the use of longer linking tethers in natural product
synthesis. However, a limited number of studies appear to indicate
that if the conformational freedom of the tether is restricted or
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if a suitable conformation for cycloaddition is favoured in any
way then greater than three atoms may be workable. Wender and
deLong studied photolysis of 12, in which a cyclic acetal offers
some conformational restriction, and obtained an impressive 68%
yield of 13 and 14 at 60% conversion (Scheme 8).**

0 OMe

S

14

Scheme 8 Wender and deLong’s study of four atom tethers. Reagents and
conditions: (1) hv (Vycor filter) (68% yield at 60% conversion).

As part of a wider study on tandem Norrish type [-alkene—arene
meta-photocycloaddition reactions De Keukeleire and He found
that compound 15 underwent photolysis to deliver a 3 : 2 mixture
of 16 and 17 in a significant 42% yield (Scheme 9).** The usual
exo-selectivity was found with 1,3-addition to the benzene ring
driven by the Z-double bond as previously discussed (cf. synthetic
studies on cerapicol,”? Scheme 49).

H

O 3
) 16
o 0 . N
Ph/\o H - ;

15

Scheme 9 De Keukeleire’s study on four atom tethers. Reagents and
conditions: (1) hv (254 nm), Rayonet reactor (42%).

Still longer tethers are rare, however, Sugimura et al. have
reported an impressive example of a compound (18) with a five-
atom tether. In this case the cleavable tether also functions as a
very effective chiral auxiliary to deliver enantiomerically pure 19
via 20 and 21 (Scheme 10).* The high yield noted was reported
to reduce noticeably in more substituted derivatives e.g. tolyl
analogues. In view of the problems with chemical yields in the
intramolecular photocycloaddition of enol ethers/acetates noted
in some synthetic studies, albeit on very challenging substrates, this
is not unexpected (Scheme 27 and 30). The particular advantages
of this tether, toward a number of reactions, has been analysed
by Sugimura e al. and the importance of the entropy term in
explaining its ability to deliver very high asymmetric induction

18 20

enantiomerically pure

Scheme 10 Sugimura et al’s study of a diastereoselective meta-
photocycloaddition with a five-atom tether. Reagents and conditions: (1)
hv (low pressure mercury vapour lamp, Vycor filter), pentane (21: 70%).

has been emphasised.”> Interestingly, the tether contains two
oxygen atoms. De Keukeleire has noted the paradoxical influence
of incorporating an oxygen atom in substrates featuring a tether
of greater than three atoms (Scheme 9).22

Mechanistic rationalisation

Extensive mechanistic and theoretical studies have been conducted
to rationalise the results from the many studies on the meta-
photocycloaddition reaction and, although the precise detail of
the pathway followed is still the subject of debate,* that outlined
in Scheme 11 appears to be in accord with the facts.”

5 ot
SR

endo-exciplex-23

1.36

27

Scheme 11 A possible mechanism for the meta-photocycloaddition
illustrated for the case of ortho-xylene and cyclopentene.

The reaction begins with excitation of the benzene ring to its
first singlet excited state, which requires 253.7 nm light, and it is
then thought to form an endo-exciplex 23 with the alkene reaction

4412 | Org. Biomol. Chem., 2006, 4, 4409-4430

This journal is © The Royal Society of Chemistry 2006





partner.”? The detection of such exciplexes and experiments per-
formed to demonstrate that such exciplexes precede the product,
rather than forming in competition with it, have been limited to a
small number of particularly favourable and informative cases.?”’
Nevertheless, the observation that the stereo- and regiochemical
outcomes of the meta-photocycloadditions discussed below, and
those encountered in more general cases, can be interpreted on
this basis offers considerable circumstantial support for exciplex
formation prior to generation of the product. The exciplex is then
thought to develop via a rate-limiting addition step, with formation
of two C-C bonds between the alkene and arene, as evidenced by
an inverse o-secondary deuterium isotope effect (ky,/k, = 0.93) in
intermolecular competition experiments between substrates such
as 28/29 and cyclopentene (Fig. 3).% As the addition proceeds, a
polarised species 24 is implicated with a small positive charge on
the one carbon bridge and a negative charge, allylically distributed,
on the three-carbon bridge. Related studies on the addition of
cyclopentene to, inter alia, photo-excited o,0,0-trideutero-para-
xylene 30 lead to the observation of preferential addition across the
CHj; group. The positive B-secondary deuterium isotope (ky/kp =
1.06) measured is in accord with the preference of alkenes to add

2,6 across donor groups.”
D
DoC CHs

28 29 30

Fig. 3 Substrates used in deuterium isotope effect studies.

A biradical intermediate such as 25 has been proposed as
the species that immediately precedes the products. An elegant
experiment in support of this was carried out by Sheridan and
Reedich in which diazo compounds 31 and 32, on photolysis with
253.7 nm radiation, each extrude nitrogen and afford the same
two compounds 26 and 27 in almost the same ratio (31 gives 26 :
27 1:1.32; 32 gives 26 : 27 1 : 1.34, Scheme 12) as is obtained by
direct photolysis of ortho-xylene and cyclopentene (Scheme 11).%
Whether such a compound is a true intermediate or a species with
a fleeting existence on a descending energy curve is not clear. All
attempts to trap the species 24 and 25 discussed above have been
unsuccessful.?

N’
\
31 _\ 2%
or hv, 253.7 nm C R — +
N J
// 25
Nz %
2 27

Scheme 12 Sheridan and Reedich’s photolysis of diazo compounds 31
and 32.

At a practical level, the light required for the photoexcitation
of the benzene ring is normally supplied by a mercury discharge
tube. Whilst low pressure tubes emit the majority of their output
at 253.7 nm (some emission occurs at 185 nm), medium and
high pressure lamps emit several other lines or a continuum of
radiation respectively. Light in the region 170-200 nm can excite
the benzene ring to its second singlet excited state and produce
Dewar benzenes. In addition, it can lead to excitation of the
alkene in the starting material or product (m—m*) resulting in
degradation of both. Thus filters such as Vycor glass are employed
to significantly reduce the amount of light below 210 nm reaching
the reaction mixture.

Natural product synthesis utilising the meta-photocycloaddition

Overall, the synthetic utility of these reactions is dependent on the
three phases of the synthesis set-out below all being efficient:

(1) access to the photocycloaddition substrate,

(i1) the photocycloaddition itself,

(iii) the conversion of the photocycloadduct to the target.

Consideration of the key meta-photocycloaddition step raises
many of the key issues that must be addressed in the application
of this reaction in synthesis. Accepting that, for the purposes of
this review, we are discussing the meta-mode of addition there are
four issues of selectivity that will be discussed in the context of the
syntheses that follow: (i) the ratio of regioisomeric cyclopropanes
and whether both are viable intermediates to continue the
synthesis, (ii) for intramolecular examples, the number of atoms
in the tether, (iii) the regiochemistry of cycloaddition, (iv) the
stereochemistry, including asymmetric induction from pre-existing
stereogenic centres, exo/endo-selectivity in the cycloaddition step
and conservation of alkene geometry. In addition, we will evaluate
the yields associated with these reactions and assess the increase
in complexity that accompanies the transformation.

Insofar as published results allow we shall address each of them
in turn in the following survey.

Natural product syntheses
Synthesis of a-cedrene’

The bichromophore, from which the synthesis begins, is straight-
forward to prepare and takes advantage of a one-pot, two-step,
reductive coupling developed by Hall and McEnroe,* in this
instance utilising chlorocresol 33 and ketone 34 (Scheme 13).

(i), (ii)
Cl OMe
OMe 0

34

Scheme 13 Synthesis of a-cedrene; preparation of the photocycloaddition
precursor. Reagents and conditions: (1) Li, Et,O then 34; (ii) Li, NH; then
NH,CI (74%).
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Photochemical transformations typically involve high energy
intermediates and thus it is commonly observed that selectivity can
be a problem, both in terms of multiple reaction types, e.g. Norrish
type I and type II reactions from a single carbonyl precursor,
and concerning issues such as stereoselectivity. Examination of
the structure of 2 reveals that a number of control features, some
required by the target, have been incorporated into its architecture
to address some of the regio- and stereochemical issues raised in
the introduction (vide infia).

As in the vast majority of synthetic studies involving the meta-
photocycloaddition reaction, the alkene and arene moieties are
separated by a tether of three atoms in length, leading to the
formation of a new five-membered ring upon cycloaddition. This
takes advantage of the typically high quantum yields that attend
this length of tether (Schemes 8 and 9). Of the regiochemistries
of meta-photocycloadditions that are permitted by this length of
tether, the preference for addition across the strongest n-donor
group explains, in part, the presence of the methoxy group. This
directing effect is augmented by the influence of the Z-double
bond. That this effect is probably of secondary importance may
be judged from the outcome of the cycloaddition step in the
synthesis of a number of compounds, e.g. hirsutene, subergorgic
acid and ceratopicanol (Schemes 27, 41 and 43 respectively),
but particularly De Keukeleire and He’s studies on cerapicol®
(Scheme 49). The stereogenic centre adjacent to the benzene ring
allows control of n-facial selectivity. A formal allylic strain motif
in 2 (blue in 35, Scheme 14) favours the local conformation
shown that leads to the most stable exo-exciplex 35, with the
tether adopting a distorted syn-pentane conformation with a
pseudo-equatorial methyl group. Thus, irradiation of 2 with light
from a Vycor-filtered medium pressure mercury lamp?* delivers
two cycloadducts 36 and 37, distinguished by regioisomeric
cyclopropanes in a 1 : 1 ratio at photochemical equilibrium (65%
yield). At thermal equilibrium 36, the ‘linear isomer’, is formed
exclusively. Regioselective cleavage of the internal cyclopropane
bonds, a in 36 and 37, renders these two isomers synthetically
equivalent. However, the means by which this is achieved is critical
and by no means general. In the present case, regiocontrol is
exerted by a push—pull effect in which electrophilic activation

A __OMe MeQ
| T <
=y (i) Lo + L)
= OMe
2 36 37

(ii), (iii)

Scheme 14  Synthesis of a-cedrene 1. Reagents and conditions: (1) hv (Vycor
filter), pentane (65%); (ii) Br,, CH,Cl,; (iii) Bu;SnH (neat) (59%, 2 steps);
(iv) NH,NH,, KOH, (HOCH,CH,),0, 200 °C (58%).

of the substrate is coupled with a ‘push’ from an oxygen lone
pair. There is some ambiguity as to whether the electrophile
reacts at the double bond or the cyclopropane and differences
have been reported (Schemes 50 and 51). Thus treatment of
36 and 37 with 4 N HCI affords the desired tricyclic skeleton
but as a regioisomeric mixture of A8 and A9 alkenes. A two-
step cleavage with electrophilic activation by bromine preceding
radical debromination with tri-n-butyltin hydride gave 38 as a
single alkene in 59% yield.*? It is interesting to contrast these
outcomes with cyclopropane cleavage in De Keukeleire’s* and
Penkett’s®® work toward the synthesis of cerapicol and gelsemine
respectively (Schemes 49 and 50). The final step of the synthesis is
a straightforward Wolff-Kishner reduction to deliver a-cedrene in
58% yield. Thus, a full assessment of this synthesis makes manifest
the erudition in its design.

By exploiting alternative post-cycloaddition functional group
manipulations, Wender and Howbert carried out a synthesis of
pipitzol 40 as outlined in Scheme 15.17%3

OMe

~J
//\‘:\/
f*, ~1

[

o-Pipitzol-40

Scheme 15 Synthesis of pipitzol. Reagents and conditions: (i) 1,, THF,
H,O.

The synthesis of a-cedrene opened the door to a considerable
number of natural product syntheses, each advancing our under-
standing of the key structural factors controlling the outcome of
these interesting and powerful meta-photocycloaddition reactions.
These are now examined in turn.

Syntheses based on intramolecular meta-photocycloaddition
reactions

Rudmollin, isocomene and silphinene. A group of structurally
similar ortho-disubstituted aromatic substrates has been studied
in relation to the synthesis of rudmollin 41, isocomene 42 and
silphinene 43 (Fig. 4). The subtle differences in the structures
of isocomene and silphinene present an interesting challenge in
the way that related photocycloadducts are converted into their
respective targets. Rudmollin, which appears distinctly different
from the other natural products discussed so far, has much in
its synthesis that relates to the route to o-cedrene and as such is
examined first.

Synthesis of rudmollin®.  The synthesis of rudmollin via a meta-
photocycloaddition requires the cleavage of two of the bonds
present in the photocycloadduct to reveal a seven-membered ring,
a necessarily more involved procedure. However, careful planning
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OTBS

Rudmollin-41

Isocomene-42 Silphinene-43

Fig. 4 ortho-Disubstituted aromatic substrates for the synthesis of
isocomene, rudmollin and silphinene.

ensured that all of the carbons are used in the final compound and
most of the stereochemical information is retained. Preparation of
the photocycloaddition precursor is straightforward with control
over the double bond geometry being exercised by a Lindlar

reduction (Scheme 16).
MO
48

J(mxaw

(@), (ii)

OH _—

g

47

OMe X, TBSO  OMe

BrMg

49

Scheme 16 Synthesis of rudmollin; preparation of the photocycloaddi-
tion substrate. Reagents and conditions: (1) H, (10-40 psi), Pd/CaCO,
(Lindlar), quinoline, pentane (94%); (ii) PCC, CH,Cl,, 0-25 °C (54%); (iii)
50, THF, 0 °C (98%); (iv) TBSCI, DMAP, NEt;, DMF (97%).

Unsurprisingly, the photocycloaddition of 49 closely parallels
that encountered in the o-cedrene synthesis with good asym-
metric induction from the stereogenic centre adjacent to the
aromatic ring, the expected exo-selectivity, retention of alkene
stereochemistry in the product and a 2.3 : 1 ratio of regioisomeric
cyclopropanes 51 and 52 favouring the ‘angular’ isomer. As
with o-cedrene, accessing a bicyclo[3.2.1]octane ring system in
the first fragmentation of the photoadduct renders both isomers
synthetically equivalent. In this instance the equivalence is realised
by treatment with mercuric acetate that affords, from 52, a 71%
yield of allylic alcohol 53 accompanied by 6% of the allylic isomer
54. Subjecting 51 to the same reaction conditions affords 53 in
58% yield accompanied by less than 7% of 54 (Scheme 17).

The second phase of the ring-fragmentation process reveals the
desired trans-fused bicyclo[5.7.0]decane ring system, this being
carried out by a Grob-type ring-fragmentation (Scheme 18). Thus,
following a series of functional group interconversions, two of
the remaining three carbons were introduced by a stereoselective

H MeO,

TBSO

49

12 : 1

Scheme 17 Synthesis of rudmollin; photocycloaddition of 49. Reagents
and conditions: (i) hv (Vycor filter), pentane (63%); (i) Hg(OAc),, THF,
H,0 (71% + 6% allylic isomer from 52).

0
| BzO
OH ()~ ) 0o
I _
oTBS oTBS
53 55
(vi) - (viii)
BzO
H
oTBS
OH
OTBS
57 56

Scheme 18 Synthesis of rudmollin; Grob-type fragmentation to reveal
seven-membered ring. Reagents and conditions: (i) NaBH,, MeOH (94%);
(if) MnO,, CH,Cl, (93%); (iii) H,, 5% Pd/C, Et,0 (99%); (iv) (PhCO),0,
DMAP, NEt;, DMF, 46-50 °C (95%); (v) KN(TMS),, DME, 0 °C then
BEt;, THE, allyl iodide (75% at 75% conversion); (vi) NaBH,, CeCl;,
MeOH (72%, 3 : 1 a : B); (vii)) O;, MeOH, CH,Cl,, —78 °C then
NaBH,, —78-25 °C (98%); (viii) TBSCI, imidazole, DMF (97%); (ix) MsCl,
pyridine then LiAlH,, DME, 0-25 °C (84%).

enolate allylation to give 55. Stereoselective reduction of the ketone
establishes the correct geometry for the Grob-type fragmentation
(red in 56) that, after functional group manipulation of the double
bond, was triggered by sequential mesylation of the alcohol then
LiAlH, cleavage of the benzoate ester, the resulting aldehyde being
reduced in situ to afford 57.

The synthesis was completed in a relatively straightforward
fashion in which, following cleavage of the silicon protecting
groups from 57, a double oxidation with Jones’ reagent accessed
the corresponding keto-acid to set-up an iodolactonisation to es-
tablish the final ring of rudmollin (Scheme 19). Reductive removal
of the iodide under radical conditions gave 58. Stereoselective
reduction of the ketone at C4 followed by hydrogenolysis of
the benzyl protecting group delivered desmethylene rudmollin.
The synthesis was then completed by introduction of the final

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 4409-4430 | 4415





Rudmollin41

Scheme 19  Synthesis of rudmollin. Reagents and conditions: (i) KH, THF,
BnBr (96%); (ii)) HF-H,0, CH;CN, THF then Jones’ reagent, acetone,
0-25°C (82%); (iii) 1,, 2,4,6-collidine, CH;CN then Bu;SnH, AIBN, PhH,
80 °C (53%); (iv) NaBH,, MeOH, —78-25 °C (92%); (v) H, (40 psi),
10% Pd/C, 70% HCIO, (cat.), MeOH (82%); (vi) (Me,N);CH, 90 °C then
DIBAL, THF, 0 °C (54%)).

methylene group using a method developed by Wasserman and
Ives, and Ziegler and Fang.*

Returning to the selective fragmentation of the photocy-
cloadducts, an alternative double fragmentation of 51 was exam-
ined (Scheme 20). Recognising the relationship of 51 to phorbol
(60) an acid-catalysed cleavage, similar to that explored during the
studies on o-cedrene, delivered a bicyclo[3.2.1]octane that, after
reprotection, allowed a regioselective Baeyer—Villiger reaction to
complete the sequence. This sequence neatly encapsulates the
issues of processing of the cycloadducts by demonstrating the
diversity of structures that might be accessed. Yet, in this latter
case, the need to have the correct regioisomer of cyclopropane
(unless photoequilibration is effective) is paramount.

Phorbol "Q  Aco

Scheme 20 Synthetic intermediate toward phorbol. Reagents and condi-
tions: () H,SO,, H,O, acetone, reflux then TBSCI, NEt;, DMAP, DMF
then TMSTT, (TMSO),, CH,Cl,, —30 °C.

Synthesis of isocomene®*. Wender and Dreyer’s synthesis of
isocomene further develops some of the themes introduced
in the o-cedrene work, but emphasises the importance of the
methodology of cleaving the cyclopropane ring. Contrasting the
results with those obtained in the silphinene synthesis below is
instructive, particularly the position of its gem-dimethyl group
(Scheme 24). The key bond construction in the synthesis of the
photocycloaddition substrate 45 is again carried out according to
the Hall protocol®* with the additional consideration of alkene
geometry addressed by use of Z-2-bromobut-2-ene as a starting
material (Scheme 21).

Exposure of 45 to Vycor-filtered light from a medium pressure
mercury lamp afforded, presumably via exciplex 63, the two
regioisomeric cyclopropanes 64 and 65 in 72% yield (Scheme 22).

0)
Br
I 0 (i
A
NS

61 62 45

Scheme 21 Synthesis of isocomene; preparation of the photocycloaddi-
tion substrate. Reagents and conditions: (i) Li, Et,O then Cul, —65 °C
then methyl vinyl ketone (56%); (ii) ortho-bromotoluene, Li, Et,O, room
temperature, then 62 then NH;, —78 °C (78%).

Scheme 22 Synthesis of isocomene; photocycloaddition of 45. Reagents
and conditions: (1) hv (Vycor filter), cyclohexane (72%).

The tether adopts the now familiar distorted syn-pentane confor-
mation bearing a pseudo-equatorial methyl group, and m-facial
selectivity is controlled in the same way as for o-cedrene. An
overriding preference for exo-selectivity is again observed and the
stereochemistry of the alkene is retained during the cycloaddition
process.

The ratio of 64 and 65 is interesting, being 4.5 : 1 after 10 minutes
but 1 : 1 after 4 hours irradiation. Separation and re-subjection to
photolysis demonstrated that these photoisomers could indeed
be equilibrated, albeit with some decomposition. Given that,
in this instance, both isomers were not equally suitable for
conversion to isocomene (Scheme 23) via a homo-1,5-sigmatropic

(i 4 il

S — N
homo-1,5-SR \(
66
(i)
Vi
Isocomene-42

Scheme 23 Synthesis of isocomene. Reagents and conditions: (i)
235-240 °C (69%); (i) H,, 5% Pd/C, hexane (98%).
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rearrangement, the ability to separate and photoequilibrate the
isomers was potentially of synthetic value.

In the event, separation of 64 and 65 proved difficult on a
large scale and it proved more efficient to thermolyse the mixture
of the regioisomeric cyclopropanes to afford dehydroisocomene
in 57% yield with thermal rearrangement of 64 to 65 preceding
the homo-1,5-rearrangement.”” As an aside, it may be noted that
fragmentation to give an angular isomer results in the six carbons
of the original benzene ring being converted into a linear chain
forming part of the bicyclo[3.3.0]octane unit that arises from the
alkene and arene moieties of the substrate.

Synthesis of silphinene®®. Perhaps the most remarkable exam-
ple of this group of meta-photocycloaddition reactions is that
which leads to the synthesis of silphinene (Scheme 24). This
angularly fused triquinane that features three quaternary carbons
and four stereogenic centres has been synthesised in three synthetic
operations in multigram quantities.

/7’“]

Silphinene-43

Scheme 24 Synthesis of silphinene. Reagents and conditions: (i)
o-bromotoluene, Li (1% Na), Et,O then NH;, —78 to —33 °C, NH,Cl
(87%); (ii) hv (Vycor filter), pentane (70%); (iii) Li, MeNH,, —78 °C (74%;
9 : 1 alkene isomers).

Application of Hall and McEnroe’s procedure® to commercially
available ketone 67 and lithiated ortho-bromotoluene afforded
substrate 46 in 87% yield. Photolysis of 46 with Vycor-filtered
light from a medium pressure mercury lamp gave a 1 : 1 mixture
of regioisomeric cyclopropanes from an exciplex 68 whose confor-
mation is dictated by previously discussed considerations. Only the
‘angular’ isomer 70 is suitable for conversion to silphinene® and its
treatment with lithium in methylamine results in selective cleavage
of bond a over b, on the basis of better orbital overlap with the
intermediate alkene-derived radical anion, to afford silphinene 43
in a9 : 1 ratio with the A2,3 isomer (74% yield). Consistent with
this observation, the major isomer was calculated (MM?2) to be
the more stable alkene by 2.6 kcal mol™'. The remarkable brevity
of this route suggests that the meta-photocycloaddition is indeed
a valuable strategic-level reaction.

Synthesis of desdimethylquadrone*’

Quadrone is a tetracyclic sesquiterpene with interesting anticancer
properties (Fig. 5).*" Two synthetic studies on simplified ver-

R = Me 71a (Quadrone)
R = H 71b (Desdimethylquadrone)

S O

Fig.5 Structure of quadrone.

sions of this structure have been carried out utilising the meta-
photocycloaddition.

Mehta’s study on descarboxyquadrone is based on an inter-
molecular meta-photocycloaddition and will be discussed in a later
section (Scheme 61) whereas the study by Wender and Wolanin,
directed toward desdimethylquadrone 71b, is an example of a syn-
thesis that employs an intramolecular meta-photocycloaddition
(Scheme 25).%

=2 H
J |
_ - R
10%
MeO,C ( ) CO-Me
72 73
] 220°C
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Scheme 25  Synthetic study toward desdimethylquadrone.

Photolysis of 72, although low yielding, afforded, as the main
product, a single regioisomer of cyclopropane resulting from
addition across the tether. That one cyclopropane is formed
is understood in terms of the much higher energy of the
alternative compound. Having obtained 73 the same homo-
1,5-sigmatropic rearrangement deployed during the isocomene
synthesis successfully afforded 77 that has three of the four rings
of desdimethylquadrone 71b. Addition across the tether (72 to 73)
fits the pattern of adding across the strongest donor group unless
sterics dictate otherwise, e.g. the presence of a Z-double bond. This
latter point is illustrated by a parallel example (74 to 75) reported
by Keese et al. during their work on the theoretically interesting
fenestranes such as 76 (Scheme 26).*

plus regioisomeric
cyclopropane

Scheme 26 Keese and coworkers’ approach to fenestranes.
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Hirsutene, coriolin and laurenene

The following group of syntheses utilises photocycloadditions
involving the 1,2,3-trisubstituted aromatics 78, 79/80 and 81 with
the tether positioned centrally (Fig. 6). Photocycloadditions in
such substrates represent an increase in the complexity of the
starting material and will deliver more hindered photoadducts,
thereby testing the ability of the excited state of these molecules to
overcome this increased barrier to reaction. The close structural
relationship of hirsutene 82 and coriolin 83 suggested that a com-
mon strategy should be possible. The more complex fenestrane,
laurenene 84, has also proved accessible from a substrate of this
class.

AcO AcO

/
/

79a X = OMe b X = OAc
78 80 X = CH(OE), 81

I~y | J

: H
H
Hirsutene-82 Coriolin-83 Laurenene-84
Fig. 6 1,2,3-Trisubstituted substrates leading to hirsutene, coriolin and
laurenene.

Synthesis of hirsutene** and coriolin*. Wender and Howbert
prepared the substrate 78 in a straightforward manner by ad-
dition of the Grignard reagent derived from 85 to aldehyde
86. Acetylation prior to photolysis, although not influential
with regard to stereoselection, was found to raise the yield of
this challenging cycloaddition. Photolysis under the previously
described conditions delivered a mixture of four adducts 87, 88 and
two diastereoisomers of 89 with 87 predominating (Scheme 27).
Though the yields are clearly lower than in the previous examples
the steric hindrance (each of the carbons in the cyclopropanes of
87 and 88 are quaternary) is such that it is remarkable that the
reaction proceeds at all. In addition, as Cornelisse has observed,
polarisation of the electron cloud in the transition state would lead
to one of the electron donating methyl groups sitting at a site that
is polarised with negative charge (Scheme 11).> Tt is tempting
to conclude that the C-O bond is less effective at controlling
asymmetric induction than the C-C bonds in the o-cedrene and
isocomene examples. However, the high levels of induction seen
in the synthesis of rudmollin suggest that it is more likely a
consequence of steric interactions between the pseudo-equatorial
C-O bond and the adjacent gem-dimethyl group in 78 making
the corresponding pseudo-axial conformer less unfavourable. The
familiar exo-selectivity is observed and despite the absence of
a Z-double bond, 1,3-addition across the ortho-donor group is

(1) (iii) AcO
N
| —
Br /\X =
= CHO
85 8 78
(iv), ()

2% (1:1) 7%

22-23%

Scheme 27 Synthesis of hirsutene; photocycloaddition of 78. Reagents
and conditions: (i) Mg, Et,0; (ii) 86; (iii) Ac,0, DMAP (79% overall); (iv)
hv (Vycor filter), cyclohexane; (v) LiAlH,, Et,O.

preferred to 2,6-addition since 2,6-addition would involve a very
hindered transition state.

Cyclopropane ring-opening was initiated by treatment of 87
with camphorsulfonic acid (Scheme 28). Although the two bonds
labelled a and b were judged to offer approximately equal overlap
with the putative cation that develops on acid treatment, cleavage
of a proceeds via a transition state leading to a tertiary allylic
cation 90 that was neutralised by an El elimination to give 91.
Radical addition of thiophenol to the terminal double bond of 91
allows selective hydrogenation of the disubstituted double bond,
mediated by Crabtree’s catalyst, to afford 92. Restoration of the
terminal double bond by pyrolysis of the sulfoxide corresponding
to 92 yielded hirsutene 82 in ca. 60% yield.

@
(0}
H =~ H
H

i
87 90 91
l (i, (i)
/SPh
H H H H
H H
Hirsutene-82 92

Scheme 28 Synthesis of hirsutene. Reagents and conditions: (i) 10-cam-
phorsulfonic acid, C¢H, (71%); (ii) PhSH, 100 °C (78%); (iii) H,, CH,Cl,,
[Ir(cod)PyPCy;]PFg; (iv) NalO,, MeOH (86%); (v) 170 °C, P(OMe),
(60%).

Building on the successful preparation of hirsutene, two ap-
proaches to coriolin were described, the first developed from
the photoadduct 87 prepared in the hirsutene synthesis (again
underlining the vital aspect of how the cyclopropane of the
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cycloadduct is cleaved) while the second begins from a more highly
substituted precursor for the photocycloaddition.

Oxidation of alcohol 87 to give ketone 93 affords a means to
introduce electrons into the molecule and the ketyl that results
from treatment with lithium in liquid ammonia creates a radical
adjacent to the cyclopropane with ring-opening controlled by the
ability to access a tertiary allylic radical. Further reduction in situ
affords Mehta and coworkers’ intermediate toward coriolin 94.%
Alternatively, the aforementioned radical addition of thiophenol
was employed to give 95 with the regiochemistry of ring-opening
presumably being dictated by consideration of effective orbital
overlap. Reductive cleavage of the C—S bond with lithium in liquid
ammonia followed by protonation to give the more substituted
double bond again delivers Mehta’s intermediate 94 (Scheme 29).

U]
e

; \)\L (i) i
87
Mehta's
>@K SPh Intermediate
5 94
H
95

Scheme 29  First formal synthesis of coriolin. Reagents and conditions: (1)
PDC (74%); (ii) Li, NH3, Et,O, EtOH (92%); (iii) PhSH (1 equiv.) (quant.).

In an attempt to provide a more direct route to coriolin, photol-
ysis of substrates bearing various Z-disubstituted double bonds
were examined. Interestingly 79a/b proved very poor substrates,
a situation that parallels the relatively inefficient intermolecu-
lar cycloaddition of vinylacetates to aromatic compounds en
route to isoiridomyrmecin, modhephene and descarboxyquadrone
(Schemes 56 and 58). By contrast, photolysis of 80 was relatively
successful and the modest 15% yield of 96 obtained must be
judged against the extreme steric hindrance that develops in
the transition state of the photocycloaddition reaction and the
significant increase in useful complexity that is introduced into
the product (Scheme 30).

AcO
=
OEt
78 80
e @ 97
PhBP\/\OEt

Scheme 30 Second formal synthesis of coriolin; a new photolysis
substrate. Reagents and conditions: (i) O, MeOH, —78 °C (61%); (ii) 97,
NaOEt, CH,Cl, (55%); (iii) hv (Vycor filter), cyclohexane (~15%).

Application of the thiophenol ring-opening tactic followed
by a dissolving metal reduction establishes the required linear

triquinane ring system (98) then treatment with m-CPBA in moist
dichloromethane epoxidises the double bond and allows acid-
catalysed hydrolysis of the diethylacetal with concomitant Baeyer—
Villiger reaction to afford formate 99 (Scheme 31). The ease of the
latter reactions partially compensates for the disappointing yield
from photolysis of 80.

OEt

Scheme 31 Second formal synthesis of coriolin; establishing the linear
triquinane framework. Reagents and conditions: (1) PhSH (1 equiv.), 100 °C
(72%); (i1) Li, NH;, Et,O (80%); (iii) m-CPBA, CH,Cl,, H,O (67%).

From 99, Lewis acid-catalysed rearrangement of the epoxide
gave ketone 100 which, following unsaturation using Saegusa
et al.’s methodology,* required only introduction of a thiophe-
noxide o to the carbonyl group (101) to complete a formal total
synthesis. Further elimination of the corresponding sulfoxide to
afford diene 102 permitted correlation with Danishefsky’s late-
stage intermediate to coriolin (Scheme 32). The succinctness of
this sequence emphasises the utility of the photocycloadduct in
the preparation of these terpenoid compounds.

SPh

OH

Danishefsky's
intermediate-102 101

Scheme 32 Second formal synthesis of coriolin. Reagents and conditions:
(i) BF;, C¢Hg; (i) LDA, Me;SiCl; (iii) Pd(OAc),, CH;CN; (iv) LDA,
PhSSO,Ph (42% over 4 steps); (v) HOAc, H,O, THF (3: 1 : 1) (100%); (vi)
m-CPBA, EtOAc, heat.””

Synthesis of laurenene'®. Preparation of the naturally oc-
curring fenestrane, laurenene, represents one of the most
complex molecules prepared using the alkene-arene meta-
photocycloaddition reaction. The substrate 81 was synthesised
by an elegant route that employed a Diels—Alder reaction of a
benzyne to cycloheptadiene to fuse on the seven-membered ring
in 104 (Scheme 33). After cleavage of the alkene by ozonolysis,
a regioselective aldol reaction, with enolisation controlled by the
aromatic methyl group, set up a Grob-type fragmentation of the
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Scheme 33 Synthesis of laurenene; preparation of the photocycloaddi-
tion substrate. Reagents and conditions: (i) isopentyl nitrite, Cl;CCO,H,
cyclohepta-1,3-diene, CH,Cl, (84% based on recovered starting material);
(ii) O;, Me,S, NEt; (68%); (iii) Zn(BH,),, Et,O (98%); (iv) TsCl (72%); (v)
PCC (98%); (vi) NBS, AIBN then KOH (72%); (vii) H,, Pt (96%); (viii)
LDA, DMPU, homoprenyliodide (48%); (ix) LiAlH,, THF (95%).

derived keto-tosylate 105. Prior to hydroxide treatment the methyl
group was brominated with N-bromosuccinimide (NBS) to deliver
lactone 106 concomitant with fragmentation. Hydrogenation of
the alkene prepared the compound for stereoselective homopreny-
lation of the lactone enolate with good (8 : 1) 1,4-asymmetric
induction. Finally, reduction to lactol 81 completed the synthesis
of the photocycloaddition substrate.

Photocycloaddition of 81 proceeded to a single ‘angular’
regioisomer of cyclopropane 107 in 51% yield with the expected
exo-selectivity (Scheme 34). This relatively unusual occurrence (cf.
studies on aphidicolin and stemodin, Scheme 55) was rationalised
by Macromodel calculations that suggest that the alternative
‘linear’ regioisomer is significantly less stable. Contrasting this
outcome with the prototypical case, discussed in the introduction
(Fig. 1), highlights the importance of calculating each case
individually to take account of the effect of substituents and
fused rings. Of particular note was the improved yield obtained

0.~ s0H

Laurenene-84 108

Scheme 34 Synthesis of laurenene. Reagents and conditions: (i) hv (BiCl,
filter) (51%); (ii) Li, MeNH,, —6 °C (96%); (iii)) KHMDS, HMPA,
CIPO(NMe,), (55%); (iv) Li, EtNH, (65%).

in this challenging substrate when the incident light is filtered
through BiCl; solution (21% higher than with a Vycor filter),
the problem being traced, in part, to product absorbance and
subsequent degradation. In the authors’ experience, when a
cycloaddition is slow other processes often compete. In contrast
to the studies on hirsutene and coriolin the aromatic moiety is
not symmetrical; that addition does not occur across the tether
is unsurprising but addition across just one of the two ortho-
substituents is worthy of comment, particularly as this is probably
the worst donor of the two. Presumably, this selectivity is based
on steric grounds. Orbital overlap controlled reductive cleavage
of the cyclopropane with concomitant reduction of the lactol
to a diol 108 leaves only reductive removal of the hydroxyls via
their phosphordiamidates* to complete an elegant solution to
this complex problem (Scheme 34).

Silphiperfolenes, retigeranic acid and subergorgic acid

In a further series of syntheses Wender,* Singh® and deLong®
have explored the potential of a second pattern of trisubstituted
benzenes of general structure 109 (Fig. 7). They served to examine
an alternative allylic strain element to control n-facial selectivity
and introduced an interesting group of radical based methods for
opening of the cyclopropanes with concomitant formation of a
C-C bond.

[¢]

7pH-Silphiperfol-5-ene-110

Retigeranic acid-111

Subergorgic acid-112

Fig.7 A common substrate motif for the synthesis of the silphiperfolenes,
retigeranic acid and subergorgic acid.

Synthesis of the silphiperfolenes®. The substrate 113 is pre-
pared in a straightforward manner using the procedure by Hall
and McEnroe in 92% yield (Scheme 35).%°

Br WO NS

114 115 113

Scheme 35 Synthesis of the silphiperfolenes; preparation of the photocy-
cloaddition substrate. Reagents and conditions: (i) Li, Et,O, 115 then NH;
(92%).

The photocycloaddition of 113 is typical in proceeding from
the conformer shown (Scheme 36) with exo-selectivity. However,
in this instance, n-facial selectivity is controlled by the allylic strain
element (highlighted in blue) that develops into a situation where
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(i), (iv)
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HO
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Scheme 36 Synthesis of the silphiperfolenes; preparation of a common
intermediate. Reagents and conditions: (i) hv (Vycor filter), cyclohexane
(72%); (ii) hv (Pyrex filter), CH;CHO, 0 °C (60%); (iii) Br,, NaOH, H,O,
dioxane, reflux (95%); (iv) LiAlH,, THEF, reflux (91%).

the exciplex 116, that precedes cycloaddition, has the hydrogen and
not the methyl in an endo-position. Again, it may be noted that,
despite the terminal alkene, addition takes place across the donor
methyl group not across the tether. Two photocycloadducts 117
and 118 are obtained in a 1.88 : 1 ratio favouring the ‘linear’ isomer
in 72% yield, clearly superior to the more sterically congested 1,2,3-
trisubstituted aromatics discussed previously. Given that it is the
minor regioisomer that is required to complete the synthesis, the
ability to photoequilibrate 117 and 118 is significant. However,
as is often the case, some degree of degradation accompanies
this procedure (c¢f. isocomene (Scheme 22), subergorgic acid
(Scheme 41) and crinipellin B (Scheme 46)).

Having obtained the angular isomer 118 the cyclopropane is
then regioselectively cleaved with concomitant formation of the
required C-C bond at C7. This second photochemical step, in
which acetaldehyde is added to 118, is noteworthy for its highly
stereoselective addition to the convex face and regioselective
cleavage of the cyclopropane via a secondary rather than the
apparently available tertiary radical. This is presumably explained
by a more favourable alignment of the intermediate radical formed
at C6 with bond a than bond b and the reaction being under
kinetic control. The method is based upon a report by Kharasch
et al. in which, following n—rt* photoexcitation of the acetaldehyde,
Norrish type I fragmentation can give an acyl radical (note the
use of a Pyrex filter to cut off shorter wavelength radiation that
can lead to direct extrusion of CO without radical generation).>
This species begins a radical chain process by adding to the
alkene in 118. Following fragmentation of the cyclopropane with
concomitant generation of a secondary radical at C3, hydrogen
abstraction from acetaldehyde completes the chain. The two
carbon atoms so added were reduced to the required single carbon
atom in 120 by bromoform reaction and then treatment with
LiAIH, (Scheme 36).

From the common intermediate 120 elimination of the alcohol
to give diene 121 followed by reduction of the diene with lithium
in liquid ammonia gave silphiperfol-6-ene 122 (Scheme 37).
By contrast, selective reduction of the terminal alkene with
Wilkinson’s catalyst provided a 2.8 : 1 mixture of 7aH-silphiperfol-
S-ene 123 to 7PpH-silphiperfol-5-ene 110. A highly stercoselective

(i), (i) - (i)

- - - | H

ey, ey, ey,

HO
120 121 122

(), (v)

110

Scheme 37 Synthesis of silphiperfol-6-ene, 7oH-silphiperfol-5-ene and
7BH-silphiperfol-5-ene. Reagents and conditions: (i) PANO,SeCN, n-Bu;P,
THF (99%); (i) H,O,, THF (78%); (iii) Li, NH;, Et,O, —33 °C (91%); (iv)
n-BuLi, (EtO),POCI, THF-TMEDA (4 1) (76%); (v) Li, -BuOH, E{NH,,
THE, 0 °C (55%; 110 : 123, 1 : 0); (vi) (Ph;P);RhCIl/H,, C;H~EtOH (3 :
1) (89%; 110 : 123, 1 : 2.8).

route to 7BH-silphiperfol-5-ene 110 was afforded by conversion of
the alcohol of 120 to a diethyl phosphate followed by reduction
with lithium in ethylamine (Scheme 37).

Synthesis of retigeranic acid®'. Developing the work on the
silphiperfolenes to approach the significantly more complex
compound retigeranic acid 111 mandated a convergent approach
in which the angularly fused triquinane portion would be com-
bined, at a late stage of the synthesis, with chiral fragment 124
(Scheme 39). To remove the inevitable problems with separation
of diastereoisomers, 113 would be required in homochiral form.
Thus the straightforward Hall procedure is replaced by a route
based on enzymatic desymmetrisation (Scheme 38).

(i), (ii) (iiiy - (vi)
R — B ———
MEOQC COQMB COQMB
PyS 0
(99% e.e.)
125 126 R-113

Scheme 38 Synthesis of retigeranic acid; preparation of optically active
113. Reagents and conditions: (i) pig liver esterase; (ii) dipyridyl disulfide,
Ph;P, CH,Cl, (96%); (iii) p-xylyl bromide, Li, Et,O, Cul, —78 °C to
0 °C then 126, —78 °C (90%); (iv) LiAlH,, Et,O; (v) H,, 10% Pd/C,
EtOH-HCIO, (100 : 1) (93%, 2 steps); (vi) n-Bu;P, o-nitrophenylSeCN
then 30% H,O, (84%).

R-113 was then photocyclised as in Scheme 36 but on this
occasion cyclopropane ring-opening was initiated using a one-
carbon radical generated by photolysis of formamide in the
presence of 118 (Scheme 39). Following dimethylation of the
nitrogen of 127 the allylic methyl group is oxidised with SeO, to
set up an enolate-mediated coupling with 124. The final steps of
the synthesis were based around a key intramolecular Diels—-Alder
reaction of 129.%!

Synthesis of subergorgic acid®®. The final synthesis of this
group, subergorgic acid, explores the influence of more significant
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(Ref. 51) lll

HO,C
Retigeranic acid-111

Scheme 39 Synthesis of retigeranic acid. Reagents and conditions: (i) hv
(Vycor filter), cyclohexane (72%); (ii) v (Pyrex filter), HCONH,, acetone,
t-BuOH; (iii) KOH, DMSO, Mel (80%); (iv) SeO,, ~-BuOOH, (CH,Cl),,
reflux (53%); (v) 124, LDA, THF, 50 °C to 0 °C then add to 128 (—78 °C),
warm to 25 °C; AcOH then N,N-dimethylformamide dimethyl acetal,
reflux (65%).

steric hindrance adjacent to the aromatic ring, specifically a cyclic
ketal. The synthesis of the precursor to the photocycloaddition
requires only a slight modification from that described for 113
(Scheme 40).

Br \)\/§o X 3
O

114 115 130

Scheme 40 Synthesis of subergorgic acid; preparation of the photocy-
cloaddition substrate. Reagents and conditions: (i) Li, Et,O, then 115; (ii)
PCC, CH,Cl,; (iii) (CH,OH),, 10-camphorsulfonic acid, C4Hj,, reflux.

Photolysis of 130, resulting in the formation of two regiosomeric
cyclopropanes, each with three contiguous quaternary centres,
represents a demanding reaction (c¢f. studies on the synthesis
of grayanotoxin-II (Scheme 48)). The reaction was found to
require stringent exclusion of the corresponding ketone to avoid
complex mixtures and even with this precaution the reaction
was only run to ca. 66% completion to give a 42% yield (61%
based on recovered starting material) as a result of photolability
of the product. Interestingly, despite the influence of the ketal
on the photolysis conditions, the ratio of cyclopropane isomers
was largely unaffected compared to those formed from 113
(Scheme 41).

The ‘angular’ isomer 132 was ring-opened using the same
radical-based tactic discussed previously but this time initiated by
thermal fragmentation of dibenzoyl peroxide. Reductive cleavage

(vii (i) - (vi
Hozc%”H %H .
4 e ol A NG
Q G

Subergorgic acid-112 134 133

Scheme 41 Synthesis of subergorgic acid. Reagents and conditions: (1)
hv (Vycor filter), cyclohexane (42%); (ii) dibenzoyl peroxide, CH;CN,
reflux (67%); (iil) K, 18-crown-6, toluene (90%); (iv) m-CPBA (80%);
(v) N-cyclohexyl, N-isopropylamine, MeMgBr (70%); (vi) SOCL,, pyridine
(85%); (vii) DMSO, AgBF, then NEt; (85%) then NaClO,.

of the cyano group in 133 by the method by Oishi er al.®® was
followed by a three-step activation of the allylic methyl group with
the ketal being lost during the thionyl chloride treatment to afford
134. The final oxidation was effected in two stages with a silver-
mediated Kornblum oxidation followed by treatment with sodium
chlorite (Scheme 41).

Ceratopicanol, crinipellin B and grayanotoxin-II

The final group of three trisubstituted aromatic compounds 135,
136 and 137 that have been used in natural product synthesis
display the difficult 1,2,3-trisubstituted pattern of substitution
discussed earlier but with the tether positioned terminally not
centrally (Fig. 8). Thus, if photocycloaddition was to occur in the
normal way, across the donor group, it would necessarily deliver
adducts with at least three contiguous quaternary centres.

_x /\/OAC
TBSO
OMe
N N

Ceratopicanol-138 Crinipellin B-139

Grayanotoxindl-140

Fig. 8 1,2,3-trisubstituted aromatic subunits studied for the synthesis
of ceratopicanol, crinipellin B, and grayanotoxin-II (tetrasubstituted
aromatic).

Synthesis of ceratopicanol®. Chanon et al. have described a
short and efficient synthesis of ceratopicanol based around an
intramolecular arene meta-photocycloaddition as part of their
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interest in holosynthons.* However, they reported only very low
yields for the transformation of 135 into 141, despite the kinetic
advantage that often attends the presence of a gem-dimethyl group
in the tether of a ring-closing process, indicating the great difficulty
that these substrates present (Scheme 42).

= Xﬁ;\sw

135 1M 142

Scheme 42 Synthesis of ceratopicanol; attempted photocycloaddition of
135.

Based on this result the synthetic plan was adapted to begin
with a less substituted aromatic 143 that was readily prepared
by the Hall procedure in 98% yield from 144 (Scheme 43).° The
photolysis proceeded according to plan, through an exo-oriented
exciplex 145, with addition across the donor methyl group, in a
much improved 72% yield (again we note that in the absence of
a Z-substituted double bond the preference is to avoid addition
across the tether). The ‘linear’ isomer 146 was found to be the
major isomer whilst the ‘angular’ isomer 147 was recycled by
photoequilibration.

147

Scheme 43 Synthesis of ceratopicanol; photocycloaddition of 143.
Reagents and conditions: (i) Li, o-bromotoluene then Li, NH;, NH,ClI
(98%); (ii) v (254 nm), cyclohexane (72%).

Radical addition of thiophenol to 146 according to Wender
and Howbert’s method* (though with the additional use of ultra-
sound) afforded the nor-ceratopicanol skeleton 148 (Scheme 44).
Reductive cleavage of the C—S bond followed by oxidation to the
corresponding ketone gave 149. The ketone allowed introduction
of the troublesome extra methyl group stercoselectively and in
excellent (97%) yield. The synthesis was completed by a tandem
conjugate reduction—1,2-reduction of the enone moiety by NaBH,
to deliver the correct diastereoisomer of ceratopicanol 138.

Synthesis of crinipellin B*. Wender and Dore’s synthesis
of crinipellin B 139 required access to a relatively complex
photocycloaddition substrate 136. The aromatic portion 150
was prepared from 3-nitro-2-methyl benzoic acid in three pots
then, after halogen-lithium exchange, coupled to aldehyde 151,
itself available in three steps from isobutyraldehyde, to give 152
(Scheme 45). Oxidation to the ketone allowed deoxygenation

(i), (v)

Ceratopicanol-138 149

Scheme 44 Synthesis of ceratopicanol. Reagents and conditions: (1)
PhSH, 100 °C, ultrasound (97%); (ii) Li, NH;, =78 °C (80%); (iii)
CrO5-3,5-dimethylpyrazole (60%); (iv) LDA, —78 °C, Mel (97%); (v)
NaBH,, EtOH (60%).

OH
| (i)
MOMO —— MOMO
150

152
l (ii) - (iv)

151 HO

136

Scheme 45 Synthesis of crinipellin B; preparation of the photocycload-
dition substrate. Reagents and conditions: (i) t-BuLi, THF, —78 °C then
151; (ii) TPAP, NMO, 4 A sieves, CH,Cl,, 0-22 °C (78%; 2 steps); (iii)
H,NNH,, KOH, diethylene glycol, 118-122 °C then 230-232 °C (92%);
(iv) 3 M HCI, THF, reflux (93%).

via a Wolff-Kishner reduction and cleavage of the MOM group
afforded the substrate 136.

Despite the significant steric hindrance of this substrate and the
four contiguous quaternary asymmetric centres formed in each of
the products a 33% yield of the two regioisomeric cyclopropanes
153 and 154 was obtained. As with the isocomene synthesis it
was observed that short irradiation times gave a mixture with a
preponderance of the linear isomer 154, whereas more prolonged
irradiations delivered an equal mixture. As observed in other cases,
e.g. subergorgic acid, the adducts proved photolytically labile. In
practice, the crude was treated with thiophenol under radical
conditions* to afford an easily separable mixture of linear and
angular triquinanes 155 and 156 (Scheme 46).

The particular value of the thiophenol mediated cyclopropane
ring-opening is evident as it facilitates the required oxygena-
tion at C7. Thus the sulfonium ion formed by methylation of
156 with Meerwein’s salt induces an Sy2' tetrahydrofuran ring-
closure to give 157 (Scheme 47). The process of fragmenting the
cyclopropane has thereby significantly advanced the synthesis.
The double bond, having served its purpose was then removed
by hydrogenation rendering the methylene group adjacent to
the oxygen the most readily oxidisable, the latter being realised
by treatment with ruthenium tetraoxide. Addition of methyl
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Scheme 46  Synthesis of crinipellin B; photocycloaddition and fragmen-
tation of 136. Reagents and conditions: (1) hv (Vycor filter), cyclohexane
(33%); (i) PhSH, 95-105 °C (68%).

Moy

158
l (v) - {viii)
A
-~ -
(Ref. 56)
0TBS
Crinipellin B-139 Pier's

Intermediate-159

Scheme 47 Synthesis of Piers’ intermediate for crinipellin B. Reagents
and conditions: (i) Me;OBF,, CH,Cl,, reflux (74%); (ii)) H, (49 psi), 10%
Pd/C, EtOAc (97%); (iii) RuCl;, NalO,, 2 : 2 : 3 CCl,—~CH;CN-H,O
(72%); (iv) MeLi, THF, —78 °C (95%); (v) m-CPBA, CHCI, (55%); (vi)
Dess-Martin periodinane, CH,Cl, (87%); (vii) Ba(OH),, MeOH, 0 °C
(80%); (viii) TBSOTT, Et;N, CH,Cl,, —78 °C (86%).

lithium leads to hemi-acetal 158 from which the equilibrium
keto-alcohol form was oxidised under Baeyer—Villiger conditions.
The corresponding differentially-protected diol allows selective
oxidation to afford Piers’ intermediate 159 and hence complete a
formal total synthesis of crinipellin B.*

Synthetic studies toward grayanotoxin-II*>*’. A final example
of this type of substrate arose from studies by Wender and Olivero
toward grayanotoxin-II 140 in which, in addition to the difficult
1,2,3-substitution pattern, is present a fourth substituent in 137.
Despite these apparent steric issues the reaction was successful
and at least one compound examined in this series gave a yield as
high as 50% (Scheme 48).'

Overall, these substrates are on the limit of what is possible with
this reaction but impressive syntheses are still achievable.

Grayanotoxin-I-140
Scheme 48 Synthetic studies toward grayanotoxin-II.
Cleaveable tethers

The use of cleavable tethers has not been widely explored
but three published studies have served to indicate the poten-
tial value of this tactic. In addition, Stork has reported the
synthesis of 3-oxosilphinine 162 using a silicon-tethered meta-
photocycloaddition (Fig. 9).%®

O

S

3-oxosilphinene-162

Fig. 9 Structure of 3-oxosilphinine.

Synthetic studies on cerapicol>. As part of a study on tandem
Norrish type I-meta-photocycloaddition reactions De Keukeleire
obtained 165, upon irradiation of 163, via lactols 164 (Scheme 49).
Interestingly, the photocycloaddition takes place across the donor
group in 164 despite the presence of a Z-double bond to give
165. Alkene mn-facial selectivity was imposed by the tether and
the usual exo-stereoselectivity was found. As with the previously
discussed studies on desdimethylquadrone (Scheme 25) only a
single regioisomer of product was obtained. The cleavage of the
cyclopropane in the d-lactone corresponding to 165 is interesting
and contrasts with the fragmentation of both the a-cedrene and
rudmollin intermediates, 36/37 and 51/52 respectively, in not
cleaving the bond adjacent to the alkene (cf. gelsemine, Scheme 50
and 51) but rather undergoes protonation to afford hemi-acetal
166. The authors note that the observed mode of cleavage leads to
the more stable product as judged by calculation using a combined
SCA-MacroModel approach. The lone pairs on the ether oxygen
may also align favourably to assist cleavage of this C—C bond. The
clear relationship of 166 to compounds with a bullerane skeleton,
e.g. cerapicol 167, suggests a possible application of this type of
meta-photocycloaddition. Srinivasin and Hoye and others noted
that intermolecular photocycloadditions to 2-methylanisole were
slow and low yielding, though Hoye was able to isolate an 11%
yield of photoadducts, after acid hydrolysis, following a 7 day
irradiation. This in turn suggests a possible worth of this cleavable
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H {+)}Cerapicol-167

Scheme 49 Synthetic studies toward cerapicol. Reagents and conditions:
(1) hv, cyclohexane-EtOAc (5 : 1); (ii) PDC, CH,Cl, (34% overall); (iii) dil.
HCI (quant.).

tether when the more hindered substrate required to prepare
cerapicol is used, a point noted by Wender and Howbert in the
context of the a-cedrene synthesis.

Synthetic studies toward gelsemine®. Penkett et al., follow-
ing earlier work by Fleming er al,® carried out a study
of the utility of a silicon-linked tether. The photocycload-
dition of 168 led to addition across the tether, as seen in
the studies on desdimethylquadrone (Scheme 25) and cerapicol
(Scheme 49), and gave rise to the same, single, regioisomer of meta-
photocycloaddition product 169 in 38% yield (accompanied by
16% of products arising from initial ortho-addition). The potential
value of the tether, as opposed to an equivalent intermolecular
reaction, resides in the formation of this single regioisomeric
cyclopropane (and with exo- rather than endo-stereoselectivity).
Thus, treatment of 169 with m-CPBA gives epoxidation with
concomitant fragmentation to afford a single regioisomer of allylic
alcohol 170 containing the bicyclo[3.2.1]octane skeleton found in
gelsemine 171 (Scheme 50).

The fragmentation of cycloadduct 169 under alternative con-
ditions flags up the subtlety in the preferred mode of reactivity.
Thus, in the same manner as observed with protonation of the
lactone corresponding to 165 (Scheme 49), treatment of 169 with
either N-iodosuccinimide (NIS) or NBS leads to reaction at the
cyclopropyl bond distal to, rather than proximal to, the alkene to
afford 172a/b (Scheme 51).

Studies on Heck reaction-induced fragmentation of such vinyl-
cyclopropanes have lead to further developments in the application
of meta-photocycloadducts toward a synthesis of gelsemine.**

Additional functionality was introduced into the core of the
molecule by photolysis of substrate 173. Following fragmentation
of the initial photocycloadduct a single regioisomer of allylic

S o g
f? sS. a7
" ‘ _— + ortho-isomers
s
168 169
l(ii)
Q NH Cl)
MeN HO L
“si L ,oH
AW 5
~—
@]
Gelsemine-171 170

Scheme 50 Synthetic studies toward gelsemine. Reagents and conditions:
(i) /v, hexane (38%); (ii) m-CPBA (56%).

Ho. /9
~si— |l
0 Kr .
— A J
X
169 172aX = |
172b X = Br

Scheme 51 Fragmentation of meta-photocycloaddition product 169.
Reagents and conditions: (1) NIS, X =1 (57%) or NBS, X = Br (51%).

alcohol 174 was obtained and it may be inferred from this result
that a single regioisomer of photocycloadduct was generated
(Scheme 52). Of particular interest is the presence of a four-
atom tether in 173. A relatively modest yield of 174 was obtained
indicating that, in this instance, the presence of oxygen atoms in
the tether was not as effective in improving yields as, say, in the
examples in Schemes 9 and 10. This may imply that other features,
e.g. rings that limit the conformational freedom of a tether, are
more significant in raising yields in substrates with four-atom
tethers in accordance with the paradoxical nature of including
oxygen in the tether, vide supra.

o/ ]
Y- '
. o~ (@] ""!
. -Gy  HO Y
—_— !\ \\
= SOH
TBSO TBSO
173 174

Scheme 52 Synthetic studies toward gelsemine. Reagents and conditions:
(i) hv (low pressure Hg lamp), cyclohexane, 4 h; (i) m-CPBA, CH,Cl,; (iii)
MeOH, pyridinium para-toluene sulfonate, 4 days (11% overall).

In addition to the above studies Penkett ez al. have also examined
an approach toward gymnomitrol 175 that is considered in the next
section (Scheme 53).%

Four-atom  tethers—gymnomitrol,****  aphidicolin  and
stemodin®>. As discussed in the introduction, studies on
substrates in which there is a four-atom tether are sparse. The
critical feature to achieve higher yields appears to be some
bias of the conformational freedom of the tether toward the
reactive conformation. To date, only three studies directed toward
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a natural product have been reported, each of which raises
interesting points, with Penkett’s studies on gelsemine having
been discussed above (Scheme 52). Building on their previous
work, Penkett’s group utilised a four atom cleavable tether in an
approach to gymnomitrol 175. An earlier attempt by Hoye to
employ an intermolecular meta-photocycloaddition approach to
175, had proved unsuccessful, presumably due to the significant
steric hindrance associated with adding 1,2-dimethylcyclopentene
to 2,5-dimethyl anisole.** Indeed the addition of 176 to 177
furnished only a 0.1% yield of a 1 : 5 mixture of 178 to 179
(Scheme 53). Seeking to take advantage of an intramolecular
reaction, a series of substrates were prepared and photolysed.
Unfortunately, the steric encumbrance of 180 still proved too
much to allow the photocycloaddition to 181 to take place
(Scheme 53).

176

A

{

\—/

Gymnomitrol-175

180 181

Scheme 53 Attempted photocycloaddition approaches to gymnomitrol.
Reagents and conditions: (1) hv (253.7 nm), cyclohexane then H;O* (0.1%).

However, the less hindered substrates examined, e.g. 182 (pre-
pared in two steps from 183) did undergo the desired reaction
to give 17% of isomerically clean 184, illustrating the use of this
type of acetal tether in a meta-photocycloaddition reaction. Facile
fragmentation of the derived epoxide, 185, to deliver 186/187,
regio- and stereoisomerically clean, suggests the potential of the
method (Scheme 54).

A final study in this area attempted to access the aphidicolin 188
and stemodinone 189 ring systems (Fig. 10). This approach uses
the A-ring of these structures to impose a gauche conformation to
one part of the tether.

Photocycloaddition of 190 proceeded in high yield to afford a
1.2 : 1 mixture of 191 and 192 (Scheme 55). Unusually, these are
not regioisomeric cyclopropanes but diastereoisomers originating
from two distinct cycloadditions proceeding via endo- and exo-
transition states respectively.

Access to the endo-transition state is permissible in this case
as there is no additional strain in obtaining the correct orbital
alignment, unlike with a three-atom tether (Fig. 11). This is the
first example of a predominantly endo-selective intramolecular
meta-photocycloaddition, albeit modestly so. As expected the
electron donating methoxy group controls the regiochemistry of
the photocycloaddition.

ol /[ ©

J 0 o\
|-:/\/ 1 (iii) /7( 0

@/‘j\ (i, (i
o] Cl

183 182 184
[(iv}
o]
HO, 0=
0 OH W) o)
—_— 4—-0
HO. " HO. "
187 186 185

Scheme 54 Studies toward the synthesis of gymnomitrol. Reagents and
conditions: (i) (Ph;P);RhCl, 170 °C; (ii) methallyl alcohol, 50% NaOH,
benzene, Bu,NCI (86%); (iii) Av (253.7 nm), cyclohexane (17%); (iv)
dimethyldioxirane, CH,Cl,~acetone (1 : 1), 0 °C (100%); (v) HCI (aq.),
acetone, 0 °C-room temperature (55%).

OH Aphidicolin-188 Stemodinone-189

Fig. 10 Structures of aphidicolin and stemodinone.

MeO,

H ’\ /

192

Scheme 55 An approach to the aphidicolin and stemodinone ring
systems. Reagents and conditions: (1) hv (low pressure mercury vapour
lamp), cyclohexane (191 : 192, 1.2 : 1) (90%).

191 endo-exciplex

exo-exciplex 192

Fig. 11 Possible exciplexes preceding the photocycloaddition of 190.

Intermolecular examples

Whilst most effort in the use of the meta-photocycloaddition in
natural product synthesis has utilised the intramolecular reaction
there has been some very interesting work originating from
intermolecular photocycloadditions.

4426 | Org. Biomol. Chem., 2006, 4, 4409-4430

This journal is © The Royal Society of Chemistry 2006





Synthesis of isoiridomyrmecin®. Photolysis of vinyl acetate in
benzene produced a low yield of 193.% This is not too surprising
in light of the difficulties encountered with this type of alkene (cf.
79a and 79b) in Wender’s studies on coriolin synthesis,* however,
the cheapness of the starting materials and ease of the reaction
compensates for this. In contrast to the intramolecular cases,
and in keeping with fundamental studies on this reaction, endo-
selectivity is observed (Scheme 56). The shape of the ring system
is then utilised to control first the regioselective enolate formation
then a subsequent exo-face alkylation to give 194. Fragmentation
of the cyclopropane is coupled with addition of a methyl group via
a Gilman cuprate to afford 195 and 196. The regioselectivity of this
addition is controlled by unfavourable interactions with the methyl
group at C4 (¢f- Scheme 60) and the stereochemistry by approach
from the least hindered face with inversion of configuration at
C8. The enolate resulting from this addition was trapped as a
phosphordiamidate. Selective hydrogenation of the least hindered
double bond in 196 was carried out over Adam’s catalyst to give

197.
6—-.
T
Nt
8 2

N (i) 5
L] =41 o
193

(ii} - (iv)

OAc

(vi)

197
X = OPO(NMey),

Scheme 56 Synthesis of isoiridomyrmecin; photocycloaddition and cy-
clopropane cleavage. Reagents and conditions: (1) hv (Vycor filter); (ii)
LiAIH, (89%); (iii)) MnO, (95%); (iv) LDA, —78 °C, Mel (75%); (v)
Me,CuLi, THF, —78 °C then CL,PO(NMe,) then Me,NH (100%); (vi)
H,, PtO, (90%).

Having obtained 197, ozonolysis in MeOH coupled with a
reductive work-up gave the diastereoisomeric psuedolactones 198.
The synthesis was subsequently completed by reduction with
sodium cyanoborohydride to give isoiridomyrmecin 199 in 68%
yield (Scheme 57).

(i) S

oX —

OMe
197 198
X = OPO(NMe,),

Isoiridomyrmecin-199

Scheme 57 Synthesis of isoiridomyrmecin. Reagents and conditions: (i)
0O;, MeOH, CH,Cl,, —78 °C then NaBH, (92%; 1 : 1 epimers); (ii)
NaBH;CN, H,O, THF, H,SO, (68%).

Wender and Dreyer described a related photocycloadduct, 200,
arising from addition of vinyl acetate to indane, that has formed
the key starting material for two syntheses: modhephene 201 and
descarboxyquadrone 202 (Figure 12).

Wender @OAC Mehta

[

Modhephene-201 200

Descarboxyquadrone-202
Fig. 12 A common intermediate for modhephene and
descarboxyquadrone.

Synthesis of modhephene®. The synthesis of this [3.3.3]pro-
pellane 201, whilst not the most complex molecule made with a
meta-photocycloaddition reaction, is, in the view of the present
authors, the one that best exploits its various assets and represents
a truly remarkable achievement in synthesis.

The photoadduct 200, as with 193, is formed in a modest 21%
yield but again proceeds from readily available starting materials
to allow multigram quantities to be prepared (Scheme 58). As
expected the reaction is endo-selective with addition taking place
across a donor substituent. The two isomers 200 and 203 are
formed in ca. 10 : 1 ratio and are photoequilibrated under the

reaction conditions.
— 0} N& s
(D = Dmoe — (Do
Xy =\ e <

200
(21%)

OAc

\ (i, i)

(17%) (68%)

Scheme 58 Synthesis of modhephene; photocycloaddition and alkyla-
tion. Reagents and conditions: (1) hv (Vycor filter), cyclohexane (21%); (ii)
KOH, MeOH (86%); (iii) Ba(MnO,), (95%); (iv) --BuOK (15 eq.), Mel (10
eq.), THF (68% of 205).

Hydrolysis of 200 was followed by oxidation to the correspond-
ing ketone 204. With the ring system in place there is a need to
selectively introduce four methyl groups. Remarkably, treatment of
204 with methyl iodide in the presence of potassium fert-butoxide
results in the formation of two compounds 205 and 206 the major
one being trimethylated.

This apparently surprising reaction is readily rationalised when
it is recognised that the enolate derived from 204 is a semibull-
valene and hence susceptible to facile Cope rearrangement. The
consequences of this rearrangement are set out in Scheme 59.
Two subtleties arise at this point: firstly the rate of alkylation of
209 needs to be slower than rearrangement to 210 then alkylation,
otherwise the ‘cul-de-sac’ compound 206 will predominate. Indeed
studies on an enol phosphate derived from 207 indicated facile
Cope rearrangement at temperatures as low as —100 °C.%
Secondly, Cope rearrangement of either 207 or 212 generates
enantiomeric compounds and hence, if any attempt were made to
turn this into an enantioselective synthesis, it must either happen
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Scheme 59  Synthesis of modhephene; details of the enolate alkylation.

ent212

post trimethylation or the alkylation itself could be conducted in
the presence of, say, a chiral counterion.

Finally, fragmentation of the cyclopropane is tied to introduc-
tion of the fourth methyl group by a highly stereo and regioselective
cuprate-mediated addition reaction akin to that discussed in the
isoiridomyrmecin synthesis (Scheme 56). However, in this case,
the greater steric hindrance presented by the gem-dimethyl group
at C4 of 205 prevents the side product arising from 1,7-addition
that was seen in the previous case. The resultant enolate is trapped
as its phosphordiamidate 214. Thus the cyclopropane, often the
unnecessary element of the complexity introduced in the meta-
photocycloaddition reaction, is used to remarkable effect. To
complete the synthesis all that was required was a dissolving metal
reduction of the phosphordiamidate in 214 followed by a selective
hydrogenation of the least hindered double bond (Scheme 60).

(ii), (iii)
OPO(NMQQ)Q _—

Modhephene-201

205 214

Scheme 60 Synthesis of modhephene. Reagents and conditions: (i)
Me,CulLi (5 equiv.), THF, =78 °C, CL,PO(NMe,) then Me,NH (76%);
(i) Li, E{NH,, THF, -BuOH, 0 °C (93%): (iii) Ha, PtO, (100%).

Synthesis of descarboxyquadrone”. The final synthesis ex-
amined is Mehta’s preparation of descarboxyquadrone. One

approach to a quadrone derivative was set-out above (Scheme 25)
but this is a distinctively different strategy. This approach explores
the strategy of rearrangement of the skeleton, post cyclopropane
cleavage, and thus suggests a wider range of targets that could be
approached using the meta-photocycloaddition reaction. Begin-
ning from 204, careful hydrogenation of the double bond in the
presence of the strained cyclopropane allows a key oxygenation
at C8, concomitant with its cleavage, in a second step to give
215. Following protection of the ketone, oxidation of the hydroxy
group facilitates first, the introduction of the gem-dimethyl group
then, after re-conversion to the alcohol and deprotection of the
ketone, the critical Lewis acid mediated Wagner—Meerwein rear-
rangement of 216 to afford 217.% This rearrangement, although
not high yielding, is the first such rearrangement of this ring
system and completes a formal synthesis of descarboxyquadrone
(Scheme 61).¢

@’j}o (i), (ii) " (iii) - (vii) :
T 8 R
HO

204 215 216

l (viii)
(Ref. 67) R
0 = o

Descarboxyquadrone-202 217

Scheme 61 Synthesis of descarboxyquadrone. Reagents and conditions:
(i) Cat. reduction; (i) HCO,H, heat then KOH, MeOH (95%); (iii)
HOCH,CH,OH, PPTS, C.H,, 80 °C (95%); (iv) PCC, CH,Cl, (82%); (v)
-BuOK, Mel, THF (71%); (vi) LiAlH,, Et,0 (95%); (vii) acetone, PPTS,
H,0, 60 °C (95%); (viii) BF;-OEt,, C4Hg, 80 °C (20-25%).

Conclusions and prospects

In conclusion, we can see how the o-cedrene synthesis has
set in train a series of studies that have demonstrated the
immense power of this strategic level reaction. A number of
sophisticated and frequently brief synthetic routes to a range
of terpenoid natural products have been described. Much of the
understanding of the factors that control the regio- and stereos-
electivity issues associated with these reactions was determined
during the course of fundamental mechanistic and theoretical
studies but the synthetic work has capitalised on and further
advanced this knowledge. In particular, the discipline of target
molecule synthesis has greatly enhanced our understanding of
how to manipulate the photocycloadducts. However, it is clear
that much remains to be done and further advances are to be
expected. For example the studies of Sugimura er a/.** highlight
the potential of chiral auxiliaries in controlling the absolute
stereochemistry of these reactions while recent work, by Van der
Eycken et al., on the use of cyclodextrins suggest the potential
for supramolecular complexes in this role.®® The work of Stork
and Lambert,*® Penkett ez al.*® and Sugimura et al.® indicates that
use of cleavable tethers has potential, in particular circumstances,
to control the regiochemistry of photocycloaddition, which of
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two regioisomeric cyclopropanes is formed (which has proved a
difficult issue) and to override the inherent endo preference seen
in the corresponding intermolecular photocycloadditions. The use
of tethers longer than three atoms has been clearly established as
practical in recent years and their application to target synthesis is
expected to follow.22236%62 New methods for the cleavage of the
cyclopropane moiety, concomitant with a significant advance in
the synthetic route, continue to emerge. The recent example from
Penkett and coworkers’ studies toward gelsemine, wherein the
Heck reaction of an aromatic halide is deployed, is an interesting
example of such work.®¢ Target synthesis of non-terpenoid
structures would also represent a departure from past efforts.
Perhaps the most tantalising but difficult challenge would be to
achieve absolute asymmetric induction with circularly polarised
light.*
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Examples of synthetic C-phosphonate analogues of microbial polysaccharide structures containing
inter-residue phosphodiester linkages are most rare. The successful construction of such analogues of
the Neisseria meningitidis Group A capsular polysaccharide is described. Using a modified Mitsunobu
reaction (tris(4-chlorophenyl)phosphine, DIAD, excess of Et;N) between an anomeric C-phosphonate
monoester and a 6-OH ManNAc acceptor a high yield (88%) of a dimer was obtained. Transformation
of the dimer into a new 6-OH acceptor through deacetylation and further reaction with the elongating
C-phosphonate monomer employing the same conditions afforded the trimer in 92% yield. Iteration of

the procedure then afforded the tetramer with a coupling yield of 85%. The di-, tri- and tetramer were
deprotected to give target structures ready for conjugation to a carrier protein and subsequent

immunological evaluation.

Introduction

Bacterial meningitis is caused mainly by three types of bacteria,
Streptococcus pneumoniae, Haemophilus influenzae and Neisseria
meningitidis. With N. meningitidis five serogroups, i.e., A, B, C,
Y and W-135, are associated with meningococcal meningitis."?
The serotyping is based on the structure and antigenicity of the
capsular polysaccharide (CPS) surrounding the bacteria. Efficient
bacterial glycoconjugate vaccines can be produced by attaching
the polysaccharide to a carrier protein.* Against N. meningitidis
Group C (MenC), there are now three monovalent glycoconjugate
vaccines commercially available,* and development of vaccines
against the other serogroups are under way.* However, Group B
represents a major issue, since its CPS show molecular mimicry
to human carbohydrate structure. Another problem encountered
when trying to make multivalent glycoconjugate vaccines against
N. meningitidis is the poor stability of Group A CPS. The repeat-
ing unit of the Group A CPS is a monosaccharide, 2-acetamido-2-
deoxy-a-D-mannopyranose, linked 1 — 6 via a phosphodiester
bridge,* and there is an inherent instability of the anomeric
phosphate diester linkages of the CPS.” Hence, there is an interest
in stable analogues of these structures. In a programme directed
towards development of stable glycoconjugate vaccine candidates
against MenA, we have earlier synthesised a variety of MenA
trisaccharide structures® and were now interested in exploring
C-phosphonate analogues. However, in spite of the obvious
applicability of and interest in such derivatives very few have
been synthesised, probably because of their difficult preparation.
To our knowledge there are only two publications describing
synthesis of structures with inter-residue C-phosphonate linked
oligosaccharides.”! Herein we describe the efficient synthesis
of C-phosphonate analogues of di-, tri- and tetramers of the
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repeating unit of the Neisseria meningitidis Group A capsular
polysaccharide, needed for vaccine development. The crucial
coupling step is performed using a C-phosphonate monoester and
modified Mitsunobu conditions. The synthetic strategy also allows
for continued synthesis of larger oligomers and polycondensation.
The target structures will be conjugated to a carrier protein and
the resulting glycoconjugates evaluated as vaccine candidates in
mice.

Results and discussion

For the construction of the elongating C-phosphonate monomer
a modified version of a published approach was applied
(Scheme 1)."* After desilylation of precursor 1 to afford the 2-OH
compound 2, azide displacements using Mitsunobu conditions
gave the 2-azido-2-deoxymannopyranoside 3 (86%). An orthogo-
nal protecting group, to allow later 6-O elongation, was introduced
by acetolysis to afford the 6-O-acetate 4 (84%). Azide reduction
followed by acetylation gave 5 (76%), from which the ethyl esters
were removed to yield the elongating monomer 6.

The starting spacer-containing monomer acceptor 9 was al-
ready known.'? In the esterification of anomeric C-phosphonates
various examples involving spacer and fatty alcohols have been
published.’® but, as mentioned in the introduction, esterifications
using sugar alcohols are most rare. In the publication by Nikolaev
and co-workers both DCC and Mitsunobu conditions were
employed with yields in the range of 50-70%. However, when
esterifications with acceptors already containing phosphonates
were performed, the yields dropped to 10-30%.° Our first attempt
to esterify compound 6 with acceptor alcohol 9 using DCC as
condensation reagent gave no product at all. Consequently, the
methyl monoester 8 was synthesised (Scheme 1) and tried in
the same reaction, which afforded dimer 10 but in a very low
yield (around 20%), the pyrophosphonate dimer being the major
product according to MALDI-TOF MS. Other condensation
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Scheme 1 Synthesis of monosaccharide elongating precursor: (i) TBAF;
(ii) Ph;P, DIAD, DPPA, THF; (iii) HOAc, Ac,0, H,SO,; (iv) (a) NaBH,,
NiCl,-6H,0, (b) Ac,0; (v) Me;SiBr; (vi) MeC(OMe);, HOAc; (vii) PhSH,
Et;N.

reagents (TIPSCI, MSNT) as well as displacements reactions using
various leaving groups (triflate, tosylate) at the 6-position of 9 gave
even less product. Hence, Mitsunobu conditions were tested using
Ph;P and DIAD, which gave a good yield (47%) of 10."* Under
these conditions the pyrophosphate was not a competing side-
product since it is the acceptor alcohol that is transformed into a
leaving group.

During the course of this work a synthesis of a similar MenA
C-phosphonate dimer analogue was published using the same
Mitsunobu conditions in the esterification step in an excellent yield
of 97%." The structure of both the acceptor (B-linked spacer) and
donor (6-O-benzylated) differs slightly, but the large difference in
yield is still difficult to explain.

In the beginning of the 1990s, Campbell described the
use of tris(4-chlorophenyl)phosphine together with a large ex-
cess of triethylamine to improve Mitsunobu esterification of
phosphonates.” The application of these conditions to our
reaction proved to be an excellent combination. The desired
dimer 10 was obtained in an 89% yield (Scheme 2). Efforts
have to be made to exclude external nucleophiles in the reaction
mixture to obtain an optimal yield. We found 6-chlorination
when acidic chloroform had been used as solvent in a preceding
chromatography purification as well as re-acetylation when acetate
from the prior deacetylation was still present.

One major problem in the synthesis of anomeric phosphate
diester structures is the formation of oligomers since already
formed diesters are easily cleaved during the reaction conditions.'
As mentioned above this might be a problem also for continued
C-phosphonate formation.” Most pleasingly, using the optimized
Mitsunobu conditions, the yield in the trimer formation was found
to be comparable and even higher than in the dimer formation.
The dimer 10 was transformed into a new acceptor (—11) by
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Scheme 2 Synthesis of a repeating unit di-, tri- and tetramers:
(i) (p-CIC¢H,);P, DIAD, Et;N, THF; (ii) KOH, MeOH; (iii) PhSH, DBU,
CH;CN; (iv) H,, Pd/C, HCL

deacetylation (Scheme 2). Using the modified Mitsunobu reaction
between 8 and 11 then afforded the trimer 14 in 92% yield.
The procedure could be iterated. Deacetylation of 14, created a
new acceptor 15 and a Mitsunobu reaction between 8 and 15
formed the tetramer 18 in 85% yield. The identity of the products
was proven mainly by MS since the NMR spectra were quite
complex due to phosphonate diester diastereomers. However, after
subsequent removal of the methyl esters using thiophenol and
DBU, the NMR data of compounds 12, 16 and 20 could be
interpreted. Final deprotection of these compounds by catalytic
hydrogenolysis afforded the unprotected dimer 13, trimer 17 and
tetramer 21 in 79, 62 and 58% overall yield from compounds 11,
15 and 19, respectively, all target products ready for conjugation
to a carrier protein and immunological studies.
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To conclude, an efficient synthesis of C-phosphonate analogues
of the Neisseria meningitidis Group A capsular polysaccharide
has been developed using modified Mitsunobu conditions in the
formation of the inter-saccharide phosphonate ester linkages.
The building blocks can be prepared in gram quantities and
the yields are excellent also for the formation of tri- and
tetramers and the approach is suitable also for formation of longer
oligomers.

Experimental
General methods

TLC was carried out on Merck precoated 60 F,5, plates using
AMC (ammonium molybdate—cerium(1v) sulfate—10% sulfuric
acid; 100 g : 2 g : 2 L) or 8% H,SO, for visualization. Column
chromatography was performed on silica gel (0.040-0.063 mm,
Amicon), reversed phase gel (C18 60A 40-63 um) or liphophilic
Sephadex gel (LH20, bead size 20100 pm). NMR spectra were
recorded in CDCl; (Me,Si, 06 = 0.00) or D,O (acetone “C 6 =
30.89, '"H = 2.22) at 25 °C on a Varian 300 MHz or 400 MHz
instrument. For ¥P NMR spectra, H;PO, (6 = 0.00) was used
as reference. Organic solutions were concentrated at 30 °C under
reduced pressure.

Diethyl C-(3,4,6-tri- O-benzyl-a-D-glucopyranosyl)methane-
phosphonate (2). TBAF (2.6 g, 8.24 mmol) was added to a
solution of compound 1 (5.36 g, 7.68 mmol) in THF (150 mL).
After 20 min the solvent was removed under reduced pressure and
the product was purified by silica gel column chromatography (1 :
0 — 0 : 1 toluene-EtOAc) to give 2 (4.44 g, 7.60 mmol, 99%).
NMR data were in agreement with those reported earlier.!!

Diethyl  C-(2-azido-3,4,6-tri- O-benzyl-2-deoxy-a-D-manno-
pyranosyl)methanephosphonate (3). DIAD (2.4 mL, 12.19 mmol)
was added dropwise to a cooled (—5 °C) solution of Ph;P (3.1 g,
11.82 mmol) in THF (50 mL). After 30 min, a solution of 2 (5.57 g,
9.53 mmol) in THF (20 mL) was added. After an additional
10 min, diphenyl phosphorazidate (DPPA; 2.4 mL, 11.12 mmol)
was added and the reaction mixture was allowed to attain rt. After
stirring overnight under argon at rt, the solvent was evaporated
and the residue was purified by silica gel chromatography (1 :
0 — 0: 1 toluene-EtOAC) to give 3 (5.0 g, 8.21 mmol, 86%) as a
colourless oil. [a], +20° (¢ 1.0, CHCl;); *C NMR (CDCl;) ¢ 16.4,
16.5 (CH;CH,0), 27.9 (d, J = 141 Hz, C-7), 60.9, 61.0, 61.9, 62.0,
62.1, 62.2, 68.8, 69.5, 72.4, 73.5, 73.7, 73.9, 74.3, 78.2 (C-1-6,
PhCH,O, CH;CH,0), 127.7-128.6, 137.4, 137.9, 138.2 (aromatic
QC); P NMR (CDCl;) ¢ 27.9; HRMS: calc. for C3,HyN;NaO,P
[M + Na]*: 632.2502, found: 632.2513.

Diethyl C-(6-0-acetyl-2-azido-3,4-di- O-benzyl-2-deoxy-a-D-
mannopyranosyl)methanephosphonate (4). Compound 3 (3.2 g,
5.25 mmol) was dissolved in HOAc-Ac,O (1:1, 32 mL). 10 drops
of 1% H,SO, in Ac,O was added. After stirring overnight the
mixture was poured into a separation funnel containing ice and
CH,Cl,. The organic phase was separated, filtered through a plug
of silica gel and concentrated. The residue was purified by column
chromatography (1 : 0 — 0 : 1 toluene-EtOAc) to give 4 (2.48 g,
4.42 mmol, 84%). [a], +70° (¢ 1.0, CHCl;); '"H NMR (CDClL;) 6
1.32 (t, J = 7.2 Hz, 6H), 2.04 (s, 3H), 2.05-2.16 (m, 2H), 3.72—
3.75 (m, 2H), 3.91-3.94 (m, 1H), 3.98 (t, J = 3.6 Hz, 1H), 4.06—

4.18 (m, 4H), 4.21-4.37 (m, 3H), 4.54-4.64 (m, 2H), 4.72-4.78
(m, 2H), 7.25-7.37 (m, 10H); "C NMR (CDCL) ¢ 16.2, 16.3
(CH,CH,0), 20.6 (CH,CO), 27.6 (d, J = 141 Hz, C-7), 60.4,
60.5, 61.7, 61.8, 62.5, 69.3, 71.9, 72.2, 73.4, 74.0, 77.6, 77.8 (C-
1-6, PhCH,0, CH,CH,0), 127.8-128.3, 137.0, 137.4 (aromatic
C), 170.4 (CH,CO); *'P NMR (CDCl,) § 27.5; HRMS: calc. for
Cr,H:N;NaOyP [M + Na]*: 584.2137, found: 584.2116.

Diethyl C-(6-0-acetyl-2-acetamido-3,4-di-O-benzyl-2-deoxy-a-
D-mannopyranosyl)methanephosphonate (5). To a stirred solu-
tion 0of 4(2.50 g, 4.45 mmol) in MeOH (125 mL) a catalyticamount
of NiCl,-6H,0 was added, followed by portions of NaBH, (in total
0.34 g, 8.99 mmol) every 10 min until no starting material was
observed on TLC (2 : 1 toluene-EtOAc). Ac,O (3 mL, 31.8 mmol)
was added and after 50 min the reaction mixture was diluted with
toluene, filtered through a plug of silica gel and concentrated. The
residue was purified by silica gel chromatography (1 : 0 — 0 : 1
toluene-EtOAc) to give 5 (1.95 g, 3.38 mmol, 76%); [a]n +37° (c
1.0, CHCL;); *C NMR (CDCl;) ¢ 16.1, 16.2, 16.3 (CH;CH,0),
20.6 (CH;CO), 23.0 (CH;CONH), 28.5 (d, J = 142 Hz, C-7),
48.7 (d, C-2), 61.2, 61.3, 61.8, 61.8, 61.9, 67.1, 72.0, 72.1, 72.4,
72.6,75.3 (C-1, C-3-6, PhCH,0, CH,CH,0), 127.4-129.9, 137.1,
137,4 (aromatic C), 170.0, 170.6 (CH;CO, CH; CONH; *'P NMR
(CDCly) 6 29.5; HRMS: calc. for C,)H(NNaO,P [M + Na]*:
600.2339, found: 600.2346.

Dimethyl C-(6-O-acetyl-2-acetamido-3,4-di-O-benzyl-2-deoxy-
a-D-mannopyranosyl)methanephosphonate (7). To a solution of 5
(250 mg, 0.43 mmol) in dry CH,Cl, (5 mL), bromotrimethylsilane
(0.28 mL, 2.16 mmol) was added. After the addition was complete,
the mixture was stirred under argon at rt for 1 h. The solution
was cooled to 0 °C and Et;N (1 mL) was added followed
by addition of water (1 mL). After 10 min, the solvents were
removed under reduced pressure and the residue was desalted by
reversed phase chromatography (1:0 — 1: 1 H,O-MeOH). The
product C-(6-O-acetyl-2-acetamido-3,4-di-O-benzyl-2-deoxy-a-
D-mannopyranosyl)methanephosphonic acid (6) was methylated
without further purification. To the product from the reaction
described above were added AcOH (5.5 mL) and trimethy-
lorthoacetate (11.5 mL). The mixture was heated at reflux for
30 min and then concentrated. (The reaction had to be monitored
carefully and stopped exactly when the reaction was completed.
Otherwise the result is a mixture of the desired product and
the deacetylated product) The residue was purified by silica gel
chromatography (1:0 — 0: 1 toluene-EtOAc) to give 7 (200 mg,
0.36 mmol, 84% over two steps); [a]p +36° (¢ 1.0, CHCL;); 'H
NMR (CDCl;) 0 1.83 (s, 3H), 2.03 (s, 3H), 2.05-2.09 (m, 2H), 3.51
(t, J = 3.6 Hz, 1H), 3.67-3.75 (dd, J = 23.2 Hz, J = 11.2 Hz,
6H), 4.05-4.19 (m, 4H), 4.28-4.35 (m, 2H), 4.49-4.62 (m, 5H),
5.82(d, J =9.2 Hz, 1H), 7.22-7.34 (m, 10H); "C NMR (CDCl;) §
20.9 (CH;CO), 23.3 (CH;CONH), 28.0 (d, J = 141 Hz, C-7),48.8
(d, J = 14.8 Hz, C-2), 52.1 (d, J = 6.5 Hz, CH;0), 52.9 (d, J =
6.2 Hz, CH;0), 61.9, 66.8, 66.9, 72.0, 72.5, 72.6, 73.0, 75.4 (C-1,
C-3-6, PhCH,0), 128.0-128.9 137.1, 137.5 (aromatic C), 170.0,
170.7 (CH,CO, CH;CONH); *'P NMR (CDCl;) ¢ 31.6; HRMS:
cale. for C;;H;,NNaO,P [M + Na]*: 572.2026, found: 572.2000.

Methyl C-(6-0-acetyl-2-acetamido-3,4-di-O-benzyl-2-deoxy-a-
D-mannopyranosyl)methanephosphonate triethylammonium salt
(8). To a solution of 7 (200 mg, 0.36 mmol) in THF (0.5 mL)
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were added thiophenol (149 uL, 1.45 mmol) and Et;N (304 uL,
2.18 mmol). After 48 h the reaction mixture was directly put on
a silica gel column and eluted (1 : 0 — 5 : 1 CHCl;-MeOH +
1.5% Et;N) to give 8 (208 mg, 0.33 mmol, 92%); [a], +15° (¢ 1.0,
CHCl); "H NMR (CDCly) 6 1.94 (s, 3H), 1.96 (s, 3H), 3.41 (t,
J = 6.4 Hz, 1H), 3.53 (d, J = 10.4 Hz, 3H), 3.84-3.86 (m, 1H),
4.05 (m, 1H), 4.16-4.20 (m, 2H), 4.34 (dd, J = 11.6 Hz, / = 6 Hz,
1H), 4.42 (t, J = 11.2 Hz, 2H), 4.63-4.72 (m, 3H), 7.21-7.26 (m,
10H); “C NMR (CDCl;) ¢ 8.88 [(CH;CH,);N], 20.8 (CH;CO),
23.5(CH;CONH), 28.5(d, J = 129 Hz, C-7),45.3 [(CH,CH,);N],
50.3 (C-2), 51.6 (d, J = 6.1 Hz, CH;0), 63.1, 72.2, 73.4, 73.5,
76.3, (C-1, C-3-6, PhCH,0), 127.7-128.6, 137.9, 138.0 (aromatic
Q0), 169.9, 170.7 (CH,CO, CH;CONH); *'P NMR (CDCl;) ¢
20.4; HRMS: calc. for C,sHy;N,OoP, [M]: 534.1898, found:
534.1902.

2-(Benzyloxycarbonyl)aminoethyl 6-O-[methyl C-(6-O-acetyl-2-
acetamido-3,4-di- O-benzyl-2-deoxy-o-D-mannopyranosyl)methane-
phosphonate] - 2-acetamido-3,4-di- O-benzyl-2-deoxy-o-D-manno-
pyranoside (10). To a solution of compound 8 (100 mg,
0.157 mmol) and compound 9 (70 mg, 0.121 mmol) in THF
(0.5 mL), tris(4-chlorophenyl)phosphine (62 mg, 0.17 mmol),
Et;N (84 pL, 0.60 mmol) and DIAD (33 pL, 0.168 mmol) were
added. After stirring under argon at rt for 30 min, the residue
was directly purified by silica gel chromatography (1 : 0 —
20 : 1 CHCL;-MeOH) followed by further purification on a
LH-20 gel column (MeOH) to give the product 10 (118 mg,
0.108 mmol, 89%) as a diastereomeric mixture; HRMS: calc. for
CssH70N3NaOP [M + Na]*: 1118.4391, found: 1118.4399.

2-(Benzyloxycarbonyl)aminoethyl 6-O-[methyl C-(2-acetamido-
3,4-di- O-benzyl-2-deoxy-a-D-mannopyranosyl)methanephospho-
nate]-2-acetamido-3,4-di- O-benzyl-2-deoxy-a-D-mannopyranoside
(11). Toasolution of 10 (113 mg, 0.103 mmol) in MeOH (3 mL),
KOH (206 pL) from a stock solution of KOH dissolved in MeOH
(1 M) was added. After 30 min the reaction mixture was directly
purified by silica gel chromatography (1 : 0 — 10 : 1 CHCl;—
MeOH) followed by further purification on a LH-20 gel column
(MeOH) to give 11 (93 mg, 0.088 mmol, 86%); [a], +48° (¢ 1.0,
CHCl;); HRMS: calc. for C5xHgN;O5P, [M + HJ*: 1054.4461,
found: 1054.4430.

2-Aminoethyl  6-O-[C-(2-acetamido-2-deoxy-o-D-mannopyra-
nosyl)methanephosphonate|-2-acetamido-2-deoxy-o-D-mannopyra-
noside triethylammonium salt (13). To a solution of 11 (44 mg,
0.042 mmol) in CH;CN (0.5 ml), thiophenol (86 nL, 0.84 mmol)
and DBU (125 pL, 0.84 mmol) were added. The reaction mixture
was stirred under argon at rt for 2 h and then the product was
directly purified by silica gel chromatography (1 : 0 — 5 : 1
CHC1,-MeOH + 1.5% Et;N). Further purification on a LH-20
gel column (MeOH) gave 2-(benzyloxycarbonyl)aminoethyl
6-0-[C-(2-acetamido-3,4-di- O-benzyl-2-deoxy-o-D-mannopyra-
nosyl)methanephosphonate]-2-acetamido-3,4-di-O-benzyl-2-
deoxy-o-D-mannopyranoside (12, 41 mg, 0.36 mmol, 86%); [a]p
+32° (¢ 1.0, H,0); “C NMR (CD;0D) ¢ 8.88 [(CH;CH,);N],
224 22.6 (CH;CONH), 299 (d, J = 135 Hz, C-7), 414
(OCH,CH,NH), 45.3 [(CH,CH,);N], 50.6, 51.2, 51.3, 54.7, 61.1,
64.6, 67.3, 67.4,72.0,72.2, 72.3,72.9, 74.2, 74.6, 75.2, 75.9, 76.0,
77.8, 78.9 (C-2-6, C-1-6, PhCH,0O, OCH,CH,NH), 100.3 (C-1),
125.1-130.4, 138.2, 139.4, 139.6, 139.7, 139.9 (aromatic C), 158.7

(NHCOOBn), 172.6, 173.6 (CH;CONH); *P NMR (CDCl;)
0 21.6. To a solution of compound 12 (12 mg, 0.011 mmol) in
MeOH (4.5 ml), HCl in water (40 ul, 1 M) was added followed by
a catalytic amount of palladium on activated carbon. The mixture
was hydrogenolysed at 100 psi overnight, diluted (MeOH) and
centrifuged to remove the activated carbon. Concentration and
purification on a reversed phase silica gel column (H,O) gave
13 (6 mg, 0.009 mmol, 82%) after freeze-drying; [a]l, +17° (¢
0.5, H,0); 'H NMR (D,0) ¢ 2.08 (s, 3H), 2.09 (s, 3H), 2.16 (d,
J =17.2 Hz, 1H), 2.21 (d, J = 7.2 Hz, 1H), 3.28-3.32 (m, 2H),
3.64-3.66 (m, 2H), 3.71-3.76 (m, 3H), 3.79 (m, 1H), 3.82 (m,
1H), 3.85 (m, 1H), 3.88 (m, 1H), 3.99-4.05 (m, 3H), 4.07-4.11
(m, 1H), 4.14-4.17 (m, 2H), 4.23-4.25 (m, 1H), 4.42 (m, 2H),
4.836 (m, 1H); "C NMR (D,0) ¢ 8.8 [(CH;CH,);N], 22.5, 22.6
(CH;CONH), 27.7 (d, J = 134 Hz, C-7'), 39.5 (OCH,CH,NH),
47.2 [(CH;CH,);N], 52.8 (C-2), 53.2 (d, J = 10 Hz, C-2'), 60.0 (C-
6), 63.6, 63.9, 66.8, 67.8, 69.1, 69.6, 72.1, 73.1, 74.5 (C-3-6, C-1,
C-3-5, OCH,CH,NH), 99.3 (C-1), 174.8, 175.4 (CH,;CONH);
P NMR (D,O) ¢ 23.1; HRMS: calc. for C,\H;sN;O;P [M]:
544.1907, found: 544.1943.

2-(Benzyloxycarbonyl)aminoethyl 6-O-[methyl C-(6-O-[methyl
C-(6-0O-acetyl-2-acetamido-3,4-di- O-benzyl-2-deoxy-o-D-manno-
pyranosyl)methanephosphonate]-2-acetamido-3,4-di- O-benzyl-2-
deoxy-o-D-mannopyranosyl)methanephosphonate]-2-acetamido-3,4-
di-O-benzyl-2-deoxy-a-D-mannopyranoside (14). To a solution
of 11 (38 mg, 0.036 mmol) and 8 (27 mg, 0.042 mmol) in THF
(0.5 mL), tris(4-chlorophenyl)phosphine (19 mg, 0.052 mmol),
Et;N (25 pL, 0.18 mmol) and DIAD (10 pL, 0.051 mmol) were
added. The mixture was stirred under argon at rt for 40 min
followed by purification on silica gel column (1 : 0 — 20 : 1
CHCl;-MeOH). The products were further purified on a LH-20
gel column (MeOH) to give 14 (52 mg, 0.033 mmol, 92%); [a]p
+38° (¢ 1.0, CHCI;). HRMS: calc. for Cg,HyN,NaO,;P, [M +
Na]*: 1593.6157, found: 1593.6151.

2-(Benzyloxycarbonyl)aminoethyl 6-O-C-(6-O-|C-(2-acetamido-
3,4-di- O-benzyl-2-deoxy-a-D-mannopyranosyl)methanephospho-
nate|-2-acetamido-3,4-di- O-benzyl-2-deoxy-o-D-mannopyranosyl)-
methanephosphonate]-2-acetamido-3,4-di- O-benzyl-2-deoxy-a-D-
mannopyranoside bis(triethylammonium) salt (16). To a solution
of 14 (59 mg, 0.038 mmol) in MeOH (3 ml), KOH (76 uL)
from a stock solution of KOH dissolved in MeOH (1 M) was
added. After 30 min the reaction mixture was purified by silica gel
chromatography (1:0— 10: 1 CHCL,-MeOH) followed by further
purification on a LH-20 gel column (MeOH) to give 2-(benzyloxy-
carbonyl)aminoethyl 6-O-[methyl C-(6-O-[methyl C-2-acetamido-
3,4-di- O-benzyl-2-deoxy-a-D-mannopyranosyl)methanephospho-
nate]-2-acetamido-3,4-di-O-benzyl-2-deoxy-a-D-mannopyranosyl)-
methanephosphonate]-2-acetamido-3,4-di- O-benzyl-2-deoxy-o-D-
mannopyranoside 15 (49 mg, 0.032 mmol, 84%); HRMS: calc.
for CgoHoyN,O»,P, [M + HJ*: 1529.6221, found: 1529.6244. To a
solution of 15 (36 mg, 0.024 mmol) in CH;CN (0.5 ml), thiophenol
(96 uL, 0.94 mmol) and DBU (70 pL, 0.47 mmol) were added.
The reaction mixture was stirred under argon at rt for 2 h and the
product was then purified by silica gel chromatography (1 : 0 —
5:1 CHCI;-MeOH + 1.5% Et;N) and further purified on a LH-20
gel column (MeOH) to give 16 (30 mg, 0.018 mmol, 75%); [a]p
+60° (¢ 1.0, MeOH); *C NMR (CDCl;) ¢ 9.06 [(CH;CH,);N],
23.2, 233, 23.5 (CH;CONH), 29.9 (m, C-7, C-77), 40.8
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(OCH,CH,NH), 48.5, 49.6 (C-2, C-2, C-2), 59.0, 63.5, 63.7,
66.8, 71.1, 71.5, 71.8, 72.2, 72.6, 72.9, 73.9, 74.2, 74.7, 75.2, 76.1
(C-3-6, C-1', C-3-6/, C-1", C-3-6", PhCH,0, OCH,CH,NH),
100.0 (C-1), 127.1-128.8, 136.7, 137.6, 138.1, 138.5, 138.7,
138.9 (aromatic C), 156.6 (NHCOOBn), 169.8, 170.8, 171.2
(CH,CONH); P NMR (CDCL,) § 21.2, 22.4; HRMS: calc. for
CrsHyoN,O5,P, [M]>: 749.2845, found: 749.2836.

2-Aminoethyl 6-0-|C-(6-0-|C-(2-acetamido-2-deoxy-a-D-
mannopyranosyl)methanephosphonate]-2-acetamido-2-deoxy-a-D-
mannopyranosyl)methanephosphonate]-2-acetamido-2-deoxy-o-D-
mannopyranoside bis(triethylammonium) salt (17). To a solution
of 16 (30 mg, 0.018 mmol) in MeOH (4.5 ml), HCl in water (50 pL,
IM) was added followed by a catalytic amount of palladium on
activated carbon. The mixture was hydrogenolysed at 100 psi
overnight, diluted (MeOH) and centrifuged to remove the
activated carbon. Concentration and purification on a reversed
phase silica gel column (H,O) gave 17 (15 mg, 0.015 mmol,
83%) after freeze-drying; [a], +70° (¢ 0.5, H,0); ); 'H NMR
(D,0) J 2.05 (s, 6H), 2.06 (s, 3H), 2.14-2.18 (m, 4H), 2.71 (s,
2H), 3.26-3.27 (m, 2H), 3.61-3.86 (m, 10H), 3.97-4.23 (m, 10H),
4.38-4.40 (m, 2H), 4.44 (m, 1H), 4.84 (m, 1H); "C NMR (D,0)
0 8.8 [(CH;CH,);N], 22.5, 22.7, 23.9 (CH;CONH), 27.8 (d, J =
134 Hz, C-7, C-7"), 39.5 (OCH,CH,NH), 47.1 [(CH;CH,);N],
52.8(C-2),53.2(d, J =9.7Hz, C-2/, C-2"), 60.9 (C-6"), 63.6, 64.0,
66.9,67.3,67.8,69.2,69.5,69.7,72.1,72.2,73.2,74.2, 74.5 (C-3-6,
C-1, C-3-¢, C-1”, C-3"-5", OCH,CH,NH,), 99.4 (C-1), 174.8,
175.4 (CH;CONH); *'P NMR (D,0) 6 22.72, 22.75; HRMS: calc.
for CxHs,N,OP, [M 2+ H]*: 825.2572, found: 825.2608.

2-(Benzyloxycarbonyl)aminoethyl 6-O-[methyl C-(6-O-[methyl
C-(6-0O-|methyl C-(6-0-acetyl-2-acetamido-3,4-di-O-benzyl-2-
deoxy-o-D-mannopyranosyl)methanephosphonate]-2-acetamido-3,4-
di- O-benzyl-2-deoxy-a-D-mannopyranosyl)methanephosphonate|-
2-acetamido-3,4-di-O-benzyl-2-deoxy-o-D-mannopyranosyl)methane-
phosphonate]-2-acetamido-3,4-di- O-benzyl-2-deoxy-o-D-mannopy-
ranoside (18). Compound 15 (35 mg, 0.023 mmol) and
compound 8 (29 mg, 0.046 mmol) were dissolved in THF
(0.5 mL). To this solution, tris(4-chlorophenyl)phosphine (17 mg,
0.046 mmol), DIAD (9 pL, 0.046 mmol) and Et;N (16 pL,
0.115 mmol) were added. The reaction mixture was stirred under
argon at rt for 30 min. The mixture was then directly purified
by silica gel chromatography (1 : 0 — 20 : 1 CHCl;-MeOH).
Concentration of the fractions containing the product and further
purification on a LH-20 gel column (MeOH) gave 18 (40 mg,
0.020 mmol, 87%); HRMS: calc. for C,,sH,5,N;O5P; [M + H]*:
2046.8086, found: 2046.8000.

2-(Benzyloxycarbonyl)aminoethyl 6-O-|C-(6-0-|C-(6-O-|C-(2-
acetamido-3,4-di-O-benzyl-2-deoxy-o-D-mannopyranosyl)methane-
phosphonate]-2-acetamido-3,4-di- O-benzyl-2-deoxy-a-D-manno-
pyranosyl)methanephosphonate|-2-acetamido-3,4-di- O-benzyl-2-
deoxy-a-D-mannopyranosyl)methanephosphonate]-2-acetamido-3,4-
di-O-benzyl-2-deoxy-o-D-mannopyranoside tris(triethylammonium)
salt (20). To a solution of compound 18 (54 mg, 0.026 mmol) in
MeOH (1.5 mL), KOH (32 uL) from a stock solution of KOH, in
MeOH (1M) was added. After 20 min the mixture was purified
by silica gel chromatography (1:0 — 10 : 1 CHCl;-MeOH). The
product was then further purified on a LH-20 gel (MeOH) to give
2-(benzyloxycarbonyl)aminoethyl 6-O-[methyl C-(6-O-[methyl

C-(6-O-[methyl  C-(2-acetamido-3,4-di-O-benzyl-2-deoxy-o-D-
mannopyranosyl)methanephosphonate]-2-acetamido-3,4-di- O-
benzyl-2-deoxy-o-D-mannopyranosyl)methanephosphonate]-2-
acetamido-3,4-di-O-benzyl-2-deoxy-o-D-mannopyranosyl)metha-
nephosphonate]-2-acetamido-3,4-di-O-benzyl-2-deoxy-o-D-manno-
pyranoside (19, 39 mg, 0.019 mmol, 73%). To compound 19
(39 mg, 0.019 mmol) dissolved in CH;CN (0.5 mL), thiophenol
(80 uL, 0.78 mmol) and DBU (116 pL, 0.78 mmol) were added.
The mixture was stirred under argon at rt for 2 h and then
put on top of a silica gel column and eluted (1 : 0 — 5 : 1
CHCIl;-MeOH + 1.5% Et;N). Additional purification of the
product on a LH-20 gel (MeOH) afforded compound 20 (30 mg,
0.013 mmol, 68%); “C NMR (CDCl;) ¢ 9.00 [(CH;CH,);N],
23.2, 23.3, 23.5 (CH;CONH), 30.2 (m, C-7, C-7", C-7"), 40.8
(OCH,CH,NH), 47.0 [(CH;CH,);N], 48.8, 49.6 (C-2, C-2/, C-2’,
C-27), 59.1, 63.9, 66.8, 71.1, 71.5, 72.3, 72.6, 72.9, 73.4, 73.9,
75.2, 76.1 (C-3-6, C-1" , 3-6' , C-1", C-3’-6¢", C-1", C-3"-6",
PhCH,0, OCH,CH,NH), 100.0 (C-1), 127.3-128.8, 136.7, 137.6,
138.1, 138.5, 138.9 (aromatic C), 156.5 (NHCOOBn), 170.6,
170.7, 171.2 (CH; CONH); *'P NMR (CDCl;) ¢ 18.7 (2P), 21.4;
HRMS: calc. for C,;H;5NsO»P; [M + 2H]™: 1960.7366, found:
1960.7297.

2-Aminoethyl 6-0-|C-(6-O0-|C-(6-0-|C-(2-acetamido-2-deoxy-
o-D-mannopyranosyl)methanephosphonate]-2-acetamido-2-deoxy-
a-D-mannopyranosyl)methanephosphonate]-2-acetamido-2-deoxy-
a-D-mannopyranosyl)methanephosphonate]-2-acetamido-2-deoxy-
o-D-mannopyranoside tris(triethylammonium) salt (21). A cata-
lytic amount of palladium on activated carbon and HCI (50 pL,
1 M) was added to a solution of compound 20 (29 mg, 0.013 mmol)
in MeOH (4.5 mL). The mixture was hydrogenolysed at 100 psi
overnight, diluted (MeOH) and centrifuged to remove the acti-
vated carbon. Concentration of the supernatant and purification
on a reversed phase silica gel column (H,0) gave 21 (15 mg,
0.011 mmol, 85%) after freeze-drying; [a], +13° (¢ 1.0, H,O); BC
NMR (D,0) ¢ 8.6 [(CH;CH,);N], 22.6, 22.7 (CH;CONH), 27.4,
28.7(C-7,C-7",C-71"),39.7(OCH,CH,NH), 47.3 [(CH;CH,);N],
53.0 (C-2), 53.6 (m, C-2/, C-2", C-2"), 61.1, 63.8, 64.2, 67.2, 67.4,
67.4, 68.0, 69.4, 69.8, 69.8, 69.9, 73.5, 74.4, 74.5, 74.7 (C-3-6, C-
r, C-3-¢, C-1", C-3"-6" , C-1", C-3"-6", OCH,CH,NH), 99.6
(C-1), 175.1, 175.8, 175.9 (CH; CONH); *'P NMR (D,0) ¢ 22.2
(2P), 22.7; HRMS: calc. for C;;HgsNsO,,P; [M + 2H]: 1106.3242,
found: 1106.3206.
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We report a simple and high-yielding two-step procedure for the preparation of 8-arylated guanosine
mono- and triphosphates (8-aryl GXPs). The key step of our synthesis is the Suzuki-Miyaura coupling
of unprotected 8-bromo GMP and 8-bromo GTP with various arylboronic acids in aqueous solution.
The 8-bromoguanosine 5'-phosphates required as cross-coupling substrates were prepared from

8-bromoguanosine via an optimised Yoshikawa procedure.

Introduction

The 5-mono- and triphosphates of the naturally occurring purine
nucleosides adenosine and guanosine (AXPs and GXPs) serve
numerous biological roles, from building blocks for nucleic acids to
enzyme cosubstrates. Non-natural analogues of AXPs and GXPs
are therefore sought after as chemical tools for the investigation of
important biological processes. Base-modified purine nucleotides
have been used as inhibitors of therapeutically relevant proteins,!
as purine receptor antagonists,” and as probes for RNA structure
and function.® Shokat and coworkers have employed N®-modified
ATP analogues for the engineering of orthogonal protein kinase—
nucleoside triphosphate pairs.*

In order to explore further the usefulness of non-natural purine
nucleotides as biological tools, robust synthetic methods for the
rapid generation of structurally diverse analogues of AXPs and
GXPs are required. While the direct structural modification of
unprotected nucleotides represents the most elegant and efficient
strategy towards that goal, this approach is complicated by three
factors:

(a) The presence of multiple functional groups, including the
free phosphate group(s), limits the choice of chemistry.

(b) The phosphate ester, pyrophosphate, and glycosidic bonds
all represent sites for potential hydrolytic breakdown.

(c) The water-solubility of unprotected nucleotides necessitates
the use of aqueous reaction media.

Consequently, limited precedence exists for the direct structural
manipulation of unprotected nucleotides in aqueous solution.
Important examples that have been reported to date concern the
Sonogashira and Suzuki-Miyaura cross-coupling of unprotected
pyrimidine® as well as purine® nucleotides, as Pd-catalysed cross-
coupling chemistry is well suited to meet the synthetic challenges
outlined above.

As part of an ongoing investigation into the biological activity
of non-natural nucleotides, we are interested in GXP analogues
bearing additional aryl substituents at position 8 of the guanine
base (Fig. 1). The desired substituents can be installed via
the Suzuki-Miyaura reaction. Previously, we and others have
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Fig.1 General synthetic strategy towards the target 8-arylated guanosine

mono- and triphosphates (8-aryl GXPs).

identified reaction conditions for the Pd-catalysed cross-coupling
of unprotected halopurine nucleosides in aqueous media.”® More
recently, Hocek and coworkers have described the direct cross-
coupling of unprotected 8-bromo AMP and 8-bromo ATP with
boronophenylalanine in aqueous acetonitrile, using a catalytic
system composed of Pd(OAc), and TPPTS (triphenylphosphine
trisulfonic acid).®* However, no examples have been reported to
date for the Suzuki-Miyaura cross-coupling of 8-halo GMP and
8-halo GTP.

It is well known that guanosine analogues undergo Pd-catalysed
cross-coupling reactions much less readily than the corresponding
adenosine derivatives.”® Tt has been noted that there is indeed
a noticeable lack of studies concerning the Pd-catalysed cross-
coupling of 8-bromoguanosine, presumably due to this low
reactivity.! The reduced reactivity of 8-bromoguanosine in the
Suzuki-Miyaura reaction has been attributed to the coordination
of the transition metal catalyst to the guanine base under basic
conditions (Fig. 2),” and guanosine has been shown to inhibit the
cross-coupling of both halopurine nucleosides and simple aryl
bromides.” Because of these complications, the cross-coupling
of guanosine and GXP derivatives is nontrivial. In addition to
the low cross-coupling reactivity of guanosine derivatives, past
attempts at the cross-coupling of guanine nucleotides may also
have been hampered by difficulties in the preparation of the 8-
bromoguanosine phosphates required as substrates for the cross-
coupling reaction, resulting from their limited stability.!!
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Fig. 2 Possible coordination of guanosine derivatives to Pd under basic
conditions (after ref. 9).

Herein we report a simple two-step procedure for the prepa-
ration of novel 8-arylated GMP and GTP analogues (Fig. 1),
addressing the twin issues of problematic precursor synthesis
and low cross-coupling reactivity of 8-bromo GXPs. We have
optimised the preparation of the 8-bromo GXPs required as
cross-coupling substrates, and we have developed suitable reaction
conditions for the Suzuki-Miyaura reaction of these unprotected
8-bromo GXPs in water. Our synthetic protocol is operationally
simple, does not require any special precautions, and uses only
commercially available reagents. The synthetic method reported
herein provides fast and reliable access to a novel family of 8-
substituted GXP analogues with potentially interesting biological
activity.

Results and discussion

As substrates for the Suzuki-Miyaura reaction of GXPs, 8-
bromo GMP (1) and 8-bromo GTP (2) were required. A
commonly used method for the preparation of non-natural
nucleoside 5'-monophosphates is Yoshikawa’s procedure for the
selective phosphorylation of unprotected nucleosides in position
5 (Scheme 1)."2 While this approach circumnavigates the need for
lengthy protection—deprotection sequences, it had previously been
reported to be unsuccessful in the case of 8-bromoguanosine.’®
In our hands, treatment of 8-bromoguanosine under the original
Yoshikawa conditions (excess POCl;, H,O, trialkylphosphate) led
to cleavage of the glycosidic bond and to a partial exchange of the
8-bromo substituent with chlorine. A mixture of §-bromo- and 8-
chloroguanine was isolated as the sole product from this reaction
(Table 1, entry 1).

base POCI, 0 base
0 o I 0]
P(OC;Hg)s, 2-4°C _P
HO —™ HO'/ O
""", for other conditions HO """
s OH s. Table 1 § OH
HO HO

Scheme 1 Optimisation of phosphorylation conditions.

The bromo—chloro exchange reaction, which is accompanied by
a characteristic "C NMR downfield shift for the carbon atom in
position 8, was also observed in control experiments carried out
with 8-bromoadenosine (d 127.9 ppm) and 8-bromoinosine (0¢.g
126.7 ppm) under the same conditions. However, in these cases
the mononucleotides 8-chloro AMP (d4 139.1 ppm) and 8-chloro
IMP (05 138.9 ppm) were isolated with the glycosidic bond intact
(Table 1, entries 2 and 3). 8-Chloro AMP proved to be unreactive
during the Pd-catalysed cross-coupling reactions (data not shown),
suggesting that the more reactive bromo substituent is required for
successful cross-coupling. Therefore, we sought to optimise the

Table 1 Optimisation of phosphorylation conditions”

Nucleoside®  Nucleotide

Entry Conditions® (substrate) (product) Yield (%)
1 H,0 8-BrG n/a 0

2 H,O 8-BrA 8-Chloro AMP 46

3 H,0 8-Brl 8-Chloro IMP 34

4 H,O-pyridine  8-BrG 8-Bromo GMP (1) 234

5 H,O-pyridine  8-BrA 8-Bromo AMP 14

6 H,0-pyridine  8-Brl 8-Bromo IMP 19

7 Proton sponge  8-BrG 1 754

8 Proton sponge* 8-BrG 1 90

“ For structures, see Scheme 1. * POCl;: 4 equiv., H,O: 0.5 equiv., pyridine:
4 equiv. “8-BrG: 8-bromoguanosine; 8-BrA: 8-bromoadenosine; 8-Brl:
8-bromoinosine. ¢ Contaminated with 2',3'-cyclophosphate. ¢ Solvent: ace-
tonitrile instead of triethylphosphate.

procedure for the phosphorylation of 8-bromoguanosine in order
to avoid both halogen exchange and depurination.

We reasoned that both side reactions might be promoted by
hydrogen chloride formed in situ under the aqueous Yoshikawa
conditions, and that use of a base might therefore be beneficial.
While attempts with other bases (e.g. lutidine, proton sponge)
were unsuccessful, addition of pyridine to the reaction prevented
both halogen exchange and, in the case of 8-bromoguanosine,
depurination. However, the desired 8-bromopurine nucleoside 5'-
monophosphates were isolated in only low yields under these
conditions (Table 1, entries 4-6). In the case of 1 we attributed
the low yield mainly to the formation of a bisphosphorylated side
product, which was identified as the cyclic bisphosphate O”,07 -
hydroxyphosphoryl 8-bromoguanosine 5-monophosphate (Jp
7.43, 24.45 ppm). This observation is in agreement with earlier
reports that the phosphorylation of unprotected nucleosides with
POCI, is 5'-selective only in aqueous-—acidic, but not in aqueous—
basic medium.'*! Finally, the use of proton sponge under
anhydrous conditions®™ gave 1 in 75% yield, albeit still slightly
contaminated with traces of the cyclic bisphosphate as indicated
by 'H and *P NMR (Table 1, entry 7).

Besides the absence of base, two other experimental parameters
have previously been regarded as critical for the 5'-selectivity of
the Yoshikawa phosphorylation of unprotected nucleosides: low
reaction temperature and use of trialkylphosphates as solvents.'
We found that while maintaining the reaction temperature at 2—
4 °C is indeed essential in order to suppress formation of the
bisphosphate side product, use of triethylphosphate is not. We
discovered that on the contrary, changing the solvent to acetoni-
trile completely restored the selectivity of the phosphorylation
reaction for the 5 position. 8-Bromoguanosine is not initially
soluble in acetonitrile, but a clear solution forms within minutes
upon addition of POCI; to the reaction at 2 °C. After 2 hours,
TLC indicated complete phosphorylation, and 1 was isolated
in 90% yield following purification by ion-pair chromatography
(Table 1, entry 8). While initial experiments were carried out on
a 50 mg scale, the reaction was subsequently scaled up to 500 mg
without difficulty. The use of 0.2M TEAB (pH 7.2) during the
aqueous work-up proved to be critical, as replacement of the buffer
with H,O led to depurination. The protocol was also successfully
adapted for the synthesis of 8-bromo GTP (2) using a modification
of Ludwig’s procedure.’® Instead of the aqueous work-up, the
intermediate dichlorophosphate species resulting from treatment
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Table 2 Optimisation of conditions for the preparation of 3 via Suzuki—
Miyaura coupling of 8-bromoguanosine with phenylboronic acid*

Entry Pd source Ligand Yield (%) Time/h
1 Pd(OAc), TPPTS 61 3

2 Pd(NO;), TPPTS 80 1

3 Na,ClL,Pd TPPTS 77 0.3

4 Na,ClL,Pd Buchwald ligand 69 17

5 PdCl, EDTA 0 24

“ For structures, see Scheme 2; R = H, X = H.

of 8-bromoguanosine with POCL;—proton sponge was reacted
in situ with tri-n-butylammonium pyrophosphate in DMF" to
give 2 in 72% yield.

Before attempting the potentially challenging Suzuki-Miyaura
coupling of unprotected nucleotides 1 and 2, we sought to optimise
conditions for the cross-coupling of §-bromoguanosine. Recently,
we have reported that a catalytic system composed of Pd(OAc),
as the Pd source and the water-soluble ligand TPPTS” is superior
to Pd(PPh;), for the Suzuki-Miyaura coupling of unprotected
halopurine nucleosides in neat water (Table 2, entry 1).” Products
from the reaction of §-bromoguanosine with various arylboronic
acids under these conditions were generally isolated by simple
precipitation from the aqueous reaction. However, most of the 8-
arylguanosine derivatives prepared in this fashion were obtained
as black powders, whose poor solubility precluded further purifi-
cation by either recrystallisation or column chromatography. The
mass spectra of these samples frequently showed a molecular ion
of [M + H + 106]* indicative of the presence of the aforementioned
guanosine-Pd complex (Fig. 2), which presumably was responsible
for the black colour.

In order to avoid this Pd contamination we tested various
catalytic systems which have recently been reported to be effective
for cross-coupling reactions in aqueous media.®*’*!® The prepa-
ration of 8-phenylguanosine (3) via Suzuki-Miyaura coupling
of 8-bromoguanosine and phenylboronic acid was chosen as a
model reaction to identify optimum conditions (Table 2). Out
of the catalytic systems tested, only those with a phosphine
ligand were found to be active (Table 2, entries 1-4) while the
PdCl,-EDTA system was not (Table 2, entry 5). This result is
in agreement with a recent report that Na,Cl,Pd—-EDTA is not
an efficient catalyst for the cross-coupling of 8-bromoadenosine,®
and emphasises the importance of the ligand for cross-coupling
reactions of nucleosides in aqueous media.

The role of the Pd source was highlighted by the finding
that replacement of Pd(OAc), with a water-soluble Pd source
(PA(NO:s), or Na,Cl,Pd) results in a cleaner product. In contrast
to the Pd(OAc),~TPPTS system, all other catalysts that proved to

0
N)iN\>_
Br
HZN)\\No N

4-X-PhB(OH),,
K,CO,, H,0, 80°C

be active in this study allowed the isolation of 8-phenylguanosine
from the reaction as a white crystalline powder (Table 2, entries 2—
4). The best results with regard to yield and reaction times were
achieved with catalytic systems combining Pd(NO;), or Na,CL,Pd
with the water-soluble phosphine ligand TPPTS (Table 2, en-
tries 2-3). Use of Na,Cl,Pd in combination with a different water-
soluble ligand recently reported by the Buchwald group™* gave no
advantage and led to longer reaction times (Table 2, entry 4).
Because of the lower cost and higher stability of Na,CIl,Pd
in comparison with Pd(NOs),, we subsequently adopted the
Na,Cl,Pd-TPPTS system as our standard catalytic system. In
order to explore the scope of its applicability, the cross-coupling
of 8-bromoguanosine with a range of electronically diverse
phenylboronic acids was investigated. Under these conditions, all
cross-coupling reactions afforded the product 8-phenylguanosine
derivatives as white crystalline powders in high yields and with
short reaction times (Table 3, 4-6). Encouraged by these results,
we next applied our optimised cross-coupling conditions to
the Suzuki-Miyaura reaction of the nucleotides 1 and 2. With
Na,Cl,Pd-TPPTS as the catalyst, 1 was successfully reacted with
various arylboronic acids (Table 3, 7-10). All product 8-aryl
GMP analogues were obtained in good to excellent yields, and
most reactions were complete within 2 hours. Only the cross-
coupling reaction of 8-bromo GMP with 4-methoxyphenylboronic
acid could not be driven to completion under these conditions,
even after prolonged reaction time. However, the resulting 8-
methoxyphenyl GMP (10) was still obtained in 71% yield from
this reaction. All cross-coupling reactions could be conveniently
monitored by TLC (2-propanol-H,0-35%NH; 6 : 3 : 1), and the
work-up of the reactions required only a single purification step.
Remarkably, both the starting nucleotide 1 as well as the product
8-aryl GMP analogues 7-10 withstood the basic cross-coupling

Table 3 Suzuki-Miyaura coupling of 8-bromoguanosine, 8-bromo GMP
(1), and 8-bromo GTP (2) with various arylboronic acids®

Compound R X Yield (%) Time/h
4 H Cl 84 0.3
5 H CH; 70 3

6 H OCH; 84 0.5
7 PO;*~ H 63 0.25
8 PO;*- Cl 92 1.3
9 PO, CH, 90 1

10 PO,;*- OCH;, 71° 6

11 (POy;* H 85 1

12 (POy;* Cl 56 1

13 (POy;* CH; 65 2

“For structures, see Scheme 2; Pd source: Na,Cl,Pd; ligand: TPPTS.
? Reaction does not go to completion.

3 OH
HO

for other conditions
s. Tables2 &3

Y
x N
o

HO

Scheme 2 Suzuki-Miyaura coupling of 8-bromoguanosine, 8-bromo GMP (1), and 8-bromo GTP (2).
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conditions and the reaction temperature of 80 °C without signif-
icant decomposition, despite the known instability of nucleoside
phosphates." This promising result prompted us to attempt the
cross-coupling of the potentially even more unstable nucleoside
triphosphate 8-bromo GTP (2) under the same conditions, using
three different boronic acids. These reactions also proceeded
smoothly, with short reaction times and good yields (Table 3, 11—
13). During the reaction, no decomposition of the triphosphates
was detected by TLC, and the P NMR spectra of all cross-
coupling products showed the triade of signals characteristic for
triphosphates. An important factor contributing to the aston-
ishing stability of the guanosine triphosphate derivatives under
our cross-coupling conditions certainly is the pronounced activity
of the Na,Cl,Pd-TPPTS catalytic system, which allows short
reaction times at relatively low temperature. In contrast, Hocek
and coworkers found that cross-coupling of 8-bromo AMP and
8-bromo ATP requires a much higher temperature of 125 °C
when Pd(OAc),~TPPTS is used as the catalyst, despite the higher
cross-coupling reactivity of adenosine derivatives compared to
guanosine.®

Conclusions

We have identified suitable reaction conditions for the Suzuki-
Miyaura coupling of unprotected 8-bromoguanosine, 8-bromo
GMP, and 8-bromo GTP with a range of phenylboronic acids
in water, using only commercially available reagents. A catalytic
system composed of Na,Cl,Pd and TPPTS is suitable to overcome
the generally reduced reactivity of guanine nucleosides and nu-
cleotides in Pd-catalysed reactions. We have also optimised the syn-
thesis of the 8-bromoguanosine 5'-phosphates required as cross-
coupling substrates. The phosphorylation of 8-bromoguanosine
via a modified Yoshikawa procedure cleanly gave 8-bromo GMP
and 8-bromo GTP when carried out in acetonitrile and with
proton sponge as the base. The novel 8-aryl GMP and GTP
derivatives presented in this study are interesting biological tools,
and investigations into their biological activity are currently
underway. Our synthetic conditions may also be applicable to
the direct structural modification of even more complex and
sensitive biomolecules like sugar-nucleotides and oligonucleotides
in aqueous solution.

Experimental
General

MeCN was distilled from CaH, prior to use. Dowex resin was
washed with water before use. All other chemicals and solvents
were of commercial quality and used as received unless stated
otherwise. 8-Bromoguanosine was prepared as described by Sheu
and Foote.” TLC was performed on precoated aluminium plates
(Silica Gel 60 F,s, Merck). Compounds were visualized by
exposure to UV light. NMR spectra were recorded at 298 K on a
Varian VXR 400 S spectrometer at 400 MHz ("H) or on a Bruker
Avance DPX-300 spectrometer at 300 MHz ("H). Prior to the
recording of * PNMR spectra a drop of triethylamine was added to
each sample to suppress line broadening and enhance resolution.
Chemical shifts (0) are reported in ppm and referenced to residual
solvent resonances (for DMSO-d,) or acetone ('"H § 2.05, *C ¢

30.83 for solutions in D,0). Coupling constants (J) are reported
in Hz. Resonance assignments are based on COSY experiments.
Splitting patterns are abbreviated as follows: br, broad; s, singlet; d,
doublet; t, triplet; m, multiplet. Accurate electrospray ionization
mass spectra (HR ESI-MS) were obtained on a Finnigan MAT
900 XLT mass spectrometer. Preparative chromatography was
performed on a Biologic LP chromatography system equipped
with a peristaltic pump and a 254 nm UV Optics Module using the
following conditions: Method A—stationary phase: LiChroprep
RP-18 resin, equilibrated with 0.05M TEAB buffer (pH 6.0-6.7);
gradient: 0-10% MeCN against 0.05M TEAB over 400 mL; flow
rate: 3 mL min~'. Method B—stationary phase: MacroPrep 25Q
washed with H,O; gradient: 0-100% 1M TEAB buffer (pH 7.1-
7.6) against H,O over 400 mL; flow rate: 5 mL min~'. Product
containing fractions were combined and reduced to dryness. The
residue was co-evaporated with methanol to remove residual
TEAB.

8-Bromo GMP (1). A mixture of 8-bromoguanosine® (50 mg,
0.14 mmol) and proton sponge (180 mg, 0.84 mmol) was sus-
pended in dry acetonitrile (3 mL). Under an atmosphere of N,
the suspension was stirred for 30 min at room temperature. The
suspension was cooled to 2 °C, and POCI; (51 pL, 0.56 mmol)
was added dropwise while maintaining the temperature at 2—
5 °C. After the addition of POCI; was complete, a clear, slightly
yellow solution formed within minutes. The reaction was stirred
at 2 °C until TLC indicated completion (2-3 h). Under cooling,
the reaction was added dropwise to ice-cold 0.2M TEAB buffer
(40 mL, pH 7.3). The aqueous solution was stored at 4 °C
overnight to allow deprotonation of proton sponge, washed
repeatedly with ethyl acetate (4 x 25 mL) and evaporated to
dryness. The residue was purified by ion-pair chromatography
(method A) to give 1 as a glassy solid in 90% yield (79 mg, 1.7 equiv.
of triethylammonium as determined by NMR). dy (400 MHz,
D,0) 5.71 (d, J = 6.0, 1H, H-1"), 5.06 (t, J = 5.6/5.2, 1H, H-2)),
4.39-4.36 (m, 1H, H-3'), 4.04-4.00 (m, 1H, H-4'), 3.92-3.87 (m,
1H, H,-5), 3.84-3.78 (m, 1H, H,-5),2.95(q, J = 7.2, 9.9H, CH,),
1.03 (t, J = 7.2, 15.7H, CHj;). . (100 MHz, D,0) 157.6, 153.6,
152.8,124.1,116.7,89.9,84.1 (d, Jcp = 8.4),70.8,70.4, 64.0, 46.6,
8.3. 0p (162 MHz, D,0) 7.48. HRMS (ES, negative) calcd. for
CoH,O4N;”BrP 439.9612 (monoanion), found 439.9619.

8-Bromo GTP (2). A mixture of 8-bromoguanosine'® (400 mg,
1.1 mmol) and proton sponge (1.44 g, 6.6 mmol) was suspended
in dry acetonitrile (20 mL). Under an atmosphere of N,, the
suspension was stirred for 30 min at room temperature. The
suspension was cooled to 2 °C, and POCI; (410 pL, 4.5 mmol)
was added dropwise while maintaining the temperature at 2—
5 °C. After the addition of POCI; was complete, a clear, slightly
yellow solution formed within 10 min. The reaction was stirred
at 2 °C until TLC indicated complete consumption of starting
material (2.5 h). Under cooling, a cold mixture of Bu;N (1.1 mL,
4.6 mmol) and 1.5M tri-n-butylammonium pyrophosphate in dry
DMF" (5 mL, 7.5 mmol) was added in one portion. The reaction
was allowed to stir at 4 °C for 15 min, and added dropwise
to ice-cold 0.2M TEAB buffer (120 mL, pH 7.2). The aqueous
solution was stored at 4 °C overnight to allow deprotonation of
proton sponge, washed repeatedly with ethyl acetate (4 x 80 mL)
and evaporated to dryness. The residue was purified consecutively
by ion-pair (method A, to remove inorganics) and ion-exchange
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(method B, to remove residual 1) chromatography to give 2 as a
glassy solid in 72% yield (709 mg, 2.9 equiv. of triethylammonium
as determined by NMR). dy (400 MHz, D,0O) 5.78 (d, J = 6.2,
1H, H-1"), 5.18 (t, J = 5.9/6.0, 1H, H-2'), 4.51-4.48 (m, 1H,
H-3'), 4.16-4.04 (m, 3H, H-4, H-5), 3.00 (q, / = 7.3, 17.8H,
CH,), 1.08 (t, J = 7.3, 25.3H, CHj;). . (100 MHz, D,0) 157.2,
153.1,152.4,123.4, 116.1, 89.1, 83.1, 70.1, 69.3, 64.5, 45.8, 7.5; 0
(162 MHz, D,0) —2.89 (d, J = 20.4), —7.68 (d, J = 19.3), —19.09
(t, J = 20.2). HRMS (ES, negative) calcd. for C;,H,;,0,,N;”BrP,
599.8939 (monoanion), found 599.8942.

General procedure A for the Suzuki-Miyaura coupling of
8-bromoguanosine

8-Bromoguanosine' (1 equiv.), Na,Cl,Pd (2.5 mol%), TPPTS
(2.5 equiv. to Pd), K,CO; (2 equiv.), and arylboronic acid
(1.2 equiv.) were placed in a flask and purged with N,. Degassed
water (6 mL) was added via a syringe, and the reaction was
stirred at 80 °C under N, for the given time. Upon completion,
the aqueous reaction was diluted with H,O (20 mL) and the
pH adjusted to 7 using 10% HCI. The resulting precipitate was
collected by filtration and dried in vacuo.

8-Phenylguanosine (3). The target compound was obtained
from 8-bromoguanosine (103.1 mg, 0.285 mmol) and phenyl-
boronic acid according to general procedure A (0.3 h) as a white
crystalline powder in 77% yield (78.7 mg). dy (400 MHz, DMSO-
ds) 10.75 (s, IH, N-H), 7.65-7.63 (m, 2H, 2Ph), 7.53-7.48 (m,
3H, 3Ph), 6.38 (br s, 2H, NH,), 5.61 (d, J = 6.4, 1H, H-1"), 5.37
(d, J = 6.4, 1H, OH-2), 5.05-4.97 (m, 3H, H-2’, OH-3', OH-Y),
4.07-4.03 (m, 1H, H-3'), 3.82-3.79 (m, 1H, H-4'), 3.68-3.62 (m,
1H, H,-5), 3.55-3.49 (m, 1H, H,-5). d. (100 MHz, DMSO-d,)
157.3, 153.8, 152.7, 148.2, 130.7, 130.1, 129.9, 129.3, 117.8, 89.6,
86.5,71.3,70.9, 62.8. HRMS (ES, positive) caled. for C,;H 305N
360.1302 [M + H]*, found 360.1301.

8-(4-Chlorophenyl)guanosine (4). The target compound was
obtained from 8-bromoguanosine (100.5 mg, 0.278 mmol) and 4-
chlorophenylboronic acid according to general procedure A (0.5 h)
as a white crystalline powder in 84% yield (91.9 mg). 6, (400 MHz,
DMSO-d,) 10.78 (s, 1H, N-H), 7.66 (d, J = 8.5, 2H, 2Ph), 7.58
(d, J = 8.6, 2H, 2Ph), 6.42 (br s, 2H, NH,), 5.58 (d, J = 6.6,
1H, H-1), 5.35 (d, J = 6.4, 1H, OH-2), 5.05-4.94 (m, 3H, H-2,
OH-3, OH-Y), 4.06-4.03 (m, 1H, H-3'), 3.83-3.80 (m, 1H, H-4"),
3.67-3.62 (m, 1H, H,-5), 3.55-3.50 (m, 1H, H,-5). - (100 MHz,
DMSO-d,) 157.2, 153.9, 152.8, 146.9, 135.0, 131.5, 129.6, 129.4,
117.8, 89.5, 86.5, 71.1, 70.9, 62.6. HRMS (ES, positive) caled. for
CsH,;O5N;*C1394.0913 [M + H]J*, found 394.0913.

8-(4-Methylphenyl)guanosine (5). The target compound was
obtained from 8-bromoguanosine (101.5 mg, 0.280 mmol) and 4-
methylphenylboronic acid according to general procedure A (3 h)
as a white crystalline powder in 70% yield (73.1 mg). oy (400 MHz,
DMSO-d;) 10.73 (s, 1H, N-H), 7.52 (d, J = 8.1, 2H, 2Ph), 7.31
(d, J = 8.2, 2H, 2Ph), 6.36 (br s, 2H, NH,), 5.59 (d, J = 6.6,
IH, H-1'), 5.34 (d, J = 6.4, |H, OH-2), 5.05-4.95 (m, 3H, H-2/,
OH-3, OH-5), 4.05-4.03 (m, 1H, H-3'), 3.80-3.78 (m, 1H, H-
4), 3.65-3.62 (m, 1H, H,-5), 3.54-3.51 (m, 1H, H,-5), 2.36 (s,
3H, CHs). ¢ (100 MHz, DMSO-d;) 157.3, 152.7, 152.6, 140.3,
139.8, 129.8, 129.8, 127.9, 117.7, 89.6, 86.4, 71.3, 70.9, 62.7, 21.6.

HRMS (ES, positive) calcd. for C,;H,,OsNy 374.1459 [M + H]*,
found 374.1463.

8-(4-Methoxyphenyl)guanosine (6). The target compound was
obtained from 8-bromoguanosine (98.8 mg, 0.273 mmol) and 4-
methoxyphenylboronic acid according to general procedure A
(0.5 h) as a white crystalline powder in 84% yield (88.6 mg). oy
(400 MHz, DMSO-d,) 10.72 (s, 1H, N-H), 7.56 (d, J = 8.5, 2H,
2Ph), 7.06 (d, J = 8.5, 2H, 2Ph), 6.35 (brs, 2H, NH,), 5.59 (d, J =
6.5,1H,H-1"),5.35(d,J =6.3, 1H,OH-2'), 5.07-4.96 (m, 3H, H-2',
OH-3, OH-%),4.07-4.03 (m, 1H, H-3'), 3.80 (brs, 4H, H-4, CH,),
3.67-3.62 (m, 1H, H,-5), 3.55-3.49 (m, 1H, H,-5). . (100 MHz,
DMSO-d,) 160.8, 157.2, 153.6, 152.5, 148.2, 131.3, 123.0, 117.6,
114.7,89.6,86.4,71.3,70.9, 62.8, 56.0. HRMS (ES, positive) caled.
for C;;H,yO¢N; 412.1228 [M + Na]*, found 412.1228.

General procedure B for the Suzuki—-Miyaura coupling of 8-bromo
GMP (2) and 8-bromo GTP (3)

Na,CLLPd (2.5 mol%), TPPTS (2.5 equiv. to Pd), K,CO;
(1.5 equiv.), and arylboronic acid (1.2 equiv.) were placed in a flask
and purged with N,. A solution of 8-bromo nucleotide (1 equiv.)
in degassed water (3 mL) was added via a syringe. The pale yellow
solution was stirred at 80 °C under N, for the given time. Upon
completion, the reaction turned dark red/brown. The reaction was
cooled to room temperature, filtered and the pH adjusted to 7 using
Dowex S0WX-8 100 resin (H* form). The resin was filtered off and
washed with water, and the combined filtrate was evaporated to
dryness. The crude product was dissolved in 0.05M TEAB buffer
and purified by ion-pair chromatography (method A).

8-Phenylguanosine monophosphate (7). The target compound
was prepared from 1 (43.4 mg, 0.072 mmol) and phenylboronic
acid according to general procedure B (15 min). After purification
by ion-pair chromatography (method A, fractions 43-53), 7 was
obtained as a glassy solid in 63% yield (25.0 mg, 1.2 equiv. of
triethylammonium as determined by NMR). dy (400 MHz, D,0)
7.38-7.29 (m, SH, 5Ph), 5.56 (d, J = 6.0, 1H, H-1"), 5.02 (t, J =
5.9, 1H, H-2), 4.28 (dd, J = 3.6/5.7, 1H, H-3), 4.02-3.90 (m,
3H, H-4 + H,-5), 2.97 (q, J = 7.3, TH, CH,), 1.05 (t, J = 7.3,
10H, CHs;). o (100 MHz, D,0O) 159.2, 153.8, 153.3, 150.9, 131.1,
129.8,129.5,128.3,116.6,89.6,84.1 (d, J.p = 8.4), 71.0, 70.7, 65.2
(d, Jep = 4.6), 47.2, 8.8. J, (162 MHz, D,0) 7.43. HRMS (ES,
negative) calcd. for C¢H;;OsN;sP 438.0813 (monoanion), found
438.0820.

8-(4-Chlorophenyl)guanosine monophosphate (8). The target
compound was prepared from 1 (50.0 mg, 0.079 mmol) and
4-chlorophenylboronic acid according to general procedure B
(1.3 h). After purification by ion-pair chromatography (method
A, fractions 59-70), 8 was obtained as a glassy solid in 92%
yield (43.9 mg, 1.2 equiv. of triethylammonium as determined
by NMR). Jy (400 MHz, D,0) 7.18 (s, 4H, 4Ph), 5.51 (d, J =
5.1, IH, H-1"), 494 (t, J = 5.5, 1H, H-2), 4.44-4.41 (m, 1H, H-
3), 4.09-3.94 (m, 3H, H-4' + H,-5), 2.99 (q, J/ = 7.3, 8H, CH,),
1.08 (t, J = 7.3, 12H, CH;). . (100 MHz, D,0) 158.8, 153.6,
153.0, 149.0, 136.4, 130.6, 129.4, 126.4, 116.4,90.1, 83.7 (d, Jcp =
8.2),71.0, 70.8, 65.2 (d, Jcp = 4.3), 47.2, 8.8. Jp (162 MHz, D,0)
7.40. HRMS (ES, negative) calcd. for C,H,;OsN;CIP 472.0430
(monoanion), found 472.0423.
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8-(4-Methylphenyl)guanosine monophosphate (9). The target
compound was prepared from 1 (49.6 mg, 0.078 mmol) and
4-methylphenylboronic acid according to general procedure B
(1 h). After purification by ion-pair chromatography (method
A, fractions 59-72), 9 was obtained as a glassy solid in 90%
yield (41.5 mg, 1.4 equiv. of triethylammonium as determined by
NMR). dy (400 MHz, D,0) 7.28 (d, J = 7.2,2H,2Ph), 7.19(d, J =
8.0, 2H, 2Ph), 5.72 (d, J = 5.2, 1H, H-1"), 5.05 (t, / = 5.6/5.2, H,
H-2'), 4.57-4.55 (m, 1H, H-3), 4.26-4.11 (m, 3H, H-4 + H,-5),
3.15(q, J = 7.6/7.2, 8.6H, CH,), 2.34 (s, 3H, CH,—Ph), 1.24 (t,
J =7.2/7.6 Hz, 12.9H, CH,). 6. (100 MHz, D,0) 158.9, 153.4,
152.0,150.4, 141.5,129.9, 129.2, 124.9, 116.3,90.1, 83.7 (d, Jcp =
8.6), 71.0, 70.9, 65.2 (d, Jcp = 4.3), 47.2, 21.1, 8.8. 65 (162 MHz,
D,0) 7.41. HRMS (ES, negative) calcd. for C;;H,;yO3NsP 452.0980
(monoanion), found 452.0977.

8-(4-Methoxyphenyl)guanosine monophosphate (10). The tar-
get compound was prepared from 1 (49.7 mg, 0.078 mmol) and
4-methoxyphenylboronic acid according to general procedure B
(6 h). After purification by ion-pair chromatography (method
A, fractions 48-60), 10 was obtained as a glassy solid in 71%
yield (32.1 mg, 1.1 equiv. of triethylammonium as determined by
NMR). dy (400 MHz, D,0) 7.20 (d, J = 8.7,2H, 2Ph), 6.76 (d, J =
8.8, 2H, 2Ph), 5.56 (d, J = 5.4, 1H, H-1),4.96 (t, J = 5.6, 1H, H-
2),4.40-4.37 (m, 1H, H-3'), 4.09-3.93 (m, 3H, H-4' + H,-5), 3.68
(s, 3H, CH;-0),3.00(q, J =7.4,6.5H, CH,), 1.08 (t, / = 7.4, 10H,
CHs;). d¢ (100 MHz, D,0) 160.9, 158.9, 153.4, 153.0, 150.2, 131.1,
120.6, 116.2, 114.6, 89.9, 83.7 (d, Jc» = 8.4), 70.9, 70.8, 65.3 (d,
Jep =5.1), 56.0, 47.2, 8.8. 5 (162 MHz, D,O) 7.45. HRMS (ES,
negative) caled. for C,;H,yOyNsP 468.0926 (monoanion), found
468.0930.

8-Phenylguanosine triphosphate (11). The target compound
was prepared from 2 (60.5 mg, 0.068 mmol) and phenylboronic
acid according to general procedure B (1 h). After purification
by ion-pair chromatography (method A, fractions 33-52), 11 was
obtained as a glassy solid in 85% yield (53.3 mg, 3.1 equiv. of
triethylammonium as determined by NMR). oy (400 MHz, D,0)
7.45-7.37 (m, 5H, 5Ph), 5.61 (d, J = 6.1, IH, H-1"), 5.19 (t, J =
5.8, 1H, H-2'), 4.46-4.44 (m, 1H, H-3'), 4.18-4.06 (m, 3H, H-4' +
H,-5),2.99 (q, J = 7.3, 18H, CH,), 1.08 (t, J = 7.3, 28H, CH,).
dc (100 MHz, D,0) 153.8, 153.6, 151.0, 131.2, 129.9, 129.6, 128.6,
128.4, 116.6, 89.5, 84.0 (d, Jcp = 9.5), 71.0, 70.7, 65.9 (d, Jcp =
4.9),47.2,8.8. 0, (162 MHz, D,0) —2.87 (d, J = 20.4), —7.58 (d,
J =19.6), —19.02 (t, J = 19.8/20.0). HRMS (ES, negative) calcd.
for C,¢H,;,0,,N;P; 598.0147 (monoanion), found 598.0145.

8-(4-Chlorophenyl)guanosine triphosphate (12). The target
compound was prepared from 2 (59.2 mg, 0.066 mmol) and
4-chlorophenylboronic acid according to general procedure B
(1 h). After purification by ion-pair chromatography (method
A, fractions 53-72), 12 was obtained as a glassy solid in 56%
yield (35.8 mg, 3.2 equiv. of triethylammonium as determined by
NMR). oy (400 MHz, D,O) 7.35 (s, 4H, 4Ph), 5.57 (d, J = 6.0,
1H, H-1"), 5.18 (t, J = 5.8, 1H, H-2), 4.48-4.46 (m, 1H, H-3),
4.19-4.06 (m, 3H, H-4 + H,-5), 3.00 (q, J = 7.3, 19H, CH,),
1.08 (t, J = 7.3, 30H, CH;). ¢ (100 MHz, D,0O) 159.2, 153.8,
153.5,149.7, 136.7, 131.2, 129.7, 126.8, 116.6, 89.6, 84.0 (d, Jcp =
8.5),70.9, 70.7, 65.9, 47.2, 8.8. dp (162 MHz, D,0) —2.86 (d, J =
20.9), =7.58 (d, J = 19.6), —19.00 (t, J = 20.2/20.3). HRMS

(ES, negative) caled. for C,sH,;;0,,N;CIP; 631.9757 (monoanion),
found 631.9763.

8-(4-Methylphenyl)guanosine triphosphate (13). The target
compound was prepared from 2 (59.2 mg, 0.066 mmol) and
4-methylphenylboronic acid according to general procedure B
(2 h). After purification by ion-pair chromatography (method
A, fractions 41-54), 13 was obtained as a glassy solid in 65%
yield (40.4 mg, 3.3 equiv. of triethylammonium as determined by
NMR). 64 (400 MHz, D,0) 7.24 (d, J = 7.9, 2H, 2Ph), 7.14 (d,
J =8.0,2H, 2Ph), 5.60 (d, J = 5.7, IH, H-1"), 5.10 (t, J = 5.6, 1H,
H-2), 4.49-4.47 (m, 1H, H-3'), 4.23-4.06 (m, 3H, H-4 + H,-5),
2.99(q,J =7.3,20H, CH,), 2.23 (s, 3H, CH;-Ph), 1.08 (t, / = 7.3,
30H, CHs). 6 (100 MHz, D,0) 159.0, 153.7, 153.3, 150.8, 141.9,
130.1, 129.6, 125.0, 116.1, 89.8, 83.9 (d, Jcp = 8.7), 71.0, 70.7,
65.9 (d, Jcp = 3.2),47.2,21.2, 8.8. Jp (162 MHz, D,0) —2.87 (d,
J =20.7), =7.58 (d, J = 19.7), —19.00 (t, J = 20.1). HRMS (ES,
negative) caled. for C,;H, O,NsP; 612.0303 (monoanion), found
612.0310.
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